D

The Synthesis and Characterisation of Inorganic an@rganic
Luminophores Suitable for Biomolecule Conjugation

A thesis submitted to Dublin City University foretlaward of PhD.
By

Ciaran M. Dolan, B.Sc. (Hons)

School of Chemical Sciences,
Dublin City University,
Glasnevin,
Dublin 9.

November 2011

Supervisors: Prof. Tia Keyes / Prof. Robert Forster



Declaration

| hereby certify that this material, which | now submit foremssnent on the programme
of study leading to the award of PhD. is entirely my own work, tiave exercised
reasonable care to ensure that the work is original, and does not tbeiteof my
knowledge breach any law of copyright, and has not been taken from thefwathers
save and to the extent that such work has been cited and acknowlettgedhs text

of my work.

Signed:

ID No.:

Date:




Acknowledgements

First and foremost | would like to take this opportunity to sincetéignk my
supervisors; Prof. Tia Keyes, Prof. Robert Forster, Protif@@y Beddard and internal
supervisor Dr. Kieran Nolan for all their guidance, time andepag with me over the
past few years. | would also like to thank Dr. Vladimir Gulfalataking under his
wing in my first year in the lab and always making himselilable to answer any
questions or proof read material - it was really appreciatdd Bearned an awful lot. A
special thanks to my two German summer students, Sebastianahizh, For their
contribution to the fluorescent labelling of nucleosides. My widé¢ also goes to
IRCSET and NBIPI for providing the all important financialissice throughout my
research and Dr. Marc Devocelle for access to the peptithesis equipment in the
RCSI.

Big thanks too to all of the technical staff: Ambrose, Danfienrunning all my mass
spec samples), John ‘NMR’ McLoughlin, Veronica, Mary x 2, CatleerVinny,
Brendan and all of the other past and present members of s@&luh Your hard

work is much appreciated and does not go unnoticed.

A massive thanks to all those who made my postgraduate exgeserenjoyable; Zoe
‘the original leafainn’ Stack, Elaine ‘blow it all out of proporii Spain, Kieran
‘BOBFOC’ Joyce, Emma ‘No!! — black is white’ Harvey, Jéh5 day week’ Manton,
Nikki ‘I'll be finished this year’ Boyle (you kept your word, eveatly!), Kellie
‘Special K’ Adamson, Shane ‘where have you gone?’ O’CarralhoSAaron, Laura ‘-
52’ Barron and Jamie ‘King of Gyppos’ Walsh. Thanks for keeping aieggwhen
things were down and making everyday research in the lab tolerable wothing ever
worked! Who could forget The Bray ‘T-Shirt’ Party, The Snow Awvahe, The
Spaceship Bench, The Dolan Appreciation Club, Fun-Doley, B8l Christmas and
Halloween decorations (every year!), the random stickers/dranihg great nights out
and weekends away to name but a few. | take with me somengeeadries and I'm
sure we will remain the bestest buds well into the future.e Sino else can | go to
McGowans with midweek?!! (stickey-out tongue face) It'srbeeotional to say the
least!!



Not to forget all the other members of the research group, botgradsate and
postdoctoral, for all their help and discussion when called upon beeyears; Colm
(thanks for help with the dreaded electrochemistry), Lorraimenis for help with the
peptide synthesis), Roisin (thanks a million for all the caltk) Tib (thanks for help
with the Raman), Elena (thanks for the tips on synthesis), Chueghéh, Lynda,
Gavin, Jie, Gennaro, Tebo, Andrea, Damien, Una, AnitagiBAnitha and the many

others who have moved onto bigger and better things.

Special thanks too to the Bray lads, my DIT ‘real mates’ MR G, the football lads
for a kick around on a Friday evening and the larger DCU fansilg avhole for the
great friends and the even better nights out. A special metatiofor my extended
family for their words of encouragement and in particular to my elspendable
housemates’, cousin Rob and Elena, for taking my mind off work wafikhof ladies t-

shirts, silver, politics and whatever else is going onigmahazy world we live in.

Finally my biggest thanks of all, goes to my Mum, Dad, Siatet Samantha, without
whom | would not be where | am today. You have been a rock of gufgpname
throughout the years. Thank you for everything; this is as muctofoay it is for me.

Gra ollmhor i gconai.

............ anois, chun cursa eile a aimsiut!!



This thesis is dedicated to family and friends, past and prés



Table of Contents

ACKNOWIEAGEMENTS. ...t jii
Table Of CONENLS......coo i e vi

F Y 013 = ox PP P PP PTPTTR Xii
List of Acronyms/SymbolS/COMPIEXES ..........uuuu et Xiii

Chapter 1: Introduction

1.0 Introduction to Molecular PhotophySICS ...........uuiicaceeeei e 2
1.0.1 Luminescent Quantum Yieldg) @nd Lifetimest)).............ccoeveveennnnnn. 4
1.1 Charge Transfer Transitions in Metal Complexes............cccovvvviiiiinneeeeen. 6
1.1.1 Ruthenium (1) and Iridium (111) Polypyridyl Coneples as
Biological Probes .........ooouuiioe e 11
1.1.1 Ruthenium (Il) and Iridium (111) Complexes witH Sensitive
ANCIllary LigandsS........coooeuiiimmmm e 14
1.2 Introduction to Photoactive Supramolecular Chemistry........................ 20
1.2.1 Examples of Photoactive Supramolecular Assemblies................ 23
1.2.2 Photoactive Self-Assembled Monolayers (SAMd) a
Metal Enhanced FIUOreSCENCE ..........coevvvviiiiiiiiiiiiiiiiieeiiiiiiiiieiee 31

1.3 Metal Complexes used for Cellular Uptake/Imaging . .o .ceeeeeevvennnn... 38
1.3.1 Transition Metal Complexes a3 Generation...............cccceeeveveeen.. 51
1.4 Conjugated Gold Nanoparticles for Biomedical Applications................ 53

1.5 Polypeptides as Suitable Transmembrane Transporters ................ 57

1.5.1 Cell Penetrating Peptides (CPPS) ..o, 57

1.5.2 Transition Metal Conjugated Polypeptides ....oceeeeeeeerriinineeeen.. 63
1.6 CONCIUSION ....iiiieiiie ettt e e e et e e e e e e aaaaans 71
1.7 REFEIENCES ... et eaaeeee 73

vi



Chapter 2: Experimental Methods and Instrumentation

2.0 Introduction to Raman SPECIrOSCOPY ......cuvuiiiiiiiicceeeeeiice e e e e e erie e 81
2.0.1 SeleCtion RUIES...........uiiiei i 82
2.1 INStrUMENTALION ... 84
2.1.1 Nuclear Magnetic Spectroscopy (NMR) Spectroscopy................ 84
2.1.2 MaSS SPECIHIOMEIIY ...cuuiiiiee e eemcree e e et e r e e e aneees 84
2.1.3 Elemental ANAlYSIS.......cc.uuiiiieuieeeeie e e 84
2.1.4 ADSOIPtiON SPECIIOSCOPY ...uuuueeeierrimmmmmmmeeti e e e eeeeeesit e e e e eeeeeeennans 84
2.1.5 FluOresSCence SPECIIOSCOPY .. .....uu . e eeesenseesesnneesesrsneeeeennneness 34
2.1.6 Lifetime MeasUremMEeNTS ............ucammmmreeeieeiiiiiiie e eeeeeeeiie e e e eeeen 85
2.1.7 Confocal Fluorescence MICIOSCOPY ......oomeeerrrrnnnneeeeeeenninnaaaeens 85
2.1.8 Microwave SYNthESIS.........ccovuiieceeeereciee e 86
2.1.9 Thin Layer Chromatography.............coooviiiiiiiiiiiiiiiii e 87
2.1.10 Chromatographic TeChNIQUES ...........cooevriiiiiiiiiii e 87
2.1.11 Electrochemistry — Cyclic Voltammetry ............ccccoiiiiiieeineinnnnns 87
2.1.12 RAmMaN SPECIIOSCOPY ...cvvvunerrrnrnmemmmaaenniaeeeennaneeeenaeeeennaeeeennnnns 88
2.1.13 Fourier Transform Infrared Spectroscopy (FTIR).-.........c.cuuunnnne.. 89
2.1.14 Zeta Potential ANAlYSer.......... ..o eeeeiiiiiiiie e 89.
N N R o B = (0] 1 89
2.1.16 Cell CUIUI ..ottt et e e e e eeeees 90
2.1.16.1 Cellular Uptake of CompleXes.........cccocevuviieeririineeennnnnn. 90
2.1.16.2 CytOtOXICItY ASSAY .....commmrrneerrrreaerrriineeeriiiieeesasineaeens 91
2.1.07 FrEEZE DIIEI ..uviiiiiiiiiiiiiemmm et s 91
2.2 Instrumentation used for peptide Synthesis ......cocceeceeeeeeeiiiieeeeiiiieeeen. 92
2.2.1 HPLC ANQAIYSIS ..covitiiiiieeee ittt 92
2.2.2 Mass Spectrometry ANalYSIS........cccuueeiiiiiiieeiiiiieeeeie e 92
2.3 Calculating Quantum YieldsS .........cooouiuuiiii e 93
2.4 RETEIENCES ...t me ettt e e e s 94

Vii



Chapter 3: Synthesis and Characterisation of Rutheim (II)

Polypyridyl Luminophores for Cajugation

IO [ o1 oo [FTod 1] o AU 96
3.1 Acid-Base Chemistry of Metal Complexes........cccceeeiiiiiieeiiiiiiieiiiieeeees 101
3.1.1 Background TREOIY .........ccooieeuiie s cmmmmmm e 102
3.2 Ruthenium Conjugated Gold Nanoparticles...........ccccvevvvviiieeeeieieinnnnnn. 106
3.3 Experimental ProCedUIe ............oooiiiiiiieeeee e 107
The preparation of [RUBRICCOOH)E ......oivivieieeeeee e 109
The preparation of [RUBBIICNO)?" ....ovivieeeeeeeeeeeeeee e, 111
The preparation of [RUBBIICNH)T?" ..ovivieeeeeececeeeeeee e, 113
The preparation of Ruthenium (1) labelled 50 nm gold natiofes......... 114
3.4 ReSUItS and DISCUSSION........cccuuieieeenn oo s e eeteeeaeennaeeeeesneeesesnnaaeeees 115
3.4, 1 SYNINESIS ...uiiiiiiiii e e et 115
3.4.2'H-NMR DISCUSSION ..ottt et 117
3.4.3 Optical and Acid-Base properties of Ruthenilin€Complexes........ 121
3.4.4 Characterisation of Ruthenium (II) Complexes..............cccceeees 122
It AN 01T o T= 1 [ = 122
3.4.4.2 EMISSION Properties ......cccueeeuiiiiiiiiieeiiieeeeeiee e, 124
3.4.4.2.1S0IvatoCIrOMISMl e oo 126
3.4.4.3 pH Dependence StUAIES .......cooeeiiiiiiiiiieeiiiieiiie e 131
3.4.4.3.1 [RU(BBPICCOOH)F ..o 131
3.4.4.3.2 [RUBGBIICNOD) ] .o, 136
3.4.4.3.3 [RUBBIDICNH) ]! .o 141
3.4.4.4 Electrochemistry — Cyclic Val@etry..............ccccevvvenenen. 145
3.4.4.5 RaManN SPECITOSCOPY ......cemmmmarrrnerrrnureeennnneeerniaeeennnnens 153
3.5 Ruthenium Conjugated Gold Nanoparticles...........cccccuviiiineeeiiieiinnnnn. 159
3.5.1 SYNINESIS ..ot e 159
3.5.2 CharaCteriSatioN............... e eommmms e eeeeneeeeeiiaeeeeeaneeeeeeeneeeeeennaaees 161
3.5.3 Cellular Uptake of AUNP-PE&£RuU Nanopatrticles .............ccccceeeeee. 168
G S I o [od 1] T o S 171
3.7 RETEIENCES ..uviiiiiiiee et e e 173

viii



Chapter 4: Synthesis and Characterisation of Iridium (II1)
Luminophores Suitable for Bioggugation

4.0 INEFOAUCTION ..ttt ettt ne e enanns 178
4.1 Experimental ProCedUre .............uuu i 186
The preparation of [Ir(dfpgPICCOOH)] ....covvvveeiciieecee e, 188
The preparation of [Ir(dfpgnapthNQ)] ... 190
The preparation of [Ir(dfpgnapthNR)] ... 192
4.2 ReSUIS aNnd DISCUSSION.......ccoiiiieiiee e s e 193
4.2.1 SYNNESIS ...ovviiiiieiiiiiiiit e e ettt e 193
4.2.2'H-NMR DISCUSSION ......vvereiiirieiiecesesesesese st es s 194
4.2.3 Raman Spectroscopy of Iridium (Ill) Complexes..............cccceeee. 201
4.2.4 FTIR Spectroscopy of Iridium (llI) Complexes............cccceveeeeeenne 203
4.2.5 Electrochemical Studies of Iridium (Ill) Com@sX.........ccccuennnnn.n. 204
4.3 Optical and Acid-Base properties of Iridium (lll) Complexes............... 209
4.3.1 Absorbance and Emission of [Ir(dfgplcCOOH)] ..........cceeuneene. 211
4.3.2 pH Dependence Studies of [Ir(d#pECOOH)] ......ccoeevveieeienee. 212
4.4 Absorbance and Emission of Novel 2-(Naphthoxazolyl)phenolate
ANCIlary LIQandsS........oouuuuuiiiiiie it ceemm et 217
4.4.1 Absorbance of [Ir(dfpghapthNQ)] and [Ir(dfppy(napthNH)]........ 218
4.4.2 Emission of [Ir(dfppinapthNQ)] and [Ir(dfppp(napthNH)]............ 221
4.5 CONCIUSION ...cciiiiiiiiiiiiiiie et e e e e eeeas 224
4.6 REFEIEINCES ....ooiiiiiiiiiieeeee e s 225



Chapter 5: Metal Luminophore-Peptide Conjugates forCellular

Imaging
5.0 INTrOAUCTION .t et e e e e e e e e e e e e e e e e e e ee e e e e e aeeeeees 228
5.1 Solid Phase Peptide Synthesis (SPPS).......cmeoanaeneiiiiiiiiiiineeeeenn. 229
5.2 Resazurin and MTT Cell Viability ASSAyS.........coeveiiiieeiiiiiieeeiiiiiceeeeinnn. 232
5.3 SP2 Myeloma -VS- CHO CellS ..........oii oo e 233
5.4 Experimental ProCedure ............ouuuuiiiiio e 235
The preparation of [Ru(bpypicCOOH)Arg]** bioconjugate................... 237
The preparation of [Ir(dfpgpicCOOH)Arg]** bioconjugate.................... 238
5.5 ReSUItS aNd DISCUSSION........uuuuuutiiuieees s eeeeseeseaeanenesenesenenenenenenenes 239
5.5.1 Ruthenium (II) Conjugated Polypeptide.......cccoeevviiiiiiinnieeiieennnes 239
5.5.1.1 Cellular Uptake of [Ru(bgpjcCOOH)F* and
[RU(bpIPicCOOH)AIG] ™ ..o 242
5.5.2 Iridium (ll) Conjugated Peptide... ... eeeeeeieeeiiiiieeeeiieeeeeiianne 246
5.5.2.1 Cell Uptake of [Ir(dfpf)icCOOH)] and
[Ir(dfppIPICCOOH)AIG] ™ ...l 250
5.5.3 CytOtOXICity STUAIES ....ccevuniiiit e e e e 257
5.5.3.1 IC50 VAIUES.......uiiiieiiiiiie e 265
5.5.3.2 Effects of Organic Solvents o2 8Feloma and
CHO Cell Viability ... ccceeeeeiiiiee e 267
5.6 CONCIUSION .....uuiiiiiiiie e 271
5.7 RETEIENCES ... e e e 273



Chapter 6: Model Photoantenna Based on InterfaciaDNA Scaffolds

6.0 INTFOAUCTION ..o et e e e e e e e e e e e e e e e e e e e e e e e e e e e eeeees 276
6.1 Model Photoantennas based on Interfacial DNA Scaffolds................ 277
6.2 Internal Fluorescent Labelling of 2’-Deoxyguanosineg .....u..cvueeeeeen.. 279
6.3 Experimental ProCedUre ............oooiiiiiieeeeee e 282
6.3.1 Synthetic Strategy 1: Suzuki Coupling.......cwceeeeiieeeriiinnnn.... 285
6.3.2 Synthetic Strategy 2: Sonogashira Coupling ..ceeeeeeevvvneennn..... 288

6.3.3 Synthetic Strategy 3: Click Reactions ........c....oooevviiiiiiiiiniieiineinns 291
6.3.4 Synthetic Strategy 4: Buchwald-Hartwig Coupling..................... 296
6.4 ReSUILS and DISCUSSION........ccuuiiieienn oo s e eeneeeeennaaeeeasnneeesesnnaaeeees 301

6.4.1 Fluorescein and Suitable FRET Pair . comeeeveeiiieeiiiiiiieeeinnn... 301
6.4.2 Synthetic Strategy Overview — internal fluozestabelling of 2’-

dEOXYQUANOSINE ...ttt ettt e e e e enena 304
6.4.3 SYNthetiC RESUILS .........ouvii e e 305
6.4.3.1 Synthetic Strategy 1: Suzuki Coupling.........ccccovvuvunnnrnnn. 305
6.4.3.1.1 Suzuki Coupling R&SUt...........ccooviiiiiiiiiiie, 312
6.4.3.2 Synthetic Strategy 2: Sonogashira @aupl....................... 314
6.4.3.2.1 Sonogashira COuplirguR .............cccoeeeeviiinnnnnnn. 317
6.4.3.3 Synthetic Strategy 3: Click Chmi..............c.ccoeeevvvineeenn. 321
6.4.3.3.1 Click ChemigR®SUILS ........cccoevmiiiiiiiiieiiiiii 321
6.4.3.4 Synthetic Strategy 4: Buchwaldigrcoupling.................. 324
6.4.3.4.1 Buchwald-HartWigsults..............ccoceevvviiieeennnnn.n. 326
6.5 CONCIUSION .....coiiiiiiiiii i 332
6.6 RETEIENCES ... .o e e e 335

Chapter 7: Conclusions and Future Work

7.0 Conclusions and FUTUIE WOIK .......cvuieniiein s ee s senseneneensensenes 341

Appendix 1 —"H-NMR and Mass Spectrometry Results............ccemm....-XXI

(28] o] [{o%= 11 o] g ETE= T a Lo [ 2L0 1Y (Y £ TP XX

Xi



Abstract

Inorganic transition metal complexes have been under extensivéigaties for many
years in supramolecular assemblies due to their favourable phatmhesd redox
properties including; absorbance and emission in the visible rejitime spectrum,
large stokes shifts, long lifetimes, intense luminescermag ghotostability and useful
photosensitising properties for photodynamic therapy. Their properm#® them
potentially very valuable biological probes but to date relatiViethg application of
transition metals in this area have been made. This tlmsisds on a range of novel
ruthenium and iridium luminophores, their bioconjugates and nanopartigiegates
which were prepared for applications in cell imaging. A key @ifirthis thesis was the
synthesis, characterisation and identification of novel bioconjugsigsble for
applications in cellular imaging. Some preliminary studiesheirtapplication in cell
imaging are also presented.

Chapter 1 outlines how metal complexes have been used previogshuiar imaging
and how conjugation of these transition metal complexes to biomoldradeead to
more targeted and improved applications in medical diagnosticadymatmic therapy,
cellular imaging and pharmaceutical drug delivery. ChaptersA3d&tail the synthesis
and photophysical characterisation of a series of Raman and oxggsitive, water
soluble and water insoluble ruthenium (II) and novel iridium (lll) pghdyl
complexes suitable for biomolecule coupling. Following conjugation ofethe
luminophores to gold nanoparticles in Chapter 3 and cell penetratptifgse in
Chapter 5, the dye-conjugates were shown to transport efficiaotbss the cellular
membrane of mammalian SP2 and CHO cells and locate throughoutethe
organelles. Whereas, using confocal fluorescence microscapyatient complexes
were shown not to internalise within the cellular structurelse imherent properties of
the dyes, such as Raman and lifetime sensitivity, may thesdzkto determine pH and
oxygen levels inside the cell. This could provide criticabiinfation for the early
detection of certain diseases, as abnormal pH and oxygen leeeindicative of
cancerous tumours. Furthermore, the generation of singlet oXgpdewing light
absorption by the luminophores is known to cause additional cell apoptosi

Finally, Chapter 6 describes attempts to functionalisenti@eobase guanine with a
fluorescent fluorescein molecule through a short and rigid linkerange of synthetic
techniques such as Suzuki coupling, Sonogashira coupling, click cheraisd
Buchwald-Hartwig coupling were used in an effort to achieve thising DNA as a
scaffold for the first time, the modified nucleoside may beoiperated into the
sequence of DNA which may be surface immobilised. Thus, provadirgfficient light
harvesting supramolecular assembly for the conversion of sadagyeinto electrical
potential.
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Chapter 1: Introduction

“The journey of a thousand miles begins with one stepao Tsu.



1.0 Introduction to Molecular Photophysics

When a molecule absorbs a photon of light energy it is ex¢dedigher
vibration energy state. There are many ways in which thecolelenay lose its excess

energy in returning back to it's original ground state energgljas illustrated by the
Jablonski diagram in Figure 1.1.

% .
Internal Y 3
___ Conversion
A

ibrational A1
Relaxation B
_ Internal 3 T [t]

Absorphion 2

Intemal onversion
IS anversion _
1 Intersystem Absorplion

Crossing
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Figure 1.1: Jablonski diagram illustrating the radiative and non-radiative esses
involved in the absorption and resultant relaxation of a molecule followingaérn
by a photon of light enerd}.

Non-radiative deactivation processes include vibrational retaxathereby an
excited electron returns to the ground energy state without thesiemiof a photon
through energy transfer to the environment caused by collisionstndhtonversion
(IC) is a non-radiative isoenergetic process that involvestrresfer of an electron
between states of the same multiplicity. Intersystewssing (ISC) is also an

isoenergetic non-radiative deactivation process involvingtthesfer of an electron



between an excited singlet (S) and exited triplet (T) stiee the vibrational energy
levels within the singlet and triplet states overlap. Tihglst and triplet states are
electronic isomers of each other; their differences are tduthe electronic spin
configurations of each state. ISC is also enhanced with tleermqme of heavy and

paramagnetic atoms such as ruthenium and iridium.

The molecule may also lose its excess energy through redmticesses known
as luminescence, which may be further subdivided into fluoresceaue
phosphorescence. Fluorescence is a radiative deactivation pretessn states of the
same multiplicity in a molecule (for example:r S &) and is the emission process for
many organic fluorophores. Phosphorescence, on the other hand, @at@vea
deactivation process between states of different multipljiotyexample: T &) and
is common for many transition metal complexes. The spin forbiddemenaf this
transition explains why excited state lifetimes are generalligh greater for metal

complexes than that seen for organic fluorophores.

Another mode of deactivation for an excited state molecule israthative
molecular quenching and may be described as (i) dynamic quenctimch is a
process of collisional deactivation of the excited state mt#degs a result of diffusion-
based interactions within the system or (ii) static quenchihgghwis the interaction of
the luminophore with the quencher molecule to form a non-emissive eonapid

inhibits excited state formation of the chromophore in the ffieste.



1.0.1 Luminescent Quantum Yield&:} and Lifetimes £)

Both luminescent quantum yields and luminescent lifetimesveseirhportant
guantitative assessments of a chromophore’s emission efficieBatermining the
lifetime of a molecule is important as it gives insight ihtmv long a chromophore
remains in an excited energy state and therefore, the timm@sito interact with its
surrounding environment. The lifetime of a chromophore may beteffeoy many

factors including the presence of heavy atoms and the solveesds

A molecule’s quantum yield {) is a fractional quantity of the number of emitted

photons relative to the number of photons absorbed as shown in Equation 1.1
f+ = # photons emitted / # photons absorbed.......... (Eq 1.1)

Luminescent quantum yields may approach but never achieve unlg asté of non-
radiative decay decreases but there will always be somgydet as a result of Stokes
losses. The luminescent quantum yield is a key parametelculatang quenching rate
constants, energy transfer rates and radiative / non-radiativey date constants.
Together with experimentally determined emission lifetifti¢she quantum yield may
be used to estimate unimolecular rate constants for radiatigmesesses such as

internal conversion and intersystem crossing within the system

In a given system all of the unimolecular phototransitions expeatedcur in a
molecule include the absorption of light energygIfollowed by some or all of;
internal conversion (IC), intersystem crossing (ISC), flueese (F) or
phosphorescence (P). Steady-state approximation for the concentratibe ffst
excited singlet energy state;JSissumes that the rate of absorption of light is equal to

the combined rates of deactivation gf S

labs= (Kic + kisc + k) [Sd].......... (Eq 1.2)

As most of the complexes in this thesis deal with phosphoresaaddberefore
emission from the triplet state {[J steady-state approximations also assume that the
rate of formation of triplet states is equal to their ratiedeactivation, giving Equation
1.3.



kisc[S1] = (kisc+ ke) [Ta].......... (Eq1.3)

Therefore, under steady-state conditions for phosphorescent complleses,
guantum yield of key processes may be described as the ratio dédag rates to the
total deactivation rates of that state. The quantum yfetdke transitions may then be

expressed as.

Ic = k|c/ (k|: + k|5c+ k|c) .......... (Eq 1.4)
isc = Kisc/ (kF + Kisc+ k|(;) .......... (Eq 15)
p= 1sc X kc/ (kp + k|sc) .......... (Eq 16)

The quantum yield may also be related to the lifetimeo{ the chromophore.
The singlet (s) and triplet lifetimes ) are equal to the inverse of the sum of all the
rates that deactivate their respective energy levels ad be written as seen in

Equations 1.7 and 1.8 respectively.

s=1 / (K: + k|sc+ k|(;) .......... (Eq 17)
=1/ (ke +Ksc)ewrrnnnnn (Eq 1.8)

Therefore, the expression of key quantum yield states may inedefs follows:

ic=(kc)(g).eurnn... (Eq 1.9)
isc = (kisc)( g)evvnnnnns (Eq 1.10)
p= ( |sc)(kp)( T) .......... (Eq 111)

Hence, the measured values gfdoes not provide information on the pure
radiative lifetime of fluorescence from the singlet energtate. However,
phosphorescent lifetimes provide a direct insight into the litetifhthe excited triplet
energy state ) as shown in Equation 1.14. An increase in temperature usually
causes a decrease in both the quantum yield and lifetimenoiecule as non-radiative
decay processes such as vibrations, rotations and collisions deatmme likely.
Frequently, for ruthenium polypyridyl complexes, the populatiorhefgeometrically

distorted®MC states are thermally induced leading to decomposition afdhmlex™
4



1.1 Charge Transfer Transitions in Metal Complexes

Most transition metal polypyridyl complexes display very inteabsorption
bands in the visible and near UV regions of the electromagnetitram. Absorbance
bands are usually assigned to electronic transitions which can &eledgas metal
centred (MC) transitions, ligand centred (LC) transitionscharge transfer (CT) as
illustrated in Figure 1.2. In general, in a metal complegesund energy state the
and _ ligand orbitals are full. The metal's d orbitals are péytifilled depending on
the oxidation state of the metal. Other anti-bondirig and *_ ligand orbitals are

usually empty.

Once light energy is absorbed the population of these orbitals chahel-
centred (MC) transitions (or d-d transitions) are low in eneryy their absorbance
often corresponds to the wavelength of visible light as seen for maghtly coloured
ruthenium (Il) metal complexes. This involves a rearrangewnfehe metal d-electrons
from the 4 to g sets. Interligand charge transfer (ILCT) transitionschm@uch higher
energy and generally occur when chromophoric ligands are coordinated toetal
centre. MLCT is particularly common since it involves promotiomfelectron from
the highest occupied molecular orbital (HOMO) to the lowest unoedugiolecular
orbital (LUMO)P! All of these excited energy states may have singletriplet
multiplicity although spin-orbit coupling causes singlet-triplet mgxiin MC and
MLCT excited energy staté3,

Ligand o* orbital

3 — Ligand 1" orbital

Metal d orbitals 5% e, orbital
{octahedral) t,, orbital
hC MLCT
Ligand 1r orbital
LMCT ILCT

Ligand o orbital

Figure 1.2: Energy level diagram for octahedral metal complexesiagaive possible

electronic transitions.



Many of the photophysical and redox characteristics of [Rugfi\have been
detailed extensively in the literatié ®® and it may be used as a prototype to explain
similar processes occurring in other ruthenium (1) polypyriyihplexes discussed in
Chapter 3. Figure 1.3 shows the typical absorbance and emissiole poofithe

[Ru(bpy)]®* complex in acetonitrile solution.
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Figure 1.3: Absorbance and normalised emission spectra (excited at 451 ihm, sl
widths: 5 nm — normalised to 1 arbitrary unit) of 20 x°1M [Ru(bpy}]* in

acetonitrile solution.

The UV-vis spectrum of [Ru(bpylf* is dominated by a spin allowed MLCT
transition from the ruthenium (dorbital) to a bipyridyl ligand (*) orbital at 451 nm
with a further MLCT transition at a higher energy at 241 nrhe 3trong absorbance at
286 nm is attributed to LC { *) electronic transitions within the bipyridyl ligands

orbitals!

The emission spectrum of [Ru(bglf) has a maximum emission at 611 nm
when excited into the MLCT band at 451 nm. It has a phosphorede¢imdi of 470
ns in degassed acetonitrile and 954 ns in degassed aqueous solutias.a luantum

yield of 0.0642 in aerated acetonitrile at room temperdtur&or most ruthenium (i)



polypyridyl complexes, the lowest excited energy state i@MBCT state which
undergoes relatively slow radiationless transitions and thukativedy long emission
lifetime ¥ The intersystem crossing from singlet to triplet statebess shown to be
close to unity? Transient absorption spectroscopy has been used to calculaite that
takes approximately 100 fs for the formation of the excited triplate following
absorption of a photon of light in acetonitrile solutio! This does not necessarily
indicate the true intersystem crossing rate as it alsoiosritae overall evolution of the
singlet excited state to the thermalised triplet excitatedtut presumably contains the

intersystem crossing rate within the results.

UV-vis light absorption by iridium (llI) complexes is mostlydigd centred (LC)
and therefore light energy is absorbed at shorter wavelengths edmepared to
ruthenium (II) complexes and they also tend not to be as brigblbyired. A typical

example of an iridium (l1l) absorbance and emission profil@dsve in Figure 1.4.

Absorbance and Emission Spectra

— Absorbance
— Emission

Iridium (1) bis(2-(2,4-difluoropheny)pyridinato-N, C2)
imidazo[a 5-][1, 10phenanthroline

Absorbance / Emission (a.u.)
o
\l

T T T

200 300 400 500 600 700
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Figure 1.4: Absorbance and normalised emission spectra (excited at 381 ihm, sl
widths: 5 nm - normalised to 1 arbitrary unit)) of 20 x°M[Ir(dfpp)2(picCOOH)T in

acetonitrile solution.



The UV-vis spectrum of [Ir(dfppipicCOOH)] is dominated by LC
difluorophenyl pyridine - * electronic transitions giving maximum absorbance peaks
at 245 nm and 283 nm. This is consistent with reports of other iridijnegmplexes
containing difluorophenyl pyridine, bipyridyl or terpyridine ligadtfs™! The shoulder
at 324 nm may be assigned to the intraligand transition of the [picCOOH] ancillary
ligand. There is evidence of a smaller peak extending dowroinger wavelengths at
381 nm which is attributed to MLCT from the iridium tb [dfpp] * orbital.

[Ir(dfpp)2(picCOOH)] has a maximum emission at 521 nm when excited into
the MLCT band at 381 nm and a quantum yield of 0.103 in aerated ackt@titoom
temperature. The emission decay follows biexponential kineitbsa lifetime of 195
+/- 3 ns in aerated acetonitrile and 241 +/- 5 ns in degassexhiitiet with the second
lifetime component of around 1 ns in duration. However, its éonisifetime in

degassed methanol is as long as 842 +/- 9 ns.

The optical transitions of ruthenium and iridium polypyridyl compemay be
tuned with the addition of certain electron withdrawing or donatiggnds and
therefore, one may control the nature of the lowest exciteel at@rgy® In general, a
broadening of absorption bands at lower energy levels suggests timewthencillary
ligand charge-transfer state will be the lowest tripleited energy staté. To shift the
tog - * band to longer wavelengths of the spectrum one may addalesithdrawing
groups to the cyclometalating ligands of ruthenium and iridium complexas effort
to lower their * energy level. Another technique is to introduce an electron donating
ligand to stabilise the positive hole at the metal centteviddg MLCT. Replacement
of bipyridyl (bpy) ligands with a strongeracceptor ligand, such as biquinoline (biq),
results in a shift in absorbance to longer wavelengths becausedetrease in the
ligand’'s * (LUMO) energy level upon coordination. Metal d-orbitals mayntiaéso
overlap with ligand * orbitals and thus back-bonding occurs creating a strong chemical
bond.



For a metal-ligand complex to be luminescent the crystld Btrength must be
strong enough to raise the metal d-orbitals to a higher energly tlean that of the
3MLCT or 3LC states and hence, prevent a route for radiationless dackyto the
ground state. In octahedral metal-ligand complexes LC and MixCied states are
not usually strongly displaced compared to the ground state gecametrihus, when
LC or MLCT states are the lowest excited states, the goes not undergo fast
radiationless decay to the ground state and luminescence cary imuabserved!
The features in ruthenium (II) and iridium (lll) absorbance amiésion profiles may
be explained by the spin-orbit coupling of tHenaetal centres, leading to large stokes
shifts. Spin-orbit coupling involves mixing of both the singlet aipdetr excited energy
states of the molecule. However, the lowest lying enstate responsible for emission
remains largely triplet in nature. The efficiency of inteteyn crossing following light
absorption is known to be close to unity for ruthenium (1) and irididngolypyridyl

complexedt?

Bipyridine ligands are good-donor ligands as the lone pair of electrons on the
nitrogen is able to form a-bond with the unoccupied orbital of the metal ion centre.
This leads to smaller ligand field strength and as a resufiMiestates are closer in
energy to théMLCT states allowing thermal access. Consequently, thesmounds
tend to be photolabilé” The photostability of iridium is generally greater than tfat
ruthenium due to the larger ligand field splitting in iridium compseresulting in a

thermally inaccessib”MC excited energy state’
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1.1.1 Ruthenium (II) and Iridium (llI) Polypyridyl Complexe as Biological Probes:

One of the key objectives of this thesis was the synthesis andfimitn of
suitable transition metal probes for potential conjugation to celetpating
biomolecules for applications in cellular imaging. With thisnmind a series of
ruthenium (ll) and iridium (I1l) metal complexes were pnegahand fully characterised.
Transition metal complexes have been under intensive investidatiomany years as
sensors due to their favourable photophysical and redox properties including;
absorbance and emission in the visible region of the eleagretia spectrum, large
stokes shifts, long-lived intense luminescence, good photostadildyuseful singlet
oxygen photosensitising properti€3. These properties make them potentially very

valuable as biological probes but this has not been explored uriktiteyears.

Their long lived emission is of particular interest, ailogvfor discrimination
from the shorter-lived background fluorescence present in many bialagamples.
Their large Stokes shifts also reduce the possibility of coratérirquenching or self-
absorption of the complex and in addition, their red shifted emissiameved from
regions of the spectrum where autofluorescence of biological eamfien occurs in
FLIM and confocal microscopy measurements. Autofluorescence biotogical
samples interfere with luminescence even in the red regloerefore, a key aim is to
try and move to the NIR region > 700 nm in analysis of biologiaapses’ *#!
However, time gating experiments may also remove theeshloréd autofluorescence

components present in biological samples.

The majority of luminophores previously used for diagnostic purposes are
organic typically with short-lived fluorescent lifetimes (<d§) and limited somewhat
by their environmental sensitivity. As a result they areveoy well suited to examine
oxygen concentration or environmental sensitivity in biological samgdfesthermore,
longer-lived biological processes on a microsecond timescale asiclmembrane
diffusion, protein rotation and protein folding may be studied using lucénes
anisotropy results from the inorganic transition metal probes. Migsien maxima of
many ruthenium (lI) complexes are in the region of 600 nm to 700 nm asd thu

correspond to low absorption of biological samples. Another advantabatishey
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tend not to exhibit dimer formation or have associated photobleaphiidems as is

common for some organic based molecular prées.

Iridium (111), like ruthenium (1), is a 8 transition metal atom and as such
displays many optical characteristics similar to ruthenium gdimplexes. However,
many iridium complexes have shown greater emission, quantum yaelidonger
lifetimes. The stronger spin-orbit coupling of iridium complexesults in greater
mixing singlet and triplet excited energy states, allowing fificient intersystem
crossing and largely removing the spin-forbidden nature of a phosphorescent
transition'® 2! Furthermore, modification of ancillary ligands yields tunalohéseion

2223 in Figure 1.6.

from blue to red as illustrated in results published by Zétaal!
Such tunable photophysical characteristics are generally notcsé®nsame extent for
ruthenium (II) metal complexes. It has been well demomesirtitat the photophysical
properties, in particular emission wavelength of iridium (¢dmplexes, is determined
by the ligand structure. The emission of iridium (lll) compleges (Figure 1.5) is

significantly red-shifted with extension of the conjugated tlerog the ancillary ligand.

- Q. C,
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py(1) bpy(2) pyqa(3) bq(4) quqo(5)

Figure 1.5: Chemical structures of iridium (I1l) complexes sysiged by Zhao et &
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Figure 1.6: Normalised emission spectra of iridium (lll) compdetes (illustrated in

Figure 1.5) synthesised by Zhao eF&lin dichloromethane at room temperature.

The addition of ancillary ligands with environmentally sensitivecfiomal
groups, such as ionisable protons, can offer additional pH segditivat metal complex
which may be reproduced in their optical properties or photophysicsentRecthere
has been considerable interest in the binding ability of pH sensitithenium (I1)
polypyridyl complexes to DNA given their potential therapeutfe@s®* >  Baiet
al’® reported how the pH sensitive [Ru(bgpjcCOOH)F* complex showed
successful intercalation with double stranded calf-thymus DNIs Was indicated by
an increase in the emission intensity and quantum yield ahtihecular probe upon the
addition of increasing amounts of DNA to a solution containingntie¢al complex.
Intramolecular hydrogen bonding between luminophore and DNA offers pooteot
the probe from the surrounding aqueous environment as the dye intsredthia the
DNA. This family of ruthenium (II) complexes could potentidily modified to exhibit
pH-dependent DNA damage and therefore, display preferentialtigéyedcowards

cancerous cells.
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1.1.2 Ruthenium (1) and Iridium (lll) Complexes with pH Sesitive Ancillary
Ligands

It is noted that there has been very limited study into metaiptexes with
multidentate protonatable/deprotonatable groups and their potentigciidas with
DNA.%®l 2_(4-Carboxylphenyl)imidazo[4,5-f][1,10]phenanthroline) [(picCOOH)],
illustrated in Figure 1.7, is coordination to both ruthenium (II) amtium (111) metal
centres in this thesis. The ligand has two ionisable protonstbcat the imidazole
ring giving rise to well defined acid-base characterisbesl a terminal carboxyl
functionality that allows for the efficient conjugation to biomales such as
polypeptides. The substitution of the carboxyl functionality witheg nitro or amino
substituent has also been achieved and their photophysical campiniss detailed

analysis in Chapter 3.

COOH

lonisable sites

Figure 1.7: lonisable sites on 2-(4-carboxylphenyl)imidazo[4,5-f][1,16}@mnthroline)
[(picCOOH])] ligand.

One of the reasons our group is so interested in the [pic(CIO@HENd is that
remarkably, when coordinated to a metal centre the resultinopdpimores displayed
longer lifetimes (> 600 ns) and increased emission intensitiese(ithan twice) in
aqueous media, lending to the arguments for their use as molealdas for biological
media. Pellegriret al?” % details the extensive photophysical characterisation of the
ruthenium (1) polypyridyl complex, [Ru(bpypicCOOH)f*, containing this pH

sensitive ancillary ligand.
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Its subsequent conjugation to biomolecules such as polypéptitehas shown
how the acid-base characteristics of the ligand may be esgblimtglean information on
intracellular environments for example. Neugebatel™® reported how conjugation
of this pH sensitive probe to a cell penetrating peptide alloaethé passive diffusion
of the probe across a cell membrane (Figure 1.8). Once itg@deell membrane, the
pH of the cytoplasm had a direct effect on both the lifetime r@lative Raman peak
intensities of the ruthenium (Il) multimodal probe. As a redmjt,using the same
molecular probe, one could efficiently determine both pH (by ugiagelative Raman
peak intensities) and oxygen concentrations (by using the lifetinie dye) within the
cell. This could potentially provide critical information in thdemtification of

cancerous tumours as they are known to express abnormal pH and eyejg >’

.i' ||
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Valuable information
from inside the cell

Figure 1.8: Flow diagram illustrating the cellular uptake and detgration of
intercellular pH (using Raman spectroscopy) and oxygen levels (usitiméi& using
the same pH sensitive [Ru(bpicCOOH)F" multimodal probé*!
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Interestingly, the uncoordinated nitro funtionalised pH sensiiyant 2-(4-
nitrophenyl)imidazo[4,5-f][1,10]phenanthroline) [(picHP displayed preferential
selectivity towards certain anions allowing for their fastd aeasy colorimetric
determination by the naked €§8. The ligand exhibited a red shift in its absorbance
spectrum of up to 89 nm when bound to anions in the order of A¢EPO; > F when
performed in DMSO. Furthermore, the emission of the ligarbispletely quenched
upon the addition of fluoride (Fto the solution as shown in Figure 1.9. This lends to
arguments for its potential use as an efficient fluoride sensohigh fluoride

concentrations are known to be toxic and can cause flubidsis.
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Figure 1.9: Quenching of emission of the [(pichlQigand upon addition of Fanion.
Sample was excited at 387 nm in DM&D.

'H-NMR studies indicated that the mechanism of interactiondmtvgensor and
anions (such as ACOH,PO; or F) is one of deprotonation, by forming a hydrogen
bond with the h proton. Whereas, CIBr and I anions formed a hydrogen bond with

the NH, H- and H- protons as illustrated in Figure 1.10 below.
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NO,

Figure 1.10: Proposed colorimetric anion binding mechanism to the [@#IN

ligand 34

The [Ru(bpy)(picNO,)]** metal complex also demonstrated anion binding
affinity, which displayed similar results to that seen forftae [(picNQ)] ligand. 2% 34
Shi et al®! reported of the synthesis of ortho-, meta- and para-nitro substitut
[Ru(bpyk(picNO2)]** complexes with the intention of examining their comparative
DNA intercalating abilities in a procedure very similar hatt of Baiet al®® Of
particular interest is the discovery that the location of iiteo substituent has a
dramatic effect on the emission intensity of the pH sensitiomplex. Ortho-
subsitiuted and para-substituted complexes failed to display amydscence, whereas,
the meta-functionalised nitro group showed a bright emission profildhis has
implications for the compounds synthesised in this thesis anddasdied in detail in

Chapter 3.

The synthesis of the amino functionalised ligand 2-(4-aminophenyl)
imidazo[4,5-f][1,10]phenanthroline) [(picNA] and coordination to a ruthenium metal
centre has also been report¥d>” They highlighted the complexes ability to (i)
intercalate into the DNA base pairs and upon irradiation posgbbtocleave the
plasmid pBR 322 DNA, (ii) display anti-tumor activity agaitrsinsfected cells and (iii)
exhibit good antioxidant activity against hydroxyl radicals thaty nnduce DNA
damage in humans. Once again, these results were detertninedh a series of

absorbance, luminescence, viscosity and cell viability studies.
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Iridium (1) complexes containing derivatives of the protondigiand have also
previously been reported. Zhaa all®? synthesised and characterised a series of
iridium (1) complexes (Figure 1.11) that were used to stindyinfluences of protons

and anions on the photophysical properties of the complexes.

PFy 1

Figure 1.11: Series of cationic iridium (lll) complexes 1-3 containdifferent pH

sensitive phenanthroline derivativés.

Similar to the research conducted by Clee¢ral * the addition of anions and
protons to the complexes’ solution had a significant effect on thteitophysical
properties. Following the addition of gFOOH, all three iridium (Ill) complexes show
a significant change in emission from yellow to red. Theteadof anions, such as,F
CH3COO or POy, caused variations in both the absorbance and emission profiles of
the complex and was characterised by a quenching of emission yilosigy with a
colour change from greenish-yellow to brown as shown in Figure 1.b2vevér, the
iridium complex 1 showed the largest binding affinity towards liheride anion and is
suggested that it too may act as a potential phosphorescent cheandse fluoride

anions.
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Figure 1.12: Colour (top) and emission (bottom) changes for iridium ¢bplex 1
(Figure 1.11) in the presence of 2 equivalences ofirfd CRCOOH in acetonitrile

solutions??

There are many examples outlined in this introduction whereadeeg of the
pH sensitive phenanthroline ligand have been reported to be usefwiole range of
areas from the colorimetric identification of specific iotws the determination of
intracellular pH and oxygen levels. This thesis providesilddtatudies on a series of
ruthenium (1) and iridium (lll) complexes containing the phenanthrdig@nd. Due to
its favourable chemical properties and ease of functionalisetiesjst this ancillary
bridging ligand was also utilised as an efficient way to lusgeetly label other
molecules. Examples of which are discussed in Chapter 3 and Clhatethe

luminescent labelling of gold nanoparticles and cell penetragpgdes, respectively.
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1.2 Introduction to Photoactive Supramolecular Crstm

Supramolecular chemistry derives its inspiration from manyhef structural
aspects of biology. A key objective is to construct well-orgathiassemblies from
smaller molecular subunits that are held together by intermialeacon-covalent
bonding interactions such as hydrogen bonding, van der Waals forceal met
coordination and electrostatic bonding. Supramolecular chemistrysiiloled as
‘chemistry beyond the molecule’ and is not only concerned with thevidudil
components but more importantly the organisation, orientation andcimeraf these

38401 jean-Marie Lehn is considered to be one of the

subunits with one anothér.
earliest innovators in the field of supramolecular chemidttg.was awarded the Nobel
Prise for his work in chemistry in 1987, along with Donald Cram amatl€s Pedersen,
for “their development and use of molecules with structuesifip interactions of high

selectivity”.

Subsequent research in the area of supramolecular chemistrydh&s tee
development of brand new classes of materials that are eagfdight or electronically
stimulated chemistry and long-range electronic communicafiinsPhotochemically
active supramolecular assemblies have potential applicatiahsire widespread, from
new photonic devices, such as solar energy convé¥sfdin to the understanding of
drug-acceptor interactiofs “°! and the study of biological processes including protein-

protein interaction§!

In its most simplistic form, a photoactive supramolecular esysimay be
described as A-L-B. A and B consist of two molecular componantast one of
which is photoactive, and L is a linker or bridge that allowiieht communication
between the two components. Following photoexcitation, the dxagsembly of A*-
L-B may lose its energy through a number of photochemical and photophysi

processes as illustrated in Figure 1.13.
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Figure 1.13: Photochemical and photophysical processes through which the

photoexcited A*-L-B dyad may lose its excess erféfigy.

This concept of a photoactive supramolecular A-L-B dyad isexhthiroughout
the work presented in this thesis. The photoactive componehtso(&ist mainly of
inorganic, ruthenium (1) and iridium (lll) polypyridyl complexesr organic
fluorophores such as fluorescein. The bridging units (L) takstiape of polyethylene
glycol linkers, hexanoic acid linkers, functionalised pH sensjivenanthroline ligands
or simple carbon-carbon bonds and they are conjugated to subsmatesich the
second component (B) are nanoparticles, polypeptides or nucleogile uni

The resultant A-L-B assemblies often exhibit an increaskeim photophysical
characteristics and their applications are above that ofstlee parent photoactive
subunit. All of which occurs without destroying the individual chaaot the subunit;

a true characteristic of a supramolecular asseffibly.
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Supramolecular assemblies are often described as a ‘bottoap@ach in the
manufacturing of functional electronic devices i.e. using atantsmolecules to build
much larger structures. They frequently use redox centres aodthabimores as
building blocks to create assemblies on solid surfaces. Acsualbows for potentially
controllable lateral interactions between the subunits and dedlctincreases the
strength of the intermolecular communication within the assembblso provides a 2-
D organisation for the supramolecular adsorbate. Furthermorsutfaee itself may
become a part of the assembly to drive certain electronic gzed®’ Most
importantly the surface provides a route to addressability througgisumement or

control of current and potential.

The impact of a metal surface on a luminophore may be exglamger the
following headings:

() Intermolecular interactions between surface bound molecutes:nature of the
linker used to attach the luminophore to a surface provides topograpditenl of the
surface bound molecules, affecting intermolecular communicatiorebatihem. This
often leads to more rigid, sheltered environments and therefareages protection
from oxygen, causing a decrease in the rate of non-radiateactivatior?”
Conversely close packing of dyes may cause an increase selihquenching of the

luminophore.

(il) Energy transfer from the luminophore to metal surfa¢ks is considered to be one
of the major deactivation pathways for metal surface boundcwmlele and is highly
dependent on (a) a size, shape and orientation of the moleculeswdifhotespect to
the substrate’s axis, (b) the distance between molecule andaseilastd (c) the spectral
overlap between the emission of the luminophore and the absorptioa sdilistrate to
which it is conjugated/!
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(iii) Electron transfer between the luminophore and surfattee binding of a
luminophore to a metal conductor may result in quenching of exciteels sfatin

electron/hole transfer occurs to the conduction/valance bahé ebhducting substrate.

(iv) Plasmonic enhancement of emissithve binding of a luminophore to a plasmonic /
coinage metal substrate may also lead to enhanced emissiagsitynterhe plasmonic
field interacts with the absorption or emission of the dye. Thgninale of the
enhancement is dependent on the type of substrate and the dib@ingsen
luminophore and substrate. A balance of quenching, resulting fnengyetransfer to
the substrate versus plasmonic enhancement from the metabhtbstust be struck.
This distance dependence relationship is believed to be mostcexhat a distance of
49]

around 10 nm from luminophore to substfdte?® The process of metal enhanced

luminescence is explained in more detail in section below.

1.2.1 Examples of Photoactive Supramolecular Assemblies

The separation of charge within a donor-acceptor assembly is ahe &y
processes exploited in photoactive supramolecular systems. Plaosyptibesis is an
example of charge separation in an energy producing biologicasg#tt Absorption
of a photon of light by chlorophyll produces a transmembrane potegraalient
allowing for the flow of electrons. Consequently, the productioprofons ultimately
provides the chemical energy necessary for adenosine triphogpfigesynthesis. In
semiconductors, surfaces undergo light induced charge separation l|dadiag
electron-hole pair that results in a potential difference ithaidely exploited in many
photovoltaic device¥: ®

Due to their photosensitising properties ruthenium and iridium trangitietal
complexes have been the subject of intensive research for yeany in an effort to
mimic the charge transfer process, with a view to improwripting technologies
across a wide range of areas from solar energy conversiortédahscience to medical
diagnostics” There are many examples throughout the literature whereniumie®”

1 and iridiunt*™ 5" %8 {imetal complexes have been used as subunits in

supramolecular assemblies.
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A recent example was reported by Syketaal,** who demonstrated a light
induced charge separated process by mimicking antenna-elecosfetr in
photosynthesis using a supramolecular assembly based on derivatisetyreonty
(Figure 1.14). This mimics both the light-harvesting and energyecsion steps of
photosynthesis in a laboratory environment. Irradiation of thenasyg by visible light
leads to the excitation of the bound chromophore unit, a ruthenium (lipywilyl
complex, which acts as an antenna fragment within the polyFalowing absorption
of a photon and thermal equilibration, an excited state is forme@hvean rapidly
transfer energy to its neighbour leading to energy migration dtmgolymer chain
until it reaches the reaction centre. The ruthenium reacaaotrecis both a metal to
ligand charge transfer (MLCT) chromophore and a quencher comjiiexamw electron
transfer donor [phenothiazine (PTZ)] and acceptor [methylviologervZ{y1
coordinated to the metal bound ligands. This resulted in a redoratspatate with
transiently stored oxidative (PTZ and reductive (MY redox equivalence.
Subsequently this undergoes a back electron transfer returning thmalogigiund state
complex at a rate of 6.3 x 1@ (t = 160 ns), providing a primitive model for the
photosynthetic conversion of light energy to chemical energyimflas rationale was
proposed for the work in Chapter 6, using DNA for the first tim¢ha scaffold for the

model photoantenna system.

el

CHJ

Figure 1.14: Diagram illustrating a supramolecular photoantenna assembly pngvidi
a primitive model for the photosynthetic conversion of light energshémical energy

based on a polystyrene backbdHe.
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A recently published example by Robsen al®® involving a ruthenium
supramolecular assembly, details a series of nine bis-tridemtahenium (ll)
complexes each containing one cyclometalating ligand with terntiipddenylamine
substituent shown in Figure 1.F8. The aim was to establish if a correlation existed
between different electron donating/withdrawing substituents wittpligsiochemical
properties of the dual chromophoric scaffold. This may potenselive as a guide for
designing future light-harvesting assemblies. They showed hguwc#mesystematically
tune the redox potentials of both the ruthenium and triphenylamine urtiis was in
contrast with the slight changes observed in their equivalentabgtansitions by
simply changing the substituents. This systematic control theeredox potentials is
made possible because the ground state oxidation potentials of eactayhie altered
over a wide range of potentials by altering the type of subsiis on the coordinated
ligands. As a result, the HOMO may be directed to eitherutienium metal centre or
the triphenylamine unit. For example, the oxidation potential beajocalised on the
triphenylamine unit when electron donating groups are placed at poRitiamd an
electron withdrawing groups at,Ras seen for complex 6. The ability to control the
redox properties, as the absorbance wavelength remains unatetexs it possible to
induce an electronic cascade and increase the thermodynamic dovoegfor the
reaction between the electrolyte and photoxidised dye in any poteoldal cells.

Whilst still maintaining a good overlap with the solar speutr

. Substituent
Complex Ligand
1 R2 R 3
L1 -H -H -H
L2 -Me -H -H
L3 -OMe -H -H
L4 -H -CF3  -H

L5 -Me -CF3  -H
L6 -OMe -CF; -H
L7 -H -H -OMe
L8 -Me -H -OMe
L9 -OMe -H -OMe

W @~ @ o, A W k=

CO,Me

Figure 1.15: Chemical structures of the nine supramolecular mdefttate ruthenium

(I) assemblies synthesised by Robson &tal.
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Pellegrinet al®? described the synthesis of a self assembled supramolecular
dyad system consisting of a ruthenium (ll) polypyridyl complex andrdinraquinone-

2-carboxylic acid subunit as shown in Figure 1.16.

Figure 1.16: Schematic diagram of a self assembled supramolecular dggeEmsy
consisting of a ruthenium (1) polypyridyl complex and an anthraquinone-2-caiboxyl

acid subunit?”

Oxidative quenching of the excited state of the complex by antinaopt2-
carboxylic acid was investigated for both complexes in agueodsnan-aqueous
media. By measuring the redox potential, luminescence ityeasil lifetimes of the
complexes, the energetics and dynamics of the photoinduced elzamsfer between
ruthenium donor and acceptor was examined. In polar media, thifowad to be a
dynamic process suggesting that the quenching rate was controllednbiedilar
collisions. The quenching rate constan) (kas calculated to be approximately equal to
6.7 x 10 M s* in water for the carboxyl terminated self assembled dyadonirast

the in aprotic solvent, dichloromethane, quenching occurred througliagienching
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mechanism as determined by a Stern-Volmer plot. This irdicdiat the association
between the luminophore and quencher was most likely through hydrogen dgpondin
between the carboxylic acid moieties of the ruthenium complextendnthraquinone
carboxylic derivative. The rate of electron transfer betwtbe subunits was estimated

to be 4.7 x 10s? using lifetime measurements.

In contrast, for the analogous complex in which the carboxylate medbyl
protected, a mixture of static and dynamic quenching behaviour in@pabtient was
observed by Stern-Volmer plots. This had a bimolecular quenchiegonstant of 7.0
x 10 M* s*. The statically quenched ruthenium component is thought to eoiseH-
bonding interactions between the carboxyl of anthraquinone quencher amttagen
on the imidazole ancillary ligand. H-bonding, prevalent in bioldgigatems, is known
to facilitate electron transféf! and this is an interesting example of solvent induced
switching between two electron transfer pathways, one unimoteoutst likely driven

by H-bonding and one bimolecular.

Flamigni et al™ reported on the use of an iridium terpyridine, [Ir(tpY)
subunit in porphyrin arrays for the conversion of light energy. Ihjitrathenium and
osmium terpyridine units were employed as photosensitiserads trontaining organic
donors and acceptors. However, the relatively low excite@d staergy of these
complexes provided an energy sink, seriously competing with the eclsaqaration
process through recombination of the ground state efetgy.[Ir(tpy).]®", by
comparison, exhibited higher excited state energy levels fsngpuoharge separation,
longer excited state lifetimes and stronger absorption/emissiditepro The iridium
complex was used in arrays containing electron accepting gold porpl{iaAu) and
electron donating base-free porphyrins {PHModification of the base-free porphyrin
with zinc (PZn) allowed alteration of the photoreactivity artittevery efficient charge

separation with a lifetime on the order of a microsecond.
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Figure 1.17: Energy level diagram and photoinduced processes in supramolecular
assemblies PH- | r - PAu in acetonitrile and PZn — Ir - PAu in toluefré.

A charge separated state of PHr- PAu that stored energy of about 1.5 eV
was estimated. The resultant lifetime of 3.5 ns waspg®atingly short due
recombination of the charge separated state to a closetiyileg energy state localised
on the base-free porphyrin moiety (Figure 1.17(a)). Modificatmrintlude a zinc
porphyrin subunit lead to a lower energy oxidation potential and a higplet gxcited
state energy of the PZn-Ir-PAu supramolecular assembly @igut7(b)). Using
transient absorption spectroscopy, it was found that recombinatitive dfiad to its
ground state occurred from the charge separated intermetitdenile displaying a
remarkably longer lifetime of 450 ns in toluene. This chargarsg¢ed state could store
energy of about 1.3 eV and was formed with 100% efficiency. Considies lifetime
and stability in air, this is one of the most successful exasnpf charge separation

based on a transition metal complex.

Lehn et al’®® also described remarkable charge separated efficieircite
synthesis of a supramolecular assembly containing multichromophgaricdextrins
(Figure 1.18) for the conversion of light energy via the antennateftewergy transfer

from the napthoyl antenna chromophores to the encased merocyaninasisigown to
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occur with 100% efficiency by FRET and thus mimic importanttuies of
photosynthetic units. The mechanism of homo energy transfer getmwaphthoate
chromophores) and hetero energy transfer (between naphthoate chromapitbtee
merocyanine dye) was attributed to Coulombic interactions rattar $hort-range

interactions.

OH o

CD-NA T

DCM-OH

CHROMOPHORE
MODEL 0

OO OH

Me-NA

CH4O

Figure 1.18: Schematic illustration of the supramolecular asserbefyveen the
hepthanapthoate -cyclodextrin (CD-NA) and the merocyanine (DCM-OH)

fluorophore!®®

Pellegrinet al?® described the synthesis of a novel photoactive ruthenium (Il
polypyridyl complex coordinated to an adamantyl pendent that tharself-assembled
supramolecular structure with-cyclodextrins (Figure 1.19). The self-assembly was
driven by the hydrophobic host-guest interaction between the addnsardythe
cyclodextrin. This association was found to be pH dependent withssociation
constant of 8.8 x ToM™ in neutral media and 2.24 x 1M™ in basic media. Results
suggested that photoinduced electron transfer between the luminopttbraethyl
viologen (MV) terminus was strongly and reversibly controlledpbly At pH above
8.5, an efficient electron transfer occurred, resultinthen oxidation of the ruthenium
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centre in the charge separated state and the formation M\fheradical, which was
identified by transient absorbance studies and steady state pisotdtyis thought that
the increased electron transfer rate under basic pH conditiassfacilitated more
efficiently through the anionic imidazole ligand, via what fleaively a hole transfer

between donor and acceptor.

Conversely, assembly of the modified ruthenium luminophore with an
unfunctionalised cyclodextrin exhibited no significant pH dependent&mition and
therefore, the charge interactions between the methyl violaggrcationic ruthenium
complex is thought to drive the pH dependence of the self-assemblgsproSuch
switchable electron transfer is desirable in molecular releics, where these materials

may behave as logic gatéd.

CD-MV*

Figure 1.19: Schematic diagram illustratinghe self-assembled supramolecular
structure between a modified photoactive ruthenium (ll) polypyridgiptex and -

cyclodextrin[#!
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1.2.2 Photoactive Self-Assembled Monolayers (SAMs) and Metalhdsiced

Fluorescence

Self assembled monolayers (SAMs) offer a very easy afagontrolling the
chemical composition and physical structure of a substrate surfdts control has far
reaching implications for many aspects of surface chemistiuding; nano-scale
photonic devices, wetting, solar energy conversion, catalysiskemical sensirfg -
%2 Furthermore, the introduction of photoactive SAMs is one of the veosatile ways
of generating photoactive molecular devices as the surface proaidegans of
addressability to the SAM. As a result, light may be explditeinitiate photochemical
events that may subsequently be detected by electrochemical methudy result in

the generation of photocurrerts.

Immobilisation of molecular dyads onto semiconductor surfaces teadew
electron transfer pathways as the solid support becomes ag aotitributor to the
interfacial supramolecular tridf!  Argazzi et all®! elegantly highlighted this
phenomenon in a report describing the surface immobilisation of a nutheni
phenthiazine (PTZ) dyad (similar to the sensitiser used preyigushimicking model
photoantenna assembly based on a polystyrene backbone) ontasTillustrated in
Figure 1.20.

Figure 1.20: Schematic diagram illustrating the ruthenium-phenthiazi?¥&) dyad

immobilised onto a Tigsurface and the possible electron transfer pathw4ys.
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The charge-separated state of JiORu(ll) — PTZ was achieved by electron
injection from the ruthenium unit to the TiQGubstrate followed by electron transfer
from the phenothiazine (PTZ) unit to the oxidised ruthenium metatreld The
charge separated species decays to the ground state wittoh3d@ex 16 s (lifetime
of 300 ns). This is three orders of magnitude longer lived than thppomded dyad in
solution. This sensitiser has also been shown to efficieottyert light energy into

electrical energy in regenerative solar cells using aliiNelectrolyte®®

Metal substrates especially gold and silver, are often useenhance the
photophysical characteristics of an attached luminopto?t&®” and has already been
discussed in Section 1.2. Metal-luminophore interactions can resuiicreased
quantum yields but may also display a consequent decrease in tineeliéd a given
chromophore; owing to an enhanced local electric field and an g&ciedhe intrinsic
system decay rat& ®® The type and length of the bridging unit in the A-L-B assembly
is critical to the electronic communication between the metal photoactive
components. Linker length should be sufficiently long to facilitateimum emission
enhancement of the luminophore preventing efficient quenching bydtsd substrate.

Unless energy transfer to the metal is desirdhIe”

Malickaet all*® have highlighted this distance dependent relationship in a study
using layers of protein to separate fluorescently labelled DNgomlers from silver
island films (SIFs) by fluorescent means. The process ind@dsorption of a layer of
biotinylated bovine serum albumin (BSA) followed by deposition ofhtr layer of
avidin. The treatment may be repeated many times addingkaebk& of about 9 nm for
each BSA-avidin layer as illustrated in Figure 1.21. The @soently functionalised
DNA oligomers were then deposited onto the separate layers ofaBifith and the

resulting emission intensity was measured as a functitmealistance from the SIFs.
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o BSA - biotin

* avidin

8 DNAICy3)-biotin or DNAICYS -biotin

Figure 1.21: Schematic diagram illustrating the SIFs with layetsiatinylated BSA,
avidin and functionalised DNA oligomers to determine the distdapendent

relationship between a metal substrate and luminopHdre.

Figure 1.22 below shows the emission intensity of the Cy3- and @lbHdd
DNA oligomers at various distances from the SIFs. Reshlsved that the greatest
luminescence enhancement is when one layer of BSA-avidin semirand hence, a
distance of about 9 nm from metal substrate to luminophore. Anyegraad the
luminescence is significantly reduced for both of the fluoresceatiglled DNA
oligomers. However, using a BSA-avidin bilayer does not gikigla degree of control
over the distance from metal substrate to luminophore asigheoeoption to determine
the metal enhanced emission at distances other than 9, 18, &¢.nifhese results are
confirmed in experiments performed in Chapter 3, where amutime(ll) complex at a
distance of 13.2 nm (in linear conformation) from the metal natioleaexhibited
greater emission intensity than that of the same dyedld@dta distance of only 3.3 nm

from the substrate.
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Figure 1.22: Distance dependence on emission intensities of th¢le@ty3and Cy5-
(right) labelled DNA oligomers form SIES!

Using core-shell silver colloids coated with silica gel afying thickness Aslan
et al* also described this phenomenon of luminescent enhancement ast afresul
nearby silver metal substrate. Europium and rhodamine dyesdepesl inside the
silica pores and an Alexa 647 fluorophore was covalently attachte tsilica shell
itself. The diameter of the silver nanoparticle was 130 +/rhOfor all preparations
with silica coatings ranging from 2-35 +/- 1 nm in thickne§ke silica gel surrounding
the silver metal core provides (a) robustness, chemical isertaed the versatility
needed for conjugation of molecules to the silver colloid, (b)eptimn of the metal
core from ions present in solution and (c) allows for the optimunardist for metal
enhanced fluorescence which was determined to be at assiétiahickness of around
10 nm.

The significance of the silver core to the enhanced luminesagithe dyes is
demonstrated in Figure 1.23 below. Here, the emission intensitiise attached
luminophores are compared directly with one another using a shellvath and
without the metal nanoparticle. The europium and rhodamine dopexpardicles
displayed an enhanced emission intensity that was 8 and 20 times;tresdy, that of
the controlled substrate containing no silver core. Whereaspttiecal fluorescence
image (Figure 1.23) of the covalently linked Alexa 647 dye showed anxapate 10

fold increase in emission intensity with the silver nanocearby.
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Figure 1.23: (top) Emission intensity of europium and rhodamine doped nanoparticles
with and without core silver nanoparticles. All maximum enhancementsvalaee
recorded using the optimised silica shell thickness of 11 +iml (bottom) Confocal
fluorescence microscopy images showing difference in lumindatemsity of an Alexa

647 linked supramolecular assembly in the presence and absence of vitre sil

nanocorg?®

147 ™ ysed gold nanoparticles to enhance the

By comparison, Thomast a
fluorescence of 1-aminomethylpyrene by means of inducing electinsfér from the
photoactive moiety directly to the metal substrate. 1-Aminon@tigne is an organic
molecule that is weakly luminescent when dissolved in an orgahrent. This is due
to intramolecular quenching of the excited energy state by etettansfer from the
lone pair of electrons on the nitrogen atom to the aromatic pyrene ridgsvever,
when bound to AuNPs the quantum vyield and emission intensity of 1-
aminomethylpyrene dramatically increases as binding of theeagrwup to the gold
substrate suppresses the intramolecular electron transfer pittogen lone pairs to the

pyrene moiety.
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Figure 1.24: Schematic diagram illustrating the binding of 1-aminomethylpyten
gold nanoparticles, and resultant increase in fluorescence following attathio the

metal substrat&™

Studies have indicated that densely packed chromophores on metal nelespart
dramatically suppressed quenching of the excited energy $taveirnd molecule$> 72
Stellacciet al'® reported the first supramolecular assembly consisting compttely
self-assembled layer of chromophores on silver nanoparticlesréFig@5). It is
claimed that this allows for the close packing of about 2500 chromopbiorassingle
silver nanoparticle surface with a diameter of less then 10 e resulting two-
photon excited fluorescent nanobeacons were ultra-bright, exhibited lgghatum
yield efficiencies and displayed a decrease in sensitiviphbtobleaching compared to
the individual unbound chromophores. Perhaps another interesting experiouwdat w
have been to examine the enhanced photophysics of the dye asi@nfohthe alkane
chain linker length to determine if these results were due to phekimity to the
nanoparticle or the local environments in which the chromophore is docgien

conjugation.

Figure 1.25: Chemical structure of 11-{4-methoxy-2,5-bis[(E)-2-(4-
nitrophenyl)ethenyl]phenoxy}-1-undecanethiol (left) and schematic septation of

closely packed silver nanoparticle (rigt}.
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Chapter 3 discusses attempts to utilise SAMs in creating@oajugate system
suitable for multimodal cellular imaging. The length of thelding linkers were varied
in an effort enhance the luminescence and Raman signal afisorbed ruthenium
luminophore. The resultant nanoconjugate displaying the supesoits was then
exploited for the purposes of cellular imaging of mammalian.cédditionally, in the
attempts to create a model photoantenna in Chapter 6, propssed to use SAMs to
control the lateral spacing between adjacent oligonucleotide rsezgi@nd therefore,
have a direct impact on the communication between chromophores within t

supramolecular assembly.
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1.3 Metal Complexes used for Cellular Uptake/Imggin

Until approximately 5 years ago, very few research groups had refbeeise
of phosphorescent heavy metal complexes in bioimdfithg. However, due to their
favourable optical and redox properties, metal complexes have beemnned very
recently as possible candidates for real-time live celgingg most particularly; zinc
(¥ rhenium ()73, platinium (1f"# and rhodium (1117

In order for a luminophore to be a suitable candidate for cellmiaging it must
be photostable, have a high quantum yield, reasonably non-toxic, cakadade, have
visible to NIR emission and depending on the application, show @renee for
localisation within a certain organelle of the cell. Of tlen ruthenium and iridium
complexes, an interesting paper published by Katall*® described the synthesis of
the first zinc (Il) complex containing Triapine. Triapine, &raminopyridine-2-
carboxaldehyde thiosemicarbazones (Figure 1.26), is one of the prasising
antitumor chemotherapeutic compounds to have entered into phase phasel I
clinical trials. It has been shown to inhibit the enzyme ribonudeaeductase which
is essential for cell propagation. Coordination of the Triapinetara zinc (II) metal
centre increased antineoplastic activity and displayed nwleetwve affinity for the
nucleoli within the nucleus of human colon carcinoma cells as rshowigure 1.27.
Co-staining studies with nucleolar protein fibrillarin and the Zlijccomplex showed
preferential selectivity towards the nucleoli of these celsillustrated in Figure 1.27

image H below.

N,/
Ty 5 Zn
'_1"’ M )\ = Nﬁ-- |I R\“\ 5
P o HHs | | /lJ\
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HHz HECI
Triapine [ZniTriapine)Cl] HCL (1)

Figure 1.26: Structures of Triapine unit and zinc (I1) Triapine pter!*®!
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Figure 1.27: Live cell images of human colon carcinoma cells incubatedvshmM
Triapine (A, C, E, G) in PBS and 0.25 mM in 0.5% DMSO/PBS zihcT fjapine
complex (B, D, F, H) representing their bright field imagesjihescence images, false

colour images and co-staining images from top to bottom respedfilely.

In another study reported by Bie@a all”, the cytotoxicity of a series of
rhodium (I1l) complexes (Figure 1.28) towards colon and breast caelidines was
determined. Compounds 4, 6, 8 and 9, containing polypyridyl ligantisinateasing
numbers of phenyl ring attached, demonstrated an increase iantipeoliferative
potency with increasing surface area and hydrophobicity. It viaisned that
compound 9, containing the dppz ligand, is even more potent than cisglagplatin is
the chemotherapeutic drug used most to treat many cancerssboiang undesirable
side effects, high toxicity and problems with drug resistang®imary and metastatic
cancerd’® As a result, research has intensified into transitiominsemplexes because
of their favourable properties suited to anti-cancer drug designpliotodynamic

therapy.
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Figure 1.28: Series of rhodium (Ill) complexes synthesised yaBie al for cellular

imaging!™

Much of the relatively limited research surrounding rutheniumddinplexes
for live cellular imaging involved compounds containing the dipyridophieeadppz)
cyclometalating ligand. These particular complexes haen Ishown to act like a
‘molecular light switch’. They are brightly luminescent whietercalated with DNA or
protected from aqueous environments and virtually non-emissive wheagueous
solutions’”  Svenssonet al’” ™ reported the synthesis of a series of
[Ru(phen)(dppz)f* derivatives, where the dppz ligand was altered with akgirs of
different lengths (Figure 1.29).

D4 R=C4H9
D6 R=CEH‘|3

Figure 1.29: Series of ruthenium (Il) derivatives containing the dgpndl synthesised

by Svensson et al. for cellular imagifig.
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They reported how slight modifications to the lipophilicity of the ttyéhe dppz
ligand resulted in large variations in its distribution throughounieenbrane, its DNA
binding ability and its cellular uptake in CHO cells. Figurglshows the distribution
of the assorted dyes throughout the cell structure using confasatestence
microscopy. A decrease in the alkyl chain length resultechigheer emission intensity
in the nucleus compared to the cytoplasm (Figure 1.30 diagramjile the most
lipophilic complex, D6, resided mainly on the outside of the euglof the fixed CHO
cells (Figure 1.30 diagram C). However, it must be noted timatughout their
experiments and many other reported studies on coordination compounds, D850 (1
was used to solvate the metal complexes. Organic soh&nth, as DMSO and
ethanol, are frequently used in cellular uptake analy8isrmingly, DMSO is known
to induce cell diffusion, cell differentiation and enhance thempability of lipid
membranes. DMSO also causes the cell membrane to beesmedged, making it
more susceptible to facilitate membrane diffusiérf” Chapter 5 details results of the
cytotoxic effect of DMSO and ethanol on SP2 myeloma and CHQirees.

Figure 1.30: Confocal fluorescence microscopy images showing thébdigin of
ruthenium (I) complexes in fixed CHO cells. D2 (A), D44BJ D6 (C) (10M in 1%
DMSO/serum free medium) were added to cells in fixed methanabfarinutes and
excited at 488 ni/!

Chen et al® published preliminary studies on a series of water soluble
ruthenium (1) polypyridyl complexes which they reported induced mitochondria
mediated apoptosis in human cancer and normal cells. Included isetiés of
ruthenium (11) probes was the [Ru(bpigicNO,)]** complex, which is also synthesised

in this thesis. One of the more interesting results found Ragbpyy(picNO,)]**
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showed a greater cytotoxic effect to the human Hep G2 celMinen compared to the
widely used cisplatin anti-tumour drug. However, the complex extibitwonsiderably

poorer cytotoxic effect against the other cell lines underyaisal

Bartonet al’®? were one of the first research groups to investigate thelarell
uptake of ruthenium (1) polypyridyl complexes in living cellhe metal complexes
were incubated with HelLa cells in tris buffer with varyimgaf concentrations of the
ruthenium complexes. Figure 1.31 illustrates the chemical stescsynthesised as part
of their analysis. Uptake of these luminophores into the cellanalgsed by the mean
luminescence intensity of the overall cell population by flowomdtry. Results
indicated that the complexes with the greater lipophilicity leitdd higher cellular
uptake, with [Ru(DIPYdppz)f* (DIP = 4,7-diphenyl-1,10-phenanthroline) best of all.
For all complexes, the greatest luminescence was evidém cytoplasm as confirmed

by co-localisation studies.

It was thought that if a complex entered a cell by means ofvpadgfusion,
one might assume that a complex with closest to neutral ¢chergdler particle size
and greater hydrophilicity should display greater cellular upfake. However,
unexpectedly the most hydrophobic DIP ligand seemed to facilitdtdaceransport
despite its larger size. The dye showed distribution throughouttisecgtoplasm but

without ever entering into the nuclear envelope as shown ine~ig8e.
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Figure 1.31: Chemical structures of the ruthenium (1) dppz d¢ivies synthesised by

Barton et al. for cellular imagin§?
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Figure 1.32: (top) Confocal fluorescence microscopy image of Hela weeth
[Ru(DIP),(dppz)F*. Cells incubated with 3 (in tris buffer) ruthenium for 2 hours at
37 °C, excitation wavelength of 488 nm. (bottom) Intensity profiléh@frtithenium
emission across Hela cells following incubation for 12 hours withM.Qin tris buffer)

of dyel®?

In a later reporf®! a mechanism of passive diffusion of the [Ru(Xépz)F*
complex into the cell was proposed, as uptake decreased wheweelslepolarized
with a high potassium buffer and increased when cells are hypeazpdlawith
valinomycin. This suggested a passive diffusion mode of celupaake as the
membrane potential of a cell is dependent on the potassium ioant@imon. Due to
its lipophilicity and positive charge, [Ru(DWIppz)f* is likely to traverse the
membrane in response to the membrane potential similar toliptbynilic cations such
as rhodamine 128’
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The plasma membrane of a viable cell has a membrane potait&d to -70
mV, with the inside of the cell negative with respect to tside®®™! As most
transition metal complexes carry an overall positive charggke of the luminophore
may be driven by the potential difference across the cellularbreme. The membrane
potential in animal cells depends mainly on the potassium ion coatentin the
cytoplasm. Hence, in the experiments carried out by Bati@h they use potassium-
based buffers to alter the cells potassium concentratioshwdnives the cellular uptake
of the dy&®®!

Tan et al® also demonstrated how a similar series of ruthenium (1) 4,7
diphenyl-1,10-phenanthroline analogues induced apoptosis in tumour céilewein
greater potency than cisplatin. Following optical irradigtionany photoactive
ruthenium complexes can interact with, in a process that results in the formation of
reactive oxygen species (ROS). These ROS species camausa cellular damage
leading to cell apoptosis. It is already known that moleculesepsisg reactive
electronically excited states have found clinical use ab &j®nts for the treatment of
cancers® However, tumour cells are often hypoxic and using PDT causteifur
oxygen depletion within cells so using this type of treatment may obeewshat
limited [*°!

Due to their high phosphorescent quantum yield, long lifetimes anblevisi
tunable emission, iridium (lll) complexes have become the nitrstcive class of
phosphorescent heavy metal complexes in biolabelling in reeant’y’! Huanget al
were the first research group to investigate luminescemtrggaof living cells using
iridium (1) complexes. In a paper published in 20%8they reported the synthesis
and cellular uptake of two difluorophenyl pyridine iridium (lll) complefeigure 1.33)

that showed facile internalisation within HeLa cellgy(Fe 1.34).
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Figure 1.33: Chemical structures of iridium (lll) complexes andrtherresponding

emission profiles in dichloromethane using 365 nm excitation waytalE®

Figure 1.34: Confocal luminescence images (a and d), brightfield isn@gand e) and
overlaid images (c and f) of iridium (Ill) complexes 1 (top) and 2 ¢hottrespectively.
Samples are in DMSO/PBS (pH 7, 1 :49 v/v) and were incubated with ldésdoc 10
minutes at room temperatufé!

Membrane transportation was claimed to be as a result abthbination of the
positively charged iridium (llI) complexes and their increakgdrophobicity given by
fluorination of the cyclometalating ligands. However, presumallg to the poor
aqueous solubility of the dye, a 2% solution of DMSO was used indbliitar uptake

experiments. This, once again, raises the question of wh#teecompounds are
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genuinely cell permeable or are so because of DMSO. Howthercell viability
studies were estimated to be greater than 90% for both iridium epespl A later
paper published by the same grtlpdetailed the synthesis and cellular uptake of an
additional four iridium (lll) difluorophenyl pyridine complexes showingnable
emission from blue to red. Their results were broadly in linehat was reported in
their 2008 paper but again a relatively high 2% solution of DMSOstih&mployed

for their cell studies and it is not clear if dyes are falyl permeable.

A potential solution to the poor aqueous solubility of iridium (€&mpounds
was proposed by Huangt al® They suggested the synthesis of charge-separated
zwitterionic iridium (lll) complexes as shown in Figure 1.35he3e displayed good
luminescent character with some showing good solubility (mM) i8 BBffer pH 7.0.
Table 1.1 outlines the solubility and the cellular interactadrmwitterionic iridium (1)
complexes 1-5. However it is noted, that in a change fromegdue by this particular
research group, HelLa cells are no longer employed for theradiisis and a KB cell

line is used instead, so it is not possible to make di@oparisons.
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Figure 1.35: Chemical structures of zwitterionic iridium (lll) qolexes 1-5 for cellular

imaging™®”’
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complex|solubility ( M) |llog Pou{|[Encapsulation efficiency (%) Release (%P
1 2064 1.89 49.9 39.6
2 5096 0.88 56.1 33.5
3 559 0.55 59.2 29.1
4 174 0.69 77.9 20.7
5 37 1.39 83.1 17.4

Table 1.1: Solubility, octanol/water partitioning coefficient (logw) encapsulation

efficiency and release of zwitterionic complexes 1-5 showrguréil.35.

Their results showed that complexes 1-4 had weak intercellulandaoence.
However, complex 5 displayed bright luminescence inside thes asitoplasm, which
was suggestive of transmembrane transport. Furthermore, alekBwere still found
to be alive after a 2 hour time period. Additional studies atdit that the membrane
penetrating ability of fixed cells with the iridium (Ill) cquaunds was in the order of: 1
< 2 < 3-5. The more hydrophilic complexes 1 and 2 had poor cell peritgabil
whereas, the hydrophobic complexes 3-5 internalised within the raamlwithout
difficulty. Once inside the cell, it was found that compoundyext mainly in the

cytoplasm of both living and fixed KB cells.

As expected the more hydrophilic complexes showed greater acgmab8ity
with complex 5 only slightly soluble in aqueous PBS buffer. Fos#me reason, their
amphiphilicity changed from hydrophilic to hydrophibic with logy,Rchanging from
-1.89 (complex 1) to 1.39 (complex 5). The ability of a cellgieobe to permeate
biological membranes depends strongly on its lipophilicity, whichcasnmonly

estimated by the partition coefficient of the compound inrmttevater (Ru,)."

The encapsulation efficiency of the complexes into a liposame their
subsequent release reflects the complexes’ permeation in aade@ut of the bilayer
of a cell membrane, respectivél{. According to the results, the more hydrophilic

complexes were difficult to encapsulate and were easilyasete from the cell
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membrane, whereas the hydrophobic ones were more likely toirstigye the cell.
Results suggested that for the purpose of designing iridium (lb)esr for cellular
imaging a balance must be struck where the hydrophilic paktdessary for aqueous

solubility but the lipophilic moiety is helpful in cell permiat

Very recently, for the first time, nuclear uptake and staimiitgin live cells by
a series of iridium (Ill) dipyridoquinoxaline complexes was regmity Zhanget al®®
However, it is noted that the use of these dyes with Hella mdulted in rapid and
extensive cell death due to the high cytotoxicity. The mesdient MDCK cell line
were used in their experiments instead. The luminophores also hadiissolved in a

solution of PBS containing 1% DMSO prior to analysis.

Not only may metal luminophores be used as potential probes for cellular
imaging but they also exhibit properties that could render them wsful in the
detection of certain diseases. Today, there are a coupbeaofpies where iridium
probes are already in use in medical diagnostics. Zesaly® used the changes in the
photophysical characteristics, namely it's lifetime, of adium dye (Figure 1.36) to
image tumour hypoxia in living animals. Hypoxia is frequentlgharacteristic of
tumour tissue and was visible after only 5 minutes following figacof the iridium
dye. However, the dye was fully metabolised by mice withi24 hour time period.
The phosphorescent lifetime of the dye was found to be<if the tumour tissue and
1.9 s in the normal tissue. Thus, it may be concluded that theddifgtime of the
iridium dye in the tumour tissue was a result of the lower erygpncentration present
in the hypoxic tissue. The dye was also used to detect the oxygemntations within
four different cell lines, including HeLa and CHO cells. Howme\the lipophilic dye
was dissolved in a solution containing 10% DMSO prior to injectionth@anice and
cellular imaging analysis. This is a very high concentratiborganic solvent to use
and will promote cross-tissue transport and depending on its fanglentration will

induce cell death.
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Figure 1.36: Chemical structure of iridium luminophore used to image tumaquaxkey
in living animals. Its corresponding absorbance and emission profilesrsbelow in

dichloroethene at room temperatufd.

Xiong et al’® demonstrated the use of an iridium (I1) complex for dalely
targeting biomarkers such as homocysteine (Hcy) and cysteys Within living KB
cells. The levels of Hcy are an important indicator foraes including cardiovascular
and Alzheimers disease, whereas, Cys deficiency is assbeidh slow growth, liver
damage, lethargy, muscle loss and fat loss. The iridium luminept@s shown to be
membrane-permeable (with a final DMSO concentration of 0.2%splayed low
cytotoxicity and can readily detect the intracellular HcwGgoncentrations in a
ratiometric manner by a visible change in its phosphorescessiem from yellow to
red as shown in Figure 1.37. The molecular design of the irigrafe is based on the
selective reaction between the aldehyde on the ligand and theninothiol group on
Hcy or Cys biomarkers to form thiazolidine and thiazine, respdygt Complexation
of the metal complex to these biomarkers resulted in disruptotheé bond
conjugation within the molecule, causing a switch of the exdtate from an LC

transition to an MLCT transition and a corresponding change in thesiemi
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wavelength. However, it is noted that, high concentrations ai@agids are required

for the successful application of such a probe.

+ B
i
SH NH, |r"'N
Lyt-cooH Sy
———
|
n=0, Cys 2 e
n=1, Hcy S NH | 3 .. .
_kf#ﬂG'DH |5m”53vu > 1

Figure 1.37: Chemical structures and resulting change in emission afidien (111)

luminophore upon complexation with Cys or Hcy biomaler.

To date there are few examples in the literature of transitietal complexes
being used directly for the purpose for cell imaging. This isymably due poor
solubility issues and the low cationic charge associated we&hctimplexes, thus
prohibiting potential driven membrane diffusion of the dye acrossllansmbrane.
Many of the luminophores reported are conjugated to polypefStices organic
luminophoreS?, estradidf® and other biomolecules in an effort to alter the

lipophilicity of the dye.

We explore the conjugation of a luminescent ruthenium (ll) polypyridyl
complex to thiol functionalised polyethylene glycol linkers of variedgths. The
PEGylated chromophores were then attached to 50 nm gold nanopantefesffort to
improve their luminescent intensity as a result of metal moedh luminescence.
Furthermore, the ability of the nanoconjugate to be drawn s@dpid bilayer also
increased significantly when compared to the free parentleampn Chapter 3, it is
shown how the resulting novel supramolecular nanoconjugate displaysveadpr
transmembrane capabilities and emission intensity above thhe gfarent dye. The

probe is also used in the cellular imaging of live cells.
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Chapter 5 also examines the conjugation of ruthenium (IlI) and iriditijin (
polypyridyl luminophores to a cell penetrating peptide (CPPaitbin its aqueous
solubility and facilitate its transport across the cell memér This is the first time that
an iridium (Ill) luminophore has been conjugated to a polypeptide aed as a
potential multimodal probe for cellular imaging. This builds up@eaech published
before by our grodp” 2 *¥where water soluble ruthenium (I1) polypyridyl complexes
are unable to transport efficiently across the cell membrdnmamnmalian cells.
However, upon conjugation to a cell penetrating peptide, the luminepldisplay

facile internalisation within the cellular structure withthet need for organic solvents.

1.3.1 Transition Metal Complexes and Singlet Oxygé®) Generation

Singlet oxygen is known to react with a number of amino acids andiakype
the DNA base guanosine and may lead to cell apopttfs&®® Furthermore, singlet
oxygen is believed to be the major cytotoxic species in BbT.Inorganic metal
complexes are known to produce singlet oxygen typically through agyetransfer
process from its excited triplet state to triplet oxyg¥®, Therefore, an efficient
generator of'O, should have a high quantum vyield of triplet formation, long triplet
lifetime and a triplet state energy greater than theggrgap between singlet and triplet
O,. Djurovichet al®® showed how a series of iridium complexes they synthesised had
guantum vyields of singlet oxygen production ranging from 0.5-0.9% ority product
observed during quenching of the excited triplet state \@aswhose formation was
promoted by contact betwed®, and the cyclometalating ligands. In general, however,
little is known about how photophysical properties, such as emissiogieseor
changes in the electronic and geometric structures of metal eéxesptan effect the

efficiency of'O, production?®
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The quenching of the excited triplet state of a luminophore (Lu)riplet
oxygen may occur via three pathways: energy transfer to ‘@lvgEquation 1.12),
electron transfer leading to the formation of superoxigdé (Bquation 1.13) or simple

deactivation (Equation 1.14).

Lu*+3%0, Lu+'O,.......... Eq1.12
Lu*+30, Lu"+Q.......... Eq1.13
Lu*+3%0, Lu+3%0,.......... Eq1.14

It has been calculated that the quenching rates by tdgiefen on®MLCT of
[Ru(bpy);]2+ is approximately 1/9 of the diffusion rate constant and therefoig it
considered to undergo quenching exclusively by an energy transfersgiftce
However, most of the iridium complexes synthesised by Djuhnosical®® exhibited
quenching rates greater then this, which is an indication of@tettnsfer quenching.

In general however, for most iridium complexes it is thought Hiaglet oxygen
formation is formed most likely through a combination of energy aratrefetransfer
processeS® Both ruthenium and iridium luminescent probes synthesised in this thes
have previously demonstrated their triplet excited state satystb dissolved oxygen
and therefore, presumably their generation®. This could have significant

implications for the cell’s viability following irradiation.
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1.4 Conjugated Gold Nanoparticles for Biomedical

Applications

Nanoparticles have emerged as promising materials for probétiglac
processes and as such were used in this thesis in an efftidngport suitable
luminescent probes across the cell's membrane. Plasmonic naciepare especially
useful for these applications due to their enhanced resonant amnsogatattering
properties and SERS potentEl. AuNPs appear to have good biocompatibility and
may be easily modified to control their surface properties, mgaguch nanoparticles
very attractive for applications in biomedical fields suchdsaced drug delivery and
molecular diagnostid&” °  Furthermore, there is evidence to suggest that using
nanoparticles with a diameter of < 80 nm sees the ew@tthe nanoparticles from
the body and as a result they may be suitable for in vivo apphsii! However,
significant problems may arise due to their bio-immobilised inlgtalaind these issues
must be addressed for their effective use in biomedicine. Tinetability issues
include the adsorption of proteins and the non-specific uptake otleartby the
reticular-endothelial system (RES) that may decreaskf¢tiene of the nanoparticles in

potential medical applicatioh¥!

Polyethylene glycol (PEG) has proven valuable as a suitatlleghial linker to
covalently attach to the metal nanoparticles in an effortirhit this non-specific
adsorptiod?” %% Partially coated PEG 30 nm AuNPs have already been succgssfull
used to deliver tumour necrosis factor to solid tumours in mice, pynieto inhibit the
adsorption of the functionalised nanoparticles by the BES. Additionally, the
attachment of PEG moieties to oligomers has also been reportattrease the
circulation time of molecules in the blood stream and thus reduvenfyequency when
drugs must be administered. The size, shape and attachneent #ie PEG linker
plays a significant role in the pharmacokinetics of the fundliseth

pharmaceutical$%?
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Dreadenet al*®@ highlighted the potential importance of PEGylated gold
nanoparticles in drug delivery by reporting their selective tangeof breast cancer
cells. Tamoxifen (TAM) has been widely used over the past 3@ yeathe treatment
of breast cancer by binding to estrogen receptors and subsequeititying
programmed cell death. The TAM-PEG-AuNPs (Figure 1.38) showésttise
targeting of these cells with up to 2.7 times enhanced in vitenpptversus the free

drug.
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Figure 1.38: Schematic illustration showing synthesis of TAM-RESP™

The organisation and design of photoresponsive chromophores encapsulating
metal nanoparticles offers exciting opportunities in the design oél qhoton-based
devices for sensing, switching and drug delivéty. Gu et al®”! used modified
fluorescein-PEG-AuNPs (Figure 1.39) to report the enhanced aquedilgystnd
efficient intracellular transport of fluorescein into the nuslefi HeLa cells possibly
through the nuclear pores. The 3.7 nm monodispersed nanoparticles sbhaviretbos
cytotoxicity to HelLa cells, making these particles ideal ifnprovement of nuclear
targeted drug delivery. It is believed that endocytosis isptioeess in which the
nanoconjugates are up taken by the cell as its transmembrarieneif is greatly
affected by a decrease in temperature. Prior to conjugationeofAuNPs, the free

fluorescein dye did not demonstrate efficient diffusion actes€ellular membrane.
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Figure 1.39: (Top) Schematic diagram illustrating AuNP-PEG-FITCTCI =
Fluorescein) nanoconjugate. (Bottom) (a) Confocal fluorescence imagsolafed
nucleus of HeLa cells and (b) concentration of the modified AUMFRBE pH 7.4) in

the nucleus and cytoplasm as measured by €&P.

There are many examples in the literature of ruthenium ppodyl
functionalised gold nanoparticl&&. 1931%!  Similar to the work carried out in this
thesis, Pramockt al®” reported the synthesis of [Ru(bgly) functionalised gold
nanoparticles with controlled separation by PEG linkers idtstr in Figure 1.40.
Results demonstrated a light-induced charge shift between cphomes at higher
concentrations leading to the formation of the redox products [RulBpyand
[Ru(bpy)]”. Interestingly, lowering the concentration of the ruthenium commethe
substrate resulted in a retention of the characteristic ksoénce of [Ru(bpylf.
Their results indicated that the local concentration of rutheniumplexes on the

nanoparticles played a critical role in controlling the photophysi¢Rufbpy)]*.
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They also mentioned several attempts to functionalise thePAuwdith an alkane
modified ruthenium complex without using PEG as a spacer. Howing resulted in
the precipitation of an unfunctionalised nanoparticle. This wiaibwted to the non-
compatibility of the non-polar alkane functionalised ruthenium mjo@t the gold

surface. The addition of polar PEG linkers to the reactisulted in the formation of

stable nanoparticles containing mixed monolayers on its surface.

Figure 1.40: Schematic diagram showing gold nanoparticles (4.5 nm) containing mixed
monolayers of an alkane functionalised ruthenium complex and PEG spacmgftink

increased stability?”!
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1.5 Polypeptides as Suitable Transmembrane Trambszor

1.5.1 Cell Penetrating Peptides (CPPs)

Another potential cargo-carrying molecule examined in this thegimmsport a
luminophore across the cellular membrane was CPPs. Certairallyatoccurring
molecules may enter the cell through a facilitated transpohwagt mediated by
receptors on the cell's surface. An example of such a molesutdei nuclear
transcription activator protein (Tat) encoded by HIV type 1 (MW Octarginine is
a cationic, naturally occurring derivative of the CPP Tat hfzest the following amino
acid sequence RKKRRQRRR, where R = arginine, K = lyame# Q = glutamine. The
importance of the guanidinium groups on the peptide was demonstrateerizekt

3l [106

! who systematically changed the cationic groups with neutralnalaesidues.
This caused a significant decrease in the cellular uptakevétzadirectly correlated with
the number of arginines residues. Therefore, the large ambduamginine in the Tat
sequence intensified research into polyarginine as a CPP. bilitg @t these CPPs to
diffuse across the cell membrane is highly dependent on the lehdtie arginine
chain, with a chain length of AggArgi1 necessary but octa- or nona-arginine showing
best cargo carrying abiliy> 1°” 1% |n addition, our work involving penta- and octa-

arginine also showed an effect on uptake of a ruthenium ¢hptax™®: 207 108!

The four main routes of cellular uptake are endocytosis, adttamsport,
facilitated diffusion and passive diffusiSii. Endocytosis is the process in which the
cell membrane engulfs the extra-cellular molecules andateprought into the cell by
these tiny vesicles surrounding the substance. The various en@opytmtesses are
illustrated in Figure 1.41. In the process of phagocytosis theneenbrane changes
shape to engulf the extracellular molecule with projections knowpsasdopodia.
When the plasma membrane of both projections meet membrane dgsians, which
result in the formation of a vesicle capable of transportiegnolecule inside the cell.
Pinocytosis on the other hand is the process in which the cell meanfivans an
invagination and whatever substance is found within the area dfiivateon is brought
into the cell's cytoplasm by tiny vesicles. In general thestenags will usually be

dissolved in the extracellular fluid as pinocytosis is opposed tingesstion of larger
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particulate material such as bacteria. Receptor-meldéatdocytosis is an endocytotic
mechanism in which specific molecules are brought into the deficeptors on the
cell’s surface target specific molecules outside the cAfter binding an endocytotic

process occurs and the molecule is ingested by the cell.

Endocytosis

Phagocytosis Pinocytosis Receptor-mediated
endocytosis

B % solid particle = * .

* ]

]
+* - L] -

Pseudopodium @ 6 Coated pit Receptor
Coat protein
Phagosome Vesicle
(food vacuole)

Coated vesicle

Figure 1.41: Schematic diagram illustrating different types of eyigisis' %!

Electrostatic attraction is the first process in which tigaélia positively charged
polypeptides are attracted to the negatively charged phosphate gbupe cell
phospholipid membrane. Binding then occurs between the peptides an@nhepar
sulphate proteoglyans (HSPGs) located on the cell membrane letadihgparin
sulphate mediated endocytosis. Once the vesicle is inside théhedieparin sulphate
is destroyed by heparanases releasing the peptide into theM&tlropinocytosis is

reported as one of the major pathways of uptake for argiiingeptides:®” !

It is widely believed that endocytosis is the most likelychamism of cellular
uptake of arginine rich cell penetrating peptides as results steawn the process to be

temperature and energy dependent which is indicative of endodjto&§ 10 U

Fuchset al''®

reported the synthesis of a fluoroscein labelled polypeptidengUsi
colocalisation studies with vesicular specific markers theyrobdehat the dye-peptide
was only present in the endocytic vesicles of live cellBhis confirmed that the
internalisation of the dye-peptide was by entocytoic means and nossiygdiffusion
across the cell membrane. Furthermore, their results shihweeidability of the dye-

peptide to enter cells deficient in herparan sulphate, a moledutd is synonymous
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with the endocytic process. In addition, treatment of celth atginine rich peptides
has been shown to promote intracellular signalling including aictivaf Rac protein

that subsequently leads to F-actin organisation and pinocl}dsis.

Although endocytosis is recognised by most as the main pathway involtrezl
cellular uptake of arginine rich peptide sequences, it has come inodeEased scrutiny
as some conflicting results have been reported. Internafisatipolypeptides has also
been observed at%; temperatures at which endocytic pathways do not fundtich.
This suggested an energy independent pathway, such as passiverdiftfiisiellular
uptake exists.

112 jllustrate in Figure 1.42 an alternative mechanism caked t

Herceet all
translocation mechanism of polypeptides across the cell meenlimmon-endocytotic
pathways. As illustrated in Figure 1.49 the P—N dipole vector is in the plane of the
membrane. As the peptide approaches the surface of thérarm@amit attracts the
phosphate groups and the dipole bends towards the interior of the mertfigame
1.42 (b)). Since this is not the best conformation for the systenpeptide inserts into
the interface between the hydrophilic head groups and the carbiois.chanis allows
the peptide to orient away from the choline groups (Figure @2 As the density of
peptides increases, the membrane gets thinner (Figure(d)42 An arginine amino
acid translocates with a local bending of the membrane on both fidhe bilayer
(Figure 1.42 (e)). This bending reduces the energetic bafridre translocation. A
pore forms and the peptide translocates bound to the interioredbildyer surface

(Figure 1.42 (f)).
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Figure 1.42: Schematic diagram illustrating qualitatively the stepslired in the
translocation mechanism. The orientation of the dipole moment vectoeddmgnthe
phosphate group (negatively charged) and the choline group (positively charged)
denoted by P and N, respectively is sh&Wh.

Either way, both endocytosis and translocation methods of celiptake have
theoretical problems that need to be resolved: (i) the laclelbispecificity does not
correlate well with the idea that peptides could be targetmygspecific cell receptor
and (ii) peptides are highly hydrophilic and the idea that thay directly translocate
across the hydrophobic core of the membrane would need an excessiust ah
energy!?  However in reality, neither assignment of the mechanisncetifilar
internalisation of arginine rich polypeptides has been proven condiusvel the
mechanism of uptake remains a hotly debated topic. Nonetheleat has been clearly
demonstrated is the efficiency of polyarginine as a transrmaarabmolecular cargo

carrier.
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Polypeptides have already been used to deliver a wide varietyolgfcular
cargo to living cells such as quantum #dt§ drug&® 4, organic fluorophoré®®
10 protein§*® % and other smaller moleculBd” 18 Rothbardet al*® highlighted
the potential applications of polyarginine sequences for drug delimeFigure 1.43.
Many drugs that prevent inflammatory skin conditions, such as cydoporfor
example, are ineffective topically because of their poor perogtranto the skin. They
reported the synthesis of cycloporin A coupled to a hepta-arginpt@pevia a linker
designed to release the active drug at physiological pH withéae cells. Results
showed that the conjugate was a great deal more soluble thdruth@lone and that

distribution of the drug was achieved throughout the epidermis andsdekin layers.
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Figure 1.43: (a) Synthetic scheme for the chemical conjugation tdporn A and
hepta-arginine peptide via a pH sensitive linker. (b) Schematic diadjtestrating the
mechanism of release of the drug upon contact with tissue at physibloigit®
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The delivery of functional proteins within a cell also providegowerful tool
for therapeutics and the fundamental study of cell biology. Géioal''® reported the
synthesis of peptide coated gold nanoparticles to promote intdacedelivery of the
membrane-impermeable-galactosidase protein in aqueous media as illustrated in
Figure 1.44. -galactosidase is a hydrolase enzyme that catalyses thalylsysl of -
galactosides into monosaccharides; a source of energy for amsongaTheir initial
efforts focused on the functionalisation of the nanoparticles witbhort peptide
sequences containing three arginine residues. This straimggyver, yielded particles
that were not well dispersible in water. In an earliedgtthey demonstrated that
lysine-coated particles were water-soluble and stiflle. As a result, they used a
sequence containing arginine and lysine residues with the additeomisfidine (His)

residue, as His groups are known to facilitate endosomal estapegyo!*?

O S

by
Carrier: NP_Pep W o
Core size: 25 nm Cargo: [i-galacltosidase
Hydrodynamic size: 13 nm M : 465 kDa
Zeta potential: 32 mV pl: 4.6

Figure 1.44: (a) Schematic representation illustrating the intratalaelivery of a
functional protein using peptide/PEG coated gold nanoparticles. (b) Chemical
structure of the nanoconjugafe®
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Crucially, it was found that the transported enzyme wastaldscape from the
endosomes and retained its biological activity once inside theTdee cellular delivery
of the cargo was initially monitored using a fluorescent fluaiesmarker. This once
again demonstrated the potential applications of gold nanopariRi&3, linkers and
polypeptides, as separate entities or in conjunction with one anathbighly suitable

molecules to deliver materials to intracellular environments

1.5.2 Transition Metal Conjugated Polypeptides

Neugebaueret al'*® were the first to report the synthesis of two novel

ruthenium polypeptide conjugates for the purpose of cellular imagsglustrated in

Figure 1.45.
T@,O o
x 22 EI

Figure 1.45: Structure of the first ruthenium (II) conjugated peptles suitable for

Mh-—mrg

cellular imaging. (where n = 5 or Bf!

Results highlighted the ability of the octarginine dye-conjugate
[Ru(bpyk(picCOOH)Arg]'%* to passively transport across the cell membrane of SP2
myeloma cells without the need to use organic solvents. In sgritie parent dye and
shorter pentarginine conjugate showed no evidence of distributi@ssathe cell
membrane. This suggested that the length of cell penetrajiggés all important in
determining its transmembrane capabilities. Diffusion ofpérent ruthenium complex
could be accomplished using the detergent Triton, DMSO or ethlmpelineabilise the
cell. The migration of the octarginine dye-peptide in abseoic permeabilisation
proved fast and was complete after 10-15 minutes at room tempeiatartemperature

dependent and an irreversible process. SP2 myeloma cells ifeeedwsolution were
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exposed to 3.5 x 10M of [Ru(bpyy(picCOOH)Arg]*®* which led to bright
luminescence within the cells cytoplasm after only 2 minuteshawn in Figure 1.46.
Over the next 10 minutes the dye-peptide continued to distribute throubleocgll in

various concentrations across the cellular plasma in a nactigelmanner.

Figure 1.46: Luminescence images, € 458 nm, ., = 610 nm) of SP2 myeloma cell
incubated with [Ru(bpyjpicCOOH)Arg] *** (3.5 x 10* M in PBS) after (a) 3 min and
(b) after 5 min. (c) Myeloma cell incubated with the parent coxmple
[Ru(bpy)}(picCOOH)F* (3.5 x 10 M in PBS) for 26 min and (d) for 5 min after
permeablizing the cell with Triton (1% vivy.

In an effort to assess the distribution of the dye-peptide aSfe@snyeloma cell
organelles, Neugebauest al®® counterstained the cells with a cell permeable
localising dyes. 3,3-Dihexyloxacarbocyanide iodide [DiOC6(3)] wa®sen to
selectively stain the mitochondria and at higher concentratiensiéimbrane structures
within the cell including lysozomes and endoplasmic reticulum. Iy&gaof both
[Ru(bpy)(picCOOH)Arg]*** and [DIOC6(3)] in SP2 cells using confocal fluorescence
microscopy showed that their luminescence did not coincide and tteereimay be
concluded that the ruthenium dye-peptide does not distribute strondiyn vitie

mitochondria or endoplasmic reticulum of SP2 cells.
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SP2 cells were also counterstained with Sytox green as thisvilyprovide
information on the viability of the cells. Sytox green will opnetrate the cells with a
disrupted cell membrane and additionally Sytox green will loeatighe nucleus of the
cells once they have been artificially permeablised. Tiesiults suggested that the
Sytox green does not enter the SP2 cells stained with [Ru(pic@)OOH)Arg]**",
indicating that the cells under investigation remain viabler dlie course of the
experiment. These results highlighted the ability of [Ru@pigCOOH)Arg]** to
passively transport across the cell membrane of SP2 myeteltsa and distribute
throughout the cell’s cytoplasm and cell membrane without causingicaont SP2 cell

apoptosis. Such co-localisation studies were not performed ai§ikpD cell line.

In one of the first examples of its kind, FLIM measurememse used to
determine the average lifetime of the dye across the varglusomponents. Results in
Figure 1.47 indicated that the dye residing towards the outer raamldisplays the
shortest lifetimes. This is in good agreement with the higb&rbility of molecular
oxygen in the cell membrane, causing a decrease in the lifefithe ruthenium probe.
This demonstrated for the first time the potential value of thligseconjugates for

cellular oxygen sensing.

Figure 1.47: (a) Fluorescence intensity image and (b) false colduMFmage of
[Ru(bpy)(picCOOH)Arg] ** (3.5 x 1 M in aqueous PBS buffer) in SP2 myeloma

cells after 15 minutes incubatiéii!
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In a more recent papef a [Ru(dppz)picCOOH)Arg]*** complex (Figure
1.48) is exploited for the purposes of multimodal cellular imggiAs this dye exhibits
a ‘molecular switching effect’ only the dye molecules protetiednd associated with
membrane structures emits phosphorescence and therefore, can rent tieassess the
true distribution of the dye in the cell. However, resondd@man mapping does not
rely on the emission of the dye and is employed here for the tiimg as a

complementary technique to assess the localisation gfest dye and dye-conjugate.
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Figure 1.48: Chemical structure of [Ru(dpgpjcCOOH)Arg] 1°*.[2%

Figure 1.49: Resonance Raman intensity map of live myeloma cellsiraftdration
with [Ru(dppz)(picCOOH)Arg] ®* (A1) and free parent dye (B1) after excitation at
458 nm. A and B represents the brightfield images of the céiB @t
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Figure 1.49 illustrates the plot intensity of these rutheniumn vibrational
modes and therefore the dye concentration within the cell.n lbealearly seen that the
parent dye remains in the outer cell membrane (Figure Intjei B1), whereas, the
dye peptide diffuses across the cell membrane (Figure 1.49, iMapeand is

distributed throughout the entire cell.

Continuing with this idea of multimodal, mulitparameter cellagimg using
polypyridyl peptide conjugates, Neugebauer et alk¥ used
[Ru(bpyk(picCOOH)Arg] " as a suitable probe for multimodal cell analysis. The
conjugated ruthenium (ll) dye-peptide failed to yield any sigaiit difference the
visible region of the absorption spectrum with a corresponding charmé. i This was

in contrast with its Raman spectrum that is shown in Fig&@ delow.
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Figure 1.50: Resonance Raman spectra of [Ru@dpig)COOH)Arg] ***at various pH

values following irradiation at 458 nf#)

Here the ratio of the height/area of the pH dependent @] ligand modes
(at 1608 and 1550 cf to the height/area of the pH independent bipyridyl ligand
modes (at 1488 and 1318 ¢ymay be used to construct a pH plot, where any changes

in concentrations may be corrected for. Resonance Raman sigralsoellected and
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mapped from SP2 myeloma cells containing [Ru(spidCOOH)Arg]*®" in PBS
buffer. Using the pH dependent Raman calibration curve, it was thandhe cellular
membrane had a pH of 6.7, nucleus pH 6.8 and cytoplasm pH 7.2. Hhesewere in

good agreement with values previously published.

Intracellular pH is an important parameter in the natwwhthesis of
macromolecules within the cell such as DNA, RNA, protein probdacand in
regulation of the cell cycle itsdift! Abnormal pH levels within the cell may be an
indication of disease, as often tumour cells are found to containrlagtuity levels in
the cytoplasni® 4

While [Ru(bpy}(picCOOH)Arg]'** is highly sensitive to changes in pH, as
seen previously it is also sensitive to changes in oxygen conaamtrd\s a result, one
may take advantage of the same ruthenium dye-conjugate probeasurmeboth
parameters in a single environment. In a more detailed stugyyuminescent lifetime
of the ruthenium dye was used to calculate the oxygen concentvethin the cell, as
the lifetime is not effected by local concentrations of the difuorescence lifetime
imaging microscopy (FLIM) measurements were used to deterthi lifetimes of the
ruthenium luminophore within the cell as shown in Figure 1.51.

Fceescence Infonsiy [0

17
[

B Lverage Lifetime [ng)]
780

0

Background: Membrane: Plasm: Nucleus:
513 ns 453ns 540 ns 620 ns
-»7.2 mgfL ->9.2 mg/L =55 mg/L  -»4.6 mg/L

Figure 1.51: (a) Fluorescence intensity map of SP2 myeloma rezibated for 12
minutes with [Ru(bpyjpicCOOH)Arg] *** in PBS for 12 minutes and (b) false colour
lifetime image of the same cEf.
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Three regions within the cell were identified by comparisorh viaman
spectroscopy and confocal microscopy images. The lifetimegh&rbackground
medium, cell membrane, cytoplasm and nucleus are shown in Fig8ratdove. These
lifetimes correspond to oxygen concentrations of 7.2 +/- 1.2 gfigi®@the background
solution, 9.2 +/- 1.7 mg 4L in the cell membrane, 5.5 +/- 1.0 mg/D in the
cytoplasm and 4.6 +/- 0.8 m@/M in the nucleus. These results confirm that there is a
higher concentration of molecular oxygen located in the membraneedf, @ausing a

decrease in the lifetime of the phosphorescent dye.

Bartonet al®® are another group who have realised the potential of usingj a ce
penetrating peptide to facilitate entry of a ruthenium dye peptitte HeLa cells.
Results showed that the parent complex [Ru(phen)(bpy)(dppghpwed no transport
across a cellular membrane prior to conjugation to the octarginimeidge
Interestingly, the uptake of a dye peptide containing rutheniurgHArgrescein is far
greater at lower concentrations when compared to the rutheniggredmjugate alone
(Figure 1.52). It is thought that due to the fluorescein moietyngaa greater
lipophilicity versus the ruthenium and this serves to increasstiction of the dye

conjugate with the cellular membrane.
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Figure 1.52: Chemical structures and corresponding cellular distributiocoaiplexes
synthesised by Barton et al. in various concentrations in HelLa ioelibated at 3°C

in complete medium (MEM with 10% FBS) then rinsed with HBSS solution and
imaged without cell fixatioF”

Recently Rijtet al*??

reported the promising cancer cell cytotoxicity of an
osmium (Il) polyarginine peptide. It has been shown to inducereyairable damage
to DNA by causing a large degree of DNA unwinding. They alsonaead the effect
of varying the polyarginine lengths (from Artp Args) on the cellular uptake, toxicity
and cell distribution of the dye-peptide in CHO cell lines. pPaviously discussed their
results also highlighted a strong correlation between inateasginine length and
cellular uptake, nuclear uptake, DNA binding and decreased cytityoxiThe cellular
uptake and increased activity of the osmium functionalised polypepsidewed
preference in the order of Ageg> Args> Argi~unfunctionalised. In addition,
polyarginine peptides have been conjugated to other metal compiegkiding
rhodium®, gadoliniunt?, europiunt®, nickel™Y, rhodamin&*, and terbiut?® for

the purposes of cell imaging.
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1.6 Conclusion

Over the past number of year's research into the potentialcapmhs of
photoactive supramolecular assemblies, incorporating inorganic andni®rg
chromophores, has exploded across a wide range of areas fromnmedienergy
conversion to nanoscience. However, given their large stok#s, dbing lifetimes,
intense luminescence, good photostability and PDT properties inofgabies are seen
to be the way forward in terms of challenging and improving ortiegisechnologies.
In addition, the ability to fine tuning their absorbance and sionischaracteristics for
specific purposes only adds credence to their use as potentianoddti molecular

probes.

As part of this research two main series of luminescetdlmemplexes, that of
ruthenium (1) and iridium (lll), are studied to determine tteiitablility as potential
cellular probes. A series of water soluble ruthenium (II) paigyy and novel water
insoluble iridium (lll) complexes were synthesised and their spswpic,
photophysical, and electrochemical properties fully characterssedl compared.
Iridium has been one of the most explored metal complexesentrgears but tends to
be poorly water soluble and non cell permeable. This thesis ad&lthssessue by its
conjugation to a CPP for applications in cellular imaging. Musthe assemlies
outlined in this thesis are based on the supramolecular dyad syfséenB, where the
characteristics or applications of the assembly outweigh thaheofindividual sole

photoactive component.

To date there has been very limited research into the pdtestaof gold
nanoparticles as suitable transmembrane transporter of moleeutgy, in particular
luminescent markers. In addition, the coupling of a luminophore tetal manoparticle
is shown to enhance its emission intensity when the distancetlfimanoparticle is
appropriate. Chapter 3 describes the functionalisation of gold adiotgs with a
ruthenium (ll) polypyridyl complex through polyethylene glycol linkers wairied
length. Not only did conjugation to the gold nanoparticles provide eebdan
luminescence and lifetimes but they also facilitated thespart of an otherwise non-

permeable ruthenium dye across the cell membrane of SP2 myettima
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Successful conjugation of metal luminophores to polypeptides has been
achieved previously, however, the synthesis of an iridiun gblypeptide is yet to be
reported. It was hoped that the use on an iridium label would exhii@heed quantum
yields and lifetimes of the molecular probe when compared toirexistansition
conjugated metal polypeptides. In Chapter 5, conjugation ofutherium (II) and
iridium (Ill) dyes to biomolecules builds upon previously reported worlotlnygroup
and enables the analysis of biological samples through non-tigetdisation within
a cell, but most importantly without destroying the cell membiarthe process. It
remains to be seen how further conjugation of the dye-peptidesget tspecific
peptides could help with concentration of the luminophore within cetti@nour cells.
The generation of reactive oxygen species following absorptiomluf éinergy by the
transition metal luminophores may also induce cell apoptosis and poténtially

make these a powerful diagnostic and photo therapeutic tool.

Numerous reports highlight attempts in creating light harvestipgaswlecular
assemblies capable of mimicking processes involved in plant photosignti@hapter 6
discusses attempts to synthesise a light harvesting devitreefefficient conversion of
solar energy to electrical energy. The attachment obrganic fluorophore to a
supramolecular structure, namely DNA, as the backbone is attefoptina first time.
This is in keeping with the general topic of research; in gldphotoactive
supramolecular assemblies and identifying suitable luminesceé¢gifor conjugation

to biomolecules for applications in areas from diagnosticsl&w snergy conversion.

One of the main aims of this thesis is to identify suitabieihophores and to
demonstrate how their conjugation to cell membrane transportetslegntheir
applications in cellular imaging. Furthermore, the inherent ptiegeof the dyes may
then be exploited for multimodal cellular imaging to deterntharacteristics such as
pH and oxygen levels within cellular structures. This thesisiges\van insight into the
construction of supramolecular assemblies from its individual subymiibesis to their
combined functional applications. It also gives an idea ofwtbek currently being
undertaken across a range of disciplines and will add to the unknstaf the basic
principles on which these luminophores may be exploited for theinfedtaises in
photoactive supramolecular assemblies, diagnostics and othtxdrglaotochemical

processes.
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Chapter 2: Experimental Methods and
Instrumentation

“In order to have a good idea...you must have lots of idealsihus Pauling.
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2.0 Introduction to Raman spectroscopy

Raman is a vibrational spectroscopic technique which has advardages
others, such as infrared (IR), in that low frequency modeseeeti0-600 cih can be
studied. These modes prove to be particularly important foalrigand complexes
and in addition resonance Raman may be used to identify opticatitrasmen complex
molecules. In Raman a laser typically in the visible regsomsed to irradiate the
sample. Once this light interacts with the sample it presigcattered light that may be
interpreted to give bond vibrational information. The scatteig lnay be divided
into 3 types: (i) Rayleigh scatter which has the same fregueinthe incident beam,
this scatter is the most intense and contributes to mone90f of the scattered light,
(i) Stokes scattering and (iii) anti-Stokes Raman scatierin Stokes and anti-Stokes
scattering, energy is exchanged between the molecule andnintigle beam and is
much weaker by comparison to Rayleigh scatter. Raman spegyoscalysis usually
involves Stokes scatter as anti-Stokes signals originate finofacules in vibrational
energy levels other than the lowest. Anti-Stokes scattensually poorly populated at
room temperature leading to lower intensitiés. The various Raman scattering

processes are illustrated in Figure 2.1 below.

Virtual State

Energy

Vibrational States

A 4 A 4

Ground State

Stokes Raman Rayleigh Anti-Stokes
scattering scattering Raman scattering

Figure 2.1: Schematic diagram showing the possible Raman and Rayleigh sgaitteri

Raman spectroscopy.
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In conventional Raman, light energy from the laser excitesniblecule from
the ground state into some virtual state. As the molecul@seseback to the ground
state it scatters a photon and in doing so returns to a diffi@kational or rotational
state. It is the difference in this energy shift fromdbsorbed and emitted photon that
gives rise to Raman scattering. If the photon returns toteehiinal vibrational state
than the initial state the emitted photon will result in Stokedtering. On the other
hand, if the final state is a lower energetic state whislead to an anti-Stokes shift.
Rayleigh scatter is where the photon returns to the same eitabtnergy level and
there is no scattering of light following interaction betweenitiogent beam and the

sample.

2.0.1 Selection rules

For a mode to be Raman active the polarisability of the molenukt change
when placed into the laser’s electric field during the vibrati The incident laser may
interact with the surrounding electron density of the moleculdtieg in the distortion
of the molecule giving rise to the Raman light scatteri®aman is a complementary
technique to IR spectroscopy where, for a vibration to be IReath® dipole moment
must change during the vibration. For very symmetrical moledodeds that are IR
inactive are usually Raman active and visa versa. @rteeomain advantages of
Raman over IR is that water is a poor Raman scatteteis allows for the analysis of
biological samples with less interference. The probabilityRafman scattering
occurring is small under most circumstances, however, two targoimplications of
the Raman effect lead to strong enhancements of the Raman ségoalance Raman

spectroscopy and surface-enhanced Raman spectrdScopy.

Resonance Raman (RR) spectrosdepyore commonly exploited in this thesis.
RR scattering occurs when the incident laser beam comeidh an optical transition
of a compound leading to the population of an electronically excitezl SRR shows a
large enhancement of up to six orders of magnitude of the Raigiaal originating
principally from the Franck Condon modes (i.e. those distorted by tiwlojpansition)
of the compound in questiéi. Therefore, it may provide additional information on the

chromophores being irradiated in an electronic transition. THigiguee has been used
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in the past to assign the MLCT excited states for many compféxésis known that
the absorbance band at around 450 nm for [RuffmgiCOOH)F* corresponds to the
MLCT transition from a ruthenium metal dorbital to bipyridyl ligand * orbital.
However, as the absorbance extends to slightly longer wavelengéhwibrational
modes of a MLCT from ruthenium metal centre to [picCOOM)]orbital become
evident. This suggests that a rutheniumtd [picCOOH] * orbital is the lowest
energy optical transition. Examples of this are demonstraigcekgplained in detail in
Chapter 3. Hence, resonance Raman spectroscopy may be assdyh the electronic

transitions within a molecule.

Fluorescence may prove to be a problem in gathering RR sogtitgiormation
because when the exciting wavelength excites an emissive @tais close to its
absorbance, the fluorescence signal may overcome the vibtatrmdes making
analysis difficult. However, for metal ligand complexés Stokes shifts are typically

100 — 200 nm which is particularly amenable to RR.

Surface enhanced Raman spectroscopy (SER&Ssurface sensitive technique
used to intensify Raman scattering signal from molecules adkorba rough/irregular
metal surface. Enhancement factors in the order3fmfly be achieved and have been
used in single molecule detectidh. It is normally performed on silver or gold
substrates with roughened nanoscale surfaces. Similar toenbtaiced fluorescence,
surface plasmons of the metal are excited by the incidset &t a certain wavelength.
This results in an increased electric field at the matalfiace effectively enhancing the
electric field of the incident light as Raman intensites proportional to electric field
strength. Chemical enhancement also may occur where auteoiscbonded to a
substrate leading to resonant enhancement of charge transfdéiomarnsetween metal
and analyte. While monolayers show superior surface enhanctéraents evidence to
suggest that SERS may operate at distances of up to teanarheters. Furthermore,
for adsorbed species, the selection rules are relaxed antioribfanodes forbidden in
the normal Raman spectrum are frequently observed when that Spedssrbed onto

a roughened metal surface.
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2.1 Instrumentation

2.1.1 Nuclear Magnetic Spectroscopy (NMR) Spectroscopy

'"H-NMR was performed on a Brucker AC 400 MHz using deuterated @S
or CDCk as solvent unless otherwise specified. Peak positions atieada TMS (0
ppm chemical shift). All NMR spectra were processed antysath using Topspin
NMR software.

2.1.2 Mass Spectrometry

Mass spectrometry experiments were carried out using a Brukguirg
LC_00050 electron spray interface (ESI) with a positive ion pglarBamples were

dissolved in one of HPLC grade methanol or acetonitrile oxéunei of both.

2.1.3 Elemental Analysis

Elemental analysis was carried out on an Exador analytical@CB&nalyser at
the Microanalytical Laboratory in Univeristy College Dubli@&amples were analysed

by the technicians in UCD.

2.1.4 Absorption Spectroscopy

UV-Vis spectra were recorded on a Varian Cary 50 spectrophanmgamples
were analysed in a quartz cuvette with a pathlength of 1 timanspectral range of
200-600 nm unless otherwise stated. The background was correctddniorsolvent

absorbance prior to every measurement and was performed ateroperature.

2.1.5 Fluorescence Spectroscopy

Emission spectra were recorded on a Varian Cary Eclipse fuenes

spectrophotometer with an excitation slit width of 5 nm and assom slit width of 5
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nm. All experiments were performed using a 1 cm pathlength qoavitte. The
background was corrected for blank fluorescence before each meastr@md was

performed at room temperature.

2.1.6 Lifetime Measurements

Luminescent lifetimes were obtained using a Picoquant Fluotime OEPT
(Time Correlated Single Photon Counting) system exciting at 450ndnusing a 510
nm narrow band pass dielectric filter for ruthenium complexes. tdfiam at 370 nm
and the band pass dielectric filter was set for detection an#6dnd above for iridium
complexes. The instrument response function was determined byledmgAM30
colloidal silica solution (Adrich) with an excitation source (pexsnd pulse diode
lasers) of 370 nm for iridium samples and 450 nm for ruthenium sangsiesatively.
10,000 counts were collected for each lifetime measurement améadlurements were
performed in triplicate using Nanoharp software to confirm resdl{gical pulse rates
of the excitation source were 1x1€" with typical pulse widths of 300 ps. Degassed
samples were degassed with nitrogen for 20 minutes prior tgsanallt is also noted
that solvents were used as received and as a result mayncwate water which may

have an impact on the results.

The calculation of the luminescent lifetimes was performed itingf an
exponential decay function to each decay plot to extract the ldatiformation using
FluoFit software. Due to the inherent long lifetimes of inorgam@mplexes all data
was fitted to mono/bi-exponential decay functions to the baselinkeofleécay curve

using tail-fit with an % value of between 0.9-1.1.

2.1.7 Confocal Fluorescence Microscopy

Confocal fluorescence microscopy is an imaging technigue ubas point
illumination and a spatial pinhole to eliminate out of focus lighsamples that are
thicker than the focal plane as illustrated in Figure Z.Be incident light is focused by
the objective lens into a cone shaped beam of light so ghawalximum intensity of the
beam strikes one spot at a specific depth within the sample.fldorescence from the

sample is then focused by the dichroic mirror onto a pinhole apgrliminating
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fluorescent light from outside the sample volume, yielding vegh sensitivity and a

sub-micron spatial resolutidH.

Luminescence images were recorded using with a Zeiss LSM5ti)ddefocal
microscope using a 64x oil immersion objective lens (NA 1.4)e 458 nm argon ion
laser excitation was used for ruthenium samples and the 375 nnlinastnr iridium
samples. Optical density filters were reduced to 0.1%sinéssion in order to reduce
any effects of photobleaching. The luminescence from rutheniasncellected using
490/505 nm long pass filters and iridium samples was collected usingl82h long

pass filters.
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Figure 2.2: Schematic diagram illustrating the components present in aaadnf

microscopé”
2.1.8 Microwave Synthesis

Microwave experiments were performed in a CEM XP-500 Plusowave
equipped with pressure vessels, temperature control and pressurel.c Pressure

vessels could hold up to 10 mls of samples but no more that 3 migvezresed in any

experiment to reduce the chances of an explosion occurring.
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2.1.9 Thin Layer Chromatography

Thin layer chromatography (TLC) was performed on glass silalgerck,
250 m thickness), alumina (Alumina GF, Aldrich, 256 thickness) or C18 (Sorbent
Technologies, 250 m thickness) plates. These were then immersed in a beaker

containing mobile phase of interest and analysed under UV B§itgnd 365 nm).

2.1.10 Chromatographic Technigues

All silica gel chromatography was performed using an automdish
chromatography system (Analogix-Intelliflash 310) usingr&Gsilica gel particle size,
equipped with a UV detector (200-400 nm) and auto collector. The detection
wavelength used was dependent on the maximum absorbance of theuodmin
between the detector limitations, with a slope sensitivity of. O Alumina
chromatography was performed using basic alumina pre-packed chroaphiog

columns (A}Os, 150 mesh size).

High performance liquid chromatography (HPLC) used was a V@940
series using a Varian pursuit XRs C18 250 x 4.6 mm column alotingplibtodiode
array detector (150-900 nm), auto sampler and auto collector. Tdwiole wavelength
used was dependent on where the maximum absorbance of the compoundateals loc
All mobile phases were of HPLC grade quality and were fittened degassed prior to
use. The wavelength of detection was set to that of the maxiamsorbance of the
sample and usually set up to collect the peaks at a spestéiation time rather than a

threshold or slope setting.

2.1.11 Electrochemistry — Cyclic Voltammetry

Cyclic voltammetry (CV) is an electrochemical technidu&t tscans a potential
region by varying the applied potential at a working electrode ecawtding the current
produced. It may rapidly determine information on redox systaraslution and on an
electrode surface. CV’'s were carried out using a CH Ingintsn CH-600

electrochemical workstation. A three electrode cell wasdusvith a glassy carbon
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electrode (3 mm diameter Teflon shrouded) as the working electsdder wire a
reference electrode and platinum wire as auxiliary electré@grocene was employed
as an internal standard and calibrated for all results vé&xgi#sgCl as reference. All
CV’s were performed in duplicate with different glassy carletectrodes, scanning
though the range of potentials: 1, 0.50, 0.25 and 0.05r&&pectively.

Electrochemistry was conducted using 1 mmol of sample dissoivgdir? of
dry acetonitrile (HPLC grade, used as received) containing 0dtrsbutylammonium
tetrafluoroborate (TBA) as supporting electrolyte. No additioned evas taken to dry
the acetonitrile solution and hence, it is noted that the pres#re protic solvent such
as water may complicate the electrochemical reslifssamples were degassed with

nitrogen for approximately 20 minutes prior to analysis.
2.1.12 Raman Spectroscopy

Micro-Raman measurements were carried out in backscatteringyuation
using an Olympus confocal microscope attached to a HORIBA Jolin-Yabram HR
1000 spectrometer coupled to Digital Instruments Bioscope Il withinaerted
microscope. Raman scattering was detectgdg a Peltier cooled ( 70C) charge-
coupled device (CCD) camera (255x1024 pixels), excited with aéytipolarised
excitation lines from Ar laser (458/488/514 nm) or 785 nm diode laser sources. The
spectrometer was equipped with diffraction gratings of 600 grobwa® and the slit
allowed the spectral resolutiaf 2 cm'. An appropriate edge filter was set in the

spectrometer depending on the excitation source.

The area of the laser spot on the samples was 1 pm in diafrtetdaser power
at the sample set from 1 to 2 mW using the inbuilt laser powdral. Data acquisition
times used in the Raman experiments ranged from 1 to 20 s. ThenRand of a
silicon wafer at 520 crh was used to calibrate the spectrometer and the accuracy of the
spectral measurement was estimated taberoximately2 cm'. The spectral data

were acquired and analysed using LabSpec software.
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2.1.13 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectrum dthe iridium (llI) complexes was recorded using a Varian
610-IR microscope equipped with a nitrogen-cooled mercury cadmiunidelMCT)
and deuterated triglycine sulphate (DTG) detectors. A sptpufall of sample was
dispersed in a KBr matrix and were recorded with a 2 spectral resolution with KBr
used as a beam splitter. Raw spectra were manipulatedilbyn functions in Varian
Resolution pro software, which performs corrections in atmosphexer vapour and

CO, absorption bands, baseline and smoothing.

2.1.14 Zeta Potential Analyser

The zeta potential of the colloidal systems were ardlyssing a Beckmann
Coulter Delsa Nano C Particle Analyser. The zeta potest&measure of the potential
difference between the colloid material and the layer of ffwidounding the colloid,
also known as the electrical double layer. The zeta potentzd gn indication as to
the stability and the degree of repulsion between adjacentdslioithe dispersion
media. A large zeta potential value (+/- >40 mV) sugggstsl colloid stability and
repulsion between other colloids. Whereas a smaller zetatipbteaiue (+/- <40 mV)

indicates less stable systems that will tend to coagyalad drop out of solutidfi.

2.1.15 pH Titrations

pH titrations were performed in the pH range of 0.5-12 with a VSyRiphony

SP70P pH meter. The instrument was calibrated using a 3 pdiliation plot using
solutions of pH 3, 7 and 9. The pH titration experiments wereompeed by the
stepwise additions ofl aliquots of concentrated perchloric acid or sodium hydroxide
solutions into a 15 ml PBS buffered solution containing RDof the complex under
investigation. All PBS buffer solutions throughout the thesis weade using P-5368
PBS pH 7.4 in individual foil pouches purchased from Sigma unlessaatieestated.
The dry powder was dissolved in 1 litre of deionised water whicligaeh solution
containing 0.01 M PBS, 0.138 M NaCl and 0.0027 M KCl at pH 7.4.
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All pH induced spectral changes were analysed for reversibyitghecking if
their absorbance and emission spectra were fully recoveredrafitoring the pH to
neutral. The resulting spectra are not corrected for diluds the volume added to the
solutions were negligible compared to its total volume. A pEadard deviation of +/-
0.07 pH units was experimentally calculated and a +/- 0.1 pH wagsapplied to each

pKa measurement.

It is noted that PBS is not supposed to be used over very largangids and
only works well over the range of approximately pH 5-9. It would Hzeen better to
use discrete buffers for each pH value to eliminate this esdehould be done for any

additional pH dependence studies.

2.1.16 Cell Culture

SP2/0-Ag 14 murine Myeloma spleen cells (ATCC no. CRL-1581) and Chinese
hamster ovarian (CHO) (CHO-K1, ATCC no. CCL-61) were purchdsed ATCC
Cell Biology Collection (UK). The suspension cell line SR&evgrown in Dulbecco’s
modified Eagle’s medium (DMEM) with stable L-glutamine and @ktells in
DMEM/Hams F-12 both supplemented with 10% foetal calf serum (Bipsar37°C
with 5% CQ. Cells were harvested or split when they reached 90%uemdy for

CHO cells or 1 x 10cells per ml for the suspension SP2 cells.
2.1.16.1 Cellular Uptake of Complexes

In order to assess and compare the ability of the compoundsi$pdraacross
the cell membrane, SP2 and CHO cells were cultured on 35 mmlgésm culture
dishes. SP2 cells were seeded at 5 XcHlis in 2 ml media and CHO cells were
harvested after trypsinisation (0.25% trypsin for 5 mins #iC37and seeded at 8 x“10
cells in 2 ml media. Both cell types were grown for 48 houferbamaging. For
confocal measurements the growth medium was removed by washm@B& buffer
(pH 7.4) and 20 | of the parent complex (1.4 mM) or dye-peptide (1.4 mM) in PBS
(pH 7.4, with MgC4 and CaCJ) was added. The luminophores and dye-peptides were
made to a final concentration of 70 uM with PBS (pH 7.4) exceghéoiridium parent
complex which made to 70 uM in 0.05% DMSO in PBS (1:20 dilution fraookswith
1% DMSO) and were imaged immediately.
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The cell viability dye, DRAQ7 (Biostatus), was generatided after 1 hour of
imaging as it stains the nucleus of dead cells. DRAQ7M4fipal concentration) in
PBS was carefully added to each dish and excited at 633 nm wgki@mcollected at
650 nm. It is also noted that the cellular imaging results teghon this thesis take
place at room temperature and without a 5% €Qvironmental control in place. This
may cause additional stresses on the cells which could accoumcfeased cell

apoptosis.

2.1.16.2 Cytotoxicity Assay

Cells were seeded in a 96-well plate in 100 pl of media for 24shatu87°C
with 5% CQ before addition of compounds. SP2 cells were seeded at®land@HO
cells at 1 x 1bcells per well. PBS solvent containing DMSO and ethanol viritl f
concentrations of between 20 to 0.3% were added to the harvestednzkleft for 16
hours at 37C in a 5% CQ incubator. 10 pl of either the MTT or resazurin reagents
(PromoKine) were added and incubated for 4 hours for MTT and 7 howessBxurin
at 37°C. Formazan was solubilised with 150 pul DMSO per well for MiEEay and
absorbance was measured at 570 nm and 630 nm (background). The resazurin
converted to resorufin in viable cells was detected at absmeb&70 nm with
background subtracted at 600 nm. Absorbance readings were performed Tisicen
96-well plate reader. All cytotoxicity experiments are rembrie terms of %

cytotoxicity, e.g. 100% cytotoxicity = 100% of cells non-viable.

2.1.17 Freeze Drier
The freeze drier used was a Labcono FreeZone 2.5. Prior toglac the

freeze drier, all samples were dissolved or dispersedanided water and fully frozen

in liquid nitrogen. The sample was then left on the frekms overnight.
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2.2 Instrumentation used for peptide synthesis

2.2.1 HPLC Analysis

Chromatographic purification was carried out on a Varian HPLC
Chromatography Workstation using a Phenomenex Gemini (C-18) reverse-phas
chromatography column. The Gemini C-18 (250mm x 2.5 mm) was usethbpdr
minute with linear gradient programs. The UV detector was m@utfor dye-peptides
at dual wavelengths of 214 nm and 350 nm for iridium conjugate and 214cAba
nm for ruthenium conjugate respectively. Solvent A consisted whided HO
containing 0.1% TFA and solvent B consisted ofsCN containing 0.1% TFA. The

gradient ran over 30 minutes going from 5% to 65% of solvent A.

2.2.2 Mass Spectrometry Analysis

Mass spectrometry analysis was performed on a LaserToF by Masisted
Laser Desorption lonisation-Time Of Flight (MALDI-TOF). -Cyano-4-hydroxy
cinnamic acid matrix was dissolved in 1:3(Hcontaining 0.1% TFA and GEBN
containing 0.1% TFA at a concentration of 10mg/mll & a 1:1 solution of the dye-
peptide to matrix were applied to the MALDI plate. Measurdmevere kindly

performed by Lorraine Blackmore and Graeme Kelly of th&RC
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2.3 Calculating Quantum Yields

In this thesis the phosphorescent quantum yield of the metal exasphre
estimated by matching the MLCT absorbance transition of bothcéneplex and
standard [Ru(bpy)?* [f p = 0.0642 in acetonitriléf! Both solutions are excited into the
MLCT region of maximum absorbance and the corresponding emissionledcor he
luminescent quantum yield may be calculated by using the folloengula in
Equation 2.1.

fpoy= (AxAs) (FSFx) (NdN)* T pispernrn. (Eq 2.1)

wherefpis the phosphorescent quantum yield, A is the absorbance at ftegiexc
wavelength, F is the area under the corrected emission speatdim s the refractive
index of the solvents used. The subscripts s and x refer tdati@asd and unknown
respectively. This procedure for quantum yield determinati@nredative method and
provides a quick way to estimate the quantum yields of a compléhquantum yield

experiments were performed three times and the average quarldahisythe value

guoted throughout this thesis for all metal complexes.
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Chapter 3: Synthesis and Characterisation of
Ruthenium (11) Polypyridyl Luminophores for

Conjugation

“To reference one is plagiarism but to reference manyssaech”— Anonymous.
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3.0 Introduction

Inorganic luminophores offer many advantages over organic fluorophodes a
their benefits in cellular imaging? diagnostic$*® and supramolecular assembfigs
have been known for many years. Transition metal complexes offeificant
synthetic flexibility where by changing the ligands one can fime the absorbance and
emission characteristics of the complex. In the casestbénium, osmium, iridium
and rhodium their relatively high phosphorescent quantum yields pemsigsdetection
of luminophores at low concentrations, however, many small orgams gsych as
fluorescein and Alexa are used at 1 nM concentrations for fluoresceeasurements.
Furthermore, the addition of ligands with environmentally simesfunctional groups,
such as ionisable protons, offers pH sensitivity to the complex #e case with the
functionalisedohenanthroline ligand reported throughout this chapter.

Specifically, ruthenium (ll) polypyridyl complexes have atted a lot of
attention due to their strong DNA-bindif§"®! and potential anti-cancer propertfes®
1 Results have shown how numerous ruthenium (1) polypyridyl comptigpkayed
excellent anti-tumour activity towards selected transfectddiices. More recently,
several complexes were also shown to induce mitochondria-medigigutosis in
human cancer cell lines while displaying a lower toxicity wikempared to widely

used cisplatin based drugs to treat certain cafers.

Much of the early bio-related research into ruthenium centred admrivétives
of [Ru(phen)]** because they were known to act like a ‘molecular switch’has t
luminescent output intensities were dependent on their microanvents. Olsoret
all'™ reported this ‘light switching’ effect for [Ru(phetdppz)f’, where dppz =
dipyridophenazine. Figure 3.1 illustrates how the luminescenceeotdmplex is
completely quenched in agueous media but is highly emissive in agphatic organic
solvents. In this particular ruthenium species thereseaveral excited states quite close
in energy: (i) a MLCT state directly populated by light exmitatin which the excited
electron resides on the LUMO centred on the ‘bpy-like’ portion of the tgaad, (i)
the excited electron is located on the LUMO centred on a phenazine liatenthse of

the dppz ligand and (i) a ligand centred (dppz-based) excited"8taten aqueous
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solution, data showed that MLCT charge transfer is directed fhe metal centre to the
phenazine of the dppz ligand. However, a major source of naaik@ddeactivation of
the excited state is protonation of the nitrogen atoms on theaphenring, here, the
rapid radiationless decay is driven by hydrogen bonding. Intergstingien the
complex is solvated by an aprotic organic solvent, the MLCT exxaitate involving the
‘bpy-like’ dppz subunit becomes dominant. Since such an energy rsatdetter

emissive properties the luminescence of the complexastefély ‘switched on®!

|
| J'{\ICH-_,CN
2+ ]-I,_t.: I \\
g4 f ! \"\ A
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Figure 3.1: (Top) Chemical structure of [Ru(phgdppz)f* and resultant
photophysics in both agueous and non-aqueous media. (Bottom) Model diagram
illustrating its solvent dependent photophysics, were MLCT' and ML@enotes
distinct MLCT excited states distinguished by the distributiochafge on the metal-

ligand framework"!
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Furthermore, the addition of DNA to aqueous solutions containing
[Ru(phen)(dppz)]2+ and its derivatives also lead to a molecular ‘light switgheffect
as the nitrogen atoms on the dppz ligands are effectively shifloledits aqueous
environment via intercalation with the DNA and H-bonding evBit€: ¥ This allows
for the switching of excited state from the MLCT on the ‘phenalikee to the triplet
MLCT excited state located the ‘bpy-like’ subunit of the dppz ligand the complex
emits brightly. The interaction between ruthenium (Il) polygylricomplexes with
DNA has been well documented in a series of reviéw® 2® The exact binding
mechanism between a metal complex and DNA is not well underdtoagtver, it is
believed that electrostatic interactions and groove binding withimiher groove of
the DNA double helix are responsit#8. Modification of chelating ligands can create
interesting spatial configurations and electronic structures lthe¢ been shown to
effect their binding interactions with DN *2 21 |t s noted that research into
ruthenium complexes containing ionisable ligands has been limitdteicontext of
DNA and protein binding. The use of such pH sensitive metal complexds
potentially exhibit preferential selectivity towards pH-dependimage in DNA and
hence, show increased selectivity towards cancer E2lisin addition, use of pH
sensitive ligands may also potentially provide critical infation in the identification

of cancerous tumours as they are known to express abnormal pHtéeei.

[Ru(bpyk(picCOOH)F* has been reported before by our research group and
other$®® on its photophysical propertl&s 2° and its subsequent conjugation to
biomolecules, such as polypeptides® Characteristics such as long aqueous lifetimes
(> 800 ns), large Stokes shifts, pH dependence, photostability erecdsed emission in
water make this and related dyes an attractive proposition forube as molecular
probes. The carboxyl functionality may be used to conjugatiithi@ophore to many
naturally existing functional groups on biomolecules. Howevepadicular interest is
its conjugation to amino groups located on such biomolecules whictbenaghieved
though various coupling techniques such as PyBOP/HOBt or EDC/NHE®

coupling reactions.
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R = COOH = [Ru(bpypicCOOH)F*
R = NG; = [Ru(bpy}(picNO,)]**
R = NH, = [Ru(bpy)(picNH,)]?*

\ 7/ N\ 7/
255\
Pyl

Figure 3.2: Chemical structures of ruthenium (Il) polypyridyl comesesynthesised as

part of this thesis.

A key aim of this chapter was to synthesise the luminophore amitmine
reactive terminal functionality to take advantage of th@ynather reactive groups, in
particular carboxyl functional groups, which are present on biomolectiles synthetic
approach taken was to synthesise 2-(4-nitrophenyl)imidazo[4,5-f][héfgmthroline
followed by a reduction reaction that vyielded the analogous 2-(4-
aminophenyl)imidazo[4,5-f][1,10]phenanthroline ligand. Since theo rligand was
easily synthesised it too was coordinated to the ruthenium metdftecand
characterised by spectroscopy, photophysics and electrochen@ttadds to compare
electronic behaviour between all three functionalised derestiof the ruthenium

luminophore to build upon the literature already available.

Significant improvements on the synthesis of 2-(4-nitrophenyl)inoidaz-
f][1,10]phenanthroline are reported here, where the reactiorviasealecreased by 86%
compared existing published meth&d5. Furthermore, coordination of the nitro
functionalised ligand to the ruthenium metal centre was achievad asnditions that
were not as harsh as previously repdftedand did not required column

chromatography for its purification as reported previofsiy”
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As discussed in Chapter 1, [Ru(bgpjcNO,)]** has been shown previously to
bind to DNA?Y and has been used as a luminescent sensor for anions. This has prove
valuable as many biological processes involve the recognition ofianspecie&®
Interestingly, the free 2-(4-nitrophenyl)imidazo[4,5-f][1,10]phenanithe ligand has
also been used to provide colorimetric determination of anions piasarhples which
has enabled fast and easy detection of certain anions by the nakell &yaddition, it
has been reported that the location of the nitro functionfaditya significant impact on
the photophysics of this particular compl&X. When the nitro group is located in the
ortho- or para-positions, the compound’s emission is quenched compl@tayersely,
if located in the meta-position, the complex is found to be Byidhiinescent. This
may be explained in terms of the differences in bond polarity andhjiscations are

discussed later in this chapter.

Unfortunately, whilst developing our novel synthesis of [Ru(EpidNH2)]%",
Liu et al'*™ published a similar procedure on its synthesis and demonstratecisow t
particular amino functionalise ruthenium polypyridyl dye has been faondi)
intercalate into the DNA base pairs and upon irradiation may photectba plasmid
pBR 322 DNA, (ii) display anti-tumor activity against transéeccells and (iii) exhibit
good antioxidant activity against hydroxyl radicals that may indulié [damage in
humans. One of their major findings from IC50 values on seleetibdines indicated
that coordination of the free amino ligand to the ruthenium noetafre resulted in a
lowering of its antitumor activity. However, the cytotoxatfect of the luminophore

came close but did not match that of cisplatin against nesédlilines.

For the first time a detailed and comparative photophysicattsgscopic and
electrochemical study is presented here on all three ruthdaoinotionalised complexes
which extends on studies already reported for these models. Allamorglyes

synthesised are fully characterised by NMR, mass speetrpand elemental analysis.
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3.1 Acid-Base Chemistry of Metal Complexes

The excited state and ground state acid-base properties maysiliffiificantly
in a metal complex and any changes may be explained by difésréncelectron
distribution within the complex between both states. In most tramsinetal
complexes the coordinating ligand is more acidic than that dfékdigand. This may
be explained by -donation from the ligand to the metal which reduces electrontgensi

around the liganéf!

Studying the effects of protonation / deprotonation of metal-liganmdptexes
on the both absorbance and emission spectra may give valuable inwigthte extent
of electronic communication within the metal complex and provide irdbom on the
location of the excited state. This is of particular intemesnixed ligand complexes
where the nature of the lowest MLCTY level is not necessarily known. It is generally
accepted that if the acidity of the excited state incseaéth respect to the ground state
that the ligand involved in the acid-base process is not direetyved in the emissive
process. On the other hand, if the acidity decreases typgiga? or more pH units, the
excited state is thought to be localised on the ligand with thebasiel chemistry.
These assumptions are based on the observation that upon excitatidmenium (I1)
polypyridyl complexes an electron is promoted from the metalreahbrbital to a
ligand * orbital leaving a valence of +3 on the metal centre. An asgen basicity on
the ligand is explained by increased electron density on the ionisgdhel due to
electron donation from the metal centre and hence, one maygtpifealiiocation of the
excited state on mixed ligand compleXg&s®

For example, it was found that the LUMO of the ruthenium (1) pgaiigyl
complexes synthesised in this thesis was located on the bpy ligaddsoaon the
ionisable ligand involved in the acid-base chemistry. This ewadirmed by similar
ground and excited state pKa values. Had the excited statedsaésd| on the ionisable
ligand, the excited state pKa* value would have been less atidito the increase in

electron density on that ligand.
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3.1.1 Background Theory:

Protonation of a complex will change the electronic levelkiwithe molecule
leading to changes in its electronic spectroscopy, particufaHg ligand participates in
absorbance. The ground state pKa of a molecule may be calchiatenitoring
absorbance of a complex at a wavelength that shows good acidevagmn plotted
against the corresponding change in pH. The resultant firsttleeof the pH titration

may be determined in order to extract the ground state pkasva

The excited state acidity of a complex may be evaluated ustngdrster cycle.
An acid-base equilibrium may be written for the [Ru(bfitCOOH)F" complex as

follows in Equation 3.1:

[Ru(bpy)(picCOOH)E* === [Ru(bpyy(picCOOH)]" + H".......... (Eq 3.1)

Where [Ru(bpy)picCOOH)F* and [Ru(bpy)(picCOOH)[ signify the acid and
conjugate base respectively. In the relationship betweereriti@lpy changes and
electronic transitions within the molecule it is arbitrarissamed that the protonated
compound absorbs at a higher energy than that of the deprotonated apdcibts is
confirmed by the pH titrations for this particular compfék. Figure 3.3 demonstrates
the relationship that may be used to determine the energygaanoetween the ground
and excited states of the [Ru(bgpicCOOH)F* complex for example.
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Ru(b icCOOH)]"
[Ru(bpy)2(picCOOH)[**" [Ru(bpy)2(pic )]

A

A H*
Eoo
([Ru(bpy)2(picCOOH)]")
Eoo
([Ru(bpy)2(picCOOH)]*") |
A H
Y Y [Ru(bpy).(picCOOH)]"

[Ru(bpv)»(picCOOH)?

Figure 3.3: Relationship between enthalpy and electronic transitions for
[Ru(bpy)(picCOOH)F".
Where, [Ru(bpy(picCOOH)F* = [Ru] and [Ru(bpy)(picCOOH)[** = [Ru-L].

H + Eo[Ru]) = H + BEoo[Ru-L]).......... Eq3.2
H* + NAhV[Ru] = H+ NAhV[RU.L] .......... Eq 3.3
H - H=Nah(Virey - ViRa) oeeeeenn. Eq 3.4

where H and H are the enthalpy changes caused by protonation in the excited and
ground stateyry and Vg, are the frequencies of the lowest absorption or emission
bands of [Ru] and [Ru-L]Na is Avogadro’s number ant is Plank’s constant. If
experiments are conducted under conditions whéteapproximates the standardH®

and if equal reaction entropies are assumed then;

H°~ G°=RTInK=2.303 RT pK.......... Eq 3.5
Then this gives;

pKa = pKa + (0.625/T)\{ru-L] - V[Ru]) +ovvv--. Eq 3.6
where Ka and Kaare the ground and excited state equilibrium constants, R gathe
constant and T is the temperature in Kelvin. It is now possibdstimate excited state

pKa values from ground state values and spectroscopic parameters.
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When considering whether absorption or emission data should be used in
calculating the pKait is important to take into account the nature of the complex in
guestion. Many organic fluorophores emit from their lowest sirgkcited state and
for such compounds absorbance or emission data may be used as lidetirgenerally
short. However, for many inorganic based compounds the main absorpiiothe
visible part of the spectrum corresponding to the lowest singlé&@T™evel. Internal
conversion then occurs to the triplet MLCT excited energy stadepaosphorescent
emission of the photon occurs and hence, lifetimes are longfeis then important to

use the emission data of such species in calculatintee)xstate pKa* values.

When proton exchange is much faster than the excited-staty dédaoth
protonated and deprotonated species an equilibrium may be establighedextited
state and meaningful results can be obtained from the Forster mgtweengy.y -
Vry. If the rate of emission decay is less then the rht@eprotonation then the

following Equation 3.7 holds true.

pKa*=pH+log (He/ B)...... ... Eq 3.7

Where pH is the point of inflection on the pH titration emission cufes
determined using the first derivative function in Origin 6.0 safey and g and g are
the lifetimes of the protonated and deprotonated species tigspec As a result one
may use the equation above to calculate the excited stategbkatuminophore using
its emission data and in turn determine the location of tbitegixstate on the molecule
under analysis. However to use this particular equation, neessary for the

complexes to have relatively long lifetimes.

Figure 3.4 llustrates the four possible protonation states for the
[Ru(bpyk(picCOOH)F* complex and may be used to illustrate similar processes
occurring in all the organic luminophores synthesised in this thégischanges in pH.
Formation of the [Ru(bpyjpicCOOH)F* species was found to have a ground state pKa
value of 1.5 +/- 0.1. The effect of solvents on the pKa of thiscpéar ruthenium
polypyridyl complex is highlighted in a paper published previoli8ly.Here, it was
determined that the formation of the protonated [Rug@pi)COOH)F* species, using

acetonitrile as solvent, had a much higher ground state pKa efafue Furthermore, it
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was also shown that the ground state pKa values for the formatf
[Ru(bpy)(picCOOH)T and [Ru(bpy)(picCOOH) was 8.9 and 9.5, respectively.

However, in the aqueous based experiments carried out in this dmdgs two
ground state pKa values are evident, that of the formation obfRl(picCOOH)F*
and [Ru(bpy)(picCOOH)T at 1.5 +/- 0.1 and 8.5 +/- 0.1, respectively. This is further
supported by similar experiments performed by PeIIe@ﬁnaI.[ZS] in an earlier
published paper. (De)protonation of the carboxyl functionalityoidonger evident in

agueous environments as it is involved in solvation of the complexghrH-bonding.

[Ru-LHJ* [Ru-LH,)2* [Ru-LH]* [Ru-L]® pH

O % % %
o0 OO O=C o

= N
u, Y
R\L:hgl'z W}bﬁ’ﬁz Hmbﬁf/}r mibﬁﬁ:

|3+ |2 £, [A.
Figure 3.4: Schematic diagram illustrating the different protonation stdtes
[Ru(bpyx(picCOOH)F* .24

=

The likely acid-base equilibrated equations for the protonatiordtemation of

this complex (and other similar complexes) may be describéallaws:

[Ru(bpyk(picCOOH)F" + H  [Ru(bpyk(picCOOH)F* (pKa = 1.5 +/-0.1) .......... Eq 3.8
[Ru(bpyk(picCOOH)F*  [Ru(bpyk(picCOOH)] + H" (pKa = 8.5 +/- 0.1) .......... Eq 3.9

In the determination of pKa/pKa* values for the metal complexesfudhpH
titration experiment was performed in triplicate to calculate standard deviation for
the calculated pKa values. This standard deviation of +/- 0.0% (onit+/- 0.1 units

[rounded to one significant figure]) was to be applied tpléd/pKa* figures.
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3.2 Ruthenium Conjugated Gold Nanopatrticles

In the second part of this chapter, the amino functionaliseemiutin complex,
whose peptide conjugate was previously shown to be useful as a odaltiprobe in
cellular imagind” was conjugated to gold nanoparticles in an effort to enhance its
emission intensity and lifetime. This was achieved usingrd@ald nanoparticles as
substrate onto which an amino functionalised ruthenium (I1) dye washat via thiol-
PEG-carboxyl bifunctionalised linkers. This is the first titoeour knowledge that a
ruthenium complex has been directly immobilised on to a gold nandpatidace via
PEG linkers.

As discussed in Chapter 1, water soluble PEG linkers have been bhéove to

provide additional stability to nanoparticfés®”

and it was hoped that it would help in
drawing the nanoconjugate across the cell membrane. The lentjfitt BEG linkers
were varied (from PE&= 3.3 nm to PEg = 13.2 nm approximately, when in linear
conformation) in an effort to increase the distance between chroneophdrsubstrate
and thus, have a direct impact on the luminescent output of thesdyeesult of metal
enhanced emission. It has also been previously shown in Chatptetr 4 distance of
approximately 10 nm from substrate to dye exhibited the bestdmbetween surface

quenching and enhancemé&ht>®!

In addition, the nanoconjugate that demonstrated superior lurameEsand
lifetimes was then used in the cellular imaging of SP2lomya cells. This nanoparticle
probe has the potential to be used as a multimodal probe in deteynboih
intracellular pH levels and oxygen concentrations as its photophysie®®y similar to
that of the carboxyl functionalised parent dye complex. This pdsenhas previously
been conjugated to a cell penetrating peptide for multimodallaellimaging

26]

purposes: Furthermore, the ability of the luminophore to generate simyiggen
means that the ruthenium nanoconjugate could prove critical ieattye detection and

subsequent apoptosis of tumour cells.
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3.3 Experimental Procedure

Chemicals

All chemicals and reagents were purchased from Sigma-Aldireland) and
were used without any further purification unless otherwise stdetiethylene glycol
(PEG) linkers were supplied by Quanta Biodesign (except for GOB&4,NH;
[Aldrich]) and 50 nm gold nanoparticles (AuNPs) by BBInternationall reactions

were performed in air unless otherwise stated.

The preparation of ruthenium-(bis-2,2-bipyridyl)dichloride. [Riopy)Cl;]

LiCl / DMF anhydrous

L
’

RUC|3_H20 +

Reflux 8 hours

Ruthenium tri 2,2-bipyridine Ruthenium-(bis-2,2-bipyridyl)dichloride
chloride hydrate

The compound was prepared according to a method modified from the
literature®®” RuCk.3H,0 (500 mg, 1.91 mmol) was dissolved in anhydrous DMF (7
ml) in a three neck round bottomed flask. Next lithium chloride (5§118.00 mmol)
was added to the solution followed by 2,2-bipyridine (597 mg, 3.82 mmdbrée
equal portions. The reaction was then refluxed under a nitrogermment at 166C

for 8 hours.

The reaction mixture was then allowed to cool to room temperana acetone
was added to promote precipitation and left in the fridge ovatrnihe precipitate was
then collected by vacuum filtration and washed well with acetodedsethyl ether to

leave a dark purple coloured solid.



The product was then purified on an alumina (basic) chromatograploimrc
using 10 % methanol ; dichloromethane as mobile phase to yield the pasdactark
purple solid (301 mg, 62 %).

'H NMR (400MHz, DMSO-¢): d (ppm) 9.94(d, 2H, J = 4.8 Hz)8.60(d, 2H, J = 8
Hz), 8.45(d, 2H, J = 8.4 Hz)8.03(t, 2H, J = 6.4 Hz)7.74(t, 2H, J = 6.4 Hz)7.64(t,
2H, J = 6.4 Hz)7.47(d, 2H, J = 5.2 Hz)7.07(t, 2H, J = 6.4 Hz).

The preparation of 2-(4-carboxylphenyl)imidazo[4,5-f][1,10]phenanthroline).
[(picCOOH)]

N
| COOH 7
N (@) H

= CHsCOONH, / CHsCOOH  N~.~ N

+ > P COOH

NN o Reflux 3 hours NI ~N N
| _

= 0~ TH
Phendione 4-carboxybenzaldehyde 2-(4-Carboxylphenyl)imidazo

[4,5.f][1,10]phenanthroline

The ligand was prepared according to a method modified from thetite!>
1,10-Phenanthroline 5,6-dione (210 mg, 1 mmol), 4-carboxy-benzaldehyde (180 mg,
1.2 mmol), ammonium acetate (1540 mg, 20 mmol) and glaciatamti (25 ml) were
added to a 100ml round bottomed flask and left refluxing at’C3fr 3 hours. The
solution was then cooled to room temperature and excess water addetlide

recrystallisation and was kept in the fridge overnight .4

The precipitate was collected by vacuum filtration and wash#d deionised

water, methanol and diethyl ether to afford the ligas@ yellow solid (231 mg, 68%).
'H NMR (400 MHz, DMSO-¢): d (ppm) 13.96(s, 1H),13.09(s-broad, 1H)9.05(d,

2H), 8.95(d, 2H, J = 2.4 Hz)8.40(d, 2H, J = 8.4 Hz)8.17(d, 2H, J = 8.4 Hz)7.87
(m, 2H).
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The preparation of ruthenium (I) (bis-2,2-bipyridyl)-2(4-carboxylphenyl)
imidazo[4,5-f][1,10]phenanthroline[Ru(bpyx(picCOOH)F". (CIOy),

\ N | A ~ N
H A
N~ N ‘ ™ H
\ N EtOH 7] N N
P \R’U/C' . ) COOH R I COOH
RS U
[N Cl N‘ A N Reflux 18 hours //N \ &
; N Z 7 Ny
— —

Ruthenium-(bis-2,2-bipyridyl)dichloride 2-(4-Carboxylphenyl)imidazo

ki o o
4,511, 10]phenanthroline Ruthenium<* (bis-2,2-bipyridyl)-2(4-carboxylphenyl)

imidazo[4,5-f][1,10]phenanthroline. [Ru(bpy),(picCOOH)]?*

The compound was prepared according to a method modified from the
literature®  [Ru(bpy}Cl] (50 mg, 0.103 mmol), 2-(4-carboxylphenyl)imidazo[4,5-
f][1,10]phenanthroline [(picCOOH)] (31 mg, 0.123 mmol) and ethanol ()5ware

placed in a 50 ml round bottomed flask and left refluxing for 18sour

The solvent was evaporated under reduced pressure and the crude pesduct w
suspended in a saturated solution of NaCé@d filtered. The precipitate was then
washed with deionised water, diethyl ether and dichloromethayieltbreddish solid.

The product was then taken and dissolved in acetonitrile. Thepipageiwas then
removed and the solvent was evaporated to dryness to give a eededogbroduc{69
mg, 87 %).

'H NMR (400 MHz, DMSO-¢): d (ppm) 14.43(s, 1H),9.11(d, 2H, J = 8.4 Hz)3.85
(d, 2H, J = 8 Hz)8.81(d, 2H, J = 8 Hz)8.43(d, 2H, J = 8.4 HZ)3.20(m, 4H),8.11(t,
2H, J = 6.4 Hz)8.08(m, 2H),7.92(m, 2H),7.83(d, 2H, J = 5.2 Hz)7.59(m, 4H),7.33
(t, 2H, J = 6 Hz).

ESI-MS (CHOH, m/z): 952.77, (IM- 2CIgQ?"): 753.2.

Elemental analysis calculated foggB2gNgO-RU.(CIOy),.(CH,Cl,), : C, 44.94; H, 2.87;
N, 9.98%. Found: C, 43.41; H, 2.67; N, 10.00%.

Melting point: 274°C
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The preparation of 2-(4-nitrophenyl)imidazo[4,5-f][1,10]phenanthroén[(picNO,)]

N

N| P NO, N
CH3COONH, / CHsCOOH N~ A N
* > / NO,

N7 X o Reflux 3 hours NI X N
| _

= 07 H
Phendione 4-Nitrobenzaldehyde 2-(4-Nitrophenyl)imidazo

[4,5.f][1,10]phenanthroline

1,10-Phenanthroline 5,6-dione (500 mg, 2.38 mmol), 4-nitro-benzaldehyde (432
mg, 2.86 mmol), ammonium acetate (3669 mg, 47.6 mmol) and glaetat acid (40
ml) were added to a 100ml round bottomed flask and left refluxiri@t°C for 5
hours. The solution was then cooled to room temperature and watertaddedce

recrystallisation and was left in the fridge overnight.

The precipitate was then collected by vacuum filtration arghed with water,
diethyl ether, acetonitrile and acetone to yield the productyaiaw solid (612 mg, 75
%).

'H NMR (DMSO-a): d (ppm) 14.13(s, 1H),9.06(d, 2H, J = 1.6 Hz)8.89(dd, 2H,

1.6 Hz, 1.6 Hz)8.51(q, 4H, J = 8.8 Hz, J = 7.2 Hz, J = 9.2 HZ)B6(m, 2H).
MALDI-TOF (CHsCN, m/z): 341.09, ([M-H]): 340.57.
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The preparation of ruthenium(ll) (bis-2,2-bipyridyl)-2(4-Nitrophenyl) imidazo[4,5-
f][1,10]phenanthroline [Ru(bpyk(picNO,)]?* (CIOx),

NS
~ \
\ ‘ ~~ N

N { ‘ N
N [ i H
EtOH 7\ N N
Ru —(_)-NO
NSN 2
(A

=
N
\
—_— ~
N,
Reflux 18 hours / N .
e
N
/ N
s

N |l
Ruthenium?* (bis-2,2-bipyridyl)-2(4-Nitrophenyl)
imidazo[4,5-f][1,10]phenanthroline. [Ru(bpy),(picNO,)]**

Y

\

z _ZT
z
(@]
N

RU +
T \N/.\CI N‘ X
= /N\ »Z
—

Ruthenium-(bis-2,2-bipyridyl)dichloride 2-(4-Nitrophenyl)imidazo
[4,5.f][1,10]phenanthroline

[Ru(bpyxCl;] (237 mg, 0.488 mmol), 2-(4-nitrophenyl)imidazo[4,5-
f][1,10]phenanthroline [(picNg] (200 mg, 0.586 mmol) and ethanol (20 ml) were
placed in a 100 ml round bottomed flask and left refluxing for 18 hours

The reaction was cooled to room temperature and the solver¢vapsrated
under reduced pressure. The crude product was suspended in a satunéited ol
NaClO, and filtered. The precipitate was then washed with deionisaterw
dichloromethane and diethyl ether to yield bright red colounéd €77 mg, 90 %).

'H NMR (400 MHz, DMSO-g): d (ppm) 14.69(s, 1H),9.07(d, 2H, J = 8 Hz)8.85(d,

2H, J =8 Hz, J = 8 HzB.83(d, 2H, J = 8 Hz, J = 8 Hz.53(s, 4H),8.21(t, 2H, J =8
Hz), 8.17(m, 4H),7.93(m, 2H),7.81(d, 2H, J = 5.2 Hz)7.59(m, 4H),7.33(t, 2H, J =
8 Hz).

ESI-MS (CHOH, m/z): 854.3 ([M- CIQ*"): 754.3.

Elemental analysis calculated foggB27NgO,RU.(CIQy),.(CH,CIy): C, 46.26; H, 2.81;
N, 12.14%. Found: C, 45.77; H, 2.70; N, 12.09%.

Melting point: 285-287C
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The preparation of 2-(4-aminophenyl)imidazo[4,5-f][1,10]phenanthrolirfépicNH>)]

O h
H i |
N Palladium / H
N Hydrozine Hydrate N~7 N
/ NO, =~ = P NH,
NI N N Reflux, 4 hours NTX N
= l =
2-(4-Nitrophenyl)imidazo 2-(4-Aminophenyl)imidazo
[4,5.1][1,10]phenanthroline [4,5.][1,10]phenanthroline

2-(4-Nitrophenyl)imidazo[4,5-f][1,10]phenanthroline [(pic (100 mg,
0.293 mmol), palladium 5 % wt on activated carbon (18.8 mg) and absthateol (5
ml) were added to a 25 ml round bottomed flask. Hydrazine hy(itatgl was added

dropwise to the reaction and left refluxing at°@for 4 hours.

The solution was then filtered through celite and the solvestewvaporated to
dryness. Diethyl ether was added and the precipitate wastedlley vacuum filtration
and washed with diethyl ether. The solid was then purified usingluanina (basic)
chromatographic column using 10 % methanol ; dichloromethane as rpbbite to

yield a brown coloured product (72 mg, 79 %).

'H NMR (DMSO-&): d (ppm) 13.35(s, 1H),8.99(d, 2H),8.88(d, 1H, J = 2 Hz)8.86
(d, 2H, J = 1.6 Hz)7.97(d, 2H, J = 8.8 Hz)7.80(m, 2H),6.71(d, 2H, J = 8.4 Hz),
5.61(s, 2H).

ESI-MS (CHOH, m/z): 311.34 ([M+N§): 334.5.
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The preparation of rutheniun(ll) (bis-2,2-bipyridyl)-2(4-aminophenyl) imidazo[4,5-
f][1,10]phenanthroline. [Ru(bpy)(picNH2)]?*.(ClOx),

~ \

. ‘ X ~ N
N H N
= N~ LN ™ H
(N o N EtOH / H,0 s N1 _N N
7 \R‘u/ N ) NH > R No—@NHZ
SN >l X N | "N (~
| °N . N‘ Reflux 18 hours _
= N
7 Ny = [N
— —
Ruthenium-(bis-2,2-bipyridyl)dichloride 2-(4-Aminophenyl)imidazo Ruthenium?* (bis-2,2-bipyridyl)-2(4-Aminophenyl)

[4,5f][1 10]phenanthroline imidazo[4,5-f)[1, 10]phenanthroline. [Ru(bpy)(picNH,)[*

[Ru(bpy}Cl;] (38.8 mg, 0.08 mmol), 2-(4-aminophenyl)imidazo[4,5-
f][1,10]phenanthroline [(picNB] (30 mg, 0.096 mmol), deionised water (5 ml) and
ethanol (5 ml) were placed in a 50 ml round bottomed flask and fafkirey for 18
hours under a nitrogen atmosphere. After cooling, a saturatetbsadfiNaClQ, was
added and the red precipitate was collected. The crude produthevapurified on an
alumina (basic) chromatographic column using 10 % methanol ; dichéthane as

mobile phase, to leave the product as a red po(#2demg, 46 %).

'H NMR (400 MHz, DMSO-¢): d (ppm) 14.34(s, 1H),9.35(d, 1H, J = 8.4 Hz)9.06
(d, 1H, J = 8.4 Hz)9.02(d, 2H, J = 8.4 Hz)8.87(d, 2H, J = 8.4 Hz)3.22(t, 2H, J =8
Hz), 8.12(m, 4H),8.03(d, 1H, J = 4 Hz)7.98(d, 1H, J = 5.2 Hz)7.91(m, 2H),7.84
(d, 2H, J = 5.6 Hz)7.58(m, 4H),7.34(t, 2H, J = 6.4 Hz)6.73(d, 2H, J = 6 Hz)5.78
(d, 2H, J = 6.4 Hz).

ESI-MS (CHOH, m/z): 824.3 ([M- CIGI*"): 724.2.

Elemental analysis calculated fogsB29NgRU.(CIOy),: C, 50.71; H, 3.16; N, 13.65%.
Found: C, 51.25; H, 3.81; N, 13.58%.

Melting point: >300°C

11z



The preparation of AUNP-PE@Ru. (linear linker length approximately 3.3 nm)

Thiol-PEG-COOH (20 mg, 0.045 mmol) and 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride [EDC] (42 mg, 0.218 mmaje
added to PBS buffer pH 7.0 (1 ml) in an eppendorf tube and left shiakiBgminutes.
Next N-hydroxysulfosuccinimide [NHS] sodium salt (47 mg, 0.218 ma3 added to
the solution and left stirring for a further 20 minutes. [Ru(EpioNH)]**.(ClOy). (25
mg, 0.030 mmol) was then added and the reaction mixture was #&Kinghgently

overnight.

Dithiothreitol [DTT] (2mg, 0.013 mmol) was added to the solution arfid le
stirring for a further 10 minutes. A concentrated solution ofshem AuNPs (1 ml)
was then added and left to shake gently overnight. The eppenberfwtas then
centrifuged at 9,000 rpm and the precipitate was washed witmised water (x 8
times), with sonication each time prior to centrifugation, teldyia reddish brown
coloured precipitate. The conjugated gold nanoparticles were éiseispended in a
PBS solution (pH 7.4).

The preparation of AUNP-PEG-Ru. (linear linker length approximately 13.2 nm)

The general procedure for the preparation of AUNP44R@ was performed as
outlined above for the AuNP-PE®RuU nanoconjugate. The only exception was an
additional EDC/NHS coupling reaction step between the COO8&:PHH; linker and
thiol  functionalised, SH-PEECOOH, linker prior to conjugation to
[Ru(bpyk(picNH2)]** complex.
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3.4 Results and Discussion

3.4.1 Synthesis

In the formation of the imidazole ligand derivatives itthe acid catalysed
reaction of 1,10-phenanthroline 5,6-dione with the ammonium acetatd whovides
the critical 1,10-phenanthroline 5,6-di-imine intermediate (1) sesuy for synthesis.
This intermediate is then reacted with the appropriate afideagd undergoes an aldol-
type of condensation to form a second intermediate which is thexwéall by a two
hydrogen shift and subsequent loss of a water molecule to foraetiieed imidazole

complex as illustrated in Figure 38.

R R
? + CHyCOOH=—= + CH3COO"
O~ H HO™ H
— + - —
R | N | X
N~ NH N NH
. L = (I)H - H+
SAES e W
H
HO™ "H _ L R
1) - —
O =
I
N~ NH(IDH N NH,
~ _CH D oH
N| D N ©\ N™ N~ \@
R

Z=
\
z 2T
Pyl
+
I
N
(@)

=2

=

Figure 3.5: Mechanism illustrating the formation of the imidaigiand*®!
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The synthesis of [Ru(bpy(.-L)]>* [where L-L = bidentate polypyridyl ligands]
complexes from [Ru(bpyTl;] is based on the propensity of this complex to replace the
two chloride ligands with water molecules initially. Thesults in a labile complex that
may undergo further reaction with an incoming ligand to give ited product. The
first chloride ligand may be removed relatively easily usinganic solvents and may
be preformed at low temperatures (<°@). The replacement of the second chloride
ligand however requires higher boiling point solvents and higher tetopesa(> 70
°C) 2 Adding a slight excess of ligand to the reactions gave ébke results for the
synthesis of the desired complex and products were easily purifiaglabhing or
column chromatography. The synthesis of the ruthenium complexes pedatdety
straight forward and the associated high yields only lend to #sagsa suitable

multimodal molecular probe.

There are a couple of approaches to the synthesis of [Ry(fip{H.)]**. The
initial preference was the reduction of [Ru(bfplcNO,)]?* to give the corresponding
[Ru(bpyk(picNH2)]**, however, this did not prove successful. Therefore, it was
decided therefore to reduce the ligand initially before coordinaif the metal centre

and this approach proved more successful with a yield of 46%.

The amino functionalised complex also proved valuable in the labelfitige
gold nanopatrticles. The polyethylene glycol (PEG) linkers are exgemarticularly a
thiol-PEG-amine bifunctionalised linker ($500 for 100 mg), which wouldehlasen
necessary should the [Ru(bp®icCOOH)F* complex have been used. Consequently,
a cheaper thiol-PEG-carboxyl linker ($250 for 100 mg) was purchasedasaddor the
conjugation of ruthenium luminophore to the gold nanoparticles via a@/NBES

coupling reaction.
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3.4.2'H-NMR Discussion

2
1|\34
N ¥ 5 6
/ :
NI\ N g 7
1179
10

Figure 3.6: [pic-R] ligand illustrating numbering scheme te-NMR analysis.

Proton [picCOOH] Proton [picNO] Proton [picNH 7]

ppm ppm Ppm

H4 (N-H) 13.96 H4 (N-H) 14.13 H4 (N-H) 13.35
(s, 1H) (s, 1H) (s, 1H)

Carboxyl-H 13.09 Hi, Hia 9.06 Hi, Hip 8.99
(s, 1H) (d, 2H) (d, 2H)

Hi, Hia 9.05 Hs, Ho 8.89 Hs, Ho 8.88
(d, 2H) (dd, 2H) (dd, 2H)

Hs, Hy 8.95 Hs, Hs, 8.51 Hs, Hg 7.97
(d, 2H) Hz, Hs (g, 4H) (d, 2H)

He, H; 8.40 Hz, Hio 7.86 Ho, Hio 7.80
(d, 2H) (m, 2H) (m, 2H)

Hs, Hg 8.17 He, H7 6.71
(d, 2H) (d, 2H)

Hz, Hio 7.87 Amino-NH 5.61
(m, 2H) (s, 2H)

Table 3.1*H-NMR resonances for [pic-R] ligand with various functional groups,

carried out in DMSO-¢l The integration and peak splitting are shown in brackets.

Mass spectrometry and elemental analysis were combinedWMR (‘H-NMR
/ COSY) to confirm the purity and structure of the complexes sgisthe. Table 3.1
shows the fultH-NMR data for the peak shifts for the various [pic-R] ligan@sie to
the electron donating and electron withdrawing constituents of tedig R-group, the
protons that show the most change in chemical shifts are locatéte phenyl ring.

Having an electron withdrawing substituent on the ligand has thet effedrawing
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electron density away from nearby protons, thus, causes a deasihieffdict resulting in
a chemical shift downfield. On the other hand when an electrontingngroup is
present, it has the opposite effect causing a shift upfield INMR spectrum. This is
most effectively demonstrated by comparison of the electrontidgnamino group
versus the electron withdrawing nitro group. The protons locateasitions H and H
on the amino functionalised ligand are shifted upfield to 6.71 ppm, ahetbe

corresponding protons on the nitro functionalised ligand have chemiéabtld.40

ppm.

Figure 3.7: [Ru(bpy)Cl;] complex illustrating numbering scheme fet-NMR analysis.

Table 3.2 below shows the complete proton assignments folHMéMR
spectra of the three ruthenium (lI) compounds synthesised. xpected, due to the
displacement of the chlorine atoms on the [Ru(iply) complex, the protons in thezH
position on the bpy ligands experience a change in their chemidebrements. This
results in a shift of around 1 ppm upfield due to the shieldifegteof the incoming
imidazole ligand. It must also be noted that the protons on idazoie ring (H) were
not always observed, presumably because these protons are weeyaact may be

easily exchanged between the two nitrogens on the imidanglénrsolutior*!
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[Ru(bpy)-picCOOH]* [Ru(bpy)2picNO]* [Ru(bpy)2picNH]*
Bpy [picCOOH] | bpy protons. [picNO3] bpy protons. [picNH 3]
protons. protons. ppm protons ppm protons.
ppm ppm ppm ppm
Ha Ha (N-H) Ha Ha (N-H) Ha Ha (N-H)
8.85 (d, 2H) | 14.43 (s, 1H)| 8.85 (d, 2H) | 14.69 (s, 1H)| 9.02 (d, 2H) | 14.34 (s, 1H)
Hs Hi, Hia Hs: Hi, Hia Hs H
8.81 (d, 2H)| 9.11 (d, 2H) | 8.81 (d, 2H) | 9.07 (d, 2H) | 8.87 (d, 2H) | 9.35 (d, 1H)
H, He, H7 Hy Hs, He, H7,Hs Ha Hia
8.20 (m, 4H)| 8.43(d, 2H) | 8.21(t, 2H) | 8.53 (m, 4H)| 8.22(t, 2H) | 9.06 (d, 1H)
Ha Hs, Ha Ha Hg Hq Ha Hs, He
8.11 (t, 2H) | 8.20 (M, 4H)| 8.17 (m, 4H) | 8.08 (M, 4H)| 8.12 (m, 4H) | 8.12 (m, 4H)
He Hs Ho He Haz, Hio He Hs
7.83 (d, 2H)| 8.08 (m, 2H)| 7.81(d, 2H) | 7.93 (m, 2H)| 7.84 (d, 2H) | 8.03 (d, 1H)
He', Hs Haz, Hio He', Hs He', Hs Ho
7.59 (m, 4H)| 7.92 (m, 2H)| 7.59 (m, 4H) 7.58 (m, 4H) | 7.98 (d, 1H)
Hs: Hs: Hs: Hz, Hio
7.33 (t, 2H) 7.33 (t, 2H) 7.34 (t, 2H) | 7.91 (m, 2H)
He, Hy
6.73 (d, 2H)
NH,
5.78 (d, 2H)

Table 3.2 'H-NMR resonances for the ruthenium compounds synthesised, aautied

in DMSO-¢. The integration and peak splitting are shown in brackets.

Table 3.3 shows the relative shifts in ppm of the free [pgdnd versus the

coordinated [pic] ligand. The protons located ataHd H of the [pic-R] ligands show

the greatest chemical shifts of 0.9 ppm following coordinatioréortithenium metal

centre. This may be explained by the increased electron yWemsiind the [pic-R]

ligands due to the donation of 2 electrons from the binding rutheniumeceiitnis

causes a delocalised shielding effect which seems to be meostgntrated on thesH

and H protons and hence, results in an upfield chemical shift. Isdscansidered that

there may be possible anisotropic effects on these protons asiltaofeshe 3-D
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configuration of the complex and the proximity of cyclometalatingrds to one

another.

The chemical shift of the imidazole 4Hproton demonstrates remarkable
sensitivity to the identity of the carboxyl, nitro and amino sulpstits. It is also noted
that*H-NMR analysis of [Ru(bpy[picNH),]** shows that protons at positions, H;2,
and K, Ho split into their own individual doublets with an integration of oneqrotlt
is speculated that this splitting of peaks is caused by theased delocalisation of
electron density over the [pic-NHligand. This may result in resonance structures
within the phenanthroline section of the ligand as the double bond ahasashifted
from bond to bond and hence, differences in the effective magnelid &re

experienced by the protons.

Proton | [Ru(bpy)2picCOOH]*" | [Ru(bpy)2picNO2]*" | [Ru(bpy)2picNH2]**

ppm ppm ppm
H; 0.06 0.01 0.36
H, 0.05 0.07 0.11
Hs -0.87 -0.81 -0.85
Ha -0.47 0.83 0.99
Hs 0.03 0.02 0.15
He 0.03 0.02 0.02
H~ 0.03 0.02 0.02
Hs 0.03 0.02 0.15
Hg -0.87 -0.81 -0.90
Hio 0.05 0.07 0.11
Hip 0.06 0.01 0.07

Table 3.3: ppm of the coordinated complexes compared to the free [pic-R] ligand.
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3.4.3 Optical and Acid-Base properties of Ruthenium (1) Comyss

Compound Absorbanée Emissiorf (ns)® ¢ pkKa® pKa*?
(, dnPmol*cm®) degassed)
[Ru(bpy)»(picCOOH)]?* 457 nm (13,033) 608 nm 158/  0.068 1.5,85 2.2, 8.7
330 nm (23,946) 502
285 nm (61,318)
[Ru(bpy)2(picNO)]%* 455 nm (17,220) 608 nm 55/ 0.028 %380 15 8.0
346 nm (25,034) 66
282 nm (58,376)
[Ru(bpy)2(picNH)]** 460 nm (15,917) 611 nm 379/ 0.035 15,88 3.2,9.1

333 nm (32,737) 550
285 nm (71,344)

Table 3.4: Optical and Acid-Base properties of Ruthenium (I) Corapl8ynthesised.

2 Measured in acetonitrile at room temperature at concentratio2® of 16° M.

P Monoexponential decays measured in aerated/degassed acetonitd@atemperature

¢ Photoluminescent quantum yield (neasured in degassed acetonitrile at room temperature,
using [Ru(bpyj %" as a standard.

4 Ground (pKa) and excited state (pKa*) values, measured in PB& bofution at room
temperature. (standard deviation calculated +/- 0.1 unifd)as a larger associated pKa

calculation standard deviation.
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3.4.4 Characterisation of Ruthenium (II) Complexes

3.4.4.1 Absorbance

Absorbance of ruthenium complexes -vs- wavelength

1.4 A
1.2
[Ru(bpy)-(picCOOH)I**

—~ 14 ) .
= [Ru(bpy)2(picNO,)|*
3 08 - [Ru(bpy)(picNH)[*
5
£
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o
<

0.4

0.2 ~
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Figure 3.8: Overlaid absorbance spectra of ruthenium (II) polypyridyinplexes
synthesised (20 x ™) in acetonitrile solution.

Figure 3.8 above shows the overlaid absorbance spectra for tiesiwm (1)
polypyridyl complexes synthesised. The UV-vis spectra othale complexes are
distinguished by a ruthenium do ligand * MLCT transition at 457 nm (carboxyl),
455 nm (nitro) and 460 nm (amino) respectively. For the amino cortipes is ca. 4
nm shift to a longer wavelength in this transition when comparethdoothers,
suggesting that the amino ancillary ligand is a slightlyebettdonating ligand®®
There is also evidence of a further MLCT transition withindbmplexes at around 245

nm.
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The strong absorbance band at approximately 285 nm may be assigret to
transitions within the bpy ligands, whereas the shoulder at appreyn®80 nm is
attributed to the - * transitions of the [pic-R] ligands containing the two ionisable
protons on the imidazole ring as this transition exhibits a strong peindence, vide
infra. The benzimidazole spacer has little effect on aheorbance spectra of the
complex as the energies and absorbance profile of theseitnramsite almost identical
to that of [Ru(bpy]®* and [Ru(bpy)(phen)f’, which indicates a weak interaction
between ruthenium bis-bipyridyl and benzimidazole moiétie®’

However, the absorbance peak at 346 nm for the nitro functionalisquiecom
assigned to the ILCT- * transitions of the [picNg ligand, has shifted 16 nm to a
longer wavelength when compared to [Ru(bfpizCOOH)F*. This confirms that this
is a - * transition of the [picN@ ligand. It is known that the nitro substituent has a
more pronounced effect on the HOMO-LUMO band gap of a moleculed Fheand

- * interactions permit hyperconjugation between the electroniactstres and
aromatic rings causing a decrease in the energy gap. Thayibe seen by a decrease
in the HOMO-LUMO energy gap resulting in shift to longer el@ngthd*! 4?
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3.4.4.2 Emission Properties

Emission Intensity of ruthenium (II) complexes -vs- Wavelength
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Figure 3.9: Overlaid emission spectra of 20 x°MD acetonitrile solutions of
[Ru(bpy)(picCOOH)F* (excited at 457 nm), [Ru(bpicNOy)]** (excited at 455 nm)
and [Ru(bpy)(picNHy)]** (excited at 460 nm). Slit widths: 5 nm. Samples are not

absorbance matched.

The emission spectrum of [Ru(bpfpicCOOH)F*, in Figure 3.9, exhibits a
maximum emission at 608 nm when excited into the MLCT absorbance t4bd am
with a quantum yield of 0.068 in aerated acetonitrile. This cexnalso exhibits the
highest quantum yield of the three ruthenium complexes synthesiBled.emission
decays follow monoexponential kinetics with a lifetime of 1582ths in aerated and
502 +/- 4 ns in degassed acetonitrile solutions. The increadetimé in absence of
oxygen is also indication of the triplet MLCT character & #missiot”! Unusually,
this lifetime dramatically increases in degassed aqueo8sBBer solutions, compared
with acetonitrile, with luminescent lifetimes of 878 +/- 6aigpH 1.0, 811 +/- 4 ns at
pH 6.9 and 526 +/- 4 ns at pH 12.0. The longer lifetimes in aqueodis may be
explained by stabilisation of the emissiLCT of the carboxyl complex as a result of
H-bonding between the solvent and complex. The decrease in Idetohehe
deprotonated species in agueous media may be due to the extengien aystem

across the imidazolate or dissipation of the excited rutheniumtbfgy energy into low
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lying less radiative ruthenium-[picCOOH] acceptor stateshenirhidazolate ligand, as
determined by resonance Raman spectroscopy later in the dffipkéany other metal
complexes exhibit a decrease in lifetimes when measured im@gelution and this
demonstrates the importance of H-bonding in controlling the propeofiethe

complext?¥

The emission spectrum of [Ru(bpfdicNO,)]** has a maximum emission at 608
nm when excited at 455 nm with a quantum yield of 0.028 in aerated adketorthe
emission decays once again follow monoexponential kinetics witétianke of 55 +/- 2
ns in aerated acetonitrile and 66 +/- 3 ns in degassed acetoniinigelow sensitivity to
oxygen is typical of shorter lived complexes. In stark contrast t
[Ru(bpyk(picCOOH)F*, the lifetime dramatically decreases in acetonitrife an
degassed aqueous PBS buffer solutions, with a lifetime of-224-ns at pH 1.0, 6 +/-
0.2 ns at pH 6.9 and 7 +/- 0.3 ns at pH 12.0. It is thought thad-tiending between
the carboxylate and water (or some constituent within the PB&Jsbeabout a more
stabilised excited energy state by the polar solvent giveegta the dramatic increase in
lifetimes. This stabilisation of the excited state isHartsupported by a slight red shift
(4 nm) in the aqueous emission spectrum of [Rudpi)COOH)F" at higher pH
values. Of the three ruthenium complexes synthesised [Ru(bieO,)]>* displayed
the lowest aqueous emission intensity and is also the modtiveetsisolvent. This is

discussed in further detail in Section 3.4.4.2.1 below.

The emission spectrum of [Ru(bpficNHy)]** exhibited a maximum at 611
nm when excited into the MLCT band at 460 nm and a quantum Yyield of ;035
aerated acetonitrile. This slight shift to a longer wavdalengemission is explained by
the electron donating nature of the amino substituent causing a ddigigase in the
LUMO for the [picNH] ligand. The emission decays, again, follow monoexponential
kinetics with a lifetime of 379 +/- 4 ns in aerated acetoaitahd 550 +/- 4 ns in
degassed acetonitrile. The lifetime increases in degagsedws PBS buffer solutions
with a lifetime of 905 +/- 8 ns at pH 1.0, 543 +/- 6 ns at pH 6.9 and-b8® ns at pH
12.0. This once again may be attributed to the solvation ofntiveeaunctionality in
aqueous solvent. These values are comparable to the [REFDOH)F complex
and a similar decrease in lifetimes also accompaniesraa$ecin emission intensity at

higher pH values.
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3.4.4.2.1 Solvatochromism

Solvatochromism may be described as the changes in the absaaption
emission characteristics of a chromophore brought about by the selwdrinment.
Charge-transfer transitions in metal complexes are sengits@vents as the separation
of charge is expected to induce dynamics in the solvent itsHffis is due to the
changes in the local electric field associated with the sédli@ving absorption of a
photon!*®! Solvent effects on electronic spectra may be complicatedaamihclude; a
broadening of the spectral band, a change in intensity of absorptiositen(i$ and the
change in the shape of a band which is related to the various®matatind vibrational
energy levels within the molecule. Specific solute-solvatdgractions are known to
play an important role in the optical and thermal electron tearmfocess involving
metal complexes and these may influence both the redox potemt@lshotophysics

significantly**!

As illustrated in Figures 3.10 and 3.11, [Ru(bfsieNO,)]** shows a strong
solvent dependence in it's absorption and emission spectra respectiThe polar
protic solvent of methanol induces the most drastic change abstsrbance spectrum
with a red shift in the - * [picNO,] transition from 347 nm to 378 nm. This is
attributed to the hydrogen bonding interactions between complex and solveotles|
leading to the efficient stabilisation of the polar chargedfier state. However, this
effect is relatively weak for other solvents and the polanpmund is insoluble in non-

polar solvents.
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Absorbance -vs- Wavelength of [Ru(bpy)  ,(picNO ,)]**
(absorbance matched at 455 nm)
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Figure 3.10: Absorbance spectra of [Ru(byfpicNO,)] %" in different solvents. All

spectra are absorbance matched at 455 nm.

Following excitation it is known that solvent molecules may szdrand relax
around the excited state complex which proceeds in lowering the evfettyy excited
state™ ** [Ru(bpyy(picNO,)]** shows significant differences in emission intensities
between polar protic and polar aprotic solvents (Figure 3.11). iFlaributed to an
alternative non-radiative deactivation pathway via solvent aéilaxx from the triplet

MLCT excited energy state provided by the polar protic solvent.

Emission spectra are generally more sensitive to solvemtettegan absorbance
spectra. This is because absorption occurs at a timeframéddda motion of the
solvent to have an effect. In contrast, the emitting exacitatt complex is exposed to
the relaxed solvent environment, whose solvent molecules mayel¢ated around the
dipole moment of the excited state luminopH&te.Nitro functionalised systems tend
to have higher internal conversion rates as a result of mofingronic states as well

as solvent interactions that effectively quenches lumines¢&h



For Figure 3.11 all [Ru(bpypicNO,)]** samples were absorbance matched at
455 nm. The strong solvent dependence on emission intensity obsesuétl land
support to the use of this dye as a possible polarity sensor for Wubukeand the nitro
complex has already been used before as an efficient anion $8nsdhere are
unexpected considerable differences in the emission intensitiegheof nitro
functionalised complex in dichloromethane and acetonitrile. As quielyi explained,
all solvents were used as received and any trace elementgesf in particular in the

acetonitrile solution, may explain its significantly lowerission intensity.

Emission Intensity -vs- Wavelength of [Ru(bpy)  ,(picNO ,)]*
(excited at 455 nm)
240
S
& 190
2
@ 140 — Dichloromethane
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Figure 3.11: Relative emission intensities of [Ru(b@i$NO,)] %" in various solvents.

All samples were absorbance matched and excited at 455 nm. Slit \gidims:

This poor luminescence of [Ru(bpficNO,)]** in aqueous solution has been
reported previousl{?*!  In addition, merely changing the position of the nitro
substituent on the phenyl ring plays a critical role in thessiom of the complex
itself?  When the nitro group is located in the ortho-position or para-positien, t
compound’s luminescence is almost completely quenched. Howktles,nitro group
is located in the meta-position the complex is found to be brightljnksoent. This
decrease in luminescence is usually explained by the captutke ophotoexcited

electron by the strong electron withdrawing nitro group. The eleatithdrawing
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ability of the ortho- and para-nitro substituent is greater thainof the meta-substituent
and results in a deactivation to the ground state by non-emjsstiveays. Shet all*!
proposed that this may be explained more effectively by the lguolafity alteration
where the idea of polarity interface as well as the cafedlnet charge populations is

applied.

Figure 3.12: Schematic diagram of [pichQigand with nitro substituent at 1) ortho-
2) meta- and 3) para- positions of the phenyl ring. The arrow headstikeadirections

of the moving negative chargés.
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As illustrated in Figure 3.12 the direction interferencesttierpoorly emissive
ortho (1) and para (3) functionalised ligands are the same angssltethe polarity of
every bond is strengthened from N13-N5. On the other hand, fanrtiiedscent meta
functionalised species (2) the direction interferences are opposingture and this
leads to a weakening in the bond polarity from N13-N5. As altréise electron
withdrawing ability of the ortho- and para-substituted ligandseastgr. This provides
a reasonable explanation for the differences in luminescernsities between
compounds based solely on the position of the substituent. N#ithearboxyl nor
amino functionalised complexes show such sensitive emission ehéstcs according
to their substituent locations, presumably because their bond igslait not altered

significantly.
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3.4.4.3 pH Dependence Studies
3.4.4.3.1 [Ru(bpy)(picCOOH)] **

For the protonated species [Ru(bgfplcCOOH)F* the LC [picCOOH] - *
transition at 330 nm is slightly shifted towards a shorter waviiesgmpared with the
deprotonated species as shown in Figure 3.13. This suggests thatidar of the
carboxylate leads to an increase in the HOMO-LUMO energy gajs transition also
begins to overlap with the bpy * transition, which itself has shifted from 284 to 280
nm upon protonation. The MLCT region does not change wavelength upon
protonation, however, the relative intensities of the contributisngds do alter. This
decreasing relative intensity of the band at 458 nm has beerbddsm previous

reports as evidence of a benzo-carboxylate to phenanthroline Ib@fFligand charge

transfer)y?¥
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Figure 3.13: Absorbance spectra of 20 x°10 (15 cnf) [Ru(bpy}(picCOOH)F* in
PBS buffer solution, upon addition dfaliquots of percholric acid solution. (inset) pH
titration curve of [Ru(bpylpicCOOH)F* in PBS solution, monitoring the changes in

absorbance at 340 nm upon addition of perchloric acid.
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Formation of the imidazolate [Ru(bpgicCOOH)f at pH > 8.7 (Figure 3.14)
sees red shift in the MLCT to 468 nm, LC [picCOOH]* transition to 340 nm and
bpy - * transition to 287 nm. This suggests a more extendegstem which is
consistent with deprotonation of the imidazole leading to an enhareetioric
communication between the phenanthroline and imidazole ligand contpon€&hese

effects have been previously noted in imidazole and triazgedis?”

The spectral changes brought about by a change in pH have aehglathall
effect on the MLCT transition and are mostly confined to thend, suggesting that the
LUMO for the MLCT transition lies mainly on the bipyridine ligds. This is found to
be the case in calculating its pKa/pKa* values and itss eonsistent with the excited

state pKa* studies on comparable benzimidazole complex&s.
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Figure 3.14: Absorbance spectra of 20 x°18 (15 crf) [Ru(bpy}(picCOOH)Fin
PBS buffer solution, upon addition dfaliquots of sodium hydroxide solution. (inset)
pH titration curve of [Ru(bpypicCOOH)F* in PBS solution monitoring the changes

in absorbance at 340 nm upon addition of sodium hydroxide solution.
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The ground state pKa values of the imidazole ligand were detedmiy
monitoring the spectral changes of the absorbance spectrum at 32\M&nm pH range
of 1.0-12.0 (Figures 3.13 inset and 3.14 inset). The data wadittieeinto a plot of
absorbance at 340 nm -vs- pH and the point of inflection was deternbiyed
differentiation. This yielded pKa values of 1.5 +/- 0.1 &8 +/- 0.1 respectively.
Protonation of the imidazole, to give the imidazolium, only occtirseay low pH
values and as a result only an estimate of this pKa value mgiydre This is thought
to be a result of the coulombic repulsion between the positivelgetiamidazolium
ring and the positive metal centfd. Furthermore, as discussed in the introduction to
Chapter 3 the pKa values are also solvent dependent. From thieapibint curve it is
the [Ru(bpy)(picCOOH)F* complex that is the major species in solution between pH 4-
7, whereas, the [Ru(bpypicCOOH)] complex dominates between pH 10-12.
Interestingly, the pH dependence of the visible MLCT regiomiisimal under these
changes in pH. This is important to note because it is usuetilyeen the wavelengths
405-488 nm that are exploited for excitation in both FLIM and confocatastopy

measurements.

Protonation of the imidazole on the ancillary ligand has a langact on both
its luminescent intensity and emission wavelength. Both [RiffmiyCOOH)F* and
[Ru(bpyk(picCOOH)] exhibited red shifted emission maxima when compared to
[Ru(bpyk(picCOOH)F*. It is thought in the case of [Ru(bpficCOOH)f* that the
red shift may be a result of a stabilising electrostatieraction between the MLCT
generated bpy anion radical and the extra positive charge of tlaziolium since the

shift is greater than that observed in the equivalent bhsoe spectr&?!

Figures 3.15 and 3.16 below illustrate the pH dependence on theioamiss
spectrum of the dye in aqueous PBS buffer solution. In acididiantbe spectral
changes are more dramatic with a red shifted emission maxinoam605 nm to 624
nm at pH 1.0 upon the formation of the imidazolium species.als@sproposed that the
increase in the shoulder in the absorbance of the MLCT, adstgnkCT of benzo-
carboxylate to phenanthroline, may cause self absorption of ematiégtion through
energy transféf? This would account for the loss of emission intensity without a
significant decrease in luminescent lifetimes as seethi@complex at low pH values.

There is also a loss of luminescent intensity and red shdmission maximum from
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604 nm to 613 nm when the complex is deprotonated at pH 12.0 as a rethdt of
extended delocalisation across the complex. The excitation wavelenggusfasthe
pH dependence studies corresponds to (or is as close as posdiideisosbestic point

in the MLCT region of the absorbance spectra for all the cexapl
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Figure 3.15: Emission spectra of 20 x B (15 cm) [Ru(bpy}(picCOOH)F*in PBS
buffer solution, upon addition ofl aliquots of perchloric acid solution. (437 nm
excitation wavelength, slit widths: 5 nm). (inset) pH titratiomrve of
[Ru(bpy}(picCOOH)]2+ in PBS solution monitoring the difference in emission intensity

(excited at 437 nm) —vs- pH upon addition of perchloric acid solution.
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Figure 3.16: Emission profile of 20 x 2M (15 cr) [Ru(bpy)(picCOOH)Fin PBS
buffer solution, upon addition ofl aliquots of sodium hydroxide solution. (448 nm
excitation wavelength, slit widths: 5nm). (inset) pH titratiocurve of
[Ru(bpy)(picCOOH)F* in PBS solution monitoring the difference in emission intensity

(excited at 448 nm) —vs- pH upon addition of sodium hydroxide solution.

The excited state pKa* values were calculated using the maxiemission
intensity to plot titration curves (Figures 3.15 inset and 3.16)iaset were fitted to an

expression for the Forster cycle in Equation 3.10:

pKa* = pH +log( Hg/ B)...-v- ... Eq 3.10

where pHlis the point of inflection on the pH emission titration pleg is the lifetime

of the protonated species andis the lifetime of the deprotonated species. The excited
state pKa* values were calculated to be 2.2 +/- 0.1 and 80.}fespectively for the
(de)protonation of the nitrogen moieties on the ancillary ligand. s&halues are
similar to those calculated for ground state pKa values suggéiséinthe excited state

lies on the bpy ligands of the complex. As the emissive staire of charge transfer,
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one of the ligands carries the excited electron. If the ekeictron was located on the
[picCOOH] ligand, because of the nominal charge induced by ttiedstate, it would

be considered to be more basic than that of the corresponding gratedadtie by as
much as 3 pH unité" *® These pKa and pKa* results are in good agreement with
values determined previous®y! In this case, the ground state pKa values were
estimated to be 1.3 and 8.4 and the excited state pKa* valeres calculated to be
equal to 1.3 and 8.5 respectively. Any slight variation in the p&aes may be
explained by the different PBS or ionic strength of the bufferd udgch will have an
effect on pKa values. All absorbance and emission spectiabek are fully reversible
between pH 0.5 to pH 12.0 indicating that the compound is stabler@mexpH values

and does not undergo chemical decomposition.

3.4.4.3.2 [Ru(bpy)(picNO2)]?*

To date, the pKa/pKa* values have not yet been reported for theandramino
functionalised ruthenium (II) complexes. Due to the poor aqueoussiemis
characteristics of [Ru(bpy(picNO,)]?* the spectral changes brought about by varying
the pH was difficult to assess when compared to the atitbenium complexes
synthesised. However, changing the solvent to acetonitrilexifongle, made it very
difficult to control the pH of the solution because it fluctuatagnificantly.
Nevertheless, the absorbance profile changed in going froi tmaacidic media in
agueous conditions but without evidence of an isosbestic point is shdvigure 3.17.
The formation of a precipitate of the nitro complex within tbétsoon at lower pH
values leads to changes in the absorbance baseline. Protondtiemitfo group leads
to a redistribution of charge and many resonance structures withipicNQ] ligand,
promoting hydrogen bonding between molecules and the possible formationess
in solution. It has been noted before that nitro groups displagndicant degree of
intermolecular self-association due testacking enhancement between molecules at
lower pH!“®  Unlike the other ruthenium complexes, all spectral changes of
[Ru(bpy)(picNOy)]** were confirmed to be irreversible and the initial absoreaam
emission profile intensities were not re-established on restogral pH [data not

shown] due to the formation of a precipitate in solution.
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Figure 3.17: Absorbance of 20 x 40 (15 cn) [Ru(bpy}(picNO,)]*"in PBS buffer
solution, upon addition ofl aliquots of perchloric acid solution. (inset) pH titration
curve of [Ru(bpy(picNO,)]?* in PBS solution, monitoring the changes in absorbance

at 340 nm upon addition of perchloric acid solution.

Upon increasing pH from neutral (Figure 3.18), the absorbanctaspee better
behaved but are considerably different to that seen previouslthércarboxyl
functionalised complex. Of particular interest are theoregiof the [picNg - *
transition and the MLCT transition. Upon formation of thédemolate the absorbance
maximum shifts from 357 nm to form an isobestic point at 368 nminénease in the
absorbance intensity and corresponding red shift in the MLCT pedé3onm is
attributed to an increaseddonor ability of the anionic ligand upon deprotonation.
Once again at higher pH values it is noted that the relatieasities of the ILCT on the
shoulder of the MLCT has increased. Unlike for [Ru(b{mi3 COOH)F* the MLCT
region is strongly influenced by changes in pH.
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Figure 3.18: Absorbance of 20 x 1M (15 cn) [Ru(bpyX(picNQ,)]#in PBS buffer
solution, upon addition ofl aliquots of sodium hydroxide solution. (inset) pH titration
curve of [Ru(bpy(picNG,)]*" in PBS solution, monitoring the changes in absorbance

at 340 nm upon addition of sodium hydroxide solution.

The ground state pKa values of the nitrogen atoms on the benzineidigzoid
were estimated to be equal to 3.7 and 8.0 +/- 0.1 as iledtia Figures 3.17 (inset) and
3.18 (inset) respectively. However, it is noted that the Igker value of 3.7 will have
a large associated error as acidification leads to the wwblei formation of a

precipitate of the complex within the solution.

Similar to the luminescence spectra for [Ru(biFCOOH)F*, there is a slight
shift in the emission maximum ¢Ru(bpyk(picNO2)]*" to longer wavelengths with
protonation/deprotonation (Figures 3.19 and 3.20). However, the ddifisiare not
as dramatic. It is proposed, as in the case of [RufmigCOOH)F", that the red shift
may be a result of a stabilising electrostatic interadtietween the MLCT generated

bpy anion radical and the extra positive charge of the imidazolium.
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The emission spectrum in the formation of [Ru(biENO,)]*" at pH > 8.0
(Figure 3.20) showed little change in the maximum wavelengdgmagsion, which is
interesting considering the equivalent absorbance spectrum of [RafhpMO,)]**

showed significant changes upon deprotonation.
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Figure 3.19: Emission spectra of 20 x 1M (15 cni) [Ru(bpy}(picNOy)]%in PBS
buffer solution, upon addition ofl aliquots of perchloric acid solution. (487 nm
excitation wavelength, slit widths: 5 nm). (inset) pH titrationot plof
[Ru(bpy)(picNGy)]** in PBS solution monitoring the difference in emission intensity

(excited at 487 nm) —vs- pH upon addition of perchloric acid solution.
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Figure 3.20: Emission spectra of 20 x L1 (15 cni) [Ru(bpy}(picNO,)]*in PBS
buffer solution, upon addition ofl aliquots of sodium hydroxide solution.(447 nm
excitation wavelength, slit widths: 5 nm. (inset) pH titration plof
[Ru(bpyX(picNG,)] " in PBS solution monitoring the difference in emission intensity

(excited at 447 nm) —vs- pH upon addition of sodium hydroxide solution.

The excited state pKa* values of the benzimidazole ligand eadoeilated to be
equal to 1.5 and 8.0 +/- 0.1, respectively, from the graphsgurés 3.19 (inset) and
3.20 (inset). The excited state pKa* value of 8.0 +/- 0.Mdéntical to that of the
ground state pKa indicating that once again the excited statenlitse bpy ligands of
the complex. Protonation of the second nitrogen on the imidazetes gwo
significantly different pKa and pKa* values based on the absorptnoh emission
profiles respectively. This reveals a change to thedteseen previously and may
suggest that when it is protonated the excited state may lie d&etizenidazole ligand.
However, due to precipitation of the protonated nitro complex atpblwthe pKa
calculations there are large errors and it may be assuraédhth excited state does
indeed lie on the LUMO of the bpy ligands. The pKa/pKa* valuesutatled here are
similar to those calculated for the carboxyl functionalised cerjpivhich again

supports the assumption that the excited state lies on the lapy laj the complexes.
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Density functional theory (DFT) calculations performed by ®&hial®* on this
particular nitro complex indicated that the LUMO was locatedthtan bpy ligands.

However the pKa values were not reported.
3.4.4.3.3 [Ru(bpy)(picNH2)]%*

Changes in absorbance spectra due to variations in pH for the
[Ru(bpy)(picNH,)]?* complex (Figures 3.21 and 3.22) are very similar to those of
[Ru(bpyk(picCOOH)F*.  The only exception is relatively smaller changes in
absorbance for the bpy * transition following a change in pH. Ground state pKa
values were calculated to be 1.5 +/- 0.1 and 8.8 +/- Oilluatated in Figures 3.21
(inset) and 3.22 (inset) respectively, which are similar twmgg state pKa results for
the [Ru(bpy)(picCOOH)F* complex. The induced spectral changes are also fully
reversible in going from a neutral to basic pH and back agdowever interestingly,
following acidification approximately 65 % of the emission intgnsivas lost

irreversibly upon returning to a neutral pH.

Figure 3.21: Absorbance spectra of 20 x°1 (15 cni) [Ru(bpy}(picNH,)] **in PBS
buffer solution, upon addition ofl aliquots of perchloric acid solution. (inset) pH
titration curve of [Ru(bpylpicNHy)]?* in PBS solution, monitoring the changes in

absorbance at 325 nm upon addition of perchloric acid solution.
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Figure 3.22: Absorbance spectra of 20 x°14 (15 cmi) [Ru(bpy}(picNH,)] %in PBS
buffer solution, upon addition ot aliquots of sodium hydroxide solution. (inset) pH
titration curve of [Ru(bpylpicNHy)]?" in PBS solution monitoring the changes in

absorbance at 325 nm upon addition of sodium hydroxide solution.

The emission of [Ru(bpypicNH,)]*>" is extremely pH sensitive with a
maximum emission at a pH of 1.0 and a minimum emission at a fiP.@fas shown in
Figures 3.23 and 3.24 respectively. Unlike [Ru(b{pi3COOH)F*, acidification to
form the imidazolium species ([Ru(bpfpicNH,)]>") sees an increase in emission
intensity. However, as seen before for [Ru(bfpitCOOH)F*, a significant spectral
red shift in the emission maximum from 607 nm to 620 nm of the [Rugpiy)H.)]>*
complex is observed. Once again, it is speculated thaisthiise to the stabilising
electrostatic interaction between the MLCT generated bpy aadinal and the extra
positive charge of the imidazolium. Deprotonation of the imidazolg to form
[Ru(bpyk(picNHo)]" sees little change in the wavelength of emission maximum.
However, in contrast to [Ru(bpypicCOOH)T the emission intensity is almost reduced
to zero at high pH values (Figure 3.24). Any changes in the praiorgtate of the

amino terminal functionality were not observed in the acid-h&sdidn experiments.
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The pKa of the Nklgroup is approximately 9.9 and it is speculated that the laek of
observed pKa may be as a result of its involvement in theatsmiv of the

[Ru(bpy)(picNH,)]?* complex.
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Figure 3.23: Emission spectra of 20 x 1M (15 cni) [Ru(bpy}(picNHy)]%'in PBS
buffer solution, upon addition ofl aliquots of perchloric acid solution. (440 nm
excitation wavelength, slit widths: 5 nm). (inset) pH titratiomrve of
[Ru(bpy)(picNH)] ?* in PBS solution monitoring the difference in emission intensity

(excited at 440 nm) —vs- pH, upon addition of perchloric acid solution.
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Figure 3.24: Emission spectra of 20 x®1® (15 cm) [Ru(bpy)(picNH,)]*in PBS
buffer solution, upon addition ofl aliquots of sodium hydroxide solution. (467 nm
excitation wavelength, slit widths: 5 nm). (inset) pH titratiomrve of
[Ru(bpyX(picNH,)] " in PBS solution monitoring the difference in emission intensity

(excited at 467 nm) —vs- pH, upon addition of sodium hydroxide solution.

The excited state pKa* values were calculated to be 3@ %*and 9.1 +/- 0.1 as
shown in Figures 3.23 (inset) and 3.24 (inset) respectively. iSthie largest difference
calculated between pKa and pKa* values for protonation of the complermande
explained by the more efficient electron donating ability of thénanfunctionalised
ligand. This causes an increase in the basicity of the lighnd, making it easier to
protonate. However, both ground state pKa and excited state pKe's\are within 3
pH units of each other suggesting that the excited stateremithe bpy ligands. This
has been the trend seen for all three ruthenium (Il) complexsgaidless of the

coordinated ancillary ligand.
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3.4.4.4 Electrochemistry — Cyclic Voltammetry

The redox behaviour of the three ruthenium (II) polypyridyl comgde
synthesised were investigated by cyclic voltametry and thdox potentials are shown
in Table 3.5 below. The electrochemistry of [Ru(biENO,)]** and
[Ru(bpy)(picNH,)]?* has not been reported previously.

Metal-

Compound

centred
redox

Ligand based
redox potentials

(V)

potential (V)
+1.32 (1)

[Ru(bpy)(picCOOH)** -0.72 (qr)
-1.30 (gr)*,
-1.61 ()*
-1.74 (qn).
-0.64 (i),
-0.86 (1),
-1.22 (qr),
-1.40 (ir)*,
-1.51 (ir),
-1.65 (gn)*.
-0.67 (i),
-0.84 (1),
-1.15 (qn),
-1.40 (n)*,
-1.57 (n*,
-1.97 (r).

[Ru(bpy(picNC)] ** +1.29 ()

[Ru(bpy}(picNH)]“" | +1.37 (qr)

Table 3.5: Redox properties of ruthenium (lI) complexes measuredceionitrile
(containing 0.1M TBA as electrolyte) with a 1.5 mm glassy carbokingpelectrode
and referenced against Ag/AgCI. (r) — reversible reaction,~(inreversible reaction
and (gr) — quasi-reversible reaction. All CV’'s were performedduplicate with
different glassy carbon electrodes, scanning though the range of potdntiztiple
scans): 1, 0.50, 0.25 and 0.05Miespectively. Electrochemistry was conducted using
1 mmol of sample dissolved in 5%of dry acetonitrile (HPLC grade, used as received)
containing 0.1 M tetrabutylammonium tetrafluoroborate (TBA) as supporting
electrolyte. All samples were degassed with nitrogen prior toyaisal * denotes bpy

ligand reduction potentials.
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Figure 3.26 below illustrates the cyclic voltammogram for the
[Ru(bpy)(picCOOH)F* complex over negative potentials and Figure 3.26 (inset) also
shows the well behaved redox couple attributed to the reversibleaaetaed oxidation
(REWIRUW of the compound at +1.32 V versus Ag/AGEL.*?  This is in good
agreement with previously published results for this carboxyl cofiples illustrated

in Figure 3.25.

Figure 3.25: Cyclic voltammograms of [Ru(bgpjcCOOH)F* (pH 7, solid line) and
[Ru(bpy)(picCOOH)[" (pH 12.0, dotted line), in phosphate buffer (0.1 M). Sweep rate:
100 mV $; working electrode: glassy carbon disk (2 mm diameter); auxiliary
electrode: platinum wire; reference electrode: aqueous Ag/Ad@set. cyclic
voltammogram of [Ru(bpy(picCOOH)F* in dry acetonitrile??®
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In an ideal, fully reversible electrochemical based prodhssredox peak
separations should be equal to 59 mV for a one electron procégsmétal centred
peak separation for (RURU®") is 115 mV. As this peak separation value increases the
redox process of a complex becomes slower and more irreversadmgmegeneration
of the original species more difficult. The peak areas fdn batdation and reduction

are similar in values showing a chemically reversibliox process.

Two quasi-reversible bpy-centred reductions were observed atVh80 -1.61
V versus Ag/AgCl respectively as identified by previously mi#d literatur&> !
Pellegrinet all® reported of a further irreversible ligand reduction peak assitme
[picCOOH] ligand-centred reduction at -1.74 V in phosphate buffer sol{@dnM).
However, upon addition of TBA to the phosphate buffered solution,réldisx peak
disappears but leaves both bpy reduction peaks unaffected. Unfdstunistearticular
negatively scanned ligand reduction CV region is not publishedwetssr, this is
probably the case seen here as the addition of TBA to theodyéetsolution causes the
disappearance of the peak at -1.74 V. The redox couple at -0.78136iassigned to a
further [picCOOH] ligand reductiof® This suggests that the LUMO of the complex
lies on the ancillary [picCOOH] ligand and not on the cycloraétad bpy ligands as
determined by ground and excited state pKa* values previouslys ofservation is
consistent throughout the electrochemistry of all the rutheniuin c@mplexes
synthesised. However it is thought that the higher lying LUMBIch determines the
T, state of the complexes, and therefore its emission, areindmd by the

cyclometalating bpy ligands.

It is likely that the reduction peak at -1.30 V also contaorses [picCOOH]
ligand character, or the possible adsorption of the complex ontdetiteode, given the
non-uniform areas of the peak. Adsorption of molecules onto glaskgrcelectrodes
with oxygen containing functional groups has been observed B&for@uring the
potential sweep the electrode may be anodised with the complexesula of the
interaction between the oxygen and electrode surface. Thisvatiseris supported by
the cyclic voltammetry results here showing possible adsorption gaexdor both
carboxyl and nitro functionalised complexes, whereas, therattls €vidence of

significant adsorption for the amino functionalised complex.s Hlso considered that



any trace elements of water within the solution could causaterwngress effect that

may also affect the electrochemical results.

Bracketing experiments were performed to isolate aqodati potential window
in the scanning process. This may provide additional information et wedox
processes are coupled in the full CV. For the carboxyl and niimotibnalised
ruthenium complexes, bracketing experiments indicated when theatipbts only
applied in a positive direction (starting at 0 V), and liganducgion potentials not
applied, the RU/RU** metal redox couple is well defined and reversible as shown in
Figure 3.26 and Figure 3.28 respectively. However, once tlamdgy have been
reduced, the metal redox couple no longer displays well definedatbaand other
oxidation peaks are evident in the positive region of the potesuzal as illustrated in
Figure 3.27. This indicates that upon ligand reduction, a chemgzadtion or
adsorption of the complex onto the electrode occurs during the negatmmetiglot

sweep.

Figure 3.26: Cyclic voltammogram of [Ru(bpiicCOOH)F* in acetonitrile
(containing 0.1M TBA as electrolyte) with 1.5 mm glassy carbon workéogy@tle and
referenced against Ag/AgCIl. Scans were started in a positivetiditdcom an initial

potential of 0 V. (Inset) Bracketed positive region of CV.
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Figure 3.27: Full cyclic voltammogram of [Ru(bpiicCOOH)F* in acetonitrile
(containing 0.1M TBA as electrolyte) with 1.5 mm glassy carbon workéogy@tle and
referenced against Ag/AgCIl. Scans were started in a positivetiditdocom an initial

potential of 0 V with a scan rate of 0.05%/s

Figure 3.28 shows the cyclic voltammogram of [Ru(bf@itNO,)]*>*. Once
again it displayed a well defined redox couple {/u*") in Figure 3.38 (inset) at
+1.29 V versus Ag/AgCI, when this redox couple is isolated. fiesence of the
electron withdrawing nitro group has the effect of shifting thretainredox potential to
slightly more negative potentials as shown in Table 3.5s iBlsurprising as increasing
the electron withdrawing nature of a ligand would be expected to mekenetal
oxidation more difficult and reduction of the ligands easferHowever, the impact of
the electron withdrawing group on the ligand is thought to be mindunal to the
distance from the ruthenium metal centre. Here, the mextak peak separation is 116

mV, which is almost identical to that observed for thdagyl complex.

Some six reduction processes were also observed when the windowysfsana
was widened to include negative potentials. The bpy ligand reduptaks are
tentatively assigned to the peaks present at -1.40 V and -1.68peatively®> 53 All
other reduction peaks may be attributed to [pigNi@and reductions on the imidazole
hetrocyclic ring, the bipyridyl ring or on the substituted phemg.r It is very difficult
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to distinguish between the ligands responsible for each of theti@wdpeaks as there is
likely to be a mixture of peaks, judging by the peak areas, ddusthe reduction and
adsorption of the compound onto the electrode surface. Furthermamreddicdon peak

at-1.51 V is thought be as a result of adsorption of the comaglexplained before.

Figure 3.28: Cyclic voltammogram of [Ru(bpipicNO,)] *‘in acetonitrile (containing
0.1M TBA as electrolyte) with 1.5 mm glassy carbon working electiad referenced
against Ag/AgCl. Scans were started in a positive direction fromitaal ipotential of

0 V. (Inset) Bracketed positive region of CV.

Finally, the cyclic voltammogram of [Ru(bpgicNH,)]*" is shown in Figures
3.29 and 3.30. It exhibits a quasi-reversible metal centred remlgpde (RG'7RuU*")
(Figure 3.29 inset) at 1.37 V versus Ag/AgCl and even when ésblex a positive
potential sweep this feature does not become reversible asf@e¢he other two
complexes. However, it is considered that this ruthenium oxidatiok pesy be

preceeded by Nibxidation which may lead to polymerisati6fi.

Once again this CV shows six ligand based reductions at wegatdtentials,
however, they are more reversible in nature when comparedetmitro complex.
These are tentatively assigned to; -0.67 V ([pigNkduction), -0.84 V ([picNH
reduction), -1.15 V ([picNK reduction), -1.40 V ([bpy reduction), -1.57 V (bpy
reduction) and -1.97 V ([picN#fi reduction) versus Ag/AgCI respectively. Reduction
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peaks at -0.84 V, -1.40 V, -1.57 V and -1.97 V seem to be fellgrsible in a single
electron or multi-electron transfer process. Furthermoreatis®rption peaks seen
previously at around -1.5 V is not evident for the [Ru(kmONH,)]*>* complex. For
comparison, the three bpy ligand reduction peaks for [Ruf5pydre reported to be
present at -1.35 V, -1.61 V and -1.80 V and the metal centred redox ¢BuplRU>")

is at +1.28 V versus Ag/AgCl in acetonitrile soluttéth. The replacement of a bpy
ligand with the [picNH] ligand has the largest effect on the tR#Bu*") redox potential.
This suggests that the amino ligand exhibits the greateraesithdrawing potential
from the ruthenium centre and the metal centre becomdstlgligore difficult to
oxidise. In addition, the introduction of the nitro functionalisgghrid has had the

effect of moving the reduction of the bpy ligands to more megabtentials.

Figure 3.29: Cyclic voltammogram of [Ru(bpipicNH)] >‘in acetonitrile (containing
0.1M TBA as electrolyte) with 1.5 mm glassy carbon working elex@od referenced
against Ag/AgCl. Scans were started in a positive direction fromitaal ipotential of

0 V. (Inset) Bracketed positive region of CV.
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Figure 3.30: Full cyclic voltammogram of [Ru(bp{icNH,)]?* in acetonitrile
(containing 0.1M TBA as electrolyte) with 1.5 mm glassy carbon workéogy@tle and
referenced against Ag/AgCl. Scans were started in a positiveiditdcom an initial

potential of 0 V with a scan rate of 0.05%s

Ventatanarayanaet al’®! reported the production of an interfacial polymer film
through the oxidative electropolymerisation of the amino functionatity a
[Ru(aphen;)]2+ complex shown in Figure 3.31 below. In acetonitrile two oxidation
processes were observed on the first scan, that of thersiele oxidation of the amine
functionalised phenanthroline ligand at + 1.13 V and reversibf&*Roouple at + 1.25
V. For the [Ru(bpyi(picNH,)]?* system analysed here, there is also evidence of an
irreversible oxidation peak of the [picNHligand at + 0.91 V. Depending on the
mechanism of interaction, the NFadical is thought to either dimerise with an adjacent
NH radical to form a diazo bond or the radical proceeds to reitictan adjacent
carbon atom on a neighbouring complex to form an imine B8ndTheir results
suggested the formation of the diazo bond as the aromaticity ofyttredlis preserved
upon electropolyperisation. It is likely that similar electrgpmérisation is occurring
here for the [Ru(bpylpicNH,)]?** complex and also following the reduction of

[Ru(bpyk(picNO2)]?** to the corresponding amino complex.
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Figure 3.31: Schematic diagram illustrating the [Ru(aphEii)complex>”

3.4.4.5 Raman Spectroscopy

Raman spectroscopy is a fundamentally weak phenomenon, but riaé reigy
be considerably enhanced if the laser of excitation coincidesamitmtense optical
transition within the molecule. The resonance Raman effettlead up to a 6 fold
enhancement of the Raman signal of vibrations associated hdtlchtromophores
involved in the optical transition of a complé). Resonance with the MLCT
transitions of ruthenium (1) polypyridyl complexes yield intef&@man spectra with
excellent signal-to-noise ratio. The three ruthenium (II) poigyl complexes were
irradiated with 458, 514 and 785 nm laser lines. The 458 nm laseislicoincident
with the main visible MLCT absorption of the complexes (as showthe UV-vis
absorbance profiles before) and under these resonance conditieisatienal modes
associated only with the chromophores are enhdftedhe post resonance laser line
at 514 and non-resonant laser line at 785 nm are then used toideténmn lowest
energy state and general vibrational spectra respectiwdypre-resonance laser lines

of higher energies were used in the analysis of the coemle

Figure 3.32 displays the stacked resonance Raman spectra for
[Ru(bpy)(picCOOH)F* at the three wavelengths of irradiation. Following excitatf
[Ru(bpy)(picCOOH)F* at 458 nm the signature bipyridyl vibrational modes are also
marked in Figure 3.32 and assigned in Table 3.6. This suggestshéhafptical

15z



transition at 458 nm arises mainly from a rutheniun) {d bipyridyl ligand (*) MLCT
transition. Although, there is evidence of additional peaks stiggeof a ruthenium
(d ) to [picCOOH] ligand (*) MLCT transition. There is also evidence of a weak
ruthenium-nitrogen stretch at 340 ¢m The two Raman peak at 1457 and 1427 cm
throughout every Raman spectrum are not attributed to bpy ligand emdoat likely
due to post-resonance with the heteroligand based optical transitemouatd 330

nm 56!

As the energy of excitation is decreased using the 514 and 785 nntifaser
more complex Raman spectra with overlapping bands were observad was
expected because in the case of the 785 nm laser line no res®@naa is present
and only the normal Raman spectrum of the complex is observed.debhease in
Raman intensity of the bpy modes, in the 514 nm spectrum, alongheithtroduction
of more intense, lower energy Raman signals (due to phenyl or pyrigidne twisting
modes) suggests that the optical transitions at shorter waveermisists mainly of a
ruthenium (d) to [picCOOH] ligand (*) MLCT transition. This is consistant for all
Raman spectra for the three ruthenium complexes. This iadidhtt the lowest
'MLCT is [picCOOH] based, even though pKa results suggestMia€T seems to
originate from the bpy ligands. It is also considered tHatational modes observed
following irradiation at 514 nm originate from an ILCT and thifuigher supported by
the evidence of an ILCT absorbance band on the shoulder for the MagSition for
the complexes. The intensity of the C-C and C-N stretchingtidms of the aromatic
rings under higher irradiation energies indicates that suckctstrg modes are the

dominant accepting modes for deactivation of the triplet Miegdited stat&*®

The Raman analysis was performed using solid state samptesi gato glass
microscopy slides. Judging by elemental analysis resutteecsynthesised complexes
two perchlorate counterions are evident suggesting an overatjeclod 2+ on the
ruthenium complexes. All peaks are tabulated and given assidmadgiomal modes in
Table 3.6 below. All the Raman modes were assigned accotdlitiyge published

datal2s: 56-59
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Figure 3.32: Stacked Raman spectra of [Ru(EpgCOOH)F". Solid state analysis
of the samples was conducted using 458 nm (top), 514 nm (middle) and 785 nm
(bottom) excitation laser lines. All spectra were gathered Witttquisitions and an

exposure time of 3 seconds with a laser power of 2 mW. Arrowatedignature

bipyridyl vibrational modes.
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[Ru(bpy)(picR)F*"
458 nm (cn?) Assignment
Bipyridyl vibrational modes: ~1606 C=C stretch
~1561 C=C stretch
~1488 C=N stretch
~1318 C=N stretch
~1273 C-C (inter-ring bending)
~1196 CCH (in-plane bending)
~1026 Ring breathing
~666 Pyridyl in-plane twisting
[picR] ligand vibrational modes: n/a n/a
Ruthenium — Ligand vibrational ~340 Metal-Ligand stretching
modes:
Other vibrations: ~1457 Post resonance vibrations
~1427
514 nm
Bipyridyl vibrational modes: ~1603 C=C stretch
~1561 C=C stretch
~1487 C=N stretch
~1318 C=N stretch
~1272 C-C (inter-ring bending)
~1190 CCH (in-plane bending)
~1026 Ring breathing
~664 Pyridyl in-plane twisting
[picR] ligand vibrational modes: ~1353 C=N stretch
~954 Ring breathing
~664 Phenyl or pyridyl in-plane
twisting
Ruthenium — Ligand vibrational ~340 Metal-Ligand stretching
modes: ~237
Other vibrations: ~1457 Post resonance vibrations
~1427
785 nm
Bipyridyl vibrational modes: ~1607 C=C stretch
~1561 C=C stretch
~1485 C=N stretch
~1317 C=N stretch
~1272 C-C (inter-ring bending)
~1185 CCH (in-plane bending)
~1034 Ring breathing
~647 Pyridyl in-plane twisting
[picR] ligand vibrational modes: ~1354 C=N stretch
~953 Ring breathing
~765 Phenyl or pyridyl bending
~720 Phenyl or pyridyl bending
~647 Phenyl or pyridyl in-plane
twisting
Ruthenium — Ligand vibrational ~436 Metal-Ligand stretching
modes: ~368
~297
Other vibrations: ~1456 Post resonance vibrations
~1426

Table 3.6: General assignment of Raman vibrational modes of the ruthenium (ll)

complexes synthesised using 458, 514 and 785 nm excitation wavelengths.
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The Raman spectra for [Ru(bp{icNO,)]?* are similar to the carboxyl
functionalised equivalent. Once again, under irradiatiod%8 nm the bipyridyl
vibrational modes mainly dominate and excitation at longer wavillengees the
introduction of vibrational modes that suggest that the loWdECT is may also be
located on the [picNg ligand. One significant difference between the non-resonant
spectra at 785 nm is the noticeable enhancement of the intenstypyrfdine ring

stretch at 1603 cihas revealed in Figure 3.33.

458 nm \l/ \l/ | |
514 nm

785 nm 8
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Figure 3.33: Stacked Raman spectra of [Ru(EpONG,)]>". Solid state analysis of

the samples was conducted using 458 nm (top), 514 nm (middle) and 785 nm (bottom)
excitation laser lines. All spectra were gathered with 5 actijpis and an exposure

time of 3 seconds with a laser power of 2 mW. Arrows indicate signbtpyridyl

vibrational modes.

Raman results for the amino functionalised [Ru(b{pyNH)]*>* complex are
shown in Figure 3.34. Surprisingly, under irradiation at 458 nmme tiseevidence of
additional peaks at 1352, 1178, 1140 and 947 ¢hat suggestive of a stronger
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contribution of a ruthenium (J to [picNH;] ligand (*) MLCT transition at this
wavelength of excitation. Excitation at 514 nm yields simiteacsra as seen following
excitation at 458 nm, however, there is a slight change in veeintensities of the

peaks.

As can be seen below, the relative intensity of the Ramaashbare weaker and
show a significantly smaller number bands under investigation ahim85However,
this is with the exception of an intense broad peak at 545which was evident in
many different spectral accumulations. It is speculdtatthis might a result of the in-
plane twisting of the more delocalised phenyl ring on the [pigNiBland and this is
further correlated with the experimental data previously repdryedellegrinet all®®!
on a similar complex. It is also noted that the use asgtides in gathering the Raman
spectra may have resulted in contamination of the sample sigrthkhylass Raman

signal.
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Figure 3.34: Stacked Raman spectra of [Ru(EmgNH.)]%*. Solid state analysis of

the samples was conducted using 458 nm (top), 514 nm (middle) and 785 nm (bottom)
excitation laser lines. All spectra were gathered with 5 actijpis and an exposure

time of 3 seconds with a laser power of 2 mW. Arrows indicate signbtpyridyl

vibrational modes.
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3.5 Ruthenium Conjugated Gold Nanoparticles

3.5.1 Synthesis

The amino functionalised luminophore was prepared in order to exhisit
group for EDC/NHS coupling to a carboxyl functionalised PEG linker.the cross
coupling reaction the water soluble carbodiimide crosslinkewades the carboxyl
group for spontaneous reaction with primary amines. Figure 3.35 showthédDS
initially reacts with the carboxyl group to form an unstable aemne@active O-
acylisourea intermediate, which is susceptible to hydrolysi&king it unstable and
short lived in agueous environments. If this intermediate doemgounter an amine it
will proceed to hydrolyse resulting in the regeneration of thieoogl functionality.
The efficiency of the EDC cross-coupling reaction is increassid the addition of
NHS to form a more semi-stable amine reactive NHS-astermediate that may be
coupled with an amine to produce the desired stable amide bond.c&iplings are
best performed at slightly acidic pH (pH 4.5), however, the additf NHS to the
reaction allows for an efficient conjugation reaction to be perfdratephysiological
pH.

Figure 3.35: Schematic diagram illustrating the mechanism for EDC/Néi$ling

reactions’®”
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Without isolation of the PEGylated ruthenium complex a disulphidacied
agent [DTT (0.3 equivalences)] was added to the solution in ant &ff disrupt any
disulphide bonds that may have formed between the thiol functicthafE&Sylated
ruthenium molecules (Figure 3.36). Its concentration was deldbgkapt low as DTT
in solution will compete with the PEGylated ruthenium complex émjugation to the
gold nanoparticles.
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Figure 3.36: Schmetic diagram illustrating the disruption of disulphide bdmds
dithiothreitol (DTT).

The free thiol groups located on the PEG linker covalently bindketayold
substrate with gentle shaking overnight. Lateral Van der $Ma&ractions between
the tails are expected to ensure a close-packed, crystailisEmi-crystalline structure
on the surface substrate. Simple purification of the functi@whlsnoparticles was
performed through a series of washing and centrifugation stepscohjgated gold
nanoparticles were then resuspended in a PBS solution (pH 7.4) ftysisna
Characterisation of the modified nanoparticles was perform&idg absorbance,
emission, Raman, TEM and zeta potential techniques.
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3.5.2 Characterisation

UV-Vis absorption spectroscopy is the most widely used technique to
characterise nanoparticles. Solutions of colloid gold nanoptieve a distinctive red
colour that is caused by excitation of electronic plasmon absorptiats lud the metal
nanoparticles as a consequence of moving electrons on theghmdigaiface. Chemical
modifications to nanoparticle surfaces change the dielectticeainterface leading to

shifts in the absorption bands of the metal nanopaffitle.

Figure 3.37 compares that the absorbance of the free piyenthe PEGylated
ruthenium complex, the unmodified AuNPs and ruthenium modified AuNPs. The
spectrum of the unmodified AuNPs exhibits an intense gold plasmon absolzamnte
at 527 nm. Upon adsorption of the PEGylated ruthenium moietiesztharsil shape of
the plasmon band changes which is attributed to changes in theesdidéectric of the
nanoparticld®® The absorbance maximum for both AUNP-REG and AuNP-PEG-
Ru is shifted to 522 nm and 529 nm respectively. The charaictesisséorbance
wavelengths of the amino functionalised ruthenium (1) polypyraye are also noted
at 285 nm (- * transition of the bpy ligand), 325 nm-(* transition of the [picNH]
ligand) and 455 nm (MLCT transition) respectively. However gelbetronic transitions
of the ruthenium complex are partially obscured by the strong plaabsorbance of
the gold nanoparticles. Care was taken to ensure that roughbathe amount of
nanoparticles were present in the AuNP control to that of theidmadised AuNPs for

all spectroscopic measurements.
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Figure 3.37: Overlaid absorbance spectra of the unmodified 50 nm AuNRs, fre
[Ru(bpy)(picNH)]**, Ru-PEG-SH, AuNP-PEGRu and AuNP-PE&Ru
nanoconjugates in PBS (pH7.4) solutions. Solutions containing the ruthenium (I1)

complex were absorbance matched at 455 nm.

The PEGylation of the ruthenium complex did not result in significant
alterations to the emission wavelength of the luminophore as sihdwgure 3.38. The
photophysical data are presented in Table 3.7. The number of dgeutesl on the
gold colloid surface proved difficult to quantify given the smatloaints of conjugated
materials under analysis. In an effort to ascertain dbiesequence of the metal
enhanced emission on both nanoconjugates, the samples were txsortzdched at
455 nm. This assumes that the number of photons absorbed by ruthethiensasne
i.e. the ruthenium surface coverage is approximately the sanmapeparticle and that
no plasmon optical transition contributes to the absorbance at telemgth.
Therefore, this approach makes an underestimation of the aatisdion intensity as a
result of the conjugated ruthenium dye. In order to separateffédes of quenching
and dilution due to absorption/scattering by the AuNPs, the emigsiensity was
corrected for such variations using the following formula in Equa8dil. This
formula has been used previously to correct for the absorption idkimdight by a

cobalt (I1l) complexes in quenching studies with [Ru(BIy)f*
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(/M corr = (I/1) app[1-10AT AV 1107 (AJAGHAY)............ Eq3.11

where (Wl)app is the observed ratio of the emission intensity from the urudpeeh
sample to that of the quenched one, apéid A, are the absorbances of the donor and

guencher, respectively, at the excitation wavelength of 455 nm

Figure 3.38 compares the corrected emission spectra of tlee paeent
ruthenium (II) dye, the PEGylated ruthenium complex, the mabifINPs and
unmodified AuNPs following excitation into the MLCT absorbance baoid
[Ru(bpyk(picNH,)]** at 455 nm of the absorbance matched solutions. As expected the
unmodified AUNPs showed no evidence of luminescence, whereasotlitfed AuNP-
PE&G-Ru and AuNP-PE&-Ru have an emission maxima at 605 nm and 608 nm
respectively. This is interesting as one of the main coneeassthat the nanoparticle
might quench the luminescence of the surface bound luminophore cdgmplete
particularly for the shorter linker. However, the emissionth&f longer PEGylated
nanoconjugate, AuNP-PE&RuU, is over 5 times that of the shorter AUNP-BIR&
modified nanoparticle. The close proximity of the dye to the nsetdhce, as a result
of the shorter linker, leads to a greater quenching of luminescancenergy is
transferred to the metal and the rate of non-radiative dewagases. Furthermore,
interestingly the emission intensity of AUNP-PER®RuU is greater than that of the free
[Ru(bpyk(picNH2)]** dye in PBS (pH 7.4) solution. The emission wavelength also
remains unaltered indicating that the nanoparticle has litpadtnon the wavelength of
emission. Any free, unbound ruthenium dye was removed from theigadef
nanoparticle solution by centrifugation and washing with deionised wapeoxamately
8 times until the supernatant showed no evidence of ruthenium emisEherefore, it
can be concluded that free ruthenium contributes very litth all to the emission

shown in Figure 3.38.
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Figure 3.38: Overlaid corrected emission spectra of the unmodifiathb@uNPs, free
[Ru(bpy)(picNH)]**, Ru-PEG-SH, AuNP-PEGRu and AuNP-PE&Ru
nanoconjugates in PBS (pH 7.4) solutions. Samples were excited at 455 nriQusing

nm slit widths. All ruthenium samples were absorbance matched at455

The lifetimes of the nanoconjugates also vary significaaslyshown in Table
3.7 below. The longer PEGylated nanoparticle exhibited a liéetimat is twice that of
the shorter AuNP-PE&Ru complex and 1.3 times that of the free
[Ru(bpy)(picNH2)J** complex in aerated PBS (pH 7.4) buffered solution as illustrated
in Figure 3.39. It is thought that the increased lifetimethdf AuNP-PEG,Ru
nanoconjugate is a result of the more protected and restrict@dreament provided by
the longer PEG linker surrounding the luminophore. This would result in a decrease
in oxygen quenching of th#MLCT state of the ruthenium complex and thus, lead to
increased lifetimes. This suggests that plasmonic enhamtesfiruthenium emission
is minimal. It is also acknowledged that luminescent anisoteapgriments would be
of particular interest in this context. It is considered tthet AuUNP-PEG-Ru
nanoparticles might be better suited to multimodal cellular ingaggiven their
enhanced luminescence and phosphorescent lifetimes. The d&@éhRer lengths of
3 nm and 13 nm are thought to be less than reported as they do nohdiisar

conformation upon binding to a substrate and often form self-cdilectisres®”!
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Intensity -vs- Time
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Figure 3.39: Overlaid TCSPC lifetime results of the free [RudipidNH,)]?*, Ru-
PEGs-SH, AuNP-PE@RuU and AuNP-PE§&-Ru nanoconjugates in aerated PBS (pH
7.4) solutions. (Inset) example of the monoexponential residual deeaimeplot for
Ru-PEG-SH (lifetime = 351 +/- 3 ns, > 0.989).

Compound Lifetime X value Quantum Yields
[Ru(bpy(picNH)] = 357 +/-3ns 0.993 0.044
Ru-PEG-SH 351 +/- 3 ns 0.989 0.047
AuNP-PEG-Ru 277 +/-9 ns 1.07 n/a
AuNP-PEGxRu 448 +/- 17 ns 0.988 n/a

Table 3.7: Lifetimes and quantum vyields of the free ruthenium REGylated
ruthenium complex and the conjugated ruthenium (Il) dyes measured iech&BS

(pH 7.4) solutions. All lifetimes displayed monoexponential ikget
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Figure 3.40 shows the Raman spectra of the free rutheniuno(fiplex and the
functionalised gold nanoparticles following irradiation at 514 nm. Waigelength of
excitation was chosen as it coincides with the surface plasmorbabse of the gold
nanoparticles and hence, was most likely to lead to surfacen@athaRaman
spectroscopy (SERS). In general, all of the characterRtiman peaks for the
ruthenium (I1) complex are present for the ruthenium modified natioles at 514 nm.
From the Raman spectra it appears that resonance Ramdre ddminophore is
dominating the signal, as PEG vibrations would be expected tadrglst enhanced
under SERS conditions. Furthermore, the Raman spectra for théech@WNPs are
not significantly different to the resonance Raman spectrumhorfree ruthenium

complex.

The main differences between the Raman spectrum for & rirthenium
complex and the modified AuNP spectra are located at 1445 (post resonance
vibration), 1415 cri (post resonance vibration), 1350 tr{C=N stretch-bpy), 1256
cm (C-C inter ring bending-bpy), 1140 €n{CCH in-plane bending-bpy), 956 &ém
(ring breathing-[picNH| and 436 crit (metal-ligand stretching). Conjugation to the
AuNP has had the effect of reducing the post resonant modedamdpy vibrational
modes within the complex probably due to a shift in the ruthenium M™MLC
Furthermore, conjugation of the ruthenium sees the eliminatianradtal ligand stretch
and ring breathing within the [picNH ligand possibly as a result of the more
constrained environment of the attached luminophores.
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Figure 3.40: Stacked Raman spectra of the unmodified free [Ru(bip)H)]>*
complex (top), AUNP-PE&RuU (middle) and AuNP-PE&GRuU (bottom) nanoconjugates.
Samples were deposited onto glass slides and solvent allowed to egapoatto
analysis. Samples were irradiated using a 514 nm laser line.pédkisa were gathered

with 5 acquisitions and an exposure time of 3 seconds with agasesr of 2 mW.

The Zeta potential of the citrate stabilised AUNPs wae determined to be
equal to -38.66 +/- 0.9 mV in PBS pH 7.4, indicating a good collotdailgy within
the solution. This zeta potential is comparable to otheateitistabilised gold
nanoparticle€® The Zeta potential of the modified AuNP-PERU nanoparticles
increased to + 47.97 +/- 1.3 mV in PBS (pH 7.4), indicating improved-stability
and attenuation of charge around the nanoparticle surface. TfHbgitys is also
confirmed by the Uv-Vis spectrum in Figure 3.37 which shows no longaldi
absorbance modes indicative of aggregation of the nanoparti¢ctesaddition, the
shifting to positive Zeta potentials is further indication of phesence of the positively

charged [Ru(bpypicNH,)]** complex.



3.5.3 Cellular Uptake oAuUNP-PEG;,-Ru Nanopatrticles

A key objective in preparing a ruthenium conjugated nanoparticle tines
potential use as Stokes shifted Raman and luminescent probeddtar ¢gelaging. In
addition, the AuNP-PE&-Ru nanoconjugate exhibited many favourable photophysical
properties including longer aqueous lifetimes and greater emigsiensity when

compared to the lone parent ruthenium complex.

In order to assess and compare the ability of the free [Ru(pimNH2)]**
complex (prepared as the Gl@alt to improve aqueous solubility) and ruthenium (ll)
conjugated gold nanoparticles to transport across the cell mesnbcatls were
harvested after 2 days growth period. The growth medium was remuwoyed
centrifugation at 2000 rpm for 2 minutes, washed twice and resdspen PBS buffer
(pH 7.4) solution. For confocal measurements, l0fliquots of the cell solution was
used and mixed with 3| of the parent ruthenium complex (20) or nanoconjugate
(~0.7 M) in PBS (pH 7.4). Confocal measurements were performedo@n
temperature with a final [Ru(bpypicNH,)]*>* complex concentration of 6 x 1M or

final nanoconjugate concentration of approximately 2% 0

Figure 3.41 shows the confocal luminescent images of [Ru{ipiy)H2)]**
Ru-PEG,>-SH and AuNP-PE&-Ru which show the capacity of both parent and
conjugates to cross the cell membrane. The water solubi@gRx(picNH,)]** dye
showed accumulation of the dye within the cell’s membrane but papatiain into the
cells cytoplasm (Figure 3.41 (a)), which is consistent withilar cell experiments
carried out with [Ru(bpy[picCOOH)F* in Chapter 5. Following conjugation of the
PEG linker to the metal complex (Figure 3.41 (b)), the tyoghowed significant
transmembrane transport and localisation within the cell'sptgsm after a period of
10 minutes. As was initially hoped, the water soluble PEG lialdd in drawing the
dye into the cell's cytoplasm. As mentioned in Chapter 1, BE& proven valuable
before as a suitable biological linker to covalently attactmé molecules in an effort to
limit non-specific adsorption by the cell and increase aqueous $nlifi®® The only
other report on the potential benefits of PEGylation of metahplexes in cellular
imaging is reported by Lét al'®” They described the synthesis of a series of REG

functionalised iridium (lll) polypyridine complexes. The PEGylatedmplexes
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exhibited increased water solubility when compared to the pardioim complex and
considerably reduced cytotoxicity in HelLa cells when compared to dsplatin and
the iridium control. It is claimed thet even after 2 hours intabawith a relatively
high concentration of PEGylated iridium complex (20@) the HelLa cells remained

viable.

Similarly for the nanoconjugate synthesised here, AUNP3RRG (Figure 3.41
(c)), the confocal luminescent images shows permeation eofptbbe across the
membrane and into the cytoplasm following incubation with the SP2omgetells at
room temperature for 10 minutes. Z-stacks of each cell oorfie dispersity of the
luminophore throughout the cellular structure. No further changes detected inside
the cells over a 60 minute timeframe. Similarly, &wal®® described the synthesis of
a fluorescein-PEG-AuUNP probe that was reported to enhance the acabiity and
efficient intracellular transport of the fluorescein dye into miueleus of HelLa cells.
The 3.7 nm monodispersed nanoparticles showed no obvious cytotoxicity taceled, a
making these particles ideal for improvement of nuclear tadgdtug delivery. It is
believed that endocytosis is the process in which the nanoconjugatgs taken by the
cell as its transmembrane efficiency is greatly afféttg a decrease in temperature and

this is discussed in detail in Chapter 1.

(@) (b) (c)
Figure 3.41: (a) Ruthenium dye only after 10 minutes [final concéotratf 6 x1G M
in PBS buffer (pH 7.4)], (b) ruthenium conjugated to the PEG linker 4® minutes
[final concentration of 6 x1® M in PBS buffer (pH 7.4)] and (c) AuNP-PE&Ru
ruthenium after 10 minutes [final approx. concentration of Zx0in PBS buffer (pH
7.4)]. Images taken using SP2 myeloma cells at room temperature using 458 nm

excitation laser line.
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These preliminary qualitative experiments serve to demonst@ieapacity of a
metal complex to be transported across the cell membrane wih@gmgated to PEG
linkers and AuNPs. The linker length between luminophore and metalaebsas
varied in an effort to increase the photophysical characteristithe dye. It was found
that the larger linker length of approximately 13 nm exhibited supe&mission
intensity and aqueous lifetimes when compared to the shorter PEGylated
nanoparticle. In addition, following conjugation of the novel non-bmame permeable
ruthenium (lII) complex to AuNPs, transmembrane transport was posaite
localisation within cell organelles was achieved. Furtheemas discussed in Chapter
1, a major problem up until now has been the successful interiwaligdt transition
metal complexes within cells without the use of organic sodvetit has been shown
here that following conjugation to PEG linkers, or attachment wdFs, that the
functionalised ruthenium (II) polypyridyl complexes may be easédysported across
the cell membrane and exploited for cellular imaging without thednfor organic

solvents that are known to disrupt the cellular membP&rié!
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3.6 Conclusion

The synthesis and characterisation of three ruthenium polypyridyl (Il
complexes containing carboxyl, nitro and amino functionalised berenoliel ancillary
ligands is described. The carboxyl functionalised [Ru@gpidCOOH)F" has been
used for many years by our research group for the luminesceastliig of
biomolecules™ 2 2° |n the case of the [Ru(bpyPicNO,)]?>* complex the synthetic
procedures are improved upon in comparison to the existing literameiever, the
synthesis of the novel [Ru(bpgpicNH,)]** complex was reported in the literature
shortly after its synthesis as part of this research.venBhough the ruthenium
complexes only differ by their substituent functionality on the beidzirole ligand
many contrasting results are obtained. Not least with théd[Ris(picNO,)]** complex
that exhibited out of characteristic absorbance, emission, agiifetiose (~ 20 ns) , pH
and solvent dependence. Nevertheless, many of these abnomitalwese explained
by the para-substituted nitro substituent causing a strengtheniing bond polarity of
the [picNQ] ligand. As a result the electron withdrawing ability ieaer, having an

increased affect on its photophysical properties.

Both the carboxyl and amino functionalised complexes behave verlarsy
and may be characterised by long aqueous lifetimes (> 800 ng)arante absorbance,
emission, Raman profiles and similar pH dependence. For a&e thuthenium
complexes the pKa/pKa* calculations suggested thatNHeCT excited state of the
complexes reside on the bipyridyl ligands. The ancillary ligardsnot expected to
have a large influence on its excited state as the funtiedghenyl group lies some
distance from the metal centre to have any influence thBI®GFKQUMO energy gap.
However, resonant Raman spectroscopy indicates that the loesyyeMLCT optical
transition is a result of a ruthenium jdto bpy / [pic-R] (*) ligands following
irradiaton at 458 and 514 nm.

Despite all three ruthenium complexes having been synthesisadysigythis
is the first time that the three have been compared and cedtrsysectroscopically,
photophysically and cyclic voltammetry with one another. Furtherniiorg,the first
time that the [Ru(bpypicNO,)]?* and [Ru(bpy)(picNH.)]?* complexes have been
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characterised by pKa titrations, Raman spectroscopy and elemtnstry. The use of
the pH dependant benzimidazole ligand adds extra flexibility tpdtential use as a
diagnostic tool. The various functionalities used here widl allow for coupling of the
ruthenium (1) polypyridyl dye to almost any biomolecule or assgmin Chapter 5 the
conjugation of the [Ru(bpy)picCOOH)F* complex to a cell penetrating peptide
octarginine is also described and its facile entry and localsatiithin the cell

examined.

The synthesis of a novel luminescent-nanoparticle multimodal psoladso
achieved. The [Ru(bpy(picNH,)]** complex was used for the luminescent labelling of
50 nm AuNPs. The length of the PEG linker, between dye and nanopavaslearied
and it was determined that the longest linker length of 13.2 niméar conformation)
showed enhanced luminescence and increased lifetimes, morenvtbanthat of the
shorter (3.3 nm) modified AuNP. This nanoconjugate was then fasedellular
imaging of transfected SP2 myeloma cells. The parent dye aéwnains in the outer
membrane of the cell wall, whereas, PEGylation to gold natiolear helps draw the
luminophore across the cell membrane and is shown to locate throegharganelles

without the need for organic solvents such as DMSO to hetpssiubility.

Furthermore, not only has the original parent complex [RuftmglCOOH)F",
been shown to be useful in cell imaging but it has also served rasltamodal
molecular probe for determining intracellular pH levels and oxygenentrations™
Here, similar spectroscopic and photophysical results betweeantino and carboxyl
functionalised complexes were determined, lending to arguments sogpdine
potential use of AUNP-PEGRuU as a potential multimodal transmembrane imaging

probe.
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Chapter 4: Synthesis and Characterisation of

Iridium (I111) Luminophores for Bioconjugation

“If we knew what we were doing, it wouldn’t be researebAlbert Einstein.



4.0 Introduction

Iridium (Ill) complexes are of particular interest becausf their high
phosphorescent quantum yields and long lifetimes. Furthermonespleeitroscopy can
be fine tuned leading to emission from blue to red by simply adjusteghelating
ligands. Such behaviour has not been observed to the same extetthdarum (I1)
complexes, whose emission by comparison, is rather insensitiigahd adjustments
and is mainly confined to the red region of the visible specffurhlowever, there is a
general lack of understanding of the correlation between trigét shergy and the
molecular structure of ligands for iridium (lll) complexes in camgon with other

transition metal complexé3.

The luminescent properties of iridium (Ill) complexes are strorgjted to the
-donating and -accepting capabilities of the coordinating ligands. Their colour
tunability arises because emission from the excited stayeb@ MLCT in nature, or as
is more often the case, a mixture of MLCT and LC states. further consequence of
the mixing of states is that the iridium (lll) complexes bame very long excited state
lifetimes™ The various advantages of iridium (lll) complexes as madecpitobes

have already been outlined previously in Chapter 1.

The synthetic chemistry available to iridium (1) is somewiimited in contrast
to ruthenium (lI) complexes. This is partly due to the more cicatpld synthetic
procedures required due to the greater chemical inertness eofirithum (lI)
coordination spherd It has also been reported that the synthesis of iridiumt(ish)
chelates are difficult due to their steric hinderences andetceffects®” However,
in recent years, the use of iridium (lll) chloride bridged dsvas a starting material has
significantly simplified the synthesis of tris-chelateshompsonet al® & & have also
demonstrated the synthesis of many iridium (llI) complexes contamixed chelating
ligands with relative ease using the cyclometalated irididiinchloride bridged dimer
as illustrated in Figure 4.1.
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Figure 4.1: The synthesis of iridium (Ill) chloride bridged dimes starting material
has led to the facile synthesis of iridium (Ill) tris-chetatevhich may display intense
and long lived phosphorescence in the visible region.

Cyclometalated iridium (Ill) complexes have already showniggnt potential
for use as singlet oxygen sen$®drsDNA probe§! and in biological labelling: *
Their use as DNA molecular probes was recently described bgt 1zl ! who
designed a series of iridium (lll) doquinoxaline and dipyridophenazingleses as
luminescent intercalators with DNA (Figure 4.2). These luminghatisplayed
intense and long lived green to orange phosphorescence from triplet MIL@iplet
LC transitions in aprotic organic solvents. However, in aquealstian some
complexes exhibited weak phosphorescence due to the effects of hydrogemgbondi
interactions between the phenazine nitrogen atoms and the aquegerst. sdUpon
intercalation with synthetic double stranded oligonucleotides the prohadsced
strongly when protected from the water. This is not unlike ¥asiens previously for
well known ruthenium (I1) complexes containing dppz ligafiti¥) However, the
emission at 591 nm of the iridium dipyrido[3,2-f:2’,3’-h]quinoxaline (dppmplex
(Figure 4.2 complex 1) exhibited a 33-fold emission intensity enhanceimethie
presence of double stranded calf thymus DNA.
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Figure 4.2: Series of iridium (lll) doquinoxaline and dipyridophenazine ptexes
synthesised by Lo et & to determine their intercalating ability with DNA.

Another intensely researched application of iridium (lll) polygyricomplexes
is their use as phosphors in organic light emitting diodes (OLEDRE excited state
generated in electroluminescence is trapped in the phosphor, wiretst coupling
ensures efficient population of the triplet state at room temex. This leads to
phosphorescent efficiencies of greater than 80% reported for irighenylpyridine
based OLEDE! Iridium phosphors containing phenylpyridine may also be easily
functionalised to change the energies of the excited staésniay result in different
colour emitting diodes. The most sought after and yet most eolyallg
accomplishment is the synthesis of blue emitting diodes. iShdue to their high
energy requirements whilst trying to maintain good quantum yieldsl a
photostabilitt! The ultimate aim is to achieve full colour OLED displdythat may

be used in diverse applications from traffic lights to bill blgao remote controls.
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Recently, iridium (Ill) complexes have been prepared usingiadidphenyl
pyridine ligands instead of bpy ligands commonly used in ruthenium crespldt had
been suggested that the difluorophenyl ligands led to higher quargldhefficiencies,
better photostability and longer phosphorescent lifetimes in iridiunplexes? ° 4
As emission characteristics are governed by the electron ylefisite cyclometalating
ligand®® increasing the number of electron withdrawing fluorine substituamtthe
ligand causes a decrease in the HOMO energy level. Thissr@san increase of the
HOMO-LUMO band gap and hence, a blue shift in emission maximahéometal

complext® 4

Most of the research to date has centred on chemical maidifickeo the
cyclometalating ligands (e.g. bpy / [dfpp] ligands) in an effortine tune their optical
characteristics. For mixed ligand systems, little atbentias thus far been dedicated to
the ancillary ligand (e.g. [picCOOH] / [napth-R] ligandd)igh was thought to play an
insignificant role in the phosphorescence of a complex as the Lg&t@rally lies on
cyclometalating ligands themselves. In addition, changing ytbleroetalating ligands

has often proven difficult due to side reactions and stesieding?

However, Youet al? reported one of the first successful colour tuning of
iridium (1ll) complexes by modification of the ancillary ligandThey reported the
synthesis of iridium (lll) complexes containing 2-(2-hydroxyphenyl)ol&based
ancillary ligands with a lower energy ancillary ligand tripkéate and higher energy
cyclometalating ligand triplet state as illustrated in Fégdir3 case lll. They observed
the direct optical excitation of both cyclometalating and ancillagands, thus
identifying two excited species. This double excitation allowed favourable
interligand energy transfer processes because phosphorescgereersted from the
chromophoric ancillary ligand only as a result of efficient gyetem crossing to the

lower lying ancillary ligand excited energy state.
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Figure 4.3: Schematic representation of the potential photophysical ggooé
phosphorescent iridium (lll) complexes, where C*N = cyclometaldigagnd, LX =

ancillary ligand and ISC = intersystem crosstfg.

Their results demonstrated that the energy of LUMO on the agdili@nd was
lowered with increasing number of phenyl rings attached to the oxanate
Furthermore, this also occurred without any significant chatmélse HOMO energy
level. These novel 2-(2-hydroxyphenyl)oxazole-based compounds anddrelate
absorbance and emission spectra are illustrated in Figure bw. b&hey exhibited
broad ranging phosphorescent lifetimes (1.65-9.83 and high phosphorescent
quantum yields (0.36-0.43).
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Figure 4.4: (Top) Schematic diagram illustrating the iridium (H9mplexes containing
2-(2-hydroxyphenyl)oxazole-based ancillary ligands (complexes 1-3). oifBott
Corresponding absorbance (left) and emission (right) spectra for the iriqluin
complexes 1-3. For comparison purposes the iridium (Ill) bis@-(2,
difluorophenyl)pyridinato-N,C2")pinolinate) [FIrpic] complex is also uditrated.
[dashed grey line in the photophysics corresponds to the Firpipleoid?

The iridium (1) complex containing the 2-(naphthoxazolyl)phenolatellangi
ligand (Figure 4.4 complex 3) displayed the longest lifetimes agddaquantum yields
of the three compounds synthesised. With this in mind, in an &ffareate long-lived
visible emission iridium complexes for cellular imaging, mavel derivatives of the 2-
(naphthoxazolyl)phenolate ligands containing nitro and amino substituents were
synthesised and coordinated to the iridium (lll) metal centréhig thesis. These
complexes were characterised and their spectroscopic, photophyaitd
electrochemical properties compared. It was hoped that thewss iridium (ll1)
luminophores would display good photophysical characteristics as sagausty for
their parent complex. In addition, the functionalised ligands wolilowafor

conjugation for other molecules.
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Williams et all*® also described the synthesis of a series of benzothiazole,
benzoxazole and benzimidazole ligand derivatives (Figure 4.5) andinedarheir
photophysics as a result of changing certain substituent groups.déimnstrated that
the hydroxyl group located on the free ligand is essential fandigluorescence and
that the oxazoles have higher quantum yield efficiency, gréftestability and a more
structured blue shifted fluorescence when compared to the beaxodeh or the

benzimidazole derivatives.

Figure 4.5: Schematic diagram illustrating series of benzothiazole $ benzoxazole

(X = O) and benzimidazole (X = NH) ligand derivatives synthesisedlVilliams et
al.l'®l

The inter-proton transfer capability of such ligands has been higkdidigfore
for 2-(2’hydroxyphenyl)benzoxazole in solution phase luminescence studienay be
used to explain their basic mechanism of fluorescend® stable ground state of the
benzoxazole has the proton predominantly on the oxygen atom, whereasntpléw
absorbance to an excited singlet configuration the proton is tragtfierithe nitrogen
atom. Itis this state which emits the visible fluoreseesmad decays back to the ground
electronic state with the proton remaining on the nitrogen. ®héguration with the
hydrogen on the oxygen atom is its most stable form and as sugptetesrthe cycle by
thermally relaxing to this arrangement. The importance of tb®mprassociated with
nitrogen to the fluorescence of the ligand is highlighted when theoxyldgroup is

absent resulting in a non-fluorescent moleéile.
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Attachment of an amino substituent to the 2-(2’hydroxyphenyl)benntxaz
ligand has the effect of shifting its absorbance and emissiotmmua to longer
wavelengths when compared to the analogous nitro functionalisexd lagillustrated
in Figure 4.22. This suggests that the electron donating amintitseibishas increased
density around the ligand resulting in a decrease in-thteHOMO-LUMO energy gap.
This is further supported by results in Chapter 3 for amino and nitrctibnalised
ruthenium (II) polypyridyl complexes. Furthermore, the additwdérthe substituents

does not impair the ligands ability to fluoresce in acetibmigit room temperature.

Additionally, because of its enhanced aqueous emission, thensktise ligand
2-(4-carboxylphenyl)imidazo[4,5-f][1,10]phenanthroline) [(picCOOH)]dise Chapter
3 is also coordinated to an iridium metal centre in the syntloédise tris-chelating
[Ir(dfpp)2(picCOOH)] dye (Figure 4.6). This novel water insoluble dye was fully
characterised and conjugated to an octarginine peptide. Conjughtomatically
increased the aqueous solubility of the iridium dye which allowedt$ouse in the
cellular imaging in SP2 myeloma and CHO cells. Directmansons were then made
between the iridium dye-peptide, its parent and the analogousniwthgll) dye-
conjugate in terms of detection and localisation within the eellstructure and form

the basis of discussion in Chapter 5.

F
X
P
F T | N H
ot N)—@COOH
/
/ \N A N
\ 7
F

Figure 4.6: Schematic diagram illustrating the [Ir(dfp(RicCOOH)]" complex

synthesised in this thesis.
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4.1 Experimental Procedure

Chemicals

All chemicals and reagents were purchased from Sigma-Aldireland) and

were used without any further purification unless otherwisedtat

The preparation of 2-(4,6-difluorophenyl)pyridine: [(dfpp)]

F F
\ PPh3 / Pd(OAC)2 / K2CO3
| + _ =
/ 1, 2-dimethoxyethane
N Br Reflux for 18 hours
B . N
HO/ \OH
2-Bromopyridine 2,4-Difluorophenyl 2-(4,6-Difluorophenyl)pyridine
Boronic Acid

This procedure was adapted from the literaftire-Bromopyridine (2.0 g, 12.6
mmol), 2,4-diflorophenyl boronic acid (2.5 g, 15.2 mmol), triphenylphoep(832 mg,
1.2 mmol), 1,2-dimethoxyethane (15 ml) and 2 M potassium carbonate {ivend
added to a round bottomed flask and degassed with stirring under ogenitr
environment. Next palladium (ll) acetate (71 mg, 0.317 mmol) adaked and left
refluxing at 110°C for 18 hours.

The solution was left to cool to room temperature and the aqueoss plas
separated and extracted with ethyl acetate (25 ml x 3 tinTl@®. organic layers were
combined and washed with deionised water and brine and finally driedhgdraus
MgSQ.. The solvent was then removed under reduced pressure to lgans@arent

oily product.
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The crude product was then purified on an alumina (neutral) chroraptogr
column using a mobile phase of hexane; 10% ethyl acetate ® fleavproduct as a
clear, oil-like substance (1.377 g, 57 %).

H NMR (400 MHz, DMSO-¢): d (ppm) 8.72(d, 1H, J = 4.5 H2)7.98(dd, 1H, J = 2
Hz, J = 6.8 Hz)7.92(td, 1H, J = 2 Hz, J = 8 HzJ,.78(d, 1H, 4.8 HZ)7.45-7.36(m,
2H), 7.24(td, 1H J = 2.4 Hz, J = 8 Hz).

Density: 1.258 g/cth

The preparation of iridium (1) di- -chloro-tetrakis(2-(2, 4-
difluorophenyl)pyridinato-N, C2'): [Irx(dfpp)(Cl2)]

F N _ F
‘ N/ %
F Cl F
‘/ \I‘r
I

F F / \Cl/ \
2-methoxyethanol : Water (3:1) =N N=
IICly . H,0  + _ \ L
| Reflux at 110 °C for 24 hours
N = F
F F

Iridium Trichloride  2-(4,6-Difluorophenyl)pyridine Iridium (111) di-u-chloro-tetrakis(2-(2, 4-difluoro
Hydrate phenyl)pyridinato-N, C2):

This procedure was modified from the literatlite.Iridium trichloride hydrate
(842 mg, 2.66 mmol) was dissolved in a mixture of 2-methoxyetharatér (60 ml,
3:1 vlv). 2-(4, 6-difluorophenyl) pyridine (1.066 g, 5.58 mmol) was thieled and was

left stirring overnight under a nitrogen environment.

Next the solution was left refluxing at 1£Q for 24 hours under a nitrogen
environment. The solution was allowed cool to room temperature ated was added.
The precipitate was collected by vacuum filtration and wash#detianol. The solid
was then dissolved in chloroform and washed with deionised \{@&eaml x 3 times).
The organic phase was dried on anhydrous Mg8@ evaporated to dryness to yield a

yellow coloured product (862 mg, 27 %).



'H NMR (400 MHz, CDCJ): d (ppm) 9.78(d, 2H, J = 5.2 Hz)9.56(d, 2H, J = 4.8
Hz), 8.32(d, 2H, J = 8 Hz)8.26(d, 2H, J = 8.8 Hz)8.21(t, 2H, J = 8.4 Hz)8.14(t,

2H, J = 8.4 Hz)7.69(t, 2H, J = 7.2 Hz)7.58(t, 2H, J = 7.2 Hz)$.90-6.77(m, 4H),

5.73(dd, 2H, J = 2.4 Hz, J = 6 HA,07(dd, 2H, J = 2.4 Hz, J = 6 Hz).

The preparation of iridium(lll) bis(2-(2,4-difluorophenyl)pyridinato-N, C2')-2(4-
carboxylphenyl)imidazo[4,5-f][1,10]phenanthroline.(CLQ [Ir(dfpp) 2(picCOOH)T

F
X

/

S

%

I\

N
i
Ir

\N/
%
F

Iridium di-u-chloro-tetrakis(2-(2, 4- 2-(4-Carboxylphenyl)imidazo Iridium %*( bis(2-(2,4-difluorophenyl)pyridinato-N, C2)
difluorophenyl)pyridinato-N, C2') [4,5.1][1,10]phenanthroline -2(4-carboxylphenyl)imidazo[4,5-f][1,10]phenanthroline

VAR
ZUZT

18 hours

\

F
N Pz
CI\T F | E ”\1 S H
N NN
Ir EtOH Ir >_Q
o \N/ . >—@000H _BOH N/ S COOH
N = |
N / | Reflux \ P =
E
F F F

F

Iridium di- -chloro-tetrakis(2-(2, 4-difluorophenyl)pyridinato-N, C2") (220 mg,
0.181 mmol), 2-(4-Carboxylphenyl)imidazo[4,5-f][1,10]phenanthroline [(QICGE)]
(2130 mg, 0.380 mmol) and ethanol (30 ml) were added to a round bottomedrfthsk
left refluxing at 95°C overnight.

The reaction was allowed cool to room temperature and the sobreated by
warming under reduced pressure. The solid was suspended uratesholution of
sodium perchlorate and sonicated. The precipitate was collegtgdcuum filtration
and washed with deionised water. The precipitate was thsohdigl in methanol and
filtered once again. The filtrate was taken and evaporatédyhess to yield a yellow
coloured solid (285 mg, 78 %).

'H NMR (400 MHz, DMSO-¢): d (ppm) 9.22(d, 2H, 8 Hz),8.41(d, 2H, J = 8 Hz),
8.29(d, 2H, J = 9.2 Hz)3.22(d, 2H, J = 4.4 Hz)3.17(d, 2H, J = 8.4 Hz)8.07(dd, 2H,
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J =5.2 Hz, J = 8 Hz);[.98(t, 2H, J = 7.6 Hz)7.58(d, 2H, J = 5.6 Hz)7.09-6.99(m,
4H),5.71(dd, 2H, J = 2 Hz, 2.4 Hz).

ESI-MS (CHOH, m/z): 1012.39, ([M CIOy]): 913.1.

Elemental analysis calculated fosB24F4rNO,.(CIO,).(H20),: C, 48.12; H, 2.69; N,
8.02%. Found: C, 48.35; H, 2.31; N, 7.86%.

Melting point: >300°C

The preparation of 2-(naphtho[2,3-d]oxazol-2-yl)-5-nitrophenyl:

COClI
OH HO
NH, N >:
i “:OO dry NMP “ioe N NG,
oH  stirrat 100 °C, O
NO, 18 hours
2-hydroxy-4- 3-amino-2-naphthol 2-(naphtho[2,3-d]oxazol-2-yl)

nitrobenzoyl chloride -5-nitrophenyl

2-Hydroxy-4-nitrobenoyl chloride (2.75 g, 15 mmol, supplied by Dr. Elena
Lestini and used as received) was added in portions to a solutioanoind-2-naphthol
(2.38 g, 15 mmol) in dry NMP (120 ml). The mixture was stirred it °C for 18
hours. After cooling to room temperature, the reaction was panieedeionised water
and the pH adjusted to 8-9 by addition of aqueous ammonia. The ptecipitaed
was collected by vacuum filtration and washed with methanaiftwd the product as a
brown solid (1.47 g, 32 %).

'H NMR (400 MHz, DMSO-¢): d (ppm) 8.30(d, 1H, J = 8.8 Hz)7.83(d, 2H, J = 8.8

Hz), 7.76(d, 1H, J = 7.6)7.66(d, 1H, J = 8 Hz)7.35(m, 4H).
ESI-MS (CHOH, m/z): 306.26, ([M+K]): 347.5.
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The preparation of iridium (lll) bis(2-(2,4-difluorophenyl)pyridinato-N,C2’) (2-
naphthoxazoyl)4-nitrophenolate). [Ir(dfppinapthNG,)]

. O,N

F X =
‘ / \ ‘ - ) Q/O
- / 5 LF NN
F
HO < >'r\ //
N = N/ N= Sodium Carbonate / .
o\ NO, . \ y N Y 2-methoxyethanol F N
Refl t 140 °C ‘
. F eflux af o E

F F for 5 hours

2-(naphtho(2,3-d]oxazol-2-yl) Iridium di-u-chloro-tetrakis(2-(2, 4-difluoro Iridium3* bis(2-(2,4-difluorophenyl)
-5-nitrophenyl phenyl)pyridinato-N, C2): pyridinato-N,C2)(2-(Naphthoxazolyl)
4-nitrohenolate

Iridium di- -chloro-tetrakis(2-(2, 4-difluorophenyl)pyridinato-N, C2") (400 mg,
0.33 mmol), 2-(naphtho[2,3-d]Joxazol-2-yl)-5-nitrophenyl (260 mg, 0.850 mmol) and
sodium carbonate (350 mg, 3.2 mmol) were dissolved in 2-methoxyethanol)(@Adn
left stirring bubbling under nitrogen at room temperature for 20 nmsnutdhe
temperature was then raised to £@and the reaction was refluxed under a nitrogen

environment for 5 hours.

The reaction was cooled to room temperature and precipitatedavgiaturated
solution of sodium perchlorate. The crude product was theretiltand purified on a
silica gel column using a mobile phase of hexane; 20% ethyhtacand was

recrystallised in methanol to yield a red solid (150 &®%).

'H NMR (400 MHz, CDCJ): d (ppm) 8.67(d, 1H, J = 6 Hz)8.27(d, 1H, J = 8.4 Hz),
8.13(m, 2H),8.02(d, 1H, J = 6.8 Hz)7.80(d, 2H, J = 10.8 Hz)7.68(m, 2H),7.51-

7.34(m, 4H),7.21(d, 1H, J = 2.4)7.08(t, 1H, J = 7.2 Hz)6.86(t, 1H, J = 7.2 Hzp.58

(m, 1H),6.51(s, 1H),6.39(m, 1H),5.92(dd, 1H, J = 6 Hz, J = 2.4 HA,52(dd, 1H, J
=6 Hz, J=2.4 Hz).

ESI-MS (CHOH, m/z): 877.8, (IM- N@igand]): 573.2, (M+N4*": 901.0.

Elemental analysis calculated forssB,1F4IrN4O4.(CHsOH): C, 52.80; H, 2.77; N,
6.16%. Found: C, 52.26; H, 2.55; N, 6.60%.

Melting point: >300°C
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The preparation of 2-(naphtho[2,3-d]oxazol-2-yl)-5-aminophenyl: [(NapthB)H

HQ Hydrosine Hydrate /
N Pd 5% wt on act. Carbon
L) ‘(
o Reﬂux 4 hours

2-(naphtho[2,3-d]oxazol-2-yl)-5-nitrophenyl 2-(naphtho[2,3-d]oxazol-2-yl)-5-aminophenyl

2-(Naphtho[2,3-d]oxazol-2-yl)-5-nitrophenyl (100 mg, 0.327 mmol),
palladium 5% weight on activated carbon (21 mg) and absolute ethand) (gene
added to a round bottomed flask. Next hydrazine hydrate (182 mmol) was added
to the reaction in three equal amounts while stirring and ldfixiafy at 100°C for 5

hours.

The solution was then cooled to room temperature and filtered throlitgh ce
The filtrate was collected and evaporated to dryness to yiéighabrown coloured
product (85 mg, 94 %).

'H NMR (400 MHz, DMSO-¢): d (ppm) 7.70(d, 1H, J = 8.0 Hz)7.67(d, 1H, J = 8
Hz), 7.60(d, 1H, J = 8 Hz)7.26(m, 4H),6.15(d, 1H, J = 6.4 Hz)6.10(s, 1H),5.78(s,
2H).

ESI-MS (CHOH, m/z): 276.29, ([M+K]): 317.4.
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The preparation of iridium (lll) bis(2-(2,4-difluorophenyl)pyridinato-N,C2’) (2-
naphthoxazoyl)4-aminophenolate). [Ir(dfppinapthNH,)]

E

Vol e - R
RSN S <) N

=—

HO / \ / AN _ if
N =N N= Sodium Carbonate / ‘ F
N 2-methoxyethanol
Reflux at 140 °C S | E
F = F F for 5 hours
2-(naphthol[2,3-d]oxazol-2-yl) Iridium di-u-chloro-tetrakis(2-(2, 4-difluoro Iridium3* bis(2-(2,4-difluorophenyl)
-5-aminopheny! phenyl)pyridinato-N, C2): pyridinato-N,C2)(2-(Naphthoxazolyl)

4-aminophenolate

Iridium di- -chloro-tetrakis(2-(2, 4-difluorophenyl)pyridinato-N, C2") (168 mg,
0.138 mmol), 2-(naphtho[2,3-d]Joxazol-2-yl)-5-aminophenyl (80 mg, 0.290 mamal)
sodium carbonate (146 mg, 1.38 mmol) were dissolved in 2-methoxyettanatl)
and left stirring under nitrogen at room temperature overnight. t8in@erature was
then raised to 148C and the reaction was refluxed under a nitrogen environment for 5
hours.

The reaction was cooled to room temperature and precipitatedavgiaturated
solution of sodium perchlorate. The crude product was therefiltand purified on a
silica gel column using a mobile phase of 10% methanol; dichlorometbayield a
yellow coloured solid (37 mg, 31 %).

'H NMR (400 MHz, CDCJ): d (ppm) 8.82(d, 1H, J = 4.8 Hz)8.30(d, 1H, J = 8.4
Hz), 8.18(m, 2H),7.87(d, 1H, J = 8.8 Hz)7.80(d, 1H, J = 8 Hz)7.74-7.66(m, 3H),
7.39-7.33(m, 4H),7.11(t, 1H, J = 6 Hz)6.91(t, 1H, J = 6.8 Hz)6.60(m, 1H),6.44
(m, 2H),6.03(d, 1H, J = 2.4)5.98(dd, 1H, J = 6.4 Hz, J = 2.4 HA,63(dd, 1H, J =
6.4 Hz, J = 2.4 Hz)}3.86 (s, 2H).

MALDI-TOF (CH3CN, m/z): 848.14, (IM+H]): 849.52, ([M- NHligand]): 573.42.
Elemental analysis calculated foggB23F4IrN4O,.(H20): C, 54.01; H, 2.91; N, 8.78%.
Found: C, 55.96; H, 2.80; N, 8.11%.

Melting point: >300°C
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4.2 Results and Discussion

4.2.1 Synthesis

The Suzuki coupling of the difluorophenyl boronic acid and bromopyridine to
give the [dfpp] ligand as starting material proceeded witioderate yield of 57%. The
full mechanism of reaction for Suzuki coupling is explained in detailhapter 6. Next
the chlorine bridged iridium dimer was synthesised by refluxinddfpo] ligand and
iridium trichloride overnight to give the yellow product with aatalely low yield of
27%. Identical reaction conditions as used previously to synthegie
[Ru(bpy)(picCOOH)F* complex were also used to give [Ir(dfgpicCOOH)] in good
yields of 78%. This iridium (Ill) complex also had the added athge of a facile
purification procedure without a need for column chromatography whenacethpo

other inorganic metal complexes.

In the synthesis of the two iridium (lll) complexes containing #¥€2-
hydroxyphenyl)oxazole-based ancillary ligands, the initial chltionaof 2-hydroxyl-4-
nitrobenzoic acid to give 2-hydroxyl-4-nitrobenzoyl chloride was gveréd using
thionyl chloride in almost quantitative yields. Next, the ong-stendensation reaction
between 2-hydroxyl-4-nitrobenzoyl chloride and 3-amino-2-naphthol yielded the
ancillary nitro functionalised ligand with a conversion of 32%. Redugcif the nitro
ligand to the analogous 2-(naphtho[2,3-d]Joxazol-2-yl)-5-aminophenyl ligand wit
hydrazine hydrate and palladium on activated carbon proceeded in efficent yield
of 94%. Finally, the ligand exchange reaction between the chlbridged iridium
dimer and the ancillary ligands was performed by refluxing irhmsftethanol under a
nitrogen environment to give the corresponding nitro and amino functedalidium

(111 complexes in yields of 20% and 31% respectively.
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4.2.2*'H-NMR Discussion

Figure 4.7: [dfpp] ligand illustrating numbering scheme fe-NMR analysis.

Proton [dfpp] Proton [Ir 2(dfpp)4(Cl2)]
ppm ppm
Hs 8.72 Hs 9.78
(d, 1H) (d, 2H)
Hy 7.98 Hs 9.56
(dd, 1H) (d, 2H)
Hs 7.92 He 8.32
(td, 1H) (d, 2H)
He 7.78 He 8.26
(d, 1H) (d, 2H)
Ha, Hg 7.45-7.36 Hs 8.21
(m, 2H) (t, 2H)
H7 7.24 Hs 8.14
(td, 1H) (t, 2H)
Hy 7.69
(t, 2H)
Hy 7.58
(t, 2H)
Hg 6.90-6.77
(m, 4H)
H7 5.73
(dd, 2H)
H7 5.07
(dd, 2H)

Table 4.1:*H-NMR resonances for [dfpp] ligand and §{dfppk(Cl.)] carried out in
DMSO-@. The integration and peak splitting are shown in brackets.
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As seen previously in Chapter 3, the proton locatedsainHrigure 4.7 showed
the greatest shift downfield to 8.72 ppm due to the deshieldiegtefof the nitrogen
atom on the cyclometalating ligand. The proton, surrounded by the fluorine atoms
is shifted upfield in the NMR spectrum to 7.24 ppm (Table 4.1). ihbesased
shielding effect provided by fluorine on nearby protons has been répoetgiousiy!”
This was in contrast to conventional thinking, that the presencanoklectron
withdrawing halide atom would generally show a shift in the peakdurownfield.
This may be explained by the stronger electronegativity ofsthaller fluorine atom
when compared to a larger chlorine atom. The resonance dipalsoisuperior for
fluorine atoms because of the more efficientoverlapping with carbon. In the case of
fluorine, it is speculated that the two dipoles effectivelgael out giving a net dipole of

zero and the fluorine atom does not act like an electron \aithidg substituerit®

The'H-NMR spectrum of [I5(dfpp)(Cl,)] (Figure 4.8) is not as easy to interpret
as previous NMR spectra as the same protons on the four [djppplE are not always
in the same chemical environments due to their spatial atient around the
coordinated metal centre. Hence, like all complexes synthesistids thesis,*H-
COSY 45 spectra (see Appendix 1) were used to aid in the assigiall protons.
Table 4.1 also outlines the individual proton chemical shiftstier [Ir(dfppu(Cl,)]

complex.

Figure 4.8: [Iro(dfppk(Cl,)] illustrating numbering scheme foH-NMR analysis.

19t



For [Ir(dfpph(picCOOH)E* (Figure 4.9), the largest change in chemical shift (
ppm) between the free [dfpp] ligand and the iridium (l1l) coordicdtdpp] ligand is
associated with the proton located at positign Hhis proton sees a chemical shift of -
1.53 ppm upfield by comparison in Table 4.3. This may be explainglebgonation
of electrons from the iridium (lll) metal centre to the [dfpiglands during bonding,
thus, causing increased delocalisation of electrons arounigjdinel lthat is concentrated

mainly on the K proton. All of the remaining protons are assigned in Talddoelow.

Figure 4.9: [Ir(dfppk(picCOOH)[" illustrating numbering scheme fotH-NMR
analysis.

Proton (dfpp)2 Proton [picCOOH]

ppm ppm

Hs 8.29 Hy Hip 9.22
(d, 2H) (d, 2H)

Ha 7.98 He, H7 8.41
(t, 2H) (d, 2H)

He 7.58 Hs Hg 8.22
(d, 2H) (d, 2H)

Hs Hg 7.09-6.99 Hs Hs 8.17
(m, 4H) (d, 2H)

H7 5.71 Hz Hio 8.07
(dd, 2H) (dd, 2H)

Table 4.2:'H-NMR resonances for [Ir(dfpp(picCOOH)]" carried out in DMSO-g
The integration and peak splitting are shown in brackets.
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Proton [dfpp] 2 Proton [picCOOH]

ppm ppm

Hs -0.43 Hi Hia 0.17

Ha 0.58 H2 Hio 0.20

Hs 0.87 Hs Hg -0.73

He -0.20 Ha n/a

H7 -1.53 Hs, Hg 0

Hg 0.35 H, H7 0.01

Hgo n/a

Table 4.3: ppm of the free ligands compared to the coordinated complex.

Following coordination to the iridium metal centre, the protons atigos Hs
and H of the [picCOOH] ancillary ligand exhibited the greatestange in their
chemical shifts (Table 4.3). There was a slightly lagf@ft in ppm values for the
[picCOOH] H and H; protons for the iridium complex compared to the ruthenium
complex. This may be explained by the larger iridium atomgchviias a greater
electron density and greater propensity fdrack donation due to the higher energy d
orbital. There is also no indication of the aming & carboxyl protons in the
[Ir(dfpp)2(picCOOH)] complex, presumably due to the resonance structures within the

benzimidazole ligand or the deprotonation state in which the comlexsynthesised.

The effects on the proton NMR of the amino and nitro substituentietboa
the ancillary ligand have been highlighted before in ruthenium c@hpounds in
Chapter 3. The general trend is upheld here following the sisabf the iridium
complexes with the 2-(naphtho[2,3-d]oxazol-2-yl)phenyl ligand (Figure 4.P@ytons
located at the fHland H positions showed an upfield chemical shift to around 6.12 ppm
when the amino functionality was present. However, the saatengr may be found
further downfield at 7.83 ppm when the electron withdrawing nitro greypreésent.

Protons H-Hs are at similar chemical shifts values and are evideatrasltiplet in the



NMR spectrum. All other protons are assigned in Table 4.4, thé exception of the

O-H proton which is not evident in either NMR spectra probably du@rdton

exchanging.

Figure 4.10: 2-(naphtho[2,3-d]oxazol-2-yl)phenyl ligand illustrating numbering sehem

for '"H-NMR analysis.

Proton [NapthNO ] Proton [NapthNH ]

Ppm Ppm

H; 8.30 H7 7.70
(d, 1H) (d, 1H)

Hs, Ho 7.83 He 7.67
(d, 2H) (d, 1H)

He 7.76 H, 7.61
(d, 1H) (d, 1H)

H; 7.66 Hz, Hs Ha Hs 7.26
(d, 1H) (m, 4H)

H,. Hs Ha, Hs 7.35 Hs 6.15
(m, 4H) (d, 1H)

Hog 6.10
(s, 1H)

Amino-NH 5.78
(s, 2H)

Table 4.4:'H-NMR resonances for 2-(naphtho[2,3-d]oxazol-2-yl)pheny! ligand with

nitro and amino functional groups carried out in DMS@-d'he integration and peak

splitting are shown in brackets.
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Due to its solubility the proton NMR for the coordinated iridium) @¢kdmplexes
were performed in CDglrather than DMSO-l As a result the changes in chemical
shifts of the ancillary ligands are affected both by coordinatiothe iridium metal

centre and to the solvent. Nevertheless, many of the todrsésved before apply.

Coordination of the free 2-(naphtho[2,3-d]oxazol-2-yl)phenyl ligandshe&o t
iridium centre (Figure 4.11) results in the deprotonation of igend leading to an
electron rich oxygen atom. Upon coordination of the ancillaryntigdne protons are
located further upfield than protons on the free ligand. The mostedf@rotons are
located at H Hg and H on the benzene ring of the napthoxazoyl ancillary ligand and
they exhibited a chemical shift of up to 1.3 ppm upfield. Howeas expected, the
nitro withdrawing group causes a further chemical shift downfiefgt@tons H Hg and
Hy on the phenolate ligand in comparison with the amino substituted lagasidown in
Table 4.5. In general, the remaining protons are not as strafigtted as they are not

within the three or four bonds of the electronegative oxygen site.

Figure 4.11: Iridium (lll)  bis(2-(2,4-difluorophenyl)pyridinato-N,C2")  (2-

naphthoxazoyl)4-phenolate) illustrating numbering schem&fadMR analysis.
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[Ir(dfpp) 2(napthNO)] [Ir(dfpp) 2(napthNH,)]
[dfpp] 2 protons. | (napthNO,) protons. | [dfpp] . protons. | (napthNHy) protons

ppm ppm ppm Ppm
Hz H7 Hs H7

8.67 (d, 1H) 8.13 (m, 2H) 8.82 (d, 1H) 7.87 (d, 1H)
He H1 He He H

8.27 (d, 1H) 7.80 (d, 2H) 8.30 (d, 1H) 7.80 (d, 1H)
He Hz,Hz, Ha Hs Hz, He He

8.13 (m, 2H) 7.51-7.34 (m, 4H) 8.18 (m, 2H) 7.70 (m, 3H)
Ha Hs Hs: Hz,Hs, Ha Hs

8.02 (d, 1H) 7.21 (d, 1H) 7.70 (m, 3H) | 7.33-7.39 (m, 4H)
Hs: Ho Ha Ho

7.68 (m, 2H) 6.51 (s, 1H) 7.11 (m, 1H) 6.44 (m, 2H)
Hy Ha Hs

7.08 (t, 1H) 6.91 (m, 1H) 6.03 (d, 1H)
Hy Hg Amino-NH

6.86 (t, 1H) 6.60 (m, 1H) 3.86 (s, 2H)
Hg: Heg:

6.58 (m, 1H) 6.44 (m, 2H)
Hg: Hz

6.39 (m, 1H) 5.98 (m, 2H)
H7 Hz

5.92 (dd, 1H) 5.63 (m, 2H)
H7

5.52 (dd, 1H)

Table 4.5 'M-NMR resonances for the iridium (Ill)  bis(2-(2,4-

difluorophenyl)pyridinato-N,C2’) (2-naphthoxazoyl)4-phenolate compounds
synthesised carried out in CDLI The integration and peak splitting are shown in

brackets.
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4.2.3 Raman Spectroscopy of Iridium (IIl) Complexes

Figure 4.12 shows the overlaid Raman spectra of theunidill) complexes
under non-resonant 785 nm excitation. The key bands are tabulated aridetgntat
assigned in Table 4.6 below according to published data on relateninodilypyridyl
complexed!”

[Ir(dfpp),(picCOOH)]"

[Ir(dfpp)z(N apthNHz)]

Relative Raman Intensity (Counts)

T v T v T v T
400 800 1200 1600

W avenumber (cm™)

Figure 4.12: Stacked Raman spectra of the three iridium (lll) complsyethesised.
Solid state samples were irradiated with 785 nm laser line. Alltispeere gathered

with 5 acquisitions and an exposure time of 5 seconds with agasesr of 2 mW.
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Iridium - Raman peak identification
785 nm laser (cril) Assignment
[dfpp] ligand vibrational ~1611 C=C stretch
modes: ~1555 C=C stretch
~1520 C=C stretch
~1482 C=N stretch
~1363 C=N stretch
~1250 C-C (inter-ring bending)
~1170 CCH (in-plane bending)
~1115 CCH (in-plane bending)
~1050 Ring breathing
~945 Ring breathing
~530 Pyridyl in-plane twisting
[picCOOH] ligand ~1300 C=N stretch
vibrational modes: ~990 Ring breathing
~772 Phenyl or pyridyl in-plane
twisting
[napth-R] ligand ~1404 C=N stretch
vibrational modes ~821 Phenyl or pyridyl in-plane
twisting
Iridium — Ligand < ~450 Metal-Ligand stretching
vibrational modes:
Other vibrations: ~1450 Post resonance vibrations
~1432

Table 4.6: Raman peak identification of the three iridium @dijnplexes synthesised.

As expected, [Ir(dfppfnapthNQ)] and [Ir(dfppk(napthNH)] display very
similar Raman spectra with evidence of vibrational modas foth [dfpp] and [napth-
R] ligands. In addition, vibrational modes containing contributions tvoth the [dfpp]
and [picCOOH] ligands are also evident for the [Ir(dfmECOOH)] complex

following irradiation at 785 nm.
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4.2.4 FTIR Spectroscopy of Iridium (IIl) Complexes

[Ir(dfpp),(picCOOH)]

1604

[Ir(dfpp),(napthNH,)]

2853
2925
3082

1100
1262

FTIR Intensity (a.u.)
876

|
1479

T T T T T T T T T T T T 1
1000 1500 2000 2500 3000 3500 4000
Wavenumbers (cm™)

Figure 4.13: Stacked FTIR spectra of the three iridium @dinplexes synthesised.

Samples were dispersed in a KBr matrix prior to analysis.

Further structural characterisation was performed using FidRleeir resulting
spectra for the three iridium (lll) complexes synthesised hovis in Figure 4.13
above. Common features between all three complexes inclodesnat ~3400 cin(O-

H stretch), ~2960 cih (C-H stretch), ~1604 cih(C=C stretch), ~1250 c¢fm(C-N
stretch), ~1100 cih (C-F stretch) and ~820 ¢h(C-H phenyl ring stretch). For the
[Ir(dfpp)2(picCOOH)] complex some of the more interesting features of the FTIR
spectrum include vibrational modes at 3075'ofN-H stretch) and 1717 ¢(COOH
stretch). For the [Ir(dfppjnapthNQ)] complex the nitro symmetrical stretching mode
is evident at 1262 cthand the asymmetrical stretching mode at ~1508. cRinally for

the [Ir(dfppk(napthNH)] complex the two primary amine stretching vibrations are
observed at 3216 chmand 3059 cm respectively. FTIR shows the distinctive
functional groups of each complex quite clearly, which is unlike geen in their

correspondingH-NMR spectra.
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4.2.5 Electrochemical Studies of Iridium (IIl) Complexes

The voltammetric data for the three novel iridium (lll) polgigdyl complexes

are shown in Table 4.7 below.

Compound Metal- Ligand based
centred redox potentials
redox (V)
potential (V)
[Ir(dfpp)2(picCOOH)T" +1.70 (qgr) -0.85 (qn),
-1.47 (qr)*,
-2.09 (n)*.
[Ir(dfpp)2(napthNQ)] +1.96 (ir) -1.47 (ir)*,
-2.47 (ir)*,
-2.68 (ir).
[Ir(dfpp)2(napthNH)] +2.36 (ir) -1.27 (in)*,
-2.12 (ir)*,
-2.35 (ir),
-2.75 (ir).

Table 4.7: Redox properties of iridium (Ill) complexes synthésiseasured in
acetonitrile (containing 0.1M TBA as electrolyte) with 1.5 mm glassbon working
electrode and referenced against Ag/AgCl. (r) — reversi@etion, (ir) — irreversible
reaction and (gr) — quasi-reversible reaction. All CV’s weref@ened in duplicate
with different glassy carbon electrodes, scanning though the range of ptsenti
(multiple scans): 1, 0.50, 0.25 and 0.05Vsespectively. Electrochemistry was
conducted using 1 mmol of sample dissolved in 5oérdry acetonitrile (HPLC grade,
used as received) containing 0.1 M tetrabutylammonium tetrafluorobof&8)(as
supporting electrolyte. All samples were degassed with nitrpgento analysis.

* denotes the reduction potential of the [dfpp] ligands.

Bracketing experiments in Figure 4.14 (inset) shows the quasisible IF*4*

redox couple for the [Ir(dfpplpicCOOH)] complex which is centred at +1.70 V versus
Ag/AgCl and has a peak separation of 142 mV. The oxidationdadrin metal centres
generally occurs at more positive potentials than rutheniuntrese owing to less
electron density around the metal cefftre.In the full cyclic voltammogram for
[Ir(dfpp)2(picCOOH)T, there are two quasi-reversible ligand based redox poteaitials
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0.85 V assigned to the [picCOOH] ligand, -1.47 V attributed ¢o[difipp] ligand and a
further reversible redox peak at -2.09 V attributed to the [dfgphtil versus Ag/AgClI
respectively?®! In contrast, the first [picCOOH] ligand reduction of the
[Ru(bpyk(picCOOH)F* complex is at a potential of -0.72 V versus Ag/AgCl, however,
due to the sharpness and intensity of this peak it is thought to beresult of
adsorption or film formation on the electrode surface. Furthernasegyreviously
mentioned in Chapter 3, the carboxyl functional group may adsorb to an ahodize

glassy carbon electrode surfdcé.

There is also a peak at +1.44 V versus Ag/AgCl, which appestrdefore the
metal redox couple in a full potential sweep. During bracketipgr@ments, this peak
was found to be related to a ligand reduction peak at -1.02 V asdt gesent unless
the negative reduction voltage (and thus adsorption of the contexeen reached.
Furthermore, this peak remains present for multiple scansiatisacan rates. There is
no evidence of this particular oxidation peak in blank solution wheniritieim
complex is not present as shown in the control cyclic voltammognafAppendix 1-
Figure A39. However, it is noted that identification of redoakseare only tentatively

assigned based on the available literature for similar comagl

Once again, as seen for the ruthenium complexes in Chaptés 8uggests that
the LUMO of the complex lies on the ancillary [picCOOH] ligamt anot on the
cyclometalating [dfpp] ligands as the pKa results indicatate infra. However it is
thought that the higher lying LUMO, which determines thesfate of the complex, is
dominated by the cyclometalating [dfpp] ligands. Theoreticalcutations of
cyclometalated iridium (Ill) complexes have also shown that temuds generally
considered to mainly occur on the heterocyclic portion of the cyctdatiety (bpy or

14]

[dfpp] ligands)!
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Figure 4.14: Cyclic voltammogram of [Ir(dfpgpicCOOH)]" in acetonitrile
(containing 0.1M TBA as electrolyte) with 1.5 mm glassy carbon worlkeatyetle and
referenced against Ag/AgCl. Scans were started in a positiveiditdcom an initial

potential of 0 V. (Inset) isolated positive region of CV.

The metal centered oxidation of [Ir(dfp@apthNQ)] at +1.96 V versus
Ag/AgCl is irreversible with little evidence of the cesponding reduction peak for the

|r3+/4+

redox couple even when only scanning in the bracketed positive potegiih
window (Figure 4.15). The ligand based redox couples are alsersiigle processes.
The ligand based reductions are tentatively assigned to -1.4#pp] ldyand, -2.47 V
[dfpp] ligand and -2.68 V [napthNfligand versus Ag/AgCl, whereas, there is slight
evidence of the corresponding ligand oxidation peaks is at -0.57 V,V2Za26 -2.77 V

versus Ag/AgCl respectively.

It has been noted that a one electron oxidation of an iridium oetifre results

#4* couple

in a lengthening of the iridium-oxygen bond lenth. It is likely that the |
leads to disruption of the iridium ligand bond. However, narrowing thenpat
window and changing scan rates revealed no further improvement @viheipto a
scan rate of 1 V& which indicates that the bond disruption is fast. The delitatiere

of the iridium (IIl) (naphthoxazolyl) phenolat®mplexes was further replicated in their
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mass spectra analysis where fragmentation of the iridiuamdigoond was evident.
This proved unlike any other coordinated metal complex synthesised asf phi$
research where mass spectra fragmentation patterns ajahed, under electron spray

ionisation conditions, were not typically observed.

Current -vs- Potential
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-1.50E-04 -
-2.00E-04 ‘ ‘ ‘ ‘ ‘ ‘
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Figure 4.15: Cyclic voltammogram of [Ir(dfpghapthNQ)] in acetonitrile (containing
0.1M TBA as electrolyte) with 1.5 mm glassy carbon working electiad referenced
against Ag/AgCl. Scans were started in a positive direction fromitaal ipotential of

oV.

Again the cyclic voltammogram of [Ir(dfpghapthNH)] contains an
irreversible metal oxidation. The®*I** occurs at +2.36 V versus Ag/AgCl in Figure
4.16. Additionally, there is no evidence of a reversible couple vamén positive
potentials are isolated. Such high metal oxidation potenti@lsaaused by low electron
density available around the iridium (lll) atom making coordinabogds unstable.
The ligand redox couples are also irreversible. Ligand redupgaks are evident at
-1.27 V [dfpp] ligand, -2.12 V [dfpp] ligand, -2.35 V [napthiHigand and -2.75 V
[napthNH] ligand versus Ag/AgCI respectively and irreversible oxalapeak values
at-0.78 v, -1.45V, -2.19 V and -2.74 V versus Ag/AgCI. As drpld previously, the

irreversible electrochemistry is attributed to bond breakeeeen iridium centre and
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ancillary ligand moiety when placed under electrochemicalsstrés seen previously
for amino functionalised complex&8, it is possible that electropolymerisation is
occurring here for the [Ir(dfppnapthNH)] complex and also following the reduction
of [Ir(dfpp)2(napthNQ)] to the corresponding amino complex during the
electrochemical potential sweep. Furthermore, adsorption ieealby obvious for the
nitro or amino functionalised complexes.

Current -vs- Potential

2.00E-04 -

1.00E-04 -

0.00E+00 -

Current (A)

-1.00E-04 -

— 0.1V Scanrate

-2.00E-04

-3.00E-04 \ T ‘ ‘
-3 -2 -1 0 1 2 3
Potential (V)

Figure 4.16: Cyclic voltammogram of [Ir(dfpiépapthNH)] in acetonitrile (containing
0.1M TBA as electrolyte) with 1.5 mm glassy carbon working elex@od referenced

against Ag/AgCl. Scans were started in a positive direction fromitaal ipotential of
oV.
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4.3 Optical and Acid-Base properties of Iridium (lll) Complexes

Compound Absorbanée Emissiorf pKa®  pKa*©
max max (+/-0.1) (+/-0.1)
(, dnPmolcm™)

[Ir(dfpp) 2(picCOOH)]" 381 nm (12,390) 521 nm 0.103 3.7,11.5 31,11
324 nm (44,084)
283 nm (54,847)

[Ir(dfpp) 2(napthNO2)] 450 nm (6,271) 516 nm 0.0009 n/a n/a
338 nm (21,563) 539 nm
243 nm (56,300)

[Ir(dfpp) 2(napthNH7)] 418 nm (20,800) 524 nm 0.0056 n/a n/a
348 nm (19,650) 564 nm
245 nm (56,700)

Table 4.8: Optical and Acid-Base properties of Iridium (l1I) CompkeSynthesised.

@ Measured in acetonitrile at room temperature using concentratib@ x 1 M.

® Photoluminescent quantum yield (neasured in degassed acetonitrile at room temperature,
using [Ru(bpyj >* as standard.

¢ Ground (pKa) and excited state (pKa*) values, measured in PB& baoftition at room

temperature.
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Complex (ns)? (ns)? x° value
(percentage | (percentage
component) | component)

[Ir(dfpp) 2(picCOOH)]* | 241 +/-5 20 +/- 3 0.897
(95%) (5%)

[Ir(dfpp) 2(napthNO,)] 11 +/- 3 3+4/-1 0.942
(79%) (21%)

[Ir(dfpp) 2(napthNH,)] 189 +/- 6 7 +-2 0.871
(84%) (16%)

Table 4.9: Biexponential lifetime results for the iridium (89mplexes synthesised.

@Biexponential lifetimes measured in degassed acetonitriigoat temperature
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4.3.1 Absorbance and Emission of [Ir(dfpgpicCOOH)["

Absorbance and Emission Spectra

—— Absorbance
—— Emission (normalised)

Iridium (1) bis(2-(2,4-difluoropheny)pyridinato-N, C2)
imidazo[a 5-][1, 10phenanthroline

Absorbance / Emission (a.u.)
o
\l

T T T

7200 300 400 500 600 700
Wavelength (nm)

Figure 4.17: Absorbance and normalised emission spectra (excited at 381litnm, s
widths: 5 nm, normalised to 1 arbitrary unit) of 20 X°M [Ir(dfpp)2(picCOOH)]" in

acetonitrile solution.

Figure 4.17 shows the absorbance and emission spectra for the
[Ir(dfpp)2(picCOOH)]" complex. The UV-vis spectrum of [Ir(dfpipicCOOH)T is
dominated by LC difluorophenyl pyridine * electronic transitions giving maximum
absorbance peaks at 245 nm and 283 nm. This is consistent with r@potter
iridium (lll) complexes containing difluorophenyl pyridine, bipyridyl tarpyridine
ligands™ 2?1 The shoulder at 324 nm may be assigned to the intraligandransition
of the [picCOOH] ligand. A weaker, broad feature extending dowa iahger
wavelengths at 381 nm is attributed to the MLCT from theundid to [dfpp] *

orbital.

[Ir(dfpp)2(picCOOH)]" is strongly luminescent and exhibits an emission
maximum at 521 nm when excited into the MLCT band at 381 nm with auqoaie¢ld
of 0.103 in aerated acetonitrile. This compares favourably wileased quantum
yield when compared to the [Ru(bp{icCOOH)F* complex ( = 0.068).
Interestingly, the emission decay follows biexponential kiseg& outlined in Table 4.9.
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Furthermore, the lifetimes in degassed PBS buffer solutiomstaining 5%
acetonitrile) are 207 +/- 7 ns at pH 1.0, 168 +/- 6 ns at pH@i%at/- 1 ns at pH 12.0.
The decrease in lifetimes of the deprotonated imidazolat@espmay be explained by
the dissipation of the excited state energy into lower Ipimgrradiative acceptor states
on the imidazolate ligan® Although the lifetimes are shorter, the quantum yield of
the iridium (I1l) complex is 40% greater than [Ru(bgp)cCOOH)f" and its lifetime in
degassed methanol is as long as 842 +/- 9 ns. [IrdfiipEOOH)] is only partially
soluble in PBS buffer and initially had to be dissolved in acetani{BPo) to aid

solubility.

4.3.2 pH Dependence Studies of [Ir(dfppjpicCOOH)]*

Protonation of the [Ir(dfppjpicCOOH)]" complex had little effect on the
wavelength of the absorbance of the iridium complex suggestindhratis no change
in the HOMO-LUMO energy gap or in the distribution o€&lectrons across the system
upon acidification (Figure 4.18). This is in contrast to the nithe (1) complex as the
formation of the protonated species leads to an increase in tMOH@MO as
indicated by a blue shift in the absorbance at 330 nm in Figure 3H&foimation of
an isobestic point at 370 nm is an indication that changes its absaihtercsity is not
just due to changes in its solubility upon protonation. In particale, relative
intensities of the two LC transitions at 245 nm and 283 nm vary signify with a

decrease in pH.
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Figure 4.18: Absorbance spectra of 20 x°1@ (15 cni) [Ir(dfpp)2(picCOOH)[" in PBS
buffer solution (containing 5% acetonitrile) upon addition béliquots of percholric
acid solution. (inset) pH titration curve of [Ir(dfpipicCOOH)]" in PBS solution
(containing 5% acetonitrile) monitoring the changes in absorbance at 330 nm upon

addition of perchloric acid.

Upon addition of base to the iridium (lll) complex the absorbance ityensi
decreases with little change to absorbance wavelengths as showigure 4.19.
However when deprotonation of the imidazole, to form [Ir(dffg¢COOH)],occurs at
around pH 10.5 where there is a dramatic shift in absorbancdengtres to lower
energies. This suggests a more extendedystem which is consistent with
deprotonation of the imidazole leading to enhanced electronic commonibatween
the phenanthroline and imidazole componéits The spectral changes brought about
by a change in pH have relatively little effect on the MLKecause this transition is
mostly concentrated on LC cyclometalating ligand transitiorfsgiter energies. This
seems good confirmation that the LUMO for the MLCT lies maioly the
difluorophenyl pyridine ligands, which is also confirmed in calculagngund and

excited state pKa values, vide infra.
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Figure 4.19: Absorbance spectra of 20 x°1@5 cm) [Ir(dfpp)2(picCOOH)]" in PBS
buffer solution (containing 5% acetonitrile) upon addition dfaliquots of sodium
hydroxide solution. (inset) pH titration curve of [Ir(dfpfRicCOOH)[" in PBS solution
(containing 5% acetonitrile) monitoring the changes in absorbance at 330 nm upon

addition of sodium hydroxide solution.

The ground state pKa values of the pH sensitive imidazole digaere
determined by monitoring the spectral changes at 330 nm over angel 041.0-12.0
(Figures 4.18 inset and 4.19 inset). The pKa/pKa* spectroscopyrmeasrsible and
was not fully recovered on returning to the initial pH. The grouatk gtKa values
were calculated to be equal to 3.7 +/- 0.1 and 11.5 +/- 0.1 regdectThese ground
state values are higher than that seen before for the sarnienllazole ligand on the
[Ru(bpyk(picCOOH)F" complex. It is considered that the calculated pKa values for
the iridium (lll) complex are higher in comparison with the rathe (II) complex as a
result of the acetonitrile (5%) used to solvate the iridium compiePBS (pH7.4)
buffer. Previous papers have highlighted the significant diffeent pKa values for
the [Ru(bpy)(picCOOH)F* complex when performed in acetonitfifé and aqueolfs!
media.
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The luminescent profile of [Ir(dfppipicCOOH)] showed a small spectral shift
in their emission maxima to longer wavelengths upon deprotonation from 536 pith
1.5 to 564 nm at pH 9.9 as shown in Figures 4.20 and 4.21. This sajgasnhcrease
in the HOMO-LUMO energy gap at lower pH values which maydoe to the
electrostatic repulsion between the positively charged iridlesmmetal centre and the

extra positive charge on the imidazolium ligdfitl.

Figure 4.20: Emission spectra of 20 XM (15 cm) [Ir(dfpp)2(picCOOH)]" in PBS
buffer solution (containing 5% acetonitrile) upon addition baliquots of perchloric
acid solution. (370 nm excitation wavelength, slit widths: 5 nm).etjinsH titration
curve of [Ir(dfpp}(picCOOH)]" in PBS solution (containing 5% acetonitrile)
monitoring the differences in maximum emission intensity (exatte870 nm) versus

pH, upon addition of perchloric acid.

However, from pH 10 to pH 12, there is a reverse in thigmgrrend and the
emission maximum is slightly blue shifted as shown in Figure 4.Zhis also
corresponded with the dramatic change in the absorbance mbfthe complex over

similar pH ranges (Figure 4.19). The excited state pK#&fegof the complex were
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calculated to be 3.1 +/- 0.1 and 11.1 +/- 0.1 respectivelyu(&sg4.20 inset and 4.21
inset), which are somewhat lower than those calculated for thmdyistate pKa values
(3.7 +/- 0.1 and 11.5 +/- 0.1). This suggests that the excisel Igts on the [dfpp]
ligands because had the excited state been located on thel®figatd, the excited
state pKa* value would have been more basic (by more than 3 pp$é) doe to the
increase in electron density on that lig&it. As seen for the pH dependence studies
for [Ru(bpyk(picCOOH)F* there is only evidence of two pKa values corresponding to
formation of [Ir(dfpp}(picCOOH)F" and [Ir(dfpp}(picCOOH)f in a process very
similar to that discussed in the introduction to Chapter 3. Haweke emission
intensity of the iridium complex is not recovered on returning to akeptd which is
unlike that seen for the corresponding [Ru(bpitCOOH)F* complex.

Figure 4.21: Emission spectra of 20 x®® (15 cm) [Ir(dfpp)2(picCOOH)]" in PBS
buffer solution (containing 5% acetonitrile) upon addition éfaliquots of sodium
hydroxide solution. (375 nm excitation wavelength). (inset) pH bmaturve of
[Ir(dfpp)2(picCOOH)[" in PBS solution (containing 5% acetonitrile) monitoring the
differences in maximum emission intensity (excited at 370 msysveH, upon addition

of sodium hydroxide solution.
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4.4 Absorbance and Emission of Novel 2-(Naphthoxazolyl) phenolate eryi
Ligands

Figure 4.22 below illustrates the absorbance and emissioteprfii the novel
uncoordinated [napthN{and [napthNH] ligands in acetonitrile solutions. The shapes
of the vibronic absorption spectra of the free ligands stromglgmble the absorption of
the coordinated iridium (Ill) complexes (Figure 4.24) suggestidgext excitation of
the ancillary ligands. Therefore, it may be inferred thatancillary ligands are related
to the optical excitation responsible for this absorption behavidars allows for the
complexes to absorb strongly over a large spectral range nthkimgpotentially useful

as components in solar cells or OLEBs.

Absorbance -vs- Wavelength

- Absorbance of (NapthNO,) ligand

=
(o]
|

- Absorbance of (NapthNH,) ligand
- Emission of (NapthNH,) ligand (excited at 324 nm)

= =
N e
I |

[N
I

Absorbance / Emission (a.u.)

0.8 -
0.6
0.4
0.2 - x
0 ; ; ; ‘ ‘ ‘ ‘ ‘
200 250 300 350 400 450 500 550 600

Wavelength (nm)

Figure 4.22: Overlaid absorbance and emission spectra of 20%M(QnapthNQ]
(excited at 345 nm) and [napthMHexcited at 320 nm) free ligands in acetonitrile.
Emission spectra are normalised to 1 arbitrary unit and slit widths ofmiQvere used

in gathering emission data.



4.4.1 Absorbance of [Ir(dfppk(napthNO,)] and [Ir(dfpp) 2(napthNH,)]

In most iridium (lll) complexes containing phenylpyridine ligandsk@MO is
spread over the iridium centre and anionic phenyl ring and the LUs@ostly
localised on the neutral pyridine ring of the cyclometalatiggrd® As mentioned in
the introduction the most efficient way of altering the colour titplnf heteroleptic
iridium (1) complexes is by lowering the ancillary ligand LWwithout significantly
effecting the HOMO energy level. This can be achieved bya@lting functionality on
the chromophoric ancillary ligands. Furthermore, results byétai!® indicated that
the LUMO of the ancillary ligand is lowered with increasing nuralmrphenyl rings
fused to the oxazole unit while the HOMO level showed a religtismall change in
energy by comparison. Results suggested that a relatedmiridil) bis(2-(2,4-
difluorophenyl)pyridinato-N,C2’) (2-naphthoxazoyl)phenolate), shown in Figuza, 4.
exhibited good photophysical characteristics including long phosphorelgeg¢intes
and quantum yield4!

Figure 4.23: Schematic diagram of iridiughl) bis(2-(2,4-difluorophenyl)pyridinato-
N,C2’) (2-naphthoxazoyl)phenolate).

Indeed the author proposed the emission so bright that they are O&&DI
materials. As such, we were intended in applying theneladar probes, however, this
required functional groups for bioconjugation so the novel nitro and amino
functionalised derivatives of this iridium luminophore were sysiesl. It was hoped
that they would exhibit good photophysics as observed from their parent gonijie
resultant absorbance spectra of [Ir(dipapthNQG)], [Ir(dfpp)(napthNH)] and the
iridium (Il) parent complex ([Ir(dfppXnapth)])are shown in Figure 4.24 below.
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Figure 4.24: Overlaid absorbance profiles of [Ir(dfpapthNQ)] and
[Ir(dfpp)2(napthNH)] (20 x 106M) in acetonitrile solution. (inset) Absorbance profile
of the parent [Ir(dfppXnapth)] complex, 1.0 x M in toluend?

The UV-vis spectrum of [Ir(dfppjnapthNQ)] is dominated by LC
cyclometalating [dfpp] - * ligand transitions giving maximum absorbance peaks at
243 nm and a shoulder at 279 nm. The lower energy peak at 338 nigrieadds the

- * [NapthNGQ,] ancillary ligand transition. There is a significant degref
overlapping of electronic transitions and the absorbance band that®xteo the
visible region at 450 nm is believed to be a MLCT (spin-forbiddadjum d to
difluorophenyl pyridine ligand * transition. MLCT spin-forbidden transitions are
known for complexes containing heavy atoms, such as iridium, dsteotty spin-orbit
coupling® The spin-orbit coupling for iridium (Il) complexes is 50% lartiean that
of ruthenium (Il) complexes and this leads to an enhanced tcipdeaicter for iridium

(1) complexes? 28
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The UV-vis spectrum of [Ir(dfppinapthNH)] is also dominated by LC- *
difluorophenyl pyridine ligand electronic transitions giving maximunoédtesnce peak
at 245 nm and a shoulder at 283 nm. As seen previously for the unccdigands,
the - * ancillary [NapthNH] ligand transition is red-shifted to 348 nm in comparison
to the [NapthNQ ligand iridium complex. In addition, a more defined and blué&esthi
spin-allowed MLCT peak from the iridium ({to difluorophenyl pyridine ligand )
orbital is also present at 418 nm for the amino functionalised exmyich is perhaps
due to the increase in theacceptor state of the [napth®Higand.

As observed in Chapter 3, it is known that the nitro substituenahaffect on
the HOMO-LUMO band gap of a compound. The d and - * interactions permit
hyperconjugation between the electronic structures and aromatic caugsng a
decrease in the energy gap. This is may be seen by a @etréebe HOMO-LUMO
energy gap of the [Ir(dfpplnapthNQ)] complex resulting in shift to longer
wavelengths (450 nm) when compared to the amino functionalised (41&8nanparent
iridium (lll) complexes (445 nm). The absorbance profile of the mpare
[Ir(dfpp)2(napth)] complex is very similar to that of the [Ir(dfgimapthNH)] complex
as shown in Figure 4.24 (inset), with the exception of the absahmerak at 348 nm
which is attributed to the- * transition as a result of the [napthBHigand.
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4.4.2 Emission of [Ir(dfppl(napthNO;)] and [Ir(dfpp) 2(napthNH>)]

Emission Intensity -vs- Wavelength
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[Ir(dfpp)z(napthNH,)] 107
8 -
+ 0.6
7 -
g c
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Figure 4.25: Overlaid emission spectra of 20 x °WD solutions of
[Ir(dfpp)2(napthNQ)] (right hand side scale bar, excited at 475 nm) and
[Ir(dfpp)2(napthNH)] (left hand side scale bar, excited at 418 nm) in acetonitrilet Sl
widths: 5 nm. (inset) Emission profile of the parent [Ir(dfpmgpth)] complex, 1.0 x
10°M in toluené?

Figure 4.25 above shows the emission spectra for the novel iridy@s and
parent iridium complex inset. The emission spectrum of [Ir(dfpapthNQ)] exhibits
vibronic structure in its emission profile with emission maxirn&16 nm and 539 nm
when excited into the MLCT transition band at 475 nm respectivihg luminescence
of the nitro functionalised complex is considerably less than th#teobther iridium
complexes synthesised. The quantum yield was very low at 0.000Badnd short
biexponential lifetime as shown in Table 4.9. The excitation speétall iridium (l11)
complexes containing 2-(2-hydroxyphenyl)oxazole-based ancillary ligamulaygksl
strong absorbance profiles in both the* difluorophenyl pyridine and- * [Napth-R]

ligand regions [results not shown] when excited at into thessom maxima of the

221



complexes. As a result it is considered that dual excitatioboth ligands occurs
simultaneously and results in the emission of the luminophores frEingle emissive

centre.

On the other hand, the [Ir(dfgghapthNR)] complex exhibited a more intense
red-shifted luminescence maximum, when compared to [Ir(glfp)thNQ)], and
showed emission at 524 nm and 564 nm respectively. It is thoughhithet as a result
of the slight decrease in the emissive ligand LUMO due toldwdren donating amino
substituent caused by an improvedlelocalisation of electrons. The red shift in the
emission of the amino functionalised iridium complex, in comgpar to
[Ir(dfpp)2(napthNQ)], has also been observed in Chapter 3 when comparing both nitro
and amino functionalised ruthenium (ll) complexes. The quantueid yof
[Ir(dfpp)2(napthNH)] was calculated to be equal to 0.0056 and had a biexponential
decay kinetics (Table 4.9) which showed a significant improvenoentits nitro
functionalised counterpart, but nonetheless very weak in compaoigba [picCOOH]

functionalised iridium (l1I) complex.

These photophysical results proved to be far inferior to the parent

[Ir(dfpp)2(napth)] complex, whose lifetime was determined to be 9sB&ith quantum
yields of 0.43% The emission profile of the parent complex is shown in Figure 4.25
(inset) for comparative purposes. It is proposed that the poor phoitdhesults in
comparison are due to the increase in energy of the lower-lyirancillary ligand
orbitals as a result of the introduction of the nitro and amino isudasts on the ligand.
As a result population of the lowest lying triplet state, whishresponsible for
phosphorescence, is prohibited and excited state energy is disdipategh lower-
lying non-luminescent molecular orbitals on the cyclometalatifigp] ligands. It is
also considered that similar to results in the previous chaphet, the poor
photophysical characteristics of the nitro complex might be dueth& para
functionalised nitro substituent. However, unlike the rutheniujfyHctionalised nitro
complex, there are no significant differences in the lumimesceor lifetimes of
[Ir(dfpp)2(napthNQ)] when the solvent is changed.
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You et al® have previously shown with the parent iridium (Ill) complex how
the excited state energy of the cyclometalating ligand isostinguantitatively
transferred to the chromophoric ancillary ligand. Furthermoréhesumber of fused
phenyl units on the ancillary ligand is increased, the phosphoresoesion displayed
more vibronic structure in its emission profile as seen foirtdizim (111) complexes
synthesised in Figure 4.25. The triplet transition of the g{napth)] complex is
afforded by the LUMO of the ancillary ligand. However, asghesphorescence mainly
involves the triplet transition, ancillary-ligand-mediated phos@uanece was expected.
This was consistent with their observed results as revealadsimgle ancillary ligand
centred phosphorescence and double excitation to both ancillary and cytidimegt
ligands. It was also calculated that the excited stategersd the cyclometalating
ligand is transferred to the chromophoric ancillary ligand (throl#iT |- interligand

energy transfer) where phosphorescence is generated withcigne§ of > 99942

Dual emission of iridium (Ill) complexes with diimine ligand® amusual but
not unprecedented as emission may occur from both MLCT and L@exstitte& *°!
However, for similar difluorophenyl pyridine complexes the HOMO Iesn shown to
be primarily located on the iridium centre and the phenyl ring ofiith@oropyridine
ligandst® ¥ The HOMO-LUMO transition is MLCT with a relatively laagLC
component involving the difluoropyridine pyridine ligand. This resih the more
pronounced vibronic structure and smaller stokes shift of the emispectra as seen
for the iridium (lll) complexes synthesised in this thesis.owever, due to the
disappointing photophysics of the nitro and amino derivatives, itdeagled not to
continue efforts in using this particular series of iridium) (dyes containing 2-(2-
hydroxyphenyl)oxazole-based ancillary ligands as luminescent msartcerlabel

biomolecules.
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4.5 Conclusion

The synthesis and characterisation of three novel iridium g@dlypyridyl
complexes is described. Iridium complexes have been shown to ydis@ay
favourable photophysical characteristics, above those of othesitiva metal
complexes, including microsecond scale phosphorescent lifetimesguagitum yields
and the ability to tune its emission wavelength from blue to reathanging the
coordinated ligands. [Ir(dfpg(picCOOH)] exhibited improved lifetimes (842 +/- 9 ns
in degassed organic media) and quantum vyields (0.103) when compiinedhe
ruthenium luminescent probes synthesised in Chapter 3. Furthertii@ethe
ruthenium (1) complexes, [Ir(dfpp(picCOOH)] exhibited lifetime and Raman
sensitivity with changes in oxygen concentration and pH respectivigle location of
the excited state was also found to be on cyclometalatipg][df§ands.

The [Ir(dfppk(napthNQ)] complex had a disappointing lifetime of 11 +/- 3 ns
and a quantum yield of 0.0009. Whereas, the nitro functionaligeépj).(napthNH)]
complex had an improved lifetime of 189 +/- 6 ns and a quantum yiel@@5®. The
poor photophysical properties, when compared to the parent compégixibated to an
increase in energy of the lower-lying ancillary ligand orbitals as a result of the
introduction of the nitro and amino substituents on the ligand. Asudtpopulation of
the lowest lying triplet state, which is responsible for phospheres, is prohibited
and excited state energy is dissipated through lower-lying norsiemisnolecular
orbitals on the cyclometalating [dfpp] ligands. Therefore ai$ wecided not to continue
efforts in using this particular series of iridium (lll) dyas luminescent markers to

label biomolecules.

However, given the superior photophysical results observed for the
[Ir(dfpp)2(picCOOH)]" complex, in Chapter 5 its conjugation to a cell penetrating
peptide was conducted in an effort to increase its aqueous gplabd potential to be
used as a multimodal probe for cellular imaging.
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Chapter 5: Metal Luminophore-Peptide

Conjugates for Cellular Imaging

"The reasonable man adapts himself to the world; the unreasonable martsparsis
trying to adapt the world to himself. Therefore all progress ddgpeon the

unreasonable man* George Bernard Shaw



5.0 Introduction

A major limitation to date has been the inability of such inoigalyes to
passively diffuse across a cell membrane without membramaepbilisation. The
relatively low cationic charge associated with many of thras&al complexes means
that they are unable to effectively use the cell’'s mengbpotential as a driving force
for cellular entny!!  Common methods for permeabilisation include electroporation,
organic solvents, the use of detergents and all lead to questiongtabaell viability.
Aprotic solvents, such as DMSO, have been shown before to induaepaeds in lipid
bilayers® ® Molecular dynamic simulations indicated a number of feattivaswere
significant for the effects of DMSO on a cell membrane. 3bleent was shown to
readily partition into the bilayer occupying a position beneathlithé headgroups,
reduce the bilayer thickness, increase headgroup areaedharkeduce both the area
compressibility modulus and the bending ridgity of the membranehviéd to induced
water pore formation. The remarkable event of water poreafivmwas observed at a
27 mol% concentration of DMSO after 240 ns. Furthermore, an impeyp@titation
of DMSO is in topical drug delivery where its powerful ability increase the skins
permeability is exploited, however, exactly how it increabesskins permeability is

not fully understood!

However, research published by our gféubdemonstrated that conjugation of
a metal complex to a CPP, like octarginine, facilitatesdffieient diffusion of the
luminescent probe across mammalian cell membranes without degtribye lipid
bilayer. Furthermore, once inside the cell’'s membrane, thgommentally sensitive
photophysics and spectroscopic properties of the dye-peptide maplbiesl to report
on the intracellular environment. Cosgraseal’® have previously exploited the
multimodal imaging capability of a related ruthenium dye-pepsigieghesised here to
give information on the intracellular pH and oxygen concentrationshés @ discussed
in detail in Chapter 1. Chapter 1 also reviewed examples wiadyarginine CPPs
have been used for the internalisation of inorganic luminophores illtacstructures
for live cellular imaging and the processes by which these bemmlels are uptaken by

the cell.
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5.1 Solid Phase Peptide Synthesis (SPPS)

Synthetic peptides are playing an increasing role in biologialjical and
pharmaceutical research and therefore the synthesis of syeampdé molecules is of
major interest. The introduction of SPPS has offered many iamgaativantages over
conventional solution phase peptide synthesis. Advantages indheddac¢t that
coupling reactions may be carried out more rapidly and to complati@ansolid support
that leads to easier purification procedufesFurthermore, the introduction of Fmoc-
protecting groups by Carpino in 1970 allowed for the process of SPRSdonducted
under milder condition§! Peptide coupling chemistry was then further improved with
the use of novel side-chain protecting groups, such as Arg(Pdéxd) thsoughout this
chapter as shown in Figure 5.1.

Figure 5.1: Chemical structure of Fmoc-Arg-Pbf used in the SiRStarginine.

The first step is to couple the peptide unit to the solid suppeim. 2-(1H-
Benzotriazole-1-yl)-1,1,3,3-tetramethyl uronium hexafluorophosphate (HBFidure
5.2) is used as the coupling reagent for the automated peptndleesig of this
polypeptide. It is one of the most common coupling reagents useatimest &n active
hydroxybenzotriiazole (HOBt) ester and its general mechanistowgdling is shown in
Figure 5.3. HBTU in the presence of a base converts caiboagids to the
corresponding HOBt estét. It is the base N,N-diisopropylethylamine (DIEA) that

initiates this coupling reaction.

22¢



CH, CH,

3
8
ZT
Pl
o
e
o
[
\
z Q
/&
9]
&
l 3
3
\
ZT
i%
.
/
\
72
3/

HoNv W@ Resin

.

(o] +

[e]

Hy C HJ\NR i H

H N v Resin H esin AN
N ~ Fmoc v
NvVVResin

Fmoc/ o Fmoc Go N
Base
R
N

Base—H R

(o)

R
—_—

\ Ly
% ! \
N//

Figure 5.3: General mechanism for the HBTU/HOBt mediated coupéagtion of
peptides in SPPS.

(Nlustrated in the above diagram is the meahaius the
HBTU/HOBt mediated coupling reaction of a peptide to the solid supgsirt).
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Following Fmoc deprotection by piperidine in NMP the amine group on the
resin is available for amino acid coupling. The general nresima of Fmoc
deprotection using piperidine as strong base is illustrated wrd=-ig.4 below. The
peptide is then elongated from the C-terminus (carboxylic acidtibnal group) to the
N-terminus (amino functional group) via HBTU/HOBt/DIEA meid coupling

reactions similar to that illustrated in Figure 5.3 above.

Figure 5.4: General mechanism for deprotection of Fmoc using piperi8) as the

strong basé”

Following SPPS of the octarginine polypeptide, the remaining Fprnatecting
group on the hexanoid acid spacer is removed manually using piperidirendfganic
molecular probes were then manually conjugated to the polypeptidey us
HBTU/PyBOP/DIEA coupling reagent in a procedure described in xipergnental
section. Finally the dye-peptides were removed from the aeglrthe amino acid side-
chains (Pbf) groups deprotected using a cleavage cocktail. eBlogon between the
carboxyl group on the inorganic dyes and amino group on the peptide resthts i
formation of a stable amide bond. The bond stability may be explainaddsonance
contributor in which the nitrogen shares its lone pair with the carbmanpon. This
overlapping of molecular orbitals lowers the energy of the lone gral raises the

energy of the * orbital of the carbonyl, making it less reactive to noplailes.
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5.2 Resazurin and MTT Cell Viability Assays

In order to assess and compare the viability of the celtscell viability assays
were performed; the resazurin and MTT cell viability assayResazurin is a
colorimetric assay performed to determine the viabilityedfscand was also used in the
cytotoxicity studies previously. Resazurin (7-hydroxy-3H-phenoxazin-3-one-10}oxide
is a non-fluorescent blue coloured dye when exposed to green lighteveig upon
reduction of the dye to form resorufin (pink in colour) the dye is Hyightorescent
under green light. The dye is mainly used as an oxidation-reduaticaior in cell
viability assays for bacteria and mammalian cells. Thazwrin assay is based on the
ability of viable, active cells to reduce resazurin to resorafid dihydroresorufin, and
can be readily applied to both fixed and live cell cultures. Téilox conversion is
intracellular and is facilitated by mitochondrial, microsomahd a cytosolic
oxidoreductases. The rate of dye reduction is directly proportiongiet amount of
viable cells present in a given as$hyAn advantage of the resazurin assay over other
cell viability assays include its low toxicity to livinglts allowing for the study of cells
over longer time periods. Figure 5.5 illustrates the conwersi resazurin to resorufin

following reduction by active cell enzymes.

Reduction facilitated

- by mitochondrial, Na+
Na+ C|) microsomal
N and cytosolic
/@ \j;l oxidoreductases /@ j;il\
O O @)
Resazurin Resorufin
non-fluorescent brightly fluorescent

Figure 5.5: Schematic diagram illustrating the conversion of resaziairesorufin

following reduction by active cell enzymes.

The MTT assay is another colorimetric assay that measheesctivity of
enzymes that cause the reduction of MTT ((3-(4,5-Dimethylthiazd)-2;5-

diphenyltetrazolium bromide — yellow in colour) to formazan (purplecatour).

23z



Reduction of tetrazolium salts by dehydrogenases and reductasestgn living cells
results in the production of the artificial dye formazan thay v&a monitored by UV-
Vis spectroscopy. The assay detects living, but not deadarelishe signal generated
is dependent on the degree of activation of the E8llsFigure 5.6 illustrates the
conversion of the MTT tetrazolium salt to formazan following reidacby active cell

enzymes.

Reduction facilitated by
dehydrogenases and
N ~

reductases N—

o Ty T%

MTT Formazan
(yellow) (purple)

Figure 5.6: Schematic diagram illustrating the conversion of the K&frBzolium salt

to formazan following reduction by active cell enzymes.

5.3 SP2 Myeloma and CHO Cells

The two cell lines used throughout this thesis are SP2 myelom&ta@dcell
lines. SP2 myeloma cells are formed by fusing BALB/c spleglis (from mice
immunised with sheep red blood cells) with the P3X63Ag8 myelomaneShihamster
ovary (CHO) cells are epithelial cells which grow as dhement monolayer in culture
in many academic research laboratories. Furthermore, theheraost widely used
mammalian cells for transfection, expression and protein productidc-rom a
biochemical perspective, one of the main differences betwearcbbiines is that SP2
cells are a suspension cell line, whereas, CHO are an aglloediivine. Consequently,
there are likely to be significant differences in the s@@ression proteins on the cell
membranes, potentially leading to very different interactimtsreen both cell lines and
the luminophores/dye-peptides. This is of course assuming thautfexe proteins

interact with the dyes and octarginine polypeptides.

23<



Throughout the literature cells are commonly imaged as élle or fixed cells.
Live cells involve taking a sample of cells directly frahe cell culture and imaging
under the microscope immediately. In contrast, fixed cellseasentially adhered to
and preserved on a surface so that the imaging of thesenesilsake place over longer

periods of time.

This chapter details the synthesis of ruthenium (lI) and noweiuimi (I11)
inorganic metal luminophores conjugated to polyarginine peptideste Timinophores
have been shown to be highly luminescent, singlet oxygen generatirgg,irttanse
resonance Raman spectra and are oxygen / pH sensitive. Qiomjwjahe dyes to the
CPP octarginine allows for the passive and non-destructive enttigeomolecular
probes, without the need for permeabilisation, into living manamadells and these
dye-peptides may then be used for cellular imaging. As disdut in Chapter 1,
metallo dye-peptides hold significant potential for use as maegubbes suitable for
multimodal cellular imaging. Due to their large stokesftshiphotostability, long
agueous lifetimes and pH / oxygen sensitivity not only can thesallmdye-peptides
image cells but they may also provide critical informatioritanintracellular pH levels
and the oxygen concentrations using a single multimodal molecular probe.
Furthermore, this is the first time that an iridium (IlMinophore has been conjugated
to a polyarginine peptide and been used as a molecular probe féaraeflaging with

the potential for multimodal imaging applications.

In addition to the research carried out in this thesis, workn®wctly underway
by our research group to conjugate target-peptides to existingpemditrating dye-
peptides to help with targeted localisation within cell orgasellThis may prove very
useful in the detection of certain diseases as targets mayritkesised to detect
specific gene sequences known to be of harm. Additionally, thasittphotophysical
properties of these metal complexes, with their triplet edcgtates allowing for the
generation of singlet oxygen and other reactive oxygen species athyolenduced
apoptosis in cell&*™ thus, making these dye-peptides potentially valuable in te ar

of photodynamic therapy.
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5.4 Experimental Procedure

Chemicals

Protected amino acids, HBTU, PyBOP and Rink-amide MBHA regine
purchased from Novabiochem (Merck Biosciences). HOBt was pwdHasm Iris
Biotech GmbH. Synthesizer filters (in-line and reactor) avigests (DCM, NMP)
were sourced from Applied Biosystems. All other chemicalseweagent grade
purchased from Sigma-Aldrich and were used without further purdicatinless

otherwise stated.

Peptide Synthesis
Automatic Peptide Synthesis

The synthesis was carried out by automated Solid Phase P&yideesis
(SPPS) performed on an Applied Biosystem ABI 433A Synthesizenmil (10 fold
molar excess) quantities of each protected amino acids was likedamine group on
the resin is Fmoc protected initially but is available forreoracid coupling following
piperidine (20% in NMP) deprotection. The peptide was elongatedther@-terminus
(carboxylic acid functional group) to the N-terminus (amino grodpje sequence was

assembled with monitoring of the Fmoc deprotection by UV at 301 nm.

Manual Deprotection

Manual deprotection was used after automated peptide coupliegntove the
remaining Fmoc protecting group. The manual deprotection was peddn a syringe
fitted with a filter. Piperidine (20%) in DMF (v/v) was thadded to the syringe and
placed on the shaker for 10-15 minutes. The syringe was then ddramntke 20%
piperidine in DMF (v/v) was added again and shaken for adurt® minutes. This

process was performed twice.
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Manual Coupling

Manual peptide synthesis was used to label the peptides withattganic dye
probes. The resin was placed into a 5 ml syringe fitted willefeon filter and a
stopcock. The resin was allowed to swell for 1 hour in DMBugling reagent PyBop
was used in 5 molar equivalents to the resin and DIEA was usecinl&® equivalents
to initiate the reaction. The coupling reagents, inorganicaaigethe protected amino
acid were dissolved in 4ml of DMF and then DIEA was add€lde solution was then
added to the syringe and placed on the shaker for overnight.e3inenas filtered and
then washed twice with NMP and then a third time with DQGAW (5 ml aliquots of

each, for 2 minutes agitation).

Cleavage

A cleavage procedure was used to remove the dye-peptide frorasiheand
deprotect the amino acid side-chains (Pbf) once assembly ofetpgerece was
complete. The resin was placed in a test tube with a magtieter and the cleavage
cocktail was added. The cleavage cocktail consisted of trfoetic acid (6 ml, TFA
80%) while scavenging of the cationic species formed from theginog groups was
achieved by using; water (458, 5%), triisopropylsilane (4501, TIS or TIPS, 5%),
thioanisole (450, TA, 5%), ethandithiol (4501, EDT, 5%). The mixture was left to

stir for 4 hours at room temperature.

After stirring, the solution was filtered into a plastientrifuge tube using a
teflon tube fitted with a filter. To the centrifuge tube, dié#ther (10 ml) was added to
precipitate the peptide. The centrifuge tube was then placttk ifreezer for 5-10
minutes to aid the precipitation process. The product was certlifiige minutes at
2.8° 10°rpm. The acidic liquid supernatant was removed. The peptidethen
washed twice using diethyl ether (15 ml) before being air daed hour. Finally the

product was left on the freeze drier overnight.
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The preparation of [Ru(bpy(picCOOH)Arg]*** bioconjugate
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Figure 5.7: Schematic diagram of [Ru(bgpicCOOH)Arg] ***.

Eight vials each containing Fmoc-Arg(Pbf)-OH (650 mg, 1 mmol) ardvial
containing an hexanoic acid spacer Fmoc-6-Ahx-OH (354 mg, 1 mmol)waghed
out and placed into the SPPS. The peptide was assembled using Rk Resin
(172 mg, 0.36 mmol) and was performed on the SPPS as describeduglse
Following the reaction, the resin was transferred into DMF ({4tandllow for swelling

of the resin.

Half of this solution (2 ml) was added to a vial already coirtgi PyBOP (78
mg, 0.15 mmol), [Ru(bpylpicCOOH)F".(CIOs), (150 mg, 0.16 mmol) and DMF (2
ml). Finally, DIEA (40 |, 0.23 mmol) was added and the solution was left shaking
overnight. The resin precipitated and was washed with NMP 631iimes) and DMF
(5 ml x 3 times) allowing for 2 minutes agitation before ealtbriing. The remaining
resin was then left to dry. The peptide was cleaved by standathods and then
purified by RP-HPLC as described previously. The fractioobected by semi-
preparative HPLC were analysed by mass spectrometry angutity confirmed by
HPLC analysis (conditions as outlined in Chapter 2 with a retertme of 28.41
minutes). The synthesis yielded an orange coloured solid (2.8 mg, 34%)purity of
the dye-peptide was confirmed by mass spectrometry and HRa@ses. A stock
solution (20 M) in PBS buffer pH 7.4 was then made up and kept inrdezér.

MALDI-TOF ([Ru(bpy)(picCOOH)Arg]'** m/z): 2120.3, (M]) 2120.5.
HPLC single peak retention time of 28.41 minutes. (HPLC conditisrdeacribed in
Chapter 2)



The preparation of [Ir(dfpp}(picCOOH)Arg]** bioconjugate
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Figure 5.8: Schematic diagram of [Ir(dfpicCOOH)Arg] **

Eight vials each containing Fmoc-Arg(Pbf)-OH (650 mg, 1 mmol) ardvial
containing an hexanoic acid spacer Fmoc-6-Ahx-OH (354 mg, 1 mmol)waghed
out and placed into the SPPS. The peptide was assembled using Rk Resin
(172 mg, 0.36 mmol) and was performed on the SPPS as describeduglse
Following the reaction, the resin was transferred into DMF (4tandllow for swelling
of the resin.

Half of this solution (2 ml) was added to a vial already coirtgi PyBOP (78
mg, 0.15 mmol), [Ir(dfppXpicCOOH)T.(CIO4) (200 mg, 0.20 mmol) and DMF (2 ml).
Finally, DIEA (40 |, 0.23 mmol) was added and the solution was left shaking
overnight. The resin precipitate was washed with NMP (5 @iltimes) and DMF (5
ml x 3 times) allowing for 2 minutes agitation before eachriiite The remaining
resin is then left to dry. The peptide was cleaved by stamdettiods and then purified
by RP-HPLC as described previously only this time using 5% Wstead of 0.1%
TFA. The fractions collected by semi-preparative HPLC ewanalysed by mass
spectrometry. The synthesis yielded a yellow coloured sdlidnig, 34%). The purity
of the dye-peptide was confirmed by mass spectrometry and HR&lgses. A stock
solution (20 M) in PBS buffer pH 7.4 was then made up and kept inrdezér.
MALDI-TOF ([Ir(dfpp)2(picCOOH)Arg]** m/z): 2279.4, ([M-H)]) 2274.0.
HPLC single peak retention time of 30.27 minutes. (HPLC conditisrdeacribed in
Chapter 2)
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5.5 Results and Discussion

5.5.1 Ruthenium (II) Conjugated Polypeptide

This particular dye-peptide had been synthesised previously by oug‘gt"
and it was synthesised here again to understand the basic psnoyblved in SPPS,
the bioconjugation of a luminophore to a peptide and uptake of a dyeeeptid
mammalian cells. Furthermore, for the first time the uptdkbis ruthenium molecular
probe in CHO cells is examined. Coupling of [Ru(bfirCOOH)F* to the
polypeptide gave a moderate yield (2.8 mg, 34%). This is farltivan the conjugated
percentage vield of 85% quoted by Neugebaeteml!” in their synthesis of this
particular ruthenium polypeptide. Mass spectrometry and Hialysis were used as
standard to confirm the purity of both dye-conjugates. The rutheniyangd iridium
(1) polypyridyl dyes used were conjugated through a singgetive carboxyl group on
the pH sensitive ancillary ligand with the amino functionaldy the protected
polypeptide. As a result of the selective coupling reagtithiey generally do not
contain isomers or other competing functional groups that may in turrr lthee
synthetic yields furthef: **

Figure 5.9: MALDI-TOFmass spectrum of [Ru(bpgpicCOOH)Arg] *°* with the

molecular ion of interest at 2120.45 m/z.
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MALDI-TOF mass spectrum (Figure 5.9) of the ruthenium (II) bioagate
reveals the molecular ion of interest at 2120 m/z along witle@vése fragmentation
pattern associated with the loss of individual arginine moietidhis sequential
stepwise mass spectrum fragmentation for the ruthenium dyed@agptin contrast to
that seen for the iridium dye-peptide. However, fragmentatfopeptide bonds by
transition metals has been observed previd@8ly The purity of this conjugate was
confirmed by HPLC analysis which showed a single peak with a i@tetithe of 28.41
minutes using HPLC conditions as set out in the Chapter 2. Gaigngof the
ruthenium (Il) dye to the peptide did not cause any significaetratibns to the
wavelength of absorbance and emission of the conjugate when eaimpahe parent
dye as shown in Figure 5.10 below. Previous rédutiiso indicated that conjugation
of the dye did not cause any variations in the pKa of the dyedeeptien compared to

the free parent complex.

Absorbance -vs wavelength

- Absorbance of [Ru(bpy),(picCOOH)]**

- Absorbance of ([Ru(bpy),(picCOOH)Argg]***
- Emission of ([Ru(bpy),(picCOOH)Argg]™**
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Figure 5.10: Overlaid absorbance and normalised emission spectraggati 458 nm,
slit widths: 5 nm, normalised to 1 arbitrary unit) of 20 X°N0 [Ru(bpy)(picCOOH)]2+
and [Ru(bpy)(picCOOH)Arg] *°* in PBS buffer (pH 7.4) solutions.
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The UV-vis spectrum of [Ru(bpypicCOOH)Arg]'®* and its parent dye
displays a MLCT with a maximum absorbance at 457 nm as desanili@dapter 3.
However, the absorbance tail of the dye-peptide extends slifyhither into longer
wavelengths. The absorbance band at 285 nm is assigned teansitions within the
bpy ligands, whereas the shoulder at 330 nm is assigned te th&ansitions of the

[picCOOH] ligand containing the two ionisable protons on the inaladng.

The emission spectrum of [Ru(bpficCOOH)f* has a maximum at 608 nm,
whereas, [Ru(bpyjpicCOOH)Arg]*** has an emission maximum that is slightly red-
shifted to 611 nm when excited into the MLCT band at 457 nm. Table 5dacesihe
photophysical results of the parent ruthenium dye and the rutheniumepegptipigate.
Both the lifetimes and the quantum yields are very similattfair of the free ruthenium
(I) dye and the conjugated complex indicating that the peptdelitile effect on the
photophysics of the luminophore. These photophysical results correspdnditive

what has been reported in Chapter 3 and has already been piBlishe

Compound Lifetime®* | x°value Quantum Yield®
[Ru(bpyk(picCOOH)F* 820 +/- 6 ns 0.986 0.074
[Ru(bpy)(picCOOH)Arg] ™" | 838 +/- 8 ns 0.107 0.071

Table 5.1: Photophysical comparison of parent ruthenium dye versus dygatm]

& Monoexponential lifetimes measured in degassed PBS buffer solutidn4(pat room
temperature
® Photoluminescent quantum yield) (in PBS buffer solution (pH 7.4) at room

temperature, using [Ru(bpy}* as standard .
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5.5.1.1 Cellular Uptake of [Ru(bpypicCOOH)F* and [Ru(bpy}(picCOOH)Arg]***

In order to assess and compare the ability of the compoundsispdraacross
the cell membrane of two different cell lines, SP2 and CHQs aeére cultured
separately on 35 mm glass bottom culture dishes. SP2 cellseesed at 5 x f@ells
in 2 ml media and CHO cells were harvested after trypinis (0.25% trypsin for 5
minutes at 37C) and seeded at 8 x1€ells in 2 ml media. Both cell types were grown
for 48 hours before imaging. For confocal measurements the groadiumm was
removed by washing with PBS buffer (pH 7.4) and 20of the ruthenium parent
complex (1.4 mM) or ruthenium dye-peptide (1.4 mM) in PBS (pH 7.4h MgClL and
CaCh) was added. The Iluminophore and dye-peptide were made to a final
concentration of 70 uM with PBS (pH 7.4) and were imaged imnedgiaell imaging
throughout this chapter was performed by Dr. Roisin Moriarty, a pdstddc

researcher for the Prof. Tia Keyes research group.

The cellular imaging results shown below highlight the ability of
[Ru(bpy)(picCOOH)Arg] % to passively transport across the cell membrane of SP2
myeloma and CHO cells, whereas, the parent dye alone showed nacevideapacity
to diffuse across either cell line as shown in Figure 5.11 bekawthermore, the parent
ruthenium complex showed no strong luminescence within cell linesa#0 minute
time period. However, diffusion of the ruthenium parent dye 8" and CHO cells
could be accomplished using a 0.1% Triton solution, to permeatfigsmembrane, as
illustrated for CHO cells in Figure 5.12.
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(a) (b)
Figure 5.11: Luminescencent confocal rainbow images<(458 nm, ¢m= 610 nm) of
(a) live SP2 myeloma cells incubated with [Ru(b{mi¢ COOH)F* (70 x 10° M) after
15 minutes and (b) live CHO cells incubated with [Ru(#pidCOOH)F* (70 x 10°
M) after 15 minutes in PBS buffer (pH7.4) at room temperatureagg@si courtesy of

Dr. Roisin Moriarty)

Figure 5.12: Luminescencent confocal image (left) and rainbow image ((ight)458
nm, .» = 610 nm) of fixed CHO cells incubated with [Ru(bfiyitCOOH)F* (70 x
10° M) in 0.1% triton in PBS solution (pH 7.4) after 15 minutes at roemperature.

(Images courtesy of Dr. Roisin Moriarty)
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As discussed in detail in Chapter 1 Neugebauer &l &@ve previously
demonstrated the ability of [Ru(bpgicCOOH)Arg]'* to transport across the cell
membrane of SP2 cells. This material was preparedtbesgtend these studies and
examine its uptake for the first time in CHO cells. As sh@neviously in Chapter 1, it
was confirmed that the migration of the ruthenium dye-peptideA2 cells was quick
and was complete after 10-15 minutes at room temperature in e@rsilde process.
All SP2 myeloma cells in a buffered solution were exposed toah doncentration of
70 M of [Ru(bpyk(picCOOH)Arg]*®* which led to bright luminescence within the
cellular membrane and cell's cytoplasm after only 2 minut#s minimal intensity
from the background by comparison. Over the next 10 minutes th@egyele
continues to distribute throughout the cellular plasma with ktielence for targeted
localisation within specific cell organelles as shown in Figuid. The z-stack images
confirming the distribution of the ruthenium dye-peptide throughout the eliffe3P2

cell organelles is also shown in Figure 5.14.

) (b)

Figure 5.13: Luminescencent confocal images< 458 nm, ., = 610 nm) of live SP2
myeloma cells incubated with [Ru(bgpicCOOH)Arg] ' (70 x 10° M) after (a)
after 10 minutes (rainbow image) and (b) after 48 minutes (luminescage)rm PBS

(pH 7.4) at room temperature. (Images courtesy of Dr. Roisin Mg)ia
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Figure 5.14: Luminescencent confocal z-stack imagges @58 nm, .,= 610 nm) of
live SP2 myeloma cells incubated with [Ru(b@i3 COOH)Arg] *°* (70 x 10° M)
after 30 minutes in PBS (pH 7.4) at room temperature. (Imegasesy of Dr. Roisin
Moriarty)

By comparison, uptake of the ruthenium dye-peptide in CHO cels dot
appear to be as efficient as that for SP2 cells. Inisat@in of the ruthenium dye-
peptide in SP2 cells was complete after 10-15 minutes, wherels the same
conditions, uptake of the ruthenium probe in CHO cells was obsertiee same extent
over time frames of upwards of 40 minutes as shown in Figure S.itliaated by the
luminescent intensity of the dye inside the cells. Even thenhdison of the dye
within cell organelles is not the same as seen for SP2 citls ruthenium probe seems
to distribute throughout the cellular plasma with little locdiisain any CHO cell
organelles. The longer uptake times of [Ru(bfpi3COOH)Arg]'®" may partially
account for their decreased cytotoxicity in CHO cells when coedpiar other transition

metal probes as discussed in Section 5.5.3.
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Figure 5.15: Luminescencent confocal image (left) and rainbow image)(tight 458

nm, «»= 610 nm) of live CHO cells incubated with [Ru(bfplcCOOH)Arg] °* (70 x

10° M) after 40 minutes in PBS (pH 7.4) at room temperature. (Imegeagesy of
Dr. Roisin Moriarty)

5.5.2 Iridium (lll) Conjugated Peptide

The synthesis of the iridium (lll) conjugated peptide proved movbl@matic
than the ruthenium (1) conjugated polypeptide. This was largelyldupoor aqueous
solubility of the iridium dye, however, the isolated yield wdseniical to that of the
ruthenium peptide. Many solvent combinations were tried to dissbé/einpurified
dye peptide including DMSO, methanol, water and DMF for HPLC ipatibn
purposes. Finally, it was found that a mixture of 5% trifluoraa@etid (TFA) in water
was a suitable solvent mixture for the HPLC purification of ihdéium peptide.
MALDI-TOF mass spec analysis of the product is shown in Fi§uré below with the
molecular dye-peptide ion of interested present at 2274 m/z. H@h@rmed the
purity of the iridium dye-peptide with a single peak retention toh&0.27 minutes
with the HPLC conditions as outlined in Chapter 2.
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Figure 5.16: MALDI-TOFmass spectrum of [Ir(dfpgpicCOOH)Arg] °** with the

molecular ion of interest at 2274 m/z.

Figure 5.17 illustrates the absorbance and emission spedtia ke iridium
(1) polypyridyl parent dye and the corresponding iridium dye-peptidAs seen
previously in Chapter 4, the UV-vis spectrum of [Ir(dfgpicCOOH)] displays a LC
difluorophenyl pyridine - * electronic transitions giving maximum absorbance peaks
at 246 nm and 282 nm. The shoulder at 325 nm may be assigned to tigaidral *
transition of the [picCOOH)] ligand and is pH dependent, as are-thdransitions at
246 nm and 282 nm. There is evidence of a MLCT transition fronirithem d to
[dfpp] * orbital at 416 nm in PBS buffered (pH7.4) solution containing 1% DMSO,
which is red shifted when compared to the corresponding complexeitontrile

solution.



Absorbance -vs- Wavelength

- Absorbance of [Ir(dfpp),(picCOOH)]"

- Absorbance of ([Ir(dfpp)z(picCOOH)Args]g+
- Emission of ([h‘(dfpp)z(picCOOH)Argg]9+
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Figure 5.17: Overlaid absorbance and normalised emission spectraggati 380 nm,
slit widths: 5 nm, normalised to 0.5 arbitrary units) of 20 x °MI0
[Ir(dfpp)2(picCOOH)]" in PBS buffer (pH 7.4 + 1% DMSO) solution and
[Ir(dfpp)2(picCOOH)Arg| **in PBS buffer (pH 7.4) solution.

The UV-vis spectra of [Ir(dfpplpicCOOH)Arg]®* is dominated by a peptide
absorbance peak at 262 nm. There is evidence of a shoulder am38Qe to the
intraligand - * transition of the [picCOOH] ligand. There is also evidentea slight
MLCT absorbance peak at 387 nm. The emission spectrum of thieidrem dye has
a maximum emission at 537 nm and the corresponding dye-peptide hgistlg std
shift emission at 543 nm in comparison. Table 5.2 outlines bothifétienes and
guantum yields of the free iridium and coupled iridium dye-peptitlshows that there
are no significant differences between the lifetimes and goantields following
conjugation to octarginine and the values are similar to thipeadst determined in
Chapter 4.
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Compound Lifetime® x* Value Quantum
Yield"
(percentage component)
[Ir(dfpp)2(picCOOH)[ 142 +/-5ng 13 +/-2ns 0.897 0.115
(92%) (8%)
[Ir(dfpp)2(picCOOH)Arg]” | 153 +/- 7 ng| 10 +/- 3 ns 0.921 0.109
(94%) (6%)

Table 5.2: Photophysical comparison of parent iridium dye versus dyaegaig]

& Biexponential lifetimes measured in degassed PBS buffer solution 4pldt 7oom
temperature.

b Photoluminescent quantum yield) (in PBS buffer solution (pH 7.4) at room
temperature, using [Ru(bpy§* as standard .

*(Buffer contains 1% DMSO in the case of the free dye measnteme

A key difficulty in the application of inorganic dyes to celluimaging is their
inability to penetrate the cytoplasmic membrane of thimdiwcell. This is greatly
amplified by the poor aqueous solubility of the [Ir(dfgp)cCOOH)] dye. As
discussed in Chapter 1, iridium (Ill) dyes have been used bédoienage cells,
however, solvents such as DMSO have been employed in the imagirgsprto aid
with solubility issue$® Low concentrations of DMSO (< 1%) have been reported in
the study of SP2 myeloma cells without significant adversectsffon the cells
themselve&’*®! However, it is noted that due to the toxic nature of suchwersolit
calls into question the viability of the ceffs® The implications of using organic
solvents, in particular ethanol and DMSO, on the viability of l& dwing cellular

imaging is discussed in Section 5.5.3.2.
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5.5.2.1 Cell Uptake of [Ir(dfpp(picCOOH)]" and [Ir(dfpp)(picCOOH)Arg]**

As preformed previously for the ruthenium cellular uptake expetsn&#2 and
CHO cells were cultured separately on 35 mm glass bottamreudishes and 20 of
the iridium parent complex (1.4 mM) or iridium dye-peptide (1.4 nMPBS (pH 7.4,
with MgCl, and CaCJ) was added. The luminophore and dye-peptide were made to a
final concentration of 70 uM with PBS (pH 7.4) except for tiium parent complex
which made to 70 uM in 0.05% DMSO in PBS (1:20 dilution from stock iRko

DMSO) and were imaged immediately.

As Figure 5.18 shows, surprisingly, the iridium (Ill) parent thgmsports across
the membrane passively after less than 10 minutes. Initfalydye is located in the
cell’'s membrane after approximately 10 minutes at room temyerat PBS (pH 7.4
containing 0.05% DMSO) as shown in Figure 5.18 (a). Howeverthbisght that the
use of DMSO as co-solvent, to help with solubility of the dye, geaseabilised the

cell membrane.

The vesicles observed in the SP2 cell after 30 minutes (Fgu8 (b)) is an
indication of cell death. Vesicle formation also occurs in endstt however as
discussed in Section 5.5.3, the iridium (lll) complex exhibitsreemely high
cytotoxicity in comparison to the ruthenium parent luminophore which dotdisplay
any signs of vesicle formation in SP2 cells following 30 minattesoom temperature.
This is further confirmed when the nuclear staining dye of deds, DRAQ7, showed
some penetration of SP2 cells without the iridium luminophore prefent30 minutes
in PBS (pH 7.4 containing 0.05% DMSO). However, under identmadliions with
the iridium (lll) complex present, the DRAQ7 dye displayeddentce of the nuclear
staining of cells indicating cell death. In contrast, thbenium luminophore showed
little evidence of DRAQ7 nuclear staining both with and without tbhghenium
complex present in PBS (pH 7.4) after 30 minutes. Following inaubatith the dye
overnight at 37C the iridium luminophore has completely permeated the cell's
cytoplasm. Z-stack images of the cells confirm the disiobubf the dye throughout

the whole cell [images not shown].
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(a) (b) (©)
Figure 5.18: Luminescencent confocal images< 375 nm, ., = 520 nm) of live SP2
myeloma cells incubated with [Ir(dfp)icCOOH)]" (70 x 10° M) after (a) 10
minutes at room temperature, (b) 30 minutes at room temperature aadefmight at
37 °C in PBS (pH 7.4 containing 0.05% DMSO). (Images courtesy of DrinRois
Moriarty)

Longer uptake times and results are observed for the interaof the
[Ir(dfpp)2(picCOOH)] complex with CHO cells as illustrated in Figure 5.19. Figure
5.19 (a) shows little uptake of the iridium dye following 5 minimesibation, however,
after a time period of 40 minutes (Figure 5.19 (b) and (c)@nhrtemperature the dye
is distributed throughout the cell’'s cytoplasm but without ever ieigtehe nucleus of
the cell. Once again there is evidence of cellular lesiadicating potential cell death.
In contrast the ruthenium parent complex did not exhibit transmembeargport after
40 minutes incubation time as seen here for the iridium e@mtval Figure 5.20
demonstrates the emission profile and luminescent image afidhen dye in a CHO
cell compared with the surrounding media. Luminescence frordeirisie cellular
structure corresponds to the characteristic emission of [Ir(deEOOH)] at ~520
nm (Figure 5.20 - region of interest 2). Furthermore, minima@k&on intensity is
detected this wavelength as a result of the background luminesteRagure 5.20 -

region of interest 1.

251



(@) (b) (€)

Figure 5.19: Confocal images.(= 375 nm, ., = 520 nm) of live CHO cells incubated
with [Ir(dfpp)2(picCOOH)[" (70 x 10° M) after (a) 5 minutes at room temperature
(rainbow image), (b) 40 minutes at room temperature (luminescent jraage(c) 40
minutes in PBS (pH 7.4 containing 0.05% DMSO) at room temperature (rainbow

image). (Images courtesy of Dr. Roisin Moriarty)
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Figure 5.20: Emission intensity profile and luminescent confocal infjage 375 nm,
«n = 520 nm) of live CHO cells incubated with [Ir(dfp@icCOOH)]" (70 x 10° M)
after 30 minutes in PBS (pH 7.4 containing 0.05% DMSO) at room temperature

(Image courtesy of Dr. Roisin Moriarty)
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Importantly, the distribution of the iridium dye-conjugate in both SP2GHO
cells is different to that of the parent iridium dye compldxgure 5.21 displays the
distribution of the iridium peptide in SP2 myeloma cells. FdhR2l (a) shows that the
dye-peptide is initially concentrated in the cell membraier &-10 minutes at room
temperature. The centre of this particular group of celldgare 5.21 (a) is protected
from the iridium dye-peptide and therefore the observed uptake mdk#s is less then
that of the cells located around the edges. After approxind@iminutes at room
temperature complete internalisation of the dye is observéwindll's cytoplasm and
what appears to be the nuclear membrane as shown in Figure 5.2ib(®ver, Figure
5.21 (c) suggests that the cellular walls of the SP2 belle been disrupted following
incubation with the parent dye for 50 minutes at room temperatlings finding is
supported by DRAQ?7 staining of the SP2 cells after 50 minutes, Wddahses in the
nucleus confirming cell death. The high mortality rate &2 Scells following
incubation with the iridium-peptide is further confirmed by cytotdayisitudies of the
dye-peptide in Section 5.5.3. Z-stack images in Figure 5.22 st@adistribution of
the dye-peptide in the SP2 cell membrane over a time frarh8-84.5 minutes whilst

imaging at room temperature.

(a) (b) (c)

Figure 5.21: Luminescent confocal images € 375 nm, ., = 520 nm) of live SP2
myeloma cells incubated with [Ir(dfp)icCOOH)Arg]®* (70 x 10° M) after (a) 5
minutes, (b) and (c) 50 minutes in PBS (pH 7.4) at room temperalaraggs courtesy

of Dr. Roisin Moriarty)
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Figure 5.22: Luminescent confocal z-stack images=(375 nm, ., = 520 nm) of live
SP2 myeloma cells incubated with [Ir(dfg(pjcCOOH)Arg] °* (70 x 10° M) after 18-
24.5 minutes in PBS (pH 7.4) at room temperature. (Images courtd3y &foisin
Moriarty)

As expected, the transmembrane transport of the iridium dyidpdanto CHO
cells proved to be much quicker than for the corresponding [Ir(dfppZOOH)T
complex and full penetration of the cell membrane is evideet aihly 10 minutes
(Figure 5.23 (b)). As seen previously in SP2 cells, the dyadeeps initially
concentrated in the cell membrane of the CHO cells. Followipgriod of about 10
minutes the dye-peptide is located throughout the CHO cell’'shmaara, cytoplasm,
nuclear membrane and inside the nucleus itself. However, folipan incubation time
of 30 minutes at room temperature the iridium conjugate perméatewhole CHO
cell, making identification of internal cell organelles difiit as illustrated in Figure
5.23 (c). Once again there is evidence of the formatioresicles inside the cellular

structure after only 10 minutes indicating the start of cdklal
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(a) (b) (c)
Figure 5.23: Luminescent confocal images € 375 nm, ., = 520 nm) of live CHO
cells incubated with [Ir(dfppfpicCOOH)Arg]** (70 x 10° M) after (a) 5 minutes, (b)
10 minutes and (c) 30 minutes in PBS (pH 7.4) at room temperature. flroagagesy
of Dr. Roisin Moriarty)

Figure 5.24 shows the luminescent cross section of the iridiptdpein live
CHO cells after 25 minutes at room temperature. A z-siaege in Figure 5.25
confirms the distribution of the dye-peptide throughout the CHO cétlissomparison
the ruthenium peptide also exhibits a bright a luminescenceifrside the CHO cells
and is distributed throughout the cell’'s cytoplasm, however, nois localised as
noticeably in specific cell organelles after a 40 minutestasvn in Figure 5.15.
However the cytotoxicity for the iridium-peptide is far greatiean the ruthenium-

peptide in CHO cells, vide infra.
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Figure 5.24: Luminescent confocal image, E 375 nm, ., = 520 nm) showing
luminescent cross section of a live CHO cell incubated with
[Ir(dfpp)2(picCOOH)Arg] ** (70 x 10° M) after 25 minutes in PBS (pH 7.4) at room

temperature. (Image courtesy of Dr. Roisin Moriarty)

Figure 5.25: Luminescent confocal z-stack images=(375 nm, ., = 520 nm) of live
CHO cells incubated with [Ir(dfpppicCOOH)Arg]®" (70 x 10° M) after 18-24.5
minutes in PBS (pH 7.4) at room temperature. (Images courtesyr.oR@sin

Moriarty)
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5.5.3 Cytotoxicity Studies

With the evidence of vesicle formation, in particular in ba®#2 &nd CHO cells
following incubation with the iridium (lll) complex, it is impamt to assess the
potential toxic effects of the metal complexes on the cedklinThe cytotoxic effect of
the parent luminophores and dye-peptides was determined usingsaeurgaviability
assay which is explained in detail in the introduction. Bothloeds were incubated
with parent luminophores and dye-peptides in PBS (pH 7.4) overnighf@tidthe
dark over a range of concentrations and their cell viabiisplts were determined the

following day.

Figures 5.26 and 5.27 below illustrate the cytotoxic effectthe parent
luminophores and conjugated dye-peptides on SP2 myeloma and CHGnesll |
respectively. It is evident from both sets of results that iridium (Ill) complex
exhibits a toxic effect on the cells well above that of rimdenium (lI) complexes.
Since the cytotoxicity experiments were performed in thi, diae cell death as a result
of the singlet oxygen generating ability of the complex is censdito be minimal.
Other factors that may explain the increased cytotoxicity @firidium probe include
the fluorination of the cyclometalating iridium (1) ligands any potential reduction in
the ligand in the cells may lead to the formation of fluoridictv is known to be
highly toxic at high concentratio®S! In addition, the iridium metal centre is much
larger than that of the ruthenium metal centre and as d resut as well protected by
the coordinated ligands from potential interactions with the surrourdithg This may

result in increased cytotoxicity in cells due to the toxgium metal centre.

The iridium polypeptide shows the greatest cytotoxicity of all dbmplexes
analysed even above that of the iridium parent using DMSO sdvant. This is
thought to be due to the more localised, increased and fastelaccelptake of the
iridium peptide when compared to the iridium parent dye. Busviresults have
indicated significant uptake of the iridium peptide occurs aftey afier 10 minutes,
whereas, much longer time periods are required for similakagdiy the parent iridium

complex, facilitated by the use of DMSO as co-solvent.



By comparison, the ruthenium moieties display much lower cytatgxic both
SP2 and CHO cell lines when compared to the iridium equivaldris may be due to
a number of things including a smaller ruthenium metal centrenarftlorination of
cyclometalating ligands. The ruthenium polypeptide displayed veiias cytotoxicity
to that of the ruthenium parent dye in both cell lines. This eig/ \unteresting
considering that the ruthenium parent dye has been shown previousty tnegport
across the cell membrane of either cell lines without pdriiestion, whereas, the
ruthenium dye-peptide showed internalisation inside SP2 cells Hiteninutes and
CHO cells after approximately 50 minutes. The relatively totoxicity, up to a
concentration of 140M, of the ruthenium polypeptide probe further supports its use as

a molecular probe for multimodal imaging purposes.

Figure 5.26: SP2 myeloma cell cytotoxicity at different concentratadrthe parent
luminophore and dye-peptide complex. Resazurin assay (n=4) was usedriargete
the cytotoxic effects of the complexes on the cell linesioitpincubation overnight at

37°C. (Data courtesy of Dr. Roisin Moriarty)
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Figure 5.27: CHO cell cytotoxicity at different concentrations tbke parent
luminophore and dye-peptide complex. Resazurin assay (n=4) was usedriargete
the cytotoxic effects of the complexes on the cell linesoitpincubation overnight at

37°C. (Data courtesy of Dr. Roisin Moriarty)

The increased cytotoxicity of the iridium (lll) peptide whesmpared to the
ruthenium (Il) peptide in CHO cell lines is highlighted again iguFe 5.28 below.
Following incubation with the dye-peptides in the dark for approxim&g&lyninutes,
DRAQ7, was added to the cells under analysis for approximatelyiiiies. DRAQ7
is a far red fluorescent DNA dye that only stains the nwflelead and permeabilised
cells and does not enter intact live cells. Furthermorss, #lso non-toxic to cells.
Figure 5.28 shows no luminescence from the DRAQ7 in the CH® aed only the
emission from [Ru(bpyg][picCOOH)Arg;]1O+ is detected. This suggests that the CHO
cells remain alive during the analysis of the ruthenium conjugfatg to 50 minutes.
This observation is also seen for the ruthenium-peptide in SRZ[icetige not shown]
and this is further supported by co-localisation studies perfolmgeNeugebaueet
al. involving the distribution of the ruthenium (I1) peptide in SP2 cadisliscussed in
Chapter 1.
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(a) (b)
Figure 5.28: Confocal images ¢ = 458 nm, ., = 610 nm) of fixed CHO cells
incubated with [Ru(bpyfpicCOOH)Arg] 1> (70 x 10° M) and DRAQ 7 (4 x 10 M —
excited at 633 nm) after 50 minutes in PBS (pH7.4) at room temperat(ag.
Backscatter image and (b) luminescent image. (Images courte§yr. oRoisin

Moriarty)

On the other hand, Figure 5.29 displays bright luminescenceeittsdnucleus
of both SP2 and CHO cells following 50 minutes incubation with the
[Ir(dfpp)2(picCOOH)Arg]®* conjugate at room temperature in the dark. This signals
the unquestionable cell death of CHO cells as a result abation with the iridium

molecular probe even without scanning continuously at 375 nm.

(@) (b)

Figure 5.29: Luminescent confocal imageg € 375 nm, ., = 520 nm) of (a) SP2 and
(b) CHO cells incubated with [Ir(dfpg(picCOOH)Arg] ** (70 x 10° M) and DRAQ 7
(4 x 10° M — excited at 633 nm) after 50 minutes in PBS (pH7.4) at room temperat

(Images courtesy of Dr. Roisin Moriarty)
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The resazurin cytotoxicity studies performed involve incubatingctmplexes
with the cells overnight in the dark at°87and determining cell death by absorbance of
resorufin produced at 570 nm. Hence, one critical factor yet tallyecbnsidered is
the continuous wavelength of excitation used for both iridium complE#& nm) and
ruthenium complexes (458 nm). The higher energy of excitation of rithemn
complexes, when compared to the ruthenium complexes, also acoouitss \Visible
signs of increased cell death in both SP2 and CHO cells.isTtwand to be the case as
DRAQ?7 staining is evident for both ruthenium and iridium luminophoresP2 &d
CHO cells after 50 minutes following continuous irradiation at 375 rFigure 5.30
shows extensive DRAQ7 nuclear staining of SP2 cells when incubatéd w
[Ru(bpyk(picCOOH)Arg] ' at room temperature for 50 minutes following constant
irradiation at 375 nm. In general, such extensive cell deatnot observed under
identical conditions using a continuous excitation wavelength of 458image not

shown)].

Figure 5.30: Confocal images.(= 375 nm, .,,= 610 nm) of SP2 cells incubated with
[Ru(bpy)(picCOOH)Arg] " (70 x 10° M) and DRAQ 7 (4 x 10 M — excited at 633
nm) after 50 minutes in PBS (pH7.4) at room temperature. (Imageesguof Dr.

Roisin Moriarty)
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Interestingly, when no dye is present under continuous excitatiod5an®
there is minimal evidence of cell death, as observed withvidiality dye DRAQ7
nuclear stain as shown in Figure 5.31 for CHO cells. Theretomgay be concluded
that the iridium complex itself and in particular excitatiortha iridium dye at 375 nm
at shorter time frames causes a significant contributionltodeath. Furthermore, after
image acquisition and continuous 375 nm laser scanning for 60 minutes iofdtum
dye-peptide, 90% of the cells were dead as observed with DRAQ&anuwlye. In
addition, when moving to a different field of view there is legslence of staining for
DRAQ7. This suggests that the increased cell death is dubgtat activated process,
which most likely considered to be the generation of singlet oxngb,—g).( This is
further supported by preliminary experiments using ascorbic acidsaglet oxygen
scavengé?ll which has resulted in a reduction in cell cytotoxicity of tigiim peptide

from 50% to 5% under similar experimental conditions outlined here.

Figure 5.31: Confocal rainbow image.{(= 375 nm, .,= 610 nm) of CHO cells with
DRAQ 7 (4 x 10 M — excited at 633 nm) after 50 minutes in PBS (pH 7.4) following
continuous irradiation at 375 nm at room temperature. (Image courtesy ddisin

Moriarty)
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In general however, the ruthenium peptide (when excited at 458 lsm) a
appears to be inducing some cell death but this is not nebesksr to the laser as
different fields of view have different cell death populatiorSimilarly, the iridium
peptide (when excited with the 375 nm laser) is inducing eeltidbut this is dependent
on the laser at shorter time frames as different fieldseo¥é have different cell death as
observed by DRAQ?7 nuclear staining. It has been shown thenirigiduces cell death
after 16 hours exposure at°@7in the dark in the cytotoxicity studies, but one of the
main contributing factor to cell death following 1 hour exposure taheroom
temperature seems to be the 375 nm laser excitation. pPlidyranduced cell death
using the iridium probe at 375 nm excitation is highlighted by thetliattthe DRAQ7
mean pixel intensity goes from 1.41 to 5.94 after only 4 scanshencdénfocal

microscope.

In general, it also appears that upon increased light exposurkstaargaining
dye, the emission intensity also increases with time. ®usecof this could be two
fold: firstly, the effect of the 375 nm laser when the dygrésent is known to damage
cell viability and could cause membrane disruption leading to fudye leakage into
the cells. Or secondly, light exposure of the inorganic complegescause an
increased production of singlet oxygen, and therefore a decreasdeicular oxygen in
the cell, which could in turn induce changes in pH of the cellss Whi have an impact
on the emission intensity of the luminophores as they have been showouphgun
Chapters 3 & 4 to be very pH sensitive. For example, thesamni intensity of the
iridium dye increases with decreasing pH and this could also acfayuhe increases
in emission intensity in the observed confocal images after hGtes incubation and
peaking at 40/60 minutes [images not shown]. A further factortyebe fully
considered is the fact that imaging of the cells takesepéicroom temperature and
without a 5% CQ controlled environment. This may cause additional stressdseon t

cells which could also lead to increased apoptosis.

Overall, however, it can be concluded that phototoxicity of the lumimeghe
having a dramatic impact on the cell viability under the imagiogditions. The
damaged cell is either up-taking more dye than an intact onbamges in pH and
singlet oxygen generation of these dyes is causing an inaredseoverall intensity of

the luminophore within the cells. In light of the research regdoble Djurovich et
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al?? it is also considered that the increased cytotoxicity ofritieim luminophore in
both SP2 and CHO cell lines following photoexcitation, when comparetheo
ruthenium luminophore, is potentially due to its longer triplet sitdémes, higher
quantum yield efficiencies and that #®, generation may be a result of both energy
and electron transfer processes. Additional experiments in éndutare intend to use
FLIM measurements to help in determining any variations in thgesxgoncentrations
in SP2 and CHO cell lines using both ruthenium and iridium molecutdrepras a

result of experimental conditions.

Other factors that may attribute to the overall cell deathld be the decreased
ability of endogenous enzymes, such as superoxide dismutase aladecad combat
the increase in free radical generation as seen with ithanr dye due to imaging
conditions at room temperature. In reality however, there ang ditferent biological
processes happening on a sub-cellular level that may have ficaigneffect on the
luminophores once inside the cell and systematically examinipgsdibilities entails a
great body of work that will be studied over the coming months.
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5.5.3.1 IC50 Values

In order to assess and compare the effects of drugs / moleauggr on a
particular cell line it is important to determine thED50 value. The IC50 value is the
concentration at which 50% cell death has occurred in tHepogulation under
analysis. The IC50 values for the luminophores and dye-peptidé®esigetd here were
calculated using Prism statistic analysis software ushmg dytotoxicity results
determined previously. The IC50 for the ruthenium parent and coejogatd not be
determined as there was minimal inhibition up to a concentratiad®fM in SP2 and
CHO cell lines. For comparison, Lt al®*® reported IC50 values of 95.3M (in
BEL-7402 cells), 22.77M (in C-6 cells), 102.01 M (in hepG-2 cells) and 23.0QM
(in MCF-7 cells) for the [Ru(bpylpicNH,)]** complex in Chapter 3. All of which
exhibited less cytotoxicity towards the selected cell lines wimenpared to cisplatin
and therefore, would not be considered as a potential anti cagpeet. There is not
much published on the IC50 values on either ruthenium or iridium amcctmgugates,
particularly in SP2 and CHO cell lines.

IC50 Values SP2 CHO
[Ir(dfpp) 2(picCOOH)[* 118.7 M 102.3 M
[Ir(dfpp) 2(picCOOH)Arg]** 63.9 M 85.5 M

Table 5.3: IC50 values for [Ir(dfpp)picCOOH)]" and [Ir(dfpp)(picCOOH)Arg] ** in
SP2 and CHO cell lines.

The IC50 values for the iridium complexes are shown in Table 5.3zabAsg
expected, the iridium conjugate displayed lower IC50 values wherparech with
[Ir(dfpp)2(picCOOH)]" due to more efficient and faster uptake times as a reftiie
attached peptide. Interestingly, the cytotoxicity of the undipeptide is greater in SP2
cells in comparison to CHO cells. These results also hapdications for the cell
experiments performed here as a final concentration ofM0s used for confocal

measurements throughout this chapter. This implies that appteknt®% of cell
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death may be attributed to the iridium complex prior to any andbgsigy undertaken.
Therefore, it is suggested that future cell experiments shbaldperformed at
concentrations lower than 7M. The majority of the cell experiments performed in

the literature use final concentrations of between 20M0

Zhanget al® reported of the considerable cytotoxicity of a series of iridium
complexes towards HeLa and MDCK cell lines as the majorigoofplexes had a IC50
value < 10 M.. Rijt et al®® also supported results here that an osmium conjugate
exhibited more cytotoxicity when compared to the parent complex exs fee the
iridium conjugate. This particular osmium conjugate showed pavynising activity

with an IC50 of only 4.5 M towards the A2780 human ovarian cancer cell line.
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5.5.3.2 Effects of Organic Solvents on SP2 Myeloma and CE€N Viability

As DMSO was used in the media to encourage dissolution of thenri(lll)
parent complex it was decided to examine any potential eftexdt an organic solvent
might have on the viability of SP2 and CHO cell lines. To our kedgé this is the
first systematic study of its kind to highlight the potential icgtions of using
commonly reported solvents, such as DMSO and ethanol, inareito&ging. In order
to asses the cytotoxicity of organic solvents on a particulkirlice, an assay for
measuring the activity of the cell population must be perfornigte assays used here
included the resazurin and MTT cell viability assays respagt which are fully

discussed in the introduction.

PBS solvent containing DMSO and ethanol with final concentratibbetaveen
20 to 0.3 % were added to the harvested cells and left for 16 h&®Can a 5% CQ
incubator. 10 pl of either the MTT or resazurin reagents weded and incubated for
4 hours for MTT and 7 hours for resazurin at@7 Formazan was solubilised with 150
pl DMSO per well for MTT assay and absorbance was measufa®am and 630 nm
(background). The resazurin converted to resorufin in viable welts detected at
absorbance 570 nm with background subtracted at 600 nm. Figures 5.32 and 5.33
illustrate the cytotoxic effect on SP2 myeloma cell linestbfinol and DMSO using the
resazurin and MTT assays respectively. The cytotoxicitp SO proved to be far
greater towards SP2 cells with 100% cell cytotoxicity at a DM8@centration of 20%
in PBS buffer using the resazurin assay. These resultsoafiented using a MTT
assay that yielded a comparable cell death at a DMSO coaibemt of 20%.
Conversely, a solution containing 20% ethanol only exhibited a SP2aglilation

death of approximately 60% using the resazurin assay.

Several papers published on metal complexes used for the purpodilaf ce
imaging used a 1% DMSO solution as standard in the cellular umtaébysis.
According to the results obtained here, a 1% DMSO solution wouldspaméd to a cell
population death ranging from on average from 10-20%. This could prgnigicant
as the potential toxicity of the transition metal complex andsitglet oxygen
generating ability is not taken into account as this could lead t¢icauddisignificant

cell apoptosis.



% cytotoxicity

% solvent in media

Figure 5.32: SP2 myeloma cell cytotoxicity with various conceapotratof ethanol and
DMSO. Measurements were performed using a resazurin assay (nxperifgents
were performed in PBS solution following incubation for 16 hours 8€.37(Data

courtesy of Dr. Roisin Moriarty)

% Cytotoxcity

% DMSO in media

Figure 5.33: SP2 myeloma cell cytotoxicity with various concdotratof DMSO.
Measurements were performed using a MTT assay (n=3). Experimerggperformed
in PBS solution following incubation for 16 hours af@7 (Data courtesy of Dr. Roisin

Moriarty)
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Similar cytotoxicity studies were performed using CHO cellie cytotoxicity
of ethanol proved to be far greater towards CHO cells when cechpa SP2 cell lines,
with 100% cell death with an ethanol concentration of ~20% asrébest in Figure
5.34. Additionally, at lower concentrations of DMSO (1%) thisrex considerable
increase in the cytotoxicity towards CHO cells to approximaialaverage 30% when
compared to the SP2 cell line at similar DMSO concentratioillussated by the MTT

assay in Figure 5.35.

% Cytotoxicity

% solvent in media

Figure 5.34: CHO cell cytotoxicity with various concentrationgtbfanol and DMSO.

Measurements were performed using a resazurin assay (n=3). Erp&inmvere
performed in PBS solution following incubation for 16 hours 8€37(Data courtesy of

Dr. Roisin Moriarty)
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Figure 5.35: CHO cell cytotoxicity with various concentrations of $M
Measurements were performed using a MTT assay (n=3). Expesimverg performed
in PBS solution following incubation for 16 hours af@7 (Data courtesy of Dr. Roisin

Moriarty)

The effects of using DMSO as solvent in cellular imagingl& confirmed
using the water soluble [Ru(bpgicCOOH)F* dye in a solution containing 1%
DMSO. It has been seen before how this particular ruthenium egmpbbe failed to
transfer efficiently across the cellular membrane of SP2lamee cells in aqueous
conditions. However, upon addition of 1% DMSO to the solution, theskigered signs
of transport across the cellular membrane [results not showr.prEsence of the dye
throughout the whole cell cytoplasm was confirmed by z-stack isnafighe cell.
Unfortunately, the use of very low concentrations of organic sblvemains
unavoidable as solubility of the parent iridium (lll) dye in aqueoudtebis extremely
poor. Thus a key advantage, as outlined in this chapter, for thegaton of a metal
complex to a polypeptide is the increased water solubility, lon@ne penetrating ability
and localisation of the dye-conjugate in SP2 and CHO cells. Tiowsafor the
molecular probe to be exploited for cellular imaging analyBistther experiments are
currently underway to determine the suitability of the iridium -pgptide in
determining intracellular pH (using Raman spectroscopy) and oxygemg (EilM)
levels as this luminophore has also been shown to be both pH and oryitives.
Other worthwhile experiments would include studying at the photosyalaihd

bleaching of the luminophores inside the cells following excitation.
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5.6 Conclusion

This chapter details the conjugation of ruthenium (Il) and noidibm (III)
polypyridyl luminophores to the cell penetrating peptide oatémgi The synthesis of
the dye-peptides proceeded with relatively low yields (34%)tlamgurification of the
iridium-conjugate proved to be more challenging due to its aqueous #pligsles.
Prior to biomolecule conjugation, neither parent complex exhibiticesft transport
across the cell membrane of SP2 myeloma and CHO cell linétowever,
internalisation of the [Ir(dfppjpicCOOH)]" parent complex was achieved in both cell
lines after approximately 40 minutes at room temperature when DME&Qused as co-
solvent. This is due to the disruption of the cell membraneedabyg this solvent.
Studies to determine the effects of DMSO on a cell’'s vighihdicated that a 1%
DMSO solution resulted in approximately a 10-20% cell death in SH2 aed
approximately a 30% cell death in CHO cells.

However, once both inorganic luminophores were coupled to the CPP this
permitted their dissolution in buffered aqueous media without the neeuhforganic
solvent. Both complex conjugates underwent diffusion acrossethenembrane of
both SP2 and CHO cells after only 10-15 minutes incubation time atteraperature.

In general, this led to the localisation of the dyes withecell's membrane, cytoplasm
and nuclear membrane of SP2 and CHO cells. Confocal fluomsaoeisroscopy and

z-stack images were used to determine the distributidmeadyes throughout the cells.

Following conjugation of the luminophores to the CPPs, the rutheniabwe pr
remains the more attractive proposition for use as a molecwle prhen compared to
the iridium equivalent. The ruthenium conjugate displayed an aquiéetirmé more
then five times greater, however, its quantum yield is 68& that seen for the iridium
conjugate. For the free dye in organic solvents, this gituét generally reversed with
the iridium (lll) polypyridyl complex displaying longer lifetimesd greater quantum
yields. Unfortunately in aqueous media, the iridium (Ill) compl®es not exhibit

lifetimes that are comparable with that of the rutheniujnc@mplex.
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Furthermore, the cytotoxicity of the iridium probe is farajee when compared
to the ruthenium conjugate. Extensive cell death was also &ediini both SP2 and
CHO cells at a final iridium conjugate concentration of R0 in times as short as 10
minutes under 375 nm irradiation. This was confirmed using a DRAEIlising dye,
which only stains the nucleus of dead cells. However, theemnuim dye-peptide also
exhibited increased cell death as a result of 375 nm irradiation edmpared with 458
nm excitation. Interestingly, when no dye is present under contirexaitation at 375
nm and 458 nm there is minimal evidence of cell death, as @useith the viability
dye DRAQ7. This suggests that the increased cell deatieofidium complexes is a
result of the energy of excitation and also potentially due light activated process,
which most likely thought to be the generation of singlet oxydén) (through an
electron and energy transfer process. This is further supported etiynipary
experiments using ascorbic acid as a singlet oxygen scavengér h#@saesulted in a
reduction in cell cytotoxicity of the iridium peptide from 50% to 5% unsiemilar
experimental conditions preformed here. Other explanations for niteeased
cytotoxicity may include the fluorination of the cyclometalatiingands, the larger
iridium metal centre and longer phosphorescent quantum yields atichdgeunder

particular conditions that will also have an impact ongiieeration of singlet oxygen.

The next step, currently being undertaken by our group, is to attegdt ta
specific peptides to the dye-conjugates in an effort to loctlisedye within certain
organelles of the cell. It is proposed that the ruthenium prgbthesised in this
chapter may be more useful for imaging cells. However,irtlieim probe may be
useful in targeting with a nuclear probe that could potentiallyltr@s the apoptosis of
cancer cells. However, the wavelength of excitation ofitidéum probe is not as

amiable to biological samples when compared with the ruthepiabe.

27z



5.7 References

(1) Puckett, C. A.; Barton, J. K. Am. Chem. So2009 131, 8738-8739.

(2) Notman, R.; Noro, M.; O'Malley, B.; Anwar,d.Am. Chem. So2006 128
13982-13983.

(3) Yu, Z.; Quinn, P. Mol. Membr. Biol.1998 15 59-68.

(4) Neugebauer, U.; Pellegrin, Y.; Devocelle, M.; FordRer).; Signac, W.; Moran, N.;
Keyes, T. EChem. Commur2008 5307-5309.

(5) Cosgrave, L.; Devocelle, M.; Forster, R. J.; Kejle€. Chem. Commur2010,46,
103-105.

(6) Coin, I.; Beyermann, M.; Bienert, Nilat. Protocols2007, 2, 3247-3256.

(7) Greg T. HermansomBioconjugate Techniquegcademic Presst996

(8) Fmoc deprotection.
http://web.whittier.edu/people/webpages/personalwebpages/Haatheni30olid%2
OPhase%20Peptide%20Synthesis.pdf. (Accessed 16/05/2011)

(9) Anoopkumar-Dukie, S.; Carey, J. B.; Conere, T.; O'Sullizanyan Pelt, F. N.;
Allshire, A. Br. J. Radiol.2005 78 945-947.

(20) Tim, M.J. Immunol. Method$983 65 55-63.

(11) Rani-Beeram, S.; Meyer, K.; McCrate, A.; Hong, Niglsen, M.; Swavey, S.
Inorg. Chem2008§ 47, 11278-11283.

(12) Hirohara, S.; Obata, M.; Alitomo, H.; Sharyo, K.; Andig,Yano, S.; Tanihara, M.
Bioconjug. Chem2009 20, 944-952.

(13) Gianferrara, T.; Bergamo, A.; Bratsos, |.; Mildi, Spagnul, C.; Sava, G.;
Alessio, E.J. Med. Chem201Q 53,4678-4690.

(14) Neugebauer, U.; Cosgrave, L.; Pellegrin, Y.; Devec#ll.; Forster, R.; Keyes,
T.,E. unpublished results

(15) Fischer, R.; Mader, O.; Jung, G.; BrockBfaconjug. Chem20@3, 14, 653-660.

(16) Yu, M.; Zhao, Q.; Shi, L.; Li, F.; Zhou, Z.; Yang, H.iaYT.; Huang, CChemical
Communication2008 2115-2117.

(17) Doshi, J. M.; Tian, D.; Xing, QMolecular Pharmaceutic2007, 4, 919-928.

(18) Cuendet, M.; Pezzuto, J. M.Nat. Prod2004 67, 269-272.

(19) Hossain, M. M.; Smith, P. G.; Wu, K.; JinBiochemistry (N. Y.2006 45
15670-15683.

(20) Lin, Z.; Ou, S.; Duan, C.; Zhang, B.; Bai,Ghem. Commur2006 624-626.

272



(21) Bodannes, R. S.; Chan, P.REBS Lett1979 105 195-196.

(22) Djurovich, P. I.; Murphy, D.; Thompson, M. E.; Hernandez@o, R.; Hunt, P.
L.; Selke, M.Dalton Trans.2007, 3763-3770.

(23) Liu, Y.; Zeng, C.; Huang, H.; He, L.; Wu, Eur. J. Med. Chen01Q 45 564-
571.

(24) Zzhang, K. Y.; Li, S. P.; Zhu, N.; Or, I. W.; Cheung, $; Lam, Y.; Lo, K. K.
Inorg. Chem201Q 49, 2530-2540.

(25) Rijt, S. H. v.; Kostrhunova, H.; Brabec, V.; Sadkrer). Bioconjug. Chen2011,
22, 218-226.

(26) Milovic, N. M.; Kostic N. M.J. Am. Chem. So@2002 124,4759-47609.

274



Chapter 6: Model Photoantennas Based on
Interfacial DNA Scaffolds

“Science....never solves a problem without creating ten me®&orge Bernard Shaw.
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6.0 Introduction

Many of the supramolecular assemblies studied today deriveitispiration
from or directly include biological molecules. Deoxyribonucleid g®NA) contains
all the genetic information needed for the operation of eveinyglierganism. DNA is a
polymer of nucleotides, consisting of a phosphodiester and sugar backbavigct
one of four bases is attached. It is the sequence & Hases that determines the type

of genetic information encoded.

The base units of DNA include adenine (A), guanine (G), cytosheatd
thymidine (T). Single stranded DNA has the unique ability togeise and hybridise
with its complementary base sequence to form a double stramdetuss. All of
which is possible due to the capacity of each individual base aing¢dognise its
complementary base pair, for example A binds with T and G bintisGv{Figure 6.1).
This hybridising phenomenon has been used previously to syntheticsémble
modified DNA sequences that are capable of detecting abnoesatitcomplementary

DNA sequences:®

Figure 6.1: Chemical structure of DNA double héfix.
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6.1 Model Photoantennas based on Interfacial DNA Scaffolds

This chapter outlines attempts to functionalise deoxyguanosine with a
fluorescent marker in an effort to create a supramoleculabahi@nna system. It was
hoped to exploit the self-assembly of single stranded DNAstoainplementary strand
to control the distance and orientation of the fluorophores in relagi@me another.
For example, if every 5-7 base pairs in a sequence werdaltagtea fluorescent label,
one could ensure that the chromophores would be located every halfitiim the
DNA double helix. Using DNA as the interfacial scaffoldhich has not been
attempted before, allows an element of control with the ira¢iedpseparation between
fluorescent moieties and therefore directly affect their qutemical properties to
ensure efficient energy migration through the system. TheyabilDNA to support
single-step energy transfer using single molecule spectroshapyalready been

demonstrated!

It was anticipated that the functionalised DNA oligonucleoticdesld then be
self-assembled on either gold or platinum if a thiol terminatddh Btrand had been
employed. Single strands of alkane thiols or thiol termthatayethylene glycol may
be used to separate these DNA strands in an effort to hphpvent a lateral approach
taken by the functionalised dyes and reduce quenching. Electrospatisioa of the
adjacent oligonucleotides should also aid in the lateral separatithe DNA double

helixes.

The ideal situation arises where the chromophores are close engetjet to
facilitate efficient energy transfer but also far enoughrtajsaprevent self-quenching.
Such quenchers are formed by close contact (<1 nm) of two or moamaapinores. In
the completed system (Figure 6.2), the energy would migedteeken the dyes arriving
at the redox centre to create an electronically excited. stahis may then act as an
energy readout for energy migration through the system, thus, Hgpafoviding an
efficient method for the conversion of light energy into eledtecergy using DNA as

the backbone for the model photoantenna.



Figure 6.2: Schematic illustrating the model system: A thiol iteatad oligonucleotide

and its complimentary oligonucleotide which has been functionalised withgée si
chromophore with appropriateqRor energy transfer to self at value at set sequences,
typically every 5 to 7 bases. The 3’ or 5’ end of the nucleotildb&vifunctionalised

with an acceptor chromophore and these will be incorporated into SAMs on gold.
Alkane thiols or thiol-terminated polyethylene glycol will be usedramert diluent in

the SAM.

With the push to find alternative fuels, the potential of aiéfilight-harvesting
systems for the conversion of solar energy has been widelysdest for many years. It
has also been recognised that artificial photosynthesis has potesggin molecular

scale optoelectronics, photonics, sensor design, and other areamtfichnologif ™
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6.2 Internal Fluorescent Labelling of 2’-Deoxyguanosine

There are many examples in the literature of the interndlitabef molecules
to the C-8 position of unprotected (deoxy)guandsit®, fully protected
deoxyguanosif& 24, and the conjugation of ruthenium (Il) luminoph&es: 2% and
fluoresceif® 2*% to nucleobases. These publications serve as a good startingopoint
the synthetic aim of this chapter. However, to the best okiowledge, nobody has
yet managed to internally tag a fluorescein molecule t&€tBeposition of a purine base
via a short rigid linker. Many other smaller electron withdrepand donating groups
have been synthesised in the C-8 position with the inferentariganolecule may be

linked to the nucleoside using such chemistry.

2'-Deoxyguanosine

Figure 6.3: 2-Deoxyguanosine illustrating numbering scheméHeNMR analysis.

Interestingly, Saliet all® described the incorporation of fluorescent molecules
into a double stranded sequence of DNA. Here, 5-ethynyl-2’-deoxyandas initially
integrated into a single strand of DNA as shown in Figure 6.4oWiolg hybridisation
to its complementary DNA strand, using click chemistry, dailable alkyne group
was reacted with fluorescent azides, such as azidofluoresoagive the fluorescently

labelled nucleoside.
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Figure 6.4:. (A) Structure of 5-ethynyl-2’-deoxyuridine, (B) schematiagram
illustrating click reaction chemistry for the incorporation ofladrescent azide to the
terminal alkyne group available in the DNA double helix and (C) chenticadtares of
the fluorescent azides conjugated to the DNA double Relix.

However, most applicably to work carried out in this chapteis nly very
recently that a group in Japg&n®® have successfully managed to couple the fluorescent
2-bromofluorene molecule to deoxyguanosine in the C-8 position via aeglathort
linker using the Stille method of coupling. This luminophore-biocongiggistem
exhibited fully reversible luminescent photoswitching charadiesisvhen light of a
certain wavelength was applied as shown in Figure 6.5. Thssthem used in the
photoregulation of G-quadruplex formation using cis-trans photoisorhenisaf the
nucleobase at room temperature. G-quadruplexes are formedckgdsta-quartets, a
planar association of four guanines, by hydrogen bonding. They aré iiouanine
rich sequences and are involved in several key biological meseJ o demonstrate the
potential application of this technology they reported the switcluhgnolecular
structures between a very stable quadruplex state bound to thr@ndi a non-
structured state that disrupted and suppressed binding to thrombin,doesspthat is

totally reversible as shown in Figure 6.5 below.
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Figure 6.5: (Top) Photoinduced cis-trans isomerisation of 8-fluorémylh2’-
deoxyguanosine. (Bottom) Photoregulation of the thrombin aptamer G-quadruplex by
cis-trans photoisomerisation of the photochromic nucleol4se.

This chapter discusses attempts to use recent advances inHeRdstry> > -

13,20, 27, 30335 create a novel internally labelled 2'-deoxyguanosine molecute avit
common fluorophore, fluorescein, via a short rigid linker to the C-&iposof the
nucleobase. Another significant application of these intgrialtlelled nucleobases is
their potential use in biomedical fields. Much of the redearto the early detection of
biomarkers related to illnesses, such as cancer, is basée arse of a fluorescently
modified DNA sequence binding to its complementary base sequadcea@nitoring
the output of the attached fluorescent dye. To date manyesé thetection systems
have the fluorescent markers linked to the terminal of the segumnthrough long
linkers internally® 2 33 The ability to have the fluorophore so close to the modified
DNA strand could lead to a reduction in the outside interfereasssciated with

medical diagnostics and may lead to increased senskivdydetection.
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6.3 Experimental Procedure

Chemicals

All chemicals used were purchased from Sigma-Aldrich (Irelandhout
further purification except for 2’- deoxyguanosine (TCl Europe), 4-bromojititha
anhydride (TCI Europe), tris(3-sulfonatophenyl)phosphine (ABCR), 5-atuimmafscein
(ABCR), amyl nitrite (ABCR), diisopropyl azodicarboxylate (ABCRjnd 4-
cyanophenyl boronic acid (Fisher Scientific). All solvents weatly degassed prior to
use. All experiments were performed using oven-dried glasswader an N

environment.

The preparation of 8-bromo-2’-deoxyguanosine

</ )\ Br—</ )\

NH,
HO N—Br CH3CN / H,0 HO
o . —_— o)
30 minutes
HOH M H (0] Room temperature HOH H H
2'-Deoxyguanosine N-Bromosuccinimide 8-Bromo-2'-deoxyguanosine

8-Bromo-2’-deoxyguanosine was prepared according to a method modified f
the literaturd®® 2'- Deoxyguanosine (2.0 g, 7.5 mmol) and N-bromosuccinimide
[NBS] (2.0 g, 11.2 mmol) were added to a mixture of aceton{@ileml) and water (20
ml). The NBS was added to the mixture in three equal portionsit avas then stirred
for 30 minutes at room temperature. The precipitate was taadldy vacuum filtration
and was then suspended in a solution of acetone (40 ml) and atireain temperature

for 2 hours. The mixture was then cooled overnight in the fre¢z20°C.
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The precipitate was collected by vacuum filtration, washati wold acetone
and dried to give a creamy white product (2.05 g, 79%).

'H NMR (400 MHz, DMSO-¢): d (ppm) 10.81(s, 1H, N-H), 6.50(s, 2H, N-H),
6.15(t, 1H, J = 7.2 Hz, G-H), 5.27(d, 1H, J = 4.4 Hz, GOH), 4.87(t, 1H, J = 6 Hz,

Cs-OH), 4.39(m, 1H, G-H), 3.79(m, 1H, G-H), 3.61(m, 1H, G-H), 3.50(m, 1H,
Cs-H), 3.16(m, 1H, G-H), 2.10(m, 1H, G-H).

The preparation of 5-bromofluorescein diacetate

OH

O Br
Br 1) 200°C for 12 hours O
(neat reaction) O
O + —_— (0]
2) Reflux in acetic O o)
OH anhydride for 3 hours )j\ J\
e} HsC o o O™ “CH,
4- Bromophthalic anhydride Rescorcinol 5-Bromofluorescein diacetate

5-Bromofluorescein diacetate was prepared according to a methdifiecho
from the literaturé” A mixture of 4-bromophthalic anhydride (5.01 g, 22.03 mmol)
and resorcinol (4.87 g, 44.06 mmol) were heated, as a neat reattid®0°C with
stirring for 12 hours. The solidified shiny, rusty, green prodwas erushed and ground

in a mortar to yield a mixture of 5- and 6-bromofluorescein.

Without any further purification the mixture was refluxed for 3 haouracetic
anhydride (35 ml). The solution was then cooled to induce reciyatadh. This was

then filtered by vacuum and washed with cold acetic anhydride and ethanol

successively.
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The filtrate was collected and concentrated to half volume wattming under
reduced pressure and was then placed in an ice bath and alloweadtfosta day to

induce recrystallisation, which was then collected byatiibm.

The first and second set of pale yellow crystals were cadand dissolved in
hot acetic anhydride (9 ml) and cooled to allow recrystallisatidime product was
filtered by vacuum and washed with cold acetic anhydride and etbaccéssively, to
yield a pale yellow powder. Further recrystallisation in iacahhydride gave the

regioisomerically pure 5-bromofluorescein diacetate as a yelitdid (1.80 g, 16 %).
'H NMR (400 MHz, DMSO-g): d (ppm) 8.25(s, 1H, H;), 8.00(d, 1H, J = 8.0 Hz, k),

7.43(d, 1H, J = 8.0 Hz, k), 7.29(s, 2H, Hc), 6.98(m, 4H, Hya, Hem'), 2.29(s, 6H,
acetyl protons).
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6.3.1 Synthetic Strategy 1. Suzuki Coupling

The preparation of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)fluareis

diacetate

(0]
/
Dipinacholatodiboron / 0-B

Br.
o)
O PdC}, (dppf) / KOAC O
: &
1,4-dioxane O
i C O )OI\ 12 hours at 156C o O ‘ o
HC™ ~o 0 o~ "CH H3C)I\O o o)I\CH3

3

5-Bromofluorescein diacetate 5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)
fluorescein diacetate

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)fluorescein diacetatwas
prepared according to methods modified from the literattifd. To a pressure tube
filed with nitrogen, 5-bromofluorescein diacetate (500 mg, 1 mmol)
dipinacholatodiboron (279 mg, 1.1 mmol), [1,1'-bis(diphenylphosphino) ferrocene]
dichloropalladium(ll) [PdCldppf)] (8.2 mg, 0.01 mmol), potassium acetate (294 mg, 3
mmol) and 1,4-dioxane (4 ml) were added. The reaction washixated at 85C for

48 hours with stirring.

After cooling, the mixture was poured into a 0.1M /&IH(10 ml) solution. The
mixture was then extracted with benzene (2x20 ml) and the orlgamic was washed
with 0.1M NaHCQ and 0.1M NacCl solutions successively. The organic layeitheas
dried over anhydrous MgS@nd the solvent evaporated under reduced pressure. The
product was then recrystalised from benzene/ethanol (1:1) tothlygveure boronated

fluorescein esteais a white solid (207 mg, 38 %).
'H NMR (400 MHz, DMSO-g): d (ppm) 8.21(s, 1H, H), 8.07(d, 1H, J = 8.0 Hz, k),

7.43(d, 1H, J = 8.0 Hz, BJ, 7.37 (s, 1H, carboxyl-OH)7.29(s, 2H, Hc), 6.93 (m,
4H, Hya, Hee'), 2.29(s, 6H, acetyl protons},.34(s, 12H, CH protons x 4).
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The preparation of 5-fluorescein boronic acid

B(OH),

)~

o
\
W

O
O
o)
o o CHLCN : Hy0 X X
J\ O O )J\ 7 hours at room |
HC e 0O o~ “CH, temperature o PZaN N .

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl) 5-Fluorescein boronic acid
fluorescein diacetate

\

5-Fluorescein boronic acid was prepared according to a method mddifed
the literaturé®® 5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)fluorescein diacetate
(217 mg, 0.5 mmol), potassium carbonate (346 mg, 2.5 mmol) were sddadixture

of acetonitrile / water (1:1) (4 ml) and left stirringrabm temperature for 7 hours.

The mixture was then acidified with concentrated HCI and theltneg yellow
precipitate was filtered and washed successively with deadnivater and diethyl ether.
The solid was dried under reduced pressure to give a yellow solid prd@icing,
66%).

[note: isolation of the pure product proved very difficult and no cléeFNMR
spectrum was obtained. Therefore, in an effort to overcomebiidem, the Suzuki
coupling was performed after in-situ hydrolysis of the boronatedeffeein ester and

direct Suzuki coupling to 8-BrdG without isolation of the startimajerial.]
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The preparation of 8-(5-fluorescein)-2’-deoxyguanosine: (Suzuki Coog)i

°} B(OH),
N NH
e, 9
N
"o N NHz COOH TPPTS / Pd(OAg)/
o N Na,COs
N~ - T

OH H HO o /o) CH3CN . Hzo
6 hours at 86C

8-Bromo 2- 5-Fluorescein boronic acid 8-(5-Fluorescein)-2'-deoxyguanosine
deoxyguanosine

8-Bromo 2’-deoxyguanosin@B7 mg, 0.25 mmol), 5-fluorescein boronic acid
(113 mg, 0.30 mmol [not isolated-theoretical value]), tris(3ematophenyl)phosphine
(TPPTS) (8.9 mg, 0.016 mmol), palladium acetate (1.5 n60mmol), and sodium
carbonate (53 mg, 0.5 mmol) were placed in a round-bottomed flad mitrogen.
Degassed water : acetonitrile (2:1) (3.5 ml) was added andixtigrenwas heated at 80
°C for 6 hours until reverse-phase TLC (1:1, water : methanol) exthave further

conversion of starting materials.

The reaction mixture was diluted with MilliQ water (10 ml) arsdpH adjusted
to 6-7 using 10 % aqueous HCIl. The mixture was then heated to disadh\sola
precipitates and allowed to cool td®, and left to stand for several hours. The product
was then recovered by filtration as a fine yellow powder (31 2@y%, impure).
However, NMR and mass spectrometry analysis failed to showewadgnce of the

coupled product having being formed.



6.3.2 Synthetic Strategy 2: Sonogashira Coupling

The preparation of 5-(2-trimethylsilylethynyl)fluorescein dietate

Br

D Cul / Pd(PPE), / EtsN /
trlmethylsnylacetylene
THF
15 hours at 76C
HsC

3

5-Bromofluorescein diacetate 5-(2-Trimethylsilylethynyl)fluorescein diacetate

5-(2-trimethylsilylethynyl)fluorescein diacetate was prepasedording to a

%l 5-Bromofluorescein diaceta(&00 mg, 1

method modified from the literatuf&:
mmol), copper (I) iodide (9.5 mg 0.05 mmol), tetrakis(triphenylphosphirdnam(0)
(58 mg, 0.05 mmol) and anhydrous THF (1 ml) were placed in a round-batftask.
Triethylamine (1.4 ml, 10 mmol) followed by trimethylsilgktylene (280, 2 mmol)

were added to the above reaction and stirred & 76r 15 hours.

The mixture was allowed to cool to room temperature and sticomginued
overnight. The solution was then filtered over Celite and wash#d MdF. The
solvent was then evaporated under reduced pressure, diethy(4éthaf) was added,
sonicated and extracted with 0.1M HCI (3x40 ml). The aqueous laresextracted
once with diethyl ether (25 ml) and the organic layers were wmub dried over
anhydrous MgS@) and the solvent evaporated under reduced pressure. The crude
product was  then recrystallised from ethanol to give 5-(2-

trimethylsilylethynyl)fluorescein diacetate as a light brqwanvder (361 mg, 70 %).
'H NMR (400 MHz, DMSO-g): d (ppm) 7.97(s, 1H, H), 7.78(d, 1H, J = 8 Hz, b),

7.37(d, 1H, J = 8 Hz, b, 7.22(s, 2H, Hc), 6.88(s, 4H, Hya, Her), 2.26 (s, 6H,
acetyl protons)).21(s, 9H, methyl protons x 3).
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The preparation of 5-ethynylfluorescein

ChHy i

3 ]

K,CO3; / Methanol / THF

(o]
o) o) X
)k O O )J\ 20 hours at 28C
H3C (@) ¢} (6] CH3 le) (o) (o)

COOH

H

5-(2-Trimethylsilylethynyl)fluorescein diacetate 5-Ethynylfluorescein

5-Ethynylfluorescein was prepared according to a method modified tlhem
literature®® 38 5-(2-Trimethylsilylethynyl)fluorescein diacetat@50 mg, 0.30 mmol),
potassium carbonate (207 mg, 1.5 mmol) were dissolved in a motturethanol/THF
(1:1) (3 ml) and stirred at 2%& for 20 hours. The solution was then poured into MilliQ
water (20 ml) and acidified to pH 2 with concentrated HCIl. Phecipitate was
collected by vacuum filtration, rinsed with water and dried unv@euum to yield 5-

ethynylfluoresceiras an orange solid (101 mg, 0.28 mmol, 93 % yield).

'H NMR (400 MHz, DMSO-¢): d (ppm) 10.12(s, 1H, carboxyl-H)7.97 (s, 1H, H),
7.80(d, 1H, J = 8 Hz, k), 7.23(d, 1H, J = 8 Hz, b), 6.63(s, 2H, Hc), 6.49(m, 4H,
Haa. Hee), 4.42(s, 1H, ethynyl-H).

ESI-MS (CHOH, m/z): 356.33, ([M+H]): 357.4.
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The preparation of 8-acetylene-(5-fluorescein)-2’-deoxyguanosineon@®&ashira

Coupling)

(e}

N
.y ﬁNH Cul / Pd(PP), /
+ _<N AL BN

N NH,

HO ————}
o DMF
) i 4 hours at 55C

5-Ethynylfluorescein 8-Bromo 2'-
deoxyguanosine 8-Acetylene-(5-fluorescein)-2'-deoxyguanosine

To a round-bottomed flask, 8-bromo-2’-deoxyguanoéddemg, 0.07 mmol), 5-
ethynylfluorescein(30 mg, 0.08 mmol), tetrakis(triphenylphosphine) palladium(0) (8
mg, 0.007 mmol), copper (l) iodide (6.7 mg, 0.035 mmol), triethylen{2Oni, 0.14
mmol) and anhydrous DMF (2 ml) were added and heated %€ $6r 4 hours. The
mixture was then left stirring at Z& overnight. The reaction was followed by TLC
(silica gel) using MeOH : C¥Cl, as mobile phase until there was no further conversion
of the starting materials. The solution was evaporated to skyared purified by HPLC
chromatography using a mobile phase of methanol : water to ledightaorange
coloured product. However an NMR of the pure product was nevatddatffectively,

even though mass spectrometry analysis showed evidence wiaheotpled product.

ESI-MS (CHOH, m/z): 621.55, (M+H): 622.3, ([M-dG]): 356.3.
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6.3.3 Synthetic Strategy 3: Click Reactions

The preparation of 8-(4-ethynylphenyl)-2’-deoxyguanosine

[e] [e]

- f —(O~<
4 ‘ _ J NH
Br =
_<N N)\NH N ‘ /k
oH HO * TPPTS/Pd(OAg)/ vo NN
8 o K,COg o
H H, - .
+ H H
HO Rl CHZCN : H,0 b H
3 hours at 86C on
4-ethynylphenylboronic Acid 8-Bromo-2'-deoxyguanosine 8-(4-Ethynylphenyl)-2'-deoxyguanosine

8-Bromo-2’-deoxyguanosine (250 mg, 0.72 mmol), 4-ethynylphenyl boronic
acid (168 mg, 1.152 mmol), palladium acetate (4 mg, 0.018 mmom@%), tris(3-
sulfonatophenyl)phosphine (TPPTS) (25.6 mg, 0.045 mmol, 6.25 mol%), potassi
carbonate (299 mg, 2.16 mmol) and milliQ water: acetonitrilg2rhl) were all placed

into a dry vial in the dry box and left stirring at & for 3 hours.

The mixture was then poured onto milliQ water (10 ml) and itsagjdsted to
pH 6-7 with 10 % HCI. The reaction was then left in the ®idiyernight and the
precipitate was collected by vacuum filtration. The product thas recrystallised

from a water/methanol mixture to yield a light brown soliddurct (129 mg, 35 %).

'H NMR (400 MHz, DMSO-¢): d (ppm) 10.91(s, 1H, H-H), 7.89(d, 2H, J = 8 Hz,
Ph protons)7.57(d, 2H, J = 8 Hz, Ph proton$,62(s, 2H, N-H,), 6.35(t, 1H, J=2.4
Hz, G-H), 5.33(d, 1H, J = 1.6 Hz, &0H), 4.92(t, 1H, J = 1.6 Hz, &-OH), 4.44(m,

1H, G-H), 3.81(m, 1H, G-H), 3.67(m, 1H, G-H), 3.56(m, 1H, G-H), 3.33(s, 1H,
ethynyl-H),3.12(m, 1H, G-H), 2.15(m, 1H, G-H).
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The preparation of 8-(4-cyanophenyl)-2’-deoxyguanosine

o [o}

N\ N N
/ NH -©_</ NH
Br =
! A " A
oH Ho. ? TPPTS/Pd(OAg)/ o N NH;
5 o K,COy o
/ + H H _— " "
Ho Hon CHZCN : H,0 H H
3 hours at 86C OH H
4-Cyanophenylboronic Acid 8-Bromo-2'-deoxyguanosine 8-(4-Cyanophenyl)-2'-deoxyguanosine

8-Bromo-2’-deoxyguanosin@50 mg, 0.72 mmol), 4-cyanophenyl boronic acid
(169 mg, 1.152 mmol), palladium acetate (4 mg, 0.018 mmol, 2.5 maoi¥(3-
sulfonatophenyl)phosphine (TPPTS) (25.6 mg, 0.045 mmol, 6.25 mol%), potassi
carbonate (299 mg, 2.16 mmol) and milliQ water: acetonitrilg2rhl) were all placed

into a dry vial in the dry box and left stirring at & for 3 hours.

The mixture was then poured onto milliQ water (10 ml) and itagjdsted to
pH 6-7 with 10 % HCI. The reaction was then left in the &idiyernight and the
precipitate was collected by vacuum filtration to yield a fplex solid product (256
mg, 96 %).

'H NMR (400 MHz, DMSO-g): d (ppm) 7.99(d, 2H, J = 8 Hz, Ph protons},84 (d,
2H, J = 8 Hz, Ph protons),58(s, 2H, N-H,), 6.09(t, 1H, J = 6.4 Hz, €H), 5.91(s,
1H, Gg-OH), 5.17(s, 1H, G-OH), 4.37(m, 1H, G-H), 3.85(m, 1H, G-H), 3.68(m,
1H, Gs-H), 3.56(m, 1H, G:-H), 3.18(m, 1H, G-H), 2.04(m, 1H, G-H).
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The preparation of 5-azidofluorescein

NH, Ny

‘ 1) Amyl nitrite O
30 mins at £C
CcOoH COOH
X . .
2) Sodium Azide X
30 mins at 4C
HO o o)

HO O O

5-Aminofluorescein 5-Azidofluorescein

5-Azidofluorescein was prepared according to a method modified from the
literaturé® “° and was performed in a dark room under red light. 5-Aminofluorescein
(100 mg, 0.29 mmol) was dissolved in DMF anhydrous (5 ml) in a rouridrbetl
flask. MilliQ water (5 ml) was then added to the mixtured aadding more DMF

dropwise to the reaction then dissolved any precipitate formed.

The solution was acidified with concentrategb, (1 ml) and amyl nitrite (200
m) was added and left stirring atGfor 30 minutes. Sodium azide (200 mg, 3 mmol in
4 ml MilliQ water) was added and the reaction was continuedngtiat 4°C for a

further 30 minutes.

After this, a solution of brine was used to make the reaction g2p ml and the
solution was left in the fridge overnight. The precipitate wallected by vacuum
filtration and washed with a cold saturated NaCl solution tcel&aszidofluorescein as
a red solid (80 mg, 72 %).

1H NMR (400 MHz, DMSO-g): d (ppm) 10.12(s, 1H, carboxyl-H)7.98(d, 1H, J = 8
Hz, Hy), 7.40(d, 1H, J = 8, K), 7.03(d, 1H, J = 1.6, ¥), 6.67(d, 2H, J = 2, Kc), 6.55
(m, 4H, Hya, Hee).
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The preparation of 8-(4-phenyl(1,3-triazole))-5-fluorescein-2’-degxanosine (Click
reactions)

O
o) N \
N f‘\ NH
NH 4 |
:—@——(’ | O N= A
A N N #
HO N™ N7 NH, COOH CusQ/ o N™ "NH,
o Sodium ascorbate o
+ X —_—
Hon wH THF / H,0 Hon pi
HO o S 48 hours at room
temperature
3-(4-Ethyny|phenyl)-2'- 5-Azidofluorescein 8-(4-phenyl(1,3-triazole))-5-
eoxyguanosine

fluorescein-2'-deoxyguanosine

Triazole linker formation

8-(4-Ethynylphenyl)-2’-deoxyguanosing40 mg, 0.107 mmol) was first
dissolved in tetrahydrofuran:water (1:1) (3 ml). Then 5-azidofkawi@(40 mg, 0.107
mmol), copper sulphate pentahydrate (2.7 mg, 0.0107 mmol) and sodiorbadsd4.2

mg, 0.0214 mmol) were added to the reaction and left stirringoat temperature for
48 hours. Pure product was not isolated.
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The preparation of 8-(4-phenyl(1,5-tetrazole))-5-fluorescein-2’-deoxsgosine

o CO
HOOC O

o Na o
N -N N
NH N NH
_ y 4
v=— HNfl g 10— HNf:L
Ho N” “NH, COOH Ho N” “NH;
0 ZnC|2/ Hzo 0
+ X —_—
Hon mH 48 hours reflux Hop wH
HO (@) (6]
8-(4-Cyanophenyl)-2'- 5-Azidofluorescein

8-(4-phenyl(1,5-tetrazole))-5-

deoxyguanosine fluorescein-2'-deoxyguanosine

Tetrazole linker formation

8-(4-Cyanophenyl)-2’-deoxyguanosiiié0 mg, 0.109 mmol) was dissolved in
deionised water. 5-Azidofluorescefdl mg, 0.110 mmol) and anhydrous Zn(38
mg, 0.424 mmol) were added and the reaction mixture was reffoxked® hours. The
solution was then cooled and acidified slightly to pH 4 and lethénftidge over night
to promote precipitation. The precipitate was then collectechbyum filtration. Pure
product was not isolated.
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6.3.4 Synthetic Strategy 4: Buchwald-Hartwig coogli

The preparation of 8-bromo-3’,5’-O-bis(tert-butyldimethylsilyl)-2leoxyguanosine

0 0
N N NH
NH y
B—d fj\ Br—(N | I
<N ~ —— N” " NH,
N~ “NH, Si—O
HO A0 o
o TBDMS / DMF
- H? HH
Hon nft 6 hours at room siZ
temperature I ]<
8-Bromo-2'-deoxyguanosine 8-Bromo-3',5'-0-bis(tert-butyldimethylsilyl)-2'-

deoxyguanosine

8-bromo-3’,5’-0O-bis(tert-butyldimethylsilyl)-2’-deoxyguanosine wagsepared
according to a method modified from the literatéte. 8-Bromo 2’-deoxyguanosine
(362 mg, 1.04 mmol) and imidazole (340 mg, 5 mmol) were suspended idranfly
DMF (2.3 ml). To this tert-butyldimethyl-chlorosilane (TBDMS) M in

dichloromethane (3 ml, 3 mmol) and was left stirring at re@mperature for 6 hours.

The end of the reaction was confirmed by TLC (silica galalysis using
CHCIz:MeOH (10:1) as mobile phase. The reaction was taken and ewapdoat
dryness by warming under reduced pressure and then re-suspeii#iQimvater (12
ml) to produce a white precipitate. The mixture was theraeted with EtOAc (2x20
ml). The organic layers were combined, dried over Mg&ahydrous and evaporated
to dryness to leave an off-white coloured crude compound. The crutleenivas then
taken and dissolved purified by silica gel chromatography using £HG% MeOH as
mobile phase to give the product as a white solid (464 mg, 78 %).

'H NMR (400 MHz, DMSO-¢): d (ppm) 10.81(s, 1H, N-H), 6.40 (s, 2H, N-H,),
6.15(t, 1H, J = 7.4, ¢-H), 4.60(m, 1H, G-H), 3.75(m, 2H, G-H,), 3.63(m, 1H, G-
H), 3.38(m, 1H, G-H), 2.14(m, 1H, G--H), 0.87(s, 9H, tBu-H),0.81(s, 9H, tBu-H),
0.09(s, 6H, methyl group x 2)0.04(s, 3H, methyl group)0.05(s, 3H, methyl group).
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The preparation of G-benzyl-8-bromo-3',5-O-bis(tert-butyldimethylsilyl)-2’-

%

deoxyguanosine

o o]
N NN
y NH , fN
Br—(N | N/J\NH Triphenylphosphine / Br—(N | PR
~si—o0 2 Benzyl alcohol / ~si—0 N™ "NH,
7( \ £OI Diisopropy! azodicarboxylate?( \ 0
Ho o HH > H H
? H 1,;]1-Dioxane Cl) H
si” 6 hours at room -
3 temperature |S']<
8-Bromo-3',5'-O-bis(tert- 0O%-benzyl-8-Bromo-3',5'-O-bis
butyldimethylsilyl)-2'-deoxyguanosine (tert-butyldimethylsilyl)-2'-deoxyguanosine

OP-benzyl-8-bromo-3’,5"-O-bis(tert-butyldimethylsilyl)-2’-deoxyguanosine swa
prepared according to a method modified from the liter&ttire 8-Bromo-3',5'-O-
bis(tert-butyldimethylsilyl)-2’-deoxyguanosine (620 mg, 1.08 mmol) and
triphenylphosphine (850 mg, 3.24 mmol) were added to 1,4-dioxane (12.9 athis
suspension benzyl alcohol (568 5.4 mmol) and diisopropyl azodicarboxylate (682

3.24 mmol) were added and sonicated to dissolve all substances.

The reaction mixture was then left stirring at room tempegdtur6 hours. The
end of the reaction was confirmed by TLC (silica gel) ysialusing a mobile phase of
Hexane : EtOAc (4:1).

The solution was then concentrated and purified by silica gel ctogmraphy
using a mobile phase of Hexane : EtOAc (4:1) to give the produaiwhite solid434
mg, 60 %).

'H NMR (400 MHz, DMSO-g): d (ppm) 7.46-7.44(m, 2H, Bz-H),7.37-7.33(m, 3H,
Bz-H), 6.45(s, 2H, N-Hy), 6.14(t, 1H, J = 7.4 Hz, G-H), 5.44(s, 2H, Bz-CH), 4.64
(m, 1H, G-H) 3.73(m, 2H, G-H,), 3.60(m, 1H, G-H), 3.48(m, 1H, G-H), 2.17(m,
1H, Gy-H), 0.90(s, 9H, tBu-H),0.82(s, 9H, tBu-H),0.12 (s, 6H, methyl group x 2},
0.06(s, 3H, methyl group}0.09(s, 3H, methyl group).



The  preparation of  Nisobutyryl  -benzyl-8-bromo-3',5-O-bis(tert-
butyldimethylsilyl)-2’-deoxyguanosine

(0]
(0]
N X
Br— f\N N—"SN
N N/J\NH Br— 1 L
~Si—o. 2 Isobutyryl chloride / NN Yo
H

7( ' o Pyridine ‘S\i—o
Hy o A ©
I 16 hours at room Ho /H
sil temperature P
I Si
. o
O"-benzyl-8-Bromo-3',5 "O'b's , N2-Isobutyryl-CF-benzyl-8-Bromo-3',5'-O-bis(tert-
(tert-butyldimethylsilyl)-2'-deoxyguanosine butyldimethylsilyl)-2"-deoxyguanosine
N2-Isobutyryl- J-benzyl-8-bromo-3',5-O-bis(tert-butyldimethylsilyl)-2'-

deoxyguanosine was prepared according to a method modified from taeutis€®
0°- Benzyl- 8-bromo 3',5'-O- bis(tert-butyldimethylsilyl) -2'-deoxyquasine (575 mg,
0.87 mmol) was twice coevaporated with pyridine (2x2 ml) and theroldesk in
anhydrous pyridine (5 ml). Then isobutyryl chloride (2882.18 mmol) was added
slowly by syringe and the reaction mixture was left stiy@ room temperature for 16
hours. Methanol (0.5 ml) was added, to dissolve any remgimeuipitate, and was left
stirring at room temperature for a few more minutes. Tiesbremoved and was

then coevaporated with toluene (5 ml).

The crude product was dissolved in MilliQ water (10 ml) and@4(10 ml)
and the layers were separated. The aqueous layer wastedtwith CHCI, (2x20 ml)
and the combined organic layers were then washed once with Mili@r (20 ml),
dried over MgS@ anhydrous and evaporated to dryness. The residue was purified by
silica gel chromatography using a mobile phase of Hexane:&tiQ@®:1) to give the

product as a colourless foam (341 mg, 53 %).
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'H NMR (400 MHz, DMSO-g): d (ppm) 10.44(s, 1H, Iso-H),7.52(m, 2H, Bz-H),
7.45-7.34(m, 3H, Bz-H),6.25(t, 1H, J = 6 Hz, §-H), 5.57(s, 2H, Bz-CH), 4.95(m,
1H, G-H), 3.76(m, 2H, G-Hy), 3.64(m, 1H, G-H), 3.49(m, 1H, G-H), 2.74m, 1H,
Iso-CH),2.24(m, 1H, G-H), 1.09(d, 3H, J = 6.8 Hz, Iso-C#j 1.07(d, 3H, J = 6.8,
Iso-CHs), 0.90 (s, 9H, tBu-H),0.82 (s, 9H, tBu-H),0.12 (d, 6H, J = 8.8 Hz, methyl
group x 2),-0.13(d, 6H, J = 8.8 Hz, methyl group x 2).

The preparation of N-isobutyryl- J-benzyl-8N-(5-aminofluorescein)-3',5"-O-
bis(tert-butyldimethylsilyl)-2’-deoxyguanosine (Buchwald-Hartwagupling)

0 O
0 NH, (0] /

—(NfN O HOOC
Br Y 7 4
s N N*H 5 CoOH  Pddbal/ HN—<
\ O
TR OO0, B e
H
é., Toluene HO H
i ']< 48 hours at 96C S|]<
N2-Isobutyryl-C-benzyl-8- 5-Aminofluorescein NZ2-isobutyryl- B-benzyl-8N-
bromo-3',5'-O-bis(tert-butyl (5-aminofluorescein)-3',5'-O-bis
dimethylsilyl)-2'-deoxyguanosine (tert-butyldimethylsilyl)-2'-deoxyguanosine
N?-Isobutyryl- J-benzyl-8-bromo3’,5'-O-bis(tert-butyldimethylsilyl)-2’-

deoxyguanosing100 mg, 0.136 mmol), 5-aminofluorescein (71 mg, 0.204 mmaol),
tris(dibenzylideneacetone) dipalladium(0) jetba)] (12 mg, 0.0136, 10 mol %), rac-
2, 2’-bis(diphenylphosphino)-1, 1'-binaphtyl (BINAP) (25 mg, 0.0408 mmol, 30 mo
%) and fully degassed anhydrous toluene (1 ml) were added to Essyil in the dry
box and left stirring at € for 40 minutes. NaOtBu (20 mg, 0.204 mmol) was added
and the reaction mixture was left stirring at @D for another 48 hours or until the
starting material had disappeared as indicated by TLC gsgja) analysis using a
mobile phase of MeOH : Chloroform (1:10).
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The reaction mixture was then allowed cool down to room temperaiud
diluted with diethylether (4 ml) and filtered. Methanol when added to the filtrate
and the white precipitate was removed. The filtrate was ¢bacentrated and purified

by HPLC using water : MeOH as mobile phase. Pure produchevas isolated.
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6.4 Results and Discussion

6.4.1 Fluorescein and Suitable FRET Pair

A further important aspect of this work was to find an appropflat@escent
donor-acceptor pair for the model photoantenna based on the irsteBaA scaffold.
If a suitable acceptor is found, the energy may be trandféroen the donor to the
acceptor, in a process known as FRET, and as a result tesi@mis observed at a
longer wavelength that is characteristic of the acceptoraulgle In addition, it would
also be important to conduct experiments to demonstrate what qugedtacts, if any,

that the base may have on the fluorophores emission charaserist

Fluorescein is widely used as an organic fluorescent label tduets
characteristically high quantum yields. It may exist in sgvienisation states (cation,
neutral, anion, and dianion) each with unique spectral propertigBustsated by

Margulieset al in Figure 6.6.

Figure 6.6: Chemical structures and corresponding absorbance specthaocéscein

in different ionic state§!
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In the experiments carried out here, the fluorescein was digsaivé®.1M
NaOH and exists in the dianionic state, which shows an absorpgioimom at 490 nm
and an emission maximum at 515 nm. The fluorescence lifefiongbe protonated
and deprotonated fluorescein are approximately 3ns and 4ns respectidelhea

quantum yield is close to unif{?!

Figure 6.7: Schematic diagram illustrating the assigned protons for géeeral

fluorescein molecule fdH-NMR analysis.

5-Carboxytetramethylrhodamine (TAMRA) (Figure 6.8) has long hesed as a
suitable acceptor for FRET with a donor fluorescein molecule. oVWsrlapping
absorbance and emission are shown in Figure 6.9. The Forsteicdisat which FRET
is 50% efficient between both donor and acceptor fluorophores, is'85'&*! The
idea here was to use TAMRA as the ‘black hole’ quencher ifitédirig charge transfer
through the DNA scaffold. Once the charge separated stait@ringed at the TAMRA
molecule, a potential may be applied to the gold substrate, andathisyve the

conversion of light energy into electrical energy.

Figure 6.8: Chemical structure of TAMRA.
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Absorbance -vs- Wavelength

0.6 -
Absorbance of fluorescein
0.5 -
Absorbance of TAMRA
0.4 -
= A U S A N Emission of fluorescein
% (excited at 490 nm)
(8“ o34 ) X e Emission of TAMRA (excited
o at 550 nm)
(o]
2
< 0.2
0.1 -
0 T T T —— T 1
400 450 500 550 600 650 700

Wavelength (nm)

Figure 6.9: Overlapping absorbance spectrum and emission spectra of Baores
(excited at 490 nm in 0.1 M NaOH solution) and TAMRA (excited at 550 nm in

deionised water). All spectra are normalised.

Figure 6.10 outlines the various synthetic procedures performedhatatials
synthesised in an effort to internally label deoxyguanosine withebeein. The four
main reactions attempted were: Suzuki couplings, Sonogashira coupldigk

chemistry and Buchwald-Hartwig couplings.
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6.4.2 Synthetic Strategy Overview - internal fluorescerdbdlling of 2'-

deoxyguanosine.

HO
HoH HH
8-Fluorescein-2'-deoxyguanosine 8-Acetylene(5-fluorescein)-2'-deoxyguanosine

© &
% g
% IS
B(OH), @ FS Il
® % g 5
(o]
C COOH & COOH
~
HO O o) O o O o

5-Fluorescein boronic acid

NH,
O COOH
90e
HO O O

5-Aminofluorescein

HO 5-Ethynyfiuorescein

N2isobutyryl- G-benzyl-8N- 0 ‘ 8-(4-phenyl(1.3-triazole)) 5
fluorescein-2'-deoxyguanosine

(5-aminofluorescein)-3',5'-O-bis
(tert-butyldimethylsilyl)-2'-deoxyguanosine HOOC O

8-(4-phenyl(1,5-tetrazole))-5-
fluorescein-2'-deoxyguanosine

Figure 6.10: Synthetic strategy overview.
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6.4.3 Synthetic Results

The starting material of 8-bromo-2’-deoxyguanosine was synthesigédawi
good yield of 79%. Prior to the electrophilic aromatic halogenateattion, the
2'deoxyguanosine exists in a mixture of both cis and trans isomers, hofahmsving
the bromination of the nucleoside the majority of molecules @ the cis-
configuratiod™* ! thus making the site of reaction slightly more accessible Her ot
incoming molecules. [note: that all deoxyguanosine molecules avendn the trans

confirmation for ease of illustration].

5-Bromofluorescein diacetate is the fluorescein precursor farynwd the
coupling strategies and was produced by the direct condensation mdaetiiceen the
rescorcinol and 4-bromophthalic anhydride to give a mixture of then8- G
bromofluorescein isomers. Further recrystallisation in acatibydride gave the

regioisomerically pure 5-bromofluorescein diacetate as a yaskdwin a 16% yield.

6.4.3.1 Synthetic Strategy 1: Suzuki Coupling

Initially Suzuki coupling was used in an effort to label the msgide as this
provided the shortest and most rigid linker in the final coupled prodim. borylation
of 5-bromofluoresceiproved to be challenging, resulting in low yields and poor quality
'H-NMR spectra. However, having experimented with many differreaction
conditions as outlined in Table 6.1 and Table 6.2 below, a seitabthod of synthesis
was identified. Microwave synthesis proved relatively sssitg with all reactions
producing some product, however, it was the conventional heating metaddirus

experiment 6 of Table 6.1 that gave the best reaction yields.
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Chemical Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6
5-Bromo- 100 mg/ 100 mg / 100mg/ | 100mg/ | 100mg/ | 500 mg/
fluorescein 0.02 mmol | 0.02 mmol| 0.02 mmol| 0.02 mmol| 0.02 mmol | 1 mmol
Bis(pinacol- 56 mg / 56 mg / 56 mg/ 78 mg/ 76 mg/ 280 mg/
ato)diboron | 0.22 mmol | 0.22 mmol| 0.22 mmol| 0.31 mmol | 0.30 mmol | 1.1 mmol
NaOAc 30 mg/ - - - - -
0.36 mmol
[PACl(dppf)] 1.6mg/ 5mg/ 5mg/ 5mg/ 5mg/ 8.2mg/
0.002 mmol 0.006 0.006 0.006 |0.006 mmol| 0.01 mmol
mmol mmol mmol
Toluene 5 ml - - - - -
anhydrous
KOAC - 59 mg/ 59 mg/ - 59 mg/ 295 mg/
0.6 mmol | 0.6 mmol 0.6 mmol 3 mmol
DMSO - 5 ml - - - -
anhydrous
DMF - - 5ml - - -
anhydrous
Triethyl- - - - 0.08 ml/ - -
amine 0.6 mmol
1,4-Dioxane - - - 3ml 3ml 4 ml
anhydrous
Conditions 150°C 150°C 150°C 100°C 150°C 85°C
16 hours 16 hours | 24 hours | 16 hours | 48 hours | 48 hours
Yields 0% 0% 0% 0% 0% 207 mg
38 %

Table 6.1: Summary of the experiments performed in the syntblesig4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)fluorescein diacetate using correitiheating

methods.

All reactions were monitored by silica gel TLC analysis nmtfurther

conversion of starting material was evident (mobile phase: he>athgl/acetate (4:1)).
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Chemical Exp. 1 Exp. 2 Exp. 3 Exp. 4
5-Bromo- 500 mg / 500 mg/ 500 mg / 500 mg/
fluorescein 1 mmol 1 mmol 1 mmol 1 mmol
Bis(pinacol- 280 mg/ 280 mg/ 280 mg/ 280 mg/
ato)diboron 1.1 mmol 1.1 mmol 1.1 mmol 1.1 mmol
[PAClx(dppf)] 8.2mg/ 8.2mg/ 8.2mg/ 8.2mg/
0.01 mmol 0.01 mmol 0.01 mmol 0.01 mmol
KOAC 295mg/ 295 mg/ 295 mg/ 295 mg/
3 mmol 3 mmol 3 mmol 3 mmol
1,4-Dioxane - 4 ml - 4 ml
anhydrous
Toluene 4 ml - 6 ml -
anhydrous
Conditions 300 W 600 W 600 W 900 W
30 minutes 30 minutes 40 minutes 20 minutes
Yields 37mg/ 106 mg / 86 mg 170 mg
7% 20 % 16 % 32%

Table 6.2: Summary of the experiments performed in the syntbie$ig4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)fluorescein diacetate using miavew heating
methods. All reactions were monitored by silica gel TLC analysis nmtfurther

conversion of starting material was evident (mobile phase: hexethgl/acetate (4:1)).



Mechanism for the borylation of 5-bromofluorescein:

The Miyaura borylation reaction allows the synthesis of boronatdisebgross-

§7, 45, 46

coupling of bispinacolatodoboron with aryl halitf& Jand many of the processes

are outlined in the section that follows for Suzuki coupling reast

Figure 6.11: Schematic diagram illustrating the general mechanisreauttion in the

borylation of compound§”
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The hydrolysis of the boronated fluorescein ester to the corresponding 5-
fluorescein boronic acid also proved less than straight forwardhandean NMR
spectrum of the pure product was obtained. It is proposed thaisthigse to the
cyclotrimerisation of 5-fluorescein boronic acid, which would prewvéet molecule
being involved in any further coupling reactions, and would also accounthéor
inability to isolate the pure produét It is also known that pinacol esters can be
difficult to hydrolyse and critical for the success of tkaation is the choice of base
used, all of which may have added to the difficulties in isodathis product. A

summary of the experiments performed are presented in T3obeBw.

Chemical Exp. 1 Exp. 2 Exp. 3
Boronated 109 mg/ 217 mg/ 100 mg /
fluorescein
0.20 mmol 0.50 mmol 0.18 mmol
K,COs 55 mg/ 346 mg / -
0.40 mmol 2.5 mmol
Na,CO; - - 127 mg/
1.20 mmol
Deionised 1.5ml 1.5 ml 2ml
H,0
Acetonitrile 3.5ml 1.5ml 1ml
Conditions 2 hours at room | 7 hours at room | 3 hours at 36C
temperature temperature
Yields 0% 0% 0%

Table 6.3: Summary of the experiments performed in the syntheSifluairescein
boronic acid. All reactions were monitored by silica gel TLC anslysitil no further

conversion of starting material was evident (mobile phase: hexethgl/acetate (4:1)).
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In an effort to overcome these issues, the hydrolysis wesrped in-situ
without isolating the product and was immediately coupled with 8omo-2'-
deoxyguaonsinen a ‘one pot’ Suzuki coupling reaction. Suzuki-Miyaura coupling
involves a palladium cross coupling reaction between organoboroiis and
halides™® 25 4821 This synthetic approach has many advantages: most noticeably the
production of a short rigid linker as possible between base and fluoropherkw
toxicity and the supposed relative ease of preparation of boromccampounds.
Suzuki coupling also allows for the aqueous phase modification of protanted
halonucleosid&? 2 4% 8lwhich is of interest due to the environmental benefits of such
reactions, furthermore, no protection chemistry is required fwitre coupling. It was
also found that using the water-soluble catalytic mixture of Rdj©and tris(3-
sulfonatophenyl)phosphine (TPPTS) as ligand gave the highest convextas for the
arylation of 8-bromo-2’-deoxyguanosine that was in the region of 97 t& af
hours™ Figure 6.12 below shows the general mechanism of reactiahdé Suzuki

coupling.

Figure 6.12 Schematic diagram illustrating the general mechanism of Suzuki coupling

reactions®*
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Pd(I)(OAc), has an oxidation state of and as a result must undergo ligand

exchange with the TPPTS prior to entry into the Suzuki catatytite to produce the

corresponding Pd(0). Once this has taken place the Suzuki reactoprocaed in a

number of different steps:

1)

2)

3)

4)

Oxidative addition: The first step in the Suzuki coupling cycle is oxidative
addition in which a neutral ligand (8-BrdG) adds to the metal ceiftce
catalyst) and in doing so the metal centre is oxidised, udmal/electrons. In
transferring the 2 electrons from the metal centre to the imgpB8iBrdG, this
breaks a bond to produce two new anionic ligands &ih@ Br), which will then
go on to form new bonds to the metal centre and produce the organoupalladi

compound.

Transmetallation:this involves the exchanging of ligands between two metal
centres. Here the base sodium carbonate (and not NaOH aati#idsn Figure
6.12 above) is used to exchange ligands with the metal centneghaveady
undergone oxidative addition. This results in the elimination of sodiomite
(NaBr) from the reaction and the production of another organo-palladium

species.

Boronic acid activation: The boronic acid must first be activated by the
presence of the base in the reaction. The activated borproves the
polarisation of the organic ligand and helps with transmetadiatirhis step sees
the elimination of a boronic acid species and the formation ofagether

organo-palladium compound.

Reductive elimination: The final step in the cycle regeneration Pd(0) and the
elimination of the coupled compound of interest by a reductive elimmat
process. This is the opposite of oxidative addition in whichamionic ligands
from the metal centre couple together to produce a neutral moleade
dissociate from metal centre. Thus, leaving the metalrecdn its original

oxidation state of 0 and the Suzuki coupled product.
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6.4.3.1.1 Suzuki Coupling Results

Chemical Exp. 1 Exp. 2 Exp. 3 Exp. 4
8-BrdG 45 mg/ 87 mg/ 58 mg/ 35mg/
0.13 mmol 0.25 mmol 0.17 mmol 0.1 mmol
5-fluorescein 76 mg/ 113 mg/ 75 mg/ 45 mg/
boronic acid* 0.20 mmol 0.30 mmol 0.20 mmol 0.12 mmol
Pd(I1)(OAc), 22mg/ 1.5mg/ 1mg/ 0.6 mg/
0.01 mmol 0.006 mmol 0.004 mmol 0.0025 mmol
TPPTS 14 mg/ 9mg/ 6mg/ 3.6mg/
0.025 mmol 0.016 mmol 0.011 mmol 0.00625 mmol
K,COs 103 mg/ - - 42 mg/
0.75 mmol 0.30 mmol
Na,COs - 53mg/ 54 mg/ -
0.5 mmol 0.5 mmol
Deionised HO 1.5ml 2.3ml 2ml 1ml
Acetonitrile 3.5ml 1.2 mi 2ml 1ml
Conditions 16 hour at 86C 6 hours at 80C | 16 hours at 88C | 3 hours at 86C,
16 hours at R.T.
Yields 0% 0% 0% 0%

Table 6.4: Summary of the experiments performed in the synthes{5-8ti8rescein)-
2’-deoxyguanosine. All reactions were monitored by silica gel TLCysisaluntil no
further conversion of starting material was evident (mobile phaseoraiorm /
methanol (10%)). * 5-fluorescein boronic acid was not isolated, thalses represent

a theoretical value based on published literature.
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Table 6.4 above outlines the various experiments performed in ritieesis of
8-(5-fluorescein)-2’-deoxyguanosine.  Analysis of the recovered producich
included NMR and mass spectrometry, showed that the reactled fai produce the
final fluorescently coupled product. This could have been due to a nahleasons
including; the in-situ preparation of the 5-fluorescein boronic &eid also failed to
work efficiently, or the steric hindrance associated with ghort rigid linker between

both base and fluorophore moieties.

It is known that guanine is much less reactive than the otrs¥sbahen
undergoing palladium catalysed reactions. This has been attibuthe coordination
of the transition metal catalyst to the guanine base uralgc conditions (Figure 6.13)
and guanine has also been shown to inhibit the coupling of both halopucieesides

and simple arly bromidés’

Figure 13: Possible coordination of guanosine derivatives to palladium ctgaliysler

basic reaction conditions®

Even though guanine is the most unreactive of the four DNA bassasi
decided to continue with deoxyguanosine as nucleoside due to the expétiis the
research groufl?! and the time already spent working with the compound. In another
effort to achieve the coupling of fluorophore to nucleoside usiredatively short linker

another synthetic approach was examined, that of Sonogashira couplings.
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6.4.3.2 Synthetic Strategy 2: Sonogashira Coupling

Sonogashira coupling, much like Suzuki coupling, would have resulted in a
short and rigid linker between fluorophore and nucleoside moietrethelsynthesis of
the starting materials, Sonogashira coupling may be used tobdetwialkynylation of
5-bromofluorescein and trimethylsilylacetylene to give the esponding 5-(2-
trimethylsilylethynyl)fluorescein diacetate in a 70 % yie&hd the mechanism of
reaction is discussed in detail below. Desilylation of thmethylsilyl group is
achieved by the addition of the base potassium carbonate to therrg¢acafford the
acetylene product 5-ethynylfluorescein in a 93 % vyield, howesamrying out this
reaction again under identical conditions would yield completely indensisesults.
The reproducibility of this reaction is somewhat questionabl¢hasreaction only
worked approximately 20% of the time. Even though NMR and mass apetty
results may have suggested a clean product, HPLC analysis ($mdvigure 6.17)
shows three separate peaks in the chromatogram. The poor quallig 6IMRs
produced may be explained by the possible the formation of dimers afiykethy

fluorescein under the synthetic conditions described.

Sonogashira Coupling

Sonogashira coupling is the reaction between terminal alkynesythalides
or vinyl halides and is a robust and versatile C-C rea€tith? >>*! Not only will it
provide the short linker necessary between base and fluorescekérmhaut in
comparison to the previous Suzuki coupling, this linker will be slgldhger and
therefore more accessible to the site of reaction. Piateof the sugar hydroxyl
groups is not necessary in most cases for this reaction as singght effect the
purification of such product” Firth et al'® also demonstrate that the ratio of
palladium catalyst to copper additive is very important in Sonogashboss coupling

reactions.
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Typically two catalysts are required for this reactionzeaovalent palladium
complex (tetrakis(triphenylphosphine) palladium(0)) and a copper (Rlenadditive
(Cul). Many of the processes in Sonogahsira couplings are veiarsim that of
Suzuki couplings already discussed in the previous section. Conddfot®th
reactions include the presence of a base to neutralise dhegleyn halide produced as a
byproduct that may affect the reaction and run the risk of breakénglycosidic bond
between the sugar and base. In the Suzuki coupling, the badeehis to reduce the
palladium catalyst to an oxidation state of 0, however, thedbattacatalyst used here
for the Sonogashira coupling is already a zerovalent complex ancemtey directly
into the catalytic cycle (Figure 6.14). All solvents used wealy degassed and the
reaction performed under a nitrogen environment as the palladitedystais air

sensitive and oxygen may also promote the homocoupling of acet{ffénes

The Palladium Cycle:

The palladium catalyst proceeds in activating the aromatiden@-BrdG) by
oxidative addition to form the aromatic halide palladium compleiis may then go on
to react with the copper acetylide produced in the copper cgcthei rate limiting
transmetallation step and expels the copper halide. The orbigaicls are then
orientated in the cis-conformation during the trans/cis isoatéris step. In the last
step the product is eliminated from the cycle by reductiveniedition with the

regeneration of the Pd(0) to the catalytic cycle.
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The Copper Cycle:

Deprotonation of the terminal alkyne occurs with the preseneestifong base
such as triethylamine. Although there are a few doubts as thevie not this base is
indeed strong enough to cause the deprotonation. The organocopper camphkxk f
after the reaction with base continues to react with the d@imrhalide palladium

complex and see the regeneration of the copper halide (Cul).

Figure 6.14: Schematic diagram illustrating the general mechanism auftiom for
Sonogashira coupling®”
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6.4.3.2.1 Sonogashira Coupling Results

Mass spectrometry of the crude 8-acetylene-(5-fluones@eéideoxyguanosine
(Figure 6.15) shows evidence of the fluorescently coupled nucleatié@2.3 m/z

along with some of the starting material 5-ethynyl fluoresaeB56.3 m/z.

Figure 6.15: Mass spectra showing the potential presence of coupled product, 8
acetylene-(5-fluorescein)-2’-deoxyguanosine, at 622.3 m/z and 5-ethyngistteor at
356.3 m/z.

Initially, silica gel chromatography was employed in an éftor purify the
compound, however this proved to be unsuccessful as the strong pofarbe
compound, and hence, its strong affinity for the polar sili¢gSjeO bonds) stationary
phase failed to yield any elution of the compound of interest. Dthisgpurification
the methanol content of the mobile phase was increased to 70%ylamneine and even
water were also added unsuccessfully to the mobile phase ifcantefremove the
product. A reverse-phase HPLC method was then developed ifodnt@fisolate the

product in favourable yields.



HPLC method development: Isolation of 8-acetylene-(5-fluorescein)-2’-
deoxyguanosine.

The following HPLC conditions were found to be the best conditionghie

analysis of the Sonogashira coupled compound.

HPLC: Varian LC 940 with automatic fraction collector.

Column usedVarian C18 Pursuit XRs 250x4.6 mm analytical column.
Injection volume60 ni. (automatic injection)

Detector Wavelength254 nm and 490 nm PDA detector.

Equilibration time:7 mins between injections.

Time (min) Flow Rate (ml/min % Methanol % MilliQ Water
0 1.0 20 80
30 1.0 20 80
40 1.0 50 50
70 1.0 100 0
90 1.0 100 0

Table 6.5: Mobile phase composition used for the isolation of 8-acetfBene-
fluorescein)-2’-deoxyguanosine.

Firstly, the starting materials were injected in ordedetermine their respective
retention times (Rt) and to ensure sufficient separation to ddowletection of other
substances that may be present in the sample. Thengpbftithe chromatographic
peak for 8-bromo-2’-deoxyguanosine below may suggest the presence ofdbahdi

trans- isomers of the nucleoside in Figure 6.16 below.
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Figure 6.16: HPLC chromatogram of 8-bromo-2’-deoxyguanosine using a detection

wavelength of 254 nm. Rt = 13.5 mins.

The chromatographic purity of the 5-ethynyl fluorescein is somewhat
questionable (Figure 6.17), even though NMR and mass spectranatygis indicated
a relatively clean product. Such a marked difference in thigyprould have been
detected by HPLC as theof any possible impurities at certain wavelengths may vary,
and therefore, have a more intense absorbance profile in compé#oisiie pure
product. Nevertheless, the poor chromatographic nature of 5-ethyagégtein only

served to increase difficulties in the detection and iewiaf the coupled product.

Figure 6.17: HPLC chromatogram of 5-ethynyl fluorescein using a detection

wavelength of 490nm. Rt = 63-79 mins.
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Injection of the crude sample onto the system yielded the ctmgraan shown
in Figure 6.18 below, and there was no evidence of elution of lagsite component
at shorter retention times. Subsequent NMR and mass spectraitteypeaks failed

to give any indication of the fluorescent nucleoside that waswviarther investigation.

Figure 6.18: HPLC chromatogram of 8-acetylene-(5-fluorescein)-2’-deoxyguanosi

using a detection wavelength of 254nm. Rt = 62 and 75 mins.

Chromatographic conditions and flow rates were altered in art &farcrease
separation, and with it, the possibility of detecting any opieexks containing product,
but none were observed. Taking into account the poor chromatographybeéttmgnyl
fluorescein moietys a starting material and the difficulties with its bgsis, it was felt

that another method of coupling was worth investigating.
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6.4.3.3 Synthetic Strategy 3: Click Chemistry

In parallel with the Sonogashira coupling reactions, Click cheynigas also
attempted as a possible alternative method to couple fluorophore aadsidelto each
other. This involved the introduction of a phenyl group between botipa@amds and
consequently a loss in some of the rigidity between the baseabelddut the site of
reaction should be more accessible when compared to the previdusdsmet Suzuki
and Sonogashira couplings. The coupling of the aromatic halide (8-Bad@je
boronic acid may be described by the Suzuki coupling reaction mechabisve, to
give the starting materials of 8-(4-ethynylphenyl)-2’-deoxyguamsand 8-(4-
cyanophenyl)-2’-deoxyguanosine in yields of 35% and 96% respectively.

The fluorescein moiety, 5-azidofluorescein, was prepared in ayiléo Here,
5-aminofluorescein (an aromatic primary amine) quickly readts the amyl nitrite to
form the corresponding diazonium salt, which then decomposes in the presenc
sodium azide to produce the desired 5-azidofluorescein product in a nuiaeoph

aromatic substitution reaction.

6.4.3.3.1 Click Chemistry Results

1, 3-dipolar cycloaddition reaction (also known as the Huisgen readsiahg
reaction between an azide and alkyne to link both components néz@ld linker and
is an adaptation on the original Sharpless ‘Click’ chemist’. %1% The reaction is
characterised by mild and simple reaction conditions and the dbifigrform reactions
in the presence of oxygen and aqueous condifiéf¥. Initially the click reaction was
attempted with 8-(4-ethynylphenyl)-2’-deoxyguanosaral 5-azidofluorescein to give
the linker containing a triazole 5-membered heterocyclic ridgwever, due to ease of
synthesis and high yields of the starting material 8-(4-cyamybk2’-deoxyguanosine,
it was also worthwhile to attempt the complementary Huisdengiess reaction
between aromatic nitriles and organic azides that would resul ietrazole 5-

membered hetrocyclic ring in the cross-coupling liHk&f!
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The mechanism of coupling in Figure 6.19 may be used to deshebmpper
() catalysed cycloaddition between the azide and alkyne toddriazole. First step in
the reaction is the coordination of the alkyne (8-(4-ethynylphenytledxyguanosine)
to the copper () catalyst, by removal of one of the coppantlg to give the copper
acetylide. Next the azide (5-azidofluorescein) replaces anotteeof the ligands and
the copper complex binds to the nitrogen beside the carbon. Th@dknitrogen on
this complex proceeds to attack the second carbon of the copperdactiylorm the
six-membered copper (lll) intermediate. Rearrangemertisfring gives the familiar
5-membered triazole structure. The final step sees timnalion of the compound by
reductive elimination and regeneration the original copper (I¥ispe Figure 6.20,

shows the mechanism used to describe the formation thedletraeterocyclic ring.

N\\N/N\R
[L.Cu]* R——H
12 5 6

Figure 6.19: Schematic diagram illustrating the general mechanism ofieedor the

Huisgen reaction between azides and alkytnderm a triazole linkel

Figure 6.20: Mechanism for the formation of a 1,5-tetrazole crosgiing linker.
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In the preparation of 8-(4-phenyl(1,3-triazole))-5-fluorescein-2’-deoaggsine
neither NMR or mass spectrometry or TLC analysis of the ptoddicated that the
Click reaction had worked. Alternative reaction conditionsdusepper iodide as a
catalyst with heating to 60C for 12 hours but there was no evidence of the
fluorescently coupled product. In another experiment tetrakis(atd&ncopper(l)
hexaflurophosphate and elementary copper wire were used as catalysslution of
dichloromethane : methanol (4:1) with heating to°60for 12 hours but once again
NMR and mass spectrometry analysis proved that the reactiaidwadot proceeded as
intended. The same may be said in the experiment in the si;tie3-(4-phenyl(1,5-
tetrazole))-5-fluorescein-2’-deoxyguanosine as analysis of tleiorgroduct failed to

give any indication that the product had been synthesised.

In a final effort to achieve the fluorescent nucleoside, t@xdonsider was a
reaction that required the full protection of the 8-bromo-2’-deoxyguaedstfore any
coupling reactions would take place. This has the added advantaties adfility to
purify the nucleoside at every stage by ordinary silica geproatography due to the
non-polar nature of the compound. It may also in turn lead to incrg@sles due to
more selective coupling, as the majority of the protected deorgpgiree molecules
should be in cis confirmation leaving the site of reaction moresadae for coupling
reactions to take place. Also, for incorporation of any nucleosideairgequence of
DNA by polymerase chain reaction (PCR), the corresponding phosplaitemust
first be synthesised. In order for this to occur, certain tfomal groups of the
nucleoside must be protected. Choosing to protect the nucldedioie any coupling
reactions take place, would eliminate many further (de)pioteceactions using a
novel compound, and hence, may lead to a decrease in yieldsweithsynthetic step.

The Buchwald-Hartwig reaction was the final coupling readiobe attempted.
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6.4.3.4 Synthetic Strategy 4: Buchwald-Hartwig dmugp

Buchwald-Hartwig coupling is a coupling reaction between an arndéaind
amine in the presence of palladium catalyst and base to foamban-nitrogen bond>”
8l There are many examples throughout the literature of BucHwamlalvig reactions

to link molecules to the C-8 position of purine bases in higlalgig 2% 84¢°l

For the successful amination of thé-ilobutyryl- -benzyl-8-bromo-3',5’-O-
bis(tert-butyldimethylsilyl)-2’-deoxyguanosingnd 5-aminofluoresceione must fully
protect the deoxyguanosine nucleoside prior to Buchwald-Hartwig coupliling O-
silylation of the 3’ and 5’ hydroxyl on the sugar moiety wasqgrened using conditions

described by Ludoviet al® with relatively high yields of over 70%.

Next step was the protection of the® @tom on the base. Initially 4-
cyanophenylethyl was used as the protecting group for #po8&ion as this group may
be removed after the oligonucleotide synthesis using 1,8-diazihiogec-7-ene
(DBU) and as a result would avoid a further deprotection step bpfmgphoramidite
synthesid™ Hence, the &(4-cyanophenyl)ethyl-8-bromo-3’,5-O-bis(tert-
butyldimethylsilyl)-2’-deoxyguanosine was synthesised and isolated %2% yield
[results not shown]. However, having researched the syntheslserf it is the
benzylalcohol &-protecting group that is more widely used throughout the liter8fure.
18,20, 85. 861 Even though yields of both®@rotection were comparable, it was decided to
use the benzylalcohol as the protecting group and the correspon@ibgngyl-8-
bromo-3',5’-O-bis(tert-butyldimethylsilyl)-2’-deoxyguanosin@as preparedin  60%
yield.

Finally the exocyclic amino group was protected using isobutyric caitiey
however, as the reaction proceeded it was only the startingriadasf P-benzyl-8-
bromo-3’,5’-O-bis(tert-butyldimethylsilyl)-2’-deoxyguanosingmat was returned and
reaction failed to work satisfactorily. The stronger isobutyidoride was then
employed and the fully protected®#éobutyryl- G-benzyl-8-bromo-3’,5’-O-his(tert-

butyldimethylsilyl)-2’-deoxyguanosine was isolated in a 50% yield.
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Buchwald-Hartwig Catalytic Cycle:

The palladium (II) catalyst (Blba}) is initially reduced with the BINAP
ligand to give the active palladium (0) species. The catatytile starts when the arly
halide coordinates to the palladium (0) species in an oxidadiditi@n reaction. Next,
coordination of the amine to the palladium complex occurs to giveespegmber 3 in
Figure 6.21. A strong base is then required to abstract a grotarthe amine of this
species. Under initial reaction conditiongP, was used as base but the reaction did
not show any signs of progress by TLC. It was only when tbaggr base of NaOtBu
was used that the reaction showed evidence of proceeding. Enimediate then gives
the desired aryl amine coupled product and regeneration the Pd(OyBidpecies by
reductive elimination. At this final reductive eliminatistep there may be a couple of
undesired side reactions includinghydride elimination to the arene compound or
elimination of the imine compound. In either case the zesavadalladium species is

regenerated and the catalytic cycle contit{({e¥”

Figure 6.21: Schematic diagram illustrating the general mechanism ofivgud-

Hartwig coupling reaction§?!
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6.4.3.4.1 Buchwald-Hartwig Results:

HPLC method development:

The following HPLC conditions were found to give the best separaifon

starting materials to determine their retention times andhie analysis of the coupled

compound.
Time (min) Flow Rate (ml/min % Methanol % MilliQ Water
0 1.8 85 15
10 1.8 90 10
20 1.8 95 5
25 1.8 100 0
35 1.8 100 0

Table 6.6: Mobile phase gradient for the isolation Gfiddbutyryl- G-benzyl-8N-(5-

aminofluorescein)-3’,5-O-bis(tert-butyldimethylsilyl)-2’-deoxyguanesi

Injection of starting materials:

Figure 6.22: HPLC chromatogram of 2Nsobutyryl- O-benzyl-8-bromo-3’,5'-O-
bis(tert-butyldimethylsilyl)-2’-deoxyguanosine using a detector weagth of 254 nm.
Rt = 24.8mins.
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Figure 6.23: HPLC chromatogram of 5-aminofluorescein using a detectorleveyth
of 254 nm. Rt = 1.9mins.

Figure 6.24: HPLC chromatogram of 5-aminofluorescein using a detectorlevayth
of 490 nm. Rt = 1.9mins.

As with many of these coupling reactions, the conditions used tae wéry
sensitive to the success of the coupling reaction and no morbéasowith the
Buchwald-Hartwig amination. Meyerst al®”! even suggest that the supplier and
particle size of the base can have an effect on the saangchanism. However, it was
felt that the choice of solvent can have the most profoundtefiedhe amination
reaction’®! and hence, 5 small scale reactions were set-up using 5 wiifftvents
covering a majority of the possibilities of polar aprotic, pghaotic and nonpolar
solvents. The reactions were only analysed by HPLC in ooddetermine the best

solvent, if any, to continue with this method of synthesis. Tigdrous solvents used



in the coupling reactions were toluene (nonpolar), xylene (nonpolanlidxdne (polar
aprotic), methylpyrrolidone (polar aprotic) and dimethoxyethane (polar i@prot
Results suggested that it is toluene that gives cause foroptoaism and the formation
of the coupled product, and therefore, this solvent was used foratlee sp production
of the fluorescently labelled nucleoside.

The progress of the reaction was monitored by HPLC analysdijuiing 1 |
of the reaction mixture into 2 ml of mobile phase and injecting dredHPLC system.
The reaction was deemed to be finished when the ratio of thestamting material
peaks did not alter anymore, which was after a period of 48 hoursexiiaetion of the
reaction mixture into diethylether and methanol prior to inpectonto the HPLC
removed large quantities of the unreacted 5-aminofluoresceircatalytic mixture. In
order to identify the peak containing the product of interest, theCHRas set up to
collect multiple injections of the crude product in 6 differelaicfions (Figure 6.25).
These were then evaporated to dryness and sent for NMR ianafysiction 6, with a
retention time of 29-33 minutes (Figure 6.25) also shows absorba?s4 am and 490
nm. This might be potentially expected from a chromatographik gaataining both
the fluorescein and nucleoside moieties.

8,0003 mAU [CD-2I01_29 01 2009 17 56 54.DATAT detector Absorbance Analog Channel T
7,500;
7,000:

6,500
6,000;
5,500
5,000
4,500%

4,000:
3,500;
3,000:
2,5

Figure 6.25: HPLC chromatogram of 2Nsobutyryl- O-benzyl-8N-(5-
aminofluorescein)-3’,5'-O-bis(tert-butyldimethylsilyl)-2’-deoxyguanesi crude

reaction mixture using a detector wavelength of 254 nm.
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Following proton NMR analysis, the fractions were thought to Goritae

following compounds:

Fraction 1 (ret. time: 0-3 minutesgvidence of 5-aminofluorescein.

Fraction 2 (ret. time: 3-5.5 minutesgvidence of catalytic mixture.

Fraction 3 (ret. time: 5.5-13.5 minutesjothing detected.

Fraction 4 (ret. time: 13.5-23 minutes)othing detected.

Fraction 5 (ret. time: 23-27 minutes)N*Isobutyryl- G-benzyl-8-bromo-3’,5'-O-
bis(tert-butyldimethylsilyl)-2’- deoxyguanosine

Fraction 6 (ret. time: 27-35 minutesevidence of the product ?Nsobutyryl- G-
benzyl-8N-(5-aminofluorescein)-3’,5-O-bis(tert-butyldimethylsili)-

deoxyguanosine.

As fraction 6 was thought the most likely to contain the producfralcon was
then taken and re-injected to isolate the two peaks sepaeatedlboth were sent for
further NMR and mass spectrometry analysis. Both NMR’s stitiwed evidence of
product but they were still far from pure for incorporation into gueace of DNA.
However, it is the second peak of fraction 6 that gives mastector optimism as the
mass spectrum results in Figure 6.26 and the corresponding iddittifiof peaks in
Table 6.7 highlight.
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Figure 6.26: Mass spectra of HPLC fraction 6 (peak 2) with redentime of 32
minutes in the preparation of?Nsobutyryl- G-benzyl-8N-(5-aminofluorescein)-3’,5'-

O-bis(tert-butyldimethylsilyl)-2’-deoxyguanosine.

Mass Spec Peak Comments

1074.7 m/z K-sobutyryl- &-benzyl-8N-(5-
Aminofluorescein)-3’,5’-O-bis(tert-
butyldimethylsilyl)-2’-deoxyguanosine
plus 2 chlorine ions

1003.3 m/z K-sobutyryl- &-benzyl-8N-(5-
Aminofluorescein)-3’,5’-O-bis(tert-
butyldimethylsilyl)-2’-deoxyguanosine.
(product of interest)

928.9 m/z Product minus exocyclic amino
protecting group.
894.5 m/z Product minus°@enzyl protecting
group.
820.7 m/z Product minus exocyclic amino antd O
Benzyl protecting groups.
678.6 m/z Product minus fluorescein moiety.
590.2 m/z Fully unprotected dG with coupled
fluorescein.

Table 6.7: Analysis of fragmentation patterns found for fraction 6 (peak Z)ein t
preparation of N-isobutyryl- J-benzyl-8N-(5-aminofluorescein)-3’,5'-O-bis(tert-
butyldimethylsilyl)-2’-deoxyguanosine.
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Fraction 6 (peak 2) was once again re-injected in an efforthie\aximproved
purity of the coupled product. However, both NMR and mass spestinpstill showed
an impure product. It is felt that the actual amount of pure ptddwany) will prove to
have a very low conversion yield overall making this labour intensynthetic route
difficult to justify the time and effort required. Furthesra, a minimum of 100 mg of
pure fluorescently coupled product would be required for incorporation of the

fluorescent nucleoside into a sequence of DNA by PCR.
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6.5 Conclusion

There have been many difficulties encountered throughout the durattbis of
aspect of the thesis leading to the inability to isolatefitred coupled nucleoside in
good yields for DNA sequencing. This is despite having tried kvelwn techniques
such as Suzuki, Sonogashira, Click and Buchwald-Hartwig methods of rqpuplihe
sole commercially available internally labelled fluoresceiurtleoside is illustrated in
Figure 6.27 below. However, the length of the linker is too longitfointended
purpose and may only lead to self quenching of the fluorophores due naclthss

proximity to one another in the model photoantenna assembly.
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Figure 6.27: Chemical structure of a commercial fluorescein moddeakythymidine

phosphoramidite.

* Contact was made and numerous discussions held with companies who spétialis
DNA modifications worldwide about the possibility of a purchasing a comaherci
fluorescent nucleoside. Not one had anything similar in their cataloguei@ willing

to take on the project for less than 50,000 euro to achieve vdsaaitempted here.
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The shortest internally labelled fluorescent nucleoside conmatigravailable is
a carboxyltetramethylrhodamine (TAMRA) dye conjugated to a dedagte
phosphoramidite (Figure 6.28). As discussed above, this could prineeduite useful
as TAMRA is a well known FRET energy acceptor from a flu@#sdonor molecule.
As a result this may be used as the ‘black hole quencheretbtawards the terminal of
the complimentary strand.

O

QN
S
%

/P\ N

N:—/_o

Figure 6.28: TAMRA modified deoxycytosine.

The synthetic aspect of the project has proven to be far rhatierging than
first considered and may take many more years before a fheimesoupled
phosphoramidite ready for DNA integration, via a short rigid linkerachieved in
manageable yields. It has been shown that the coupling reactsiin hits been
somewhat successful with mass spectra analysis for both SonagastiBuchwald-
Hartwig coupling reactions indicating formation of the fluoresgerdbnjugated
nucleoside. However, the significant difficulties in purificatiof the fluorescent
nucleoside and associated low yields to date have resulted ierthimdtion of this
project within the group. Should the coupling of a fluorescein moleewés be
achieved to the C-8 position of a nucleoside it would open up an areantbetsy

chemistry that is very under researched and could have pbtgiaations in a broad
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range of scientific areas from photodynamic therapy for caresearch to light

harvesting devices

If this synthetic route is to be successful more time and resewill have to be
spent experimenting on a small scale initially with différ@éeaction conditions
including changing solvents, bases, additives, catalysts amunirvarying all of their
chemical equivalences. Or even the possibility of altetiegbiase to a more reactive
nucleoside or changing the fluorescent molecule itself, all loiclwwill entail a
significant body of work. Above all, it is the Buchwald-Hartwigethod of coupling
that has shown the most promise out of all the coupling reacti@emspéid and there is

no reason to suggest that another method of coupling might praxpdea results.
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Chapter 7: Conclusions and Future Work

“There are three types of people in this world: those who make ttiagpen, those

who watch things happen and those who wonder what happenddiy Kay Ash.
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7.0 Conclusions and Future Work

This thesis focussed on the assembly of supramolecular biocayuzfametal
complexes and also of fluorescein for application in cellular intagnd as model solar
antennae respectively. Chapter 3 detailed the synthesis an@il@ddeomparative
study of the spectroscopic, photophysical and redox characterishtiosedes of three
water soluble photoactive ruthenium (II) polypyridyl complexes comgibipyridyl
ligands and only differed in their terminal functionality on thegasitive phenthroline
based ancillary ligand. These complexes had been symttigsisviously but this is the
first study to compare their electronic and photophysical propeifiee carboxyl and
amino functional derivatives displayed many similar propeitielsiding long aqueous
lifetime, red emission characteristics, large Stokedsshiid pH/oxygen sensitivity. In
contrast, the nitro functionalised complex, [Ru(bfyiENG,)]*, exhibited very weak
emission intensity and short excited state lifetime ateithwid the electron withdrawing

ability of the nitro group which lead to an increase in rewtative decay.

The purpose of synthesising amino and carboxy functionalised luminophores
was to aid conjugation of these complexes into extended supramaolstructures for
cell imaging probes via amide linkages. In the second gga@hapter 3, the amino
functionalised ruthenium (Il) complex was conjugated to polyethyleyeoiglinkers of
approximately 3 nm and 13 nm chain lengths with thiol termini to peh@iit assembly
to 50 nm gold nanoparticles. This allowed for the efficient transpbin otherwise
non-permeable luminophore, across the cellular membrane of meammeells.
Preliminary studies on the influence of chain length on the photazhydi these
assembly showed that at a distance of 3 nm from the gold reebsitrate the
luminescence of the ruthenium dye decreased, however,i@migas not completely
guenched. Interestingly, both emission intensity and lifetimbeoptobe was enhanced
at a distance of 13 nm (in linear conformation) from nanopart@lé&uminophore,
suggesting the close-packed nature of the monolayer rather thaarthygarticles itself
exerts the greatest influence on the photophysics of the luminophbesnanoparticle
conjugates were water soluble which aided study of their ctters with mammalian
SP2 cells without the need to permeabalise the cell's membrResults showed that

whereas the parent dye was unable to transport across ltedigiel bilayer the PEG
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conjugated complex and the functionalised gold nanoparticles, waatityraptaken by

the cells and distrubuted throughout the cytoplasm.

Chapter 4 detailed the synthesis and characterisation of a skeriesel water
insoluble iridium (ll) polypyridyl complexes. It had been repdrthat many iridium
(11 complexes exhibited favourable characteristics suchoager phosphorescent
lifetimes, larger quantum yields and tunable emission from blued when compared
to ruthenium metal complexes. This proved to be the case wdlfpp)(picCOOH)[
as it displayed lifetimes and quantum yields in organic mediaealimat of other
ruthenium complexes synthesised as part if this thesis. Howiavaqueous solution
this iridium complex did not exhibit lifetimes on par with othethenium complexes.
This suggests that such an iridium probe may not be as well $oitédte analysis of
biological samples and furthermore, the wavelength of excitagoassary may not be
as amiable to tissue sample as the ruthenium dyes synthesidédwever,
[Ir(dfpp).(picCOOH)T, displayed pH sensitivity in both Raman spectra and lifetimes
and Chapter 5 detailed its conjugation to a CPP for uaevadecular imaging probe.

Unfortunately, the lifetimes and quantum vyields of the othatiuim (III)
complexes synthesised, [Ir(dfp)apthNQ)]" and [Ir(dfpp}(napthNH)]*, were not as
great as their unfunctionalised parent complex suggested. rootiee without a pH
sensitive ligand present, the use of such a luminescent ral@cabe is limited and it
was decided not to continue in efforts to label biomolecules wilsethparticular
iridium dyes. However, to date there is very little publisiom the characterisation,
especially Raman and FTIR characterisation, of iridium @tinplexes. With this in
mind, the three iridium complexes are currently undergoing DI€Ulkedions and along
with the existing photophysical and vibrational spectroscopy resytpar will be

submitted to serve as a template for similar iridium corgde

Chapter 5 discussed the conjugation of ruthenium (1) and novelrridlll)
polypyridyl complexes synthesised in Chapters 3 & 4 to a CIPie. conjugation of the
carboxyl functionalised ruthenium complex to octarginine has been edpbyt our
group previously as an efficient multimodal molecular probe in ohtémg
intercellular pH and oxygen levels within SP2 myeloma cellewéVer, this is the first

time to our knowledge that an iridium (Ill) probe has been successhiljugated to a
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CPP for the purposes of cellular imaging. In SP2 and CHQ, cedlslts showed how
the lone parent dye complexes failed to transport efficientlyss the cell membrane.
However, upon conjugation to the octarginine peptide both ruthenium ragmi
luminophores showed internalisation within the cell without the nded
permeabalising the cellular structure. One concern publishée ilitdrature on metal
complexes in cellular imaging is the use of organic solventsh s DMSO and
ethanol, to aid solubility issues in cellular uptake experimenthis concern is
confirmed by experiments performed in Chapter 5 that illustratedytotoxic effect of

such solvents towards SP2 and CHO cell lines.

Conjugation of the iridium (l11) dye to the polypeptide dramaticaltreased its
aqueous solubility and with it, its ability to diffuse across te# membrane of the
mammalian cells without the need for organic solvents. Howéwemuthenium probe
remains the more attractive proposition for use as a molesukging probe when
compared to the iridium equivalent. The ruthenium conjugate despplap aqueous
lifetime more then five times greater, however, its quangieid is only 60% that seen

for the iridium conjugate.

Furthermore, the cytotoxicity of the iridium probe is farajee when compared
to the ruthenium conjugate. Extensive cell death was also #diini both SP2 and
CHO cells at a final iridium conjugate concentration of RO in times as short as 10
minutes under 375 nm irradiation. This was confirmed using a DRAEIlising dye,
which only stains the nucleus of dead cells. However, theemuim dye-peptide also
exhibited increased cell death as a result of 375 nm irradiation edmpared with 458
nm excitation. Interestingly, when no dye is present under contirexaitation at 375
nm and 458 nm there is minimal evidence of cell death, as @useith the viability
dye DRAQ7. This suggests that the increased cell deatreafidium complexes is a
result of the energy of excitation and also potentially due light activated process,
which most likely thought to be the generation of singlet oxydén) (through an
electron and energy transfer process. This is further supported efiynipary
experiments using ascorbic acid as a singlet oxygen scavengér hasaesulted in a
reduction in cell cytotoxicity of the iridium peptide from 50% to 5% unsiemilar
experimental conditions preformed here. Other explanations for niteeased

cytotoxicity may include the fluorination of the cyclometalatiigands, the larger
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iridium metal centre and longer phosphorescent quantum yields anchdgetinder

particular conditions that will also have an impact ongiieeration of singlet oxygen.

Finally, the most ambitious synthetic aspect of this thesis the attempt in
creating a model photoantenna based on an interfacial DNA scaff@tapter 6. It
was hoped that the immobilisation of a fluorescently modified DHduence would
yield a supramolecular assembly capable of the conversiorhokligrgy into electrical
energy. Unfortunately, the conjugation of the fluorescein madeteoxyguanosine via
a short and rigid linker proved problematic. Despite attemptingyn@upling
techniques such as Suzuki coupling, Sonogashira coupling, click cheraisd
Buchwald-Hartwig coupling the fluorescent nucleoside was newvtatesl in sufficient

quantities for incorporation into a sequence of DNA.

Future work to emerge from this thesis will focus on extendinggaadtifying
the application of the probes produced here in cellular imagingthE supramolecular
ruthenium-PEG modified nanoparticles, this work demonstrated thablest
nanoparticles assemblies incorporating the ruthenium centres ctorniied by the
approached outlined here and that depending on chain length, the meticoetains
its photophysical properties. The potential for these matdrataultimodal SERS
/luminescence imaging will be the main focus of future worlhesé materials as well

as detailed studies of cellular uptake, cell viability aalll localisation studies.

For the ruthenium and iridium peptide conjugates further work iingg
concerning the attachment of target specific peptides to exiséithgpenetrating dye
peptides with the intention of selectively targeting cartall organelles. In addition, it
is proposed to study the singlet oxygen generating ability of thiassitton metal
complexes that may possibly result in the targeted cell agatimour cells. Further
experiments would include assessment of the iridium conjugata asiltimodal
imaging probe to determine intracellular pH and oxygen levels usinggR and FLIM
measurements respectively. Additional experiments could atdode photostability

and bleaching studies of the molecular imaging probe.
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For the DNA model photoantenna work, dye to the complexity of the sysithes
this work was terminated within the group but any potential future worthis aspect
of the research should involve looking at using an alternative reastive base, such
as thymine, as guanine is known to be the most unreactive of theaees. Synthetic
conditions such as reaction times, base used, catalytic equigaletc. will also have to
be studied in greater detail as they are known to play aatritbe in the coupling
reactions. However, it is the Buchwald-Hartwig method of cagplhat gives rise to

the most promise and it is recommended that this method oficguppursued.

Many of the supramolecular synthetic strategies attemptelisnthiiesis have
shown potential applications in solar energy conversion, enhancingsiemi
efficiencies of photoactive components, increasing aqueous solubiitymetal
complexes and using inorganic complexes as multimodal imaging pr@bgmrticular
interest, this thesis detailed the ongoing intense effortsre agp with new dyes and
multimodal strategies to aid biochemical understanding of eellpfocesses and
medical diagnostics and described potential molecular probes eapébiaking

advances in these areas.

From solar energy conversion to biomedical diagnostics to multinoedalar
imaging, both inorganic and organic photoactive supramolecular bbssnhave
provided numerous fascinating applications in every aspect of eci&Mith the push to
find alternative fuels, more sensitive and selective diagndsvices and improving on
existing technologies the research into photoactive supramoless@mblies will only

continue to intensify well into the future.
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Appendix 1: NMR and Mass Spectrometry Results



Figure AL:*H-NMR of [Ru(bpy)Cl2)]** in DMSO-@.

bpy proton [Ru(bpy)2Cly]

ppm

Hs 9.94
(d, 2H)

Ha 8.60
(d, 2H)

He 8.45
(d, 2H)

Ha 8.03
(t, 2H)

Ha 7.74
(t, 2H)

Hs 7.64
(t, 2H)

He 7.47
(d, 2H)

Hs: 7.07
(t, 2H)

Table A1:*H-NMR resonances for [Ru(bp®l,], carried out in DMSO-g The

integration and peak splitting are shown in brackets.



Figure A2:*H-NMR of [picCOOH] ligand in DMSO+

Figure A3:™H-NMR of [Ru(bpy)picCOOH)F* in DMSO-d.
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Figure A4: COSY 45 spectrum of [Ru(bgpﬁ}glbcCOOH)]2+ in DMSO-d.

Figure A5: Mass spectrum of [Ru(bpfpicCOOH)F".



Figure A6:"H-NMR of [picNQ] ligandin DMSO-@.

Figure A7: Mass spectrum of [picN[igand.



Figure A8:*H-NMR of [Ru(bpy)picNO,)] %" in DMSO-g.

Figure A9: Mass spectrum of [Ru(bp{icNOy)] %"
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Figure A10:*H-NMR of [picNH] ligand in DMSO-g.

Figure Al11l: Mass spectrum of [picNHigand.

Vil



Figure A12:*H-NMR of [Ru(bpy)(picNHy)]** in DMSO-4.

Figure A13: Mass spectrum of [Ru(bpicNH,)] **.
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Figure A14:'H-NMR of 2-(4,6-difluorophenyl)pyridine [dfpp] in DMSQ-d

Figure A15:*H-NMR of[Ir z(dfpp}(Cl2)] in DMSO-d.
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Figure A16:'H-NMR of [Ir(dfppx(picCOOH)[" in DMSO-@.
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Figure A17: COSY 45 spectrum of [Ir(dfp{micCOOH)[" in DMSO-@.




Figure A18: Mass spectrum of [Ir(dfppicCOOH)]".
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Figure A20: Mass spectrum of [Napthi@gand.

Figure A21:'H-NMR of [Ir(dfppx(napthNQ)] in CDCl.
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Figure A22: Mass spectrum of [Ir(dfpghapthNQ)].
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Figure A23:'H-NMR of [NapthNH] ligand in DMSO-@.
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Figure A24: Mass spectrum of [NapthiHigand.
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Figure A26: Mass spectrum of [Ir(dfpiihapthNH)].

Figure A27:'H-NMR of 8-bromo-2’-deoxyguanosine in DMS©-d
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Figure A28:'H-NMR of 5-bromofluorescein diacetate in DMSQ-d

Figure A29:'H-NMR of 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)fluorescein
diacetate in DMSO4
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Figure A30:'H-NMR of 5-(2-trimethylsilylethynyl)fluorescein diacetatdMSO-q.

Figure A31:'H-NMR of 5-ethynylfluorescein in DMSQ@-d

XVII



Figure A32: Mass spectrum of 5-ethynylfluorescein.
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Figure A33:'H-NMR of 8-(4-ethynylphenyl)-2’-deoxyguanosine in DM$O-d
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Figure A34:'H-NMR of 8-(4-cyanophenyl)-2’-deoxyguanosine in DM$O-d

Figure A35:'H-NMR of 5-azidofluorescein in DMSQ-d
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Figure A36:'H-NMR of 8-bromo-3’,5’-O-bis(tert-butyldimethylsilyl)-2'-
deoxyguanosine in DMSQ:d

O~ N 00N fe2] <t ANONANNDO MO 00N LMON-A O fo2]
888 §&R B p BNEERZYSEE §%  EENGEL §

\// \/ \\\\ //// \\ // Current Data Parameters
NAME 0v27-2008
EXPNO 90
PROCNO
F2 - Acquisition Parameters
Date_ 20081127
Time 20
INSTRUM spect
PROBHD 5 mm QNP 1H/13
PULPROG 2g:
TD 65536
SOLVENT DMSO
NS 16
DS 2
SWH 8278.146 Hz
FIDRES 0.126314 Hz
AQ 3.9584243 sec
RG
ow 60.400 usec
DE 6.00 usec
TE
D1 1.00000000 sec
TDO 1
======== CHANNEL f1 ========
NuC1 1H
P1 12.55 usec
PL1 0.00 dB

SFO1 400.1324710 MHz

F2 - Processing parameters
si

SF. 400.1300043 MHz
wbw EM

SSB. 0

LB 0.30 Hz

GB

PC 1.00

T T T T T T T T T T T T T T T T
75 70 65 60 55 50 45 40 35 30 25 0 15 10 05 ppm

2.
A B T
e e - - Al - olo wlal

Figure A37:*H-NMR of G-benzyl-8-bromo-3’,5"-O-bis(tert-butyldimethylsilyl)-2'-
deoxyguanosine in DMSQ-d
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Figure A38:*H-NMR of N-isobutyryl- G-benzyl-8-bromo-3’,5'-O-bis(tert-
butyldimethylsilyl)-2’-deoxyguanosine in DMS@-d
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Figure A39: Control cyclic voltammogram of acetonitrile (containing 0.IBA as
electrolyte) with 1.5 mm glassy carbon working electrode and refeck against

Ag/AgCIl. Scans were started in a positive direction from amlipibtential of 0 V.
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