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Summary
This thesis entitled “Ru(II)-l,8-Naphthalimide Conjugates as DNA Probes and 

Photoreagents” is divided into seven chapters. Chapter 1, the introduction, details the 

structure o f DNA and the different modes by which small molecules interact with it. This 

is followed by a description o f the photophysical and DNA binding properties o f  

polypyridyl Ru(II) complexes from the literature, and the various means that have been 

employed, to improve their properties for application as DNA probes and photocleavers. 

Finally, the properties o f  1,8-naphthalimide based compounds as anti-cancer agents and 

DNA photocleavers are discussed. This chapter also describes the aims o f the research 

detailed in each o f the subsequent chapters.

Chapter 2 describes the interaction o f  a series o f  flexibly linked Ru(lI)-4-nitro-1,8- 

naphthalimide conjugates with DNA. All o f  the systems described in this chapter were 

weakly emissive in aqueous solution, but displayed substantial enhancements in the MLCT 

based emission in the presence o f DNA. The nature and magnitude o f the enhancement 

was shown to be sensitive to the length o f the linker moiety, and the presence o f one or two

1.8-naphthalimide chromophores. Furthermore, a modification to the design, in 

incorporating a 3-nitro vs. a 4-nitro substituent on the 1,8-naphthalimide ring system, was 

shown to result in substantially improved response to added DNA.

Chapter 3 describes another family o f  flexibly linked bifunctional complexes, 

containing Ru(ll) and 1,8-naphthalimide functionality. In this case the 1,8-naphthalimide 

was shown to sensitize that MLCT emission, a process that was interrupted upon binding 

to DNA. Significantly different responses to different DNA sequences were displayed by 

the complexes discussed in this chapter.

Chapter 4 describes systems comprising a more rigid arrangement o f  the Ru(ll) and

1.8-naphthalimide subunits, in which their orientation was shown to be more precisely 

controlled. Effects were observed on both the solution photophysical properties o f  the 

resulting conjugates, and their response upon DNA binding. A wedged or meta 

arrangement around the connecting ring was shown to result in greater affinity for DNA, 

and greater change in spectroscopic properties, due to greater complementarity in the shape 

o f  the complex and that o f the DNA. Furthermore, it was demonstrated that systems 

incorporating 4-nitro vs. 4-amino 1,8-naphthalimide functionality possessed contrasting 

photophysical properties.

Chapter 5 describes a series o f compounds comprising 1,8-naphthalimide and 

diquat functionality. Similar to the systems described in Chapter 4, it was shown that the



orientation o f the components, by virtue o f their arrangement around the connecting 

aromatic ring, had consequences on the DNA binding behaviour o f  the resulting 

conjugates. The components performed similar functions to those in the metal complex 

counterparts, the 1,8-naphthalimide binding DNA through intercalation and the charged 

diquat binding electrostatically to the backbone, and in the grooves, with a wedged 

arrangement again resulting in the most efficient interaction.

Chapter 6 details the results o f  biological studies carried out on the complexes 

described in Chapter 2 - 4 .  It was demonstrated that the systems from Chapter 2 and 3 

were relatively inefficient at photocleaving DNA, but those described in Chapter 4 

displayed quite promising photocleavage abilty, dependent on the substituents on the 

complex. These promising candidates were chosen for more detailed study to investigate 

the possible reactive species involved in the cleavage process. The ability o f  the 

complexes described in Chapter 2 -  4 to enter HeLa cells was then investigated, with all o f  

the conjugates showing excellent cellular uptake properties. The complexes from Chapter 

4 were chosen for confocal laser scanning microscopy study, from which it was shown that 

each complex was within the cell interior, and more significantly in the nucleus.

Chapter 7 provides an overall summary o f the results and observations from this 

thesis and details future work that will be undertaken in the research group.

Chapter 8, the final chapter details experimental procedures, which were employed 

for the synthesis and photophysical evaluation o f the compounds described in the previous 

five chapters. Finally literature references are provided.

The appendix provides crystallographic data, in addition to spectroscopic and 

titration data relevant to each o f the preceding chapters.
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br s broad singlet

Boc fer/-butoxycarbonyl

Bpy bipyridine

CD circular dichro ism

d doublet

DABCO 1,4-diazabicyclo(2,2,2)octane

dd double doublet

8 chemical shift

DMF dimethylformamide

DNA deoxyribonucleic acid

EnT energy transfer
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Eq. equivalents

ET electron transfer
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MeOH methanol

m.p. melting point

m/z mass charge ratio

NMR nuclear magnetic resonance

Pd/C palladium on carbon catalyst

ppm parts per million

q quartet

s singlet

t triplet

TFA trifluoroacetic acid
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TLC thin layer chromatography

UV ultraviolet
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Chapter I Introduction

1.1 Introduction

The abihty to prepare molecules that selectively bind DNA, and that exhibit 

photophysical properties that are sensitive to the binding event, continues to be the focus o f 

a significant amount o f  research.'^ Such species have become highly desirable for use as 

nucleic acid probes, whose potential applications as highly sensitive diagnostic agents are 

vast.^ In addition, molecules that can bind particular regions o f DNA or particular genes, 

may allow one to precisely control the expression o f specific genes.'* This would provide 

novel therapies through the regulation o f expression o f proteins involved in a particular 

disease being targeted."* Another potential application o f such molecules is as nucleic acid 

cleavage agents, whose development has been driven by the shortcomings o f natural agents 

such as restriction enzymes.^ Synthetic cleavage agents may allow one to cleave nucleic 

acids non-specifically at any region, or alternatively with a high degree o f  sequence 

selectivity, and have the added advantage that they may be activated photochemically. 

This thesis focuses on the interaction and reaction o f small spectroscopically active 

molecules with DNA. The introduction, however, begins with a short description o f  DNA 

structure and the factors governing its recognition, followed by a discussion o f some 

relevant examples o f  small molecules that bind DNA from the literature.

1.2 DNA Structure and Recognition

DNA (deoxyribonucleic acid) is regarded as the central icon o f molecular biology, 

being found in each o f the 10 trillion cells that comprise a human body. It is a class o f 

nucleic acid which plays a central role in the transmission, expression and conservation o f 

genetic information. DNA molecules may be enormous; the entire human genome for 

example contains 3.2 giga bases o f information. This information encodes the instructions 

on how to construct an entire living organism and directs the function o f  that organism 

throughout its lifetime.

The molecule itself is a biological polymer consisting o f two strands arranged in an 

anti-parallel helix. This orientation gives rise to the formation o f a chiral molecule, which 

has both a major and minor groove on its surface. The strands are formed by a number o f  

heterocyclic bases linked by a negatively charged sugar phosphate backbone. There are 

two types o f  bases; the purines - adenine and guanine, and the pyrimidines -  thymine and 

cytosine. The oxygen and nitrogen atoms o f  each base act as hydrogen bond donors or 

acceptors, as illustrated in Figure 1.1. This allows for two types o f  specific interaction. 

The first is Watson-Crick base pairing which consists o f hydrogen bonding between bases
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Chapter 1 Introduction

on different chains, with adenine always bonding to thymine and guanine always bonding 

to cytosine, through complementary interactions. This arrangement is vital to maintaining 

the specificity o f base pairing in DNA, and also forms the basis o f the mechanism by 

which DNA is replicated, and thus the way in which all genetic information is propagated/ 

The second type o f specific interaction is Hoogsteen base pairing, which occurs with the 

fianctional groups that protrude into the major groove. This type o f base pairing is 

important in the formation o f triple helices as will be discussed in a later section.

Major groove

R - N  CH*>

V  -

M inor Groove

Figure 1.1 Structures o f  the DNA bases showing the Watson-Crick and Hoogsteen base 

pairs and position o f the grooves.

(a) 3

Major groove

Minor groove

0.34nm
(3.4A)

3.4nm
(34A)

(b)
2nm
(20A)

Figure 1.2 Schematic representation o f  DNA structure showing; (a) the Watson-Crick base 

pairs between adenine (•), cytosine (•), guanine (•) and thymine ( ), and (b) the double
o

helical structure.
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Chapter 1 Introduction

Hydrogen bonds govern specific interactions with and within the DNA helix but 

actually contribute little to its overall stability. However, the DNA bases exhibit extensive 

stacking interactions and hydrophobic forces that result from this are the primary means by 

which the helix is stabilized.^

The configuration o f DNA remains constant. However, the conformation is 

dynamic and depends very much on environmental conditions such as humidity, 

temperature, pH, and salt concentration. The classical B-DNA structure, which was 

elucidated by the work o f Watson and Crick is observed when the counter-ion is an alkali 

metal such as Na^ and the relative humidity is 92 %.^ The main structural features are;

• the helix is right handed.

• the glycosidic bonds (bonds linking the base and sugar) are in the anti- 

conformation.

• the ribose sugar units are C2’-endo p u c k e r e d . ' '

This gives a structure with 10 base pairs per helix turn, a pitch o f 3.4 nm, and the 

formation o f  two types o f  grooves, as depicted in Figure 1.2. The major groove is wide 

and the minor groove is narrow, but both are o f  similar depth. These structural features are 

summarised in Table 1.1.

Table LI. Structural features o f  different DNA conformations.^

Helical sense Right handed Right handed Left handed

Diameter - 2 6  A - 2 0  A

007

Base pairs per helical 

turn
11 10 12 (6 dimers)

Helical twist per base 

pair
33“ 36° 60“ (per dimer)

Helix pitch 28 A 34 A 45 A
Helix rise per base pair 2.6 A 3.4 A 3.7 A

Base tilt to the helix axis 20° 6° 7°

Major groove Narrow and deep Wide and deep Flat

Minor groove Wide and shallow Narrow and deep Narrow and deep

Sugar pucker C 3’-endo C 2’-endo
C 2’-endo for pyrimidines, C 3’-endo 

for purines

Glycosidic bond Anti Anti Anti for pyrimidines, syn for purines

3



Chapter I Introduction

When the relative humidity is reduced to 75 %, the B-DNA may undergo a 

reversible conformational change to the A form.^ This structure is again a right handed 

helix but is somewhat wider and flatter than for B-DNA. The most obvious structural 

differences are the presence of an axial hole through the centre of the helix and the much 

increased tilt o f the bases with respect to the helix axis. This results in there being a deep 

major groove and a very shallow minor groove. These structural features are summarized 

in Table 1.1 and depicted in Figure 1.3.

Figure 1.3 Representation o f possible structural forms o f DNA. Left to right; A-DNA, B- 

DNA and Z-DNA.

A third conformation is the left handed double helix Z-DNA, which forms with 

complementary polynucleotides with alternating purines and pyrimidines, at high 

concentration of counterion such as Na^ or Mg^ .̂  ̂ In this structure the pyrimidines display 

a C2’-endo sugar pucker and anti glycosidic bond, whereas the purines display a C3’-endo 

sugar pucker and a syn conformation around the glycosidic bond. These features give rise 

to the left-handed structure, where the phosphate backbone has a zig-zag appearance, with 

the constituent bases protruding into the groove. Here, the minor groove is narrow and 

deep, but the major groove has become so shallow that normally inaccessible parts o f the G 

and C bases are exposed. The exact biological role of Z-DNA remains elusive although it
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Chapter I Introduction

12is suggested to be involved in the regulation o f  gene expression. Current research aims to 

produce chiral molecules, which may distinguish between right and left handed DNA 

duplexes, and different types o f  duplex o f  the same sense.

The presence o f  DNA in living cells had led to it being recognized as a valuable 

target for the development o f  novel therapies. In particular a considerable amount o f  

research has focused on the development o f  small molecules that m ay bind DNA and 

interrupt its normal function. When considering the interaction o f  a particular species with 

DNA, five general modes o f  binding may be considered; (1) minor groove binding, (2) 

major groove binding, (3) intercalation, (4) electrostatic binding, and (5) covalent 

attachment, as represented in Figure 1.4. Each mode places certain requirements on the 

structure o f  the molecule under examination. Investigation o f  the predominance o f  each 

mode o f  interaction for different structural motifs will allow us to build up an 

understanding o f  the features o f  small molecules that contribute to each, and in turn enable 

more elegant and controlled targeting o f  DNA in the fliture. This thesis will primarily 

focus on the interaction o f  metal complexes with nucleic acids, and the structural features 

within these complexes that lead to favorable binding to DNA.

Intercalation

Electrostatic Binding

Major Groove Binding

Minor Groove Binding

/  Chemical Modification

Figure 1.4 Representation o f the possible modes o f binding to DNA.

1.2.1 M inor Groove Binding

The grooves are a very important aspect o f  DNA structure. In the grooves the 

edges o f  the bases are exposed to the environment, thus providing functional groups that 

are accessible to species in solution. M olecules may be designed to bind in either the 

major or the minor grooves, making use o f  the particular H-bonding groups in each groove
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Chapter 1 Introduction

to bind specifically. The naturally occurring antibiotic netropsin, is a classical example o f  

a polyamide structure that binds in the minor groove at AT-rich sequences, a schematic 

representation o f  its interaction being shown in Figure 1.5.'^ The presence o f  specific 

hydrogen bond donor and acceptor groups and complementary shape were shown to 

govern recognition o f  the binding site. Studies on this class o f  compounds have led to the 

development o f  synthetic polyamides containing pyrrole and imidazole heterocycles, 

whose recognition o f  DNA in a sequence specific manner may be controlled through 

appropriate d e s i g n . G r o o v e  binding interactions have been shown to be primarily 

entropically driven, as ordered solvent molecules are expelled from the grooves upon 

binding.

I O

H2N-/ =

A-T A*T A*T A*T

Figure 1.5 Binding o f  netropsin to fo u r  successive base pairs. Arrows represent hydrogen 

bonds between drug and DNA, 11111111 are van der Waals interactions between drug and 

and adenine C2-H atoms.

1,2.2 M ajor Groove Binding

The major groove is, in general, more difficult to target specifically, due to its 

larger size. It is, however, rich in functional groups and in living cells is the site o f  binding 

o f proteins that control gene expression i.e. promoters and repressors.'^ Synthetic 

oligonucleotides and peptide nucleic acids (PNAs) may be designed to bind in the major 

groove, which in doing so give rise to triple helix (triplex) formation.'^ Hoogsteen base 

pairing is important in forming such structures, and may occur when the third strand runs 

both parallel and anti-parallel to the duplex purine strand. Triplex forming molecules have 

been widely studied because o f  their possible anti-gene applications. I f  targeted to the 

control regions o f genes, triplex forming agents may prevent the attachment o f  RNA 

polymerase, and thus prevent the transcription process. Triplexes form with exquisite 

specificity but are often less stable than their duplex counterparts. One means o f
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overcoming this is to add a compound which selectively binds to triplex DNA, thereby 

drawing the equilibrium in the direction o f  triplex formation. Examples o f  such

compounds include benzo[e]pyridoindole, 1 and the berbine alkaloid coralyne,'^ 2.

1.2.3 Intercalation

Another important mode o f DNA binding is intercalation. This binding mode 

involves the insertion o f  flat polyaromatic ligands between the DNA base pairs and was 

first described for the acridine proflavine. The driving force for this mode o f  binding is 

primarily stacking between the intercalator and the base pairs, with positive entropy 

changes due to dislodgement o f  ordered water also playing a significant role. Fused two- 

ring systems are generally regarded as being the minimum requirement for intercalative 

binding.'* In practice intercalators are usually o f  more extended planar character, are 

electron deficient, and often have appended groups which aid in binding. Such groups 

include positively charged side chains, which bind electrostatically to the negatively 

charged phosphate backbone o f  DNA. Intercalator-groove binder hybrid molecules have 

also been explored in efforts to design novel therapies.'^ Intercalators display useful 

cytotoxic properties with many such as amsacrine, 3 and mitoxantrone, 4 currently in 

clinical use for the treatment o f  cancer.'* The primary mechanism o f  these intercalating 

agents is the production o f DNA double-strand breaks through interference with the normal 

functioning o f the DNA enzyme topoisomerase II (Topo II).

OH

N
3

1.2.4 Electrostatic Binding

The sugar-phosphate backbone is another potential binding site on the DNA helix. 

As it is a hard oxygen-rich polyanion surface, interactions with group I and II metal cations

7



Chapter I Introduction

is observed/ Such electrostatic interactions with the cationic residues o f  proteins is also 

common, although these occur in conjunction with groove binding processes. Binding o f 

the trinuclear platinum(II) complex 5, has recently been reported, and shown to involve 

both tracking o f the complex along the backbone and stretching across the minor groove
90contacting phosphates on either side. More extensively studied in the context o f DNA 

interaction are a range o f spectroscopically active transition metal complexes, a detailed 

discussion o f  which will be given in Section 1.2.

8+
H2 H H2

H3 N ( CH2) 6— / N H 3  H a N ^  / N ^ - ( C H 2 ) 6  / N H 3
P t P t P t

(CH2)e N"" '"NH3 H3N'" ^N— (CH2)e NH3
112 1*2 H2

1.2.5 Covalent Attachment

The final mode o f DNA binding and one that has been widely exploited in

chemotherapy involves covalent attachment to nucleophilic sites on the DNA bases,

namely the N7 atoms o f adenine and guanine. Agents that bind in this manner such as the
21nitrogen mustard chlorambucil, 6, are known as alkylating agents. Cisplatin, 7, which is

one o f the leading metal based anti-cancer drugs also falls into this category, its toxicity
22arising from the formation o f covalent strand cross-links. Such cross-links interfere with 

the normal function o f DNA within cells, and ultimately result in cell death.

,0
Cl

/ C l

H2N'"^*''CI

The binding o f small molecules to DNA may occur by the combination o f several 

o f the modes o f interaction discussed above. The targeting o f DNA has been shown to be a 

successftjl strategy in the design o f novel drugs but the ability to precisely control 

particular genes remains elusive. This therefore remains an active area o f  research with 

many different types o f small molecule systems currently being explored. Transition metal 

complexes, in particular the polypyridyl ruthenium(Il) complexes, are at the forefront o f 

these efforts, as will be discussed in the following section.

1.3 Polypyridyl Ru(II) Complexes

Polypyridyl Ru(II) complexes have been extensively studied as both spectroscopic 

probes and photoreactive reagents for DNA.^'^^ They possess a number o f excellent
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tuneable photo physical, photochemical and redox properties, which may be exploited to 

probe their local binding environment. They are generally photostable and inert to ligand 

substitution, and are often water soluble. They have a defined geometry and can bind in 

the grooves o f  DN A, or by intercalation between the D N A  base pairs, depending on the 

ligands employed. In addition polypyridyl Ru(II) com plexes are chiral, and display 

varying degrees o f  specificity for nucleic acids o f  right or left handed configuration. Their 

synthesis, photophysics, electrochemistry, and use in areas such as materials science have 

been w idely described in the literature.^'*

1.3.1 Photophysical and Redox Properties

In order to understand how tris(polypyridyl) Ru(II) com plexes both interact and

photoreact with DN A, an explanation o f  their photophysics is necessary. The
2+photophysical schem e for Ru(bpy) 3  , the most extensively studied com plex o f  this type is 

described in Figure 1.6. This scheme is applicable to com plexes o f  other polypyridyl

ligands.
'MLCT

3MC -  — -  ^  Ligand substttution
^MLCT

Oround State

Figure 1.6 Energy level diagram for the lowest excited states o f Ru(bpy)s 

processes are denoted by solid arrows and non-radiative by dashed.

2 + Radiative

Absorption in the visible leads to population o f  the singlet metal to ligand charge 

transfer (MLCT) excited state.̂ "̂̂  ̂ This deactivates rapidly (< Ips) by intersystem crossing 

(ISC) to the lowest lying triplet MLCT excited state, with a quantum yield (4>) o f  nearly 

unity. Em ission fi'om this state is relatively long lived, and has been measured as 0.6 /xs in 

degassed H2 O with $  = 0.042. The energy gap between the lowest 'MLCT and ^MLCT
125 3states has been estimated to be about 5000 cm" . The MLCT state has been shown to 

consist o f  three closely  spaced levels (AE ~  100 cm"') which have similar but not identical

properties, and a fourth state at about 600 cm' above the lowest o f  these states. Regarding
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the three lower states, as the energy spacings are small, the photophysical properties are 

considered to arise from a single state having the averaged properties o f  all o f  the three 

states. Theoretical studies have shown that the singlet character o f  these three states is less 

than 11%.^  ̂ The fourth state, is somewhat different and has a shorter lifetime because o f  

its greater singlet state character. In terms o f  a detailed description o f  the overall excited  

state, two models have been proposed; (a) the delocalised orbital picture in which the 

excited electron is shared by the three ligands, and (b) the localised orbital picture whereby  

the electron resides on a single ligand for a certain period o f  time. The predominance o f  

neither has been proved conclusively. However, in solution evidence seem s to point more 

towards a localised orbital model. The most convincing evidence has com e from  

resonance Raman experiments, where upon laser excitation Raman bands corresponding to
? 7reduced ligand anion radicals were observed.

There are three major pathways available for deactivation o f  the ^MLCT. These are 

(1) radiative and (2) non-radiative decay to the ground state, and (3) cross over into 

thermally accessible d-d  or metal centred (^MC) triplet states located about 3600 cm '
9 S . . . .

above the emitting level. The two types o f  excited state display distmct reactivities. 

Reactivity o f  ^MLCT generally involves redox processes undergoing both oxidation and 

reduction depending on the conditions, whereas ^MC is strongly distorted with respect to 

the ground state as it involves promotion o f  a largely non-bonding electron to an 

antibonding a orbital and may undergo ligand substitution reactions.^* The relative 

population o f  these two states is o f  particular relevance when dealing with the 

photoreactivity o f  Ru(II) f)olypyridyl com plexes with nucleic acids, as will be discussed in 

a later section.

1.3.2 Structurally Simple Ru(ll) Complexes

The first studies involving Ru(ll) polypyridyl com plexes as D N A  binders and 

photocleavers employed bipyridine and phenanthroline groups as ligands. The binding 

m ode o f  Ru(bpy)3 '̂̂  was established to be electrostatic in nature, where the positively  

charged complex associated externally with the negative charges on the D N A  

backbone.^^’̂ ® This was ascribed from changes in the thermal denaturation o f  DN A, 

showing similar behaviour to Mg^^, which is known to bind purely by electrostatic 

m e a n s . M o d e r a t e  hypochromicity in the absorption maximum o f  the complex was also 

observed in the presence o f  D N A  at low ionic strength, as was a 1.5 fold increase in o f  

the MLCT state, due to protection o f  the complex from solvent m olecules and quenchers.
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The binding o f  Ru(phen)3^ ,̂ shown in Figure 1.7, to DNA was first described in the 

1980’s. Studies by Barton and co-workers suggested this complex to bind DNA through
32 33intercalation o f  one o f  the ligands, with electrostatic interaction also playing a role. ’ 

The system displayed a binding constant o f 6.2 x 10  ̂M '' in a buffer comprising 5 mM Tris 

and 50 mM NaCl.^^ Stereospecificity in the binding interaction was also observed, the A- 

isomer displaying higher affinity for B-DNA.^‘* This was proposed to occur as with one o f 

the phenanthroline ligands intercalated, the two non-intercalated ligands o f the A-isomer fit 

closely along the right handed helical groove. In contrast, the non-intercalated ligands o f  

the A-enantiomer are repelled sterically by the phosphate backbone o f the duplex. These 

observations were in agreement with a previous study on the electric dichroism o f  the 

enantiomers o f  the complex in the presence o f DNA, where stereospecific binding was also 

observed.

Ru,

A-[Ru(phen)3]'l2 + A-[Ru(phen)3| 2+

Figure 1.7  Structure o f  Ru(phen)}^ showing the enantiomeric forms.

Further investigation by Barton and co-workers revealed the binding to be more 

complex involving two binding modes: (1) intercalation and (2) surface binding involving 

ligand interactions along the major groove.^^ This was ascribed from changes in the 

steady-state emission polarisation upon interaction with DNA. The binding was again 

shown to be dependent on ionic strength, thus electrostatic interactions still playing a role. 

The enantiomers o f this complex were proposed to favour one mode over the other, the A- 

enantiomer favouring intercalation and the A-enantiomer favouring the surface binding 

mode. An extension o f  this work involving *H NMR studies o f complexes bound to 

oligonucleotides provided some evidence for intercalation from the major groove side, and 

strong evidence o f  surface binding in the minor groove.^’ More recent two-dimensional 

NMR and NOE studies supported binding o f Ru(phen)3 ^̂  in the minor groove, but argued 

against an intercalative binding mode.^^’̂  ̂ The absence o f intercalative binding had 

previously been proposed by Hiort et al. from the results o f  linear dichroism and circular 

dichroism studies.'^^ This matter o f  intercalation vs. non-intercalation was further resolved
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in favour o f the latter, by Satyanarayana et al. through viscosity studies/' They suggested 

that previous observations o f  unwinding of the helix caused by metal complex binding was 

not a definite indication o f  intercalation, data for irehidiamine A, 8 and crystal violet, 9 

having in fact previously shown that the DNA may be unwound without intercalation. 

They observed a slight decrease in the viscosity o f a DNA solution upon metal complex 

binding, which was attributed to partial non-classical intercalation, resulting in a kink in 

the helix. This conclusion was fiirther supported by a later study using scanning force 

microscopy.'*^

H2N'
8 fjJ 9

From the above discussion it is apparent that the assignment o f the binding mode o f 

this seemingly simple system has been much debated to date. This debate is possibly due 

to the different techniques used to probe the binding o f these metal complexes, as they may 

detect certain modes more effectively than others, the different DNA sequences used, and 

also the DNA:metal complex concentration (P/D) r a t i o . D e s p i t e  all o f  this, these studies 

provided a basis for conceptuaHsing how octahedral metal complexes might be used to 

probe DNA, and also provided much useftil information on the application o f  various 

spectroscopic techniques to such an endeavour.^

1.3.3 Ruthenium (II) Poiypyridyl Complexes Incorporating Extended Heteroaromatic 

Ligands

The main drawbacks associated with the two systems discussed in the previous 

section, with regards to their DNA binding properties, were low affinity and relatively 

small changes in photophysical properties. One means o f increasing the affinity o f  such 

metal complexes for DNA, is to increase the surface area for intercalative stacking, 

through the use o f extended aromatic heterocyclic ligands. An example o f  such a Hgand is

dipyrido[3,2-or.2’,3’-c]phenazine (dppz). The first complex studied in this regard was
')  +Ru(bpy)2(dppz) , 9, whose synthesis and photophysical properties had been described 

previously by Sauvage and co-workers.'*'* Barton and co-workers showed the complex to 

bind DNA with very high affinity and more significantly act as a true molecular "'light 

switch" for DNA.'*^ In other words, the complex displayed no luminescence in aqueous 

solution at room temperature, but the luminescence was significantly increased in the
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presence o f  double stranded DNA. The metal to ligand charge transfer transition had been 

shown to be directed to the phenazine ring, and the resulting excited state subject to 

efficient non-radiative deactivation by hydrogen bond formation between the phenazine 

nitrogens o f  the dppz and solvent molecules.'^'' Thus shielding o f  the dppz moiety from 

quenching upon intercalation o f  the complex to DNA was regarded as being responsible 

for the observed emission enhancement.

Further investigation into the nature o f this light switch effect, revealed the process 

to be more complex.'*^ It was established that there were actually two MLCT states on the 

dppz ligand, which exist in equilibrium; a bright, luminescent state associated with the 

bipyridine fragment, and a dark, non-luminescent state localised on the phenazine portion 

o f  the molecule.'*^'^* It was proposed that the molecule was non-luminescent in aqueous 

solution, as the second state corresponding to localisation on the phenazine portion, was 

stabilised to a greater degree by hydrogen bonding to the solvent. As a result the dark state 

was lower in energy than the bright state, and hence populated to a greater extent. The 

light switch effect was proposed to be a result o f  a state reversal upon binding to DNA, in 

which the dark state was no longer stabilised relative to the bright state. An alternative 

explanation was offered by Papanikolas and co-workers."*^ From temperature dependent 

studies that were carried out in both protic and aprotic solvents, they proposed that the dark 

state was always lowest in energy, and that the light switch behaviour was not driven by a 

state reversal but rather was due to a competition between energetic factors that favour the 

dark state and entropic factors that favour the bright state."* ’̂̂  ̂ This explanation was 

supported by a second study in glycerol where the photophysical properties were assigned 

as being due to two MLCT states in equilibrium.^* Recent theoretical studies have 

calculated that the lowest energy state is a dppz centered Stt-tt* state, and that this actually 

corresponds to the dark s t a t e . A  slightly different model has been proposed by Lincoln 

and co-workers from studies in hydroxylic solvents, which represents a refinement o f the 

model o f Papanikolas and c o - w o r k e r s . T h e  model involves an equilibrium between 

three states; (a) a non-hydrogen bonded emissive state, (b) a second emissive state lower in 

energy, in which there is one hydrogen bond between the solvent and one nitrogen on the 

phenazine ring, and (c) a non-emissive state with two hydrogen bonds to the phenazine 

nitrogens. Complete assignment o f the photophysical mechanism that gives rise to the 

light switch effect in complexes such as 10 is still somewhat debated but certainly may be 

regarded to involve bright and dark states in equilibrium with each other, whose relative 

population depends on the local environment.
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Further study by the Barton group showed that the ancillary bipyridine ligands on 

the complex could be changed to phen  without affecting the light switch behaviour, but 

that changes to the dppz ligand itself gave complexes which luminesce in aqueous solution 

to some extent/^  The same report presents a more extensive evaluation o f  the 

photophysical properties o f  such complexes in the presence o f  DNA, a biexponential decay 

o f luminescence suggesting two modes o f  binding. Two intercalative binding modes were 

also proposed, one perpendicular mode where the ligand intercalates such that the metal- 

phenazine axis lies along the dyad axis, and a second side-on mode where the metal- 

phenazine axis lies along the axis o f  the base pairs. Differential solvent accessibilities to 

the phenazine nitrogens in each mode would explain the different lifetimes observed. 

Additionally, no quenching o f  MLCT emission o f  bound complex with Fe(CN)6‘*’ was 

observed implying that both binding modes, and hence both lifetimes correspond to modes 

where the complex was embedded deep or intercalated in the helix.^^ An intercalative 

binding mode has been flither supported by other research groups through the use o f  linear 

dichroism,^^’̂ * and viscosity and fluorescence energy transfer studies.^^

The issue o f  the groove position o f  such complexes was first addressed through 

NMR studies, where intermolecular N O E’s to DNA major groove protons were observed, 

indicating that the complex binds through the major groove.^® These results were disputed, 

when another study showed that the complex emitted strongly when bound to T4-DNA, or 

DNA which is glucosylated in the major groove.^' Longer lifetimes with AT and [poly(dI- 

dC)]2 , which resembles GC but that the exocyclic amino o f  guanine has been removed, 

further supporting the proposal that the complex intercalates from the minor groove. 

Bi-exponential emission was proposed to occur as a result o f  a dye distribution effect. The 

original assignment o f  binding from the major groove side was later supported by
ftOcompetition binding studies using known major and minor groove binders. A decrease in 

emission from bound Ru(phen)2 (dppz) was observed upon addition o f  A-a;-[Rh[(R,R)- 

Mc2 trien]phi]^^, 11, a well characterised major groove binder, which is consistant with 

binding from the major groove side. Similar experiments with distamycin dem onstrated
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th a t  th e  c o m p le x  w a s  n o t  in  th e  m in o r  g ro o v e , a  s lig h t in c re a se  in  e m is s io n  f ro m  th e  m e ta l  

c o m p le x  a c tu a l ly  b e in g  o b s e rv e d  w h ic h  w a s  a ttr ib u te d  to  a  s tif fe n in g  o f  th e  h e l ix  u p o n  

d is ta m y c in  b in d in g . A  la c k  o f  p o w e r  d e p e n d e n c e  to  th e  e x c ite d  s ta te  d e c a y  w a s  g iv e n  a s  

an  a rg u m e n t a g a in s t b ie x p o n e n tia l  d e c a y  re s u lt in g  fro m  d is tr ib u tio n  o f  m e ta l c o m p lex .^^  

T h e  c o n s e n s u s  n o w  se e m s  to  b e  th a t  in te rc a la tio n  o c c u rs  f ro m  th e  m a jo r  g ro o v e  s id e , w ith  

tw o  m a in  o r ie n ta t io n s  le a d in g  to  b ie x p o n e n tia l  d e c a y  o f  lu m in e sc e n c e .

— V>

H N /I \N H

;n h

NH

T h e  e x te n d e d  p o ly a z a a ro m a tic  s y s te m  o f  d p p z  h a s  b e e n  sh o w n  to  g e n e ra te  R u (II )  

c o m p le x e s  w ith  h ig h  b in d in g  a f f in i ty  fo r  D N A  th a t a re  p a r tic u la r ly  u se fu l a s  p ro b e s . 

H o w e v e r , R u (II )  p o ly p y r id y l  c o m p le x e s  a lso  d is p la y  in te re s tin g  p h o to c h e m is try  a n d  a s  

su c h  th e ir  e x c ite d  s ta te  r e a c tiv ity  w ith  D N A  h as b e e n  e x p lo re d  e x te n s iv e ly , th is  b e in g  th e
9 1  A "!

su b je c t o f  a  n u m b e r  o f  re c e n t re v ie w s . ’ P h o to se n s itiz e d  c le a v a g e  o f  D N A  w a s  re p o r te d  

e a r ly  o n  fo r  R u(bpy)3^^ an d  R u(phen)3^^ , b u t th e  e f f ic ie n c y  fo r th e s e  sy s te m s  w a s  q u ite  lo w  

an d  s h o w n  to  o r ig in a te  p r im a r i ly  f ro m  s in g le t  o x y g e n  fo rm atio n .^^ ’̂ '* M o re  s tro n g ly  

TT-accepting lig a n d s  s u c h  as th o s e  s h o w n  in  F ig u re  1.8 a re  n e c e s sa ry  i f  th e  c o m p le x  is to
23re a c t d ire c t ly  a n d  a b s tra c t  an  e le c tro n  f ro m  th e  b a s e s  in  D N A . C o m p le x e s  s u c h  as 

R u(T A P )3^^ h a v e  lo w  ly in g  m o le c u la r  o rb ita ls  o n  th e  l ig a n d s  a n d  h a v e  b e e n  s h o w n  to  b e  

s tro n g ly  o x id iz in g  in  th e ir  ^M L C T  e x c ite d  sta te .^^ ’̂ ^

1,4,5,8-tetraazaphenanthrene 1,4,5,8,9,12-hexaazatriphenylene
(TAP) (HAT)

Figure 1.8 Strongly ir-accepting ligands incorporated in photooxidizing complexes.

R u (T A P )3^^ w a s  sh o w n  to  in d u c e  s tra n d  b re a k s  in  D N A  w ith  a m u c h  h ig h e r
2-f- A y  AS

e f f ic ie n c y  th a n  R u (b p y )3  o r  R u (p h en )3  . ’ E m is s io n  f ro m  th e  c o m p le x  w as a lso  sh o w n  

to  b e  s tro n g ly  q u e n c h e d  b y  g u a n in e  r ic h  D N A , a n d  th u s  th e  c le a v a g e  w a s  p ro p o se d  to  b e  

d u e  to  an  e le c tro n  t r a n s fe r  f ro m  g u a n in e  to  th e  m e ta l c o m p le x , a n d  su b seq u en t re a c tio n  o f
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the radical cation formed. Direct evidence o f electron transfer from guanine was provided 

by Lecomte et al. using flash photolysis studies o f complex in the presence of 

mononucletides and DNA.^^ Transients were observed corresponding to the reduced 

complex, the extent o f  which was greater in the presence o f  GMP than ct-DNA. 

Electrophoretic experiments with Ru(TAP)3 ^̂  illuminated in the presence o f  ^^P-labeled 

oligonucleotides surprisingly showed the appearance o f bands o f lower mobility than the 

starting oligomer.™ These bands were attributed to the formation o f covalent adducts 

between the metal complex and the DNA. A subsequent study involving spectroscopic and 

dialysis experiments showed that light induced addition o f  the metal complex to both 

double and single stranded DNA involved direct reaction o f the complex rather than 

d ech e la tio n .C h an g es  in the absorption spectrum at around 500 nm that were consistent 

with dechelation were not observed. However, a hypsochromic shift in conjunction with a 

hyperchroism in the 350 -  400 nm region was observed, in accordance with the formation 

of a substituted metal complex. Comparative experiments with [poly(dA-dT ) ] 2  and 

[poly(dG-dC) ] 2  showed that formation o f  this type o f adduct is particular to reaction with 

guanine.^’ In fact, the formation o f a different type o f adduct was demonstrated for the 

photoreaction o f Ru(TAP)3 ^̂  with AMP, that involved substitution o f one o f the TAP 

l i g a n d s . T h i s  process can be related to the photophysical properties o f the complex 

which had previously been shown to undergo photodechelation due to efficient thermal 

population o f its ^MC state.^^ Thus, reaction would involve photosubstitution o f one o f the 

TAP ligands by adenine and another monodentate ligand.

In comparison with the substitution with AMP, structural identification o f the 

adduct with GMP was not intuitive. Both 'H NMR and ESMS analysis o f the resulting 

photoadduct was necessary and showed that the linkage occurred via bonding o f the N-2 of 

guanine to C-2 o f one o f the TAP ligands, as shown in Figure 1.9.^^ Furthermore 

formation o f the photoadduct was proposed to proceed by initial oxidation o f guanine by 

the metal complex excited state, subsequent proton transfer, and finally coupling o f the 

radicals so formed.
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o

Figure 1.9 Structure o f  the adduct formed between R u ( T A P ) a n d  guanine.

Similar structural identification has been conducted for the photoaddition o f  mixed 

ligand complexes such as Ru(TAP)2 (bpy)^^ and Ru(HAT)2 (phen)^^ to Addition

was shown to occur to the TAP and HAT ligands exclusively, the ancillary bipyridine or 

phenanthroline ligands not participating in the process. Such mixed ligand complexes 

were also studied as part o f  a series which possessed modulated redox properties by virtue 

o f  the number o f  TAP or HAT ligands. The yield o f  strand breaks was shown to be 

strongly influenced by the number o f TAP or HAT ligands and was actually shown to be 

higher when two such ligands were incorporated in a single metal c o m p l e x . T h i s  was 

attributed to the occurance o f side reactions with the tris complex Ru(TAP)3 ^̂ , which 

reduced the overall efficiency in this system.

By increasing the heteroaromaticity o f the ligands incorporated into Ru(II) 

polypyridyl complexes, species which bind to DNA with extremely high affinity or 

efficiently react with it in the excited state, may be generated. The PHEHAT ligand 

present in complex 12 was designed with the purpose o f achieving this, by combining 

these two properties i.e. the strong intercalative binding o f dppz type complexes with the 

excited state reactivity o f  HAT type complexes.

12

Changes in the UVA^isible spectrum o f  Ru(phen)2 (PHEHAT)^^, 12 upon addition 

o f DNA were consistent with high affinity intercalative binding, two distribution modes o f

the complex on DNA also being apparent, similar to the results from studies on the dppz
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complexes discussed earlier.^^ Significantly, a luminescent light switch effect was also 

observed, where no emission was detected in aqueous solution, but upon addition o f  DNA, 

the complex luminesced due to intercalation o f the PHEHAT ligand within the helix. The 

light switch mechanism for this complex was proposed to occur by a similar mechanism to 

that o f  the dppz complexes, involving changes in the population o f  bright and dark states, 

that exist in equilibrium with each other7* As expected, the complex was oxidizing in the 

excited state, the excited state reduction potential being o f  the same order as that o f  the 

Ru(II) complexes containing two ?r-deficient TAP or HAT ligands.^^ Flash photolysis 

studies using GMP showed the presence o f  reduced complex and oxidized guanine, 

verifying that the complex was oxidizing enough to abstract an electron from guanine. The 

traces, however, were rather weak and no photoadduct was detected after continuous 

illumination in the presence o f  GMP, indicating that the efficiency o f  electron transfer was 

rather poor.^^ The authors did note that the absence o f  a photoadduct could be attributed to 

the lack o f  reactivity o f  the resulting radical ion pair formed by the electron transfer. There 

was no evidence o f  electron transfer with DNA, which may be due to the fact that the 

complex was not sufficiently oxidizing to undergo efficient electron transfer with DNA. 

Alternatively, the transients may be very short lived, and hence not detectable on the 

instrument used. Incorporation o f  a PHEHAT ligand into a Ru(II) complex did result in 

enhanced affinity for DNA, but the excited state reactivity with DNA was modest 

compared to the previously studied TAP and HAT complexes. Further research is 

necessary to generate systems with the correct balance o f  DNA binding affinity and 

reactivity.

A strategy that has proven successful in yielding systems that possess high binding 

affinity for DNA, while at the same time displaying good excited state reactivity, is the

preparation o f  mixed ligand complexes, where one o f  the ligands confers high affinity and
2+the other two photonuclease activity. As such, Ru(bpz)2(dppz) , 13a was studied by 

Paillous and co-workers, in which the dppz ligand was expected to confer high binding 

affinity towards DNA, and the ancillary bpz ligands to confer good excited state 

reactivity.*®’*' No binding constant was reported for these systems to DNA, but it was 

assumed to be o f  the same order as that for the reference complex 11. Significant 

differences in cleavage efficiencies were observed between the bpy and bpz complexes. 

Cleavage for the bpy complex was shown to proceed via a singlet oxygen mechanism but 

cleavage induced by the bpz complex was proposed to be due to electron transfer from 

guanine residues, and subsequent reaction o f  the guanine radical cation formed. The
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occurrence o f an electron transfer was ascribed from differences in the luminescence 

lifetimes o f  the complex in the absence and in the presence o f DNA and polynucleotides.

Ru:

n 2+

13b

The same approach was applied in the design o f Ru(TAP)2(dppz)^^, 13b in which 

the ancillary ligands have been changed for TAP. UVA^isible studies with ct-DNA 

showed this complex to possess similar affinity as seen for the reference bis-phen 

complex.*^ The lowest excited ^MLCT state was shown to correspond to a charge transfer 

to one o f the TAP ligands, and as such the complex was strongly emissive in water. 

Luminescent quenching by GMP or polynucleotides containing guanine was also observed, 

which in conjunction with flash photolysis experiments demonstrated the occurrence o f 

electron transfer from guanine. An observed isotope effect also led the authors to propose 

that the electron transfer was in fact proton-coupled.

By extending the heteroaromaticity o f  the ligands incorporated into Ru(ll) 

polypyridyl complexes, systems with a range o f useful properties may be obtained. These 

include complexes which display significant spectral responses upon DNA binding such as 

the Ru(bpy)2(dppz)^^ “light switch” and those which exhibit excellent photosensitized 

cleavage o f DNA such as Ru(TAP)3^^. The next important step anticipated with systems 

such as these will be to modify them such that they can effectively enter cells, thus 

allowing their application as intracellular probes or reactive agents.

1.3.4 Bimetallic Ru(II) Complexes

Another approach to enhancing the DNA binding properties o f  Ru(II) polypyridyl 

complexes has been the covalent linkage o f  two metal centres together to give bifunctional 

or bimetallic complexes. This approach had previously been applied to purely organic 

systems such as the bis-intercalating diacridines where increased affinity for DNA was 

observed over their mono-functional counterparts.*^’*”* One o f the first examples o f  metal 

complexes o f  this type was developed by Kelly and co-workers, and was based on the
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weakly interacting 2,2’-bipyridine ligand, and comprised two metal centres linked by an 

aliphatic chain as shown in Figure 1.10.*^

4+

RuRu:

Figure 1.10 Bimetallic complexes comprising Ru(bpy)}^^ like units.

These systems were shown to possess much higher binding affinity for DNA than 

their monometallic analogue, display binding that was less sensitive to ionic strength, and 

photocleave DNA more efficiently. A more extensive photophysical study on these 

complexes verified that they bind to DNA at least 100 times stronger than their 

monometallic analogues, thereby displaying a cooperative effect in interaction with the 

h e lix .F u rth e rm o re , the binding was shown to be dominated by electrostatic factors, and 

occur in a manner such that the two centres exhibited two types o f  site on the DNA, each 

with a very different environment. The presence o f two types o f  site was inferred from 

lifetime data where both short and long lived species were observed. The short lived 

species was shown to be more sensitive to quenching by oxygen, but less than that 

observed for the complex in the absence o f DNA, suggesting that it was bound on the 

surface o f DNA and not intercalated. However, the longer lived species had a reduced 

oxygen quenching rate constant, which suggested it was buried deep within the groove of 

DNA. The authors did note that due to the salt dependence o f the binding constants, 

intercalation, or partial intercalation was unlikely even for the longer lived species. An 

interesting observation in this study was the occurrence o f a strong hypochromism in the 

UV/Visible absorption spectrum at low P/D ratios. This was attributed to DNA promoted 

interaction between the different metal centres, and it was speculated that both intra- and 

inter-molecular processes were occurring. However, the interaction did not lead to any 

quenching o f the metal based emission.

Other structurally related systems having ancillary phen ligands were also studied, 

and these displayed similar affinity for DNA.^^ A hypochromism in absorbance was 

observed along with a quenching of the Ru(II) MLCT emission. Time resolved emission 

data indicated the presence o f three components bound to DNA, including species with a
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lifetime significantly shorter than that o f  the free complex in solution. This was attributed 

to a DNA induced stacking conformation o f the complexes which facilitated a partial 

quenching process. It was assumed that the less extended aromatic character o f  the 

bimetallic bipyridine complexes was the reason for the absence o f  quenching in these 

systems.

A more rigid arrangement o f  the two metal complex cores in bimetallic species has 

also recently been explored. Lincoln, Norden and co-workers investigated the binding o f 

the two enantiomeric forms o f 14, and analogous complexes with ancillary bpy ligands, 

using linear dichroism (LD), absorption and an assay based on the displacement o f  DNA

bound A-[Ru(phen)2 (dppz)]^" .̂** All the complexes were shown to bind DNA with
12extremely high affinity, with binding constants o f the order o f  10 . However, from the 

modest hypochromicity in absorbance observed and strong deviation o f  the bi(dppz) plane 

from perpendicularity in the LD experiments the mode o f binding was concluded to be 

non-intercalative in nature. Rather, for the two enantiomers o f  the bpy complex, binding 

was proposed to occur in a manner in which the concave bi(dppz) ligand embraced the 

sugar-phosphate backbone o f  DNA, placing one metal centre in each groove, with the 

same occurring for the AA enantiomer o f the phen complex. For the AA enantiomer o f  the 

phen complex both metal centres were concluded to be in the same groove. As will be 

discussed shortly the binding process was actually more complex than this.

4+

>=N N = ^

N Ru N N— Ru-— N

■=N N=- ■=N N=-

Flexible analogues o f  the semi-rigid complex 14 were also prepared in which two 

[Ru(phen)2 (dppz)]^^ moieties were tethered to each other via an aliphatic diamide linker to
89give 15. Using LD experiments the AA and AA dimers were shown to bind to DNA with 

orientations similar to their monomers, both complexes bis-intercalating. The LD o f the 

DNA bound mesa form was actually the mean o f the LD o f the two opposite enantiomers, 

which suggested that the binding geometry o f  each subunit depended only on the absolute 

configuration. In addition to this, very slow dissociation rates were observed from DNA, 

upon addition o f  SDS, which should effectively sequester the complex. This led to the 

proposal that the complexes were threading bis-intercalators.
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A later publication reported a more extensive study o f  the DNA binding and 

threading dynam ics o f  these system s.^ The chirality o f  the metal centre was shown to be 

important for the threading mechanism, all three different stereoisomers displaying 

different dissociation rates. The rates were in the order AA > AA > AA, with that for the 

meso complex being more like that observed for AA. In addition to a faster dissociation 

rate, AA also displayed a greater ionic strength dependence. In order to accommodate the 

threading o f  the bulky parts o f  the complexes between the strands, a substantial 

conformational change in the DNA helix was necessary, which was envisaged to involve 

both opening and unstacking o f  the base pairs. It was proposed that a smaller 

conformational change o f  DNA was associated with unthreading o f  the AA enantiomer. 

Moreover, the rate limiting step o f  dissociation was suggested to be from a m ono­

intercalated intermediate which explained the observed similarities in the rates for AA and 

AA.

A serendipitous discovery by the same group showed that the semi-rigid binuclear 

complexes previously assigned as being groove bound actually rearranged extremely 

slowly to an intercalative mode, these molecules therefore being regarded as dynamic 

binders o f  DNA.^' This was inferred from a solution o f  complex and DNA that had been 

left for two weeks at room temperature and showed a change o f  LD signal from positive to 

negative. The complex was proposed to rearrange itself from groove binding to 

intercalative geometry by threading o f  one o f  the Ru(phen)2 moieties through the duplex. 

This was consistent with the fact that the complex dissociates almost instantaneously from 

the initial binding mode upon addition o f  SDS, whereas it needed several days at 45 “C to 

dissociate from the final mode. The presence o f  a final intercalative mode was fiirther 

supported by luminescence measurements. Here the o f  14 in its final binding mode to
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ct-DNA was approximately 1500 times that observed for the free complex in solution. The 

threading process in this system was much slower than that for the flexible system 15, 

which is most likely due to the greater flexibility o f  15 afforded by the aliphatic linker. 

More extensive study showed that the bridging ligand was intercalated in the anti geometry 

with one Ru(II) in each groove. Furthermore, an increase in the MLCT emission after 

completion o f intercalation was observed due to reorganisation o f the intercalated complex 

to the thermodynamically favoured distribution. This ‘shuffling’ process was ascribed 

from changes in fluorescence resonance energy transfer (FRET) between DAPI and the 

complex on DNA, a process that is sensitive to the spatial separation between the two 

species.^^ The complexes were shown to move from a ''"spread out" binding during 

intercalation to the more favoured distribution. An interesting application proposed for 

this phenomenon o f slow rearrangement was the kinetic recognition o f AT-rich DNA 

sequences by 14 and its analogue containing bipyridine ligands in place o f  

phenanthroline.^"* The rate o f  rearrangement to the intercalative form was shown to be 

dependent on the nucleobase composition. Both enantiomers o f  14, and its bipyridine 

analogue, intercalated into [poly(dA-dT) ]2  within a few minutes at 25 “C, while rates into 

mixed sequence DNA were very low even at 50 °C, and showed greater variation. In 

particular, the AA enantiomer o f the bipyridine complex was highly selective where the 

ratio o f  i\a for intercalation into ct-DNA compared to [poly(dA-dT) ] 2  was estimated to be 

2500 at 50 “C. This complex was studied in detail in the presence o f hairpin 

oligonucleotides with central alternating AT tracts o f  varying length. It was shown that at 

least one helix turn o f AT base pairs was needed for efficient threading intercalation, and 

thus this phenomenon represented a very sequence selective DNA interaction. A striking 

feature is that the recognition process goes beyond the classical lock and key model we 

usually associate with DNA recognition, but represents a novel mechanism o f sequence 

specific DNA interaction.^"*

The strategy o f incorporating two metal centres into a single complex has proved to 

be successful, having afforded systems with enhanced DNA binding affinity and spectral 

responses than their monomeric forms. A particular feature o f many o f  these dinuclear 

species is their ability to thread the DNA helix, a binding mode which also results in 

extremely low dissociation rates. Such properties are highly desirable in the design o f  new 

drugs and may also provide insight into the dynamic behaviour o f DNA in solution.
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1.3.5 Complexes with Appended Organic Chromophores

The bifunctional strategy is not limited to assemblies based on two metal 

complexes. A novel series of luminescent probes for DNA was reported by Thomton and 

Schanze in the 1990’s.^ ’̂̂  ̂ These systems were based on a chromophore-quencher 

assembly consisting of a Re(I) complex tethered via a flexible linker to an anthracene 

moiety, as shown in Figure 1.11. They proposed that a conformational dependence of the 

efficiency of intramolecular quenching would provide the basis of operation for this novel 

set of probes. In solution emission from both components was observed but was strongly 

quenched in comparison to the corresponding monomers. Reduction of the MLCT
-5

emission was proposed to be due to a Dexter energy transfer mechanism from the MLCT 

to the ^An (this state not being phosphorescent in fluid solution). Reduction o f the 

anthracence fluorescence was suggested to be due to a Forster energy transfer mechanism 

from the 'An to the 'MLCT, and subsequent deactivation of this state by radiative and non-
3 3radiative processes. Modest variations in the rate of energy transfer from MLCT to An 

were observed with different linker lengths. In such systems it would be expected that the 

rate o f energy transfer would fall off exponentially as the distance between the donor and 

acceptor was increased. Consequently, it was proposed that the linkers adopt 

conformations such that the through space distance between the Re and An chromophores 

would be similar in all complexes, or that the rate was controlled by the conformational 

dynamics of the spacer and not by the intrinsic rate of energy transfer (EnT).

Linker

Figure 1.11 Re(I)-Anthracene based chromophore-quencher DNA probe.

Upon addition of st-DNA changes in the UV/Visible spectrum were observed that 

were consistant with intercalation of the anthracence moiety and weak association of the 

Re(l) complex. Significant enhancement of emission from ^MLCT was also observed but 

the $ m l c t  did not return to the value observed for the monomer. This was consistent with 

the results from lifetime experiments, where the longest lifetime component, in the 

presence of DNA, was still less than that o f the unquenched MLCT state. A binding model 

was proposed in which the An chro mo pho re intercalated into the DNA and the metal 

complex remained externally bound to the backbone. Such bevaviour restricts the two
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chromophores from coming into close proximity to each other, and the increased 

separation distance reduces the rate o f the EnT quenching processes. Interestingly the 

increase in the emission quantum yield was observed to be approximately the same for all 

o f  the systems. The authors concluded that EnT seen in the presence o f  DNA must occur 

predominantly through space, but only after the excited Re chromophore “rattles” around 

on the surface o f  the helix to attain an optimum geometry for energy transfer.^^ The rate 

was therefore determined by the dynamics o f  this process and not by the separation 

distance.

Kirsch-De Mesmaeker and co-workers developed an assembly based on these same 

principles, whereby they attached the known DNA intercalctor aminoquinoline via a 

flexible chain to a polypyridyl Ru(ll) c o m p l e x . T h i s  gave the bifiinctional complexes 

[Ru(TAP)2P0Q-Nmet]^^, 16a and [Ru(Bpy)2 POQ-Nmet]^'^, 16b respectively.^’ The initial 

objective o f this work was to increase the DNA binding affmity o f  the parent metal 

complex. However, it was also observed that 16a had a low emission quantum yield in 

water, which was though to be due to electron transfer (ET) quenching o f the Ru(Il) centre
98by the aminoquinoline. This was inferred from theoretical consideration o f the process 

using the Rehm-Weller equation, thermodynamic data indicating that electron transfer 

would be exergonic, and from transient absorption experiments.

Very weak transient absorption, from which no kinetic data could be obtained was 

observed, indicating the presence o f only small amounts o f monoreduced metallic unit. To

complex formed from intra- and intermolecular processes and produce the radical cation

flirther investigate this, methylviologen (MV^^) at high concentration was added to 16a 

and to [Ru(TAP)2 (phen)]^^ + Nmet-quinoline. The can reoxidize the reduced
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(MV*^), which is detected at 396 and 615 nm respectively. The amount o f (MV*^) 

produced with 16a was approximately twice that produced with the separate components 

o f  the complex, indicating that for 16a, both intra- and intermolecular electron transfer 

processes occured. The fact that very little transient species could be detected could be due 

to a fast back electron transfer process, which resulted in the formation o f a short lived 

charge separated state. The quenching process was shown to be pH sensitive, where the 

emission was restored upon protonation o f the quinoline. This was proposed to be due to 

the diminished reducing ability o f the aminoquinoline upon protonation or alternatively 

electrostatic repulsion o f the two charged species that would prevent them from coming 

into the close proximity needed for electron transfer.^*’̂  No quenching o f Ru(II) emission 

was observed for 16b, which is attributed to the diminished oxidizing power o f the metal 

complex. This system cannot be described as having a chromophore-quencher 

arrangement and for this reason tlirther discussion will focus on 16a.

In the presence o f DNA, the emission from the metal centre was restored to varying 

degrees depending on the DNA s e q u e n c e . T h i s  was attributed to a "'switching o ff ' o f the 

quenching pathway due to partial protonation o f the quinoline in the acidic 

microenvironment o f DNA, and also separation o f the two components, thereby reducing 

the rate o f electron transfer between the complex and the DNA. Interestingly, the MLCT 

emission increased by two orders o f magnitude in the presence o f [poly(dA-dT)]2, but only 

by one order o f  magnitude in the presence o f [poly(dG-dC)]2 - In both cases, 

intramolecular electron transfer was regarded as being switched off by the aforementioned 

mechanisms. However, in the presence o f [poly(dG-dC) ] 2  electron transfer from guanine 

to the metal complex also became an important quenching pathway, thus reducing the 

overall quantum yield. Studies were also carried out with polynucleotides containing 

varying percentages o f guanine residues and it was shown that the observed enhancement 

was dependent on the base content, the greater the percentage o f AT base pairs, the greater 

the observed luminescence enhancement. No sequence selectivity in binding affinity was 

observed, but there was selectivity in the emission response. Hence, this complex can be 

regarded as a luminescent sensor for base content, acting as a light switch for sequences 

possessing high AT content.

As discussed in Section 1.2.3, Ru(II) complexes containing TAP ligands are usually 

excellent photooxidants o f DNA, but bind it with relatively poor affmity. One o f the 

reasons for linking such a complex to an organic chromophore such as aminoquinoline was 

to increase the DNA affinity and consequently the photonuclease ability. However, no
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such studies on the photonuclease abilities have been reported thus far. A chromophore- 

quencher assembly for application as a photonuclease was reported by Turro and 

co-workers which consisted o f  a Ru(bpy)3^̂  like moiety tethered to an acceptor chain, 

comprised o f  two viologens, 17. N o luminescence was observed from the metal centre in 

aerated aqueous solution, indicating efficient quenching by the viologen m oieties by ET. 

The transient absorption spectrum exhibited peaks at 395 and 605 nm respectively, typical 

o f  reduced viologen, and the charge separated state was observed to decay 

monoexponentially, with a lifetime o f  1.7 //s. The long lifetim e was consistent with  

localisation o f  the transferred electron on the terminal viologen.

17

The complex was shown to cleave D N A upon irradiation for 20 min with visible  

light even in the absence o f  o x y g e n . T h i s  oxygen independent process was proposed to 

involve oxidation o f  guanine by the Ru(III) centre o f  the charge separated state. After 

oxidation there was a large distance between the oxidized guanine and the reduced 

terminal viologen, resulting in slower charge recombination, in comparison to the thermal 

reactions o f  oxidized guanine, and hence cleavage was observed. Charge hopping along 

the D N A  to GG and GGG sites which are thermodynamically more stable would also 

increase the distance between the reduced viologen and the oxidized D N A site, and as such 

may play a role in the efficiency o f  the process.

Although they have not been explored to a great extent metal com plexes with 

tethered organic functionalities show considerable potential in the development o f  novel 

probes and reactive agents for DNA. As discussed the organic component may act as a 

quencher, the mechanism o f  quenching depending on its photophysical and redox 

properties, as well as those o f  the metal complex. Interruption o f  these quenching 

pathways by DNA provides the basis for the development o f  novel ‘light sw itches’ for 

DNA, w hose sequence selectivity may be expanded above that o f  traditional metal 

com plexes. Such systems may also prove to be highly effective photonucleases due to 

them potentially having long lived charge separated excited states. Also o f  significance is
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that a large number o f potential chromophore-quencher partners exist for such application 

whose individual interaction and/or reaction with DNA have already been characterised.

Ru(II) polypyridyl complexes possess widely varying properties, binding to DNA 

via a number o f different modes depending on the nature o f the ligands incorporated in the 

complex and on any further attached functional groups. Most display limited sequence 

selectivity in binding although the rigid threading bis-intercalators are very much in 

contrast to this. Besides DNA binding many complexes display efficient excited state 

reactivity with DNA, damaging it in the process. These systems offer the possibility o f  

novel light activated therapeutics that may find application in the treatment o f  diseases o f 

the DNA such as cancer.

1.4 Cancer -  A Therapeutic Target

Cancer is a group o f more than two hundred diseases usually defined as an 

uncontrollable growth o f cells that originated from normal tissues. It is the second leading 

cause o f death in western countries, just behind cardiovascular disease, and its incidence 

has increased in recent years due in general to an older population and changes in lifestyle. 

Cancer is characterised by an increase in cell proliferation and decrease in the rate o f 

apoptosis or programmed cell death. This results in the formation o f tumours that interfere 

with the physiological function o f normal cells. The successive accumulation o f mutations 

in DNA drives tumourigenesis or the development o f cancer. Mutations may result in 

altered proteins with anomalous activity, alternated regulatory sequences resulting in 

abnormally high expression o f a particular protein, loss o f cellular degradation signals due 

to abnormally high concentration o f particular proteins in the cell, chromosomal 

rearrangements whereby proteins are inappropriately transcribed when brought under the 

control o f foreign regulatory sequences, gene amplification whereby genes are replicated 

multiple times, and the loss or inactivation o f tumour suppressor genes. These genetic 

mutations may be driven by a number o f physical or chemical agents such as radiation, azo 

dyes, aflatoxins, and constituents o f tobacco. Damage to DNA and the genetic mutations 

that can result from this are a central theme in carcinogenesis, and thus DNA is an 

important target in the design and development o f novel anti-cancer drugs. Agents that 

bind DNA may interrupt its function, both in terms o f the structural integrity o f the helix 

itself and its interaction with various control proteins in the cell.
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1.5 1,8-Naphthalimides as Anti-Cancer Agents

Intercalators are a class o f DNA binding agents that possess useful anti-cancer 

properties, as discussed in Section 1.2.3. Their biological effects are produced primarily 

by interaction with the Topo II enzyme resulting in inhibition o f  the replication process or
109an enhancement o f  Topo II mediated DNA cleavage. Compounds containing the

1.8-naphthalimide structure were designed for application as intercalators by Brana and 

co-workers in the 1970’s by the combination o f the structural components o f  several 

anti-tumor compounds into a single molecule; the /8-nitronaphthalene o f aristolochic acid, 

the glutarimide rings o f cycloheximide and CG-603, and the basic side chain o f  tilorone 

and C G - 6 0 3 . T h e  general structure o f the 1,8-naphthalimide chromophore along with 

the possible sites o f modification on the ring is shown in Figure 1.12. The use o f

1.8-naphthalimides as anti-cancer agents has been discussed in detail in previous theses 

from this research group including those o f Veale, G illespie,H ussey'*^^ and Phelan''^^ 

and thus the reader is directed to these for a detailed discussion.
p  <  Imide nitrogen position

3 - position

4 - position

Figure 1.12 General structure o f the naphthalimide chromophore showing the main 

positions o f modification.

1,8-naphthalimides represent an important group o f  compounds for potential 

application as intercalating anti-cancer agents. Currently there are no 1,8-naphthalimide 

derivatives in the marketplace, but a number such as elinafide, 18, and amonafide, 19, 

(Quinamed®) are currently in clinical trials.
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Recent research in this area has focussed on improving the selectivity o f such 

agents and on gaining a more complete understanding o f the nature o f their interaction with 

Efforts have also been made in the Gunnlaugsson laboratory to this end, with 

a number o f compounds showing enhanced selectivity over those currently in clinical 

t r i a l s . A l s o  o f interest are derivatives that have been developed within the group for 

use as probes. Recent examples are these include the Troger base derived compounds such 

as 20 -  23, discussed in the thesis o f Veale.'®'*

NH

1.6 1,8-Naphthaiimides as DNA Photocleavers

In addition to their “dark” properties in the presence o f DNA, 1,8-naphthalimides 

like the metal complexes discussed in earlier sections may in their excited state react with 

nucleic acids. Such reactivity was first reported by Saito and co-workers, whereby they 

demonstrated that the series ofZ-lysine-l,8-naphthalimide derivatives 24 -  26 cleaved both 

supercoiled DNA and double-stranded oligonucleotides upon irradiation.'’^

24 R, = R2 = H

25 R, = NO2, R2 = H

26 Ri = H, R2 = NO2

Interestingly the site o f  DNA cleavage was shown to be very much dependent on the 

substituents on the 1,8-naphthalimide ring system. Derivative 24 induced highly specific 

cleavage at the 5’ side o f 5 ’-GG-3’ steps and very weak cleavage at the 5’ side o f  5’-GA-3’ 

steps after piperidine treatment, with no cleavage observed at other sites. Under the same 

conditions, 3-nitro derivative 25 was shown to nick DNA preferentially at T residues with 

very weak cleavage at 5’-GT-3’ steps. Finally 4-nitro derivative 26 showed almost equal 

cleavage at 5 ’-GG-3’ and T sites. The mechanism o f T specific cleavage by 25 was shown 

to involve oxidative transformation o f the T methyl into a formyl group by hydrogen 

abstraction by a photoexcited nitro group. No evidence was found for hydrogen 

abstraction from the sugar backbone or electron transfer to the bases. The origin o f  the -  

GG- selective cleavage by 24 was discussed in a subsequent paper where the 

1,8-naphthalimide was irradiated in the presence o f various G containing duplex 

oligomers."^ Reactivity occurred in the order -GGG- > -GG- > -GA- »  -GC-, -GT-. The 

lowest ionization potentials o f  such stacked nucleobases were estimated from ah initio 

calculation and were in good agreement with the observed reactivity. Also o f significance 

was that the HOMO of stacked 5’-GG was calculated to be largely localised on the G at the
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5’ side, which was in agreement with the observed site o f cleavage. Flash photolysis o f  a 

solution o f  23 in the presence o f duplex hcxamer revealed production o f  the imide radical 

anion concomitant with decay o f the imide triplet excited state. It was thus concluded from 

this study that DNA damage occurs as a result o f electron transfer to the imide triplet state, 

and in addition was shown that the most electron donating sites in duplex DNA are 

guanine residues located 5’ to guanine.

In order to gain a more complete understanding o f this redox initiated damage o f 

DNA by 1,8-naphthalimide derivatives Kelly and co-workers carried out photophysical 

studies on structurally related imide and diimide chromophores, 27 -  29 in the presence o f 

individual nucleotides and polynucleotides. It was noted that naphthalene imide and 

diimide derivatives had been shown to possess high intersystem crossing efficiencies."^’"* 

Charge recombination in the radical ion pairs derived from triplet states is slowed in 

comparison to those derived from singlet states and therefore would allow the possibility 

o f increased charge separation efficiency. This in turn would lead to enhanced DNA 

cleavage as the thermal reactions leading to cleavage could occur before disappearance o f  

the reactive intermediates.

R = -CH2CH2CH2OH

Flash photolysis studies showed that the interaction o f the excited triplet states o f 

the 1,8-naphthalimides and diimides with individual nucleotides results exclusively in 

electron transfer products."^ The transient absorption spectra observed after nucleotide 

quenching were identical to those resulting from triplet state quenching by the electron 

donor l,4-diazabicyclo(2,2,2)octane (DABCO) pointing to an electron transfer process 

from the nucleobases. Significantly the site o f  base oxidation was shown to be very much 

dependent on the thermodynamic properties o f  the imide or diimide employed, the rate 

constants for forward electron transfer varying over two orders o f  magnitude depending on 

the donor-acceptor pair. For the 1,8-naphthalimide derivative studied, the excited triplet 

only resulted in electron transfer from GMP, an observation that may be reconciled with 

the reduction potential o f  the triplet excited state.

It must be emphasised that under conditions such as these when the chromophore is 

not associated with the base, damage initiated by triplet states will predominate due to their
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long lifetimes. However, upon association o f the chromophore to the target, as would be 

anticipated in the presence o f a DNA polymer, oxidation by the singlet state becomes 

competitive. A subsequent paper reported the photoprocesses o f imide and diimide 

derivatives, 30 and 31 in aqueous solutions o f  DNA where particular attention was paid to 

the relative importance o f  electron transfer to the singlet versus the triplet excited states.

30 31

In the case o f 1,8-naphthalimide 30, significant fluorescence quenching was 

observed as DNA was added suggesting the availability o f an efficient singlet state 

quenching pathway. This was assigned as being due to efficient electron transfer to the 

singlet excited state within the preformed imide/DNA ground state complex. This was in 

agreement with thermodynamic data where forward electron transfer from all o f the 

nucleotide bases to the singlet excited state o f 30 was calculated to be exergonic by at least 

1 eV. As electron transfer to the singlet excited state is highly favoured it may compete 

effectively with intersystem crossing, although the products o f electron transfer to the 

singlet excited state could not be observed on the timescale allowed by the instrumentation 

employed in this research. In agreement with the studies o f Saito and co-workers the 

formation o f  radical anion was concomitant with decay o f the triplet state. Radical anion 

was also produced by self-quenching but the amount produced increased in the presence o f 

DNA suggesting that nucleotide oxidation can be facilitated by the triplet state. Within the 

range o f  DNA concentrations employed in this study the rate o f radical anion production 

was actually shown to be independent o f DNA concentration. This suggested that a 

dynamic process involving non-associated triplet states and nucleotides was most likely 

responsible for radical anion formation. Competition between the two pathways o f 

electron transfer to the singlet or triplet excited state is highly relevant to DNA cleavage 

efficiency as the longer lived triplet derived products can exert damage more efficiently. 

In this case efficient electron transfer to the singlet excited state o f the 1,8-naphthalimide 

reduced the overall efficiency o f cleavage.

In a later paper it was suggested that the contribution to cleavage from direct
121electron transfer from the triplet state to DNA is actually negligible. It was shown that 

the major decay pathways for the triplet excited state were self-quenching by ground state 

1,8-naphthalimide and quenching by molecular oxygen. Cleavage efficiency was



Chapter I Introduction

increased in the absence o f oxygen which suggested that the radicals produced from self

quenching are more efficient at inducing DNA cleavage. The decay o f  radical anion from

this self-quenching process was considerably slower in the presence o f  DNA, which was

consistent with reaction o f  DNA with the quenching products. However, no change in

decay was observed for the radical anion produced by reductive quenching by DABCO in

the presence o f DNA, suggesting that the radical cation o f  1,8-naphthalimide or radicals

derived from it are actually responsible for nicking DNA. At present this mechanism

involving electron transfer from the DNA bases to radical species formed by self-

quenching in solution is regarded as being responsible for the observed photocleavage by

1,8-naphthalimides with no ring substitution.

One o f the most well known DNA cleavage agents is the hydroxyl radical, which
122acts by abstracting a hydrogen atom from deoxyribose. This produces a carbon based

radical that may rearrange, resulting in cleavage o f the nucleic acid strand. A variety o f

methods exist for generating hydroxyl radicals such as Fenton type reactions or photolysis
122

with ionising radiation. A more recent means are the so called “photo-Fenton reagents” 

which may generate hydroxyl radical by low energy irradiation in a controlled manner. 

Qian and co-workers synthesised 1,8-naphthalimide peroxides 32 and 33 for such 

application and showed using ESR that they could efficiently generate hydroxyl radical.

In addition they showed that the compounds could convert Form 1 DNA into Form II and 

III and do so more efficiently than the reference phthalimide compound 34, that had 

previously been studied.'^"' Fluorescence quenching studies pointed to a strong association 

o f 32 and 33 with DNA, and thus the enhanced cleavage was proposed to be due to the 

formation o f hydroxyl radicals to some degree in the DNA matrix, by photolysis o f  the 

DNA bound naphthalimide hydroperoxides.

O-OH -OH

The same group subsequently studied analogues 35 and 36 bearing a conjugated 

oxazole ring, as the extended planarity was expected to confer greater affinity for DNA.'^^ 

This was indeed found to be the case and the compounds also displayed greater cleavage 

efficiency than their non-extended counterparts. This was again attributed to the extended 

planarity and greater DNA affinity in these systems. However, a factor that the authors did 

not consider was that a photochemical reaction between DNA and the photocleavage agent
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could precede hydroperoxide degradation. A previous study on a 

bis(hydroperoxy)naphthaldiimide as a photocleavage agent showed the compound to 

effectively photonick supercoiled plasmid DNA.'^^ When the cleavage selectivity was 

studied damage was found to occur with high selectivity at the 5’ side o f 5 ’-GG-3’ steps 

after piperidine treatment. This was suggested to be a consequence o f selective binding 

but is more likely due to an electron transfer process as was observed for the simple 

1,8-naphthalimide derivatives discussed at the beginning o f this section. Selectivity 

studies with hydroperoxides 32 -  36 would therefore be necessary to more fully understand 

the nature o f their observed cleavage o f  DNA.

OH
,o  Q

35

OH

36

Compounds based on the 1,8-naphthalimide structure show potential as novel 

structural probes or sequencing agents for DNA that may be activated in a controlled 

manner by irradiation. They have been shown to be capable o f generating a number o f 

reactive intermediates, and display differing photochemical reactivity with DNA 

depending on their structure and functionality. Future research will most likely focus on 

gaining a more complete understanding o f the photochemical processes giving rise to 

cleavage and the preparation o f systems with greater sequence recognition capabilities. 

Furthermore, 1,8-naphthalimides have been shown to behave as DNA intercalators and 

display changes in their photophysical properties upon interaction. Agents based on this 

structure may therefore show potential as DNA probes, as has been demonstrated with the 

Troger base derived compounds discussed earlier.

1.7 Work Described in this Thesis

This research project is concerned with the development o f a range o f novel 

Ru(II)-1,8-naphthalimide conjugates as probes and photoreactive reagents for DNA. These 

conjugate systems are comprised o f structural units with known affinity for DNA, and well 

characterised photophysical properties that are sensitive to the surrounding environment. 

Such properties have been discussed in detail in the preceding sections o f this chapter. The 

strategy adopted in the design o f these systems is based on that discussed in Section 1.2.5, 

where the properties o f  a number o f systems comprising a metal complex with a tethered
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organic chromophore were discussed. The general structure o f the target complexes is 

presented in Figure 1.13.

2+

Ruthenium CoreA  N— Ru— N 
^  /  \  \ =  

/ r N  N=\

Linker

Planar 1,8-Naplithaiiniides

Figure 1.13 General structure o f  target complexes.

The overall aim o f  this research project was to investigate the effect o f variations 

on the basic structure shown in Figure 1.13. The Ru(II) core was maintained throughout, 

however, different linker moieties and 1,8-naphthalimide chromophores were incorporated, 

and the effect that these modifications had on the photophysical and DNA binding 

properties o f the resulting conjugate were investigated. It was hoped that by systematically 

varying these components, an understanding o f the important structural features o f  the 

conjugates that leads to excellent DNA probing ability could be identified.

In Chapter 2, a series o f  flexibly linked Ru(II)-nitro-1,8-naphthalimide systems are 

described. These complexes were designed to possess a chromophore -  quencher 

arrangement. It was anticipated that the 1,8-napthalimide moiety would quench the MLCT 

excited state by ET, leading to complexes that were weakly emissive in solution. The 

synthesis o f  each derivative is discussed, in addition to their photophysical and DNA 

binding properties.

In Chapter 3, flexibly linked Ru(II) conjugates incorporating unsubsitituted 

1,8-naphthalimides are detailed. These complexes were designed to display an antenna 

effect in which the 1,8-naphthalimides would sensitize the Ru(II) MLCT emission. The 

synthesis o f  these systems, and their properties in solution and in the presence o f DNA will 

be discussed.
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In Chapter 4, conjugates with a more rigid arrangement o f the Ru(II) and 

1,8-naphthalimide subunits will be discussed. The effect that such an arrangement has on 

the photophysical and DNA binding properties will be explored, and these systems 

compared to their more flexible analogues.

In Chapter 5, a series o f  purely organic compounds comprising 1,8-naphthalimide 

and diquat functionality will be investigated. These were designed as a comparison to 

determine if a Ru(II) complex could be replaced by a charged organic unit, while still 

retaining strong binding and spectroscopic response to DNA.

In Chapter 6, the ability o f  each o f  the complexes discussed in Chapter 2 -  4 to 

photocleave DNA will be investigated. Furthermore, their cellular uptake properties will 

be established using flow cytometry, and promising derivatives chosen for application as 

PDT agents.

In Chapter 7, some general conclusions are provided, in addition to future work 

that will be undertaken as part o f this research programme. Finally, in Chapter 8, general 

experimental procedures are outlined and the synthesis o f each o f the compounds discussed 

in this thesis given.
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Chapter 2 Flexible Ru(ll)-nitro-1,8-naphthalimide Conjugates

2.1 Introduction

As discussed in Chapter 1, there has been significant interest in the development o f 

bifianctional molecules as efficient binders and probes o f  DNA. It was shown that the 

strategy o f combining two DNA binding components in a single molecule has been widely 

applied, particularly to systems containing two metal complex or organic subunits. In 

these studies, besides the properties o f  the subunits themselves, the nature o f  the linking 

moiety was shown to be very important as it defines the geometric arrangement o f  the 

subunits. This has important consequences on the nature o f  the interaction with DNA and 

the binding modes available. If considering a system with two linked intercalators three
197binding modes may be envisaged, as depicted in Figure 2 .1. Binding mode A represents

bis-intercalation in which the neighbour exclusion principle is adhered to and is only

possible when the linker is o f  sufficient length and allows enough flexibility to occlude two

base pairs between the intercalating groups. It has been proposed that the linker length

must be greater than 10.2 A for this to o c c u r . B i n d i n g  mode B represents mono-
128intercalation and will occur when the linker is rigid or too short to span two base pairs, 

whereas binding mode C represents bis-intercalation with violation o f  the neighbour 

exclusion principle. This latter binding mode has been reported for relatively few

U

A B

Intercalator 2Intercolator 1 Spacer

Figure 2.1 Schematic representation o f  the DNA binding modes o f  a molecule bearing two 

linked i n t e r c a l a t o r s (A) and (C) Bis-intercalation, (B) Mono-intercalation.

From the above analysis, it would appear that a flexible linker o f  sufficient length 

would be the best choice if a bis-intercalator is desired. However, it is also known that a 

flexible linker would allow for self-association o f the subunits; a process that decreases the 

overall affinity for DNA as it must be perturbed before intercalation can take place. 

Waring and co-workers designed derivatives which comprised a rigid polynorbomane 

backbone with two appended acridine moieties such as the system depicted in Figure
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Self association between the two acridine moieties was possible in this case due to 

the rigid linker but bis-intercalation was shown to occur when the backbone was o f  an 

appropriate length.

NHNH

Figure 2.2 Polynorhornane linked diacridine. E = C02Me.

The objective o f the research presented in this Chapter was the development o f 

chromophore-quencher assemblies based on 1,8-naphthalimide and Ru(II) polypyridyl 

chromophores as novel probes for DNA. As detailed in Chapter I a flexible linker that 

allows for a range o f donor-accceptor distances is necessary in such systems as rates o f 

energy or electron transfer are strongly distance d e p e n d e n t . H o w e v e r ,  in solution the 

tether may adopt conformations that give a small separation between the chromophore and 

the quencher and as a result efficient energy/electron transfer. In the presence o f  DNA one 

or both o f the partners interact with the helix, with the separation distance between them

being modulated, and as a result the efficiency o f transfer is altered. With this in mind,
2+systems comprising a Ru(bpy)3  like core (the chromophore) linked via flexible alkyl 

linkers to 4/3-nitro-l,8-naphthalimides (the quencher) were designed. Nitroaromatics are 

known electron accepting q u e n c h e r s , t h i s  property having recently been suggested as 

a means o f detecting many explosives which contain nitroaromatic functionality.'^"' 

Consequently it is expected that nitro substituted 1,8-naphthalimides will quench the 

emission from the Ru (II) centre in addition to binding DNA with high affinity. Linkers 

containing three and five carbon units were employed to investigate the effect o f distance 

between the units, and mono- and bis-substituted complexes were studied to determine if a  ̂

second 1,8-naphthalimide unit would lead to cooperative binding. The target compounds

identified, 45  -  48  are shown below along with a reference compound, 49  that was |
!

prepared for quantum yield comparison. This would enable us to determine how ' 

efficiently the nitro-1,8-naphthalimides quench the Ru(II) emission and also to evaluate the 

contribution the metal centre makes to the overall DNA binding process.



Chapter 2 Flexible Ru(II)-nitro-1,8-naphthalimide Conjugates

NH

39(n  = 1) 
40 (n = 3) Ru,

NH

Ru.

Ru.

37(n  = 1) 
38 (n = 3)

The possible binding modes o f  37 -  40 may be related to those presented in Figure 

2.1. The Ru(II) complex component in each is expected to act as a scaffold that binds to 

DNA by electrostatic interactions, and in doing so places the 1,8-naphthalimide 

chromophores in close proximity to the helix, whereby they may interact. These possible 

intercalating units should control the overall DNA affinity o f  each system through strong 

stacking interactions. For the bis-1,8-naphthalimide derivatives 39 and 40, each o f modes 

A -  C is possible, depending on the degree o f flexibility permitted by the relevant linker. 

In practice, the modes presented in Figure 2.1 may be an over-simplification, with 

numerous other modes o f binding being possible in which one or both o f  the 

1,8-naphthalimides partially intercalate, or bind within the grooves. Fewer variations are 

possible with compounds 37 and 38, which are also expected to bind through intercalation 

or groove binding o f the 1,8-naphthalimides, in addition to external association o f the 

metal centre. As indicated above 41 was prepared to establish the binding properties o f  the 

metal centre itself and would only be expected to interact with DNA through electrostatic 

association. The nature o f the interaction o f each complex will be established using a 

number o f  spectroscopic techniques.

The overall aim o f this particular work is to establish the effect that slight variations 

in linker length and incorporation o f  one versus two 1,8-naphthalimide quenchers has on 

the DNA binding affinity and spectroscopic response o f  these chromophore -  quencher 

assemblies. Firstly, a description o f the synthesis and characterisation o f  each o f  the 

conjugate systems 37 -  40 is given. This is followed by a discussion o f  the photophysical 

properties o f  each complex and a proposed photophysical mechanism to account for the 

observed properties. The DNA binding behaviour o f  each conjugate will then be 

established using a range o f spectroscopic techniques.
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2.2 Synthesis

The target bichromophore complexes 37 -  40 were prepared in a five step sjoithesis 

from easily available starting materials. The synthesis o f the mono- and 

bis-4-nitro-l,8-naphthalimide propyl linked complexes 37 and 39 are discussed in detail 

the following sections. The same procedure was applied to the synthesis o f the analogous 

pentyl linked derivatives 38 and 40, full details of which are provided in Chapter 7.

2.2.1 Synthesis of A -̂aikyl amino Functionalised 1,8-naphthalimides 49 and 50

The 1,8-naphthalimide portion of each of the target complexes was synthesised as 

outlined in Scheme 2.1. The first step involved mono Boc-protection of the desired 

diamine. This was achieved by slow dropwise addition of a solution of tert-Buiy\ 

Dicarbonate (B0 C2 O) in CHCI3 to an excess of diamine at 0 °C followed by stirring 

overnight at room temperature. The solvent was then removed under reduced pressure, the 

resulting residue was re-dissolved in water and filtered to remove any di-Boc protected 

amine. Extraction into CH2 CI2 , followed by drying over MgS0 4  and removal of the 

combined organic layers under reduced pressure afforded the desired product 42, as a 

yellow oil in 80 % yield. Following this the mono-protected amine 42 was condensed with 

4-nitro-l,8-naphthalic anhydride by addition of both reagents to anhydrous toluene in the 

presence of freshly distilled EtsN, followed by overnight reflux under an argon 

atmosphere. Un-reacted anhydride was removed by hot filtration through celite after 

which the solvent was removed under vacuum. Any un-reacted amine was removed by 

dissolution of the product in CHCI3 , followed by washing with 0.1 M HCl and water. This 

gave a brown product that was recrystallised from acetone/ether to give 47 as a pale brown 

solid in 93% yield. Recrystallisation was not necessary for the analogue of 47 with a five 

methylene unit linker, 48. This derivative was obtained in sufficient purity after workup 

according to 'H NMR analysis. Having obtained 47 the protecting group was removed by 

stirring it in a 1 : 1  mixture ofTFA/CH2 Cl2 for 1 hour, affording the de-protected compound 

49 as an orange solid in quantative yield. These 1,8-naphthalimide compounds gave 

characteristic 'H NMR signals in the aromatic region, the spectrum and assignment for 47
13being shown in Figure 2.3. All compounds synthesised were also characterised by C 

NMR, melting point and ESMS. Aditionally, accurate mass, elemental analysis and 

Infrared spectra were obtained for novel compounds. Full characterisation for each of 

these compounds are presented in Chapter 7. The yields for each step in the synthesis of 

1,8-naphthalimide derivatives 49 and 50 are given in Table 2.1.
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42 (n=1)
43 (n=3)

44(n=1)  
45  (n=3)

^NH I

49(n=1) NO2 
50 (n=3)

Schem e 2.1 Synthesis o f  1,8-naphthalimide derivatives 49 and 50. Reagents and  

conditions: (i) BoczO, CHCl}, O "C to RT, (ii) Toluene, EtjN, (Hi) TFA, CH2 CI2  50%.

Table 2.1 Synthesis o f  1,8-naphthalimides 49 and 50.

42 C3 44 80%

43 C5 45 82%

44 C3 47 93%

45 C5 48 91%

47 C3 49 100%

48 C5 50 100%
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Figure 2.3 'H NMR spectrum o f  47 (CDCI3 , 400 MHz).

2.2.2 Synthesis of niono-4-nitro-l,8-naphthaliinide-bipyridine Ligands 53 and 54

A similar approach was applied to the synthesis o f  the bipyridine ligands 

functionalised with either one or two 1,8-naphthalimide units. This involved the coupling 

o f  the amino flmctionalised 1,8-naphthalimides 49 or 50 to the mono- or di-acid chloride o f  

bipyridine. The synthesis o f  one example o f  each ligand possessing a three carbon linker 

will be discussed below, as the same procedures were employed for the corresponding five 

carbon linked compounds. The synthetic route to the mono-l,8-naphthalimide-bipyridine 

ligands 53 and 54 is outlined in Scheme 2.2.

Scheme 2.2 Synthesis o f  ligands 53 and 54. Reagents and conditions: (i) SOCI2 , (ii) 49/50, 

CH2 CI2, EtjN, 0 ”C.

COOH

NO2
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The mono-acid starting material 51 was prepared from 4,4’-dimethyl-2,2 

bipyridine according to a literature p r o c e d u r e . T h i s  was converted to the corresponding 

acid chloride 52, by stirring in thionyl chloride at reflux for 1 hour after which excess 

thionyl chloride was removed by bubbling with argon. The acid chloride was thoroughly 

dried under high vacuum for at least 4 hours, after which it was dissolved in anhydrous 

CH2 CI2 and added drop-wise to a solution o f 49 in anhydrous CH2 CI2 at 0 ”C in the 

presence o f EtsN. After stirring overnight at room temperature the reaction mixture was 

diluted by the addition o f  CH2 CI2 and washed several times with 0.1 M HCl and water. 

After concentration under reduced pressure, the resulting residue was fiarther purified by 

silica flash column chromatography using 9:1 CH2Cl2/MeOH as eluant. The 'H NMR 

spectrum o f 53 is shown in Figure 2.4, and clearly shows the presence o f both 

1,8-naphthalimide and bipyridine resonances. Formation o f 53 was also confirmed by the 

presence o f a CH2 resonance at 3.57 ppm, which had shifted downfield in comparison to 

the starting material by conjugation to the more deshielding amide. The product was 

further characterised by '^C NMR, IR and elemental analysis.

N = ^

9HN

14

9.0 8.4 8.2 8.0
(ppm)

7.8 7.4 7.27.6

1 I , I I I f I I ...................... FT ■ n  r r t  ■
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

(ppm)

Figure 2.4 ‘HNMR spectrum o f 53 (CDCh, 400 MHz).
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Table 2.2 Synthesis o f mono-4-nitro-l,8-naphthalimide-bipyridine ligands 53 and 54.

49 C3 53 74%

'50 '  C5 .......... ..................... 54 53%
............

2.2.3 Synthesis of bis-4-nitro-l,8-naphthalimide-bipyridine Ligands 57 and 58

The two step synthesis of bis-l,8-naphthaHmide bipyridine ligand 58 is shown in 

Scheme 2.3.

CIOQHOOC COOH

Scheme 2.3 Synthesis o f ligands 57 and 58. Reagents and conditions: (i) SOCh, (ii) 

CH2CI2, EtsN, 0 "C, 49/50.

The first step involved the synthesis of the di-acid starting material 55 according to 

a literature procedure.'^^ Unlike the mono-acid bipyridine derivative 51, this compound is 

highly insoluble and consequently the reaction mixture was refluxed for approximately 20 

hours in order to fully convert to the corresponding acid chloride. The reaction mixture 

was observed to turn clear once it had gone to completion. The product was isolated and 

dried in the same manner as before, after which it was dissolved in dry CH2 CI2 and added 

drop-wise to a solution of 49 and Et3N in anhydrous CH2CI2 at 0 “C. After stirring the 

resulting solution overnight at room temperature, a highly insoluble precipitate was 

isolated by suction filtration. This insolubility proved advantageous for purification as 

trituration of the solid with MeOH gave 57 as a brown solid in high purity in 55% yield. 

The 'H NMR of 58 is shown in Figure 2.5 and is simpler than that observed for 53 (Figure 

2.4) due to the symmetrical nature of the molecule. Once again resonances characteristic 

of both the 1,8-naphthalimide and the bipyridine moieties are apparent. Two of the linker
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CH2 resonances were found to be located under solvent peaks as indicated in Figure 2.5, 

their presence was evident from CH and HH COSY analysis o f  57 . The CH2 adjacent to 

the 1,8-naphthalimide ring system was under the resonance at 4.14 ppm and that adjacent 

to the amide bond under the resonance at 3.33 ppm. The latter was observed to shift 

downfield relative to the starting material due to it becoming attached to a more
13deshielding amide upon product formation. The product was further characterised by C 

NMR, IR and elemental analysis. It was not possible to obtain mass spectrometry o f  these 

ligands, which is expected to be due to their insolubility.

Table 2.3 Synthesis o f  his-4-nitro-1,8-naphthalimide-bipyridine ligands 57 and 58.

49 C3 57 55%

50 C5 58 49%

At this stage four new ligands were successfially obtained; the mono- 

1,8-naphthalimide derivatives 53 and 54 , and the bis-1,8-naphthalimide derivatives 57 and 

58 . The next step in the synthesis was to complex each o f these ligands.

8, under 
H2O peak

6, under 
MeOH peak

9.0 8.5 8.0 7.0 5.07.5 6.5 6.0 5.5 4.5 4.0 3.5 3.0 2.5 2.0
(ppm)

Figure 2.5 'H  NMR spectrum o f  58 ([D^JDMSO, 400 MHz).
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2,2.4 Complexation with Ru(bpy)2 d 2

Ligands 53 and 57 and their five carbon Hnker equivalents 54 and 58 were 

complexed with Ru(bpy)2 Cl2 using the same general procedure. Each o f  the ligands were 

dissolved in a mixture o f  DMF/H 2 O 50:50, to which Ru(bpy)2 Cl2 was added and the 

m ixture purged with argon for five minutes. This mixture was then heated at 100 °C 

overnight, after which the solvent was removed under reduced pressure and the resulting 

residue re-dissolved in water. This solution was then filtered to remove any un-reacted 

bis-complex. After this ligand exchange was carried out by the dropwise addition o f  a

concentrated aqueous solution o f  NH 4 PF6 . This lead to precipitation o f  the PP6  salt o f

each complex. Each o f  the complexes 3 7 - 4 1  were purified as the PFe salts by silica flash

column chromatography eluting with CH 3 CN/H 2 0 /NaN 0 3 (sat) 40:4:1. The main impurities
2+

present in the reaction mixture were Ru(bpy)2 Cl2 , Ru(bpy ) 3  , and a highly coloured 

green/blue compound which was possibly a R u(lll) species formed by oxidation o f  the 

products o f  the reaction. The water soluble chloride salt o f  the complex was re-formed by 

dissolution in methanol followed by stirring with Amberlite ion exchange resin (Cl' tbrm) 

for 1 hour.

Several methods were initially investigated for purification o f  these 

R u (ll)- l,8 -naphthalimide conjugates, as detailed in Table 2.4. Complex 39 was the first o f  

these to be synthesised and as such the variety o f  purification methods detailed below in 

Table 2.1 only applied to this system. Once a successful means o f  purification was 

identified it was then applied to the other systems synthesised. Precipitation o f  the 

complex from CH3 CN with Et2 0  was not successful in purifying the product. Methods 2 -  

4 initially seemed quite promising by TLC, but failed when carried out using preparative 

plate or column chromatogram as detailed in Table 2.4. Methods 6  and 7 were successful 

in purifying the complexes, however, due to the large volume o f  DMF required for method 

6 , method 7 was regarded as the most suitable choice for purification o f .

After purification, 39 was obtained as a red solid in 52% yield. ESMS analysis 

showed a peak at 1220.2505 corresponding to the M^^ ion. After purification the

m o n o -l,8 -naphthalimide analogue 37 was obtained in 60% yield. ESMS analysis o f  this
2+system showed the presence o f  a peak at 909.1982 corresponding to the M ion. Partial 

'H  NMR spectra for 37 and 39 are shown in Figure 2.6 and 2.7 respectively. As for the 

ligands a simpler spectrum was obtained for the bis-complex due to the C2 symmetry o f  the 

system.
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Table 2.4 Methods attempted for purification o f  the Ru (II) -  naphthalimide conjugate 39.

1 Precipitation o f  CH3 CN solution o f complex from diethyl ether Unsuccessful

2 Alumina preparative plate chromatograph -  CH3 CN Unsuccessflil

3 Silica preparative plate chromatograph -  MeOH Unsuccessful

4 Alumina column chromatograph -  CH3CN Unsuccessful

5
Sephadex LH-20 column chromatograph -  MeOH eluant Product slightly 

cleaner

6
Silica column chromatograph - H2 O / DMF / 2M NH4 Cl(aq) 1:1:2 

^  H2 O / CH3 CN / 2M NaN03(aq) 2:2:1
Successful

7
Silica column chromatograph -  CH3 CN / H2 O / Sat. NaN03(aq) 

40:4:1
Successful

'Ru;

9.0 8.9 8.8 8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2
(ppm)

Figure 2.6 'H N MR  spectrum o f  45 (CDjCN, 600 MHz), showing the aromatic region.
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Figure 2.7 'HNMR spectrum o f  47 (CDsCN, 400 MHz), showing the aromatic region.

Table 2.5 Synthesis o f  complexes 3 7 - 4 0 .

53 C 3 37 60%

54 Cs 38 65%

57 C 3 39 52%

58 Cs 40 49%

2.3 Photophysical Properties of 37 - 41

As compounds 37 -  40 were designed as potential spectroscopic probes for DNA, 

characterisation o f  their photophysical properties was firstly carried out. The absorption, 

excitation and emission spectra o f  the m ono-l,8-naphthalim ide derivative 38 and the 

bis-l,8-naphthalim ide derivative 40, recorded in 10 mM phosphate buffer, pH 7 are shown 

in Figure 2.8a and 2.8b, respectively.
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Figure 2.8 UV/Visible, excitation and emission spectra o f  (a) 38 (6.5 iiM) and (b) 40 (6.5 

(iM), both in 10 mM phosphate buffer, at pH  7. The water Raman band is denoted by *.

The UV/Visible spectra o f  the complexes in aqueous solution exhibit bands 

characteristic o f  both the 1,8-naphthalimide and Ru(II) polypyridyl chromophores. The 

intense band centred around 285 nm was attributed mainly to the 7T-7r* intra-ligand (IL) 

transitions, and the band at 350 nm to the tf-tt* 4-nitro-1,8-naphthalimide transitions. The 

bands at 456 or 477 nm were assigned to the metal to ligand charge transfer (MLCT) 

transitions o f  the Ru(II) complex. Thus bands characteristic o f  the 1,8-naphthalimide and 

the Ru (II) MLCT may be resolved, which will be o f  considerable importance when 

examining the interaction o f  these components upon binding o f  the complexes with DNA.

The MLCT bands are broad and red shifted compared to that o f  [Ru(bpy)3]^^, 

particularly for the bis-complexes 39 and 40 . This is due to the presence o f  the amide 

substituents on one o f  the bipyridine ligands, which differ from the non-substituted 

bipyridine ligands in that they possess a more positive reduction potential. Charge transfer 

transitions will occur from the metal centre to both the substituted and non-substituted 

bipyridine ligands. The transition to the non-substituted ligand will contribute mainly in 

the 450 -  460 nm region, and the lower energy transition to the amide substituted ligand in
137  •the 490 -  500 nm region. Hence the maximum absorption appears at 477 nm m the case 

o f  40 , the effect being intermediate in 38 which possesses a single amide substituents, and 

a corresponding MLCT absorption maximum at 456 nm. Variation o f  the linker length to a 

shorter three carbon spacer yields systems with almost identical spectra. The spectrum for 

the control complex 41 is similar to that observed for the bis-napthalimide complexes 39 

and 40 , as the MLCT band is broad and red shifted to the same degree. A summary o f  the 

absorption properties o f  these systems as well as their respective molar absortivities is 

given in Table 2.6.
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Table 2.6 Absorption properties o f  37 -  41 in 10 mMphosphate buffer, pH  7 at 298 K.

37 286 [65600] 351 [14500] 458 [13300]

38 286 [73900] 351 [14900] 456 [13700]

39 286 [60900] 355 [21300] 477 [12700]

40 286 [55800] 356 [20100] 477 [11100]

41 286 [55200] 475 [10900]

To examine the degree o f stacking o f the 1,8-naphthalimides in the bis-systems 39 

and 40 and the presence o f any ground state electronic interactions additive spectra were 

constructed. In these spectra the absorbance o f the reference complex 41, the water soluble

1.8-naphthalimide derivative 59, the summed spectra o f these two, and complexes 39 and 

40 were compared, all o f  which had been recorded individually. The 

spectra resulting for complex 40 are depicted in Figure 2.9. From this 

examination, we can see that the absorption spectrum o f 40 in the MLCT q  

region is etYectively the same as it is for the summed components. This 

indicates that metal complex absorption is unaffected by the conjugation 

to the 4-nitro-1,8-naphthalimide moieties. However, looking at the

1.8-naphthalimide region, it is apparent that the absorbance is 

significantly less than calculated, if there was no interaction between the individual 

components. The absorption at this band is ca. 30% reduced relative to that calculated by 

summing the individual components. This observation suggests the occurrence o f 

significant stacking interactions o f  the 1,8-naphthalimides, which leads to a 

hypochromicity in the absorption spectrum. Such interaction could be expected due to the 

flexible nature o f the linker and the propensity o f 1,8-naphthalimides to stack in polar
1 -JO

solution, due to their planar and hydrophobic nature. Similar observations were made 

for the bis-propyl linked derivative 39, the hypochromicity o f 1,8-naphthalimide 

absorption due to stacking being slightly less in this case.
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Figure 2.9. Summed absorption spectra o f  40. 41 (----- )(6.5 (iM), 59 (  —)(13 fxM), 41 +

59 (------ ) and 40 (----- )(6.5 liM). A ll solutions in 10 m M phosphate buffer, at p H  7.

In mixed ligand complexes such as 37 -  41 , we observe that separate transitions 

occur to each o f  the ligands. It has previously been shown using transient resonance 

Raman spectroscopy, that in systems o f  this type incorporating different ligands around the 

metal centre, subsequent to absorption rapid intramolecular electron transfer occurs, which 

leads to a triplet MLCT state in which the excited state is localized on the ligand having 

the most positive reduction p o t e n t i a l . T h u s ,  for 37 -  41 we expect the MLCT emission 

to arise solely from an excited state where the excited electron is localised on the amide 

substituted bipyridine ligands. The emission maximum would also be expected to be 

shifted to a lower energy than that o f  Ru(bpy)3 . For each o f  the systems 37 -  41 this was 

observed to be the case.

Excitation o f  an aqueous solution o f  the control complex 41 resulted in an emission 

band centred at 670 nm. Excitation o f  the m ono-l,8-naphthalim ide complexes 37 and 38 

at 450 nm, resulted in a single emission band arising from the MLCT state, which was 

centred at 645 nm. Finally, excitation at 450 nm o f  the bis-l,8-naphthalim ide complexes 

39 and 40 resulted in MLCT based emission at 665 nm. The higher energy emission 

observed for 37 and 38 is due to the presence o f  a single amide substituent on the ligands, 

the excited state resulting from charge transfer being slightly higher in energy than when 

two amides are present.

Excitation at 350 nm, the maximum o f absorption for the 1,8-naphthalimide 

resulted in weak emission from the metal centre, in addition to weak emission from the
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1,8-naphthalimide. Some emission from the metal centre was to be expected as there is 

some contribution to absorption in this region by the metal complex itself, as is apparent in 

Figure 2.8b. In addition the emission from nitro substituted 1,8-naphthalimides is 

considerably weaker than that from amino substituted systems which often display intense 

internal charge transfer (ICT) emission.

Table 2.7 Emission properties o f  37 — 41 in aerated 10 mMphosphate buffer, pH  7 at 298 

K.

37 645 0.001

38 645 0.001

39 665 <0.001

40 665 < 0.001

41 670 0.014

Interestingly, strong MLCT emission was observed from reference complex 41, 

while all o f  the 1,8-naphthaIimide conjugated complexes were weakly emissive in aqueous 

solution. This is reflected in the quantum yields obtained as detailed in Table 2.7. 

Quantum yields were determined for all systems using Ru(bpy)3 ^̂  as a standard. Solutions 

o f each complex were prepared at a number o f concentrations all with absorbance less than 

0 .1. Emission spectra were recorded for each sample and the integrated intensity obtained. 

Plots o f integrated intensity vs. absorbance were constructed and the slope o f the line 

through the points determined. This gradient was substituted into Eq. 1 from which the 

quantum yield was determined.

“  ^ST
(1)

where the subscripts ST and X denote standard and sample respectively, $  is the 

fluorescence quantum yield. Grad the gradient from the plot o f integrated fluorescence 

intensity vs absorbance and r\ the refractive index o f the solvent.

The quantum yield for 41 was found to be 0.014 (± 10%), which is half the value
") +o f that reported for [Ru(bpy)3 ] , while the quantum yields for the 1,8-naphthalimide 

conjugated complexes 37 -  40 were found to be considerably less. Both the
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m ono-l,8-naphthalim ide complexes 37  and 38  possessed quantum yields o f  0.001 (± 10%), 

while the bis-l,8-naphthalim ide complexes 39  and 40  possessed quantum yields o f  less 

than 0.001 (± 10%). This reduction in the quantum yield, and the resulting weak em ission 

displayed by these complexes, is attributed to an interaction between the 1,8-naphthalimide 

and the MLCT excited state as depicted in Figure 2.10. As discussed in Chapter I, similar 

phenomena have been observed for Ru(II)-Viologen'°' and Ru(II)-aminoquinoline^* 

conjugates and were attributed to electron transfer processes between the Ru(II) centre 

(chromophore) and the organic moiety (quencher). W e anticipate that a similar process 

could be occurring here, where the excited state o f  the metal complex is efficiently 

quenched by electron transfer to the 1,8-naphthalimide moiety. Thus, 37  -  41 display the 

first criterion for a chromophore-quencher probe in being essentially non-emissive in 

solution.^^

Ru2+— N a p h ---------------------------------Naph

Charge 
recombination

Rû -"— Naph*-

Figure 2.10 Electron transfer and charge recombination between the two chromophores, 

leading to weak emission from the Ru (II) MLCT.

The reduced quantum yield observed for 41 compared to that o f  [Ru(bpy)3 ]̂ '̂  is a 

consequence o f  the energy gap law for radiationless transitions, as has previously been 

observed for charge transfer excited s t a t e s . T h i s  law, predicts that for a series o f  related 

excited states, based on the same chromophore, radiationless decay rates are determined by 

vibrational overlap between the ground and excited states.'"" This overlap is largely 

determined by the energy gap between the zero point vibrational levels o f  the states. In 

general the smaller the energy gap the more efficient the radiationless decay processes.'"^' 

As previously indicated the emission for complex 41 occurs at a significantly lower energy 

than that seen for [Ru(bpy)3 ]̂ '̂ . From this result we expect a smaller energy gap between 

the ground and excited states and a concomitant enhancement o f  non-radiative decay 

pathways. Although we attribute the reduced quantum yields for the conjugated 

complexes to interaction between the metal centre and the 1,8-naphthalimides, contribution 

from increased radiationless transitions to deactivation o f  the excited state could also be 

considered.

Electron
transfer
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In summary the bichromophore complexes 37 -  40 display interesting and 

potentially useful photophysical properties in aqueous solution. They possess multiple 

absorption bands, which can be attributed to individual chromophores, as expected due to 

them containing both Ru(II) polypyridyl and 1,8-naphthalimide functionality. The 

absorption o f  both components is expected to be sensitive to the surrounding environment 

and thus is expected to change upon interaction with DNA. Tight binding o f the Ru(II) 

centre will manifest as changes in the MLCT band at ~ 450 nm and binding o f the 

1,8-naphthalimide as changes in the 7r-7r* band at ~ 350 nm respectively. Furthermore, the 

complexes are very weakly emissive in aqueous solution and as such display chromophore 

-  quencher behaviour which ftilfils the aim o f the initial design. It is thus anticipated, that 

the interruption o f the quenching process upon binding to nucleic acids will form the basis 

o f operation o f a novel set o f luminescent probes for targeting DNA.

2.4 DNA binding interactions of 37 - 41

In the work presented herein, each o f the Ru(ll)-1,8-naphthalimide conjugates 37 -  

40 were expected to interact with DNA through a combination o f  electrostatic and 

TT-stacking interactions, with the Ru(Il) unit binding externally to the phosphate groups and 

the 1,8-naphthaIimides possibly anchoring the molecule through intercalative binding. 

Such interactions typically result in changes in the electronic spectra o f DNA binding 

molecules,'"*^ and thus spectroscopic titrations were carried out to investigate the nature o f 

the binding and affinity towards DNA for these complexes. The results from these studies 

will be discussed in the following sections.

2.4,1 Changes in the UVA^isible absorption of 37 -  41 with DNA

The interaction o f  37 -  41 with salmon testes (st) DNA was firstly investigated 

using electronic absorption spectroscopy, in which changes in the Ru(Il) complex MLCT 

band at 450 nm and in the 1,8-naphthalimide band at 350 nm were monitored, respectively. 

St-DNA is commonly used as a source o f random sequence DNA and is reported to 

comprise approximately 2000 base pairs with a GC content o f 41.2%.''*^’''*'̂  The titrations 

were carried out by the addition o f small aliquots o f DNA (/il volumes) to a solution o f 

complex, until a plateau in absorbance was reached. At this point all o f the complex was 

regarded as being fully bound to DNA. All titrations were repeated a number o f times to 

ensure reproducibility.
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Upon addition o f st-DNA to the Ru(II) control complex 41, no changes were 

observed in the 1,8-naphthalimide region, while a 9% hypochromic shift was observed at 

the MLCT band. These results are similar to those obtained previously for the addition o f 

DNA to [Ru(bpy)3]^ ,̂ the observed changes having been attributed to electrostatic
29interactions between the complex and the phosphate backbone o f DNA. In the case o f  

the bis-pentyl-linked complex 40, the addition o f DNA resulted in a 27% hypochromism 

for the 1,8-naphthalimide band, with a smaller change in the absorbance for the MLCT 

band, which displayed ca. 10% hypochromism, as depicted in Figure 2.11.
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Figure 2.11 Changes in the UV/Visihle spectrum o f  40 (6.5 ptM) upon addition o f  st-DNA 

(0 -  117 jiM base pair) in 10 mM phosphate buffer, pH  7. Inset: Plot o f  (€a-€j)/(€h-e^ at 

355 nm v.v. [DNA ]  and the corresponding non-linear fit.

The observed changes in the MLCT absorbance are very similar to those observed 

previously for 41, and thus it may be regarded that the metal centre in 40 is externally 

bound to the phosphate backbone. The changes observed for the 1,8-naphthalimide are 

typical o f  intercalation or groove binding, which usually cause a substantial decrease in the 

oscillator strength o f an absorption band. However, the results are somewhat different to 

those previously obtained for the binding o f mono-1,8-naphthalimide compounds to DNA. 

A number o f  1,8-naphthalimide derivatives have previously been shown to intercalate 

DNA with hypochromicities o f  60%.'^° ''*̂  In addition, clear isosbestic points were 

observed in these studies at all DNA/l,8-naphthalimide ratios indicating the presence o f  

only one spectrally distinct 1,8-naphthalimide-DNA complex in solution. The differences 

for 40, and indeed all o f  the conjugate systems studied as part o f this research lead to two 

propx)sals. Firstly, that full intercalation o f the 1,8-naphthalimide components in the
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complexes is somewhat inhibited by the presence o f the metal complex, leading to reduced 

hypochromicity, and secondly the multi-component nature o f the complexes leads to the 

presence o f a number o f distinct bound species in solution. However, it must be noted that 

the absence o f an isosbestic point may also be due to the presence o f overlapping 

absorption bands.

The data from the UV/Visible absorption titration o f 40 was analysed in order to 

obtain a binding affinity for DNA. The model used for this purpose, in addition to others 

investigated is discussed in the appendix. As expected a range o f binding constants and 

binding site sizes were determined for the different systems as detailed in Table 2.8.

Table 2.8 DNA binding parameters from  fits to absorbance data.

37 20% 9% 3.2 x 10^(± 1.0) 1.63 (± 0.08) 0.99

38 35 % 10% 4.6 X 10^(± 1.0) 1.67 (± 0.06) 0.99

39 24% 10% 9.2 X 10^(± 4.0) 3.46 (± 0.14) 0.99

40 27% 10% 2.8 X 10  ̂(± 0.8) 5.99 (± 0.29) 0.99

41 9%

As detailed in Table 2.8 the binding constant obtained for the bis-pentyl-linked 

complex 40 was 2.8 x 10  ̂M"', with a binding site size o f 6 base pairs, these parameters 

representing the average that results from different binding geometries. Examination o f 

the results for the corresponding propyl linked complex, 39 illustrated the sensitivity o f 

binding to the linker length. The presence o f a propyl linker yielded similar hypochromic 

effects, 24% at the 1,8-naphthalimide band and 10% at the MLCT band, but with an 

increased binding constant o f 9.2 x 10  ̂M ''. This complex also exhibited a bathochromic 

shift in absorption maximum o f 4 nm upon binding to DNA, an effect commonly 

associated with a classical intercalative binding mode.'^ Furthermore the binding site size 

was reduced to ~ 3.5 base pairs suggesting the “bite” size o f this complex to be smaller.

The changes in the UV/Visible absorption o f 38 are presented in Figure 2.12. In 

terms o f binding constants and binding site sizes the results obtained for the two 

mo no-1,8-naphthalimide complexes 37 and 38 were effectively the same. This is not 

altogether surprising as the binding affinity o f  these is most likely to be governed by the 

insertion o f the planar 1,8-naphthalimide into the helix. Therefore, as there is not a second
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1.8-naphthalimide present to influence this effect, both exhibit similar binding affinity. 

The one striking difference between the two systems is the much greater 1,8-naphthalimide 

hypochromism observed for complex 38 than 37 . A possible explanation for this is that the 

slightly longer linker used in 38 allows the 1,8-naphthalimide unit to bind in a manner 

similar to that previously observed for other 1,8-naphthalimide derivatives. The Ru(II) 

component in 37 restricts insertion o f the 1,8-naphthalimide to the same degree as the two 

constituents are more closely spaced and with the Ru(II) bound externally the

1.8-naphthalimide is unable to insert as far into the helix.
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Figure 2.12 Changes in the UV/Visible spectrum o f  (a) 38 (6.5 iiM) upon addition o f  

st-DNA (0 -  29.25 piM base pair) in 10 mM phosphate buffer, at pH  7. Inset: Plot o f  

€^/(eb-t^ at 351 nm vs. [DNAJ and the corresponding non-linear fit.

Interestingly, the mono-1,8-naphthalimide derivatives 37 and 38 actually possessed 

equal, if not slightly greater affinity for DNA than the bis-1,8-naphthalimide complex 40. 

This led to the proposal that perhaps only one o f  the 1,8-naphthalimides in 40 was 

interacting with DNA and the other remains external to the DNA helix. However, the 

large binding site size o f  6 base pairs would, nevertheless, suggest that all the components 

o f the complex were interacting with DNA. Consequently, it is likely that the longer linker 

in 40 may allow for significant intramolecular ground state interaction, or potential 

stacking o f the 1,8-naphthalimides; a process which must be perturbed before DNA 

binding occurs. This would reduce the overall affinity o f  these systems for DNA. 

Generally, if a stacking interaction was perturbed an increase in the absorbance would be
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expected. However, here the DNA interaction induces a hypochromic shift in the 

absorption maximum, which may compete with any increases that would otherwise result.

Less flexibility in 39, due to the shorter linker length, may preclude as efficient 

stacking and thus the 1,8-naphthalimides may bind independently. Indeed this is supported 

by the fact that the binding affinity for 39 is twice that for the mono-l,8-naphthalimide 

complexes 37 and 38, indicating that the second 1,8-naphthalimide chromophore does not 

lead to any cooperative binding effects.

In conclusion, all o f the bichromophore systems 39 -  40 possessed binding 

constants o f the order o f 10  ̂-  10  ̂M"', which are considerably larger than those previously 

determined for mono- or bis-1,8-naphthalimides, which had K values o f  the order o f 10“* or 

10  ̂M"' r e s p e c t i v e l y . D e s p i t e  the fact that the Ru(II) centre seems to inhibit complete 

interaction o f the 1,8-naphthalimides, the overall affinity for DNA is significantly higher 

than the constituent parts when bound independently. This is most likely due to the 

bifiinctional nature o f the complexes; the Ru(II) centre providing initial electrostatic 

attraction to the DNA helix which places the 1,8-naphthalimides in an ideal environment 

for high affinity interaction through intercalation or groove binding, as we had anticipated 

in our initial design.

2.4.2 Changes in the Emission Spectra of 37 -  41 upon Binding to DNA

As detailed in Section 2.3, all o f  the bichromophore complexes prepared were 

weakly emissive in solution, possessing quantum yields o f  0.001 or less for the metal based 

emission. This was attributed to an interaction between the 1,8-naphthalimide and the 

triplet MLCT excited state, a process that most likely involved electron transfer to the 

1,8-naphthalimide units. The addition o f DNA to all o f  the bichromophore complexes 

caused a profound effect on the photophysical properties, where the ^MLCT emission was 

significantly enhanced.

Three key factors were considered when examining the results from these titrations:

1. The magnitude o f  the luminescence enhancement. This will provide information 

on the efficiency with which DNA interrupts the quenching process.

2. The rate at which the enhancement occurred, a measure o f which may be 

obtained by determining the point at which 50% of the emission intensity change 

is reached. This should reflect the relative affinities o f the different systems for 

DNA.
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3. The shape o f the binding profile. This may indicate if a single bound species is 

present in solution or if multiple modes o f interaction occur.

2.4.2.1 Studies in Low Ionic Strength Medium (10 mM Phosphate Buffer)

Reference complex 41, which bears no appended 1,8-naphthalimides displayed no

enhancement o f Ru(II) based emission upon addition o f  DNA. This complex is
2+structurally very similar to Ru(bpy)3 and was expected to display weak affinity as has

29previously been observed.

Complex 40 exhibited the greatest emission enhancement upon binding to DNA, 

giving rise to an eleven fold enhancement in emission intensity, as is evident from Figure 

2 .13a. Furthermore, the half point in emission intensity change occurred at a base pair/dye 

(Bp/D) ratio o f 5.5.
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Figure 2.13 (a) Changes in the MLCT emission o f  40 (6.5 fjM) (excitation at 450 nm) upon 

addition o f st-DNA ( 0 - 3 2 5  piM base pairs) in 10 mM phosphate buffer, at pH  7. (b) The 

relative change in integrated emission intensity o f  39 (W), 40 (^) and 41 (u) upon addition 

o f S t -DNA in 10 mM phosphate buffer, at pH  7.

From examination o f the binding profile. Figure 2.13b, it was apparent that quite 

high base pair equivalents must be added to reach a plateau. The binding profile shown in 

Figure 2.13b can be divided into two parts. The first part, up to approximately ten base 

pair equivalents, is steep and is the region in which most o f the emission change occurs. 

The second part, from ten equivalents up to the plateau, is more gradual, with 25% o f the 

total emission change occurring in this region. The biphasic nature o f  the emission profile 

suggests the presence o f more than one type o f  DNA bound species, as was expected o f 

these multi-component conformationally flexible complexes. This is in agreement with the
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UV/Visible studies where the absence o f isosbestic points suggested a distribution o f 

complex bound to DNA by different modes.

Complex 39, which was suggested to bind DNA with the highest affinity from 

UV/Vis absorption studies, however, gave only a five fold emission enhancement. 

However, the rate at which the emission enhancement occurred was the greatest for this 

complex, the half-point in intensity change occurring at a Bp/D ratio o f 3.2 (this 

observation was in agreement with the calculated association constant). Additionally, at 

low base pair equivalents or high loading o f complex on DNA, a slight decrease in the 

emission intensity o f  ca. 10% was observed. Such emission quenching at low ratios o f 

DNA has previously been observed for dinuclear Ru(II) complexes and was attributed to a 

DNA induced stacking conformation o f the Ru(II) complexes which facilitates a partial 

quenching process.*^ A plateau in the emission was reached at much lower Bp/D ratios for 

this complex than for its pentyl linked analogue 40, the emission changes also occurring in 

a more monophasic manner. This again is in agreement with the overall greater affinity o f 

39 for DNA. It is also possible that in addition to contributing to lesser stacking 

interaction o f the 1,8-naphthalimides, the shorter linker also restricts the number o f 

possible conformations o f  the 1,8-naphthalimides with respect to the metal centre, and as a 

result the number o f possible binding modes. This leads to the more simple binding profile 

in which different regions o f change cannot be identified. The longer linker in 40 allows 

for a greater number o f possible conformations and as a result a more “diffuse” binding 

mode overall. It is clear from these results that the nature o f the linker has significant 

effects on the binding o f  these complexes to DNA and the resulting emission responses. 

The reasons for the different emission changes resulting for 39 and 40 will be discussed at 

a later point when proposing a mechanism for the observed enhancements.

The above results are similar to those obtained for the corresponding 

mono-l,8-naphthalimide complexes 37 and 38. Significant differences were observed 

between 37 and 38, whereby these complexes displayed two fold and six fold 

enhancements, respectively. The spectrum for 38 is depicted in Figure 2.14 along with the 

emission profiles for both o f the mono-l,8-naphthalimide Ru(II) complexes. The rate at 

which the enhancement occurs is similar for both systems, the half point being at 7.8 base 

pair equivalents for 37 and 6.7 for 38. This is in agreement with the UV/Visible absorption 

studies from which it was concluded that both systems bind to DNA in a similar manner, 

and with similar affinity, in a process that is largely governed by the 1,8-naphthalimide
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moiety. Thus the differences in enhancement are most Ukely due to the differing linker 

lengths and not to their affinity for DNA.

The shape o f  the profile for 38 is similar to that o f  its bis analogue 40, in that a 

steep initial increase in emission is observed up to a Bp/D ratio o f  ca. 7.5, followed by a 

more gradual change up to the plateau. Also similar to its bis analogue, 37 displays an 

initial rapid decrease in the emission intensity o f  ca. 10%, followed by a gradual increase 

up to the plateau. The initial decrease at high loading o f complex on DNA may be due to a 

DNA induced stacking phenomenon. Since this only occurs for the propyl linked 

complexes 37 and 39 it is most likely due to stacking interactions, enforced by the short 

linker in which the 1,8-naphthalimides and the metal complex components are forced into 

close proximity to each other. Consequently, this gives rise to quenching o f the MLCT 

emission. Stacking o f the 1,8-naphthalimides may also be induced in complexes 38 and 

40. However, due to the longer (five carbon) linker, the metal centres have a greater 

degree o f  freedom and consequently would not be forced into such close proximity.
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Figure 2.14 (a) Changes in the MLCT emission o f  38 (6.5 fxM) (excitation at 450 nm) upon 

addition o f  st-DNA (0 -  325 ptM base pairs) in 10 mM phosphate buffer, at pH  7. (b) The 

relative change in integrated emission intensity o f  37 (•), 38 (A ) and 41 (m) upon addition 

o f st-DNA in 10 mM phosphate buffer, at pH  7.

For comparison, the emission profiles for each o f  the aforementioned systems is 

shown in Figure 2.15. From examination o f these overlayed changes, it is quite clear that 

the observed emission enhancements for both o f the mono-l,8-naphthalimide complexes 

are approximately half o f  those o f the corresponding bis-1,8-naphthalimide complexes. 

This observation will be discussed in the following section when a mechanism for the
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observed emission enhancements is proposed. It is also apparent from Figure 2.15 that 

both o f the pentyl linked complexes display a similar overall shape in their emission 

profiles. Furthermore, quite high equivalents o f DNA are necessary to reach a plateau in 

the emission spectra, a result that perhaps reflects the reduced affinity o f these systems for 

DNA. A similarity in shape is also seen in the profiles for both o f the propyl based 

complexes, which reach an emission plateau at a much earlier point than the corresponding 

propyl linked systems. Attempts to fit the data from emission studies in all cases proved 

unsuccessful.
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o

20 400 10 30 50

B p/D  ratio

Figure 2.15 Relative change in the integrated emission intensity o f 37 (*), 38 (k.), 39 ("W), 

40 (^) and 41 (M) upon addition o f  st-DNA in 10 mMphosphate buffer, at pH  7.

2A.2.2 Studies in High Ionic Strengtli Medium (10 mM Ptiosphate Buffer + NaCI)

A drawback associated with many Ru(ll) polypyridyl complexes, containing tris 

bipyridine or tris phenanthroline cores, is their poor affinity for DNA at high ionic 

strengths, as binding of many o f these systems is driven primarily by electrostatic
29interactions. The complexes studied above contain a Ru(II) centre that is expected to 

bind to DNA via electrostatic interactions, but also contain planar 1,8-naphthalimides that 

most likely bind by intercalative stacking interactions. Thus 37 - 40 were titrated at 

varying concentration o f NaCl (50 mM and 100 mM), to investigate the effect o f 

increasing ionic strength on the DNA binding process, and the relative contribution o f 

electrostatic vs. non-electrostatic modes o f interaction. With increasing salt concentration 

the interaction o f Na^ ions with the negatively charged phosphate backbone o f  DNA would 

be expected to become competitive with the interaction o f the cationic complex, in effect 

shielding the negative charge, and as such alter the binding equilibrium o f the complex.
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This was observed to be the case for each o f  the complexes 37 -  40, as the emission 

enhancement was smaller in the presence o f  NaCl. Furthermore, the rate at which the 

enhancement occurred lessened, or the number o f  DNA equivalents at which the half-point 

in intensity change was reached increased, as is clear from the values in Table 2.9. This 

suggests that electrostatic binding o f  the metal centre to the DNA backbone does play a 

role in determining the overall affinity o f  37 -  40 for DNA. This information is 

summarised in Table 2.5. An example o f  the effect that added salt has on the emission 

response is given in Figure 2.16, where the profiles for 40 under different ionic strength 

conditions are presented.
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Figure 2.16 Relative changes in the integrated emission intensity o f  40 (6.5 jiM) 

(excitation at 450 nm) with increasing concentration o f  st-DNA (0  —  325 piM), in 10 mM  

phosphate buffer (m) alone, and with 50 mM NaCl (*) and 100 mM NaCl (A).

Table 2.9 Emission titration data o f the Ru(ll) conjugates with st-DNA.

37 2.1 7.8 1.9 10.5 1.8 13.9

38 6.1 6.7 5.5 9.4 4.0 16.1

39 4.9 3.2 4.3 4.3 3.8 8.6

40 10.7 5.5 7.6 11.5 6.3 17.0

41
i
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At 50 mM NaCl concentration the greatest enhancement was still observed for 40, 

reaching the half way point in emission enhancement at a Bp/D ratio o f  11.5. However, 

the enhancement under these conditions is not as strong. The order o f enhancements is 

again the same for the mono-l,8-naphthalimide complexes at 1.9 fold and 5.5 fold for 37 

and 38, respectively. As was the case in 10 mM phosphate butYer the half point in 

emission enhancement was effectively the same for both 37 and 38, occurring at a Bp/D 

ratio o f 10.5 and 9.4, respectively. This again would indicate a similarity in binding modes 

for these two systems. Complex 39 displayed a small decrease in overall emission 

enhancement at 4.3 fold, and reached the half point in emission enhancement at a Bp/D 

ratio o f 4.3. This is considerably less than was required for 37, 38 and 40, which again 

points to the greater affinity for DNA possessed by this complex.

At 100 mM NaCl the same trends were observed, whereby 40 showed the greatest 

enhancement at 6.3 fold, and reached the half point in emission intensity change at a Bp/D 

ratio o f 17. The order o f enhancement was the same for the mono-l,8-naphthalimide 

complexes 37 and 38, at 1.8 fold and 4 fold respectively. The half point in emission 

enhancement was approximately the same for 37 and 38, occurring at a Bp/D ratio o f 13.9 

and 16.1, respectively. Complex 39 again appeared to be the most strongly bound to DNA, 

displaying an enhancement o f 3.8 fold, and the half point in enhancement occurring at a 

Bp/D ratio o f 8.6

In summary, the most important information obtained from the above salt 

dependence studies is that each o f 37 -  40 were observed to remain bound to DNA at high 

concentration o f NaCl. Furthermore, a shift in equilibrium from bound complex was 

evident from both the smaller emission enhancement, and the higher base pair equivalents 

necessary to reach the half point in enhancement. From these studies it may be concluded 

that electrostatic binding o f  the metal centre to DNA does play a role in determining the 

overall affinity. However, given the fact that 37 -  40 remain bound at high ionic strength, 

non-electrostatic interactions are therefore the predominant means from which the DNA 

affmity o f these systems derives.

2.4.2.3 Mechanism of Emission Entiancement for 37 -  40

Each o f the bichromophore complexes 37 -  40 displayed large emission 

enhancements with added DNA. In a ‘simple’ Ru(II) complex such as Ru(phen)3^̂ , 

emission enhancement upon DNA binding is attributed to shielding o f the Ru(Il) complex 

core from quenching by oxygen and solvent molecules, and reduced vibrational
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deactivation o f  the excited state due to rigidification o f  the structure.^^ This mechanism 

may play a small role in the emission enhancement for 37 -  40, in which the 

1,8-naphthalimide moiety tightly binds DNA, and in doing so locks the Ru(II) centre in 

place in the protected environment o f  the DNA grooves, thereby shielding it from 

quenching. As previously mentioned in Section 2.3, 37 -  40 possess very low quantum 

yields. This may be attributed to interaction between the two chromophores, in which the 

ruthenium ^MLCT is quenched by electron transfer to the 1,8-naphthalimide. The 

emission enhancement upon DNA binding could therefore be proposed to be the result o f 

the interruption o f this quenching pathway.

In proposing exactly how DNA binding leads to emission enhancement a number 

o f points should be considered:

1) The 1,8-naphthalimide binds with high affinity to DNA through intercalation or 

groove binding.

2) The Ru(II) centre binds weakly through external association.

3) Binding decreases the efficiency o f  quenching pathways.

4) Greater emission enhancements are observed for systems with longer linker 

lengths.

As discussed above, the linker moiety o f 37 -  40 may be expected to adopt 

conformations that give small chromophore -  quencher separation distances. As electron 

transfer is highly sensitive to the distance between the donor and acceptor, as described in 

Eq. 2.1,'"^ efficient transfer will result, and consequently give rise to weak emission from 

the metal centre.

Ret =  k E /e x p (- /3 R ) (2 .1)

where, kET*’ is the rate constant o f adiabatic intramolecular electron transfer, R is the 

donor-acceptor centre-to-centre distance and jS is dependent on the nature o f  the 

environment which affects the electronic coupling between the donor and acceptor. For 

DNA this (8 value has been determined to be approximately 0.7

It is expected that the separation distance between the donor and acceptor is larger 

for the DNA bound complex than for the complex free in solution. In terms o f equation 

2.1, such DNA binding leads to larger values o f  R, as the chromophores separate, giving a 

corresponding decrease in the rate o f electron transfer. This reduction in ker is the origin 

o f  the increase in emission from ^MLCT. These processes are represented schematically in
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Figure 2.17. It should be pointed out that the drawing in Figure 2.17 does not suggest 

anything about the degree or stacking o f the 1,8-naphthalimides with either the Ru(II) core 

or with themselves. It merely serves to emphasise the change in distance between the 

components upon binding to DNA.

S ep ara tio n  d istance 
increasedSm all separa tion  

d istance

DNA

Em ission no longer 
quenched

Em ission quenched  
efficien tly

Figure 2.17 Representation o f  the quenching o f  the Ru(Il) complex in solution and the 

“switching on ” effect resulting from DNA binding.

The differences in emission enhancements observed for systems with varying linker 

length may be related to such distance dependence of quenching. From examination o f  the 

results for the bis-l,8-naphthalimide complexes 39 and 40, it is apparent that a longer 

linker length lead to greater emission enhancement. It has already been proposed that 

DNA binding causes a separation o f the components o f 37 - 41. Therefore, for complex 

40, with a five carbon unit linker, the separation caused by binding is greater than that for 

complex 39, with a three carbon unit linker. This increased separation causes a greater 

decrease in the rate o f electron transfer and a correspondingly larger increase in emission. 

This effect is mirrored in the mono-l,8-naphthalimide complexes 37 and 38, whereby a 

greater enhancement is also observed for the five carbon unit linked derivative in 

comparison to that containing a three carbon unit linker.

The differences observed between corresponding mono- and bis-l,8-naphthalimide 

systems, in which the enhancement observed for the bis system is approximately twice that 

observed for the mono system, could be attributed to the number o f 1,8-naphthalimide 

moieties attached to the Ru(II) centre. Greater emission enhancements were observed for
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the bis systems 39 and 40 as quenching caused by two 1,8-naphthalimide moieties is being 

interrupted upon DNA binding, as opposed to one 1,8-naphthaHmide in the mono 

substituted complexes 37 and 38.

One further observation made is that although large increases in emission are 

observed in certain cases, the intensities do not reach values that would be expected if the 

quenching pathway was completely switched off. DNA does not eliminate quenching 

completely but rather retards it. This can be seen in Table 2.10 where the quantum yield 

for each system fully bound to DNA is given. None o f the values reach that o f  the 

unquenched complex, which was determined to be 0.014.

Table 2.10 Emission quantum yields o f37 — 40 hound to DNA (Ref. to Ru(bpy)}^"").

45 0.003

46 0.005

47 0.003

48 0.009

In summary the results from the UV/Visible absorption and emission studies o f  37 

-  40 in the presence o f  DNA, showed that flinctionalisation o f  a Ru(II) polypyridyl 

complex with 1,8-naphthalimide moieties is a successfial strategy for increasing their 

affinity for DNA. Binding affinities in the range 10̂  -  10̂  M'' were determined for 37 -
2+ 3140, which are substantially greater than that observed for Ru(bpy)3  . The resulting 

systems also displayed usefiil emission responses upon binding DNA, along with varying 

degrees o f  enhancement depending on the molecular arrangement. In particular, 40 

displayed a large emission increase o f  10.7 fold, and although it cannot be described as a 

‘''light switch" it is approaching the criteria for classification as such. From the UV/Visible 

absorption and the emission studies, 37 -  40 were proposed to bind in a manner involving 

intercalation or groove binding o f the 1,8-naphthalimide chromophores and external 

association o f the metal complex with the backbone o f DNA. From these promising 

results flirther spectroscopic measurements were carried out in order to gain more complete 

understanding o f the nature o f these interactions. The results from these studies will be 

discussed in the following sections.
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2.4,3 DNA Thermal Denaturation Studies of 37 -  41

If the temperature o f a solution containing double stranded DNA is raised by a 

sufficient amount, strand separation or melting occurs, as depicted in Figure 2.18.''**̂  The 

temperature that marks the midpoint o f the transition is called the helix-coil transition 

temperature or At the Tm, half o f the nucleic acid exists in the helical state and the

other half in the single-stranded state, with the two forms in equilibrium with each other. 

Melting transitions can be detected by UV/Visible absorbance, circular dichroism, NMR, 

viscosity, electrophoresis or calorimetry, with UV/Visible absorbance being the most 

commonly used.'"*^ Nucleic acids absorb light in the UV region with a maximum 

absorbance at approximately 260 nm. This absorbance increases as native (double helical) 

DNA melts into the denatured form, and thus by monitoring this hyperchromicity a melting 

profile can be obtained, where the inflection point is the T„,. The increase in absorbance is 

due to a reduction o f electronic interactions in the stacked form. The absorbance o f the 

single strand form approaches that o f the nucleic acid taken as monomers where no 

interaction between the bases occur.

Native (double  helix)

D en a tu red  
( ran d o m  coil)

Figure 2.18 Schematic representation o f the melting o f a DNA double helix.

S
Molecules that bind nucleic acids generally bind to the helical state with higher | 

affinity as it has more uniform structural features that favour complex formation.'"*^ This j 

stabilises the DNA structure, shifting the equilibrium between the double and single 

stranded forms in favour o f the former. The result o f this is that more energy is necessary 

to separate the strands. The base stack o f the DNA double helix provides an environment 

for intercalation o f a drug. In contrast, stacking with single stranded DNA is much weaker, 

and consequently intercalators stabilise the double helix and cause an increase in Tm-
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Binding by groove binding species has also been shown to preferentially stabilise helical 

structures and cause increases in Tm.

In the absence o f  metal complex the Tm value for ct-DNA was determined to be 69 

"C. This temperature was found to change significantly in the presence o f  37 -  39, as 

shown in Figure 2.19.
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Figure 2.19 Thermal denaturation curves o f  st-DNA (150 ijlM) in 10 mM  phosphate buffer, 

at pH  7, in the absence (M) and presence o f  37 (A) ,  38 (•) , 39 (^), and 40 ('W), all at a 

Bp/D ratio o f  5.

As the melting transition had not gone to completion at 90 ”C for these systems it 

was necessary to extrapolate the curve by fitting to a sigmoidal function with Sigmaplot 

10.0. Thus, the values reported should be regarded as approximations and are likely 

underestimated. A Tm o f 76.0 °C was determined for the bis-l,8-naphthalimide complex 

39, the complex which displayed the greatest binding affinity for DNA. Interestingly, 

complex 40 , which has a pentyl linker, gave only a small increase in Tm, suggesting that 

the complex was more loosely associated with DNA, or bound in a manner which does not 

stabilise the helix. This is in agreement with the more diffuse binding mode proposed in 

Section 2.4.1. The Tm values for 39 and the corresponding mono-l,8-naphthalimide 

analogue, 37, were effectively the same, suggesting that for 39 only one o f the 

1,8-naphthalimide moieties was possibly interacting with DNA. However, it must be 

emphasised that the thermal denaturation studies do not provide unequivocal evidence for a 

particular binding mode, as changes may arise from both groove binding'^'’ and
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intercalative interactions.'^' Given that both 1,8-naphthalimide units in 39 may bind to 

DNA, the above results indicate that the binding mode leads to similar stabilisation o f  the 

helix, as would the binding o f a single 1,8-naphthalimide moiety. Complex 37 may bind 

by classical intercalation whereas 39 may bind by partial insertion o f both 

1,8-naphthalimides. The Tm for 38 at 75.0 “C was similar to that observed for 40, once 

again pointing to the similarity in binding o f these two complexes to DNA.

2.4.4. Circular Dichroism Studies of 37 -  41

Circular dichroism is defined as the difference in absorption o f incident left and
152right circularly polarised light. The phenomenon only occurs with asymmetric

molecules and the differences in absorption are generally small but measurable. The

technique is particularly useful in the study o f biological macro molecules, for probing both 

conformational changes o f the macromolecule itself and its interaction with small 

molecules. The heterocyclic bases o f DNA are achiral, but become chiral when placed
152within the framework o f the chiral sugar-phosphate backbone. Different sequences and 

conformations o f nucleic acids possess characteristic CD spectra, that o f B-DNA

consisting o f a positive band at 275 nm and a negative band at 248 nm. Many DNA

binding ligands are achiral and as such do not display CD.'^^ However, they may upon 

interaction with DNA acquire an induced CD (ICD) signal through the coupling o f electric
152transition moments o f the ligand and the DNA bases. The presence o f an ICD signal is 

therefore an immediate indication o f ligand-DNA interaction. Equally the interaction o f 

chiral molecules with DNA may cause changes in the CD signal intrinsic to the molecule.

Assignment o f a binding mode from changes in the CD spectrum o f  a DNA binding 

molecule is not definitive, although in general small changes o f < 10 M '' cm ' imply
152intercalation, whereas larger signals are indicative o f groove binding. In addition, only 

those bands outside the region o f absorption o f the DNA may be considered in proposing a 

binding mode as changes in the DNA region may be due to ICD of the ligand as well as 

structural changes in the DNA itself, which would be induced by binding o f the ligand.

Circular dichroism measurements were carried out using 37 -  41, in which the 

concentration o f ct-DNA was kept constant, and that o f the metal complexes was varied to 

give a range o f Bp/D ratios. The CD spectra resulting from the addition o f reference 41 to 

ct-DNA are shown in Figure 2.20. From examination o f these spectra it is clear that no 

induced CD signal occurs outside the region o f absorption o f the DNA. In addition, only a
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small change in CD signal occurs in the region o f the spectrum below 300 nm. These 

results further confirm the weak nature o f the interaction o f  41 with DNA.
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Figure 2.20 Circular dichroism spectra o f  ct-DNA (150 fiM) in 10 mM phosphate buffer, 

at pH  7, in the absence and presence o f  41 at varying ratios.

All o f  the Ru(ll)-l,8-naphthalimide conjugates 37  -  40  exhibited similar CD 

behaviour. The spectra obtained from the addition o f 38 to ct-DNA are shown in Figure 

2.21. A substantial ICD is observed at long wavelength with the maximum appearing at 

about 470 nm. This corresponds to the MLCT absorption o f  the metal complex and 

implies that the Ru(II) component o f  38 is associated with the DNA helix. The changes 

are relatively small, but due to the minimal extended planar nature o f  the ligands in the 

metal complex are unlikely to result from any form o f intercalative binding. Consequently, 

it is suggested that the Ru(II) centre binds externally in a manner that places it in loose 

association with the grooves o f DNA, resulting in a small ICD signal. CD changes were 

also observed in the region o f absorption o f the 1,8-naphthalimide moiety at around 350 

nm. The Ru(ll) polypyridyl complexes display broad absorption which tails into this 

region and thus the changes cannot be assigned to either chromophore. This is also true o f 

the large ICD at ca. 310 nm. Significant changes in CD were also observed in the region 

o f absorption o f DNA. However, as previously indicated, these changes could result from 

either a conformational change in the DNA, caused by bound complex, or from ICD o f the 

bound complexes themselves. As such conclusions cannot be made from the CD changes 

observed in this region.
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Figure 2.21 Circular dichroism spectra o f  (a) ct-DNA (150 yM) in 10 mM phosphate 

buffer, pH  7, in the absence and presence o f  38 at varying ratios, and (b) the difference 

spectra obtained.

The most important conclusion that may be taken from the CD studies on 37 -  40 is 

that the Ru(II) component o f the bichromophore systems does bind DNA and in doing so 

experiences the helicity o f  the DNA. Even though the changes are quite small they do 

indicate that the metal centre when bound is in the chiral environment o f  the sugar. This is 

in contrast to the results obtained for the reference complex 41, which displayed no ICD in 

the region o f absorption of the metal complex.

2.4.5 Ethidium Bromide Displacement Assay of 37 -  40

Ethidium bromide (EtBr) can be used as a fluorescent probe to investigate the 

binding interaction o f small molecules with DNA.*^“* Addition o f a DNA binding 

compound to DNA bound EtBr results in a decrease in fluorescence due to dislodgement o f 

the bound intercalator. EtBr is weakly emissive in solution but fluoresces strongly when 

bound to DNA.'^'’ The relative decrease in fluorescence can be directly related to the 

extent o f  binding o f  the particular species under investigation. The addition o f complexes 

37 -  40 to a mixture o f EtBr and DNA were found to displace the EtBr molar ratios o f one 

or less than one, i.e. they displayed equal or greater affinity for DNA than EtBr. This 

again confirms the high affinity o f  these complexes for DNA, which is in agreement with 

the results obtained from UV/Visible titration discussed in Section 2.4.1.
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Figure 2.22 Decrease in fluorescence o f DNA hound EtBr upon addition o f 37 (m), 38 (•), 

39 (A ) and 40 CW) in 10 mM phosphate buffer, pH  7. Insert: The emission changes for 

DNA bound EtBr (excitation at 545 nm) with increasing conc. o f 37.

Some general trends may be identified in the binding affinities determined from 

EtBr displacement. Its is apparent from the displacement profiles shown in Figure 2.22 

that the bis-l,8-naphthalimide complexes 39 and 40 displace EtBr more effectively than 

their mono-l,8-naphthalimide analogues, 37 and 38 respectively. This important result 

confirms that both o f the 1,8-naphthalimides moieties are binding DNA, and a situation 

where one o f them is redundant in terms o f  DNA binding does not occur.

2.4.6 Summary of Results (37 -  40)

In conclusion, the family o f  bifiinctional complexes 37 -  40, containing Ru(II) 

polypyridyl and 4-nitro-I,8-naphthalimide subunits, have been shown to possess well 

defined photophysical properties that could be perturbed in the presence o f DNA. All 

complexes were found to bind DNA with affinity constants in the range 10  ̂-  lO’ m  '. The 

most striking results from this study were the emission enhancements accompanying DNA 

binding. All conjugates displayed large enhancements upon binding, with the bis-pentyl 

complex 40 giving the greatest change at eleven fold. This complex cannot strictly be 

described as a “light switch” for DNA, as has been applied to Ru(II) dppz complexes, but it 

does essentially exhibit off»-^on emission behaviour. Such an effect can be attributed to 

interruption o f intramolecular electron transfer quenching o f the Ru(II) moiety by the
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appended 1,8-naphthalimides. This process was shown to be quite dependent on distance, 

with gieater enhancements observed for pentyl linked complexes 38 and 40 than the

corresponding propyl linked derivatives 37 and 39. Consideration o f these results and

those from thermal denaturation, circular dichroism and ethidium bromide displacement 

suggests a binding mode which most likely involves tight association o f the

1,8-naphthalimide moieties, with weaker association o f the metal centre on the exterior of 

the helix or partially placed in the grooves. Due to the multi-component nature o f 37 -  40 

numerous different binding modes may be present, with various different orientations and 

distances between the subunits.

An important feature o f these complexes is that the Ru(II) centre, which is 

essentially external to the helix, reports effectively through its MLCT emission on the 

change in local environment of the 1,8-naphthalimides. Consequently, these systems may 

be regarded as potentially useful luminescent probes for DNA. One drawback with the 

molecular arrangement discussed thus far was the large number o f DNA equivalents 

necessary to reach an emission plateau with 40, the system that displayed the greatest 

enhancement. However, the nitro substituents on the 1,8-naphthalimide is also a 

significant determinant for binding. Therefore, it was decided to make a simple

modification to structure 40 by incorporation o f different 1,8-naphthalimide fianctionality, 

and investigate the effect that this had on DNA binding. ^

2,5 Structural Modification of 40 ]

It has been suggested in the literature that 3-nitro-1,8-naphthalimides are more 

effective intercalators than their 4-nitro counterparts, as in the latter, the nitro group may 

be twisted slightly out o f plane due to steric repulsion by the neighbouring H-atom in the 

5-position o f the ring system,'^^ as depicted in Figure 2.23. This diminished planarity 

makes intercalation or insertion into the DNA helix less favourable. The higher 

intercalating ability o f 3-nitro-1,8-naphthalimides would therefore make them desirable for 

use as DNA binding agents, and in particular for incorporation into bifiinctional complexes 

o f the type discussed in the preceding sections o f this chapter.
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Figure 2.23 Steric repulsion experienced by the nitro group when in the 4-position.

With this in mind, compound 60 was designed to investigate this phenomenon. 

This complex comprises two 3-nitro-l,8-naphthalimide subunits linked to a Ru(ll) 

polypyridyl core by a five carbon unit aliphatic chain, and hence is a structural analogue o f 

40. This system was synthesised according to the same general procedure as discussed for 

its 4-nitro analogue 40. This firstly involved synthesis o f the appropriate 

3-nitro-l,8-naphthalimide 61 in the same manner as for the compounds discussed in 

Section 2.2.1, followed by deprotection to give the corresponding A^-alkylamino terminated 

derivative 62. This was subsequently coupled to 4,4’-dicarboxy-2,2’-bipyridine via the 

acid chloride intermediate as before, to give 63. Ligand 63 was coupled in the same 

manner described in Section 2.2.3, affording the desired complex.

12+

NH

60 (n = 3) Ru.

NH

O2N
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2.5.1 Photophysical Properties of 60

The photophysical properties o f 60 were somewhat different to those o f its 4-nitro 

analogue 40. The absorption, excitation and emission spectra o f 60 are shown in Figure 

2.24.
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Figure 2.24 UV/Visihle, excitation and emission spectra o f  60 (6.5 jxM) in 10 mM 

phosphate buffer, at pH  7. The water Raman band is denoted by *

In comparison to 40 the maximum o f the 1,8-naphthalimide absorption band o f 60 

was shitled to a slightly shorter wavelength o f 338 nm, with e = 13400 M"' cm"', which is 

just over half that observed for 40. It is very likely that intramolecular stacking o f the 

3-nitro-l,8-naphthalimides in solution occurs to a greater degree in this system, than in 40, 

and therefore a greater hypochromicity in absorption is observed. The absorption 

maximum o f the metal complex component o f 60 occurs at 480 nm, the same wavelength 

as for 39 and 40, respectively, but again the molar absortivity was somewhat reduced at 

8400 M ''.

Significant differences were also observed in the emission properties o f 60 in that a 

reasonably intense emission band was observed at 456 nm, corresponding to an emission 

originating from the 1,8-naphthalimide moiety. This is in contrast to that observed for 37 -i,
I

40, which displayed much weaker such emission, as discussed in Section 2.3. This 

emphasises the significant effect that this small structural modification o f the 

1,8-naphthalimide ring system has on the photophysical properties o f  the resulting 

complex. It is possible that changing the nitro substituent to the 3-position results in less 

efficient energy transfer to the metal centre, and therefore some emission is observed from 

the 1,8-naphthalimide itself The quantum yield o f the MLCT emission from 60 was
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determined to be < 0.001, an observation which can be attributed to quenching o f the metal 

centre by electron transfer to the 1,8-naphthalimide moieties. The system therefore 

possesses photophysical properties in solution that render it ideal for use as a chromophore 

-  quencher probe for DNA, i.e. weakly emissive comprising two flexibly linked 

components. The following sections will deal with the interaction o f  60 with DNA and its 

potential for use as a photophysical probe.

2.5.2 DNA Binding Interactions of 60

2.5.2.1 Changes in the UVA^isible Absorption of 60 with DNA

The changes in the absorption spectrum o f 60 in 10 mM phosphate buffer upon 

addition o f st-DNA was significantly different to those observed for 37 -  40. An initial 

increase in the absorbance o f ca. 10% was seen in the 1,8-naphthalimide region (338nm) 

up to the addition o f  approximately 0.6 base pair equivalents o f  DNA, as shown in Figure 

2.25.
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Figure 2.25 Changes in the UV/Visihle spectrum o f  60 (6.5 fiM) in 10 mM phosphate 

buffer, at pH  7 upon addition o f  st-DNA (0 -  37.7 iiM). Inset: Relative change in the

absorbance at 350 nm vs. equivalents o f  DNA.

As previously discussed, the relatively low molar absorptivity in this region was 

indicative o f  extensive stacking o f  the 1,8-naphthalimide moieties. Hence, the increase in 

absorbance could to be due to a perturbation o f this stacking process by low equivalents o f

DNA. A subsequent decrease in absorbance o f ca. 30% (relative to the starting point)

followed the increase, which may be due to insertion o f the 1,8-naphthalimides into the
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DNA helix. Due to the increased complexity o f this possible binding process the data from 

the UV/Visible absorption titrations was not fitted to the Bard model, and therefore a 

binding constant for the DNA interaction was not determined for 60. In contrast to these 

results, the change in absorbance o f the MLCT band o f 18% was significantly greater for 

this system than that observed for 40. This suggests that the metal centre is perhaps more 

strongly bound to the DNA helix as it is anchored more tightly in place by the improved 

binding o f the 1,8-naphthalimide groups.

• •

^  0 .9 -<

0 . 8 -

0 .7 -

4 8 12 160

B p/D  ratio

Figure 2.26 Changes in the 1,8-naphthalimide absorption of 40 (6.5 fxM) (m) and 60 (jxM) 

(•)  at 350 nm in 10 mMphosphate buffer,at pH  7 upon addition o f st-DNA.

Although a binding constant was not determined, a comparison o f the absorption 

profile for titration o f 60 with DNA compared to that o f 40 may give an indication o f the 

relative binding affinity. To achieve this, an overlay o f the two absorption profiles is 

shown in Figure 2.26, which shows that the changes for 60 reach a plateau at a much lower 

Bp/D ratio. Therefore, it seems that 60 may possess higher affinity for DNA than its 

4-nitro analogue 40. Consequently, it would seem from these initial studies that 

modification o f  the ring system does lead to an improved DNA binding ability.

2.5,2.2 Changes in the Emission Spectrum of 60 upon Binding to DNA

2.5.2.2.1 Studies in Low Ionic Strength Medium (10 mM Phosphate Buffer)

As for complexes 37 -  40, the addition o f DNA to a solution o f 60 in 10 mM 

phosphate buffer resulted in a profound increase in the emission from the metal centre. A 

twelve fold luminescent enhancement was observed, with the half point o f the intensity
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change occurring at a Bp/D ratio of 1.3. From examination of the titration profile shown in 

Figure 2.27, two distinct regions can be identified. The first occurs up to a Bp/D ratio o f 

0.6, and is steeper than the remainder of the titration profile. This is the same region in 

which the aforementioned increase in absorbance was observed, and thus assigned to the 

first stage in DNA binding, in which the stacking of the 1,8-naphthalimides was disrupted. 

Upon increasing concentration of DNA the profile gradually reaches a plateau at a Bp/D 

ratio of approximately 5. In terms of emission changes, this complex can be regarded as 

being bound to DNA with much greater affinity than its analogue 40. The emission 

enhancement and the rate of enhancement are greatest for 60, and the point at which it 

plateaus are all greatest for complex 60. This can be clearly seen in Figure 2.28, where the 

intensity changes for 40 and 60 are compared. The change in the MLCT emission for 60 

has reached a plateau at a Bp/D ratio of ca. 5, in agreement with the behaviour seen in the 

UV/Visible absorption spectrum. At the same Bp/D ratio only approximately 50% of the 

overall emission enhancement had been reached for compound 40 .
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Figure 2.27 (a) Changes in the MLCT emission spectrum o f 60 (6.5 jxM) (excitation at 450 

nm) upon addition o f st-DNA (0 -  58.5 fiM base pairs) in 10 mM phosphate buffer, at pH  

7. (b) The relative change in integrated emission intensity.
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Figure 2.28 Comparison o f  the emission intensity changes fo r  40 (•) and 60 (m) upon 

addition o f  st-DNA.

The modification o f complex 40 yielding complex 60 has resulted in a system with 

substantially improved luminescence response to added DNA. Compound 60 displayed 

both a greater change in MLCT emission in the presence o f DNA at twelve told, and 

stronger binding to the DNA, ascribed from the smaller number o f  equivalents o f  DNA 

necessary to reach a plateau. The next step with 60 was to evaluate its sensitivity to 

increasing ionic strength o f the titration medium.

2.S.2.2.2 Studies in High Ionic Strength Medium (10 niM Phosphate Buffer + NaCl)

The effect o f increasing ionic strength on the DNA binding ability o f  60 was also 

investigated in the same manner described above. The emission changes in the presence o f 

different concentrations o f  NaCl are shown in Figure 2.29. As observed above, the profiles 

at each salt concentration displayed two distinct regions o f change.

With 50 mM NaCl, the first part o f the profile remains essentially the same as in 10 

mM phosphate buffer, in that a steep change occurred up to a Bp/D ratio o f approximately 

0.6 base. The change then became more gradual up to the plateau, which in this case 

corresponds to a ten fold emission enhancement. The second part o f the profile is more 

gradual than that observed in 10 mM phosphate buffer solution, the half point in the overall 

emission change in this case being reached at a Bp/D ratio o f  1. 3 . The initial part o f  the 

profiles in 10 mM phosphate buffer and 10 mM phosphate buffer with 50 mM NaCl are 

very similar. As much o f the overall enhancement occurs in this region in both cases, the 

simple measurement o f the rate o f change places them both approximately then same. In 

the case o f  100 mM NaCl background concentration, a two step profile was also observed.
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with much o f the overall change occurring before the addition o f one base pair equivalent. 

The half way point in intensity change occured at a Bp/D ratio o f approximately 1.4, very 

close to the values in 10 mM phosphate buffer and 10 mM phosphate buffer + 50 mM 

NaCl.
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Figure 2.29 Relative changes in the emission o f  60 (6.5 ijM) (excitation at 450 nm) with 

increasing concentration o f  st-DNA (0 -  58.5 fjM), in 10 mM  phosphate buffer (m), 10 mM  

phosphate buffer + 50 mM NaCl (*) and 10 m M  phosphate buffer + 100 mM  NaCl (A) .

A back titration was also carried out on 60, in which nine base pair equivalents o f 

DNA were added to 60, followed by titration using NaCl, in an attempt to displace the 

bound complex from the DNA. A relative intensity o f  one in Figure 2.30 represents 

complex flilly bound to DNA, and o f  zero represents the complex free in solution. As 

expected, increasing NaCl concentration gives rise to a gradual decrease in the intensity o f  

the MLCT emission. From the profile in Figure 2.30b it is clear that the complex remains 

bound to DNA at high salt concentration, the intensity not returning to that o f free complex 

even in the presence o f 300 mM NaCl.

81



Chapter 2 Flexible Ru(II)-nitro-1,8-naphthalimide Conjugates

400 n

350-

300-

^  250-
'</>

S  200-

150-

100 -

50-

600 650 700 750 800 850550500
W avelength (nm)

1.0

0.6

0.2

0 0

(b)
- Fully B ou nd

50 100 150 

[NaCI] (mM)

200 250 300

Figure 2.30 (a) Changes in the MLCT emission spectrum o f  DNA bound 60 (6.5 fxM) 

(excitation at 450 nm) in 10 mM phosphate buffer, at pH  7, with increasing concentration 

ofNaCl. (b) the binding profile from  monitoring the integrated emission intensity.

It is apparent from these luminescence studies that varying salt concentrations do 

not give rise to the same degree o f changes in the emission as seen preciously for 37 -  40, 

Section 2.4.2. This would suggest that 60 binds DNA with greater affinity, and in a 

manner than is more reliant on modes o f binding that are insensitive to added salt such as 

intercalation. This is in agreement with that proposed above, where it was postulated that 

the 3-nitro substituents would lead to greater affinity for DNA due to enhanced 

intercalating ability. This would suggest a binding mode whereby the 

3-nitro-1,8-naphthalimides were more deeply inserted into the helix, and hence more 

effectively prevented from interaction with the metal complex. Additionally, the quantum 

yield o f 60 was determined to be 0.012 when bound to DNA, which is quite close to that 

o f the reference complex 41. Thus, binding o f 60 to DNA almost completely switches off 

the ET quenching pathway, a result that is again in agreement with a binding mode 

whereby the 3-nitro-1,8-naphthalimides are more effectively sequestered by the DNA 

bases thorough stacking interaction, and prevented from interacting with the metal 

complex excited state.

2.S.2.2.3 Studies in the Presence of Different DNA Sequences

In general, the emission intensities o f  Ru(II) polypyridyl complexes do not vary 

much with DNA sequence. Some exceptions are however, the [Ru(TAP)2POQ-NMet]^^ 

system discussed in Chapter 1, which displayed greater emission enhancement in thej 

presence o f AT rich sequences, as a competitive ET mechanism from guanine residues inj
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GC rich sequences to metal complex becomes significant, and the parent Ru(TAP)3
2+

complex. This complex is an example o f the possibility o f  achieving enhanced sequence 

recognition using a chromophore -  quencher assembly. Therefore it was decided to 

investigate the emission properties o f 60 in the presence o f [poly(dAdT ) ] 2  and 

[poly(dGdC ) ] 2  in the hope o f revealing similar sequence specific effects.

The emission profile o f 60 in the presence o f [poly(dG-dC)]2 , shown in Figure 2.31, 

was quite similar to that observed in the presence o f st-DNA.
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Figure 2.31 (a) Changes in the MLCTemission o f  60 (6.5 yiM) (excitation at 450 nm) upon 

addition o f  [poly(dG~dC)]2 (0 -  32.5 i)M base pairs) in 10 mM phosphate buffer, at pH  7. 

(b) The relative change in integrated emission intensity.

An initial rapid change in emission intensity was observed up to a BP/D ratio o f  

approximately 0.6, followed by a more gradual increase up to the plateau. The second part 

o f  the profile is slightly steeper than that seen in the presence o f st-DNA, and as such a 

plateau is reached at slightly lower base pair equivalents. The half point o f the intensity 

change occurs at approximately 1.1 base pair equivalents. However, the overall intensity 

change is the same for both st-DNA and [poly(dG-dC)]2 .

The profile in the presence o f [poly(dA-dT) ] 2  followed the same basic shape but the 

magnitude o f  the overall change was less at 7.3 fold, as shown in Figure 2.32. An initial 

change was observed up to a Bp/D ratio o f approximately 0.6, followed by a more gradual 

increase to the plateau. The half-point in emission intensity change occured at 

approximately 1.2 base pair equivalents.
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Figure 2.32 (a) Changes in the MLCT emission o f 60 (6.5 jxM) (excitation at 450 nm) upon 

addition o f [poly(dA-dT) ] 2 (0 -  45.5 fxM base pairs) in 10 mM phosphate buffer, at pH  7. 

(b) The relative change in integrated emission intensity.
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Figure 2.33 Relative changes in the MLCT emission o f 60 (6.5 fiM) (excitation at 450 nm) 

with increasing concentration o f [poly(dC-dC) ] 2  (*), [poly(dA-dT) ] 2 (M) and st-DNA (A) ,  

all in 10 mM phosphate buffer, pH  7. Recorded as the integrated intensity o f the MLCT 

emission band.

Shown in Figure 2.33 are the overlayed emission profiles for 60 with added 

st-DNA, [poly(dG-dC) ]2  and [poly(dA-dT) ] 2  respectively. From examination o f  this it is 

apparent that the emission from the MLCT excited state in 60 was enhanced to a greater 

degree in the presence o f  GC rich sequences than AT rich sequences. This selectivity is 

the opposite to that observed for the Ru(II)-quinoline system referred to above. Overall, 

the changes in the presence o f  st-DNA, [poly(dC-dC) ] 2  and [poly(dA-dT) ] 2  follow the
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same shape profile, the difference being the degree o f observed emission enhancement. 

Consequently, 60 may be regarded as possessing similar affinity for the different DNA 

sequences, a conclusion that was supported by ethidium bromide displacement assays as 

will be discussed in a later section.

Two issues resulting from these selectivity studies need to be addressed. Firstly, 

despite showing equal binding affinity for both GC and AT rich sequences, some feature o f 

binding to the former leads to greater emission enhancement, and secondly, binding to 

st-DNA leads to a very similar enhancement as observed for the binding o f  60 to 

[poly(dG-dC)]2, even though the former possesses a heterogeneous base content. Some of 

the main differences between AT and GC regions are structural in nature, where for 

instance the minor groove in AT rich regions is n a r r o w e r , a n d  AT base pairs have a 

greater propensity to adopt twisted propeller conformations, as depicted in Figure 2.34.'^^

Figure 2.34 Representation o f the propeller twist perturbation at a nucleic acid base pair.

It is likely that the narrower minor groove in [poly(dA-dT) ]2  enforces a different 

binding mode to that which results with the other two DNA polymers. Hence, the Ru(II) 

centre may not fit into the groove in the same manner, and this can result in a different 

degree o f  emission enhancement. The explanation fits with the results obtained for the 

titration o f  60 with [poly(dG-dC) ]2  and st-DNA, which although quite different to each 

other in terms o f sequence, are very similar in terms o f overall three dimensional structure.

Besides structural differences the two types o f  base pair also display differing 

charge distribution.'^^ While AT base pairs have relatively small and well spread out 

positive and negative charges, GC base pairs have a large positive partial atomic charge on 

the cytosine, and a large negative partial atomic charge on the guanine moiety. These 

distributions are represented schematically in Figure 2.35. It is possible that complex 60 

binds at GC and AT sites in a similar manner, i.e. insertion o f the 1,8-naphthalimides 

between the base stack with external association o f the metal complex component. 

However, the distinct charge distribution at each site may have differing effects on the 

quenching process in the metal complex. The process is interrupted more efficiently by
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GC base pairs than by AT base pairs. To the best o f our knowledge no literature precedent 

currently exists for sequence specific luminescence enhancement by such a mechanism. 

This proposal, however, does not address the similarities in enhancement for st-DNA and 

[poly(dG-dC)]2 . More extensive photophysical studies, with these and other DNA 

polymers are necessary, to gain a more complete understanding o f the mechanism 

responsible for the differential luminescence enhancement. At this point the explanation 

based on structural differences between the nucleic acids is regarded as being more likely.

Figure 2.35 Representation o f the charge distribution in GC and AT base pairs.

2.S.2.3 DNA Thermal Denaturation Studies of 60

Thermal denaturation studies were also carried out on 60 to further investigate the 

nature o f the binding interaction with DNA. These measurements were carried out in the 

same manner as for 37 -  40, as described in Section 2.4.3, and are shown in Figure 2.36. 

From examination o f Figure 2.36, it is apparent that 60 stabilises duplex DNA to a greater 

extent than observed for the 4-nitro-l,8-naphthalimide analogue 40, giving an increase in 

Tm of 2 °C at a Bp/D ratio o f 10 and 5.7 “C at a Bp/D ratio o f  5. These results again 

emphasise the higher affinity o f  60 tor DNA, and suggests that the mode of interaction 

likely involves classical intercalation o f the 1,8-naphthalimides. The mode o f interaction 

o f this system is not “diffuse” in nature like that o f 40 despite them having the same degree 

o f flexibility and access to a large number o f  conformations. Interestingly, at both P/D 

ratios the melting transition went to completion in the temperature range employed, 

whereas 37 -  39 displayed large increases in Tm, but with profiles that had not reached a 

plateau at 90 “C.
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Figure 2.36 Thermal denaturation curves o f  st-DNA (150 fiM) in 10 mMphosphate buffer, 

pH  7, in the absence (M) and presence o f  60 at F/D ratio o f  20 ( • )  and 10 ( A) .

2.S.2.4 Circular Dichroism Studies of 60

The CD changes observed for 60 were very similar to those observed for 37 -  40, 

in that an ICD o f  moderate strength occurred in the MLCT region with much larger 

changes in the region o f absorption o f the DNA. Thus a detailed discussion will not be 

given here. The important conclusion from CD changes o f DNA in the presence o f 60 is 

that the metal centre is held in place in the chiral environment o f DNA. The CD spectrum 

o f 60 in the presence o f  DNA is included in the Appendix.

2.5.2.5 Etliidium Bromide Displacement Assay of 60

It was not possible to calculate binding constants from UVA^isible titration data as 

discussed in Section 2.4.2.1, and as such displacement assays were useful in this case in 

providing a measure o f  the overall affinity o f  60 for DNA. The affinities determined using 

the EtBr displacement assay are detailed in Table 2.11. The complex displayed extremely 

high affinity for DNA, the overall affinity being approximately twice that o f ethidium 

b r o m i d e . N o  selectivity in binding was, however, observed to the DNA alternating co­

polymers [poly(dG-dC ) ] 2  and [poly(dA-dT)]2 , in contrast to the selectivity in emission 

response o f the system to these sequences.
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Table 2.11 Binding affinities o f 60from EtBr displacement assays.

Salmon testes

[poly(dA-dT)]2 2.1 X lO’

[poly(dG-dC)]2 2.1 X 1 ^

Modification to the initial design by incorporation o f  a 3-nitro-l,8-naphthalimide 

in place o f a 4-nitro-l,8-naphthalimide has proved successfiil in generating a more efficient 

binder and probe o f DNA. UV/Visible and emission studies showed 60 to be fully bound 

to DNA at lower base pair equivalents than its 4-nitro analogue. In addition, larger shifts 

in melting temperature were observed, and DNA bound ethidium bromide was displaced at 

lower concentrations. A very interesting, but as yet not fully understood, selectivity in 

emission response was also observed depending on the DNA sequence. Similar to 40, 

complex 60 also approaches the criteria for classification as a “light switch” as it 

essentially exhibits off / on emission behaviour.

2.6 Conclusions

The results presented in this chapter have shown the strategy o f combining Ru(II) 

polypyridyl with 1,8-naphthalimide functionality in a single complex, to be successful in 

generating novel photophysical probes for DNA. This study is the first step in building an 

understanding o f the important structural features o f such assemblies that control their 

DNA binding behaviour and resulting spectral responses.

All o f the systems presented in this chapter comprised flexible linkers, the lengths 

o f  which were shown to have significant effects on the DNA binding properties. It was 

shown that the pentyl linkers gave rise to greater emission enhancement than the 

corresponding propyl analogues. This was most likely due to greater separation o f 

chromophore and quencher upon DNA binding. The presence o f two 1,8-naphthalimides 

vs. one in these structures was also shown to give rise to greater emission responses for the 

former.

Slight structural modification o f the 1,8-naphthalimide moiety, involving a change 

in the substitution pattern, had a significant effect on the binding properties o f the resulting 

complexes. Complex 60 displayed improved DNA binding ability and emission response 

in comparison to its analogue 40, verifying that the modification to the design was correct. 

Thus, in addition to the linker, the structural properties o f the quencher were also shown to
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be important in determining the DNA binding properties o f  a particular system. This 

aspect emphasised the ease with which the properties o f the assembly may be varied and 

the possibility that numerous different systems may be prepared using the same basic 

synthetic methodology. As such the components o f the system -  the Ru(II) polypyridyl 

complex (chromophore), the linker and the 1,8-naphthalimide (quencher) may be regarded 

as modules to be varied depending on the properties required. In subsequent chapters these 

modules will be systematically varied and their influence on DNA binding investigated.
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3.1 Introduction

In Chapter 2, the attachment o f  a 3- or 4-nitro-l,8-naphthalim ide to a Ru(II) 

polypyridyl com plex was found to result in quenching o f  the metal based MLCT emission, 

by electron transfer from the Ru(ll) centre to the attached chromophore. The addition o f  

DNA was shown to interrupt the quenching process and result in large em ission  

enhancements, in a similar manner to that previously observed for Ru(II)-quinoline 

c o n ju g a te s .H o w e v e r , in addition to quenching, the attachment o f  organic chromophores 

to Ru(II) polypyridyl complexes may also result in an enhancement o f  the lifetime.

For instance, Ford and Rogers have shown that it was possible to prolong the 

luminescence lifetime o f  Ru(ll) polypyridyl com plexes, by conjugation to an organic 

chromophore. An example o f  such a system is the flexibly linked Ru(II)-pyrene conjugate 

65, which possessed an excited state lifetime o f  11.2 /is in degassed acetonitrile.'^*

Ru

This is considerably longer than the lifetime o f  ca. 0.9 //s determined for Ru(bpy)3^̂  under
25identical conditions. Pyrene has a low lying triplet state, that is close in energy to the 

metal based triplet, and thus the extended lifetime was attributed to a reversible energy 

transfer, or equilibration, between the triplet states. The observed em ission was shown to 

arise almost exclusively from the ^MLCT, and as such the pyrene was regarded as acting as 

an energy reservoir. It was shown in separate studies that singlet -  singlet energy transfer 

between the pyrene and the Ru(II) MLCT was also e f f i c i e n t . I t  was subsequently 

demonstrated that the incorporation o f  three pyrene moieties around the Ru(II) centre 

allowed for both efficient sensitization o f  the MLCT excited state due to singlet -  singlet 

energy transfer, in which the pyrene essentially acts as an antenna, and extended lifetimes 

due again to the sensitized ^MLCT states being in equilibrium with the triplet states o f  the 

p y r e n e . T h i s  work was ftirther extended to arrays incorporating six pyrene moieties

which possessed considerably extended excited state lifetimes o f  18.1 jxs in degassed
162acetonitrile solution.

Pyrene -  Ru(Il) conjugates have been extensively studied in organic media, where 

the goal o f  many o f  these studies has been to explore their potential applications in 

materials s c i e n c e . H o w e v e r ,  luminescent metal com plexes with long excited state
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lifetimes are also desirable, for use as biological probes as discussed above, as their 

emission will persist after the natural background luminescence has diminished. Despite 

this potential, the interaction o f such systems with biological macro molecules such as 

DNA has been relatively unexplored. The exception to this is conjugate 66, whose 

interaction with and photophysical response to DNA was previously investigated within 

the Gunnlaugsson and Kelly groups, and is detailed in the PhD thesis o f Dr. Aoife O ’ 

Brien.'^"^ The photophysical properties o f  this system proved quite complicated to 

investigate, but it was shown to bind DNA by intercalation o f the pyrene moiety. The 

binding o f 66 to DNA resulted in a moderate emission enhancement, the magnitude o f 

which was reasonably sensitive to the ionic strength o f the medium. The DNA binding did 

not disrupt the equilibrium between the Ru(ll) and pyrene moieties, but it did seem to 

protect the metal centre fi'om quenching by molecular oxygen. This system emphasised 

the utility o f bifunctional molecules as DNA binders and probes, the pyrene acting as an 

anchor in this case, holding the Ru(ll) centre tightly in place with respect to the helix. 

However, solubility problems and an unusual photoinduced ether bond cleavage limited 

the potential utility o f this system as a DNA probe.

O f particular relevance to the work described in this thesis is the system developed 

by Castellano and co-workers, 67, which comprised a Ru(II) polypyridyl core with

somewhat different to 65 and 66 in that the components are linked in a more rigid manner. | 

The PNI chromophore was chosen as an energy donor, as it displays intense singlet 

fluorescence which overlapped with the Ru(ll) MLCT absorption band in the visible 

region, and as such was expected to favour efficient Forster-type resonance energy 

transfer. Additionally, the PNI chromophore possesses low lying triplet states, that are 

nearly isoenergetic with the ^MLCT states, allowing for the possibility o f an excited state 

equilibrium similar to that observed for the pyrene derivatives discussed above. Both of 

these processes were shown to occur, and the excited state lifetime o f 67, when recorded in 

degassed acetonitrile, was shown to be extremely long lived at 60.8 /is. Therefore, this 

study showed that a selection o f organic chromophores, with appropriate singlet and triplet

appended 4-piperidinyl-l,8-naphthalimide (PNI) c h r o m o p h o r e s . T h i s  system is
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energies conjugated to a Ru(II) centre, can yield visible light harvesting com plexes w ith 

extended excited state lifetimes.

In this Chapter com plexes com prising a Ru(II) polypyridyl core, appended w ith a 

C5 linker to an unsubstituted 1,8-naphthalim ide are considered. Both the m ono, 68 and bis, 

69 com plexes w ere prepared.

The unsubstituted 1,8-naphthalim ide chrom ophore was chosen as an energy donor 

as it displays singlet fluorescence w hich should overlap the Ru(II) M LCT absorption, and 

possesses low lying triplet excited states w hich are very close in energy to those calculated 

for the Ru(II) com plex co re .”  ̂ Therefore like pyrene, and 4-piperidinyl-1,8- 

naphthalim ide, the donor is a prom ising candidate for both singlet energy transfer and

,0
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triplet state equilibrium. The proposed photophysical scheme for 68 and 69 is shown in 

Figure 3.1.

Another important property o f  the un-substituted 1,8-naphthalimide, distinguishing 

it from the nitro derivatives employed in Chapter 2, is that it is not sufficiently oxidizing to 

accept an electron from the excited states o f the Ru(ll) complex. Therefore, it should not 

be expected to quench the MLCT emission, in the manner observed in Chapter 2. This 

was deduced from theoretical calculation, using the simplified Rehm-Weller equation (.1), 

from which a driving force for electron transfer o f  approximately 0.12 eV for 68 and 0.26 

eV for 69 was determined, respectively.'^^ From the positive free energy changes 

calculated for both systems, it is apparent that electron transfer from the excited Ru(II) 

complex to the 1,8-naphthalimide would be thermodynamically unfavourable in both 

cases,

AG = - I(E, /2 Naph/Naph*'- Em -  E* (3.1)

where E* is the excitation energy o f the vibrationally relaxed MLCT excited state, 

estimated from the luminescence maximum as just described.

'Naph

.....................................................  'MLCT........

’Naph
’m l c t  y '

Naphthalimide Ruthenium complex

Figure 3.1 Qualitative energy level diagram fo r  68 and 69 showing possible energy 

transfer from  'Naph to ' MLCT, and excited state equilibrium between ^Naph and ^MLCT. 

Radiative transitions are represented by solid lines and non-radiative transitions by 

dashed lines.

As demonstrated in Chapter 2, DNA binding can have significant effects on the 

efficiency o f electron transfer processes in donor -  acceptor s y s t e m s . I n  the systems
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described in this Chapter it was expected that energy transfer from the 1,8-naphthalimides 

to the Ru(Il) ccntre would occur, due to the closely lying energy levels o f their excited 

states. There are two possible mechanisms by which energy transfer can occur; the Forster 

or the Dexter mechanism. The former, also known as fluorescence resonance energy 

transfer (FRET), relies on the distance dependent transfer of energy from a donor 

fluorophore to an acceptor, and is widely used in biology for measuring extremely small 

distances (A scale) with high a c c u r a c y . T h e  rate o f Forster or resonance energy transfer 

decreases as Energy transfer by the Dexter or exchange mechanism is also highly

distance dependent, with the rate of energy transfer decreasing exponentially with 

increasing separation o f the donor and acceptor.'”*̂

The presence of energy transfer processes in 68 and 69 will firstly be investigated 

using a variety o f spectroscopic tecliniques. In addition, the nature o f their interaction with 

and affinity for DNA will be determined, as will the effect if any that DNA binding has on 

the communication between the 1,8-naphthalimide and Ru(II) chromophores. The 

presence o f intramolecular stacking interactions of the 1,8-naphthalimides in 69 will also 

be investigated, and whether this could act as an additional signalling process for DNA 

interaction.

3.2 Synthesis

The mono-1,8-naphthalimide complex 68 and bis-1,8-naphthalimide complex 69 

were synthesised, purified and characterised in the same manner as their

4-nitro-1,8-naphthalimide containing counterparts discussed in Chapter 2. The synthesis 

o f each of these conjugates is briefly discussed in the following sections.

3.2.1 Synthesis of Ru(II)-mono-l,8-naphthalimide Conjugate 68

Complex 68 was synthesised according to the procedure in Scheme 3.1. The first 

step involved condensation of the protected amine 45 with 1,8-naphthalic anhydride, 70, 

by suspension of the two reactants in toluene, in the presence of EtsN, and heating of the 

mixture at reflux for 24 hours under an argon atmosphere. The reaction mixture was 

worked up in the same manner as described in Chapter 2. This afforded 71 as an orange 

oily solid in 82% yield. Removal of the protecting group was effected by stirring 71 in 1:1 

TFA/CH2CI2 for 1 hour. After drying under high vacuum the product 72 was obtained as a 

pale brown solid in quantitative yield. Coupling to bipyridine was achieved in the same 

manner as described in Chapter 2, in which the acid chloride, 52 was dissolved in
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anhydrous CH2CI2 and added dropwise to a solution o f 72 in anhydrous CH2 CI2 at 0 “C, in 

the presence o f EtsN. Workup and purification was carried out as for the ligands in 

Chapter 2, giving the product 73 as a pale brown solid in 83% yield. Ligand 73 was 

complexed in the same manner as described in Chapter 2, affording the product 6 8  as a red 

solid in 8 6 % yield. Full characterisation data for each o f the intermediates in the synthesis 

o f 6 8  is given in Chapter 7.

Ru,

O

68

N

O

73
O ,

Schem e 3.1 Synthesis o f complex 68. Reagents and conditions: (i) Toluene, EtjN, (ii)'  ̂

TFA/CH2 CI2 1:1, (Hi) 52, CH2 CI2 , EtiN, 0 "C, (iv) Ru(bpy)2 Ch, DMF/H2 O. |

The 'H NMR spectrum (400 MHz, CD3CN) o f 6 8  is shown in Figure 3.2. Additionally, 

ESMS analysis o f  this complex showed the presence o f a peak at 892.2420 corresponding 

to the ion.
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Figure 3.2 'H NMR spectrum o f 68 (400 MFIz, CD}CN) showing the aromatic region.

3.2.2 Synthesis of Ru(II)-bis-l,8-naphthalimide Conjugate 69

Complex 69 was synthesised according to the procedure in Scheme 3.2.

Scheme 3.2 Synthesis o f complex 69. Reagents and conditions: (i) 52, CH2 CI2 , EtjN, 0 "C, 

(ii) Ru(hpy)2Cl2, DMF/H2 O.

The acid chloride 56 was dissolved in anhydrous CH2CI2 and added dropwise to a 

solution o f 72 in anhydrous CH2CI2 at 0 ”C, in the presence o f EtsN. Workup o f the 

resulting residue was carried out as in Chapter 2, which afforded the product 74 as a purple
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solid in 95% yield. Complexation and purification were carried out as before giving the 

product 69 as a red solid in 76% yield.

10 ,10 ’

NH

9,9’

NH 10 '

7,7’ 8 ,8 ’

----- — j

T Ti :- - - - - - - 1- - - - - - - 1- - - - - - - 1- - - - - - - 1- - - - - - - ;  ̂ i  ̂ i  ̂ I  : ;  ; i 1- - - - - - - ^ 1  \- - - - - - - 1- - - - - - - 1 1- - - - - - - 1- - - - - - - 1- - - - - - - 1- - - - - - - 1- - - - - - - 1- - - - - - - 1- - - - - - - 1- - - - - - - 1 } j 1- - - - - - - 1- - - - - - - r—

9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6
(ppm)

Figure 3.3 'H  NMR spectrum o f  69 (400 MHz, CDjCN) showing the aromatic region.

The 'H NM R spectrum o f  69 (400 MHz, CD 3CN) is shown in Figure 3.3, which is 

simpler than that o f  6 8  due to the C2 symmetry in the former. Additionally, ESMS analysis 

o f  this complex showed the presence o f  a peak at 1186.3412 corresponding to the M^^ ion. 

This complex was further characterised by '^C NMR, IR and elemental analysis.

3.3 Photophysical Properties o f 68 and 69

3.3.1 UV/Visible Absorption of 68 and 69 in Aqueous Solution

The absorption, excitation and emission spectra o f  68 and 69 are depicted in 

Figures 3.4a and 3.4b, respectively. As for their 4-nitro-l,8-naphthalim ide analogues, the] 

UV/Visible absorption spectra o f  68 and 69 in buffered aqueous solution exhibit bands | 

characteristic o f  both chromophores. Complex 6 8  displayed an intense band centred] 

around 286 nm, which was attributed mainly to tt-tt* intraligand transitions, a band at 338 

nm assigned to the tt-tt* 1 ,8 -naphthalimide transitions, and a longer wavelength absorption 

band at 459 nm due to the metal to ligand charge transfer (MLCT) transitions o f  the Ru(II) 

centre. In the case o f  69, these bands appear at 286 nm, 345 nm and 480 nm, respectively.
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Figure 3.4 UV/Visihle, excitation and emission spectra o f  (a) 68 (6.5 iiM) and (b) 69, both 

in 10 mM phosphate buffer, at pH  7. The water Raman band is denoted by *

The MLCT bands o f both 6 8  and 69 were somewhat broad and red shifted 

compared to that o f Ru(bpy)3 ^̂ , due to the presence o f the amide substituted bipyridine 

Hgands, c.t. Chapter 2.'^^ The main difference is in the position o f the 1,8-naphthalimide 

transitions, which were blue shifted. A summary o f the absorption properties o f  6 8  and 69 

is given in Table 3.1, along with the properties o f reference complex 41 for comparison.

Table 3.1 Absorption properties o f 68, 69 and 49 in 10 mM phosphate buffer, at p H  7 at 
298 K.

Complex
X.„,ax (nm) |f (M ‘ cm ')|

TT-TT* IL TT-TT* Naph MLCT
6 8 287 [55000] 338 [14300] 459 [10900]
69 286 [43700] 345 [16500] 480 [8000]
41 286 [55200] 475 [10900]

It is important to note, that similar to the complexes discussed in Chapter 2, bands

corresponding to the 1,8-naphthalimide and Ru(ll) chromophores o f 6 8  and 69 may be

resolved, which will be o f considerable importance when examining the interaction o f the

components o f each complex with DNA.

To examine the degree o f  stacking o f  the 1,8-naphthalimides, and the presence o f

any ground state electronic interactions in the bis-1 ,8 -naphthalimide \  ^
N

complex 69, an additive spectrum was constructed, using the reference I 

Ru(ll) complex 41 and the water soluble 1,8-naphthalimide derivative q  N.

75. This spectrum is shown in Figure 3.5. The first apparent feature is 

the greater absorbance in the MLCT region for the summed spectra in 

comparison to complex 69. This observation suggests that there is some 7 5
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degree o f electronic interaction between the Ru(II) centre and the 1,8-naphthalimide in the 

ground state. In the 1,8-naphthalimide region, centred at 345 nm, the absorbance is 

significantly less for 69 than that in the calculated spectrum, where no interaction exists 

between the individual components. Absorbance at this band is ca. 47% reduced, in 

comparison to that observed for the combined components. This observation is indicative 

o f extensive stacking interactions o f  the 1,8-naphthalimides, that leads to hypochromicity
138in absorbance. This could be expected due to the flexible linkers and the propensity o f 

1,8-naphthalimides to stack in polar solution, due to their planar and hydrophobic 

nature.'^*

The degree o f stacking o f  the 1,8-naphthalimides in 69 (47%) is greater than that o f 

the 4-nitro-1,8-naphthalimides in 40 (30%) (discussed in the previous Chapter) and may be 

attributed to the presence o f  the nitro substituents, which reduce the overall stacking ability 

o f the chromophore, due to the substituent being slightly twisted out o f plane. The 

observation that the 1,8-naphthalimide components o f 69 are self associated is significant 

in relation to DNA binding, which could perturb any such stacking process. Electronic 

interactions between the 1,8-naphthalimides and the Ru(II) centre, may also contribute to 

the overall hypochromicity in the absorption region o f the 1,8-naphthalimide in 69. 

However, it was not possible to evaluate individual contributions to the overall diminished 

absorbance in this region.

0 .6 -

0 .5 -

0)oc
CO

0 .4 -

Greater absorbance for summed spectra

0.0
200 300 400 500 600 700

Wavelength (nm)

Figure 3.5 UV/Visible absorption spectra o j 41 (6.5 fiM) (----- ), 75 (13 (jM) (------), 41 +

75 (------) and 69 (6.5 liM) (------). All solutions in 10 mM phosphate buffer, at p H  7.

99



Chapter 3 Flexible Ru(II)-l,8-naphthalimicle Conjugates

3.3.2 Emission Properties of 68 and 69 in Aqueous Solution

Excitation o f an aqueous solution o f 68 at 450 nm resulted in a single observable 

emission band at 645 nm, as shown in Figure 3.4a. Excitation o f 69 at the same

wavelength resulted in an emission band centred at 670 nm, as shown in Figure 3.4b. The
2_|_

decreasing energy o f  these emission bands compared to Ru(bpy)3  , is attributed to the
168presence o f the amide substituted bipyridine ligands, as discussed in Chapter 2. As was 

expected in the initial design, emission from the Ru(II) centre was not quenched in these 

systems by the presence o f the 1,8-naphthalimide chromophores. This may clearly be seen 

from the quantum yields in Table 3.2, for excitation at 450 nm, where the quantum yield o f  

0.014 determined for 69 is the same as that calculated for 41. The quantum yield o f  68 was 

determined as 0.018, which also suggests the absence o f  any quenching o f the metal centre. 

The excitcd states o f 68 and 69 were, however, shown to be quenched by dissolved 

oxygen, the quantum yields being somewhat increased upon degassing for both systems. 

Table 3.2.

Table 3.2 Emission properties o f  68 and 69 in 10 mMphosphate buffer,at pH  7 at 298 K. 

Both at 6.5 [iM concentration. Excitation at 450 nm.

68 645 0.018 0.025

69 j 670 0.014 0.020 ......... ......

*Degassing was performed by bubbling argon through a solution o f com plex for at least 10 

minutes.

Excitation o f  an aqueous solution o f  68 at its 1,8-naphthalimide absorption 

maximum at 338 nm resulted in an intense Ru(II) emission at 645 nm, whereas excitation 

o f  69 at 345 nm resulted in emission centred at 670 nm. This is in striking contrast to the 

conjugates discussed in Chapter 2, where excitation at this wavelength resulted in 

extremely weak emission from the metal centre, contributing significantly less to Ru(II) 

based emission than direct excitation at the MLCT. For both 68 and 69 significant 

contribution to MLCT based emission was observed in the region o f  absorption o f  the 

1,8-naphthalimide, suggesting the presence o f efficient singlet -  singlet energy transfer, 

from 'naphthalimide to the 'MLCT excited state.
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Figure 3.6 Representation o f  the antenna effect in which the excited state energy o f  the 

1,8-naphthalimides is transferred to the Ru (II) MLCT excited state.

This is most clearly seen in the excitation spectra for these derivatives, where the 

contribution from excitation at the 1,8-naphthalimide absorption band relative to direct 

excitation at the MLCT can be seen. In fact the absorption and excitation spectra are close 

to being super-imposable. Furthermore, very weak emission from the 1,8-naphthalimide 

was observed in both cases, suggesting that most o f the excitation energy is passed on to 

the Ru(II) centre through an energy transfer mechanism. The contribution to Ru(ll) 

emission from the 1,8-naphthalimides in 69, was much greater than for 68, which indicates 

that the 1,8-naphthalimide acts as an antenna, by harvesting the light energy and passing it 

on to the Ru(II) excited state. This process is represented schematically in Figure 3.6.

The significant contribution from the 1,8-naphthalimide to the Ru(ll) emission can 

also be seen clearly in Figure 3.7, where the excitation spectra for emission from the 

MLCT state o f  41 and 69 are compared. Here, the contribution from direct excitation at 

the MLCT is approximately the same for both systems, however, the contribution around 

350 nm is much smaller for 41, which suggests that there is less contribution to the metal 

based emission than direct excitation o f the MLCT absorption band. In contrast to these 

results, for 69 a much greater contribution is observed at 350 nm, resulting in almost twice 

the relative intensity in comparison to direct excitation at the MLCT. These observations 

suggest an efficient energy transfer pathway from the un-substituted naphthalimide to the 

Ru(II) centre.
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Figure 3.7  Excitation spectra (emission at 670 nm) o f  41 (-----) and 69 (-----), both at 6.5

liM concentration in 10 mM phosphate buffer, at pH  7.

Complexes 68 and 69 have fulfilled a number o f  the design criteria set out at the 

beginning o f this Chapter, in that they are strongly emissive in aqueous solution and 

display a light harvesting antenna effect by the constituent 1,8-naphthalimides. Due to the 

greater light harvesting effect in complex 69, this derivative was chosen for further 

photophysical studies as detailed in the following section.

3,3,3 Further Photophysical Study of 69

The emission properties o f  69 and 41 were recorded in gassed and degassed 

acetonitrile (CH3 CN) solutions. Reference compound 41 displayed an emission maximum 

(Ainax) at 650 nm in CH3 CN solution, as shown in Figure 3.8a. Quantum yields o f  0.021 

and 0.061 were determined for this complex in gassed and degassed CH3 CN solution, 

respectively, Table 3.3. The three fold emission enhancement observed upon degassing is 

typical for Ru(II) polypyridyl complexes, as their luminescence is known to be quenched
u  169by oxygen.
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Figure 3.8 Emission spectra o f  (a) 69 and (h) 41 in gassed (------) and degassed (------)

CHjCN, both at 6.5 fjM (excitation at 450 nm).

Complex 69 displayed quite similar behaviour, exhibiting a .̂max at 650 nm, as 

shown in Figure 3.8b, and o f  0.021 and 0.064 in gassed and degassed CH 3 CN, 

respectively. Table 3.3. Greater enhancements in emission quantum yield were observed 

upon degassing an CH 3 CN solution o f  69, over an aqueous solution, due to the higher 

oxygen content in the tbrmer ([O 2 ] = 1.9 x 10’̂  mol/L for CH 3CN under 0.21 Atm O2 ).'™ 

From initial analysis, 69 therefore seems to display very similar emission behaviour in 

CH 3 CN solution to its reference 41.

Table 3.3 Emission properties o f  41 and 69 in CH3CN at 298 K.

41 650 0 . 0 2 1 0.061

69 650 0 . 0 2 1 0.064

*Degassing was achieved by purging o f  a solution o f  the complex in CH3CN with argon for 10 minutes.

To further characterise the excited state properties o f  69 and 41, excited state 

lifetimes were recorded in CH3CN and aqueous buffer solution, under both gassed and 

degassed conditions, using time correlated single photon counting (excitation at 337 nm, 

with absorbance at 337 nm o f  0.2). These experiments were necessary to determine if  

triplet equilibrium was occurring between the excited states o f  the 1 ,8 -naphthalimide and 

R u(ll) components o f  69. A summary o f  the results are given in Table 3.4.
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Table 3.4 Lifetimes o f 41 and 69 determined at 298 K  *

4 M 3 2 ^ t 341.0 352.5 1082.0
_____

69 { 351.1
1 .

388.5 '389.4^ 1 1385.8

*Each lifetime represents an average o f  six measurements. In all cases the data was fit to a single 

exponential function, with values in the range 0.98 -  0.99.

Both complexes 41 and 69 possessed similar lifetimes under all o f the conditions 

investigated, as detailed in Table 3.4. Hence, it appears that an equilibrium does not exist, 

between the triplet excited state of the 1,8-naphthalimide and that of the Ru(II) complex. 

If such an equilibrium existed, the lifetime of 69 would be expected to be very much 

increased over that o f the reference compound 41. The minor increases in lifetime 

displayed by 69 over the reference may be attributed to the singlet -  singlet energy transfer 

from the 1,8-naphthalimide.

In summary, from the analysis o f the photophysical properties o f 68 and 69 in 

solution it may be concluded that the 1,8-naphthalimide moieties act as antennae, passing 

their excited state energy to the metal centre as expected. This was particularly evident in 

the excitation spectra for both derivatives, where significant contribution to Ru(II) 

emission was observed in the region of absorption of the 1,8-naphthalimide. However, 

given that the excited state lifetime of 69 was not extended, compared to the reference 41 

with no appended 1,8-napthalimides, it seems that equilibrium between the triplet states o f 

the chromophores does not occur. Despite this, 68 and 69 possessed many of the features 

that were regarded as desirable for use as nucleic acid probes. It was expected that these 

complexes would display interesting and potentially useftil photophysical changes upon 

binding to DNA, the investigation of which is discussed in the following section.

3.4 DNA Binding Interactions of 68 and 69

Similar to the complexes discussed in Chapter 2, 68 and 69 were expected to 

interact with DNA through external electrostatic binding of the Ru(II) centre to the 

phosphate backbone and intercalation o f the 1,8-naphthalimide moieties. The nature of 

their binding interaction was investigated using a number o f spectroscopic techniques.
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Significant changes in the spectroscopic properties o f both systems were observed, a 

discussion o f which is provided in the following sections.

3,4.1 Changes in the UVA^isible Absorption of 68 with DNA

The interaction o f both complexes with st-DNA and with the altcnating 

co-polymers [poly(dG-dC ) ] 2  and [poly(dA-dT) ] 2  was investigated using UV/Visible 

absorption spectroscopy, in which the changes in the MLCT band at 450 nm, aid the 

1,8-naphthalimide band at 338 nm were monitored, upon titration with the nucleic acids. 

The titrations were carried out and analysed in the same manner as described in Chaoter 2.

As previously noted, the addition o f DNA to the control complex 41 resulted in a 

10% hypochromism in the MLCT band, which was attributed to electrostatic interaction 

between the complex and the phosphate backbone o f DNA. In the case o f complex 68, the 

addition o f st-DNA resulted in a 37% hypochromism at the 1,8-naphthalimide band, with a 

smaller change o f 16% in the absorbance o f the MLCT band, as shown in Figure 3.S.
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Figure 3.9 Changes in the UV/Visible spectrum o f  68 (6.5 ptM) upon addition o f  st-DNA 

(0 -  21.45 fiM base pairs) in 10 mMphosphate buffer, at pH  7. Inset: Plot o f  (ea-€^/(et,-€f) 

at 350 nm vs. equivalents o f  DNA and the corresponding non-linear fit.

The changes in absorbance at the MLCT band were greater than those observed for 

41, which suggests that the metal centre in 68 is more tightly bound to DNA. The decrease 

in the absorbance o f 37% for the 1,8-naphthalimide moiety is very similar to that observed 

for 38, discussed in Chapter 2. However, the 10% hypochromism seen for the MLCT 

band o f 38 was less than that observed for 68. It seems therefore, that in 68, the overall
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binding mode is similar to that o f its 4-nitro-l,8-naphthalimide analogue 38, the difference 

being the tighter apparent binding o f the metal centre to DNA in 68. A binding constant o f 

9.0 X 10  ̂M"' and binding site size of2.18 base pairs was determined for 68.

Analysis o f  the results indicate that the non-substituted 1,8-naphthalimide moiety 

leads to a system with greater overall affinity for DNA, while the nitro substituent leads to 

a decreased intercalation ability.

Table 3.5 DNA binding parameters for 68 from fits to absorbance data.

37% 16% 9.0x 10^(± 1.0) 2.18 (±0.02) 0.991
|poly(dG-dC)i2 1 33% ^ ~' n% 1.3 xTo’ (± 074)”^ "~r65~(± oTo2y ” ”o799

|poly(dA-dT)|2 |
......... _ _ 1.

34% 10% l.Ox 10'^(±0.3) 1.51 (± 0702j ' 0.99

Titrations with [poly(dG-dC) ]2  yielded moderately different changes in the 

absorbance at both the 1,8-naphthalimide and the MLCT bands. Addition o f  the 

alternating co-polymer resulted in a 33% hypochromic shitl for the former band and a ca. 

11% shift for the latter band, as detailed in Table 3.5. The binding site size was somewhat 

smaller, being 1.65 base pairs, and the binding constant was determined as 1.3 x 10  ̂M"'. 

An attempt was also made to fit the data placing a limit on the binding site size to 2 base 

pairs. This would allow for a more direct comparison o f the binding constants obtained 

with the different types o f  DNA. However, any such attempts proved unsuccessfiil and 

yielded fits with very large associated errors. Overall the affinity may be regarded as being 

slightly greater than that for st-DNA. The binding, however, seems to occur in a manner 

that does not hold the metal centre as tightly bound to the helix, or the 1,8-naphthalimides 

as deeply intercalated, thus giving smaller hypochromic effects.

The hypochromicities in the presence o f  [poly(dA-dT) ]2  were the same as observed 

for [poly(dG-dC)]2 . The binding constant and binding site size were marginally less at 1.0 

x 10  ̂ M“' and 1.51 respectively. However, taking into account the error associated with 

this measurement they may be regarded as being approximately the same. Hence, 63 does 

not show sequence selectivity in binding to these alternating co-polymers.
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3.4.2 Changes in the UV/Visible Absorption of 69 with DNA

The titration o f 69 with st-DNA resulted in a large hypochromicity o f  56% at the 

1,8-naphthalimide band, and also a large hypochromicity o f 41% at the MLCT band, as 

shown in Figure 3.10 and Table 3.6.

The most significant result from this particular experiment was the very large 

hypochromic shift in absorbance o f the MLCT band upon DNA binding, being more than 

twice that observed tor any o f the bichromophore systems discussed thus far. This could 

suggest that the Ru(II) centre is being anchored in the DNA grooves, aided by the 1,8- 

naphthalimide moieties. Partial intercalation o f the Ru(Il) complex may also be possible, 

although not very likely due to the minimal extended planar nature o f  the bipyridine 

ligands.^' The binding constant for these interactions was determined as 1.5 x 10  ̂M ‘, 

with a slightly larger binding site size o f 2.48 base pairs. The increased binding constant 

falls short o f  increases that would be expected for cooperative binding effects, which is 

most likely due to stacking interactions o f the 1,8-naphthalimides; an energetically 

favourable process that must be overcome before they can insert into the helix.
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Figure 3.10 Changes in the UV/Visible spectrum o f 69 (6.5 yiM) upon addition o f st-DNA 

(0 -  29.25 fiM base pairs) in 10 mM phosphate buffer, at pH 7. Inset: Plot o f (€a-€f)/(€b- f̂) 

at 355 nm vs. equivalents o f DNA and the corresponding non-linear fit.
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Table 3.6 DNA binding parameters for 69 from fits to absorbance data.

st-DNA 56% 41% 1.5 x 10" (±0.5) 2.48 (±0.02) 0.99

[poly(dG-dC) ]2 55% 40% 1.0 x 10" (±0.4) 2.20 (± 0.03) 0.99

|poly(dA-dT)]2* 42% 19%

*  Addition o f  [poly(dA -dT ) ]2  to a solution o f  69 resulted in an initial increase in absorbance that was 

subsequently follow ed by a decrease. For this reason attempts to fit the data to the Bard m odel were  

unsuccessful.

Addition o f [poly(dG-dC ) ] 2  to a solution o f 69 gave very similar changes in both

1.8-naphthalimide and MLCT absorption bands, as detailed in Table 3.6, with a binding 

constant o f 1.0 x 10  ̂M"' and binding site size o f  2.20.

The absorbance changes for 69 upon titration o f [poly(dA-dT) ] 2  was quite different, 

with an initial increase in absorbance o f 6%, up to ca. 0.3 base pair equivalents followed 

by a decrease o f 42% (from the starting point). This behaviour is similar to that seen for 

the 3-nitro-1,8-naphthalimide complex 60, and may once again be attributed to some initial 

disruption in 1,8-naphthalimide stacking by low DNA concentration. However, this 

presents the question o f why this phenomenon was not observed with the other DNA 

polymers? Upon examining the profile in Figure 3.10 closely, it is, however, apparent that 

the first addition o f DNA results in a very small change in absorbance, with more rapid 

change occurring from this point on. This is, however, not observed with [poly(dG-dC)]2 . 

Competing with this process is binding o f  the 1,8-naphthalimides to DNA, and the 

associated hypochromism. A slightly higher affinity for GC sequences means that the 

effect is not observed at all, with the situation being intermediate with st-DNA. It must be 

emphasised that the differences are very subtle, a slight preference for a particular 

sequence being responsible for this effect. The addition o f [poly(dA-dT ) ] 2  to 69 also gave 

a much smaller decrease in MLCT absorption at 19%. This along with the smaller

1.8-naphthalimide hypochromism suggests that in this case the 1,8-naphthalimides are not 

as deeply inserted into the helix, and as a result the Ru(II) centre remains externally bound 

to a greater degree. In addition to this, the narrower minor groove in AT regions may 

prevent as efficient binding o f  the Ru(II) centre, or o f  the system as a whole to the nucleic
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acid. Additionally, binding o f  this complex from the major groove may account for the 

observed changes.

Both 68 and 69 displayed extremely high affinity for DNA, with binding constants 

o f  the order o f 10  ̂ M"' determined for both systems, these being orders o f magnitude 

greater than those observed for the separate components. O f particular significance were 

the very large hypochromic shifts at the MLCT absorption band o f 69 upon interaction 

with DNA, which are not normally associated with Ru(II) complexes containing simple 

tris-bipyridine cores.^' This result emphasised the utility o f a second 1,8-naphthalimide 

moiety, whose presence pulls the Ru(II) centre very tightly in place with respect to the 

helix. Neither 68 or 69 displayed an apparent preference in binding affinity for AT or GC 

sequences, although the absorbance decreases for 69 in the presence o f  [poly(dA-dT) ]2  

were less than those in the presence o f the other two DNA polymers employed. This was 

most likely due to a poorer fit o f the system as a whole into the DNA helix, in which the 

Ru(II) centre was restricted by the narrower minor groove, and as a result the 

1,8-naphthalimide was not able to insert as efficiently into the helix. The binding 

behaviour was further investigated using emission spectroscopy as detailed in the 

following sections.

3.4.3 Changes in the Emission Spectra of 68 and 69 with DNA

As detailed in Section 3.3 both 68 and 69 were substantially emissive in aqueous 

solution, in contrast to their nitro-1,8-naphthalimide containing analogues 37 -  41 

discussed in Chapter 2. Furthermore, it was shown that emission from the Ru(II) centre 

was sensitized by energy transfer from the 1,8-naphthalimides. Hence, it was anticipated 

that any possible DNA binding might perturb the energy transfer processes, and 

consequently, emission titrations were carried out to establish if this was the case. 

Absorption studies demonstrated that 1,8-naphthalimide and MLCT absorption bands were 

well resolved. Hence, it was possible to excite the two chromophores independently, and 

monitor the photophysical behaviour in the presence o f DNA. Significant differences were 

observed in the emission responses o f 68 vs. that of 69 upon binding to st-DNA, [poly(dG- 

dC ) ] 2  and [poly(dA-dT)]2 , respectively. Therefore the results for each complex in the 

presence o f the different DNA sequences, and the mechanisms underlying the observed 

changes will be discussed separately.
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3.4.3.1 Emission Titration of 68 with st-DNA

Complex 68 was firstly studied in the presence o f st-DNA. Upon direct excitation 

o f the metal centre at 450 nm, a slight increase in MLCT emission intensity was observed, 

as shown in Figure 3.11. The emission profile was characterised by a rapid initial intensity 

increase, up to ca. one base pair equivalent, followed by a very gradual increase up to the 

plateau at ca. 10 base pair equivalents, with an overall luminescence enhancement o f  1.2 

fold. The enhancement may be attributed to protection o f  the metal centre from quenching 

by oxygen and solvent molecules upon DNA binding. As such binding places the metal 

centre in the protected environment o f the grooves whereby access o f  external molecules to 

the complex is restricted.
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Figure 3.11 (a) Changes in the MLCT emission spectrum o f 68 (6.5 fiM) (excitation at 450 

nm) upon addition o f st-DNA (0 — 130 fiM base pairs) in 10 mM phosphate buffer, at pH  7. 

(h) The change in integrated MLCT emission intensity as a function o f Bp/D.
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Figure 3.12 (a) Changes in the MLCT emission spectrum o f 68 (6.5 liM) (excitation at 338 

nm) upon addition o f st-DNA (0 -  130 piM base pairs) in 10 mM phosphate buffer, at pH  7. 

(b) The change in integrated MLCT emission intensity as a function o f Bp/D.
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Upon excitation o f the 1,8-naphthalimide at 338 nm, quite different behaviour was 

observed, as is evident in Figure 3.12. Here, the intensity o f  MLCT emission was 

observed to decrease in this case by ca. 43%. However, the emission profile was again 

characterised by two different regions o f change, the first being a rapid decrease in 

intensity up to ca. 3 base pair equivalents, followed by a more gradual decrease up to ca. 

15 base pairs. No concomitant changes were seen in the 1,8-naphthalimide emission.

The decreased contribution to emission from the Ru(II) centre from the

1.8-naphthalimide, can be clearly seen in the excitation spectrum for 68 in the absence and 

presence o f DNA, Figure 3.13. At the titration end-point, the 1,8-naphthalimide 

contribution to Ru(II) emission had essentially disappeared, and the spectrum resembled 

that o f  41, which contains no appended 1,8-naphthalimides. This decrease in intensity may 

be a result o f  two factors; firstly diminished absorption by the 1,8-naphthalimide, upon 

DNA interaction, and secondly, interference with energy transfer from the

1.8-naphthalimide to the Ru(ll). Contribution from the former is likely to be considerable, 

as a 37% hypochromism had previously been observed for 68 upon DNA interaction. The 

DNA binding may also decrease the efficiency o f energy transfer due to spatial separation, 

or altered orientations o f  the chromophores as previously predicted by equation 2. These 

factors will be discussed in more detail in Section 3.4.3.3.
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Figure 3.13 Excitation spectrum o f  68 (6.5 (iM) (emission at 645 nm) in 10 mM phosphate

buffer, at pH  7 in the absence (------) and presence o f  st-DNA at a Bp/D ratio o f  1 (------)

and 20 (----- ).
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3.4.3.2 Emission Titration of 68 with |poly(dG-dC ) ) 2

The addition o f [poly(dG-dC) ] 2  to a solution o f 68 resulted in a somewhat different 

emission response to that seen above. Excitation o f 68 at 450 nm, upon titration with 

[poly(dG-dC) ] 2  resulted in no net luminescence change from the metal centre, in contrast 

to the changes seen above for binding to st-DNA. The absence o f emission enhancement 

upon addition o f  [poly(dG-dC) ]2  points to a binding mode, in which the Ru(II) centre is not 

held in place in the protected environment o f  the grooves. The spectra for titration o f  68 

with [poly(dO-dC) ] 2  are contained in the appendix.

The MLCT emission intensity (excitation at 338 nm) upon titration with [poly(dG- 

dC ) ]2  was observed to decrease by 48%, which is slightly greater than that in the presence 

o f st-DNA. The titration profile was, however, mono-phasic, where the emission decrease 

occurred gradually. The overall changes resulting from titration with [poly(dG-dC) ] 2  were 

easily identified in the excitation spectrum. Here, the absence o f change in the MLCT 

emission upon direct excitation at the MLCT absorption band was apparent, as was the 

very much decreased 1,8-naphthalimide contribution, the excitation spectrum in this region 

resembling 41, with no appended 1,8-naphthalimides.

3.4.3.3 Emission Titration of 68 with [poIy(dA-dT) | 2

The titration o f [poly(dA-dT) ]2  with 68 resulted in the same changes in absorbance 

as that for [poly(dG-dC)]2 . However, the emission response was markedly different, with 

excitation at 450 nm resulting in a ca. 1.25 fold enhancement in MLCT emission intensity. 

The profile for the enhancement was mono-phasic reaching a plateau at ca. 1.5 base pair 

equivalents. This emission enhancement is in striking contrast to that seen upon titration 

with [poly(dG-dC)]2, and suggests that the binding to AT regions more effectively protects 

the Ru(II) centre from quenching. This will be elaborated upon when proposing a 

mechanism for the observed emission changes. The spectra for the titration o f 68 with 

[poly(dA-dT]2 are contained in the appendix.

The response o f this system when excited at 338 nm was also different. In this 

case, a very slight increase in the intensity was observed, up to ca. one base pair 

equivalent, followed by a decrease o f  ca. 13% from the initial intensity, which reached a 

plateau at ca. 3 base pair equivalents. The slight initial increase in intensity is most likely 

due to contribution from direct excitation o f the metal centre in this region. The decrease 

in the intensity that follows is presumably due to interaction o f the 1,8-naphthalimide 

moiety, as will be discussed in Section 3.4.3.4. It is also worth mentioning that in this case
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the overall change, upon excitation at 338 nm is quite small, and indeed smaller than the 

corresponding hypochromism observed in the absorption spectrum.

The changes in the excitation spectrum o f  63 demonstrate the overall changes. 

Here, the significantly enhanced contribution from direct excitation o f  the MLCT was 

apparent along with the very small decrease in contribution in the region o f  absorption o f  

the 1,8-naphthalimide.

In summary, significant differences in emission response were observed for the 

binding o f  68 to the two DNA alternating co-polymers, particularly upon excitation at the 

1,8-naphthalimide absorption band at 338 nm. This may be clearly seen in Figure 3.14 and 

3.15, respectively, where the spectra o f  free complex in buffer solution, complex fully 

bound to [poly(dG-dC ) ]2  and complex fully bound to [poly(dA-dT ) ] 2  are compared. 

Greater decreases in MLCT emission intensity were observed in the presence o f  the GC 

rich alternating co-polymer, whereas greater enhancement resulted in the presence o f  the 

AT rich species. A summary o f  the emission responses o f  68 to st-DNA, [poly(dG-dC ) ]2  

and [poly(dA-dT ) ]2  is provided in Table 3.7.
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Figure 3.14 (a) Emission spectrum o f  68 (6.5 piM) (excitation at 338 nm) in the absence

(------ ) and presence o f  [poly(dG-dC ) ] 2 (------) and [poly(dA-dT ) ] 2 (------ ). (b) The

emission response fo r  titration with [poly(dG-dC ) ] 2 (*) and [poly(dA-dT ) ] 2 (•). A ll in 10 

m M  phosphate buffer, at p H  7.
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Figure 3.15 (a) Emission spectrum o f  68 (6.5 \iM) (excitation at 450 nm) in the absence

(------) and presence o f  [poly(dG-dC) ] 2  (----- ) and [poly(dA-dT) ] 2 (----- )■ (b) The

emission response fo r  titration with [poly(dG-dC)] 2 (*) and [poly(dA-dT)] 2 (*). A ll in 10 

mM phosphate buffer, at pH  7.

Table 3.7 Emission responses o f  68 to added DNAs.

■
St-DNA r 20% i  43%

|poly(dG-dC ) | 2 i  48%

[poly(dA-dT ) | 2 T 25% i  13%

3.4.3.4 Model for the Emission Changes of 68 upon Titration with DNA

In order to provide a model that is consistent with the different responses, to the 

different types o f DNA, a number o f results must be addressed;

1. Enhancement in the MLCT emission upon excitation at 450 nm was observed 

with st-DNA and [poly(dA-dT)]2 , but not with [poly(dG-dC)]2 ; the changes with 

st-DNA being intermediate to those observed for the other DNAs.

2. Greater decreases in the MLCT emission intensity was observed upon excitation 

at 338 nm with [poly(dC-dC ) ] 2  over [poly(dA-dT)]2 , with the changes for st- 

DNA, again, being intermediate between the two.

Concerning the first point above, it seems that emission enhancement is most 

favourable when the complex binds to AT sites. Luminescent enhancement is still 

observed with mixed sequence st-DNA as it contains 58.8% AT residues. This could be 

the reason for the change being intermediate between that observed with [poly(dA-dT) ]2
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and [poly(dG-dC)]2 . The o f  MLCT emission for 68 bound to DNA was 0.024, which is 

a significant increase to that o f free 68 o f 0.018. It is unlikely that complexes such as 68 

containing a Ru(bpy)3  like core would photoreact with DNA. Therefore the preferential 

enhancement observed with [poly(dA-dT) ] 2  is most likely due to local structural difference 

in AT regions, such as the narrower minor groove, that would protect the complex from 

quenching more effectively. This effect is very subtle as no emission enhancement was 

observed with [poly(dG-dC)]2 . An intermediate effect was observed with st-DNA, due to 

its heterogeneous base content, which further supports this hypothesis.

The luminescence quenching that occurred upon excitation at 338 nm was more 

complex, and occured with all o f  the DNA sequences employed. Changes in the 

absorbance o f the 1,8-naphthalimide moiety upon DNA interaction will contribute in some 

part to the observed changes, as suggested earlier. However, 68 displays equal 

hypochromicity at 338 nm upon binding to both [poly(dG-dC) ] 2  and [poly(dA-dT)]2 , while 

giving rise to significant differences in the emission spectra. Furthermore, the intensity 

decrease in the presence o f [poly(dO-dC ) ] 2  o f 48% was significantly greater than the 

observed decrease in the absorbance, which showed a 33% reduction at 338 nm. This 

suggests that other mechanisms, such as differential interruption o f the energy transfer 

pathway between the 1,8-naphthalimide and Ru(II) complex, may also play a role.

One o f the main differences between GC and AT rich sequences is greater redox 

reactivity in GC sequences, which is imparted by the guanine moieties. It has previously 

been shown, that electron transfer from all o f  the nucleotide bases to the singlet excited 

state o f 1,8-naphthalimides is exergonic by at least 1 eV.'^'^ Therefore it is possible that 

such a process may also occur upon binding of 68 to DNA. Here, electron transfer would 

be expected to quench the 1,8-naphthalimide excited state, with concomitant reduction in 

its sensitization ability. Therefore, addition o f [poly(dG-dC) ] 2  (rich in guanine residues) 

would be expected to quench the 1,8-naphthalimide excited state to the greatest extent, and 

as a result the population o f the ^MLCT. This possible mechanism is represented 

schematically in Figure 3.16. A factor which must also be considered is whether or not the 

Ru(II) centre is better protected from quenching upon binding to AT sites. This would 

possibly compensate to a greater extent for the decreases resulting from diminished 

absorption, and electron transfer quenching by the DNA nucleotides. In order to establish 

the exact nature o f these processes more comprehensive photophysical studies in the 

presence o f  DNA, such as the use o f fluorescence lifetime and transient absorption
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experiments, are necessary. This will be the subject o f fijture research within the 

Gunnlaugsson group.
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Figure 3.16 Representation o f  electron transfer from  DNA to the 1,8-naphthalimide and 

subsequent disruption o f  energy’ transfer.

The presence o f  a sequence selective emission response is highly significant, as as

such behaviour is not commonly exhibited by Ru(II) polypyridyl complexes. As
2+  2"^previously mentioned exceptions to this are the [Ru(TAP)2 POQ-NMet] and Ru(TAP ) 3  

systems discussed in Chapters 1 and 2, which displayed greater emission enhancement in 

the presence o f AT rich s e q u e n c e s . T h e  sequence selective emission response o f  63, 

when excited at 338 nm is quite novel, as the Ru(II) centre independently reports on the 

more efficient quenching o f the 1,8-naphthalimide excited state by GC rich sequences.

3.4.3.S Emission Titration of 69 with st-DNA

The emission behaviour o f  68 in the presence o f the different types o f DNA 

discussed above proved quite complex, exhibiting some very interesting sequence selective 

responses. The emission behaviour o f 69 was thus next considered. It was expected that 

the results from this investigation would be even more complex, due to the added element 

o f  stacking o f the 1,8-naphthalimide moieties in 69. As previously stated, the interaction 

o f 69 with st-DNA was characterised by a 56% and 41% hypochromism at the 

1,8-naphthalimide and MLCT bands, respectively.

Upon titration o f  69 with st-DNA, and excitation at 450 nm, an initial increase in 

the MLCT emission intensity o f  approximately 1.25 fold was observed (0 -  0.45 base pair 

equivalents), followed by a decrease in the emission intensity to a plateau at approximately
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3.5 base pairs equivalents, as shown in Figure 3.17. The final intensity represented a 

decrease o f  46%. The decreased intensity observed for 69 in comparison to 68 is 

representative o f the larger hypochromicity in MLCT absorption that occurs with addition 

o f DNA to the former.
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Figure 3.17 Changes in the M LCT emission spectrum o f  69 (6.5 fxM) (excitation at 450 

nm) upon addition o f  st-DNA (0 -  29.25 pM base pairs) in 10 mM phosphate buffer, at pH  

7. Inset: The change in integrated MLCT emission intensity as a function o f  Bp/D.

500-1

400-

^  300-
U)
c

-  200 -

Bp/D ratio

1 0 0 -

550 600 650 700 750 800 850

Wavelength (nm)

Figure 3.18 Changes in the emission spectrum o f  69 (6.5 fiM) (excitation at 345 nm) upon 

addition o f  st-DNA (0 — 29.25 ptM base pairs) in 10 mM phosphate buffer, at pH  7. Inset: 

The change in integrated M LCT emission intensity as a function o f Bp/D.
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As for 68 more pronounced changes in emission intensity were observed upon 

excitation at the 1,8-naphthalimide band, which for 69 is centred at 345 nm. An initial 

increase o f  ca. 1.14 fold was observed up to 0.45 base pair equivalents, followed by a 

decrease o f  73% from the initial intensity, Figure 3.18. These changes are highly 

significant, and may not be attributed solely to the decreased oscillator strength o f the 

absorption in this region. This will be discussed in Section 3.4.3.7.
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Figure 3.19 Excitation spectrum o f  69 (6.5 (iM) (emission at 670 nm) in 10 mMphosphate

buffer, at pH  7 in the absence (----- ) and presence o f  st- DNA at a Bp/D ratio o f  0.6 (------

) and 4.5 (------).

The decreased contribution to the MLCT emission from both bands at the end point 

o f  the DNA titration was also seen in the excitation spectrum. Figure 3.19. Here, the 

contribution o f both bands to the Ru(ll) emission has essentially disappeared when fully 

bound to DNA. Furthermore, the excitation spectrum in the 350 nm region closely 

resembled that o f 41, which has no appended 1,8-naphthalimides.

3,4.3.6 Emission Titration of 69 with [poly(dG-dC)l2

The effect o f [poly(dG-dC) ] 2  on the emission o f 69 was also studied, having 

resulted in a 55% and 40% hypochromism at the 1,8-naphthalimide and MLCT absorption 

bands respectively, which is similar to that observed upon titration with st-DNA. Upon 

excitation at 450 nm, the titration o f  [poly(dG-dC ) ] 2  gave rise to an initial increase o f  ca. 

1.17 fold (0 -  0.45 base pair equivalents), followed by quenching o f the MLCT emission
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up to ca. 3 base pair equivalents. The final intensity represented an overall decrease o f 

42%. The spectra for the titration o f 69 with [poly(dG-dC) ]2  are contained in the appendix.

These changes are different to those observed for 68 , which effectively displayed 

no change in the MLCT emission, upon excitation at 450 nm, with titration o f [poly(dG- 

dC)]2 . This is possibly reflective o f the more intimate association o f the Ru(ll) centre o f 

69 with the DNA helix, which could be imparted by the presence o f the second 

1,8-naphthalimide moiety.

Significant changes in emission intensity were also observed upon excitation at 345 

nm for titration with [poly(dG-dC)]2 , displaying an initial increase in the MLCT emission 

by ca. 1.1 fold (0 -  0.3 base pair equivalents), followed by a large decrease o f 73% overall, 

reaching a plateau at ca. 3 base pair equivalents. The overall decrease in intensity from the 

starting point is the same as with the addition o f st-DNA, but the initial increase in 

intensity is slightly less with addition o f [poly(dO-dC)]2 . The decreased contribution to 

MLCT emission at both absorption bands may clearly be seen in the excitation spectrum, 

shown in the appendix. In the DNA bound form the 1,8-naphthalimide contribution to the 

Ru(Il) emission o f 69 has essentially disappeared.

3.4.3.7 Emission Titration o f 69 witli |poly(dA-dT)j2

The addition o f [poly(dA-dT) ]2  to a solution o f 69 resulted in a 42% and 19% 

hypochromicity in the 1,8-naphthalimide and MLCT absorption bands respectively, quite 

different to the results from the titration with the other DNA polymers. These results were 

also mirrored in the emission titration. Upon excitation at 450 nm, the titration o f 

[poly(dA-dT) ]2  resulted in an initial increase in the emission intensity o f approximately 1.5 

fold (0 -  0.6 base pair equivalents), followed by a decrease in the emission intensity 

(plateau at ca. 3 base pair equivalents), giving an overall emission intensity change o f 

14%). This was significantly less that observed for the st-DNA or [poly(dG-dC) ]2  

titrations.

Excitation o f  a solution o f  69 at 345 nm gave similar results, displaying an initial 

increase in emission intensity o f ca. 1.34 fold (0 -  0.45 base pair equivalents), followed by 

a ca. 70% quenching (plateau 3 base pair equivalents). The final intensity represents a 

decrease o f  ca. 47% overall. The decreased contribution to MLCT emission at both 

absorption bands may clearly be seen in the excitation spectrum, shown in the appendix. 

Overall, the emission responses o f 69 to added DNA are quite sensitive to the particular 

base content.
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3.4.3.S Model for the Emission Changes of 69 upon Titration with DNA

A summary o f the emission response o f  69 to st-DNA, [poly(dG-dC) ] 2  and 

[poly(dA-dT) ] 2  is given in Table 3.8.

Table 3.8 Emission responses o f 69 to added DNAs.

st-DNA t 25% i 46% t 14% i 73%

|poiy(dG -dC )l2 t 17% i 42% t 10% i 73%

[poIy(dA-dT ) ] 2 T 50% i 14% T 34% i 47%

In proposing a photophysical mechanism to account for the above changes for 69 

upon titration with DNA a num.ber o f  points must be considered:

1. Upon excitation at both 450 nm and 345 nm the titration o f st-DNA, [poly(dG- 

dC) ] 2  and [poly(dA-dT) ] 2  all resulted in an initial increase in emission intensity 

followed by a decrease.

2. Upon excitation at 450 nm the greatest increase and smallest overall decrease in 

emission intensity was observed for addition o f [poly(dA-dT)]2.

3. Upon excitation at 345 nm the smallest initial increase and greatest overall 

decrease in emission intensity was observed for addition o f [poly(dG-dC)]2 .

4. The metal centre in 69 is not sufficiently reactive in the excited state to undergo 

electron transfer from DNA.

5. The metal centre in 69 is held more tightly in contact with DNA than that in 68.

6. Solution studies suggested that an equilibrium does not exist between the triplet 

excited states o f the 1,8-naphthalimide and Ru(II) polypyridyl complex.

The initial increase observed when exciting the Ru(Il) complex at 450 nm is most 

likely due to binding o f the metal centre to DNA, which results in it being protected from 

quenching, as was also observed for the mo no-1,8-naphthalimide complex 68. The 

greatest increase is observed with added [poly(dA-dT ) ]2  due to the narrower minor groove 

o f this DNA polymer, in which bound metal complex is protected from quenching more 

effectively. The increase is subsequently followed by a decrease, which is suggested to be 

due to the diminished absorption capability o f  the complex. In fact the quantum yield o f 

emission from the metal centre upon excitation at 450 nm increased slightly from 0.014 for 

free complex, to 0.017 for complex bound to st-DNA, supporting this hypothesis.
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Emission enhancement also occurs at low Bp/D equivalents upon excitation at the

1.8-naphthalimide band o f 69. This does not occur for mono-l,8-naphthalimide complex 

68, implicating the second 1,8-naphthalimide in the initial enhancement. It is proposed 

that the initial increase in intensity is due to disruption o f stacking of the

1.8-naphthalimides, by the presence o f a small quantity o f DNA, which results in more 

efficient energy transfer to the metal centre. This disruption o f stacking and subsequent 

DNA interaction o f 69 is represented schematically in Figure 3.20.

DNA

O  K u ( l l )  complex

1 ,8-naphthalimidc

Figure 3.20 Schematic representation o f  stacked and unstacked 1,8-naphthalimides and 

the influence o f DNA on this process.

The decrease in emission intensity from the metal centre that results upon excitation 

at 345 nm, may be attributed to two factors. Firstly quenching o f the 1,8-naphthalimide 

singlet excited state by electron transfer from the nucleotides, as previously discussed. The 

second factor to be considered is diminished population o f the excited state resulting from 

a decreased oscillator strength o f absorption, which will have a similar effect to the 

quenching by electron transfer.

Complexes 68 and 69 display quite interesting and useful emission responses to 

added DNA. In both cases communication between the constituent chromophores was 

shown to be significantly altered upon interaction with DNA. Upon excitation o f 68 at 450 

nm a preferential enhancement o f emission is observed with [poly(dA-dT)]2 . However, 

upon excitation at 338 nm a decrease in Ru(II) emission resulted with all o f the DNA 

polymers employed, which was attributed to diminished light harvesting ability o f  the

1,8-naphthalimide. Decreased energy transfer from the 1,8-naphthalimide to the Ru(II) 

centre resulting from an increased separation distance caused by DNA binding may also
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play a role. However, the contribution cannot be evaluated without studies on further 

derivatives incorporating different length linker moieties.

Complex 69 displayed quite different emission behaviour to its analogue 69, which 

were representative o f  the increased complexity imparted by the second 1,8-naphthalimide 

chromophore. Upon excitation at 450 nm an initial increase in intensity was observed, 

followed by a decrease, with the greatest increase and smallest overall decrease observed 

with the titration with [poly(dA-dT)]2 . Upon excitation at 345 nm this system displayed an 

initial increase in intensity followed by a decrease. The initial increase was proposed to be 

due to perturbation o f  stacking o f the 1,8-naphthalimides by DNA, the result being more 

efficient energy transfer to the Ru(II) centre. The greatest decrease was observed with 

addition o f [poly(dG-dC)]2 .

In both cases the observed spectroscopic changes were consistent with intercalative 

binding o f the 1,8-naphthalimide, and groove association o f the Ru(II) centre, similar in 

nature to the binding o f  the complexes discussed in Chapter 2. The changes at the MLCT 

absorption band o f 69 were o f  particular significance, and to the best o f our knowledge 

greater than any changes previously observed for the binding o f a tris-bipyridine Ru(II) 

complex to DNA. Further information on the binding mode was obtained from thermal 

denaturation, circular dichroism, and ethidium bromide displacement studies, as detailed in 

the following sections.

3.4.4 DNA Thermal Denaturation Study of 68 and 69

Thermal denaturation studies were carried out to fLirther elucidate the nature o f  the 

interaction o f 68 and 69 with DNA. The addition o f both 68 and 69 to a solution o f DNA, 

resulted in significant shifts in the Tm value, as is evident in Figure 3.21, with 68 giving a 

shift in Tm o f 6.8 °C. Surprisingly a much smaller stabilisation was observed with 69, 

giving a shift in T,,, o f 2 °C. It seems from these results that 68 binds by a classical 

intercalative mode, whereas 69 binds in a non-classical mode, such as partial intercalation 

or groove binding o f  the two 1,8-naphthalimides, which does not stabilise the helix to the 

same extent, similar to the systems discussed in Chapter 2.

122



Chapter 3 Flexible Ru(ll)-l,8-naphthalimide Conjugates

1.0 -

0)
0  0.8H
(U

°  0.6 H 
<
1  0.4 H
CO
E
O  0.2

0 .0 -

■ ▲ 
■ ▲

■

50
— I—  

60
— I—

70
— I—  

80

Temperature °C

— I-----

90

•■ * •
■ • 68 77.0 (± 10%)

A  •  

■ • 69 73.2 (± 10%)
A • 

• —

Figure 3.21 Thermal denaturation curves o f  ct-DNA (150 fiM) in 10 mMphosphate buffer, 

at pH  7, in the absence (m) and the presence o f  68 (•)  and 69 ( k )  at a Bp/D ratio o f  5.

3.4.5 Circular Dichroism Study of 68 and 69

Circular dichroism titrations were carried out on 68 and 69, in which the 

concentration o f DNA was kept constant and that o f the metal complex was varied to give 

a range o f Bp/D ratios. Both conjugates displayed similar CD behaviour, the spectra for 68 

being shown in Figure 3.22

Here, a small ICD was observed at long wavelength with the maximum appearing 

at approximately 470 nm for the MLCT absorption band, which confirms that the Ru(II) 

component o f 68 is associated with the DNA. The relatively small change observed might 

be due to a binding mode in which the Ru(Il) centre binds externally, being partially 

inserted into the grooves o f the DNA. As was observed for the systems in Chapter 2, a 

small ICD was also observed in the region o f absorption o f the 1,8-naphthalimide at ca. 

350 nm. Large changes in CD signal were seen in the region o f absorption o f DNA, which 

is possibly due to a combination o f  conformational changes o f the DNA induced by the 

bound complex, or alternatively due to ICD o f the bound complexes themselves.
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Figure 3.22 Circular dichroism curves o f  (a) ct-DNA (150 ijlM) in 10 mM phosphate 

buffer, at pH  7 in the absence and presence o f  68 at varying ratios, and (b) the difference 

spectra obtained.

3.4.6 Ethidium Bromide Displacement Assay of 68 and 69

The interaction o f  68 and 69 with DNA was further characterised using the EtBr 

displacement assay, as discussed in Chapter 2. The displacement profiles for 68 and 69 

are shown in the appendix. The binding affinities determined from this assay were in good 

agreement with those calculated from fits to the UVA^isible absorption data. Complex 68 

was shown to possess a slightly lower affinity for DNA compared to that o f EtBr, with a 

calculated binding constant K o f  8 x 10  ̂ M ''. Complex 69 displayed equal affinity for 

DNA as EtBr with a binding constant o f  1 x 10  ̂M '. The important information obtained 

from these studies is that both the 1,8-naphthalimides in 69 contribute to the DNA binding 

affinity, as it binds with slightly greater affinity than 68. However, the absence o f 

cooperativity in the binding action is again indicative o f  considerable ground state 

interaction o f the 1,8-naphthalimides, which lowers the overall affinity o f the system for 

DNA.

3.5 Conclusions

In this chapter it has been shown that the interruption o f energy transfer from a 

1,8-naphthalimide donor to a Ru(II) fxjlypyridyl complex acceptor, may also be used as a 

basis for probing DNA. As was anticipated, both 68 and 69 display an antenna effect in 

which light was harvested by the 1,8-naphthalimide moieties, resulting in energy transfer 

to the Ru(II) and subsequent emission. In addition, they possessed reasonably high $ f, 

and did not undergo quenching processes like the systems discussed in Chapter 2.
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Complex 69 did not possess lifetimes significantly longer than the reference complex 41. 

Consequently, it was concluded that triplet equilibrium does not occur between the .^u(II) 

centre and the appended organic functionalities.

Both systems were shown to strongly bind DNA and undergo large changes in 

spectroscopic properties upon doing so. Again the bifimctional nature o f the molecules 

proved useful, as two sets o f photophysical properties were available for probing the 

interaction. The Ru(II) centre through its MLCT emission may be regarded as a reporter o f 

the interaction with DNA, and the associated excited state processes undergone by the

1.8-naphthalimide moiety. Both decreased absorbance and electron transfer quenching o f 

the 1,8-naphthalimide moiety, were reported by significant changes in the Ru(ll) MLCT 

based emission. The MLCT emission was modulated to varying degrees with different 

DNA sequences, in particular due to changes in the sensitization ability of the

1.8-naphthalimide. More pronounced quenching was observed in the presence o f GC rich 

sequences, which was attributed to enhanced electron transfer quenching of the

1.8-naphthalimide excited state by guanine nucleotides. Consequently, 68 and 69 display 

quite usefial sequence selective emission responses, properties not commonly possessed by 

Ru(II) polypyridyl complexes.

From consideration o f all o f  the DNA binding studies conducted on these systems, 

an overall binding mode was proposed, involving insertion o f  the 1,8-naphthalimide 

chromophores in to the DNA helix, and groove association o f the Ru(II) complex. The 

binding behaviour o f both systems proved complex to analyse, in particular that o f  the 

bis-complex 69. While the addition o f  a second 1,8-naphthalimide moiety does improve 

the binding and spectroscopic responses upon binding to DNA, it results in more complex 

behaviour in comparison to 68. This is possibly due to both stacking interactions o f  the

1.8-naphthalimides in solution, as well as a greater number o f possible binding modes 

resulting from the presence o f the second chromophore.

Flexible linkers were employed in the systems described in this chapter and in 

Chapter 2. Although these did result in conjugates which displayed excellent 

spectroscopic responses to DNA, they also allowed for quite independent movement o f the 

constituent components o f each complex, and therefore a large number o f possible modes 

o f interaction with DNA. The next logical step in the research was therefore to employ 

more rigid linkers, which did not allow for the same degree o f freedom o f the

1.8-naphthalimide and Ru(II) units when linked to each other. Complexes comprising such 

an arrangement will be discussed in the following chapter.
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4.1 Introduction

In the two preceding chapters the properties o f  systems comprising flexible linkers 

were presented. It was shown that the nature o f the linker influences the inherent 

photophysical properties o f the system, and in defining the geometric arrangement o f  the 

subunits with respect to each other, profoundly influences the nature o f the available 

binding modes to DNA. It was subsequently demonstrated, that the addition o f  DNA 

resulted in substantial changes in spectroscopic properties o f  each o f these families o f  

complexes.

In this chapter the effect o f a more rigid arrangement o f  the components, on the 

DNA binding properties o f  Ru(II)-l,8-naphthalimide conjugates is described. 

Furthermore, the effect that such an arrangement has on the photo physical properties o f  the 

complexes, and the degree o f interaction between the constituent chromophores will also 

be studied, in light o f the potential application as probes.

A number o f  modifications to the design presented in the previous chapters have 

been made. Firstly, the flexible linker was replaced by a more rigid aromatic group, which 

allows only for limited rotational flexibility o f the system; secondly, only 

mono-l,8-naphthalimides were addressed to limit intramolecular interactions; thirdly, the 

importance o f shape selective recognition o f DNA was considered, through the use o f  two 

types o f connectivity around the central aromatic ring. The first in which the Ru(II) 

polypyridyl and 1,8-naphthalimide units have a para arrangement with respect to each 

other, and the second in which they have a meta arrangement to each other. These 

arrangements are designated as linear and wedged, respectively, for simplicity. While such 

a linker does not allow for changes in the overall distance between the two chromophores, 

it does allow for changes in their orientation with respect to each other. The resulting 

complexes are shown in Figure 4.1.

It was anticipated that their different arrangements would result in substantial 

differences in the DNA binding modes o f these systems, where in the linear systems (76 

and 78) the 1,8-naphthalimide and Ru(II) units point away from each other, whereas in the 

wedged systems (77 and 79) they have a more complementary orientation with respect to 

each other. More importantly, it was expected that in restricting the number o f potential 

DNA interactions, a more systematic understanding o f the factors influencing the strength 

o f DNA binding could be elucidated.
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Figure 4.1 Target complexes 76 -  79 and their relationship to one another.

As was discussed in the preceding chapters, the substituents on the 

1,8-naphthalimide ring profoundly affect the photophysical properties o f  the resulting 

conjugates. It was therefore decided to also incorporate a substitution study into the 

research presented in this chapter. Complexes 78 and 79 were identified as targets, as they 

should easily be prepared by reduction o f  their nitro analogues 76 and 77. This was 

regarded as being the most efficient way o f  investigating the effect o f  varying substitution. 

The nitro complexes 76 and 77 should be weakly emissive, due to the electron transfer 

processes discussed in Chapter 2, whereas their amino analogues 78 and 79 should be 

strongly emissive due to the diminished reducing ability o f  the 4-amino-1,8-naphthalimide.

In the context o f  DNA binding the 1,8-naphthalimide is anticipated to contribute to 

high affinity binding through intercalation, while the Ru(ll) centre should contribute to the
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overall interaction through electrostatic association with the helix or insertion into the 

grooves.

4.2 Synthesis

The synthesis o f rigid complexes 76 -  79 was different to that o f the flexible 

derivatives discussed in the previous chapters, hence a detailed discussion will be provided 

here. The route to complexes 76 and 78, in which the bipyridine and 1,8-naphthalimide 

moieties are para to each other will be discussed as an example. A very similar procedure 

was applied in the synthesis o f 77 and 79.

4.2.1 Synthesis of Aniline Substituted Bipyridines 86 and 87

The preparation o f aniline functionalised bipyridine 86 was achieved according to a 

literature procedure, as outlined in Scheme 4.1.'^' Its analogue 87 comprising a meta 

arrangement was synthesised using the same general procedure. Full characterisation is 

given in Chapter 7.

•= N

82a (para) 
83a (meta)

82 (para)
83 (meta)

80 (para)
81 (meta)

»=N *=N >=N
(iii)

86 (para)
87 (meta)

84 (para)
85 (meta)

82b (para) c O f  
83b (meta)

Scheme 4.1 Synthesis o f  amino substituted bipyridines 86 and 87. Reagents and 

conditions: (i) CH3COCO2 , EtOH, 2M NaOH, 2M HCl, (ii) 2-pyridacyl pyridinium iodide, 

NH4OAC, H2 O, (iii) H2NNH2 . Pd/C, EtOH.

The first step involved condensation o f the benzaldehyde 80 with sodium pyruvate, 

under basic conditions at 0 ”C, followed by acidification to afford the chalcone 82, as a 

yellow solid in 54% yield. The first pyridine moiety was incorporated by reflux o f 82 with 

2-pyridacyl pyridinium iodide in water, to give the intermediate 82a. Also present in the 

reaction mixture was NH4OAC, which reacted at the two carbonyl groups in 82a, resulting
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in ring closure and formation o f the intermediate carboxyl salt 82b. This was vigorously 

heated under vacuum to yield the decarboxylated product 84, which was purified by reflux 

with activated charcoal. This afforded the product as a pale yellow solid in 87% yield. 

The final step involved reduction o f the nitro group using hydrazine in the presence o f a 

10% Pd/C catalyst, to yield the aniline functional is ed bipyridine 86 , as an o ff white solid in 

86% yield. The route to the amine 87, for use in the synthesis o f complexes 77 and 79 is 

very similar to that for 86 , using 3-nitro-benzaldehyde as starting material in place o f the 

4-nitro derivative used above. The yields obtained in synthesis o f this derivative are 

presented in Table 4.1.

Table 4.1 Synthesis o f  aniline substituted bipyridines.

80 para 82 54

81 meta 83 63

82 para 84 87

83 meta 85 37

84 para 86 86

85 meta 87 97

4.2.2 Synthesis of 1,8-naphthalimide-bipyridine Ligands 88 and 89

The amine 86 was successfully condensed with 4-nitro-1,8-naphthalic anhydride by 

refluxing the two compounds in anhydrous ethanol, under an argon atmosphere for 24 

hours. Following ether precipitation, the desired ligand 88, was obtained as a pale-yellow 

solid in 84% yield. This novel ligand was characterised using 'H NMR, '^C NMR, 

elemental analysis, mass spectrometry and IR. The 'H NMR spectrum (400 MHz, CDCI3) 

o f 88 is shown in Figure 4.1. Resonances corresponding to the 1,8-naphthalimide and 

bipyridine moieties are evident, in addition to those for the bridging aromatic ring (see 

assignment in Figure 4.2).
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Scheme 4.2 Synthesis o f 1,8-naphthalimide-bipyridine ligand 88. Reagents and 

conditions: (i) EtOH, Argon atmosphere, 24 hours.
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Figure 4.2 'HNMR spectrum o f 88 (CDClj, 400 MHz).

Derivative 89, comprising a meta arrangement o f the 1,8-naphthalimide and 

bipyridine around the connecting ring was synthesised using the same procedure, as 

detailed in Table 4.2.

Table 4.2 Synthesis o f  1,8-naphthalimide-bipyridine ligands 88 and 89.

86 Para 88 84

87 meta 80 '84
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The procedure employed allows for easy preparation o f  the ligands 88 and 89 in 

both small and large quantities. However, numerous different procedures were attempted, 

before successful condensation o f  the aromatic amine 86 with 4-nitro-l,8-naphthalic 

anhydride was achieved, details o f  which are given in Table 4.3. The failure o f  86 to react 

under many o f  these conditions is quite surprising, as this amine had previously been 

condensed with the unreactive 1,4,5,8-naphthalic dianhydride.

Table 4.3 Conditions investigated for condensation o f 86 with 4-nitro-l,8-naphthalic 

anhydride. In all cases anhydrous solvents were used.

Toluene, DMAP (catalytic), acetic anhydride, 24 h reflux Unsuccessful

Toluene, DMAP (equivalent), acetic anhydride, 24 h reflux Unsuccessful

Toluene, N(CH 3)4 0 H, 24 h reflux Unsuccessful

Toluene, KO‘Bu, 24 h retlux Unsuccessful

Toluene, KO'Bu, molecular sieves, 24 h reflux Unsuccessful

DM A, molecular sieves, 24 h reflux Unsuccessfijl

DM A, molecular sieves, 17 h reflux, 

pyridine, acetic anhydride, 20 h reflux

Unsuccessful

Pyridine, molecular sieves, 24 h reflux Unsuccessful

Pyridine, ZnOAc, 24 h reflux Unsuccessftjl

Glacial acetic acid, 24 h reflux Unsuccessfiil

Ethanol, 24 h reflux Successful

Fortunately, the desired product was successfully formed by reflux o f  the amine 

and the anhydride in dry ethanol under an inert atmosphere. This reaction has the added 

advantage o f  being extremely easy to work up, with pure product being obtained by direct 

precipitation o f  the reaction mixture into ether. It does seem  quite surprising that these 

mild reaction conditions afford the desired product in high yield and in high purity after 

reflux for 24 hours. Analysis o f  the reaction mixtures from the unsuccessful attempts 

showed either the presence o f  pure starting material, or insoluble oligom eric material. 

Thus it seems that in these cases the reaction either did not go at all, or the conditions were 

too harsh, and decomposition o f  both the starting materials and any product formed 

occurred. We propose that the mechanism for product formation under the successful 

conditions involves firstly reaction o f  the amine at the anhydride ring. The acid present in

131



Chapter 4 Rigid Ru(Il)-1,8-naphthalimide Conjugates

the opened ring then undergoes esterification with the ethanol solvent, and the resulting 

ester reacts in the ring closing reaction to give the product. This process is presented in 

Scheme 4.3.

Scheme 4.3 Proposed mechanism for the formation o f ligand 88.

4,2.3 Complexation of 88 and 89 with Ru(bpy)2Cl2

Ligands 88 and 89 were complexed in the same manner as for the systems 

described in Chapter 2, Section 2.2.4, as shown in Scheme 4.4. This involved dissolution 

o f  the ligand and Ru(bpy)2 Cl2 in DMF/H2 O, degassing o f  the mixture by bubbling with 

argon for five minutes, and then stirring o f the mixture at 100 "C overnight. The 

complexes were purified as described before. The 4-nitro-l,8-naphthalimide based 76 and 

77 were then reduced to their corresponding 4-amino-1,8-naphthalimide analogues 78 and 

79, in MeOH using 10% Pd/C, at 1 atm o f H2 , for 24 hours. Filtration o f the reaction 

mixture through celite afforded the desired products 78 and 79 in high purity. Novel 

compounds were characterised using the fiill range o f techniques described in Chapter 2, 

see Chapter 7 for further details. There was a very large degree o f overlap in the 'H NMR 

spectra (recorded in CD3 CN) o f both complexes and as such assignment o f  all the 

resonances was not possible. '^C NMR spectra (recorded in CD3 CN) were also obtained, 

in which all the expected resonances were visible. The successful formation o f  the 

complexes was also clearly evident from accurate mass spectrometry, where 76 displayed a 

peak at 886.1572, corresponding to the ion, and 78 displayed a peak at 856.1822, 

corresponding to the ion.
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Scheme 4.4 Complexation o f  ligand 88 with Ru(bpy)2 Cl2 and reduction o f  the resulting 

complex. Reagents and conditions: (i) Ru(hpy)2 Cl2, DMF /  H2O, argon, (ii) MeOH, Pd/C, 

I atm H2.

4.3 X-ray Crystallographic Study

Numerous attempts, using a variety o f  solvent systems, were made to grow crystals 

suitable for X-ray crystallographic structure analysis o f the complexes discussed in 

Chapter 2 and 3. However, none o f these attempts proved successfijl, with the formation 

o f oils or powders occurring in all cases. The failure o f these complexes to crystallise was 

likely due to their flexible nature, and the large number o f  potential conformations. The 

rigid complexes described in this chapter lack such flexibility, and it has therefore been 

possible to grow crystals o f some o f these systems, the details o f  which will be discussed 

in the following sections.

4.3.1 X-ray Crystallographic Study of Complex 77

X-ray quality crystals o f  77 were successfully obtained by slow diffiision o f 

diisopropyl ether into an acetonitrile solution o f the complex as the PP6 salt. The structure 

along with labelling o f certain atoms is presented in Figure 4.3. A list o f  bond lengths, 

bond angles and dihedral angles corresponding to this structure is given in Table 4.4.
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Figure 4.3 X-ray crystal structure o f  77, grey represents carbon atoms, red oxygen atoms, 

blue nitrogen atoms and magenta ruthenium atoms. Hydrogen atoms and counter-ions 

have been omitted for clarity.

The ruthenium -  nitrogen bond lengths are within the range 2.028 -  2.074 A, the
2+ S 172bond length in Ru(bpy) 3  being in the middle o f  this range at 2.056 A. Thus the bond 

lengths are typical o f  those expected with a tris-polypyridyl ruthenium complex, and 

substitution o f the bipyridine does not seem to have a significant effect. The geometry 

around the metal is somewhat removed from an ideal octahedral environment, as is evident 

in the calculated bond angles, this deviation also being in agreement with the properties o f  

Ru(bpy)3 ^̂  in the solid state.

One o f the more important features o f the structure are the dihedral angles between 

the two components o f the conjugate, the 1,8-naphthalimide moiety being significantly 

twisted out o f plane with respect to the aromatic ring connecting it to the metal centre. The 

dihedral angle between the two was measured as 78.15°, approaching that o f  an orthogonal 

conformation. The fact that the 1,8-naphthalimide is twisted out o f plane to such an extent 

may have interesting consequences on the DNA binding behaviour o f  this complex, 

assuming that 77 adopts a similar conformation in solution, which is likely due to the 

restricted rotation around the connecting ring. The 1,8-naphthalimide would be expected 

to insert into the helix, but because o f the orientation the ligand part o f the system will 

remain externally bound. This will be discussed in more detail when the results o f  DNA 

binding studies have been presented. It is also worth commenting on the orientation o f the 

nitro group at the 4-position o f the 1,8-naphthalimide, which is twisted out o f plane as 

suggested in Chapter 2.
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Table 4.4 Selected bond lengths, bond angles and dihedral angles fo r  77.

N1 Rul 2.035 N1 Rul N2 78.67
N2 Rul 2.055 N1 Rul N3 172.02
N3 Rul 2.031 N1 Rul N4 94.60
N4 Rul 2.057 N1 Rul N5 96.90
N5 Rul 2.074 N1 Rul N6 90.09
N6 Rul 2.028 N2 Rul N3 96.67

N2 Rul N4 86.28
N2 Rul N5 174.91
N2 Rul N6 96.91

C44 C45 N7 C32 78.15 N3 Rul N4 78.53
C18C17C43 C44 17.97 N3 Rul N5 88.01

N3 Rul N6 96.95
N4 Rul N5 96.63
N4 Rul N6 174.78
N5 Rul N6 80.50

The packing diagram o f  77 is shown in Figure 4.4, viewed along the c* axis. From 

examination o f  the packing diagram it is apparent that there are eight metal complexes per 

unit cell. O f these the 1,8-naphthalimide moieties o f  four complexes stack over each other 

in the centre o f  the cell, and the other four point outwards. Presumably those 

1,8-naphthalimides pointing outwaids interact with others in adjacent cells.

Figure 4.4 Crystal packing diagram o f  77, viewed along the c* axis. Hydrogen atoms and 

counter-ions have been omitted fo r  clarity.
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4.3.2 X-ray Crystailographic Study of Complex 76

Attempted crystallisation o f  76 by diffusion o f  diisopropy! ether into an acetonitrile 

solution o f  the complex, resulted in the formation o f  spherical crystals, a photograph o f 

which is given in Figure 4.5. Several repeated attempts gave the same result, with one o f 

the attempts resulting in the formation o f  small rectangular crystals. The spherical objects 

in Figure 4.5 are solid and o f crystalline nature, as is evident from the circled particle 

which was scratched with a needle. Despite this they failed to diffract after repeated 

attempts. One o f the rectangular crystals did however, diffract, although the data was not 

o f sufficient quality to enable a crystal structure to be fiilly solved to within acceptable 

limits o f  error for publication. The structure resulting from this is, nevertheless, shown in 

Figure 4.6, as it does illustrate the overall molecular arrangement. Hence, it is useful for 

comparison to the structure obtained for 77.

Figure 4.5 Photograph o f crystals obtained o f linear complex 76.

From the structure it is clear that the 1,8-naphthalimide is substantially twisted out 

o f plane with respect to the connecting aromatic ring, similar to that observed for 77. 

However, in the structure for 76, the 1,8-naphthalimide is as expected pointing away from 

the metal complex component o f the system. Hence, it is likely that these different 

structural arrangements will have significant effects on the DNA binding ability o f  such 

complexes, as was anticipated in the initial design.
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Figure 4.6 X-ray crystal structure o f  76, grey represents carbon atoms, white hydrogen 

atoms, red oxygen atoms, blue nitrogen atoms and magenta ruthenium atoms.

In light o f  these structural observations, for future discussion, complexes 76 and 78 

will be referred to as linear and complexes 77 and 79 as wedged.

4.4 Photophysical Properties of 76 -  79

4.4.1 UV/Visible Absorption Properties of 76 -  79

The photophysical properties o f  76 -  79 were next investigated. The notation 

shown in Figure 4.7 will be used throughout the remainder o f  this chapter, as a structural 

representation o f  each conjugate. It was anticipated that both the substituent on the

1,8-naphthalimide ring and the connectivity between the two chromophores, would have 

an effect on the photophysical properties o f  the resulting conjugates. The linear derivatives 

are considered in detail and are described below.

RuV° ’RuV
77 79

Figure 4.7  Molecular arrangement o f  complexes 76 -  79.

The absorption, excitation and emission spectra o f  76 and its amino analogue 78 are 

depicted in Figure 4.8a and 4.8b, respectively. Examination o f  the UV/Visible absorption 

spectrum o f7 6  reveals bands characteristic o f  both the Ru(ll) polypyridyl and 4-nitro-l,8- 

naphthalimide chromophores, where the intense band centred around 287 nm was 

attributed mainly to tt-tt* intraligand transitions, the band at 350 nm to the

1,8-naphthalimide tt-tt* transitions, and the band centred at 457 nm to the MLCT
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transitions o f  the Ru(II) centre, which was very slightly red shifted conpared to that o f  

Ru(bpy)3 ^ .̂ The absorption properties o f  78 w ere somewhat different. The band at 287 

nm was still present, although its molar absortivity was slightly reduced compared to 76 . 

A single band was observed at 451 nm corresponding to both tie  4-am ino-l,8- 

naphthalimide and the Ru(II) MLCT transitions. A summary o f  :hese absorption 

properties is given in Table 4.5.
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Figure 4,8 UV/Visihle, excitation and emission spectra o f  (a) 76 (6.5 ilM) and (h) 78 (6.5 

liM), both in 10 mM  phosphate buffer, at p H  7. The water Raman hand is denoted by *

Table 4.5 Absorption properties o f  76 -  79 in 10 mM  phosphate buffer, p H  7 at 298 K.

76 287 [68000] 350 [18000] 457 [15000]

77 287 [78200] 351 [19000] 457[14800]

78 287 [54200] 451[18000]

79 287 [53000] 451 [18000]

The systems discussed in this chapter all contain a single 1,8-mphthalimide moiety, 

and as such intra-molecular interactions involving 

1,8-naphthalimide stacking is not expected. However, 

due to the potentially greater conjugation afforded by the 

aromatic linkers in these complexes, ground state 

electronic interactions between the components may be

significant. For this reason additive spectra were
2+

recorded, in which the absorbance o f  Ru(bpy ) 3  , the

appropriate water soluble nitro or amino 1,8-naphthalimide deriva;ive (59 or 90), the

L L
1
N.

1
O c^ N .^ 0

L A

59 NO2 90 NH2
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summed spectra o f these two, and complexes 76 or 78 were compared. The resulting 

spectra for 76 and 78 are contained in the appendix.

From examination o f these Figures it is apparent that for 76, there is a close 

agreement between the actual spectrum and that calculated from summation o f  the 

constituent components o f the complex. The main difference is the slight red shift in 

absorption maximum o f the MLCT band, due to the lower energy excited state as outlined 

earlier. Overall the close agreement suggests negligible ground state electronic interaction 

between the 1,8-naphthalimide and Ru(II) units in 76, and also precludes intermolecular 

stacking interactions o f the 1,8-napthalimide moieties at the concentration employed in this 

study.

The behaviour o f 78 was, however, quite different. The absorption o f this complex 

was significantly less than that predicted from summation o f its components. This would 

immediately suggest that there was a significant electronic interaction between the two 

components, leading to a reduced overall oscillator strength tor either or both o f  the 

overlapping absorption bands. Hence, the ground state properties o f  these rigid complexes 

are very sensitive to the nature o f the substituents at the 4-position o f the 

1,8-naphthalimide ring system.

Very similar UV/Visible absorption behaviour was observed for the meta arranged 

complexes 77 and 79, as shown in the appendix. The absorption properties for 77 and 79 

are also detailed in Table 4.5. From examination o f the data it is clear that very similar 

absorption properties are possessed by corresponding linear and wedged complexes, and 

that the different arrangements do not significantly alter the ground state properties.

4.4.2 Emission Properties of 76 -  79

Excitation o f an aqueous solution o f the 4-nitro-1,8-naphthalimide containing 

complexes 76 and 77 resulted in essentially no emission from the 1,8-naphthalimide 

moiety, and MLCT based emission at around 625 nm. The absence o f a 1,8-naphthalimide 

associated emission band suggests that sensitization o f  the MLCT excited state through 

some energy transfer process occurs, in a similar manner to the complexes discussed in 

Chapter 3. Excitation o f an aqueous solution o f 78 and 79 at 450 nm resulted in similar 

behaviour, in that no emission was observed from the 1,8-naphthalimide, but a band at 625 

nm corresponding to MLCT emission occurred. The >.max and for 76 -  79 are detailed 

in Table 4.6.
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Table 4.6 Emission properties o f  76 -  79 in 10 mMphosphate buffer, pH  7 at 298 K.

76 625 0.004
77 625 0.001
78 625 0.019
79 625 0.018

RuV°’RuV
77 79

From analysis o f the results for the nitro complexes 76 and 77, it is clear that 

significant quenching o f the MLCT excited state by the 1,8-naphthalimide moieties occurs. 

This most likely involves an electron transfer, similar to that observed in Chapter 2. Both 

systems displayed essentially no 1,8-naphthalimide emission suggesting that energy 

transfer from the 1,8-naphthalimide singlet state to the MLCT singlet state may occur. The 

'MLCT state produced as a result o f this process then crosses to the triplet state, which is 

quenched by the electron transfer mechanism just described.

'N aph

....................................................................... 'M L C T

\  ^Naph ................  'M L C T  /

N aphthalim ide Ruthenium  complex

Figure 4.9 Qualitative energy level diagrams describing the possible energy transfer from 

‘Naph to 'MLCT and excited state equilibrium between ^Naph and ^MLCT, in amino 

substituted complexes 78 and 79. Radiative transitions are represented by solid lines 

and non-radiative transitions by dashed lines.

The emission displayed by the amino complexes 78 and 79 was quite different to 

that from the nitro complexes 76 and 77. No emission was observed from the 

1,8-naphthalimide moiety in either 78 or 79, suggesting the presence o f  efficient energy 

transfer to the metal centre. A similar observation has previously been made by Castellano 

and co-workers for 4-piperidinyl-l,8-naphthalimide-Ru(ll) conjugates, and was attributed
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to efficient singlet-singlet energy transfer between the two c o m p o n e n t s . T h e s e  systems 

possessed very long Hfetimes, due to the presence o f  an equilibrium between the triplet 

states o f  the 1,8-naphthalimide and the Ru(II) polypyridyl complex, and it was anticipated 

that similar processes could be occurring in 78 and 79, in that efficient energy transfer 

from 'Naph to 'M LCT occurs, as shown in Figure 4.9. The quantum yields o f  these 

systems, being somewhat less than that o f  Ru(bpy)3^'^,suggests that interaction o f  the triplet 

states may also occur,. This may be due to an equilibrium or energy transfer process to
-j

Naph, which results in an overall decrease in population o f  the MLCT. However, it is 

also worth bearing in mind that upon excitation at 450 nm, not all o f  the light is absorbed 

by the metal centre, due to the overlap o f  the 1,8-naphthalimide and MLCT absorption 

bands.

From consideration o f  the above photo physical properties it is clear that the 

strategy employed in the design o f  76 -  79 was successful in yielding systems with varying 

photophysical properties, by simply changing the nature o f  the substituents at the 

4-position o f  the appended 1,8-naphthalimide moiety. In addition, from examination o f  the 

crystal structures it is apparent that the use o f  the more rigid aromatic linkers in these 

systems, allows for more precise control o f  the orientation o f  1,8-naphthalimide and Ru(II) 

polypyridyl components with respect to each other. This could have effects on the 

communication o f  the two chromophores, as discussed above, and is also expected to have 

interesting consequences on the nature o f  their interaction with DNA. This will be 

discussed in the following sections.

4.5 DNA Binding Interactions o f 76 -  79

Due to the bifunctional nature o f  76 -  79, these complexes were expected to 

interact with DNA through a combination o f  electrostatic and TT-stacking interactions, 

where the metal complex unit binds externally to the phosphate groups, while the 

1,8-naphthalimides bind through intercalative or groove binding interaction. To determine 

the nature o f  their binding to and affmity for DNA a number o f  spectroscopic titrations 

were carried out. Significant changes in the photophysical properties o f  each system were 

observed upon interaction with DNA.

4.5.1 Changes in the UV/Visible Absorption of 76 -  79 with DNA

The interaction o f  each complex with st-DNA was firstly investigated using 

electronic absorption spectroscopy, in which changes in MLCT and/or the
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1.8-naphthalimide bands were monitored, where appropriate. The titrations were carried 

out in the same manner as described in Chapter 2.

The titration o f DNA with the linear nitro complex 76 resulted in a 34% 

hypochromism at the 1,8-naphthalimide band, with a smaller change o f ca. 15% in 

absorbance o f the MLCT band, as depicted in Figure 4.10. The changes observed for the

1.8-naphthalimide band are similar to those observed for the more strongly bound species
18in the previous chapters, and are typical o f  intercalation. The changes in the MLCT band 

are greater than those observed for reference complex 41, which only displayed a 9% 

hypochromism. This confirms that the metal centre in 76 is possibly more tightly bound to 

DNA, probably being anchored by the 1,8-naphthalimide moiety. The greater affinity is 

also apparent in the binding constant determined from fitting to UVA^isible titration data.
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Figure 4.10 Changes in the UV/Visihle spectrum o f  76 (6.7 nM) upon addition o f  st-DNA 

(0 — 20.1 fiM base pairs), in 10 mM phosphate buffer, at pH  7. Inset: Plot o f  (€a-€j)/(€b- f̂) 

at 355 nm vs. equivalents o f  DNA and the corresponding non-linear fit.

A binding constant o f 4.5 x 10  ̂ M"' and binding site size o f ca. 1 base pair was 

determined for this system. The former is o f the same order as that determined for 45 and 

46, respectively, discussed in Chapter 2 o f  this thesis. The affinity is, however, two orders 

o f  magnitude greater than the constituent components, emphasising the effectiveness o f  the 

bifunctional nature o f these complexes as DNA binders. It is also interesting to note that 

despite displaying similar affinity for DNA to the flexibly linked complexes discussed in 

Chapter 2, a greater MLCT hypochromism results for the interaction o f 76 with the nucleic 

acid. Here, binding o f the 1,8-naphthalimide seems to pull the Ru(ll) centre into close

142



Chapter 4 Rigid Ru(II)-1,8-naphthalimide Conjugates

proximity to the helix, as the rigid linker does not allow for independent interaction o f the 

two components.

The addition o f DNA to the wedged nitro complex 77 resulted in significantly 

greater changes in the absorbance than its linear analogue, as shown in the appendix, and 

listed in Table 4.7. In addition, the affinity for DNA was significantly greater, with a 

calculated binding constant o f 1.9 x 10  ̂ M"' and binding site size o f 1.36 base pairs. The 

reason for the greater spectroscopic changes and the overall higher affinity displayed by 

this complex may be related to the structure, and particularly the orientation o f the 

1,8-naphthalimide and Ru(Il) components with respect to each other. From examination o f 

the crystal structure o f 77 it is apparent that a cleft exists between the two components, that 

should allow for tight binding of both the 1,8-napththalimide and Ru(ll) centre, the binding 

occurring in a manner in which each component complements the other. However, in the 

linear system 76 such a cleft does not exist, and the components o f the complex point away 

fi'om each other. Therefore, in binding to DNA the components o f the complex cannot 

complement each other in the same manner as for 77, resulting in smaller overall changes 

in photophysical properties and reduced DNA binding affinity.

Table 4.7 DNA binding parameters from  fits to absorbance data.

76 34% 15 % 4.5 X 10^(± 0.7) 0.98 (± 0.02) 0.99

77 45 % 21 % 1.9x 10^(± 0.6) 1.36 (± 0.02) 0.99

78 30% 3.0 X 10  ̂(± 1.0) 0.88 (± 0.06) 0.98

79 29% 1.1 X 10  ̂(± 0.5) 1.50 (± 0.06) 0.98

77 79

Unlike the nitro derivatives, the amino substituted complexes 78 and 79 do not 

possess spectroscopically distinct bands for the two components. Therefore, the 

absorbance changes displayed by these complexes were somewhat different. The changes 

for the linear amino derivative 78 are shown in Figure 4.11, and in Table 4.7. A binding 

constant o f 3.0 x 10  ̂M"' and binding site size o f 0.88 were determined fi'om fitting to the 

data, being quite similar to those o f the linear nitro complex above.
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Figure 4.11 Changes in the UV/Visihle spectrum o f  78 (7.0 fiM) upon addition o f  st-DNA 

(0 -  21 fiM base pairs), in 10 mMphosphate buffer, at pH  7. Inset: Plot o f  (€a-e^/(^b-^f) at 

451 nm V5. equivalents ofDNA and the corresponding non-linear fit.

It is likely that these two linear complexes bind in a similar fashion, with the

orientation o f the two components being the most important factor in determining the

nature o f  the interaction with DNA. The significant difference is a 5 nm shift in absorption

maximum o f  the 451 nm band o f 78, shifts such as this usually being associated with
18classical intercalation. This may be a consequence o f the twisting o f nitro groups in the 

4-position o f  1,8-naphthalimides out o f plane, due to steric interactions, as discussed in 

detail in Chapter 2. An amino group does not experience this type o f  twisting to the same 

degree, and as such its presence in a 1,8-naphthalimide derivative may allow for more 

complete insertion into the helix and spectral responses more like those o f classical 

intercalators.

The wedged amino complex 79 displayed a hypochromicity o f the long wavelength 

band o f 29%, and a bathochromic shift o f 7 nm, as shown in the appendix, which is almost 

exactly the same as that resulting from the addition o f DNA to complex 78. However, a 

binding constant o f 1.1 x 10  ̂ M'' and binding site size o f  1.50 base pairs were determined 

for this system. Table 4.7.

The binding constant is significantly larger than that o f the corresponding linear 

complex, which again emphasises the tighter binding interaction associated with a wedged 

arrangement o f the chromophores. From UVA'^isible absorption studies it is clear that 76 -  

79 bind DNA with high affinity, having binding constants o f the order o f 10  ̂ -  10  ̂ m  '.
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Furthermore, the nature o f the interaction with and the binding affinity tor DNA is quite 

sensitive to the arrangement o f the Ru(II) and 1,8-naphthaUmide components around the 

connecting ring, more intimate association with the DNA heHx being observed for a meta 

arrangement. The nature o f this interaction was further investigated using emission 

spectroscopy as detailed in the following section.

4,5.2 Emission Titration of 76 -  79 with DNA

As discussed in Section 4.3 the emission properties o f 76 -  79 were very much 

dependent on the substituent at the 4-position o f the 1,8-naphthalimide ring system. Nitro 

substituted derivatives 76 and 77 were weakly emissive in solution, whereas emission from 

their amino analogues 78 and 79 was considerably stronger. Significant differences in 

spectral response to added DNA were also observed between the corresponding nitro and 

amino substituted complexes, and as such they will be discussed separately.

4.5.2.1 Emission Titration of Nitro Complexes 76 and 77 with DNA

The emission spectrum o f linear nitro complex 76, obtained by excitation at 450 

nm, was found to change dramatically in the presence of increasing concentrations o f 

DNA. Two distinct phases o f change were observed in the emission profile. Firstly, an 

initial rapid decrease in emission intensity o f  28% was observed up to 1.2 base pair 

equivalents, followed by a more gradual increase to a plateau, as shown in Figure 4.12.

The initial decrease in emission intensity is most likely due to DNA induced 

stacking o f  the complexes.*^ In this stage o f  titration the ratio o f complex:DNA is high, 

and the fact that the complex has a high binding affinity is expected to result in complex -  

complex interactions. As discussed in Chapter 2, such stacking interactions place the 

metal centres in close proximity to each other, and quenching o f emission results. The 

intensity increase at higher DNA ratios is quite modest at 1.1 fold overall, but not 

unexpected due to the more rigid nature o f 76.
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Figure 4.12 (a) Changes in the M LCT emission spectrum o f  76 (6.6 fiM) (excitation at 450 

nm) upon addition o f  st-DNA (0 -  297 piM base pairs) in 10 mMphosphate buffer, at pH  7. 

(b) The change in integrated MLCT emission as a function o f  Bp/D. The water Raman 

hand is denoted by *.

Quenching o f the MLCT emission o f 76 in solution occurs by electron transfer to 

the 1,8-naphthalimide moiety, in a similar manner as for the flexible complexes discussed 

in Chapter 2. However, due to the flexible nature o f the complexes discussed in Chapter 

2, the distance between the metal centre and the 1,8-naphthalimide, and their 

communication, was modulated upon binding DNA. Such behaviour cannot occur for 76, 

due to its inherent rigidity. The observed emission increases for 76 must therefore be due 

to protection o f the metal centre by DNA from quenching by other species such as solvent 

and dissolved oxygen. The emission enhancement observed is therefore most likely due to 

a combination o f reduced quenching, and also a redistribution o f  complex bound to DNA 

from a self-stacking mode to a non-stacked mode. The latter may also help explain the 

large equivalents o f DNA necessary to reach a plateau in the emission intensity, as shown 

in Figure 4.12. Control experiments verified that the binding process was not time- 

dependent.

A similar emission profile was observed for wedged nitro complex 77 upon the 

addition o f DNA, as shown in Figure 4.13. Here, the initial intensity decrease is again 

likely due to a DNA induced stacking conformation, which forces the metal centres into 

close proximity. However, here the changes were greater than seen for 76, which may be a 

consequence o f  the molecular arrangement, with stacking o f  the 1,8-naphthalimides 

forcing the metal centres into closer proximity than in 76. The subsequent emission 

enhancement is also larger for 77 than for 76. This could be a consequence o f  the
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molecular arrangement, where insertion o f the 1,8-naphthalimide into DNA places the 

metal centre in closer proximity to the DNA, and hence into a more protected environment.
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Figure 4.13 Changes in the emission spectrum o f  77 (6.9 jxM) (excitation at 450 nm) upon 

addition o f  st-DNA (0 -  345 fiM base pairs) in 10 mM phosphate buffer, at pH  7. Inset: The 

change in integrated emission intensity as a function o f  Bp/D. The water Raman band is 

denoted by *.

Quite large equivalents o f DNA were necessary to reach the plateau for both 76 and 

77. This would initially suggest that the metal centre itself is quite loosely associated with 

the DNA. However, UV/Visible studies demonstrated the tight binding o f both 

components o f these complexes to DNA. Hence, it is possible that a large number o f 

equivalents o f DNA are necessary to effect a redistribution o f the complex from the 

stacked form.

The two rigid 4-nitro-1,8-naphthalimide containing complexes 76 and 77, 

emphasise the significant importance that the linker in a chromophore -  quencher assembly 

may have on the resulting spectral responses to added DNA. Both complexes were weakly 

emissive, and as such were expected to display different luminescence behaviour to the 

other complexes discussed in this thesis. However, very slight emission enhancements 

were observed for both o f these systems, as the distance between the metal centre and the 

1,8-naphthalimide, and consequently the rate o f electron transfer could not alter upon 

interaction with DNA. This is in striking contrast to the systems discussed in Chapter 2. 

Complexes 76 and 77 serve to emphasise how the interaction with DNA and resulting 

spectral responses may be significantly altered, not only by changing the nature o f the
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substituents on the 1,8-naphthalimide moiety, but also the nature o f  the linker, in particular 

its conformational properties. Both o f  these conjugates are locked into a non-emissive 

state, which cannot be significantly altered upon binding DNA.

4,5.2.2 Emission Titration o f Amino Complexes 78 and 79 with DNA

The emission from 78, due to excitation at 450 nm, upon titration with DNA is 

shown in Figure 4.14. Again, as was observed above, two distinct phases o f  change can 

be identified. The first region up to ca. five base pair equivalents, is steep and represents 

most o f  the intensity change. The change then becomes more gradual reaching a plateau o f  

1.8 fold overall enhancement in emission intensity at approximately 30 base pair 

equivalents. This enhancement may be regarded as being purely due to tight binding o f  the 

1,8-naphthalimide, which holds the metal centre in close proximity to the DNA, with 

subsequent loss o f  quenching.
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Figure 4.14 Changes in the emission spectrum o f  78 (6.9 fiM) (excitation at 450 nm) upon 

addition o f  st-DNA (0 -  345 piM base pairs) in 10 mM  phosphate buffer, at p H  7. Inset: 

The change in integrated emission intensity as a function o f  Bp/D.

DNA titrations were also carried out at varying salt concentrations. The results o f  

these studies are shown in Figure 4.15, which demonstrate, as expected, that the overall 

emission enhancement upon addition o f  DNA decreases as a fiinction o f  added NaCl. 

However, even at 100 mM NaCl substantial luminescent enhancements are observed, 

which suggest that non-electrostatic interactions are the most prominant in the binding o f  

this complex to DNA. This was anticipated in the initial design o f  these complexes, the
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1,8-naphthalimide providing high affinity binding through intercalation into DNA, with the 

metal centre remaining externally bound through electrostatic attraction to the phosphate 

backbone.

0 10 20 30 40 50

B p/D  ratio

Figure 4.15 Relative changes in the emission o f  78 (6.5 piM) (excitation at 450 nm) with 

increasing concentration ofst-D N A (0 -  58.5 [ j lM ) , in 10 m M  phosphate buffer (mj, 10 mM  

phosphate bujfer +  50 mM NaCl (*) and 10 m M  phosphate buffer + 10 0  m M  NaCl (A) .

The emission changes displayed by the wedged complex 79 upon addition o f  

DNA are shown in the appendix. These were significantly greater than those for its linear 

analogue 78, being characterised by a rapid initial increase ( 0 - 2  base pairs), followed by a 

very gradual increase up to a plateau at approximately 15 base pair equivalents, with an 

overall emission enhancement o f  2.6 fold. The significantly greater enhancement that

occurs for this system in comparison to its linear analogue 78 is clear in Figure 4.16, where
2 +the emission profiles o f  both complexes are compared to that o f  Ru(bpy )3 . This greater 

enhancement may be related to the arrangement o f  the constituents o f  the complex around 

the connecting ring. A meta arrangement creates a cleft as discussed in Section 4.4.1, the 

result o f  this being that the shape o f  the complex is more complementary to that o f  the 

DNA. Upon insertion o f  the 1,8-naphthalimide into the helix, the Ru(II) centre in 79 is 

held more tightly bound to the DNA than that in 78, and as a result is more effectively 

protected from quenching. Overall complex 79 displays a better fit in binding DNA.

Further examination o f  the spectra for titration o f  79 reveals an interesting feature. 

The first two additions o f  DNA seem to induce not only luminescence enhancement, but 

also a slight red shift in the emission maximum. It is not fially understood why this
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phenomenon occurs but may be due to a different mode o f interaction at low DNA ratios, 

in which the substituted bipyridine ligand is intercalated or partially intercalated. Addition 

o f further DNA effects a redistribution to a mode o f interaction that does not induce such a 

red shift.

As for the linear system 78, studies on 79 were also carried out at varying salt 

concentration. As before, an emission enhancement occurred in the presence o f 50 mM 

and 100 mM NaCl, although the magnitude o f  the change was decreased relative to that in 

10 mM phosphate buffer alone, see appendix. Nevertheless, this shows that 79 does 

remain bound to DNA, even at high ionic strength, and hence, non-electrostatic modes o f 

interaction are also important in its binding to DNA.

2 .7-1

• • • •
2 .4 -

O
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Ru-B-NHj
78 79

2 +

B p/D  ratio

Figure 4.16 Comparison o f  the emission intensity changes for Ru(hpy)s (L), 78 (m) and 

79 (•)  upon addition o f  DNA.

In addition to possessing contrasting photophysical properties to their nitro 

analogues, the amino complexes 78 and 79 also display different emission responses upon 

titration with DNA, where the emission intensity was enhanced by ca. 1.8 fold for 78 and 

2.6 fold for 79, respectively. These results are again, consistent with stronger binding o f 

wedged complexes to DNA due to greater complementary in shape.

It has been shown from the above studies, that a more precise control o f  the 

orientation o f  the components in bichromophore complexes, o f the type presented in this 

thesis, can have significant consequences on the nature o f  their interaction with DNA. 

Each o f the complexes 76 -  79 were shown to binds DNA with very high affinity, 

possessing binding constants o f  the order o f  10  ̂-  10  ̂ M"'. A wedged arrangement o f the 

chromophores was shown to result in greater affinity for DNA, due to a greater
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complementarity in shape o f  the complex to that o f  the helix. The emission profiles 

displayed by each system were characterised by two phases o f  change. However, the 

nature o f  the changes was substantially different for the amino complexes V5 . that o f  the 

nitro complexes, where both 78 and 79 displayed emission enhancements upon titration 

with DNA. The emission changes were shown to be moderately sensitive to added salt, 

suggesting non-electrostatic modes o f  interaction to be important in the overall binding 

process.

The nitro substituted complexes 76 and 77 displayed quite pronounced quenching 

o f  emission at low equivalents o f  DNA, followed by a gradual increase upon increasing 

concentration o f  DNA. These observations were attributed to DNA induced se lf stacking 

at low concentrations o f  the nucleic acid, followed by a redistribution to an un-stacked 

form at higher concentrations. In order to verify the more etTicient binding that results 

with a wedged arrangement, and gain further understanding o f  the interaction, further 

spectroscopic measurements were carried out, as detailed in the following sections.

4.5.3 DNA Thermal Denaturation Studies of 76 -  79

Thermal denaturation studies were carried on 76 -  79 in the presence o f  DNA, as in 

the previous chapters. In the absence o f  metal complex the T,n value for DNA was 

determined to be 67 °C.

As previously seen, the melting transition for both 76 and 77 did not reach a plateau 

at 90 “C, Figure 4.17. Hence, it was not possible to fit the data to a sigmoidal function and 

extrapolate to the end point accurately, and as such exact melting values cannot be 

reported, but may be regarded as being greater than 75 °C. However, the different extent 

o f  the stabilisation between the linear and wedged systems is apparent from these changes, 

where 77 resulted in a significantly greater shift to higher temperature in the melting 

profile. This result is complementary to those from the UV/Visible absorption and 

emission studies, and emphasises the higher affinity o f  this system in comparison to the 

linear analogue

The shifts in melting temperature associated with binding o f  the amino derivatives 

78 and 79 to DNA were less than those for their nitro analogues 76 and 77, as shown in 

Figure 4.17, with a shift o f  approximately 4 “C for both 78 and 79. As before, the wedged 

system seems to result in a slightly greater stabilisation than its linear analogue. It is 

possible that the nitro derivatives, being more electron deficient undergo greater stacking

151



Chapter 4 Rigid Ru(II)-1,8-naphthalimide Conjugates

interactions with the DNA bases than their amino analogues and lead to slightly greater 

stabilisation o f  the helix.
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Figure 4.17 Thermal denaturation curves o f  ct-DNA (150 fxM) in 10 mM phosphate buffer, 

at pH  7, in the absence (u) and presence o f  76 (•), 77 (k.), 78 ( f ) and 79 (^) at a Bp/D 

ratio o f  5.

In summary the result from the thermal denaturation studies o f  76 -  79 in the 

presence o f  DNA, complement the results from UVA^isible absorption and emission 

titrations. The significant stabilisation o f  the helix associated with binding o f  these 

systems highlights the high affinity that they all possess for DNA. The results also support 

the binding model which places the wedged systems in more tight association with the 

helix.

4.5.4 Circular Dichroism Studies of 76 -  79

Circular dichroism titrations were carried out on 76 -  79, in which the 

concentration o f  DNA was kept constant and that o f  the metal complex was varied to give 

a range o f  Bp/D ratios. The spectra obtained for wedged nitro complex 77 are depicted in 

Figure 4.18. From examination o f  these results, it is apparent that this system displays 

similar CD behaviour to that observed for the Ru(II)-l,8-naphthalim ide conjugates 

discussed in the previous chapters; a small ICD is observed at long wavelength 

corresponding to the MLCT absorption, in addition to large changes in the DNA region, 

attributable to both changes in the CD signal o f  the DNA itself and ICD o f  the metal 

complex in this region. These results are indicative o f  association o f  the metal centre in
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the grooves, which results in an induced CD. As observed for the systems discussed in 

the previous chapters, practically no changes were seen for the 1,8-naphthalimide moiety.
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Figure 4.18 Circular dichroism curves o f  (a) ct-DNA (150 piM) in 10 m M  phosphate 

buffer, at p H  7, in the absence and presence o f  77, at varying ratios, and (h) the difference 

spectra obtained.

Significantly different CD behaviour was exhibited by the linear nitro complex 76. 

The changes at the MLCT band were the same as for 77. However, these were 

concomitant with changes in the region o f  absorption o f  the 1,8-naphthalimide.
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Figure 4.19 Circular dichroism curves o f  (a) ct-DNA (150 [xM) in 10 m M  phosphate  

buffer, at p H  7, in the absence and presence o f  76 at varying ratios, and (b) the difference 

spectra obtained.

From examination o f  the 300 -  400 nm region in Figure 4.19 two bands are 

apparent that had not been seen in previous examples. However, it was initially not clear
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from the CD spectra in Figure 4.19 as to the origin o f these bands. To investigate this 

phenomenon a CD experiment was run, in which a solution o f 68 was used as the baseline, 

and then DNA was added to give a final solution o f  Bp/D = 1.25. The results o f  this 

experiment are presented in Figure 4.20.
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Figure 4.20 Circular dichroism curves o f  76 (-------) and 76 + DNA (------) (Bp/D 1.25) (76

as baseline), both in 10 mM  phosphate buffer, at p H  7. Recorded after the accumulation o f  

30 scans for each sample.

The spectrum contains features very much representative o f  an exciton CD signal, 

which has a characteristic bisignate shape, with one positive and one negative band located 

either side o f the absorption maximum o f the free ligand, and results from the close
152proximity o f  two identical transition moments o f  equal energy. Here, a positive signal at 

378 nm and negative signal at 340 nm are observed, respectively, with a crossover at 355 

nm. This type o f  behaviour is a result o f  the formation o f dimers or higher order 

complexes by stacking in the grooves or externally to the double helix. Such results have
173previously been observed for species such as methylene blue. The phenomenon only 

occurs at high loading o f the complex on DNA, and thus the results are in agreement with 

the propsed DNA induced stacking o f  this complex under similar conditions. Why this 

phenomenon occurs here and not for the wedged analogue is unclear. Previous emission 

results showed that the complexes stacked with added DNA, and that the process was more 

significant for the wedged complex. It is possible that the absence o f an exciton CD signal 

for 77 is simply due to the different orientation o f the 1,8-naphthalimides when stacked 

within the DNA helix.
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The two amino derivatives 78 and 79 displayed similar CD behaviour to each other 

and indeed to the complexes discussed in previous chapters, as shown in the appendix. 

The most significant feature observed for these derivatives was the growth o f a band in the 

region o f absorption o f the metal centre. Large changes were also observed in the region 

o f  absorption o f DNA, in the same manner discussed previously.

The results from these CD studies yielded similar information as was seen for the 

flexible complexes discussed in the previous chapters. The overall results point to a 

binding mode in which the metal centre is tightly associated with the helix, thus 

experiencing its chirality. Considered with the other spectroscopic studies presented so far, 

it is likely that the DNA binding involves insertion o f the 1,8-naphthalimide into the helix, 

with tight association o f the metal centre, through external binding or partial insertion into 

the grooves.

4,5.5 Ethidium Bromide Displacement Assay of 76 -  79

The addition o f each o f the complexes 76 -  79 to DNA bound ethidium bromide, 

resulted in a decrease in fluorescence from the latter, due to dislodgement from DNA, 

Figure 4.21. The same trends in binding affinities as those calculated from UV/Visible 

absorption titrations could be identified. From examination o f Figure 4.21 it is clear that 

76 displays significantly weaker affinity for DNA than its wedged analogue 77, with 

greater equivalents o f the former necessary to displace the DNA bound EtBr. A similar 

trend was observed for 79 and 78. This is in agreement with the broader trends that have 

emerged from the above studies o f  these four systems; i.e. the wedged (meta) arrangement 

around the connecting rings allows for more favourable interaction with DNA than the 

linear (para) analogues.

The binding constants determined from EtBr displacement, Figure 4.21, were in 

general agreement with those calculated from fitting to UV/Visible absorption data, with 

the exception being 78 (which was determined to have a binding constant o f 3.0 x 10  ̂ from 

UV/Visible absorption titration and 1.1 x 10  ̂ M"' from EtBr displacement). It was 

remarked when previously discussing the UV/Visible absorption results, that for this 

complex and its wedged analogue, the changes observed are representative o f both the 

1,8-naphthalimide and MLCT absorption bands. Additionally, the fitting o f the 

UV/Visible absorption data takes the binding site size o f the compound into consideration, 

whereas the value from displacement is an average value relative to another known DNA 

binder. These factors may contribute to the observed discrepancy. The important result to
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note, however, is the affinity o f  each system relative to the other, the wedged arrangement 

allowing for more efficient DNA binding.

<Doc
Q)
Oto
O
k _o
D

0)
>
ro 0 . 6 -
<Dcn
k_s

LLJ

0 .5 -

0 .4 -

0.3

• ▼
T

•  ▼

0.0
— I—

0.5
— I—  

1.0
— I—

1.5

1.1 ^

1 .0 - 76

0 .9 -
■

TA ■
• .

77 2 . 6  X 1 0 ^

0 .8 -
■

■ ■
78 1 .1  X 1 0 ^

0 .7 -
T *

79 1 . 7  X 1 0 ^

77 >  79 >  78 >  76

— I—  

2.0
— I—

2.5

[Complex]:[EtBr]

Figure 4.21 Decrease in fluorescence o f  DNA hound EtBr upon addition o f  76 (u), 77 (•), 

78 (a), and 79 ( ' f ) in 10 mM phosphate buffer, at pH  7.

4.6 Conclusions

The results presented in this chapter have further contributed to our overall 

understanding o f the properties o f  the bifiinctional Ru(II)-l,8-naphthalimide conjugates, in 

particular the effect o f variations in substitution and connectivity. It has been 

demonstrated that the use o f a more rigid aromatic group as the linking moiety, allowed for 

more precise control o f the orientation o f the components o f  the complex with respect to 

each other. Effects were observed in both the solution photophysical properties o f  the 

resulting conjugates in solution, and upon DNA binding. A wedged, or meta arrangement, 

around the connecting ring was shown to result in greater affinity for DNA, and greater 

changes in the spectroscopic properties, due to greater complementarity in the shape o f the 

complex to that o f the DNA.

Complexes 76 and 77 were shown to display substantially different spectroscopic 

responses upon addition o f DNA, to their flexible analogues discussed in Chapter 2. Both 

complexes were shown to undergo a DNA induced stacking process at low equivalents o f  

the nucleic acid, with concomitant emission quenching. This was followed by an emission 

enhancement with further added DNA, which was possibly a result o f  redistribution and 

protection from quenching in the local environment o f the DNA.
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The effect o f  substitution on the 1,8-naphthalimide ring system was also 

investigated. Complexes 78 and 79 were also prepared, which possessed an amino group 

at the 4-position o f  the 1,8-naphthalimide moiety. These systems possessed substantially 

different photophysical properties to their nitro analogues, being strongly emissive in 

solution. Furthermore, both displayed significant emission enhancement upon binding to 

DNA, an observation that was attributed solely to the protection o f the complex from 

quenching by external species. Similar differences were observed between the wedged and 

linear forms discussed above; the former displaying substantially greater binding affinity 

for DNA. Overall through study o f  complexes 76 -  79, it has been shown that binding o f  

Ru(ll)-l,8-naphthalimide conjugates may be tuned through the overall shape o f  the 

complex.

An overall binding mode for conjugates 76 -  79 was proposed, which involves 

insertion o f  the 1,8-naphthalimide into the helix with concomitant external, and groove 

association o f  the Ru(II) centre. The tight binding, typical o f  intercalative interaction was 

also apparent from thermal denaturation studies, where large shifts were observed in the 

Tm o f  DNA. Ethidium bromide displacement assays fiirther confirmed this high affinity 

binding, with binding constants in the range 10* -  10  ̂ M’’ for 76 -  79. Finally, ICD in the 

region o f  absorption o f  the Ru(II) centre, confirmed the metal complex component o f  each 

conjugate to be tightly bound to DNA, probably associated to some degree in the grooves.

Due to the excellent DNA binding ability o f  the systems discussed in this chapter it 

was decided to investigate their ability to act as DNA photocleavers, with the ultimate aim 

o f  applying them as such within cells as novel photodynamic therapy (PDT) agents. These 

studies will be presented in full in Chapter 6.
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5.1 Introduction

In the previous chapters o f this thesis, the focus has been on the interaction o f 

1,8-naphthalimide conjugated Ru(II) complexes with DNA. Excellent affinity for DNA 

has been observed for many o f  these systems, signalled by significant changes in their 

spectroscopic properties, particularly the Ru(Il) based MLCT emission.

In this chapter, a series o f organic compounds, comprising 1,8-naphthalimide and 

diquat functionality were developed and their photophysical properties investigated. 

Diquat, 91 is a derivative o f 2,2’-bipyridine, in which the two bipyridine nitrogens have 

been bridged by an ethylene group. This compound is a commonly used herbicide that 

produces desiccation and defoliation.'^'* Furthermore, diquat possesses well defined
175electrochemical properties, and undergoes two sequential reduction processes. Its ease 

o f  reduction may have interesting consequences when bound to DNA, with diquat 

derivatives having previously exhibited electron transfer from the DNA b a s e s . M o r e  

extensively studied as DNA binding, and as redox active agents, are the viologens. 

Molecules incorporating viologen fiinctionality have previously been shown to bind DNA 

with high affinity and undergo photoinduced electron transfer processes with the 

b a s e s . T h e  organic dppz based system 92, has also been previously studied by 

Thomas and co-workers, and shown to display excellent binding affinity for DNA, being 

o f  the same order as dppz based Ru(II) complexes.

In light o f the excellent binding affinity observed for rigid complexes 76 -  79 

described in the previous Chapter and to understand the influence o f  the metal centre on 

binding to DNA it was decided to quatemize ligands 88 and 89, and to investigate the 

DNA binding behaviour o f the resulting conjugates. Four systems were considered: the 

4-nitro-1,8-naphthalimide based structures 93 and 94, the 4-amino-1,8-naphthalimide 

based structure 95, and the reference compound 96, which was regarded as necessary to 

evaluate the contribution to DNA binding from the diquat portion o f the molecule, and to 

provide a reference for the photophysical properties o f  this portion o f the molecule.
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96

NO. NH.

5.2 Synthesis of 93 -  96

The synthesis o f  93 -  96 was achieved through quatemisation o f an appropriate 

bipyridine as discussed in the following sections.

5.2.1 Synthesis of 4-nitro-l,8-naphthalimide-diquat Conjugates 93 and 94

The nitro derivative 93 was synthesised as outlined in Scheme 5.1. This involved 

reflux o f  ligand 88, in dibromoethane for 48 hours, and isolation o f the resulting precipitate 

by suction filtration. Washing o f the precipitate with acetone and ether, to remove 

unreacted starting material, gave the product as a brown solid in 80% yield. The starting 

material was sparingly soluble in dibromoethane at room temperature, but dissolved fully 

as the reaction mixture reached reflux temperature. A precipitate then formed as the 

reaction progressed. The bromide counter-ions in the product were exchanged for chloride 

by dissolution in MeOH, followed by stirring with Amberlite ion exchange resin (Cl form) 

for 1 hour.
2Br

Br

Schem e 5.1 Synthesis o f  1,8-naphthalimide-diquat conjugate 93.
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Analysis o f  the reaction mixture by 'H NM R (D 2 O, 400 MHz) after shorter periods 

o f  reflux, showed the presence o f  a mixture o f  starting material and product. Product 

formation was evident from the appearance o f  a resonance in the 'H  NMR spectrum at 

approximately 5.30 ppm, integrating for 4 protons, corresponding to the two CH 2 ’s o f  the 

bridge. Furthermore, electrospray mass spectrometry showed the presence o f  a peak at
2+  • 13499.1411 corresponding to the M ion. This compound was further characterised by C 

NMR, IR and elemental analysis, details o f  which are provided in the experimental 

chapter. A similar procedure was applied in the synthesis o f  the wedged 4-n itro-l,8 - 

naphthalimide-diquat derivative 94, starting from the corresponding 1,8 -naphthalimide- 

bipyridine ligand, as detailed in Table 5.1

11

'Ml i n   .......     I ........ m i l ............... .................         j | |  j ji i  m i l  | J ............................................ .................... ..................

9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6
(ppm)

Figure 5.1 The 'H  NMR spectrum o f  93 (D2O, 600 MHz) showing the aromatic region.

Table 5.1 Synthesis o f  4-nitro-1,8-naphthalimide-diquat conjugates.

8 8 para 93 8 0 %

89 meta 9 4

5.2.2 Synthesis of 4-ainino-l,8-naphthaliinide-diquat Conjugate 95

A number o f  methods were explored for the synthesis o f  the amino derivative 95. 

These included reduction o f  the corresponding nitro conjugate 94, by hydrogenation, and
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condensation of amine 87 with 4-amino-1,8-naphthahc anhydride to afford an amino 

substituted ligand precursor. The reduction of ligand 89, followed by bridging of the 

bipyridine nitrogens proved to be a successfiil route to the desired product, as shown in 

Scheme 5.2. The first method investigated for reduction of the ligand 89 involved 

suspension in MeOH, in the presence of 10% Pd/C, followed by heating at reflux for 1 

hour. Hydrazine was then added and the mixture heated at reflux for a further 24 hours. 

Although the starting material was sparingly soluble in MeOH, it was anticipated that the 

amine present in the product would render it more soluble, and thus more material would 

go into solution as the reaction progressed. However, this was not observed to be the case 

and little product was formed. A slightly different procedure was therefore employed, in 

which the starting material was dissolved in DMF/MeOH and subsequently reacted as 

before. This successfully yielded the product 99 as an orange solid in 94% yield.

2Br

NH.NO2 NH.

Scheme 5.2 Synthetic route to 95. Reagent and conditions: (i) DMF/MeOH, Pd/C, 

H2NNH2, (ii) dihromoethane.

An attempt to bridge the reduced ligand 99 was then carried out as for the nitro 

derivatives, involving reflux for 48 hours in dibromoethane. Upon 'H NMR analysis o f the 

reaction mixture some decomposition or side reaction of the product was evident, after 

long reaction time, and therefore a shorter reaction time was explored. The starting 

material was observed to fiilly dissolve after ca. 30 min at reflux. Shortly after this {ca. 10 

min) a precipitate began to appear after which reflux was continued for 4 hours. The 

residue was then dissolved in water and filtered to remove unreacted starting material.

'H NMR analysis o f this product showed that 95 was successflilly formed, although 

a small amount of impurity was also present, and therefore purification was carried out as 

detailed in Chapter 7. Successful formation of product was evident from the 'H NMR 

spectrum as shown in Figure 5.2, where a resonance integrating for 4 protons was observed 

at 5.21 ppm, corresponding to the CH2’s of the bridge. Furthermore, electrospray mass
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spectrom etry showed the presence o f  a peak at 471.1806 corresponding to the ion. 

Due to the lengthy nature o f  the workup a substantial amount o f  product was lost, and as 

such the yield o f  this reaction was very low at 1.6%.
12

1? 14
NH2

9.2 8.8 8.4 8.0 7.6 7.2 6.8 6.0 5.6 5.26.4
(ppm)

Figure 5.2 The 'H NMR spectrum o f 95 (D2O, 400 MHz).

5.2.3 Synthesis of Reference Diquat Derivative 96

Synthesis o f  the control compound 96 was achieved through quatemisation o f  97, 

as shown in Scheme 5.3. This involved suspension o f  97 in dibro mo ethane, followed by 

heating at reflux for 4 hours. The reaction was worked up as for that in the formation o f  

93, giving the product as a yellow solid in 92% yield. Bipyridine 97 was prepared 

according to the literature p r o c e d u r e . T h e  formation o f  96 was apparent from the 

appearance o f  resonances in the 'H NMR spectrum at 5.25 and 5.18 ppm, both integrating 

for two protons, corresponding to the two CH2’s o f  the bridge. The spectrum and 

assignment are depicted in Figure 5.3. Furthermore, electrospray mass spectrometry 

showed the presence o f  a peak at 275.1555 corresponding to the ion. This compound 

was fiarther characterised by '^C NMR, IR and elemental analysis, details o f  which are 

provided in the experimental chapter.

Scheme 5.3 Synthesis o f reference 96.
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Figure 5.3 The 'H  NMR spectrum o f  96 (D2O, 400 MHz) showing the 5.2 to 9.4 ppm 

region.

5.3 Photophysical Properties of 93 -  96

5.3.1 UVA^isible Absorption Properties of 93 - 9 6

Having successfully synthesised 93 -  96 the next step was to characterise their 

photophysical properties in buffered aqueous solution. The linear derivative 93 displayed 

three different absorption maxima, Figure 5.4. The first occurring at 232 nm, and the other 

two overlapping (but distinguishable) bands with >„max at 320 and 336 nm, respectively.

0.30 r6 0 0emission at 530 nm 
excitation at 320 nm 
Absorbance

0.25- -500

0 .2 0 - -4000)oc
OJ
.a
k_ 0.15- -300

0 . 1 0 - -200

0.05- -100

0.00
400200 300 500 600 700

Wavelength (nm)

Figure 5.4 UV/Visible, excitation and emission spectra o f  93 (6.5 iiM) in 10 mM phosphate 

buffer, at pH  7.
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This absorption spectrum o f 93 was compared to that o f  the 

1,8-naphthalimide control 59 and for diquat control 96, see Figure 5.5. 

Considering these spectra, it is likely that the higher energy part o f  the 330 o. 

nm band consists mainly o f contribution from the diquat part o f  the 

molecule, while the lower energy part corresponds to both chromophores. 

Rather than displaying two distinct bands at approximately 300 and 355 

nm, a broad band centred at ~ 330 nm was observed, indicating that 

significant electronic interaction occurs between the two components.

0 .30-1

0 .2 5 -

o
(/)

<
0 .1 0 -

0 .0 5 -

0.00
300 350 400 450 500200 250

Wavelength (nm)

Figure 5 .5  Summed absorption spectra  o f  93. 96 (-------), 59 (------ ), 96  + 59 (-— -) and

93 (------ ). A ll solutions a t 6.5 ^iM concentration in 10 mM  phosphate buffer, a t p H  7.

(It should be mentioned that the 1,8-naphthalimide reference used was substituted with an alkyl 

amine at the imide nitrogen and not an aromatic group as in the conjugate 93. This was necessary 

for solubility reasons, and is not expected to differ significantly in absorption properties to a system

fiinctionalised with an aromatic ring.'^°)

The wedged nitro derivative 94 displayed quite similar absorption properties to its 

linear analogue, however, only one absorption maximum was discernible at long 

wavelength, occurring at 319 nm. The lower energy region o f the absorption band was less 

prominent in this case. Additive spectra for 94 are also contained in the appendix, from 

which it is clear that a similar degree o f ground state interaction occurs for this compound.
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Figure 5.6 UV/Visihle and emission spectra o f  94 (6.5 fiM) in 10 mM phosphate buffer, at 

pH  7.

The absorption spectrum for amino compound 95 displayed a band at 434 nm, 

assigned as the internal charge transfer absorption o f the 1,8-naphthalimide, and a second 

band at 311 nm assigned to the diquat moiety. Figure 5.7.
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Figure 5.7 UV/Visible, excitation and emission spectra o f  95 (6.5 jJtM) in 10 mM  phosphate 

buffer, at pH  7.

An additive spectrum was also constructed for 95, Figure 5.8, which showed that 

the conjugation had little effect on the 1,8-naphthalimide based absorption. However, the
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rest o f the absorption spectrum was significantly different than that expected, the 350 nm 

band due to the diquat having essentially disappeared. Diminished 

absorption was also observed at ca. 319 nm, suggesting that the 

conjugation has a significant effect on the absorption properties o f  the 

diquat moiety. A summary o f these absorption properties is given in 

Table 5.2.
0 . 20-1

0 . 1 5 -

0
Oc
(D

0 . 1 0 -o
(/)

<

0 .0 5 -

0.00
200 250 300 350 400 450 500

Wavelength (nm)

Figure 5.8 Summed absorption spectra o f  95. 96 (-------), 90 (-------), 96 +  90 (-— -) and

95 (------). All solutions at 6.5 fiM concentration in 10 mM phosphate buffer, at pH  7.

Table 5.2 Absorption properties o f  93 -  96 in 10 mM phosphate buffer, pH  7 at 298 K.

93 232 [42000] 320 [28300] 336 [29000]

94 232 [50000] 319 [29100]

95 296 [20400] 311 [14200] 434 [8890]

96 292 [19000] 315 [19600] 353 [15900]

5.3.2 Emission Properties of 93 -  96

The emission properties o f 93 -  96 were also investigated and shown to be quite 

sensitive to the particular molecular arrangement o f the constituent chromophores. 

Excitation o f 96 resulted in an emission spectrum with two discemable maxima. Figure 

5.9, occurring at 415 nm and 530 nm, respectively. From consideration o f the emission 

properties o f the conjugated systems discussed below, it is likely that the 530 nm band 

corresponds to emission from the diquat, while the 451 nm band is due to the attached 

aromatic ring, or possibly a state involving interaction o f the two components.
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Figure 5.9 UV/Visible, excitation and emission spectra o j 96 (6.5 nM) in 10 mM phosphate 

buffer, at pH  7.

Excitation o f 93 gave a single emission band centred at 530 nm, as shown in Figure

5.5. This emission is not typical o f  a 4-nitro-l,8-naphthalimide,''*^ but from comparison to

the spectra in Figure 5.9 may be attributed to the diquat portion of the molecule.

Furthermore, from examination o f the excitation spectrum it is apparent that maximum

emission from 93 arises when excited at 319 nm, which corresponds to the absorption o f

the diquat. The absence o f any 1,8-naphthalimide emission may be indicative o f  a single

excited state, arising from mixing o f energy levels o f  the constituent chromophores, or

quenching o f the 1,8-naphthalimide excited state by the attached diquat moiety. Although

an exact comparison cannot be made to other systems reported in the literature to date, a

conjugate comprising flexibly linked 1,8-naphthalimide and viologen moieties was

previously studied as a DNA photosensitizer, where an intramolecular electron transfer

quenching o f  the 1,8-naphthalimide singlet excited state by the viologen was shown to 
181occur. Such a mechanism may also occur for the more rigidly linked derivatives under 

discussion here.

Conjugate 94 displayed quite different photophysical behaviour, giving a single 

broad emission band, as shown in Figure 5.6. This system seems to display both diquat 

based emission (with an assumed emission maximum at 530 nm), and a 

4-nitro-1,8-naphthalimide emission. The degree o f interaction between the two 

chromophores in this system was not as pronounced as in the linear analogue, which only 

displayed a single emission maximum. This observation would favour an explanation o f
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the photophysical properties involving a mixing o f the energy levels, as discussed above. 

If electron transfer quenching was responsible for the single emissive state in 93, it would 

also be expected to occur for 94, as the 1,8-naphthalimide and diquat are also held quite 

closely together in space. Therefore, a mixing o f the energy levels, which depends on the 

orientation o f the components, may be responsible for the observed properties, where the 

linear arrangement allows for effective overlap, while the wedged arrangement does not.

Excitation o f a solution o f the amino substituted derivative 95 also gave two 

emission bands, centred at approximately 370 nm and 550 nm. Figure 5.7. The band at 

550 nm resulted from both excitation at 311 nm and 436 nm (with the intensity being 

greater for excitation at the latter wavelength), and was assigned to an excited state 

corresponding to a mixing o f  the energy levels o f  the two components. This is quite 

different to that observed for the nitro analogue 94, where little or no interaction was 

observed in the excited state. A separate emission band was also observed for 95 upon 

excitation at 311 nm, with A,max at 400 nm, which again is not typical o f  either the 

1,8-naphthalimide or the diquat, and therefore is most likely due to an excited state 

resulting from interaction o f the two components.

From these results it is obvious that conjugates 93 -  96 possessed luminescence 

properties which may be usefiil in determining the nature o f  their interaction with DNA. 

The emission features o f 93 -  95 were shown to be dependent on both the connectivity o f  

the two chromophores and the substituents at the 4-position o f the 1,8-naphthalimide ring. 

The solution properties o f the nitro derivatives 93 and 94 were next characterised by cyclic 

voltammetry, as detailed in the following section.

5.4 Electrochemistry

Bridged bipyridine compounds such as diquat display well defined reduction and

oxidation p ro c e sse s .1 ,8 -n a p h th a lim id e s  also display interesting electrochemistry
121depending on their particular structure. The electrochemical behaviour o f  93 and 94 in 

aqueous solution is shown in Figure 5.10 and 5.11 respectively. The cyclic 

voltammograms were recorded by Mr. Gareth Keeley o f the Lyons group, at the School o f 

Chemistry, Trinity College Dublin.

System 93 displays three reduction processes in the potential window investigated, 

occurring at -  0.28 V, -  0.48 V and -  0.78 V respectively. The peaks at -  0.28 V and -  

0.78 V correspond to sequential reduction processes at the diquat moiety,'’  ̂while that at -  

0.49 V was attributed to the reduction o f the 1,8-naphthalimide (no literature values for
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nitro substituted 1,8-naphthalimides being available). The oxidation peak at -  0.41 V 

corresponds to oxidation o f  reduced diquat, compounds incorporating this moiety usually 

displaying reversible redox behaviour.

-0.41 V

0 .0 -

<
C 0) u.

^  -2.0x10
U.

-0.49 V

-0.28 V

-0.78 V-4.0x10'

-0.9 - 0.6 -0.3

Potential (V )

Figure 5.10 Cyclic voltammogram o f 94 V5. Ag /  AgCl in 0.1 M phosphate buffer, at pH  7.

The redox behaviour o f  94 was somewhat different, where two reduction processes 

were observed in the potential window, at -  0.28 V and -  0.44 V respectively. Figure 5.11.

2.0x10
-0.38 V
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<
C
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-  -2.0x103o
-0.44 V

-0.28 V
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-0.9 - 0.6 -0,3 0.0
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Figure 5.11 Cyclic voltammogram o f 94 vs. A g / A g C l  in 0.1 M  phosphate buffer, at p H  7.

These correspond to reduction o f  the 1,8-naphthalimide and the diquat moieties, 

respectively. In this case, the second reduction o f  the diquat was not observed. This we 

propose to be due to the smaller degree o f  interaction between the 1,8-naphthalimide and
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the diquat moiety, resulting from the wedged arrangement o f  this system, in contrast to the 

linear arrangement in 93. The oxidation process for 94 occurs at a similar potential to that 

o f  93, as can be seen in Figure 5.11.

The redox behaviour o f  the 4-nitro-l,8-naphthalimide-diquat conjugates 93 and 94, 

provided ftirther evidence o f  the interaction between the constituent chromophores 

resulting from the para arrangement around the connecting ring. Nevertheless, the first 

two reduction potentials for these systems also demonstrate the ease with which they can 

be reduced. This may have interesting consequences on the behaviour o f  these derivatives 

in the presence o f DNA, and their ability to lead to redox damage o f the polymer.

5.5 DNA Binding Interactions of 93 - 96 

5.5.1 Changes in the UVA^isible Absorption of 93 -  96 with DNA

The interaction o f 93 -  96 with DNA under different ionic strength conditions was 

firstly investigated using UVA/^isible absorption, as detailed in the following sections. As 

before the arrangements and substitution o f the conjugates was expected to result in 

different DNA binding behaviour.

5.5.1.1 Studies in Low Ionic Strength Medium (10 mM Phosphate Buffer)

The changes in absorption resulting from the addition o f st-DNA to the reference 

compound 96, when recorded in 10 mM phosphate buffer, are represented in Figure 5.12. 

A significant hypochromism o f 32% was observed at the longer wavelength band upon 

titration o f DNA, as well as an 8 nm bathochromic shift o f  the absorption maximum. 

Fitting o f the absorbance data to the Bard model, as described in the Chapter 2, gave a 

binding constant o f 2.8 x 10  ̂ M ’ and binding site size o f  5.84 base pairs. The 

spectroscopic changes observed, i.e. the significant hypochromism and red shift o f the 

absorption maximum, are consistent with intercalation,'* although the binding site size o f  

almost six base pairs would suggest otherwise, since it would usually indicate an external 

mode o f  association o f  lesser affinity, for which large equivalents o f  DNA are necessary in 

order to reach a plateau.
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Figure 5.12 Changes in the UV/Visible spectrum o f 96 (6.5 (jM) upon addition ofst-DNA 

(0 -  81.25 juM base pairs) in 10 mM phosphate bujfer, at pH  7. Inset: Plot o f (ea-tj)/(eb-^f) 

at 353 nm V5. equivalents ofDNA and the corresponding non-linear fit.

The changes in the absorption spectrum resulting from the titration of DNA with 93 

are represented in Figure 5.13. Addition of st-DNA to this system resulted in a 25% 

hypochromism in the long wavelength absorption band. The shoulder at 319 nm also 

displayed a smaller change of 17%. As will be discussed later, it was expected that most 

o f these absorbance changes corresponded to the interaction of the 1,8-naphthalimide 

moiety with DNA.
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Figure 5.13 Changes in the UV/Visible spectrum o f 93 (6.5 fiM) upon addition o f st-DNA 

(0 — 29.25 jxM base pairs) in 10 mM phosphate buffer, at pH 7. Inset: Plot o f (ea-€f)/(€b-(f) 

at 336 nm V5. equivalents o f DNA and the corresponding non-linear fit.
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A binding constant o f 1.7 x 10  ̂ M‘' and binding site size o f  2.26 base pairs were 

determined from fitting o f  the titration data to the Bard model. The binding constant for 

this system is significantly greater than those o f the individual components, which suggests 

a tight intercalative binding to DNA. In fact, the binding o f  the 1,8-naphthalimide is 

approximately three orders o f magnitude greater than that previously observed for 

mono-1,8-naphthalimide c o m p o u n d s . I n  contrast to the systems discussed in 

previous chapters, an isosbestic point was also observed at 388 nm, suggesting that less 

DNA bound species are present in solution.

Next the wedged nitro compound 94 was considered, the results for which are 

shown in Figure 5.13. In this case, a 21% hypochromism was observed for the 319 nm 

band with no shift in the absorption maximum. Again a greater change was observed at 

the longer wavelength part o f the band, which was attributed to interaction o f  the 

1,8-naphthalimide. An isosbestic point was also observed for this system, occurring at 388 

nm.
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Figure 5.14 Changes in the UV/Visihle spectrum o f  94 (6.5 yiM) upon addition o f  st-DNA 

(0 -  22.43 liM base pairs) in 10 mM phosphate buffer, at pH  7. Inset: Plot o f (€a-€j)/(€h-^j) 

at 319 nm V5. equivalents o f  DNA and the corresponding non-linear fit.

From fitting o f  the absorbance data, a binding constant o f  6.5 x 10  ̂M ' and binding 

site size o f  1.95 base pairs was determined. The binding affinity o f  94 for DNA is less 

than that observed for the linear analogue 93. This is in marked contrast to that discussed 

in Chapter 4, where the wedged arrangement o f  the components, resulted in both greater 

affinity and spectroscopic responses upon titration with DNA. It is worth mentioning that
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the charged components o f the molecules presented herein are significantly less bulky, and 

therefore, would be expected to possess different structural requirements for binding to 

DNA. Furthermore, hydrophobic contact o f the ligands o f 76 -  79 in the grooves o f DNA 

is likely to contribute considerably to the overall DNA affinity, while such contacts would 

not be significant for 93 and 94. The actual fit o f 93 and 94 in binding DNA may be very 

different to that o f their Ru(II) complex counterparts. A linear arrangement may allow for 

more complete insertion o f the 1,8-naphthalimide into the helix, and consequently a greater 

apparent affinity for DNA, in contrast to that observed for the Ru(II) analogues.

In the case o f  the amino substituted derivative 95 the changes at the diquat and 

1,8-naphthalimide absorption bands could be monitored independently. Upon addition o f 

st-DNA to 95, a 42% hypochromism was observed for the 1,8-naphthalimide band at 434 

nm, while a much smaller change o f  11% was observed for the 311 nm band. Figure 5.15. 

In addition to the large hypochromism, an 11 nm shift in absorption maximum was also
i 8observed at the 434 nm band, which is usually indicative o f intercalation.
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Figure 5.15 Changes in the UV/Visible spectrum o f 95 (6.5 iiM) upon addition o f st-DNA 

(0 -  21.45 [xM base pairs) in 10 mM phosphate buffer, at pH 7. Inset: Plot o f (€a-€f)/(€b- ĵ) 

at 434 nm vs. equivalents o f DNA and the corresponding non-linear fit.

Here, binding seems to be primarily governed by the 1,8-naphthalimide moiety, and 

thus it was expected that the overall mode o f interaction would involve intercalation o f this 

part o f the molecule, and groove binding, or external association, o f the cationic diquat 

moiety. Fitting the titration data gave a binding constant o f 2.3 x 10  ̂ M ' and binding site 

size o f  1.98 for the interaction o f 95 with st-DNA, the affinity being slightly reduced
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compared to 94. Several isobestic points were observed upon titration o f  95 with DNA, 

occurring at 339 nm, 370 nm and 487 nm, respectively.

It should be emphasised again at this point, that for nitro systems 93 and 94, a 

greater absorbance change was observed at the longer wavelength part o f the band 

monitored. Considering that study o f  95 has shown that the majority o f  absorbance 

changes with added DNA occurred due to changes in the 1,8-napthalimide transition, it 

may be proposed that changes at the longer wavelength part o f  the bands o f  93 and 94 was 

also due to interaction o f the 1,8-naphthalimide moiety.

5.5.1.2 Studies in Varying Ionic Strength Medium

For control compound 96, electrostatic binding to DNA would be expected to play 

a significant role. As such, a mode o f binding which places the molecule external to the 

helix, or associated in the grooves, would be expected to dominate. To investigate this, 

and provide further information on the binding mode, a salt back titration was carried out, 

in which 96 bound to DNA was displaced upon titration with NaCl. The profile resulting 

from this titration is shown in Figure 5.16. It is clear from these results that the interaction 

o f 96 with DNA is highly dependent on the ionic strength o f the medium, as 96 was frilly 

displaced after the addition o f  approximately 30 mM o f NaCl solution. Hence, this 

confirms that electrostatic interactions govern the overall association o f 96 with DNA.
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Figure 5.16 UV/Visihle absorption back titration o f 93 (6.5 liM). Absorption o f  unbound 

compound (m), fully bound compound (m) and bound compound with increasing 

concentration o f NaCl (m).
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As each o f the conjugate systems 72 -  75 displayed excellent affinity for DNA, 

back titrations were also carried out for each o f these compounds. The profiles resulting 

from these titrations are overlayed in Figure 5.17.
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Figure 5.17 UV/Visible absorption back titration of 93 -  96. Absorption o f  unbound 

compound ( m) ,  fu lly  bound compound (•) and hound 93 (^), 94 (•)  and 95 ( k . )  with 

increasing concentration ofNaCl.

For each o f these systems the absorbance gradually increased towards that o f free 

compound, but reached a plateau at ca. 150 mM NaCl, at about the half-way point in 

absorbance between free and bound compound. No further change occurred with the 

addition o f up to 280 mM NaCl, indicating that a significant amount o f  compound remains 

bound to DNA at high ionic strength, and therefore that non-electrostatic modes o f 

interaction are contributing largely to the binding of 93 -  96 to DNA.

5.5.1,3 Studies in tlie Presence of [poly(dG-dC)]2 and |poly(dA-dT)]2

Studies in the presence o f  different DNA alternating co-polymers were also carried 

out with 93 -  95, with the aim o f establishing if these compounds displayed any sequence 

selectivity in their binding. The observed hypochromicities, binding constants and binding 

site sizes for each system are summarised in Table 5.3. However, none o f  the systems 

displayed a marked preference in affinity for either [poly(dA-dT) ] 2  or [poly(dG-dC) ] 2  as 

can be seen from the values in the Table. Full details are provided in appendix 5.

In summary 93 -  96 displayed excellent affmity for DNA with binding constants o f 

the order o f 10  ̂-  10  ̂M '. Similar to the complexes discussed in Chapter 4, the nature o f
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the interaction with, and binding affinity for DNA, was sensitive to the arrangement o f  the 

diquat and 1,8-naphthaHmide components around the connecting ring. Here a more 

intimate binding was associated with the para (or Hnear) arrangement. The requirements 

for high affinity binding o f 93 -  95 to DNA are quite different to that o f their Ru(II) 

complex counterparts, most likely due to the less bulky nature o f  the charged centre in the 

former. Salt dependence studies showed that non-electrostatic binding modes govern the 

overall affinity o f  the systems for DNA. The exact nature o f these interactions was flirther 

investigated using emission spectroscopy, as described in the following section.

Table 5.3 DNA binding parameters from  fits  to absorbance data.

Salmon testes DNA

93 25 % 1.7x  10^(± 0.5) 2.26 (± 0.04) 0.99

94 21 % 6.5 X 10^(± 1.8) 1.95 (± 0.06) 0.99

95 42% 11 nm 2.3 X 10  ̂(±0.5) 1.98 (± 0.05) 0.99

96 32% 8 nm 2.8 X 10  ̂(±0.5) 5.84 (± 0.21) 0.99

lpoly(dG-dC)h

93 22 % 9 .4 x  10^(± 2.3) 1.50 (± 0.04) 0.99

94 23 % 2.8 X 10*(± 0.8) 0.98 (± 0.06) 0.99

95 43 % 11 nm 3.4 X 10* (± 0.6) 1.76 (± 0.06) 0.99

96 —

lpoly(dA-dT)j2

93 19% 6.6 X lÔ* (± 1.7) 1.56 (± 0.04) 0.99

94 20% 1. 6x 10* (̂± 0.6) 0.98 (± 0.10) 0.99

95 41 % 9 nm 4.7 X 10*̂  (± 1.1) 1.60 (± 0.06) 0.99

96 —

5.5.2 Emission Titration of 93 -  96 with DNA

The systems described in this chapter are quite different to those in Chapters 2 - 4 ,  

as the Ru(II) centre has been replaced by a diquat moiety. As such their emission response 

to DNA was expected to be quite different.
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5.5.2.1 Studies with st-DNA

Excitation o f 96 at 353 nm, upon titration with st-DNA, resulted in a significant 

61% decrease in the emission intensity o f  the 530 nm band, as shown in Figure 5.18. 

Compounds containing diquat or paraquat (viologen) functionality are very well known 

oxidizing agents, and therefore the observed emission quenching is likely due to ET from 

the DNA b a se s .F u r th e rm o re , quenching o f this magnitude implies intimate association 

o f 96 with the nucleotides, in a manner that allows for ET from the bases to 96. The 

evidence suggests at least partial intercalation o f 96, possibly favoured by the presence o f 

the extra aromatic ring. It is interesting to note that no significant emission change was 

observed at the 415 nm band, which was previously suggested to originate from an excited 

state localised on the aromatic ring connected to the diquat moiety. It therefore appears 

that the charged diquat component contributes mostly to the observed affinity.
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Figure 5.18 Changes in the emission spectrum o f  96 (6.5 [iM) (excitation at 353 nm) upon 

addition o f  st-DNA (0 -8 1 .2 5  (JtM) in 10 mM phosphate buffer, at pH  7.

Excitation o f 93 at 336 nm upon titration with st-DNA, resulted in a 90% decrease^ 

in emission intensity from the excited state, as shown in Figure 5.19. This decrease was: 

attributed to PET from the DNA bases to 93. The quenching was more efficient than thatj 

o f 96, which is agreement with the superior intercalating ability and the higher affinity o f 

this compound for DNA. Alternatively, intercalation o f the 1,8-naphthalimide may place^ 

the diquat part o f the molecule in close proximity to the DNA helix, and therefore close to | 

the bases, whereby it can undergo electron transfer. Which o f these mechanisms: 

predominates cannot be deduced from the experimental results.
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Figure 5.19 Changes in the emission spectrum o f  93 (6.5 fiM) (excitation at 336 nm) upon 

addition o f  st-DNA (0 — 29.25 iiM) in 10 mM phosphate buffer, at pH  7.
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Figure 5.20 Changes in the emission spectrum o f  94 (6.5 yiM) (excitation at 319 nm) upon 

addition o f st-DNA (0 -  19.5 ijM) in 10 mM phosphate buffer, at pH  7.

The wedged compound 94, did not possess as well defined an emission spectrum as 

its linear analogue. This was attributed to reduced interaction between the diquat and the 

1,8-naphthalimide components in 94, which gave rise to an emission spectrum with 

features attributable to both. The titration o f 94 with st-DNA, upon excitation at 319 nm, 

also gave smaller changes in emission intensity compared to 93, with an overall decrease 

of31% , Figure 5.20.
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In contrast to these results, the titration o f 95 with st-DNA caused a significant 

quenching o f emission from the 550 nm band o f 55%, upon excitation at 436 nm, as shown 

in Figure 5.21. A similar change occurred upon excitation at 311 nm (see appendix). 

These changes were considerably greater than those recorded for the nitro analogue 94. 

The observation that a greater overall decrease occurred upon excitation at 436 nm, than at 

311 nm, is reflective o f the greater absorption hypochromicity at the former wavelength 

upon titration with DNA. Hence, diminished absorption contributes somewhat to the 

overall emission decrease.
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Figure 5.21 Changes in the emission spectrum o f  95 (6.5 (iM) (excitation at 436 nm) upon 

addition o f  st-DNA (0 -  21.45 fjM) in 10 mM phosphate buffer, at pH  7.

5.S.2.2 Studies with [poly(dG-dC ) ] 2  and |poiy(dA-dT ) | 2

Similar to their UV/Visible behaviour, 93 -  95 in general did not display any 

marked differences in their fluorescence spectra upon binding to AT or GC rich DNA. The 

titration profiles resulting from the addition o f [poly(dG-dC ) ]2  and [poly(dA-dT) ]2  to these 

compounds are shown in appendix 5. The one exception was 95, which upon titration with 

[poly(dG-dC) ] 2  displayed similar behaviour as seen for st-DNA, while titration with 

[poly(dA-dT)]2, gave rise to a decrease in emission intensity to a Bp/D ratio o f ca. 1.5, 

followed by an increase in emission intensity, to a Bp/D ratio o f 3.5. It was expected that 

the decrease was due to electron transfer quenching o f the excited state, and that the 

subsequent changes were due to a redistribution o f the compound to a different DNA^ 

binding mode, resulting in an enhancement o f the emission. This proposed redistribution 

must remove the compound from an optimal binding mode for electron transfer.
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5.S.2.3 Summary

Compounds 93 -  96 displayed quite interesting and variable emission responses 

upon binding to DNA. Addition o f  DNA to reference 96 resulted in a substantial decrease 

in emission intensity o f  61%. In conjunction with the binding affinity determined for this 

system from UV/Visible absorption, it seems that 96 is intimately associated with the 

DNA, in a manner largely involving electrostatic association. This is in contrast to the 

mode o f  interaction o f the diquat components o f the bifunctional compounds 93 -  95. 

Compound 93 was shown to possess the greatest affinity for DNA from UVA^isible 

absorption studies, in addition to displaying the largest decrease in the emission intensity 

o f  90%. These properties were proposed to be due to binding o f  the 1,8-naphthalimide via 

intercalation, while the diquat moieties remained externally bound to the phosphate 

backbone or associated within the grooves. The linear arrangement o f these components 

around the connecting ring allowed the 1,8-naphthalimide to be inserted more effectively, 

in a manner that is not inhibited by the diquat moiety, as it points in the opposite direction. 

This results in greater affinity and more pronounced quenching, due to the more intimate 

association with the DNA bases.

Compound 94, was shown to possess reduced affinity for DNA in comparison to 

93, based on analysis o f the changes in its UVA^isible absorption spectrum. Smaller 

changes were also seen in the emission intensity upon addition o f DNA to 94, which was 

again proposed to be due to the molecular arrangement. The wedged or meta arrangement 

around the connecting ring precludes as efficient insertion o f  the 1,8-naphthalimide into 

the DNA helix, due to its closer positioning to the diquat moiety. System 94 also 

possessed a less well defined emission spectrum, displaying broad, structure-less emission 

in the range 400 -  960 nm. The different nature o f the emissive state, was attributed to a 

lessened excited state interaction between the 1,8-naphthalimide and diquat moieties.

The 4-amino compound 95, despite comprising a wedged arrangement o f the 

chromophores, displayed significant interaction between the two units in the excited state, 

with a single emission band centred at 550 nm. The UV/Visible absorption studies showed 

that 95 possessed slightly reduced affinity for DNA than 94, which was attributed to the 

diminished intercalating ability o f  the more electron rich 1,8-naphthalimide. Nevertheless, 

a pronounced decrease o f  55% in the luminescence was observed, suggesting that the 

excited state was more easily quenched by ET. However, the quenching was not as 

pronounced as observed for 93, emphasising that a linear arrangement with nitro 

substitution allowed for more efficient quenching.
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5.5.3 DNA Thermal Denaturation Studies of 93 -  96

Thermal denaturation studies were carried out to further investigate the interaction 

o f 93 -  96 with DNA. Some stabilisation o f the DNA was observed with addition o f the 

reference compound 96, with Tm values o f 73.4 and 75.4 “C being obtained at a Bp/D ratio 

o f 10 and 5, respectively. The melting profiles obtained with addition o f  the nitro 

substituted conjugates 93 and 94 are shown in Figure 5.22. It is worth mentioning that 

both o f these caused a dramatic shift in the Tm value o f DNA, to such a degree that it was 

not possible to determine an exact value. None o f the profiles had reached a plateau at 90 

°C. Both systems resulted in a similar degree o f stabilisation, although at higher loading o f 

the compounds on DNA it seems that the wedged derivative 94 gives a slightly greater 

shift to higher temperature.
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Figure 5.22 Thermal denaturation curves o f ct-DNA (150 yM) in 10 mM phosphate buffer, 

at pH  7, in the absence (m ) and presence o f 93 at a Bp/D ratio o f 10 (•)  and 5 (A) ,  and 94 

at a Bp/D ratio o f 10 (T) and 5 (^).

The amino substituted system 95 resulted in markedly different changes in the 

melting profile o f DNA, as is clear from examination o f  Figure 5.23. Upon heating an 

initial decrease in absorbance was observed, followed by the usual sigmoidal increase, 

which is characteristic o f  the DNA melting transition. The Tm value for this system was 

calculated by differentiating the profile from 65 to 90 "C. From this, a Tm o f  71.1 “C was 

estimated, suggesting the stabilisation due to binding o f this system to DNA to be 

significantly less than that o f the nitro derivatives. It is not clear why this phenomenon 

occurs with this system in the presence o f ct-DNA, several repeat measurements having 

given the same result each time.
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Figure 5.23 Thermal denaturation curves o f ct-DNA (150 [iM) in JO mMphosphate buffer, 

at pH  7, in the absence (m ) and presence o f 95 (•) at a Bp/D ratio o f 10.

Due to the large stabilisation o f  DNA caused by binding o f 93 and 94, studies were 

also carried out in the presence o f [poly(dA-dT)]2 . This nucleic acid polymer melts at a 

significantly lower temperature than random sequence DNA, or [poly(dG-dC) ] 2  due to 

diminished nearest neighbour stacking interactions. Each o f  the systems 93, 94 and 95 

gave very large shifts in Tm, Figure 5.24, being approximately 16.5 °C for 93, and 23.2 °C 

for 94 (both at a Bp/D ratio o f 5). This would suggest that 94 was binding to DNA more 

strongly, or in a manner that stabilises the helix to a greater entent. Additionally, the 

profile with added 93 followed a regular sigmoidal shape, whereas two regions o f  change 

could be identified in the profile for 94. It is possible that the first changes are due to 

disruption o f electrostatic interactions, whereas that at higher temperature corresponds to 

disruption o f intercalative binding.

The amino substituted system 95 gave a shift in T,n o f  10.4 °C, considerably less 

than its nitro analogue, due to the diminished intercalating ability o f  the 4-amino-1,8- 

nap hthalimide. Interestingly, the melting profile followed a more regular path in this case 

(in comparison to that with ct-DNA), and two regions could be identified in the profile 

similar to that observed for 94.
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Figure 5.24 Thermal denaturation curves o f  [poly(dA-dT)]2 (150 [jM) in 10 mMphosphate 

buffer, at pH  7, in the absence (m) and presence o f  93 (•), 94 (A.) and 95 ( f ) all at a Bp/D 

ratio o f  5.

The above experiments were also carried out at a higher salt concentration. In the 

presence o f  50 mM NaCl (in 10 mM phosphate buffer). Figure 5.25, compound 93 gave a 

shift in Tm o f  6.6 ”C, while addition o f  its wedged analogue resulted in a shift o f  10.3 °C. 

Addition o f  the wedged amino compound 95 gave a shift o f  7.9 “C. Both wedged systems 

displayed mono-phasic melting profiles implying the loss o f  one o f  the binding modes.
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Figure 5.25 Thermal denaturation curves o f  [poly(dA-dT)]2 (150 fiM) in 10 mM phosphate 

buffer + 50 mM NaCl, at pH  7, in the absence (m) and presence o f  93 (•) ,9 4  ( A )  and 95 

( y )  all at a Bp/D ratio o f  5.
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The melting studies o f 93 -  96, illustrated the high affinity o f  all o f  the conjugate 

systems for DNA, with significant shifts in T„i values, o f  the order expected for 

intercalative binding. By comparing 93 with 94, it was interesting to note that 94 resulted 

in a more pronounced stabilisation o f  the helix, which was in contrast to the proposed 

higher affinity o f  93, calculated from UVA^isible changes. This could indicate that 

although 93 displays superior intercalating ability, the diquat component is not bound to 

the helix as tightly as for that o f  94, which allows for more cooperative overall binding o f 

the constituent 1,8-naphthalimide and diquat moieties, by virtue o f their orientation. This 

is similar to the behaviour exhibited by the rigid complexes discussed in Chapter 4.

5.5.4 Circular Dichroism Studies of 93 -  96

Circular dichroism titrations were also carried out on 93 -  96, where the 

concentration o f  DNA was kept constant, and that o f  the compounds was varied. Only 

minor changes were seen upon addition o f the reference compound 96 to DNA, appendix 

5. The noticeable absence o f an ICD in the region o f achiral absorbance at ca. 330 nm 

indicated that this system was not associated within the grooves. In contrast, the addition 

o f the linear nitro compound 93 to DNA resulted in an ICD at ca. 350 nm. Figure 5.26.
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Figure 5.26 Circular dichroism curves o f  ct-DNA (150 piM) in 10 mMphosphate buffer, at 

pH  7, in the absence and presence of 93 at varying ratios.

Furthermore, large changes were observed below 300 nm, which may be regarded 

as being due to a combination o f induced CD o f the compound, and changes in the intrinsic 

CD signal o f  the DNA polymer. Whether the induced CD signal at longer wavelength is
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due to the 1,8-naphthaHmide or diquat portion o f the molecule is unclear. Nevertheless, 

these results emphasise the high affinity for DNA, and the intimate mode o f association 

possessed by 93. CD changes o f such a magnitude were not observed for the Ru(II) 

complexes discussed in the previous chapters, and as such it was decided to investigate the 

CD behaviour o f 93 ftirther at varying ionic strengths. The ICD spectra for 93 at varying 

salt concentration are contained in appendix 5. An ICD still occurred even at high salt 

concentration, which indicates that 93 remained bound in the chiral environment o f the 

DNA.

Next, CD experiments were carried out in the presence o f the alternating 

co-polymers [poly(dA-dT) ] 2  and [poly(dG-dC)]2 . The resulting ICD are depicted in Figure 

5.27, in which they are compared to that in the presence o f random sequence ct-DNA. 

Large ICD was observed in both cases, particularly in the region above 300 nm. One 

notable feature was that the ICD in the presence o f both alternating co-polymers was 

greater than that seen upon binding to ct-DNA. The ICD in the presence o f the alternating 

co-polymers were also much broader, and were more closely in agreement with the 

absorption spectrum of the compound. It is possible that the fit in binding to these 

polymers is quite different to that in binding to ct-DNA, the result being that ICD 

corresponding to both parts o f the compound appear.
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Figure 5.27 Induced CD spectra o f  93 in the presence o f  ct-DNA (------), [poly(dA-dT) ] 2

(------) and [poly(dG-dC) ] 2 (---- ), all in 10 mM  phosphate buffer, at p H  7, at a Bp/D ratio

o f  2.5.
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The addition o f  DNA to 94 resulted in more pronounced ICD than seen for 93, 

Figure 5.28. Here, a significant CD signal appeared at 350 nm, which corresponds to 

absorption by the compound itself Very large changes were also observed in the region o f 

absorption o f  the DNA. The fact that a greater ICD occured for the wedged derivative 

over the linear analogue may be related to the orientation o f the two chromophores o f  this 

compound with respect to each other. We propose that the observed ICD is due to the 

diquat part o f  the molecule, which experiences the helicity o f the DNA, when bound within 

the grooves, and that the orientation o f the components in this system creates a cleft o f  

similar nature to that discussed in the previous Chapter.
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Figure 5.28 Circular dichroism curves o f  ct-DNA (150 pU\4) in 10 mMphosphate buffer, at 

pH  7, in the absence and presence o f  94 at varying ratios.

The closer association o f the wedged derivative 94 does not correlate with the 

affinities calculated from the UVA^isible titrations above. These results suggested that the 

linear system 93 bound to DNA with considerably greater affinity, where the

1.8-naphthalimide moiety interacted efficiently with DNA, while the diquat pointed in the 

opposite direction, by virtue o f  the linker used. However, interaction o f the

1.8-naphthalimide in 94 may be somewhat inhibited by the diquat due to the closer 

arrangement o f the two components in space. These results again emphasise the sensitivity 

o f such rigid bichromophore molecules to the nature o f  the linker, and the resulting

orientation o f the components with respect to each other.

The CD spectrum for 94 bound to DNA was also determined at varying salt

concentration. The results o f this study are shown in appendix 5, and again showed the
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presence o f significant ICD at high salt concentration. Moreover, the binding o f  94 to 

[poly(dA-dT) ]2  and [poly(dG-dC) ]2  was investigated the results o f  which are presented in 

appendix 5, being very similar to those for the linear nitro conjugate 93.

In the case o f  95 distinct absorption bands associated with both the

1,8-naphthalimide and the diquat chromophores were observed. The CD changes resulting 

for this compound are depicted in Figure 5.29.
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Figure 5.29 Circular dichroism curves ofct-DNA (150 liM) in 10 mM phosphate buffer, at 

pH  7, in the absence and presence oj 95 at varying ratios.

Here, a band was shown to grow in at ca. 311 nm, which was assigned to the diquat 

part o f the molecule, and a less significant band at ca. 440 nm, assigned to the

1,8-naphthalimide. It would seem therefore that for this system, the diquat moiety remains 

in the grooves when bound to DNA, while the 1,8-naphthalimide is intercalated, thereby 

displaying a smaller ICD. The molar absortivity o f  the 1,8-naphthalimide part o f the 

molecule is also less that than that o f the diquat, which will also contribute to some extent 

to the reduced CD changes. It is thus reasonable to assume, that the nitro derivatives will 

bind to DNA in a similar manner, and that the majority o f  the absorption change may be 

attributed to intercalation o f the 1,8-naphthalimide, and the CD changes to groove 

association o f the diquat. It is not clear why a negative ICD is observed for 95, whereas 

positive signals were observed for the other two derivatives studied.

The systems described in this chapter displayed quite significant CD changes, 

which were o f considerable use in assigning the nature o f their interaction with DNA. 

Through the use o f the amino compound 95, the CD changes were assigned as being most
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likely due to association o f  the diquat portion o f the molecules within the grooves, while 

the 1,8-naphthalimide was bound by intercalation.

5.5.5 Ethidium Bromide Displacement Assay of 93 and 94

In order to make another comparison o f the relative affinities o f 93 and 94 for DNA 

ethidium bromide displacement assays were carried out. From this study binding constants 

o f  1.7 X 10  ̂ m  ' and 2.4 x 10  ̂ M '' were determined for 93 and 94, respectively. The 

binding constant for 93 is in agreement with that calculated from UVA^isible titration in 

Section 5.5.1. However, the value for 94 is considerably removed from that determined by 

UV/Visible study, being almost an order o f magnitude different.

It has already been indicated that the UV/Visible changes displayed by these 

compounds are due primarily to interaction o f  the 1,8-naphthalimide moiety. Compound 

93 was determined to bind DNA with higher affinity, as the 1,8-naphthalimide may 

intercalate in a manner that is not restricted by the diquat, which point in the opposite 

direction. Binding o f  94 to DNA involves both intercalative interaction o f the 

1,8-naphthalimide, but also a considerable degree o f groove association o f the diquat part 

o f the molecule, permitted by the wedged arrangement. In such a mode both parts o f  the 

molecule may effectively displace DNA bound ethidium bromide and thus the apparent 

affinity from the displacement assay is higher.

The charged diquat moiety in 93 -  95 may be regarded as having a similar function, 

and behaving in a similar manner to the Ru(II) centre in complexes 6 8 - 7 1 .  The diquat 

contributes to the overall DNA interaction, through electrostatic attraction to the 

phosphates and association in the grooves.

5.5.6 Isothermal Titration Calorimetry Study of 93 and 94

ITC experiments were firstly conducted on the reference compound 96. The heat 

changes and resulting binding profile for 96 are shown in Figure 5.30a and 5.30b 

repectively. The binding o f  96 to DNA appears to be entropically driven as positive heat
182 183changes are observed at all points in the ITC experiment. ' Bearing this in mind, it is 

possible to envisage a binding mode, which involves non-specific surface binding in the 

grooves and electrostatic interaction with the phosphate backbone. Such binding will 

result in the displacement o f ordered water molecules and ions from the DNA polymer, 

and hence result in an increase in the disorder o f the system.
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Figure 5.30 (a) Raw ITC data fo r  titration o f  96 (2 mM) into a solution o f  st-DNA (0.2 

mM), both solutions in 10 mM phosphate buffer, at pH  7, (b) Integrated ITC profile o f  96 

binding to st-DNA.

The biflinctional compounds 93 and 94 display significantly different calorimetric 

behaviour to that observed for 96, when added to a solution o f DNA. The heat changes 

and resulting binding profile for 93 are shown in Figure 5.31a and 5.31b respectively.
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Figure 5.31 (a) Raw ITC data fo r  titration o f  93 (2 mM) into a solution o f  st-DNA (0.2 

mM), both solutions in 10 mM phosphate buffer, at p H  7,(b) Integrated ITC profile o f  93 

binding to st-DNA.

The first point to note is that negative heat changes occur at all points in the 

titration, and as such it can be concluded that enthalpy plays an important role in the 

binding process. The profile displays quite typical behaviour up to a 1:1 ratio o f 

compound to DNA, with several large heat changes occurring up to a ratio o f 

approximately 0.5. Larger changes occur initially as there are more free sites available for
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binding o f 93 to DNA. The fact that the binding is enthalpically driven, suggests that 

modes o f binding that increase the interactions between atoms, such as electrostatic 

binding and tt-tt intercalative stacking, govern the interaction o f 93 with DNA. The profile 

at ratios higher than 1:1 is characterised by a large negative enthalpic dip, which returns 

quite rapidly to a plateau close to zero.We propose that the dip in the profile in Figure 

5.31b, is due to condensation and aggregation o f the DNA, which is induced when 

sufficient amount o f  93 has been added. The subsequent changes are suggested to be due 

to stacking o f  the compounds, induced by the presence o f DNA.

Concerning the first feature, the large negative enthalpic dip that is attributed to 

condensation and aggregation o f the DNA, large dips such as this have previously been 

observed with polycations such as cobalt hexamine or s p e r m i d i n e . I t  was shown in 

these publications that the DNA chain collapses after some fi-action o f  the negative charges 

on the phosphate backbone is neutralised by cationic ligands, such as cobalt hexamine or 

spermidine. The critical value o f  charge neutralisation, or the amount o f the DNA charge 

neutralised by a cation, is determined by the valence o f the cation. The values in the 

presence o f monovalent, divalent and trivalent cations are 0.76, 0.88 and 0.92,
I o z

respectively. It was proposed in the same publication that DNA retains its conformation 

until the degree o f  charge neutralisation has reached 0.90, this suggesting that cationic 

species with valences o f  three or higher are necessary to induce condensation o f the helix. 

The condensation in the case o f cobalt hexamine and spermidine is endothermic and so the
185process is entropically driven.

These features seem at odds with the proposed condensation induced by 93, as the 

heat changes resulting from binding o f this compound are exothermic at all points, and the 

compound bears two positive charges. Any observed heat changes are representative o f  all 

the processes that are occurring in solution, both binding o f  the ligand to DNA and 

condensation o f the DNA helix. Thus the initial changes up to a ratio o f one, correspond to 

binding o f  the ligand to DNA. Between approximately 1 and 1.3 the negative dip occurs. 

Normally a positive heat change would be expected for such a process. However, it is 

possible that accompanying the condensation process is self association o f 93 on the 

collapsing helix, and this process gives rise to negative heat changes. These changes mask 

the positive heat changes that would result otherwise from the condensation process. 

Concerning the second point, 93 is di-cationic, and as such, from counterion condensation 

theory would not be expected to induce condensation o f the helix. 93 bears an 

intercalating 1,8-naphthalimide moiety attached to the positively charged diquat, which
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will bind to DNA with high affinity. This consequently places the positive centre in close 

proximity to the negatively charged backbone o f  DNA.

A similar shaped profile was also observed for the addition o f  94 to DNA, as shown 

in Figures 5.32a and 5.32b. In this case the system displays regular behaviour up to a ratio 

o f approximately 1.25, after which a large exothermic dip occurred. The ITC behaviour o f  

both 93 and 94 in the presence o f DNA is complex, but thought to arise from multiple 

processes including regular DNA binding, DNA condensation and DNA induced stacking. 

To the best o f our knowledge such behaviour has not previously been reported in the 

literature.
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Figure 5.32 (a) Raw ITC data fo r  titration oj 94 (2 mM) into a solution o f  st-DNA (0.2 

mM), both solutions in 10 mM phosphate buffer, at pH  7, (b) Integrated ITC profile o f  94 

binding to st-DNA.

It is also interesting to note that greater equivalents o f  94 were necessary in order to 

induce the “dip”, which is attributed to condensation o f  the helix. This may be related to 

the greater association o f  94 within the grooves, in comparison to 93, where the diquat is 

moiety expected to point outwards and interact with the phosphates, which may lead to a 

more efficient condensation process.

Reference compound 96 displayed quite typical ITC behaviour for a cationic 

species, the results showing that its binding to DNA was entropically driven. This is 

consistent with association in the grooves or at the phosphate backbone o f  DNA, as 

displacement o f ordered solvent or counter-ions leads to increased disorder. In contrast, 

the calorimetric behaviour o f  93 and 94 was complex, and suggested to involve a number 

o f different processes. For both systems, initial exothermic events occurred, which were 

attributed to binding o f the conjugates to DNA, followed by a large enthalpic dip in the
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profiles, attributed to condensation and aggregation o f  the DNA, with concomitant 

stacking o f the conjugates on the collapsing helix. Such complex ITC behaviour has not 

been reported previously, and may have been contributed to by other factors. ITC has 

therefore not provided ftirther information as to the mode o f interaction o f  93 and 94 with 

DNA, but has revealed an interesting and previously unreported type o f  condensation 

process.

5,6 Conclusions

Through a series o f  measurements it has been possible to propose binding modes 

that account for the observed responses o f  93 -  96 to added DNA. Variations in binding 

behaviour were observed depending on the connectivity o f  the components o f  each 

conjugate and the nature o f the substituents on the 1,8-naphthalimide ring system. The 

overall binding modes o f the bifunctional systems were closely related to those o f the 

Ru(II) complexes discussed in Chapter 4, in that the 1,8-naphthalimide intercalates, while 

di-cation was found to bind externally and in the grooves.

Reference 96 was shown to bind st-DNA with high affinity (K = 2.8 x 10  ̂M"') and 

displayed quite a significant luminescent quenching in the presence o f  DNA. Such 

behaviour would normally indicate high affinity intercalative binding, although flirther 

experiments suggested this was not the case. Moderate shifts in the melting temperature o f 

DNA were observed with 96. The absence o f  an ICD for 96 bound to DNA, suggested the 

occurrence o f an external mode o f  association. This was further supported using ITC 

experiments, which showed binding to be entropically driven, which is consistent with 

electrostatic binding to the phosphate backbone, and association in the grooves.

The linear nitro system 93 was found to bind st-DNA with high affinity (K = 1.7 x 

lO’ M ') and displayed the largest emission quenching o f  any o f  the systems studied, o f  

90%. These spectroscopic changes, in addition to large shifts in Tm, indicated an 

intercalative binding mode for this conjugate, which was further confirmed by ethidium 

bromide displacement assays. Circular dichroism studies showed the presence o f a 

moderate ICD, suggesting that part o f the molecule may be associated in the grooves o f  the 

DNA. Through the use o f  another control, namely 95, the ICD was assigned as being 

primarily due to the diquat portion o f the molecule.

The wedged nitro system 94 was initially suggested to bind DNA with weaker 

affinity than its linear analogue (this having been ascribed from the lower binding constant 

o f  94 for st-DNA, calculated from UVA^isible absorption titration, K = 6.5 x 10  ̂ M'*).
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Furthermore, this system possessed a less well defined emission spectrum, attributed to 

reduced interaction between the 1,8-naphthalimide and diquat components. Upon binding 

to DNA a quenching o f  31% in intensity was observed. In contrast to that observed for 93, 

the results o f the EtBr displacement experiment were not in agreement with that from 

UV/Visible absorption titration. An apparent DNA binding constant o f 2.4 x 10  ̂ M ' was 

calculated for 94 from EtBr displacement. This suggested that overall this system binds 

DNA with greater affinity than its linear analogue. Further evidence for tighter binding o f

94 to DNA was obtained from thermal denaturation studies, this system resulting in the 

greatest stabilisation o f  the helix, while CD studies showed the presence o f  a more 

pronounced ICD for this system, indicating a more intimate association with the helix. 

From these results it was proposed that similar to the complexes described in Chapter 4, a 

wedged arrangement allows for a more cooperative binding o f both components o f the 

system, and as a result a greater overall affinity for DNA is observed.

The wedged system 95 proved quite useful, in assigning an overall mode o f 

interaction o f the 1,8-naphthalimide-diquat conjugates. Absorption bands corresponding to 

both the 1,8-naphthalimide and the diquat components could be identified, and monitored 

independently upon addition o f DNA. The absorption band at 434 nm, attributed to the 

1,8-naphthalimide, exhibited the greatest change, from which a binding constant o f 2.3 x 

10  ̂ M ' was determined. This conjugate also displayed more well defined emission than 

the nitro analogue, with 55% quenching being observed upon binding to DNA. Compound

95 also caused large shifts in the Tm o f DNA, although o f a slightly smaller magnitude than 

its nitro analogue, which was attributed to the greater stacking ability o f  the nitro 

derivative, due to its more electron deficient nature. Circular dichroism studies showed the 

presence o f an ICD o f  greater magnitude in the region o f absorption o f  the diquat portion 

o f the molecule. This confirmed the proposed overall binding mode, which involved high 

affinity intercalative interaction o f the 1,8-naphthalimide and groove association o f the 

diquat.

ITC experiments were also carried out with the nitro conjugates 93 and 94, the 

results o f which proved quite complex. Exothermic events were first observed as 

compound was added to DNA, attributed to binding o f the compound to the helix, 

followed, in both cases, by large enthalpic dips in the profiles which were proposed to be 

due to condensation and aggregation o f the helix, and stacking o f the conjugates on the 

collapsing helix.
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In summary, the family o f  conjugates discussed in this chapter represent an 

interesting group o f bifianctional molecules, with excellent affinities and spectroscopic 

responses to DNA. It has been shown that each o f the bichromophore systems binds in a 

similar manner to their Ru(II) complex counterparts. It was also demonstrated that a 

wedged arrangement o f the constituent chromophores resulted in the most efficient 

interaction with DNA, most likely due to a more cooperative mode o f binding o f the 

components. Although it has not been explored as o f yet as part o f  this research, these 

conjugates may also display interesting excited state reactivity with nucleic acids. This 

will be the subject o f future research within the Gunnlaugsson group.
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6.1 Introduction

Cancer is a disease characterised by an uncontrolled rate o f  cell proliferation. It 

originates primarily due to damage to the cellular DNA, which results in a breakdown in 

the mechanisms governing cell growth and replication. DNA, therefore, is an important 

therapeutic target, and agents which mediate its function by a variety o f  mechanisms have 

so far been developed.'*^ Chemistry plays a vital role in the development o f  anticancer 

drugs, not only in the synthesis o f  active agents, but also in understanding drug-target 

interactions, and the structural features o f  molecules that govern their uptake and 

m e t a b o l i s m . O n e  important therapeutic strategy is photodynamic therapy (PDT) 

or the activation o f  a drug molecule by light at a specific target. PDT involves two non­

toxic components; light and a chemical moiety (the photosensitizer), which when 

combined induce a cytotoxic effect. The strategy employed in PDT is represented 

schematically in Figure 6.1.

Light

C ancer 
k cell j

Cell d ea th
C an ce r\ ^  
\^®|^yYCancer
^ ^ ^ c e l l  y

\ f C a n c e rv ------
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C ancer 
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D isease
p ro g re ss io n

C ancer 
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C ancer 
^ cell y •  P h o to sen s itiz e r

Figure 6.1 Schematic representation o f the strategy used in photodynamic therapy.

Typically the photosensitizer is administered and allowed to accumulate at the site 

o f the tumour. Subsequently, light o f an appropriate wavelength is directed at the tumour, 

the PDT agent becomes activated in that locality, and cell death results. The advantage o f  

this strategy is that a cytotoxic response is only observed in the region targeted by the light 

source. The selectivity with PDT is double-fold. Firstly, greater accumulation o f the agent

in cancer cells will occur, as these cells have greater uptake ability, and the vasculature in
188tumours is generally more porous. Secondly, by use o f a laser light source, cells in a 

very small region may be targeted and consequently only the agents in these cells become 

activated. For this reason the therapy is particularly attractive for the treatment o f cancer.
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The most commonly used agents for PDT are the porphyrins, particularly 

derivatives o f  hematoporphyrin. The application o f  hematoporphyrin derivative (HPD), 

more commonly knows as Photofrin to PDT has been widely explored.'*^ This compound 

is currently in clinical use in a number o f  different countries, for the treatment o f  a variety 

o f  cancer t y p e s . T h e  mechanism o f  action o f  PDT agents such as porphyrins firstly 

involves absorption o f  light, to give an excited singlet state. This undergoes intersystem 

crossing to an excited triplet state, which may then undergo two different types o f  reaction. 

Type II reactions are the predominant means by which cellular damage is caused, and 

involve transfer o f  energy from the triplet state to molecular oxygen forming singlet 

oxygen, ' 0 2 .'^ ' The 'O 2 formed is referred to as a Reactive Oxygen Species (ROS), and 

may react with a number o f  cellular components, leading to damage and ultimately cell 

death. Type I reactions involve direct reaction with cellular substrates that results in the 

formation o f  radicals. These radicals then react with oxygen to form oxygenated products, 

which lead to cellular damage.*^ A schematic representation o f  Type I and Type II 

reactions is given in Figure 6.2.

Photosensitizer

Light
Type II reactionType I reaction

Activated
Photosensitizer

^  Radicals 
" Radical Ions

SubstrateROS Substrate

Products of 
oxidationProducts of 

oxidation

Figure 6.2 Representation o f Type I  and II reactions in PDT.

In the case o f  Photofrin, the species administered is actually a poorly defined 

mixture o f  dimeric and oligomeric compounds, derived from the treatment o f
• 192hematoporphyrin with acid. As such it is difficult to ascertain which components lead to 

biological effects and to reproduce the composition o f  the agent. Many attempts to 

generate improved agents for PDT have focussed on porphyrin derivatives comprising a 

single component, with some success having been obtained in this area. Temoporphin, 84 

is one such derivative, which has been prepared as a single compound and shown promise 

for use in PDT.'*^
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Non-porphyrin based systems have also been explored in attempts to generate more 

specific and photoactive c o m p o u n d s . E x a m p l e s  o f  these include the nile blue 

derivatives such as 82,'*̂  ̂ rhodamines such as 83,'^^ and BF2-chelated tetraaryl- 

azadipyrromethanes such as 84.' '̂* Given the useful and well characterised reactivity o f  

Ru(ll) complexes with DNA, and their ability to efficiently damage nucleic acids, it may 

seem surprising that such systems have not been investigated in vitro as PDT agents. The 

reason for this may be related to the charged nature o f  such complexes. This limits their 

uptake into cells as they cannot cross the cell membrane, which is hydrophobic at its core. 

A few publications have appeared which reported studies on the uptake o f  Ru(II) 

polypyridyl complexes into cells. One such study by Barton and co-worker investigated 

the uptake o f the series o f Ru(ll) dppz complexes shown in Figure 6.2 into HeLa cells.

phen mcbpy

Figure 6.2 Dipyridophenazine complexes o f  Ru(II)J‘̂^

Here, flow cytometry showed that only the complex incorporating hydrophobic 

DIP ligands entered the cells to any great degree. The entry o f  this compound into HeLa 

cells was fiirther confirmed by confocal microscopy. Images were obtained where intense 

luminescence from the metal complex was observed. The greatest luminescence was 

observed in the cytoplasm, attributed to association o f the complex with the mitochondria 

and endoplasmic reticulum. Interestingly, quite weak intensity was observed in the
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nucleus despite this complex being much more strongly emissive when bound to DNA. As 

such the complex was proposed to display no preference for nuclear localisation.

Another publication by Norden and co-workers reported the uptake and toxic effect 

o f  complex 13, discussed in Chapter 1, on V79 Chinese hamster c e l l s . C o n f o c a l  

microscope images o f  cells incubated with the complex for 27 hours showed no 

accumulation in the nucleus, but did reveal the presence o f small “red dots” in the 

cytoplasm, which the authors stated was an indication o f  uptake o f  the complex by 

pinocytosis, with penetration o f the complex into the nucleus facilitated by electroporation.

An interesting application o f  a Ru(ll) polypyridyl complex, which actually relied i  

on the poor uptake o f the system into cells was reported by Portoles and c o - w o r k e r s . i  

Complex 100 was investigated for use as a reporter o f  cell viability. Whereas the charged ' 

nature prevented entry into live cells, entry into non-viable cells whose cell membranes 

were not intact was signalled by large luminescent enhancements, due to binding o f  the 

system to DNA. Additionally, it was shown that due to the reasonably long lifetime o f  the 

Ru(II) complex, time resolved fluorimetry could be used in the analysis.

Ru

100

Considering the established ability o f  Ru(II) complexes to photodamage DNA, it 

was decided to undertake a study o f the potential o f  the complexes discussed in this thesis 

as PDT agents. Firstly, the ability o f  each family o f  complexes from Chapters 2, 3, and 4 

to damage DNA was evaluated. Next, the ability o f the complexes to accumulate in cells 

was investigated using flow cytometry and confocal microscopy. Finally, complexes 

exhibiting both photocleavage ability and cellular accumulation were chosen for study as 

PDT agents. These steps will be discussed in the following sections.

6.2 Photocleavage of Nucleic Acids

A variety o f  small molecules have been explored for use as DNA photocleavage 

agents. Research has focussed on both organic and inorganic compounds for such 

application.^ The 1,8-naphthalimides (organic) and Ru(Il) polypyridyl complexes 

(inorganic) represent two important class o f  potential photocleavers. The cleavage o f  a
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nucleic acid target leads to nicking, or fragmentation o f  the DNA strand.^ The most 

commonly used technique for analysis o f  such processes is electrophoresis, in which the 

products o f  cleavage are separated according to their ability to migrate through an agarose 

or polyacrylamide gel. The simplest o f  these techniques and the one used here involves 

circular segments o f  DNA from bacteria known as plasmids. In its normal undamaged 

state, the plasmid DNA is supercoiled and referred to as Form I. I f  single strand cleavage 

o f  the plasmid occurs it is converted to the open circular form also known as Form II, 

whereas if  double strand cleavage occurs it is converted to the linear form, also known as 

Form III. These cleavage processes are represented schematically in Figure 6.3.

8 Nicked Strand  ̂ ^ Nicked Strand

Form I Form II Form III

Figure 6.3 Single and double strand cleavage o f plasmid DNA yielding circular (Form II) 

and linear (Form III) forms.

The products o f  plasmid DNA cleavage may be detected by electrophoresis, as the 

different forms migrate at different rates through the gel. Form I is the most compact, and 

will migrate through the gel to the greatest extent. This is followed by Form III, and 

finally. Form II, which due to its bulky circular nature, migrates to the least extent. The 

differences in migration o f  the different forms o f  plasmid DNA are represented 

schematically in Figure 6.4. Visualisation o f  the bands is achieved by staining o f  the gel 

with ethidium bromide. Such analysis and comparison o f  the relative amount o f  each form 

gives an indication o f  the efficiency o f  DNA cleavage, and whether single or double strand 

breaks have occurred.

Form II 

Form III

P'orm I

Untreated Nicked

Form I  ̂r

Figure 6.4 Analysis o f nicked plasmid DNA by gel electrophoresis.
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6.2.1 DNA Photocleavage by Complexes 37 -  40

The ability o f  the Ru(II)-4-nitro-l,8-naphthalimide conjugates 37 -  40 discussed in 

Chapter 2, to cleavage pBR322 plasmid DNA was first investigated. These systems were 

proposed to bind DNA through intercalation o f the 1,8-naphthalimide moiety into the DNA 

helix and partial insertion o f the Ru(II) centre into the grooves.

These complexes were expected to damage DNA by the generation o f singlet 

oxygen, as they were not sufficiently oxidizing to undergo charge transfer reactions with 

the DNA.^^ However, the presence o f the 1,8-naphthalimides (that anchor the Ru(II) 

centre tightly in place) may additionally result in improved etYiciency o f cleavage over 

sysyems such as Ru(bpy)3^̂ . The results o f the cleavage experiments for this family o f 

complexes are presented in Figure 6.5.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

15 16 17 18 19 20 21 22 23

Figure 6.5 Agarose gel electrophoresis o f  pBR322 DNA (1 mg/ml) after 5 min irradiation"^ 

at X > 400 nm in 10 mM phosphate buffer, pH  7. Lane 1: Plasmid DNA control; Lane 2:, 

Ru(bpy)3^^ (Bp/D 25); Lane 3; 10 mM Histidine; Lanes 4-6; 40 (Bp/D 25, 15, 5); Lanes 7- 

9; 39 (Bp/D 25. 15, 5); Lanes 10-12; 38 (Bp/D 25, 15, 5); Lanes 13-15; 37 (Bp/D 25, 15, 

5); Lanes 16-19; Histidine + 40, 39, 38, 3 7 respectively (Bp/D 25, 15, 5); Lanes 20-23: 40, 

39, 38, 3 7 respectively (Bp/D 5) in the dark.
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All o f  the complexes were shown to cleave DNA, however, with rather poor
2+efficiency, o f approximately the same order as Ru(bpy)3  . This we attribute to the low 

quantum yield o f  MLCT emission determined for these systems. The small amount o f  

populated excited state here leads to an inefficient production o f 'O 2 , and therefore poor 

efficiency o f  cleavage o f the DNA. Lane 1 represents intact plasmid which was directly 

loaded onto the gel, the presence o f  mostly Form I indicating that the stock DNA was 

undamaged. Lanes 20 -  23 represent plasmid with added complexes in the dark, the

absence o f cleavage confirms that 37 -  40 do not damage DNA without irradiation. Lane
2+

2  represents the control photocleaver Ru(bpy)3  , which was used to evaluate the relative 

efficiency o f cleavage o f the conjugate systems 37 -  40.

6.2.2 Photocleavage of DNA by Complexes 68 and 69

The photocleavage capabilities o f 68 and 69 were next investigated in the same 

manner as above. These strongly emissive systems, displayed excellent affinity tor DNA, 

and therefore were regarded as improved candidates for use as nucleic acid photocleavage 

agents.

Ru

n2+

68

NH

'Ru'

NH

2+

1 2 3 4 5 6 7 8

Figure 6.6. Agarose gel electrophoresis o f  pBR322 DNA (Img/ml) after irradiation at X>  

390 nm in 10 mM phosphate buffer, pH  7. Lane I: Plasmid DNA control; Lane 2: 

Ru(hpy)s^^ (Bp/D 5) 5 min irradiation; Lanes 3-5: 68 (Bp/D 5) 7, 3, 5 min respectively; 

Lanes 6-8: 69 (Bp/D 5) 1, 3, 5 min respectively.
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Shown in Figure 6.6 is the result o f  these DNA cleavage studies. The relative 

amounts o f  Form I vs Form II present are detailed in Table 6.1, as determined from 

densiometry measurements o f the relative fluorescence intensity o f the resulting bands.

Table 6.1 Percentage o f  Form I  vs 11 pBR322 plasmid DNA from the cleavage study in 

Figure 6.7.

1 73 27
2 57 43
3 65 35
4 52 48
5 39 61
6 60 40
7 66 34

8 65 35

Determination o f  the relative intensity o f  the bands showed that DNA was 

somewhat damaged to begin with, being comprised o f 73% Form I and 27% Form II. 

The presence o f Ru(bpy) 3  resulted in an increase in Form II, after 5 minutes irradiation. 

In the presence o f 68 (Lane 3) a small amount o f damage was also apparent after only 1 

min o f irradiation, the percentage o f Form II having increased to 35%. After 3 minutes 

irradiation, this had increased to 49% Form II, and at the longest irradiation time o f 5 

minutes had increased to 61% Form II. From these results, it can be concluded that 68 

displayed a reasonably efficient photocleavage o f DNA, leading to more pronounced 

changes than the reference Ru(bpy) 3  . In contrast, complex 69 resulted in only a minor 

cleavage o f the nucleic acid, with Form I being the predominant DNA species present, 

even after 5 minutes irradiation.

The fact that 69 displays very little cleavage o f  DNA may reflect the extremely 

tight association o f the metal centre with the nucleic acid, where access by molecular 

oxygen is restricted, limiting the amount o f 'O 2 generated, thereby resulting in a low 

efficiency o f  DNA cleavage.

202



Chapter 6 Biological Studies

6.2.3 Photocleavage of DNA by Complexes 76 -  79

Finally, the efficiency o f  sensitised DNA cleavage by the rigid complexes (76 -  79) 

was investigated. The orientation o f  the components within these systems was shown to 

have interesting consequences on the DNA binding behaviour {Chapter 4), and it was 

hoped that this would also be reflected in the cleavage studies. Complexes 78 and 79 were 

reasonably strongly emissive in solution, bound DNA with high affinity, and also 

displayed emission enhancements in the presence o f DNA. In contrast, the nitro 

substituted complexes 76 and 77 were only weakly emissive in solution, and displayed 

moderate emission enhancements. However, they did display high affinity for DNA, o f the 

same order as their amino analogues, and as such, represented a useful comparison for 

DNA cleavage experiments. The results o f  the cleavage studies with these systems are 

presented below, along with some initial mechanistic investigation into the nature o f  the 

process.

12+

Ru,

Ru'

12+

Ru.

Ru:

6.2.3.1 Irradiation for Varying Time

The first study conducted on 76 -  79, involved irradiation o f DNA in the absence 

and presence o f  each o f the complexes, in 10 mM phosphate buffer solution, for varying 

time periods. A summary o f the results are given in Figure 6.7, the complete Figures and 

corresponding tables are contained in Appendix 6. A number o f notable trends were 

observed in Figure 6.7. Firstly (at all irradiation times), the nitro substituted conjugates 76 

and 77 display poorer photocleavage efficiency than their amino substituted analogues 78 

and 79. Some minor differences were also apparent between corresponding linear and 

wedged derivatives. A slightly greater efficiency was observed in both cases for 

complexes comprising a linear arrangement o f  the 1,8-naphthalimide and Ru(II) 

components (76 and 78).
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Figure 6.7 The % o f form I  pBR322 plasmid DNA remaining after irradiation in the 

absence (») and presence o f  76 (•), 77 (k.), 78 ( y ) and 79 (^).

It is worth noting that in Figure A6.1 (Appendix 6), Lanes 7 and 8, that some 

streaking on the gel is observed. This type o f behaviour has previously been suggested to
29be due to the formation o f adducts with DNA. This was somewhat unexpected, 

considering the structure o f the metal complex core, which should not be expected to be 

very oxidizing in the excited state. The possible formation o f adducts by these complexes 

will be investigated in the future using dialysis experiments. However, the most important 

property to establish initially was the ability o f  the complexes to cleave DNA, and the 

relativity sensitivity o f this process to the presence of molecular oxygen.

As the amino complexes demonstrated significantly improved photocleavage
2+efficiency over Ru(bpy)3  , more extensive studies as to the nature o f the photocleavage 

process by 76 -  79 were conducted, as detailed in the following sections.

6.2,3.2 Irradiation in the Presence of Sodium Azide

As 'O 2 was expected to play an important role in the sensitized damage o f  DNA, 

studies were carried out in the presence o f the 'O 2 scavenger sodium azide (NaNs). A 

summary o f the results is presented in Figure 6.8. The sensitivity o f  reference Ru(bpy)3 ^̂  

to added NaNs is clearly visible from Figure 6.8, as in the absence of NaNs just under 30% 

of Form I plasmid DNA remained, the rest having been converted to Form II. However, 

in the presence o f NaNs the efficiency o f cleavage was very much reduced, with just under 

80% o f Form I present under these conditions. This result indicates that the

2 3 41 5

R ir«-N 02 „  ^ ^ 2

Ru-B-NH,
™ 7,

Irradiation T im e (m in)
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photocleavage efficiency o f Ru(bpy)3^^ is almost completely inhibited by the presence o f 

the 'O2 scavenger.

R u -B -N O j „

Ru-B-NH,
78

Figure 6.8 Effect o f  added NaNs on the photocleavage efficiency o f  Ru(hpy)j^^ (m), 76 (u), 

77 (u), 78 (u) and 79 (m). Solid bars represent cleavage in the absence o f  NaNj and 

hatched bars cleavage in the presence ofNaNs.

The efficiency o f the nitro substituted complexes 76 or 77 appeared insensitive to 

the presence o f NaNa, suggesting that damage mediated by singlet oxygen was not 

important for these derivatives. A process involving electron transfer to the DNA, or the 

formation o f  another reactive oxygen species may occur for these derivatives, although the 

presence o f such a mechanism has not been investigated as o f  yet. The amino substituted 

conjugates 78 and 79 were also shown to be moderately sensitive to the presence o f the 

singlet oxygen scavenger, with both inducing approximately the same amount o f DNA 

damage in the absence o f NaN3, though it was reduced, with the change apparently being 

slightly greater for the linear complex. Nevertheless, in the presence o f  NaNs, both 78 and 

79 still displayed substantially improved cleavage efficiency over the reference Ru(bpy)3^^.

6.2.3.3 Irradiation in D2O Solution

The lifetime o f 'O2 is known to be extended in D2O. Therefore, to further 

investigate the involvement of'O 2 in the DNA photocleavage process, studies were carried 

out in D2O solution. A longer lifetime will result in greater persistence o f  the 'O2, and 

consequently more efficient damage o f the DNA. The differences in this medium may 

easily be identified in Figure 6.9, where the results for each system are compared. The 

complete figures and corresponding tables are contained in Appendix 6.
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Figure 6.9 Effect o f  irradiation in D 2 O solution on the photocleavage efficiency o f  

Ru(bpy)}^^ (m), 76 (m), 77 (u), 78 (m) and 79 (m). Solid bars represent cleavage in H2 O 

solution and hatched bars cleavage in D2O solution.

In the case o f Ru(bpy)3^^, cleavage was observed to be more efficient in D2O 

solution than in H2O solution. Similarly complex 76 displayed an enhancement in 

photocleavage efficiency in the presence o f D2O, implicating 'O2 in the mechanism of 

damage induced by this system. This was in contrast to the results obtained with addition 

o f NaNs to this system, where no sensitivity to the added 'O2 scavenger was observed. 

Complex 77 displayed, however, no enhancement in cleavage efficiency in D2O solution. 

The mechanism o f DNA damage by this system may involve direct oxidation o f the bases 

or another reactive oxygen species.

Both 78 and 79 displayed improved photocleavage efficiency o f the DNA in D2O 

solution, giving a quantitative conversion. This in conjunction with the results in the 

presence o f NaNs, implicates 'O2 as an important reactive species in the damage induced to 

DNA, by these complexes. 78 and 79 displayed significantly greater cleavage efficiency 

compared to the reference Ru(bpy)3 , emphasising the importance o f  the 

1,8-naphthalimide unit in these systems.

6.2.3.4 Irradiation upon Degassing

The final set o f  electrophoresis experiments carried out, involving degassing o f  the 

medium before irradiation. These experiments showed that all the complexes studied 

displayed a requirement for the presence o f O2 in order to photocleave DNA. This result is 

not that surprising, as oxygen is involved at some stage in photoinduced damage o f  DNA, 

regardless o f the mechanism, the formation o f reactive oxygen species being dependent on
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the presence o f  o x y g e n . H o w e v e r ,  damage to DNA resulting from direct electron 

transfer to the bases is also oxygen dependent, as it is the products that form after reaction 

with oxygen, subsequent to the electron transfer event that cause the observed dam age to 

the h e l i x . I t  is not appropriate to make a direct comparison o f  the cleavage efficiencies 

displayed by corresponding complexes under degassing conditions, as the method 

employed in degassing was to purge the samples with argon for 10 minutes. Such a method 

o f  degassing o f  small samples (~ 10 /iL) leads to the possibility for a considerable amount 

o f  error. Full details on this experiment are given in Appendix 6.

6.2.3.S Summary (Irradiation Studies)

In conclusion, complexes 76 -  79 display useful photocleavage properties, whose 

efficiency depends on the substitution o f  the 1,8-naphthalimide moiety o f  the complex. 

The nitro substituted complexes 76 and 77 displayed cleavage efficiencies o f  the same 

order as Ru(bpy)3 ^ .̂ The linear derivative 76 seemed to display some dependence on 'O 2 

formation to exert damage, whereas its wedged analogue 77 did not.

Both o f  the amino substituted complexes 78 and 79 showed improved cleavage
2+efficiency over the reference Ru(bpy ) 3  . It was expected that this was due to the high 

binding affinity o f  these systems for DNA, which places the metal centre in close 

proximity to the helix, whereby it may effectively induce damage. The damage to DNA 

caused by 78 and 79 was shown to involve 'O 2 formation and possibly other reactive 

oxygen species. The next step was to establish the cellular uptake properties o f  these 

systems, as their application as diagnostic or therapeutic agents would require localisation 

within the target cells.

6.3 Flow Cytometry Study of Cell Uptake of Ru(II)-l,8-naphthalimide Conjugates

The first method used to evaluate the uptake o f  the complexes into cells was flow 

cytometry, the basic operation o f  which is shown in Figure 6.10. The technique o f  flow 

cytometry is based on the detection o f  fluorescence from cells in which a dye has
Iaccumulated. The cells, which have been incubated with dye, are hydrodynamically 

focussed in a flow chamber into a continuous stream o f  single cells. Incident light from a 

laser hits the cells as they pass a particular point, and the emitted or scattered light is 

detected as appropriate. The FSC detector picks up forward scattered light and the SSC 

detector picks up side scattered light. The amount o f  light picked up by these two 

detectors is important in identifying different cell populations, or different sized particles
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within the mixture. The remainder o f the optics comprises a series o f  filters and detectors 

for different wavelength light. An appropriate channel can therefore be chosen to identify 

a particular dye, when a number o f dyes emitting at different wavelengths are present. Up 

to 10,000 cells are read in about 30 seconds, and thus the experiment gives a very good 

average representation o f the uptake event into the cells. The uptake o f each o f the 

families o f  Ru(ll) complexes discussed in Chapters 2, 3, and 4 will be discussed separately 

in the following sections. The uptake studies were carried out in collaboration with Mr. 

Daniel Frimannsson in the research group o f Prof Mark Lawlor at St. James Hospital.
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Figure 6.10 Schematic representation o f  the operation o f  a flow cytometer. Shown on the 

left is the focussing o f  cells in the flow  chamber and on the right the optical set-up o f  the 

instrument.

6.3.1 Flexible Ru(II)-4-nitro-l,8-naphthalimide Conjugates from Chapter 2

The first series o f complexes to be studied were the flexible 

Ru(II)-4-nitro-l,8-naphthalimide conjugates 37 -  40. Shown in Figure 6.11 is the

experimental read-out from the flow cytommetry analysis o f  HeLa cells, after incubation 

with complex 40 for 3 hours. The plot o f side scatter vs forward scatter is used to identify 

the live cell population, and gate the emission so that only cells in this region are counted. 

In any biological study a percentage o f the cells will not be viable, and it is necessary to 

exclude these in order to gain a more accurate reading. The live cell population 

corresponds to the dense grouping o f dots in the bottom right comer in the scatter diagram 

in Figure 6.11.

208



Chapter 6 Biological Studies
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Figure 6.11 Flow cytometry analysis o f  the uptake o f  40 into HeLa cells after 3 hours. On 

the left is shown the plot o f  side scatter vs forward scatter and the gate chosen to select the 

live cell population. On the right is shown the fluorescence intensity from  HeLa cells in 

the absence (—) and presence o f  40 at 1 jJtM ( ), 5 jJiM (—), 12.5 n M  (~^), 25 ijlM  (— ) 

and 50 iiM (’—) concentration.

On the right is the intensity o f  emitted light as detected in the FL-3 channel. By 

means o f a long pass filter this detector only detects light with a wavelength greater than 

650 nm. The solid purple peak represents background fluorescence from the cell. As 

increasing amounts o f complex are added the maximum fluorescence shifts to higher 

intensity, reaching a value approximately two orders o f  magnitude greater at the highest 

concentration used. For each o f the complexes studied, data such as that presented in 

Figure 6.11 was generated for three different periods o f  incubation; 3, 6, and 24 hours, 

respectively. The results obtained for each o f the systems 37 -  40 is summarised in 

Appendix 6.

In all cases large shifts in detected fluorescence intensity were observed, increasing 

with longer incubation times, and greater concentration o f complex. However, quite a 

large amount o f data is represented in the Figures in Appendix 6 and would take a 

considerable length o f  time to discuss individually. Consequently, the material will be 

summarised here. For ease o f comparison the results at the intermediate concentration o f 

complex used (12.5 fxM) are plotted on the same graph, as shown in Figure 6.12. After 3 

hours incubation, emission corresponding to each o f the complexes was observed. The 

order o f intensity is broadly what would be expected, the bis-l,8-naphthalimide conjugates 

39 and 40 displaying greater emission intensity than their mono-analogues 37 and 38. As 

cellular uptake is favoured for hydrophobic species, the presence o f the second
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1,8-naphthalimide moiety leads to accumulation in the cells to a greater extent. The same 

general trend was observed after incubation for 6 hours. However, after incubation for 24 

hours a somewhat different trend was observed. Here, the greatest intensity was observed 

for the bis-complex 40, which contains a pentyl linker, followed by the mono-complex 37, 

which contains a propyl linker, followed by its bis-analogue. In contrast, on all occasions, 

the mono-pentyl linked complex 38 displayed the smallest intensity change. The fact that 

37, comprising a single 1,8-naphthalimide, accumulates to a greater extent after 24 hours 

than its bis-analogue 39 is in contrast to what would be expected. However, the value does 

give a true representation o f the uptake process, as the events in 10,000 different cells are 

counted. As the factors governing the uptake o f such complexes are currently poorly 

understood, it is not possible to propose an explanation for this phenomenon at this time.
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Figure 6.12 Observed fluorescence intensity from HeLa cells upon incubation with 

37 (—■—), 38 ( 39 (- - k  -) and 40 ( — T —), all at a concentration o f  12.5 jxM.

These flow cytometry studies represent an important milestone in the development 

o f Ru(II) polypyridyl complexes based probes for use as diagnostic agents, both in vitro 

and in vivo. It has been successfiilly demonstrated that each o f  the flexibly linked 

Ru(II)-4-nitro-1,8-naphthalimide conjugates could effectively enter HeLa cells, resulting in 

large shifts in fluorescence intensity in flow cytometry experiments. It is expected that the 

useftil cell penetration properties are a function o f  the biflinctional nature o f the complexes, 

which contain both charged and hydrophobic centres. Considering the very promising 

results fi'om studies on 37 -  40 it was decided to conduct similar studies on the complexes 

described in Chapter 3 and 4.

210



Chapter 6 Biological Studies

6.3.2 Flexible Ru(II)-l,8-naphthalimide Conjugates from Chapter 3

The fluorescence intensity from HeLa cells resulting from the addition o f 68 and 69 

at varying concentrations is shown in Appendix 6. The changes resulting from the addition 

o f an intermediate concentration o f complex (12.5 /xM) are shown in Figure 6.13.

20 0 0 -

1500 -

<B 1 0 0 0 -

5 0 0 -

20 255 10 15

Time (hours)

Figure 6.13 Observed fluorescence intensity from HeLa cells upon incubation with 

68 (—■—) and 69 ( - • —), all at a concentration o f 12.5 [xM.

At all time points greater intensity was observed for incubation with complex 69, 

which was attributed to the more hydrophobic nature o f this complex in comparison to 68, 

due to the presence o f  the second 1,8-naphthalimide. In fact accumulation o f this complex 

was so efficient that at the higher concentrations used the intensity went off the scale on 

the detector o f  the flow cytometer. Furthermore, the uptake o f these derivatives seems to 

be more efficient than that o f  their nitro-1,8-naphthalimide analogues discussed in the 

previous section. However, as mentioned before 68 and 69 were strongly emissive in 

solution, and therefore, a similar concentration o f compound within the cell would give 

rise to a greater fluorescence intensity than complexes 37 -  40. It is expected that both 

families o f  complexes should possess similar uptake properties, due to their closely related 

structures.

In conclusion, the results from the study o f 68 and 69, are again o f considerable 

significance in providing evidence for our assertion that the use o f bifiinctional complexes, 

comprising separate hydrophilic and hydrophobic centres is the best means o f  effecting 

cellular accumulation o f Ru(II) based probes and reactive agents within cells.
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6.3.3 Rigid Ru(II)-l,8-naphthalim ide Conjugates from Chapter 4

The final complexes studied in this programme were the rigid complexes 76 -  79, 

discussed in Chapter 4. These had been shown to photocleave DNA; the efficiency o f  

which was found to be dependent on the 1,8-naphthalimide ring fianctionality. The uptake 

o f  each o f  the complexes into HeLa cells was verified by flow cytometry studies, and the 

results for each complex are shown in Appendix 6. Again, for ease o f  comparison the 

results at the intermediate concentration (12.5 /xM) are shown in Figure 6.14.
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Figure 6.14 Observed fluorescence intensity from HeLa cells upon incubation with 

76 (— ■—), 77 ( — • — ) ,  78 (  A. )  and 79 ( — T —), all at a concentration o f  12.5 j J iM .

From analysis o f  the results in Figure 6.14, a number o f  important points may be 

identified. Firstly, at all time points the amino substituted complexes 78 and 79 displayed 

similar intensities, suggesting that the uptake properties o f  these two derivatives are quite 

similar in nature. Secondly, the nitro substituted complexes 76 and 77 display quite 

contrasting uptake properties to each other, where the linear derivative 76 was observed to 

enter cells much more effectively. Complex 76 was in fact found to be the most easily 

taken up by the HeLa cells after 24 hours incubation. Complex 76, was weakly emissive in 

solution, possessing a f  o f  0.004 in water, in comparison to the amino complexes 78 and 

79 which possessed <i>F o f  0.019 and 0.018, respectively. Furthermore, 76 displayed a 

smaller luminescent enhancement in the presence o f  DNA than did 78 and 79. For 

complex 76 to give rise to a larger shift in the fluorescence intensity than 78 or 79 it must 

have been present in the cells at a much higher concentration. The reduced intensity 

displayed by HeLa cells incubated with 77 may also be reflective o f  the emission 

properties o f  the system. This complex possessed the lowest quantum yield at 0.001. j

212
i
j
i



Chapter 6 Biological Studies

Therefore, the amount o f  this complex that accumulates in the cells will be approximately 

the same as for 76, the difference in intensities resulting from the differing quantum yields 

o f  emission possessed by the complexes.

Overall it seems that the nitro complexes 76 and 77 can more effectively enter the 

HeLa cells than their amino analogues 78 and 79. The reasons for this are not clear at 

present, as no literature precedents exist for comparison. Nevertheless, the studies 

importantly showed that each o f 76 -  79 could enter cells, which in conjunction with their 

photocleavage ability, make these compounds excellent leads for use in PDT.

6.4 Confocal Microscopy Study of Complexes 76 -  79 in HeLa cells

As the results discussed in the previous section represent one o f  the first 

comprehensive studies o f  the uptake ability o f  a series o f Ru(II) complexes, confocal 

microscopy was also carried out to provide visual confirmation o f  the metal complexes in 

cells. This was particularly important for complexes 76 -  79, as it was intended to 

investigate the ability o f  these compounds to selectively kill cells upon irradiation. Shown 

in Figure 6.15 is the confocal image obtained o f HeLa cells with complex 76. The change 

is in agreement with the flow cytometry discussed above as the complex is observed to be 

within the cell interior. However, and o f even greater significance, is the observation that 

the complex also seems to be localised within the nucleus. This can be concluded from 

comparison to the nuclear co-stain HOECHST 3342, where the red emission from the 

complex perfectly overlays with the blue emission from the HOECHST 3342. To the best 

o f our knowledge this is the first example o f  the accumulation o f a Ru(II) polypyridyl 

complex in the nucleus o f  a cell without electroporation.'^^ This result is therefore 

extremely significant and promising in light o f the requirements we set for use o f these 

agents in PDT.

Similar nuclear localisation was observed for the corresponding amino complex 70. 

One o f  the images obtained with this derivative is shown in Figure 6.16, from which it is 

clear that the complex is also in the cell interior, and more specifically localised in the 

nucleus. Similar images were obtained for the wedged complexes 77 and 79, and are 

contained in the appendix.
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Figure 6.15 Confocal laser scanning microscopy image o f 76 in HeLa cells. On the right 

is shown the image obtained o f HOESCHT nuclear co-stain (blue), 76 (red), optical image 

of the cells (grey) and the overlay o f these three. On the left is an enlarged version o f the 

overlayed image.

Yigure 6.16 Confocal laser scanning microscopy image o f 78 in HeLa cells. On the right 

is shown the image obtained o f HOESCHT nuclear co-stain (blue), 78 (red), optical image 

o f the cells (grey) and the overlay o f these three. On the left is an enlarged version o f  the 

overlayed image.

At this point all o f  the criteria that were specified for a PDT agent were llilfilled. 

The complexes could effectively damage DNA upon excitation and were shown using flow 

cytometry and confocal microscopy to enter cells. The next step in the research was 

therefore to assess the cytotoxicity o f complexes 76 -  79 in the dark and with irradiation,
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to establish if  they displayed potential tor use as PDT agents. These studies have been 

carried out by Mr. Daniel Frimannsson at St. James Hospital and have shown that certain 

derivatives o f  the family o f  complexes display promising PDT activity. Most importantly, 

all o f  the complexes were poorly cytotoxic in the dark, which was one o f  the criteria for a 

useful PDT agent. However, they became activated upon irradiation, with 78 and 79 

proving particularly good. The order o f  activities was the same as that for the efficiency o f  

photodamage to DNA. Full details o f  these experiments will be provided in the PhD thesis 

o f  Mr. Daniel Frimannsson.

6.5 Conclusions

The work presented in this chapter has demonstrated that in addition to displaying 

varying spectroscopic responses to DNA, Ru(II)-l,8-naphthalimide conjugates may also 

possess varying abilities to photocleave DNA. Both families o f  flexibly linked complexes 

were shown to be relatively inefficient photocleavers. This was in contrast to the rigid

complexes, which displayed promising photocleavage efficiency, comparable or greater
2_|_

than that o f  Ru(bpy)3  . Each family o f  complexes were found to enter cells and localise 

within the nucleus, ascribed from flow cytometry experiments, and confocal microscopy 

experiments for 77 -  79. The research was therefore one step fijrther towards the 

development o f  Ru(II) based complexes for use in PDT.
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7.1 Conclusions

The work described in this thesis represents a systematic study o f  a series o f  related 

biftjnctional DNA binding molecules. In each chapter a different modification to the 

overall design is considered, and the effect that this has on the solution photophysical 

properties and the DNA binding behaviour established.

In Chapter 2, a series o f  flexibly linked Ru(II)-nitro-I,8 -naphthalimide conjugates 

were investigated. These system s were shown to be weakly em issive in aqueous solution, 

and as such displayed chromophore-quencher behaviour. Upon titration with D N A  each 

com plex displayed a substantial luminescent enhancement, the magnitude o f  which was 

shown to be sensitive to the length o f  the linker moiety, and the presence o f  one or two

1.8-naphthalimide chromophores. Greater enhancements were observed for the C 5 linked 

com plexes than the C3 linked complexes, most likely due to greater separation o f  the 

chromophore and quencher upon DN A binding. Slight structural modification o f  the

1.8-naphthaIimide moiety, involving a change in the substitution pattern from 4-nitro to 

3-nitro had a significant effect on the binding properties o f  the resulting complex, where 

the latter resulted in improved DNA binding ability and em ission response. It was 

therefore demonstrated in this Chapter that the DNA binding properties and em ission  

response o f  R u(II)-l,8 -naphthahmide conjugates were dependent on both the substitution 

pattern o f  the attached quencher and the length o f  the linker moiety.

In Chapter 3, a slight structural modification to the basic design was considered in 

which an un-substituted 1 ,8 -naphthalimide was incorporated into the bichromophore 

complexes. In this case the 1,8-naphthalimide was shown to sensitize the Ru(II) MLCT 

emission, and the com plexes were shown to be strongly em issive in solution, due to the 

absence o f  a quenching pathway. Both mono and bis-1,8-naphthalimide com plexes were 

studied, both o f  which were shown to strongly bind DNA. Furthermore, each com plex 

displayed substantial quenching o f  em ission upon titration with DNA, attributed to both 

decreased absorbance and electron transfer quenching o f  the 1,8-naphthalimide. O f  

particular significance with these derivatives were the varying em ission changes in the 

presence o f  different DNA sequences. More pronounced quenching was observed in the 

presence o f  GC rich DNA, attributed to enhanced electron transfer quenching o f  the

1.8-naphthalimide excited state by the guanine nucleotides. Similar to the com plexes in 

Chapter 2, the flexible linkers allowed for independent movement o f  the constituent 

chromophores, and a large number o f  possible binding modes.
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In Chapter 4, a more rigid arrangement o f  the Ru(II) and 1,8-naphthalimide 

subunits was investigated, in which their orientation was more precisely controlled. A 

wedged or meta arrangement around a central aromatic ring was shown to result in greater 

affinity for DNA, and greater changes in spectroscopic properties, due to greater 

complementarity in the shape o f  the complex to that o f  the DNA. The substituents on the

1.8-naphthalimide were again shown to have significant effects on the DNA binding 

properties. Complexes containing nitro substituents displayed emission quenching at low 

ratios o f  DNA due to an induced stacking conformation, followed by enhancement at 

higher ratios. In contrast, those containing amino substituents displayed emission 

enhancement at all DNA ratios. From a series o f  spectroscopic studies it was possible to 

propose a binding mode for these conjugates involving intercalation o f  the

1.8-naphthalimide and groove association o f  the Ru(Il) centre.

In Chapter 5, a different set o f  conjugates were studied comprising

1.8-naphthalimide and diquat functionality. The arrangement o f  the components around a 

central aromatic ring was again shown to have substantial effects on the DNA binding 

behaviour, with a wedged arrangement resulting in the most efficient interaction. The 

study o f  these conjugates demonstrated that a charged organic unit could perform the same 

function as a Ru(ll) complex in terms o f  DNA binding, in providing both electrostatic 

attraction to the helix and associating in the grooves. However, the emission response o f  

these organic systems were not as pronounced, emphasising the utility o f  the Ru(II) 

complex core in probing DNA.

In Chapter 6, the ability o f  the complexes discussed in Chapters 2 -  4 to 

photocleave DNA was described. Here, it was demonstrated that the complexes from 

Chapter 2 and 3 were relatively inefficient DNA photo cleavers, but those described in 

Chapter 4 displayed promising photocleavage efficiency, comparable or greater than that 

o f  Ru(bpy )3  . Two systems proved particularly efficient, a more detailed study o f  which 

showed their cleavage to involve singlet oxygen as a reactive intermediate. Flow 

cytometry studies showed each o f  the families o f  complexes from Chapters 2 ~ 4 to enter 

HeLa cells effectively. This was an extremely important result as the cellular uptake 

properties o f  Ru(II) complexes has not been widely described in the literature. We propose 

that the bifLinctional nature o f  the complexes, which contain both hydrophobic and 

hydrophilic components is responsible for the excellent uptake. Significantly, the 

complexes from Chapter 4 were also shown using cofocal microscopy to accumulate in the
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nucleus. As such, they were chosen as potential PDT agents, the study o f which will be 

described in the thesis o f Mr. Daniel Frimannsson.

Overall the work described in this thesis has emphasised the utility o f  

Ru(II)-l,8-naphthalimide conjugates as DNA probes and photoreagents. Systematic 

variation o f the components o f each complex has allowed us to establish the important 

structural features for efficient DNA interaction and response. If  a probe for DNA is 

required a flexible chromophore-quencher arrangement o f  the type discussed in Chapter 2 

seems the best strategy, as large spectroscopic responses to DNA are observed. However, 

if  a photocleaver is required a more rigid arrangement, in which a non-quenching amino 

substituted 1,8-naphthalimide is incorporated results in the most efficient reaction. It has 

been demonstrated that the different components o f the complex -  Ru(II) complex, linker, 

and 1,8-naphthalimide may be regarded as modules, that can be combined in different 

ways depending on the properties that are required.

1.2 Future work

Future work in this research programme will primarily focus on exploiting the 

cellular uptake properties o f the complexes described in this thesis. Complexes such as 

101 are currently being prepared, whose binding to DNA will firstly be established. Their 

ability to photocleave DNA will then be investigated, which is expected to be extremely 

efficient due to the presence o f the TAP ligands. These complexes are expected to enter 

cells and will therefore be investigated as PDT agents.

12+

Ru

101 NH2

More extensive photophysical studies involving flash photolysis experiments will 

also be conducted on the complexes described in Chapter 3, to establish if electron transfer 

to the 1,8-naphthalimide, from the DNA bases, is responsible for the observed quenching 

o f emission.
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8.1 General Experimental Techniques

All NMR spectra were recorded using a Briiker DPX-400 Avance spectrometer, 

operating at 400.13 MHz for 'H NMR and 100.6 MHz for '^C NMR, or a Briiker AV-600 

spectrometer, operating at 600.1 MHz for 'H NMR and 150.2 MHz for '^C NMR. Shifts 

are referenced relative to the internal solvent signals. Electrospray mass spectra were 

recorded on a Micromass LCT spectrometer, running Mass Lynx NT V 3.4 on a Waters 

600 controller connected to a 996 photodiode array detector with HPLC-grade methanol or 

acetonitrile. High resolution mass spectra were determined by a peak matching method, 

using leucine Enkephalin, (Tyr-Gly-Gly-Phe-Leu), as the standard reference (m/z = 

556.2771). Melting points were determined using an IA9000 digital melting point 

apparatus. Infrared spectra were recorded on a Perkin Elmer Spectrum One FT-IR 

spectrometer fitted with a Universal ATR Sampling Accessory. X-Ray diffraction studies 

were carried out by Dr. Thomas McCabe (School o f  Chemistry, Trinity College Dublin) 

using a Briiker SMART APEX single crystal CD diffractometer. Elemental analysis was 

conducted at the Microanalytical Laboratory, School o f  Chemistry and Chemical Biology, 

University College Dublin.

UV-visible absorption spectra were recorded on a Varian Cary 50 spectrometer. 

Emission spectra were recorded on a Cary Eclipse Luminescence spectrometer. The 

luminescence quantum yields were calculated by comparison with [Ru(bpy)3] . Circular 

dichroism (CD) spectra were recorded at a concentration corresponding to an optical 

density o f  approximately 1.0, in buffered solutions, on a Jasco J-810-150S 

spectropolarimeter. Thermal denaturation experiments were performed on a 

thermo electrically coupled Varian Cary 50 Spectrometer. The temperature in the cell was 

ramped from 20 to 90 ”C, at a rate o f  1 “C min ' and the absorbance at 260 nm was 

measured every 0.2 ”C. Isothermal titration calorimetry was carried out using a MicroCal 

VP-ITC instrument using a cell temperature o f 25 °C. The experiment was carried out by 

making small injections o f  a 2 mM solution o f compound into a 0.2 mM solution o f  DNA 

contained in the sample cell. Control experiments were also carried out in which buffer 

was injected into a solution o f DNA and compound injected into a solution o f  buffer. The 

results o f these were subtracted from the actual experimental profile.

The HeLa cell line, which was derived from cervical cancer cells was used for the 

flow cytometry studies, as the cells are adherent and grow on a surface, and are therefore 

easy to work with. In preparation for a typical experiment the growth medium was 

removed from the culture flask, in which the cells were growing, and trypsin added to
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detach the cells from the surface. After incubation for ~  10 minutes the sample was 

centrifuged and the trypsin decanted off. The cells were then re-suspended in growth 

medium and placed in a six w ell plate. The cells were left for 24 hours to adhere to the 

surface. The growth medium was replaced and varying concentrations o f  the compound 

being studied added to the well. After the desired period o f  incubation, the medium was 

removed and trypsin added. The sample was centrifuged and PBS buffer added to re­

suspend the cells. The centrifugation and re-suspension procedure was repeated, and the 

samples then analysed using the flow cytometer.

Samples for confocal microscopy were prepared in a similar manner to those for 

flow cytometry. Rather than using a six well plate a chamber slide consisting o f  a glass 

slide divided into 6 wells by means o f  a plastic overlay was used. Complex was added to 

the cells in the chamber slide and incubated for the desired period o f  time. A co-stain was 

then added and incubated for a flirther 10 minutes. The medium was removed from the 

chamber slide and replaced with PBS buffer.

Electrochemical measurements were preformed by Mr. Gareth K eeley on a CH 

Instruments Model 440 Potentiostat. Experiments were conducted in a cell consisting o f  a 

glass working vessel (maximum capacity ca. 15 cm^), three electrodes and an electrolyte 

solution. Solutions were purged with nitrogen for a minimum o f  15 minutes prior to 

measurements in order to remove dissolved oxygen. The working electrode was a glassy 

carbon macroelectrode (IJ Cambria, model CHI 104), the reference a A g / AgCl reference 

(IJ Cambria, model CHI 111), and the counter electrode a platinum wire (IJ Cambria, 

model CHI 115).

8.2 Materials

cw-[Ru(bpy)2Cl2].2H20,'^^ 4 ,4 ’-dicarboxy-2,2’-bipyridine'^^ and 4-carboxy-4’- 

m ethyl-2,2’-bipyridine'^^ were prepared by the literature routes. All other reagents and 

solvents were purchased commercially and used without further purification unless 

otherwise stated. Anhydrous solvents were prepared using standard procedures, according 

to Vogel, with distillation under argon prior to each use.^^° Chromatographic columns 

were run using Silica gel 60 (230 -  400 mesh ATSM ) or Aluminium Oxide (activated, 

neutral, Brockmann I STD grade 150 mesh). Analytical TLC was performed using Merck 

K ieselgel 60 F254 silica gel plates or Polygram Alox N/UV254 aluminium oxide plates. 

Solutions o f  DN A in lOmM phosphate buffer (pH 7) gave a ratio o f  U V  absorbance at 260  

and 280 nm o f  1.86:1, indicating that the D N A was sufficiently free o f  protein. Its
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concentration was determined spectrophotometrically using the molar absortivity o f  6600 

M"' cm"' (260nm). Poly(dAdT)poly(dAdT) and poly(dGdC)poly(dGdC) were purchased 

from Amersham Biosciences and their concentration determined spectrophotometrically 

using the molar absortivities o f  6600 M"' cm ' (262nm) and 8400 M '' cm ' (254nm), 

respectively.

8.3 General Synthetic Procedures 

8.3.1 Procedure 1: Condensation Reaction with 1,8-naphthalic anhydrides

To a mixture o fthe  relevant amine (1.1 eq.) and 1,8-naphthalic anhydride (1 eq.) in 

anhydrous toluene was added triethylamine (3 eq.). The reaction mixture was heated at 

reflux under an argon atmosphere for 24 hours. The mixture was filtered while hot through 

celite, and the solvent removed under reduced pressure. Chloroform was added to the 

residue and the solution washed twice with 0.1 M HCl and once with water. The organic 

layer was dried over MgS0 4 , filtered and the solvent removed under reduced pressure. 

Purification o f the product by recrystallisation was carried out where necessary, details o f 

which are provided later.

7.3.2 Procedure 2: Deprotection of Boc Protecting Group using Trifluoroacetic Acid

A solution o f the Boc protected compound in trifluoroacetic acid (TFA) CH2CI2 

(1:1 v/v) was stirred at room temperature for 1 hour. The solvent was removed under 

reduced pressure and co-evaporated several times with CH2CI2 to remove traces o f  TFA. 

The resulting product was dried under high vacuum. Further purification was not 

necessary.

8.3.3 Procedure 3: Coupling of 1,8-naphthalimide to bipyridine

The relevant 1,8-naphthalimide (1.1 or 2.1 eq.) and EtsN (3 or 5 eq.) were dissolved 

in dry CH2CI2, and 4,4’-bis(carbonylchloride)-2,2’-bipyridine or 4-(carbonylchloride)-4’- 

methyl-2,2 ’-bipyridine (1 eq.), dissolved in dry CH2CI2 was added dropwise. The resulting 

suspension was stirred at room temperature for 16 hours. The solvent was removed under 

reduced pressure. The resulting residue was stirred with 0.1 M HCl, filtered and washed 

with water. Purification was carried out as described for each compound.
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8.3.4 Procedure 4: Complexation of 1,8-naphthaIimide-bipyridine ligands with 

Ru(bpy)2Ch

The appropriate ligand (1 eq.) was dissolved in DMF and water added until it began 

to precipitate. A few drops o f DMF were added to fully dissolve the ligand and 

Ru(bpy)2Cl2.2H20 added. The solution was saturated with argon by bubbling for 10 

minutes. The reaction mixture was heated at reflux under an argon atmosphere for 24 

hours. The solvent was removed under reduced pressure, and the resulting residue 

re-dissolved in water and filtered. The filtrate was reduced in volume and to it was added a 

concentrated aqueous solution o f NH4 PF6 . The resulting precipitate was extracted with 

CH2 CI2 , dried over MgS0 4  and the solvent removed under reduced pressure. The product 

was purified by silica flash column chromatography eluting with CH3 CN/H2 O/Aqueous 

NaN0 3 (sat) 40:4:1. The chloride form o f the complex was reformed by stirring a solution o f 

the PP6  salt in methanol with Amberlite ion exchange resin (Cl form) for 1 hour.

8.3.5 Procedure 5: Reduction of 4-nitro-l,8-naphthalimide-Ru(II) Complexes

The complex was dissolved in HPLC grade MeOH and 10% Pd/C added. The 

reaction mixture was subjected to 3 Atm H2 for 24 hours. The reaction mixture was 

filtered through a celite plug and the solvent removed under reduced pressure.

8.3.6 Procedure 6: Chalcone Formation

The nitro-benzaldehyde (1 eq.) was added to EtOH and the mixture heated to 70 "C 

until the solid dissolved. Sodium pyruvate (1.1 eq.) dissolved in water was added, and the 

mixture cooled to 0 °C in an ice bath. NaOH solution (2M) (30 ml) was added dropwise 

and the mixture stirred at 0 °C for 2.5 hours. The mixture was then neutralised with 2M 

HCl (~30 ml), filtered, the solid washed with EtOH ( 2 x 1 0  ml) and dried.

8.3.7 Procedure 7: 4-(Nitrophenyl)-2,2’-bipyridine Formation

The appropriate chalcone (1 eq.), 2-pyridacyl pyridinium iodide (1 eq.) and 

ammonium acetate ( 8  eq.) were added to H2 O and the mixture heated at reflux for 5 hours. 

The solid was filtered, and washed with water ( 2 x 1 0  ml) and acetone ( 2 x 5  ml) to give 

the ammonium salt o f the 4-(nitrophenyl)-6-carboxylate-2,2’-bipyridine. The ammonium 

salt was heated under vacuum with a heat gun until evolution o f CO2  ceased. The resulting 

black solid was dissolved in EtOAc (150 ml), activated charcoal added and the mixture
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refluxed for 15 min. The mixture was filtered through a pad o f celite and the solvent 

removed under reduced pressure.

8.3.8 Procedure 8: 4-(Nitrophenyl)-2,2’-bipyridine Reduction

The relevant ligand and 10% Pd/C were added to EtOH (30 ml) and the mixture 

heated at reflux for 1 hour. Hydrazine monohydrate (98%) was added and the mixture 

heated at reflux for 1 hour. The mixture was filtered through a pad o f  celite and the solid 

washed with CH2 CI2 (40 ml). The filtrate was washed with water, dried over MgS0 4 , and 

the solvent removed under reduced pressure.

8.3.9 Procedure 9: 4-(A^-PhenyI-4-nitro-l,8-napthalimide|-2,2’-bipyridine Formation

The appropriate aromatic amine (1 eq.) and 4-nitro-l,8-naphthalic anhydride (1 eq.) 

were suspended in HPLC grade ethanol and the mixture refluxed under an argon 

atmosphere for 48 hours. The reaction mixture was cooled to room temperature and ether 

added to fiirther precipitate product, which was collected by suction filtration.

8.3.10 Procedure 10: Bipyridine Quaternization

The appropriate bipyridine was suspended in dibromoethane and the mixture heated 

at reflux for 48 hours. The reaction mixture was cooled to room temperature, the resulting 

precipitate collected by filtration and washed with acetone (5 ml) and hexane (5 ml). The 

product was dried under high vacuum. The product was dissolved in MeOH and stirred for

1 hour with Amberlite Ion exchange resin (C l). The suspension was filtered and the 

solvent removed under reduced pressure.

8.4 Synthesis and Characterisation of Compounds Described in Chapter 2

Ru(53)(bpy)2Cl2 (37)

|2 + Compound 37 was synthesised according to Procedure 4 

using 53 (0.20 g, 0.41 mmol, 1 eq.) and

Ru(bpy)2 Cl2 .2 H2 0  (0.24 g, 0.45 mmol, 1.1 eq.) giving the 

product as a red/brown solid (0.240 g, 60%). Calculated 

for C4 7 H3 7 F12N 9 O5 P2 RU.CH3 OH: C, 46.39; H, 3.23; N, 

10.36. Found: C, 46.12; H, 3.02; N, 9.90; Accurate MS 

y (m/z) Calculated for C4 7 H3 7 N9 O5 RU (M^^): 909.1961.

NO2
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Found: 909.1982; 'H NMR 8h (CD3CN, 600 MHz): 8.79 (IH, s, NH), 8 . 6 6  (IH, d , J =  8 . 6  

Hz, Ar-H), 8.58 (IH, d, 7.1 Hz, Ar-H), 8.55 (IH, d, 8.1 Hz, Ar-H), 8.51 (5H, m, 5 x

Ar-H), 8.36 (IH, d, J  = 8.0 Hz, Ar-H), 8.05 (4H, m, 4 x Ar-H), 7.94 (IH, m, Ar-H), 7.86

(IH, d, y  = 5.9 Hz, Ar-H), 7.73 (5H, m, 5 x Ar-H), 7.63 (IH, d, J  = 5.9 Hz, Ar-H), 7.56

(IH, d, J =  5.7 Hz, Ar-H), 7.40 (4H, m, 4 x Ar-H), 7.27 (IH, d, J =  5.7 Hz, Ar-H), 4.17

(2H, t , J =  7.2 Hz, CH2 ), 3.48 (2H, m, CH2 ), 2.54 (3H, s, CH3), 2.02 (2H, m, CH2 ); '^C 

NMR 8c (CD3OD, 150 MHz): 164.1, 163.1, 162.2, 157.9, 157.0, 156.9, 156.8, 156.0, 

151.9, 151.2, 151.0, 150.8, 150.3, 149.2, 142.2, 137.9, 137.7, 131.5, 129.4, 128.7, 128.5, 

128.3, 127.6, 127.4, 126.2, 125.6, 124.8, 124.3, 124.2, 123.6, 122.9, 122.4, 121.5, 37.9, 

37.5, 27.2, 19.9; IR v^x (cm ‘): 1704 (w, -CO-N-CO-), 1659 (m, -CONH-), 1525 (m, C-

|2+ Compound 38 was synthesised according to Procedure

4 using 54 (0.38 g, 0.72 mmol, 1 eq.) and 

Ru(bpy)2 Cl2 .2 H2 0  (0.37 g, 0.72 mmol, 1 eq.) giving 

the product as a red/brown solid (0.56 g, 65%).

Y  °  S  Calculated for C50H4 4 F 12N9O5 P2 RU: C, 47.53; H, 3.24;

^  N, 10.39. Found C, 47.57; H, 3.36; N, 9.98; Accurate

^  ^  MS (m/z) Calculated for C4 8H3 4NN8O2 RU (M^^):

( Q Q  937.2274. Found: 937.2228; 'H NMR 6h  (CD3CN, 400 

NO2 MHz): 9.08 (IH, s, NH), 8 . 6 6  (3H, m, Ar-H), 8.56 (6 H,

m, Ar-H), 8.35 (IH, d, J  = 8.2 Hz, Ar-H), 8.08 (4H, m, Ar-H), 7.93 (IH, dd, J =  8 .8 , 7.6 

Hz, Ar-H), 7.82 (IH, d, J =  5.8 Hz, Ar-H), 7.75 (4H, m, Ar-H), 7.68 (IH, d, J =  5.2 Hz,

Ar-H), 7.58 (IH, d, J =  5.8 Hz, Ar-H), 7.42 (4H, m, Ar-H), 7.28 (IH, d, J =  5.8 Hz, Ar-H),

4.09 (2H, m, CH2 ), 3.41 (2H, dd, J =  12.3, 6.4 Hz, CH2 ), 2.54 (3H, s, CH3), 1.71 (4H, m,

2 CH2 ), 1.46 (2H, m, CH2 ); ‘^C NMR 5c (CD3CN, 100 MHz): 162.9, 162.6, 162.1, 157.4,

156.6, 156.5, 156.4, 155.8, 151.7, 151.3, 151.2, 150.3, 150.2, 150.0, 142.3, 137.4, 137.3,

131.2, 129.4, 128.9, 128.4, 128.3, 128.1, 127.1, 126.8, 125.3, 124.5, 123.8, 123.6, 122.8,

121.0, 39.8, 39.2, 28.2, 26.8, 23.6, 19.8; IR v^x (cm"'): 1703 (m, -CO-N-CO-), 1657 (s, - 

CONH-), 1526 (m, C-NO2), 1340 (m, C-NO2).

NO2 ), 1342 (m, C-NO2). 

Ru(54)(bpy)2Cl2 (38)
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Ru(57)(bpy)2Ch (39)

p  —12+ Compound 39 was synthesised according to

Procedure 4 using 57 (0.080 g, 0.099 mmol, 

1.1 eq.) and Ru(bpy)2Cl2 .2 H2 0  (0.047 g, 0.090 

mmol, 1 eq.) giving the product as a red/brown 

solid (0.060 g, 52%). Calculated for 

C62H46Cl2N,20i4Ru.H20.CH3CN.CH2Cl2: C,

54.40; H, 3.72; N, 12.69. Found: C, 54.00; H, 

3.82; N, 12.92; Accurate MS (m/z) Calculated 

for C62H46N,20ioRu (M^^): 1220.2503. Found 

1220.2505; 'H NMR 6 h (CD3CN, 400 MHz): 9.25 (2H, s, Ar-H), 8.85 (2H, m, NH), 8.56 

(4H, m, Ar-H), 8.51 (2H, d, J  = 8.5 Hz, Ar-H), 8.39 (4H, m, Ar-H), 8.23 (2H, d, J =  8.0 

Hz, Ar-H), 8.11 (6 H, m, Ar-H), 7.90 (2H, d, J =  6.0 Hz, Ar-H), 7.82 -  7.76 (lOH, m, Ar- 

H), 7.46 (6 H, m, Ar-H), 4.20 (4H, m, CH.), 3.52 (4H, m, Cfcb), 2.01 (4H, m, CH2 ); ‘^C 

NMR 6 c (CD3CN, 100 MHz): 163.1, 162.9, 162.3, 157.4, 156.7, 152.2, 151.8, 151.5, 

149.2, 142.5, 137.9, 131.6, 129.6, 129.3, 128.7, 128.4, 127.6, 127.5, 126.7, 125.5, 124.2, 

123.9, 122.9, 122.7, 121.7, 38.3, 37.8, 27.5; IR v̂ ax (cm'‘): 1704 (m, -CO-N-CO-), 1659 

(m, -CONH-), 1527 (s, C-NO2), 1332 (s, C-NO2).

Ru(58)(bpy)2Cl2 (40)

NH

Ru'

NH

(4H, dd, y  = 3.5, 8.0 Hz, Ar-H), 8.51 (2H, 

(2H, d, J = 8.0 Hz, Ar-H), 8.22 (2H, d, J  = 

J = 6.0 Hz, Ar-H), 7.80 (2H, m, Ar-H), 1.1

Compound 40 was synthesised according to 

Procedure 4 using 58 (0.078 g, 0.009 mmol, 

1 eq.) and Ru(bpy)2Cl2 .2 H2 0  (0.049 g, 0.0095 

mmol, 1.05 eq.) giving the product as a 

red/brown solid (0.06 g, 49%). Calculated for 

C66H54Cl2N,20,4Ru.2.5CH2Cl2: C, 52.76; H, 

3.81; N, 10.78. Found C, 52.49; H, 4.02; N, 

10.95; Accurate MS (m/z) Calculated for 

C6 6H54N 12O 10RU (M^^): 1276.3129. Found 

1276.3088; 'H NMR 6m (CD3OD, 400 MHz): 

9.29 (2H, s, Ar-H), 8.80 (2H, m, NH), 8.55 

d, J =  7.5 Hz, Ar-H), 8.42 (2H, m, Ar-H), 8.40 

7.6 Hz, Ar-H), 8.09 (4H, m, Ar-H), 7.86 (2H, d, 

(6 H, m, Ar-H), 7.43 (4H, m, Ar-H), 3.97 (4H,
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m, CH2 ), 3.42 (4H, m, CH2 ), 1.70 (8 H, m, CH2 ), 1.46 (4H, m, CH2 ); '^C NMR (CD3CN, 

150 MHz): 164.2, 164.0, 163.4, 158.5, 157.8, 153.2, 152.8, 152.6, 150.3, 143.9, 139.0, 

132.6, 130.7, 130.3, 129.7, 129.6, 128.7, 127.8, 126.5, 125.3, 124.9, 124.0, 123.9, 122.7, 

41.2, 40.8, 29.5, 28.2, 25.1; IR (cm '): 1704 (w, -CO-N-CO-), 1657 (s, -CONH-), 

1526 (m, C-NO2), 1341 (C-NO2).

Ru(64)(bpy)2Ch (41)

I  12+ Compound 41 was synthesised according to Procedure 4 using

64 (0.12 g, 0.34 mmol, 1.1 eq.) and Ru(bpy)2 Cl2 .2 H2 0  (0.16 g, 

0.31 mmol, 1 eq.) giving the product as a red/brown solid (0.17 

g, 70%). Calculated for C4 0 H4 2 F12N8O2 P2 RU.O.6 6 CH2CI2 : C, 

43.83; H, 3.92; N, 10.05. Found: C, 43.61; H, 3.85; N, 9.86; 

Accurate MS (m/z) Calculated for C4 2 H44N6O2 RU (M^^): 

766.2569. Found 766.2440; ‘H NMR 6 h (CD3CN, 400 MHz): 

8.94 (2H, s, Bpy-H), 8.53 (4H, d, J =  7.5 Hz), 8.09 (4H, dd, J  = 

13.1, 7.0 Hz), 7.89 (2H, d, J =  6.0 Hz, Bpy-H), 7.72 (6 H, m, Bpy-H), 7.53 (2H, br s, NH), 

7.42 (4H, m, Bpy-H), 3.42 (4H, q, J =  6.5 Hz, CH2 ), 1.61 (4H, m, CH2 ), 1.41 (4H, h, J  = 

7.5 Hz, CH2 ), 0.96 (6 H, t, J  = 7.5 Hz, CH3); '^C NMR 6 c (CD3CN, 100 MHz): 163.9, 

158.4, 157.8, 157.7, 153.4, 152.7, 152.5, 143.7, 139.0, 128.64, 128.58, 125.8, 125.3, 122.9, 

40.5, 32.0, 20.7, 14.0; IR v^ax (cm''): 1644 (s, -CONH-).

A^-(/^rf-Butoxycarbonyl)-l,3-diaminopropane (44)

o I Compound 44 was synthesised by dropwise addition o f  a solution o f
^  ^  X

B0 C2 O (0.75 g, 3.45 mol, 1 eq.) in CHCI3 to a solution o f 1,3- 

diaminopropane (1.28 g, 1.44 ml, 5 eq.) in CHCI3 cooled to 0 °C. The reaction mixture 

was stirred at room temperature overnight. The solvent was removed under reduced 

pressure and the residue dissolved in water and filtered. The product was extracted into 

CH2CI2 , which was then dried over MgS0 4 , filtered and the solvent removed under 

reduced pressure. This yielded the product as a yellow oil (0.48 g, 80%). 'H NMR 6 h 

(CDCI3 , 400 MHz): 4.94 (IH, br, s, NH), 3.22 (2H, m, CH2 ), 2.77 (2H, m, CH2 ), 1.62 (2H, 

m, CH2 ), 1.45 (12H, s, (CH3)3); ‘̂ C NMR 6 c (CDCI3 , 100 MHz): 155.8, 78.7, 38.5, 37.6, 

36.8, 27.6; ESl-MS m/z 175.1 (M+H).
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N-(r^/t-Butoxycarbonyl)-l,5-diaminopentane (45)

Q Compound 45 was synthesised by dropwise addition o f  B0 C2O

H (0.80 g, 3.67 mmol, 1 eq.) in 1,4-dioxane (20 ml) to a solution o f
H

1,5-diaminopentane (1.50 g, 14.68 mmol, 4 eq.) in 1,4-dioxane 

(60 ml). The solution was stirred overnight. The solvent was removed under reduced 

pressure. The residue was dissolved in CH2 CI2 (50 ml), washed with water, dried over 

MgS0 4  and the solvent removed under reduced pressure. The product was obtained as a 

yellow oil (0.57 g, 82%). Accurate MS m/z Calculated for C 10H23N 2 O2 (M+H); 202.1700. 

Found 203.1681; 'H  NM R 5h (CDCI3, 400 MHz): 4.63 (1H, br s, NH), 3.11 (2H, d, J  = 6.0 

Hz, CH2 ), 2.68 (2H, m, CH2 ), 1.53 -  1.30 (18H, m, 3 x CH^ + C(CH3 )3 ); '^C NM R 5c 

(CDCI3 , 100 MHz): 155.7, 78.5, 40.4, 39.8, 30.3, 29.8, 29.2, 28.0, 23.4.

A^-[(fer/-Butoxycarbonyl)-3-aminopropyll-4-nitro-l,8-naphthalimide (47)

jj „  Compound 47 was synthesized according to Procedure 1 using 4- 

n n itro -l,8 -naphthalic anhydride (0.59 g, 2.41 mmol, 1 eq.), 44 (0.46 g,

2.65 mmol, 1.1 eq.) and Et3N (0.73 g, 1.01 ml, 3 eq.). After 

purification by recrystallisation from acetone/ether the product was 

obtained as a pale brown solid (0.89 g, 93%). m.p. 120-121 °C;
NO2

Accurate MS (m/z) Calculated for C2oH2 iN3N a0 4  (M+Na): 422.1328. 

Found 422.1320; ‘H NMR 6 h (CDCI3 , 400 MHz): 8.85 (IH,  d, 7  = 8.5 Hz, Naph-H), 8.74 

(IH,  d, J =  7.0 Hz, Naph-H), 8.70 (IH,  d, J  = 8.0 Hz, Naph-H), 8.42 (IH,  d, J  = 8.0 Hz, 

Naph-H), 8.00 ( IH,  m, Naph-H), 5.16 (IH,  br s, NH), 4.28 (2H, m, CFh), 3.19 (2H, d, J  =

5.5 Hz, CH2 ), 1.96 (2H, m, CH2 ), 1-46 (9H, s, (CH3 )3 ); '^C NMR 6 c (CDCI3 , 400 MHz): 

163.1, 162.3, 155.5, 149.2, 132.2, 129.5, 129.0, 128.6, 126.3, 123.5, 123.2, 122.3, 78.7, 

37.7, 37.1, 30.0.

N -1 (fe/t-Butoxycarbonyl)-5-aminopenty 1| -4-nitro-1,8-naphthalimide (48)

Compound 48 was synthesised according to Procedure 1 using 4-nitro- 

0 ^ 0  1,8-naphthalic anhydride (0.50 g, 2.87 mmol, 1 eq.), 45 (0.60 g, 3.15 

mmol, 1.1 eq.), and Et3N (0.87 g, 1.2 ml, 8.61 mmol, 3 eq.). The product 

was obtained as an orange solid (1.12 g, 91%). m.p. 109 -  110 °C; 'H 

NMR 6 ,1  (CDCI3, 400 MHz): 8.85 (IH,  d , 7 =  8 . 6  Hz, Naph-H), 8.74 (IH,  

d, J  = 7.0 Hz, Naph-H), 8.70 (1H, d, J  = 8.0 Hz, Naph-H), 8.42 (1H, d, J  =

7.5 Hz, Naph-H), 8.00 (IH,  m, Naph-H), 4.60 (IH,  br s, NH), 4.20 (2H, t,
NO2
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J  =1.5  Hz, CH2), 3.14 (2H, m, CH2), 1.78 (2H, p, 7.5 Hz, CH2), 1.60 -  1.44 (17H, m, 

2CH?, 3 CH3, solvent); '^C NMR 6 f (CDCI3, 100 MHz): 162.9, 162.0, 155.5, 149.1, 132.0, 

129.5, 128.6, 127.8, 126.5, 123.5, 123.3, 122.5, 78.6, 40.1, 40.0, 29.2, 28.0, 27.2.

N-(propylammoniuin)-4-nitro-l,8-naphthalimide trifluoroacetate (49)

,nh2 .tfa Compound 49 was synthesised according to Procedure 2 using 47 (0.8 g, 

1̂  2  mmol, 1 eq.) in TFA/CH2CI2 (10 ml). The product was obtained as an

orange oil, which later became an orange solid (0.83 g, 100%). m.p. 120 

°C decomp.; ‘H NMR ([DaJDMSO, 400 MHz): 8.67 (IH, d, J  = 8.5 

Hz, Naph-H), 8.61 -  8.51 (3H, m, 3 x Naph-H), 8.07 (IH, t, J =  8.0 Hz, 

Naph-H), 7.85 (3H, br s, NH,^), 4.11 (2H, m, CH2), 2.92 (2H, m, CH2), 1.98 (2H, m, CH2); 

'^C NMR 6 c ([D6]DMS0, 100 MHz): 163.3, 162.5, 149.1, 149.0, 131.7, 130.1, 129.6,

128.8, 128.4, 126.7, 124.2, 122.8, 122.7, 37.4, 37.0, 25.8.

N-(pentyIammonium)-4-nitro-l,8-naphthalimide trifluoroacetate (50)

Compound 50 was synthesised according to Procedure 2 using 48 

(1.05 g, 2.46 mmol, 1 eq.). The product was obtained as an 

orange/brown hygroscopic solid (1.09 g, 100%). 'H NMR 6 h 

([DeJDMSO, 400 MHz): 8 . 6 8  (IH, d, J =  8.5 Hz, Naph-H), 8.56 (3H, 

m, Naph-H), 8.07 (IH, dd, J  = 8.5, 7.5 Hz, Naph-H), 7.77 (3H, br s, 

NHj^), 4.04 (2H, m, CH2), 2.80 (2H, m, CH2 ), 1.69 -  1.53 (4H, m, 

2 CH2), 1.38 (2H, m, CH2); '^C NMR 5c ([DftJDMSO, 100 MHz): 162.9, 162.1, 158.6, 

158.2, 149.1, 131.7, 130.1, 129.6, 128.7, 128.3, 126.6, 124.2, 122.7, 51.9, 40.3, 39.2, 26.9,

26.8, 23.3; ES-MS (m/z) 328.13 (M )^ IR (cm '): 1707 (w, -CO-N-CO-), 1532 (m, C- 

NO2), 1342 (m, C-NO2).

N O ,

4-[A^-(propylcarboxamide)-4-nitro-l,8-naphthalimide]-4’-methyl-2,2’-bipyridine (53)

N=\ Compound 53 was synthesised according to Procedure 3 using 49 (0.90

g, 2.18 mmol, 1.1 eq.), EtsN (0.60 g, 0.83 ml, 5.94 mmol, 3 eq.) and 4- 

(carbonylchloride)-4’-methyl-2,2’-bipyridine (0.46 g, 1.98 mmol, 1 eq.). 

After purification by silica flash column chromatography eluting with 

CH2Cl2/MeOH 10% the product was obtained as an orange solid (0.73 g, 

74%). Calculated for C27H21N 5O5.O.2 CH2CI2 : C, 63.75; H, 4.21; N, 

^ ^ 13.67. Found C, 63.68; H, 4.10; N, 13.45; Accurate MS (m/z) Calculated
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for C2 7H2 2N 5O5 (M+H): 496.1621. Found 496.1602; 'H NMR 6h (CDCI3 , 400 MHz): 8.86 

(IH, d, J =  8.5 Hz, Ar-H), 8.83 (IH, d, J  = 5.0 Hz, Ar-H), 8.80 (IH, s, Ar-H), 8.78 (IH, d, 

J  = 6.5 Hz, Ar-H), 8.74 (IH, d, J  = 8.0 Hz, Ar-H), 8.60 (IH, d, J  = 5.0 Hz, Ar-H), 8.41 

(IH, d, J =  8.0 Hz, Ar-H), 8.30 (IH, s, Ar-H), 8.03 (2H, m, 2 x Ar-H), 8.00 (IH, m, Ar-H), 

7.83 (IH, m, Ar-H), 7.53 (IH, br m, NH), 7.23 (IH, d, J = 4 . 5  Hz, Ar-H), 4.38 (2H, i, J  = 

6.5 Hz, CH2 ), 3.57 (2H, d d , J =  6.0, 12.5 Hz, CH2 ), 2.30 (3H, s, CH3 ), 2.16 (2H, m, CH2 ), 

'^C NMR 6 c (CDCI3 , 100 MHz): 165.0, 163.4, 162.5, 162.1, 156.3, 154.6, 149.6, 149.3, 

148.3, 142.3, 132.4, 129.8, 129.5, 129.2, 128.6, 126.1, 124.8, 123.5, 123.2, 122.2, 121.9, 

121.2, 117.5, 37.8, 36.6, 27.2, 20.8,; IR v^ax (cm ''): 1705 (w, -CO-N-CO-), 1660 (m, - 

CONH-), 1526 (m, C-NO2), 1340 (m, C-NO2 ).

4-(N-(pentylcarboxamide)-4-nitro-l,8-naphthalimide)-4’-methyl-2,2’-bipyridine (54)

Compound 54 was synthesised according to Procedure 3 using 50 (0.69 

g, 1.56 mmol, 1.1 eq.), 4-(carbonylchloride)-4’-methyl-2,2’-bipyridine 

(0.33 g, 1.42 mmol, 1 eq.) and EtsN (0.43 g, 0.60 ml, 4.26 mmol, 3 eq.). 

After purification by silica flash column chromatography eluting with 

CH2 Cl2/MeOH 10% the product was obtained as an orange solid (0.43g, 

53%). ‘H NMR 5h (CDCI3 , 400 MHz): 8.79 (2H, m, 2 x Ar-H), 8 . 6 8  

(2H, d, J =  8 . 6  Hz, Ar-H), 8.62 (IH, d, J =  8.0 Hz, Ar-H), 8.50 (IH, d, J  

O2N = 5.0 Hz, Ar-H), 8.31 (2H, d, J  = 8.5 Hz, Ar-H), 7.92 (IH, m, Ar-H),

7.76 (IH, dd, J =  5.0, 1.52 Hz, Ar-H), 7.21 (IH, d, 7 = 4.5 Hz, Ar-H), 6.84 (IH, br s, NH), 

4.24 (2H, m, CH2 ), 3.54 (2H, m, CH2 ), 2.50 (3H, s, CH3 ), 1.82 (4H, m, 2 CH2 ), 1.54 (2H, 

m, Cfch); '^C NMR be (CDCI3 , 100 MHz): 165.2, 163.0, 162.2, 154.3, 149.6, 149.0, 148.4, 

148.1, 142.4, 132.0, 129.4, 129.3, 128.8, 128.7, 128.5, 126.4, 124.8, 123.4, 123.1, 122.4, 

121.8, 121.6, 117.0, 39.8, 28.4, 27.1, 23.7, 20.8; IR v,„ax (cm''): 1666 (s, -CONH-), 1531 

(m, C-NO2 ), 1344 (m, C-NO2 ).

HN

N =
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4,4’-bis-{|A^-propyIcarboxainide|-4-nitro-l,8-naphthaliinide}-2,2’-bipyridine (57)

Compound 57 was synthesised according to Procedure 3 

using 49 (0.300 g, 0.73 mmol, 2.1 eq.), EtaN (0.175 g, 0.24 

ml, 1.73 mmol, 5 eq.) and 4,4’-bis(carbonylchloride)-2,2’- 

bipyridine (0.097 g, 0.35 mmol, 1 eq.). After purification by 

trituration with MeOH the product was obtained as a brown 

solid (0.15 g, 55%). m.p. 230 °C; Calculated for 

C4 2 H3 0N8 O 10.CH3 OH: C, 61.57; H, 4.09; N, 13.36. Found: C, 

61.57; H, 3.87; N, 13.39; 'H NMR 5h ([DaJDMSO, 400 

MHz): 9.02 (2H ,t, 5.5 Hz, NH), 8.81 (2H, d, J =  5.0 Hz,

Bpy-Ha), 8.71 (2H, s, Bpy-H3 ), 8.67 (2H, d, J =  9.6 Hz, Naph-H), 8.59 (4H, m, 2 x Naph- 

H), 8.52 (2H, d, J =  8.0 Hz, Naph-H), 8.06 (2H, m, Naph-H), 7.81 (2H, dd, J =  1.5, 5.0 Hz, 

Bpy-Hj), 4.15 (4H, m, CH2 ), 3.40 (4H, m, CH2 ), 2.00 (4H, m, CH2 ); '^C NMR 6 c 

([DaJDMSO, 100 MHz): 164.5, 163.0, 162.2, 155.4, 150.0, 149.1, 142.8, 131.7, 130.1, 

129.6, 128.7, 128.4, 126.7, 124.2, 122.8, 122.7, 121.8, 118.1,38.3, 37.5, 27.3; IR Vmax (cm'

'): 1707 (m, -CO-N-CO-), 1658 (s, -CONH-), 1526 (s, C-NO2 ), 1347 (s, C-NO2 ).

4,4’-bis-|(A^-pentylcarboxamide)-4-nitro-l,8-naphthalimidel-2,2’-bipyridine (58)

Compound 58 was synthesised according to Procedure 3 

using 50 (0.250 g, 0.565 mmol, 2.1 eq.), 4,4’-

bis(carbonylchloride)-2,2’-bipyridine (0.076 g, 0.269 

mmol, 1 eq.), and EtsN (0.136 g, 0.19 ml, 1.345 mmol, 5 

eq.). After purification by trituration with MeOH the 

product was obtained as an orange/brown solid (0.113 g, 

49%). Calculated for C4 6 H3 8N 8 O 10.H2 O: C, 62.72; H, 4.58; 

N, 12.72. Found: C, 63.05; H, 4.60; N, 13.09; 'H NMR 6 „ 

(DMS0[D6], 400 MHz): 8.90 (2H, m, NH), 8.77 (2H, d, J  = 

5.0 Hz, Bpy-H6 ), 8.67 (2H, s, Bpy-Ha), 8.64 (2H, d, J =  8 . 6  

Hz, Naph-H), 8.56 (4H, m, Naph-H), 8.49 (2H, d, J  = 7.5 

Hz, Naph-H), 8.03 (2H, m, Naph-H), 7.74 (2H, d, J =  2.5 Hz, Bpy-Hs), 4.07 (2H, m, CH2 ),

3.47 (2H, m, CH2 ), 1.72 (2H, m, CH2 ), 1.63 (2H, m, CH2 ), 1.42 (2H, m, CHa); IR v^ax (cm'

'): 1706 (m, -CO-N-CO-), 1662 (s, -CONH-), 1527 (s, C-NO2 ), 1342 (s, C-NO2 ).

O2N—y  /

O2N— A
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Ru(63)(bpy)2Cl2 (60)

O2N

Compound 60 was synthesised according to 

Procedure 5 using 63 (0.13 g, 0.15 mmol, 1 eq.) 

and Ru(bpy)2Cl2 .2 H2 0  (0.08 g, 0.15 mmol, 1 

eq.). The product was obtained as a red/brown 

solid (0.093 g, 46%). Accurate MS (m/z) 

Calculated for C6 6 H54N 12O 10RU (M^^):

1276.3129. Found 1276.3110; 'H NMR 6 h 

(CD3CN, 400 MHz): 9.09 (IH, d, J  = 2.0 Hz, 

Ar-H), 9.00 (IH, s, Ar-H), 8 . 8 8  (IH, d, 7  = 2.0 

Hz, Ar-H), 8.56 (2H, m, Ar-H), 8.53 (IH, d, J  = 

3.5 Hz, Ar-H), 8.43 (IH, d, J = 8.0 Hz, Ar-H), 

8.11 (2H, m, Ar-H), 7.91 (IH, d, J =  6.0 Hz, Ar- 

H), 7.86 (IH, m, Ar-H), 7.73 (3H, m, Ar-H), 7.63 (IH, br m, NH), 7.46 (IH, m, Ar-H), 

7.40 (IH, m, Ar-H), 4.09 (2H, t, J  = 7.5 Hz, Cfcb), 3.45 (2H, m, CH2 ), 1.74 (4H, m, 2 x 

CH2 ), 1.54 (2H, m, CH2 ), '^C NMR 5c (CD3CN, 100 MHz): 164.2, 164.0, 163.4, 158.5,

157.8, 153.2, 152.8, 152.6, 150.3, 143.9, 139.0, 132.6, 130.7, 130.3, 129.7, 129.6, 128.6,

127.8, 126.5, 125.3, 124.9, 124.0, 123.9, 122.7, 41.2, 40.7, 29.5, 28.2, 25.1; IRv^ax (cm'‘):

1704 (w, -CO-N-CO-), 1660 (s, -CONH-), 1538 (m, C-NO2), 1345 (m, C-NO2 ).

O2N

NH

Ra

NH

A^-[(/^rf-ButoxycarbonyI)-5-aminopentyl|-3-nitro-l,8-naphthaiimide (61)

Compound 61 was synthesised according to procedure 1 using 3-nitro- 

1,8-naphthalic anhydride (0.14 g, 0.81 mmol, 1 eq.), 45 (0.17 g, 0.89
NH mmol, 1.1 eq.), and Et3N (0.25 g, 0.34 ml, 2.43 mmol, 3 eq.). After 

purification by recrystallisation from methanol the product was obtained 

as an orange solid (0.31 g, 90%). 'H NMR 5h (CDCI3 , 400 MHz): 9.27 

(IH, d, J= 2 .0 H z , Ar-H), 9.13 (IH, d, J= 2 .0 H z , Ar-H), 8.77 (IH, dd, J  

NO2 = 1 -0, 7.5 Hz, Ar-H), 8.44 (1H ,d, J  = 8.0 Hz, Ar-H), 7.95 (1H, m, Ar-H), 

4.64 (IH, br s, NH), 4.19 (2H, t, 7.5 Hz, CH2 ), 3.14 (2H, dd, J =  6.5, 12.6 Hz, Chb), 

1.77 (2H, pent, 7.5 Hz, CHa), 1.58 (2H, m, CH2 ), 1.50 -  1.42 (1 IH, m, CH2 + (CH3 )3), 

‘̂ C NMR 6 c (CDCI3 , 100 MHz): 162.6, 162.0, 155.5, 145.9, 135.1, 134.0, 130.5, 129.7, 

128.7, 128.5, 124.2, 123.7, 122.7, 78.6, 40.1, 40.0, 29.3, 28.0, 27.2, 23.8.
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A^-(pentylammonium)-3-nitro-l,8-naphthalimide trifluoroacetate (62)

Compound 62 was synthesised according to procedure 4 using 61 

(0.26 g, 0.61 mmol, 1 eq.). The product was obtained as an orange / 

brown hydroscopic solid (0.26 g, 97%). Accurate MS (m/z) Calculated 

for C 17H 18N3O4 (M+H): 328.1297. Found 328.1295; ‘H NMR 5h 

(CD3OD, 400 MHz): 8.95 (IH, d, J =  2.0 Hz, Ar-H), 8.71 (IH, d, J  = 

2.0 Hz, Ar-H), 8.48 (IH, d, J =  7.0 Hz, Ar-H), 8.35 (IH, d, J =  8.5 Hz, 

Ar-H), 7.83 (IH, m, Ar-H), 4.04 (2H, m, CH2 ), 3.00 (2H, m, C tb), 1.78 (4H, m, 2 x CH2 ), 

1.53 (2H, m, CHa).

NO2

4,4’-bis-[(A'-pentylcarboxainide)-3-nitro-l,8-naphthaliinide|-2,2’-bipyridine (63)

Compound 63 was synthesised according to procedure 3 

using 62 (0.20 g, 0.45 mmol, 2 eq.), 4,4’-

bis(carbonylchloride)-2,2’-bipyridine (0.06 g, 0.23 mmol, 1 

eq.), and Et3N (0.12 g, 0.16 ml, 1.15 mmol, 5 eq.). The 

product was purified by trituration with methanol and was
NH

NH

O2N

Found: C, 62.43; H, 4.54; N, 12.64; ‘H NMR 6 n (DMSO[D6], 

400 MHz); 9.36 (IH, d, J =  2.5 Hz, Ar-H), 8.89 (2H, m. Ar­

il) , 8.74 (IH, d, J =  5.0 Hz, Ar-H), 8 . 6 8  (IH, d, J =  8 . 6  Hz, 

Ar-H), 8.63 (2H, m, 2 x Ar-H), 7.99 (IH, m, Ar-H), 7.73 (IH, 

d, J  = 5.0 Hz, Ar-H), 4.09 (2H, i, J  = 7.0 Hz, CH2 ), peak

under solvent, 1.72 (2H, m, CH?). 1.63 (2H, m, CH?). 1.43 (2H, m, CH?); IR Vn 

1707 (w, -CO-N-CO-), 1662 (m, -CONH-), 1536 (m, C-NO2), 1347 (m, C-NO2 ).

(cm' ):

4,4’-bis(propylcarboxamide)-2,2’-bipyridine (64)

Compound 64 was synthesised according to Procedure 3 using propylamine 

(0.095 g, 1.30 mmol, 2 eq.), Et3N (0.329 g, 0.45 ml, 3.25 mmol, 5 eq.) and 

4,4’-bis(carbonylchloride)-2,2’-bipyridine (0.183 g, 0.65 mmol, 1 eq.). The 

product was obtained as a white solid (0.139 g, 60%). m.p. >250 °C 

'n decomp.; Calculated for C2 0H26N4 O2 : C, 67.77; H, 7.39; N, 15.81. Found: C, 

67.48; H, 7.41; N, 15.64; ‘H NMR 6 n ([DeJDMSO, 400 MHz): 8.94 (IH, m, 

NH), 8.87 (IH, d, 5.0 Hz, Bpy-H6), 8.78 (IH, s, Bpy-H3), 7.85 (IH, dd, J
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= 5.0, 1.5 Hz, Bpy-Hs), 3.31 (2H, m, Cfcb), 1.55 (2H, m, C tb ), 1.35 (2H, m, CH2 ), 0.92 

(3H, m, CH3 ); '^C NM R be  ([DeJDMSO, 100 MHz): 164.5, 155.5, 150.0, 143.1, 121.9, 

118 .2 ,39.1 ,31.0 , 19.6, 13.7; IR v,r,ax (cm '): 1632 (s, -CONH-).

7.5 Synthesis and Characterisation of Compounds Described in Chapter 3

Ru(73)(bpy)2Cl2 (68)

|2+ Compound 6 8  was synthesised according to Procedure 4

using 73 (0.09 g, 0.19 mmol, 1 eq.) and

Ru(bpy)2Cl2 .2 H2 0  (0.12 g, 0.23 mmol, 1.2 eq.) giving 

the product as a red/'brown solid (0.16 g, 8 6 %). 

Calculated for C49H42F 12N 8O 3P2 RU.CH3CN: C, 50.09; H, 

3.71; N, 10.31. Found: C, 50.38; H, 3.43; N, 10.39; 

Accurate MS (m/z) Calculated for C49H42N 8O3RU (M^^): 

892.2423. Found 892.2420; 'H  NMR 6 „ (CD 3CN, 400 

MHz): 8.90 (IH,  d, J =  1.5 Hz, Ar-H), 8.60 (IH,  s, Ar-H), 8.51 (6 H, m, Ar-H), 8.34 (2H, d, 

J =  7.5 Hz, Ar-H), 8.11 -  8.05 (4H, m, Ar-H), 7.82 (2H, m, Ar-H), 7.79 -  7.73 (6 H, m. Ar­

i l  + NH), 7.63 (1H, dd, J  = 1.5, 6.0 Hz, Ar-H), 7.57 (2H, d, J  = 6.0 Hz, Ar-H), 7.44 -  7.37 

(4H, m, Ar-H), 7.29 (IH,  d, J =  5.5 Hz, Ar-H), 4.13 (2H, t, J =  7.5 Hz, CFb), 3.43 (2H, m, 

CH2 ), 2.56 (3H, s, Cfcb), 1.80 -  1.68 (4H, m, 2 CH2), 1.49 (2H, m, CFb); ‘̂ C NMR 5c

(CD 3CN, 150 MHz): 163.9, 162.9, 157.8, 156.9, 156.84, 156.80, 156.7, 156.0, 152.1,

151.6, 151.5, 151.4, 150.6, 142.7, 137.7, 133.9, 131.6, 130.5, 128.5, 127.9, 127.5, 126.9, 

125.5, 124.4, 124.2, 124.1, 122.7, 121.5, 39.7, 39.6, 28.5, 27.3, 24.0, 20.1; IR v.„ax (cm ''): 

1698 (m, -CO-N-CO-), 1658 (m, -CONH-).

Ru
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Ru(74)(bpy)2Cl2 (69)

Compound 69 was synthesised according to 

Procedure 4 using 74 (0.115 g, 0.15 mmol, 1 eq.) 

and Ru(bpy)2Cl2.2H20 (0.085 g, 0.16 mmol, 1.1 

eq.) giving the product as a red/brown solid (0.142 

g, 76%). Calculated for C66H56F 12N 10O6P2 RU.3 H2O: 

C, 51.80; H, 4.08; N, 9.15. Found: C, 51.94; H, 

3.81; N, 8.92; Accurate MS (m/z) Calculated for 

C66H56N 10O6RU (M^^): 1186.3428. Found

1186.3412; 'H NMR 5h (C D 3 OD, 400 MHz): 9.34 

(IH, s, Ar-H), 8.76 (2H, dd, J = 3.0, 8.0 Hz, 2Ar- 

H), 8.33 (2H, d, J = 7.0 Hz, 2 x Ar-H), 8.18 (4H, m, 

4Ar-H), 8.02 (IH, d, J = 5.5 Hz, Ar-H), 7.86 (3H, m, 3Ar-H), 7.64 (2H, m, 2Ar-H), 7.54

(2H, pent, J = 6.5 Hz, 2Ar-H), 4.06 (2H, t, J = 7.6 Hz, CH2), 3.45 (2H, m, CH2), 1.73 (4H,

m, 2 CH2), 1.49 (2H, m, CH2); '^C NMR 6 c (C D 3 OD, 100 MHz): 164.4, 158.0, 157.4,

152.4, 151.8, 151.6, 143.2, 138.6, 134.4, 131.9, 130.9, 128.1, 128.0, 127.0, 125.8, 124.8,

122.5, 122.4, 40.2, 40.1, 28.9, 27.7, 24.5; IR (cm'‘): 1695 (m, -CO-N-CO-), 1652 (s, - 

CONH-).

A^-|(/err-Butoxycarbonyl)-5-aminopentyl|-l,8-naphthalmide (71)

H Compound 71 was synthesised according to Procedure 1 using 1,8-

naphthalic anhydride (0.80 g, 4.04 mmol, 1 eq.), 45 (0.90 g, 4.45

mmol, 1.1 eq.), and EtsN (1.23 g, 1.69 ml, 12.12 mmol, 3 eq.). The

product was obtained as an orange oily solid without need for further 

purification (0.57 g, 82%). Accurate MS (m/s) Calculated for 

C22H26N204Na (M+Na): 405.1790. Found 405.1809; 'H NMR 8u 

(D M S0[D 6], 400 MHz): 8.53 (2H, d, J  = 7.6 Hz, Naph-H), 8.49 (2H, d, J  = 8.5 Hz, Naph- 

H), 7.91 (2H, m, Naph-H), 6.82 (IH, s, NH), 4.07 (2H, t, J =  7.0 Hz, Chb), 2.94 (2H, d , J  = 

6.0 Hz, CH2 ), 1.65 (2H, m, CH2 ), 1.45 -  1.36 (13H, m, 2 CH2 + C(CH3)3); ‘^C NMR 8c 

(D M S0[D 6], 100 MHz); 163.4, 155.6, 134.3, 131.3, 130.7, 127.4, 127.2, 122.1, 77.3, 54.9, 

50.8, 29.2, 28.2, 27.3, 23.8; IR v^ax (cm '): 1698 (m, -CO-N-CO-), 1656 (s, -CONH-).

NH

NH
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A^-(pentylaminoniuin)-l,8-naphthalimide trifluoroacetate (72)

/ NHaTFA Compound 72 was synthesised according to Procedure 2 using 71 (0.88 

g, 2.29 mmol, 1 eq.). The product was obtained as a pale brown solid 

(0.90 g, 99%). m.p 151 -  152 °C; Accurate MS (m/z) Calculated for 

ChHiqNzO: (M^): 283.1447. Found 283.1456; 'H NMR 5„ (CD3 OD, 

400 MHz): 8.30 (2H, d, J  = 7.6 Hz, Naph-H), 8.11 (2H, d, J  = 8.0 Hz, 

Naph-H), 7.62 (2H, t, J  = 7.5 Hz, Naph-H), 4.04 (2H, m, CH2 ), 2.97 (2H, m, CH2 ), 1.74 

(4H, m, 2 X Cfcb), 1.48 (2H, m, C tb), '^C NMR 5c (CD3 OD, 100 MHz); 163.8, 133.8, 

313.2 130.3, 127.2, 126.3, 121.5, 39.0, 38.8, 26.6, 26.3, 23.0; IR (cm’'); 3179 (w, - 

NH2 ), 1694 (m, -CO-N-CO-).

4-(N-(pentylcarboxamide)-l,8-naphthaiiniidel-4’-methyI-2,2’-bipyridine (73)

Compound 73 was synthesised according to Procedure 3 using 72 (0.15 

g, 0.38 mmol, 1.1 eq.), 52 (0.08 g, 0.34 mmol, 1 eq.) and EtsN (0.10 g,
o

0.14 ml, 1.02 mmol, 3 eq.). After purification by silica column 

chromatography eluting with CHaC^/MeOH 1 0 % the product was 

obtained as a pale brown solid (0.14 g, 83%). m.p. 162 -  164 “C; 

^ Calculated for C2 9 H2 6 N4 O3 .O.2 5 CH2 CI2 ; C, 70.29; H, 5.34; N, 11.21. 

Found: C, 70.62; H, 5.48; N, 10.84; 'H NMR 6 h (DMS0[D6], 400 

MHz): 8.90 (IH, m, NH), 8.76 (IH, d, J =  5.0 Hz, Bpy-H), 8.71 (IH, s, 

Bpy-H), 8.57 (IH, d, J  = 5.0 Hz, Bpy-H), 8.48 (2H, d, 7.0 Hz, Naph-H), 8.44 (2H, d, J  

= 8.0 Hz, Naph-H), 8.26 (IH, s, Bpy-H), 7.85 (2H, m, Naph-H), 7.73 (IH, dd, J =  1.5, 5.0 

Hz, Bpy-H), 7.33 (IH, d, J  = 4.5 Hz, Bpy-H), 4.07 (2H, t, 7  = 7.6 Hz, CH2 ), 3.29 (2H, m, 

CH2 ), 2.44 (3H, s, CFb), 1.71 (2H, m, CH2 ), 1.63 (2H, m, CH2 ), 1.41 (2H, m, CFb); IR v.„ax 

(cm '): 1698 (m, -CO-N-CO-), 1658 (s, -CONH-).
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4,4’-bis-|(A^-pentylcarboxamide)-l,8-naphthalimide|-2,2’-bipyridine (3)

Compound 74 was synthesised according to Procedure 3 using 

72 (0.40 g, 1.01 mmol, 2.1 eq.), 4 ,4’-bis(carbonylchloride)-2,2’- 

bipyridine (0.14 g, 0.48 mmol, 1 eq.) and EtsN (0.24 g, 0.33 ml, 

2.40 mmol, 5 eq.) added. After purification by trituration with 

MeOH the product was obtained as a purple solid (0.35 g, 95%). 

m.p. 210 -  211 °C; Calculated for C46H40N 6O6

.O.3 3 CH2CI2 .O.3 3 DMF: C, 68.87; H, 5.25; N, 10.75. Found: C, 

68.60; H, 5.16; N, 11.01; Accurate MS (m/z) Calculated for 

C46H4oN606Na (M+Na): 795.2907. Found 795.2898; 'H  NMR 

5 h ( D M S 0 [ D 6 ] ,  400 MHz); 8.97 (IH,  br s, NH), 8.80 (IH,  m, 

Bpy-H), 8.75 (IH,  m, Bpy-H), 8.46 (2H, d, 7.0 Hz, Naph-H), 

8.42 (2H, d, J =  8.0 Hz, Naph-H), 7.83 (2H, m, Naph-H), 7.77 (IH,  m, Bpy-H), 4.06 (2H, 

m, CH2), -3 .30  (CH2 , under solvent peak -  from CH COSY), 1.69 (2H, m, CH2), 1.63 (2H, 

m, CH2 ), 1.41 (2H, m, CFb); '^C NMR 6c (DMSO[D6], 150 MHz): 164.8, 163.7, 155.8, 

150.2, 143.3, 134.5, 131.6, 131.0, 127.7, 127.5, 122.4, 122.2, 118 .5 ,40 .1 ,39 .7 ,28 .9 , 27.6, 

24.3; IR Vr^x (cm '): 1698 (w, -CO-N-CO-), 1658 (m, -CONH-).

7.6 Synthesis and Characterisation o f Compounds Described in Chapter 4

r

Ru(4-|A'-(p-phenyI)-4-nitro-l,8-naphthaiimide]-2,2’-bipyridine)(bipyridine)2Cl2 (76)

|2+ Compound 76 was synthesised according to Procedure 4 using 88 

(0.12 g, 0.25 mmol, 1 eq.) and and Ru(bpy)2Cl2.2H20 (0.13 g, 0.25 

mmol, 1 eq.) giving the product as a red/brown solid (0.16 g, 69%). 

Calculated for C48H32Fi2N804P2Ru.l.33Et0H: C, 49.19; H, 3.26; N, 

9.06. Found: C, 49.43; H, 2.92; N, 8.66; Accurate MS (m/z) 

Calculated for C48H32N 8O4RU (M^^): 886.1590. Found 886.1572; 'H 

NMR 6h (CD 3CN, 400 MHz): 8.91 (IH,  s, Ar-H), 8.87 (IH,  d, J =  8.6 

Hz, Ar-H), 8.79 (IH,  d, J  = 8.3 Hz, Ar-H), 8.73 (IH,  d, J  = 7.1 Hz, 

Ar-H), 8.69 (IH,  d, J =  7.9 Hz, Ar-H), 8.60 (4H, m, 4 x Ar-H), 8.51 

(IH,  d, J  = 7.9 Hz, Ar-H), 8.11 (8H, m, 8 x Ar-H), 7.85 (3H, m, 3 x 

Ar-H), 7.81 (3H, m, 3 x Ar-H), 7.77 (IH,  d, J =  4.9 Hz, Ar-H), 7.63 (2H, d , J =  8.3 Hz, Ar­

il) ,  7.46 (5H, m, 5 X Ar-H); ‘^C NMR 5c (CD 3CN, 150 MHz): 163.6, 162.8, 157.4, 157.0, 

156.9, 156.8, 151.7, 151.6, 151.5, 151.4, 149.8, 148.6, 137.7, 137.6, 137.5, 136.2, 132.3,
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132.0, 129.9, 129.8, 129.7, 129.4, 129.2, 128.3, 127.6, 127.5, 127.4, 127.2, 125.0, 124.4, 

124.3, 124.2, 124.1, 123.4, 123.3, 122.2; IR v„,ax (cm '): 1716 (m, -CO-N-CO-), 1521 (m, 

C-NO 2 ), 1348 (m, C-NO 2 ).

Ru(4-[N-(m -phenyl)-4-nitro-l,8-naphthalim ide|-2,2’-bipyridine)(bipyridine)2Cl2 (77)

|2+ Compound 77 was synthesised according to Procedure 4 

using 89 (0.29 g, 0.62 mmol, 1 eq.) and and

^   ̂ Ru(bpy)2 Cl2 .2 H2 0  (0.32 g, 0.62 mmol, 1 eq.) giving the

product as a red/brown solid (0.45 g, 75%). Calculated for 

C4 8 H3 2 F,2 N 8 0 4 P2 Ru: C, 49.03; H, 2.74; N, 9.53. Found: C, 

48.87; H, 2.90; N, 9.25; Accurate MS (m/z) Calculated for 

C4 8 H3 2N 8 O4 RU (M^^): 886.1590, Found 886.1614; 'H  NM R 

6 h (CD 3 CN, 600 MHz): 8.87 (IH,  dd, J =  1.0, 8 . 8  Hz, Ar-H), 

8.83 (IH,  d, J =  1.9 Hz, Ar-H), 8.73 (IH,  dd, J =  0.9, 7.3 Hz,

Ar-H), 8.72 (IH,  d, 7 =  8.2 Hz, Ar-H), 8.70 (IH,  d, J =  8.0 Hz, Ar-H), 8.57 (IH,  d, J =  3.4

Hz, Ar-H), 8.56 (3H, m, 3 x Ar-H), 8.51 (IH,  d, 7  = 7.9 Hz, Ar-H), 8.13 -  8.05 (7H, m, 7 x 

Ar-H), 7.95 (IH,  t, J =  1.9 Hz, Ar-H), 7.84 -  7.77 (7H, m, 7 x Ar-H), 7.69 (IH,  dd, 7  = 2.0, 

6.1 Hz, Ar-H), 7.60 (IH,  m, Ar-H), 7.46 -  7.42 (7H, m, 7 x Ar-H); '^C NMR 6 c (CD 3 CN, 

150 MHz): 164.7, 163.9, 158.6, 158.0, 152.8, 152.70, 152.67, 152.6, 151.0, 149.3, 138.8, 

138.7, 138.0, 137.9, 133.1, 131.8, 131.5, 131.0, 130.9, 130.5, 130.3, 128.9, 128.7, 128.6, 

128.5, 128.2, 125.7, 125.6, 125.3, 125.2, 124.6, 124.3, 122.9; IR v,̂ ax (cm ''): 1715 (w, - 

CO-N-CO), 1528 (m, C-NO 2 ), 1349 (m, C-NO 2 ).

Ru(4-|A^-(p-phenyl)-4-amino-l,8-naphthaUmide]-2,2’-bipyridine)(bipyridine)2Cl2 (78)

2+ Compound 78 was synthesised according to Procedure 5 using 76 

(0.075 g, 0.078 mmol, 1 eq.) giving the product as an orange solid 

(0.07 g, 98%). Calculated for C4 8 H3 4 F 12N 8 O2 P2 Ru.2 CH 3 CN.EtOH 

C, 50.91; H, 3.64; N, 10.99. Found C, 51.11; H, 3.33; N, 10.76; 

Accurate MS (m/z) Calculated for C4 8 H3 4N 8 O2 RU (M^^): 856.1848. 

Found 856.1822; 'H  NMR 6 „ (CD 3 CN, 400 MHz): 8.90 (IH,  s, Ar- 

H), 8.78 (IH,  d, J =  8.0 Hz, Ar-H), 8.57 (5H, m, 5 x Ar-H), 8.51 

(IH,  d, J =  8 . 6  Hz, Ar-H), 8.32 (IH,  d, J =  8.0 Hz, Ar-H), 8.10 (5H, 

m, 5 X Ar-H), 8.05 (2H, d, J  = 8.5 Hz, 2 x Ar-H), 7.78 (8 H, m, 8 x 

Ar-H), 7.57 (2H, d, J  = 8 . 6  Hz, 2 x Ar-H), 7.46 (5H, m, 5 x Ar-H),
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7.00 (IH , d, J  = 8 . 6  Hz, Ar-H), 6.24 (2H, s, NH2 ); '^C NMR 6 c (CD 3 CN, 150 MHz):

165.6, 164.8, 158.4, 158.1, 158.0, 157.9, 152.9, 152.8, 152.7, 152.6, 152.5, 150.0, 140.2,

138.8, 138.7, 136.5, 134.9, 132.2, 131.4, 131.3, 129.7, 129.1, 128.6, 128.5, 126.0, 125.6,

125.5, 125.3, 124.0, 123.2, 121.0, 117.5, 111.0, 109.7; IR v.™x (cm '’): 1684 (w, -CO-N-

C 0-), 1635(m, NH 2 ).

Ru(4-[N-(m -phenyi)-4-am ino-l,8-naphthaiim idel-2,2’-bipyridine)(bipyridine)2Cl2 (79)

— 12+  Compound 79 was synthesised according to Procedure 5 

using 77 (0.14 g, 0.12 mmol, 1 eq.) giving the product as an 

orange solid (0.13 g, 98%). Calculated for 

C48H34F,2N802P2Ru.2.5CH3CN: C, 50.99; H, 3.35; N, 11.78. 

Found: C, 51.14; H, 3.65; N, 11.54; Accurate MS (m/z) 

Calculated for C4 8 H4 3 N 8 O2 RU (M^^): 856.1848. Found 

856.1818; 'H NMR 6 m (CD 3 CN, 600 MHz): 8.71 (IH,  s. Ar­

il) , 8.54 (6 H, m, 6  X Ar-H), 8.35 (IH,  d, J =  7.1 Hz, Ar-H), 

8.23 (IH,  d, J =  8.3 Hz, Ar-H), 8.09 (6 H, m, 6  x Ar-H), 7.97 

(IH,  t, J  = 7.9 Hz, Ar-H), 7.80 (IH, d, J  = 4.9 Hz, Ar-H), 7.75 (5H, m, 5 x Ar-H), 7.66 

(IH,  d, J =  6.0 Hz, Ar-H), 7.63 (IH,  d, J =  7.6 Hz, Ar-H), 7.54 (IH,  t, J =  7.6 Hz, Ar-H), 

7.50 -  7.38 (7H, m, 7 x Ar-H), 6.70 (IH,  br d, J  = 6 . 8  Hz, NH2 ); '^C NMR 6 c (CH 3 CN, 

150 MHz): 164.6, 163.9, 157.4, 156.9, 156.8, 156.78, 156.77, 151.8, 151.6, 151.5, 151.4, 

151.3, 147.4, 138.2, 137.8, 137.7, 137.6, 135.8, 133.6, 131.3, 131.1, 129.9, 128.6, 128.2,

127.5, 127.49, 127.48, 126.1, 124.5, 124.3, 124.2, 124.1, 123.9, 122.0, 121.1, 119.4, 109.1, 

108.5; IR Vmax (cm '): 3354 (w, -NH2 ), 1684 (m, -CO-N-CO-), 1634 (s, -NH 2 ).

(£)-4-(4-nitrophenyI)-2-oxo-3-butenoic acid (82)

t  ̂ Compound 82 was synthesised according to Procedure 6 using
0 2 n^

^  4-nitrobenzaldehyde (2.0 g, 13.2 mmol, 1 eq.) and sodiumCO2H

pyruvate (1.5 g, 13.6 mmol, 1.03 eq.) giving the product as a yellow solid (1.58 g, 54%). 

m.p. 94 -  95 "C (lit. 95 ”C); 'H  NMR 6 n ([DeJDMSO, 400 MHz): 8.24 (2H, d, J =  8.5 Hz, 

Ar-H), 7.96 (2H, d, J  = 8.52 Hz, Ar-H), 7.53 (IH,  d, J  = 16.6 Hz, CH), 7.01 (IH,  d, J  = 

16.6 Hz, CH); ‘^C NMR 6c ([DeJDMSO, 100 MHz): 196.8, 168.4, 147.8, 141.5, 140.2, 

129.1, 129.0, 124.4.

R u ,

NH2
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(£)-4-(3-nitrophenyl)-2-oxo-3-butenoic acid (83)

ô N Compound 83 was synthesised according to Procedure 6  using 3-

nitrobenzaldehyde (7.7 g, 51.1 mmol, 1 eq.) and sodium pyruvate 

CO2H (6.2 g, 56.2 mmol, 1.1 eq.) giving the product as a yellow  solid (7.11 

g, 63%). m.p. 250 °C decomposition; 'H NM R 6h (D M S0[D 6], 400 MHz): 8.45 (IH,  s, 

Ar-H), 8.22 (IH,  dd, J =  2.0, 8.0 Hz, Ar-H), 8.16 (IH,  d, J -  8.0 Hz, Ar-H), 7.70 (IH,  t, J  

= 8.0 Hz, Ar-H), 7.62 (IH,  d, J =  16.6 Hz, CH), 7.14 (IH,  d, J =  16.6 Hz, CH); NM R  

6 c (D M S0[D 6], 100 MHz): 196.1, 168.5, 148.3, 140.9, 136.6, 134.1, 130.4, 127.2, 124.4, 

122.6; IR Vmax (cm '): 1683 (w, -CO-), 1536 (m, C-NO 2 ), 1348 (m, C-NO 2 ).

4-(4-nitrophenyl)-2,2’-bipyridine (84)

Compound 84 was synthesized according to Procedure 7 using 82 

(1.27 g, 5.75 mmol, 1 eq.), 2-pyridacyl pyridinium iodide (1.89 g, 

5.75 mmol, 1 eq.), and ammonium acetate (3.55 g, 46.00 mmol, 8  

eq.) giving the product as a pale yellow solid (0.98 g, 87%). m.p. 156 °C; Accurate MS 

(m/z) Calculated for CifiHnNsOz (M+H): 277.0851. Found 278.0932; 'H  NM R 8u (CDCI3 , 

400 MHz): 8.83 (IH , d, J = 5 .0  Hz, Bpy-H), 8.75 (2H, m, Bpy-H), 8.52 (IH,  d, J =  8.0 Hz, 

Bpy-H), 8.39 (2H, m, Ar-H), 7.96 (2H, m, Ar-H), 7.91 (IH,  m, Bpy-H), 7.59 (IH,  m, Bpy- 

H), 7.40 (IH,  m, Bpy-H); '^C NMR 8c (CDCI3 , 100 MHz): 156.7, 155.1, 149.6, 148.8, 

147.7, 146.5, 144.3, 136.7, 127.7, 123.9, 123.8, 121.2, 120.9, 118.7.

4-(3-nitrophenyl)-2,2’-bipyridine (85)

/  \  Compound 85 was synthesised according to Procedure 7 using 83 

(2.13 g, 9.64 mmol, 1 eq.), 2-pyridacyl pyridinium iodide (3.14 g, 9.64 

V /  \  //  ̂ mmol, 1 eq.), and ammonium acetate (5.95 g, 77.12 mmol, 8  eq.) 

giving the product as a pale yellow solid (0.92 g, 37%). m.p. 107 -  109 “C; Accurate MS 

(m/z) Calculated for C16H12N3O2 (M+H): 278.0930. Found 278.0925; 'H NM R 6 ,, (CDCI3, 

400 MHz): 8.78 (IH,  d, J  = 5.2 Hz, Ar-H), 8.71 (2H, m, 2 x Ar-H), 8.59 (IH,  m, Ar-H), 

8.47 ( IH,  d, J = 7 . 6 H z ,  Ar-H), 8.29 ( IH,  dd, J =  1.2, 8.2 Hz, Ar-H), 7.86 ( IH,  d t , J =  1.8, 

8.2 Hz, Ar-H), 7.68 (IH,  t, J  = 7.6 Hz, Ar-H), 7.56 (IH,  dd, 7 =  1.7, 5.3 Hz, Ar-H), 7.36 

( IH,  m, Ar-H); '^C NMR 8c (CDCI3, 100 MHz): 156.6, 155.1, 149.6, 148.8, 148.3, 146.3, 

139.6, 136.6, 132.6, 129.7, 123.7, 121.6, 121.0, 120.9, 118.4; IR v,̂ ax (cm ''): 1525 (s, C- 

NO 2 ), 1343 (s, C-NO 2 ).
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4-(4-am inophenyl)-2,2’-bipyridine (86)

Compound 86 was synthesised according to Procedure 8 using 84 

(0.95 g, 3.51 mmol, 1 eq.) and hydrazine monohydrate (98%) (2.19 

g, 2.12 ml 68.23 mmol, 20 eq.) giving the product as an o ff white

solid (0.73 g, 8 6 %). Accurate MS (m/z) Calculated for C 16H 14H3 (M+H): 248.1188. Found

248.1191; ' H N M R S h  (CDCI3 , 400 MHz): 8.74 (IH,  d, J = 4 . 0 H z ,  Bpy-H), 8 . 6 8  (IH,  d, J  

= 5.2 Hz, Bpy-H), 8.64 (IH,  d, J =  1.8 Hz, Bpy-H), 8.48 (IH,  d, 7.6 Hz, Bpy-H), 7.86 

(IH,  dt, y  = 1.8, 7.6 Hz, Bpy-H), 7.66 (2H, d, J  = 8 . 8  Hz, Ar-H), 7.53 (IH,  m, Bpy-H), 

7.35 ( IH,  dd, J  = 7.0, 4.6 Hz, Bpy-H), 6.80 (2H, d, 7  = 8.2 Hz, Ar-H); '^C NM R 6 c 

(CDCI3 , 100 MHz): 156.3, 149.4, 149.1, 149.0, 148.9, 147.6, 136.8, 128.1, 127.7, 123.6, 

121.2, 120.5, 117.8, 115.2.

4-(3-am inophenyl)-2,2’-bipyridine (87)

y —^  Compound 87 was synthesised according to Procedure 8 using 85

H2N,̂  (0.87 g, 3.14 mmol, 1 eq.) and hydrazine monohydrate (98%) (2.01 g,

\ _ y — ml ,  62.75 mmol, 20 eq.) giving the product as an o ff  white solid 

(0.75 g, 97%). m.p. 131 -  133 "C; Accurate MS (m/z) Calculated for C 16H 14N 3 (M+H): 

248.1188. Found 248.1193; 'H  NMR 6 „ (CDCI3, 400 MHz): 8.70 ( IH,  d, 7  = 3.5 Hz, Ar- 

H), 8.67 (IH,  d, J =  15.1 Hz, Ar-H), 8.46 (IH,  d, J =  8.0 Hz, Ar-H), 7.82 ( IH,  m, Ar-H), 

7.48 ( IH,  dd, J =  1.5, 5.0 Hz, Ar-H), 7.31 ( IH,  m, Ar-H), 7.25 (IH,  m, Ar-H), 7.13 (IH,  d, 

J  =1.5 Hz, Ar-H), 7.05 (IH,  d, J =  2.0 Hz, Ar-H), 6.74 (IH,  dd, J =  1.5, 8.0 Hz, Ar-H), 

3.89 (2H, br s, NH2 ); '^C NMR be (CDCI3, 100 MHz): 156.0, 155.7, 149.1, 148.7, 146.7, 

138.9, 136.5, 129.5, 123.4, 121.2, 120.8, 118.5, 116.9, 115.3, 113.1; lRv,^x (cm ''): 3422 

(w, -NH 2 stretch), 1626 (w, -NH2 bending).

4-|A^-(p-phenyl)-4-nitro-l,8-napthaIimide|-2,2’-bipyridine (88)

Compound 8 8  was synthesised according to Procedure 9 using 8 6  (0.48 g, 

1.95 mmol, 1 eq.) and 4-nitro-l,8-naphthalic anhydride (0.47 g, 1.95 mmol, 

1 eq.) giving the product as a pale yellow solid (0.77 g, 84%). m.p. 199 -  

200 “C; Calculated for C2 gH,6N 4 0 4 .H2 0 : C, 68.57; H, 3.70; N, 11.42. 

Found: C, 68.75; H, 3.37; N, 11.16; Accurate MS (m/z) Calculated for 

C2 8H ,7N4 0 4  (M+H): 473.1250. Found 473.1250; ‘H NM R 6 n ([DfeJDMSO, 

400 MHz): 8.82 (IH,  d, J =  5.0 Hz, Ar-H), 8.78 (IH,  d, 8.5 Hz, Ar-H),
NO2

8.76 (2H, m, 2 X Ar-H), 8.69 (IH,  d, J =  7.5 Hz, Ar-H), 8 . 6 6  (IH,  d, J = 8.0
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Hz, Ar-H), 8.61 (IH , d, J = 8.0 Hz, Ar-H), 8.48 (IH , d, J = 8.0 Hz, Ar-H), 8.16 (IH , m, Ar- 

H), 8.07 (2H, d, J = 8.6 Hz, Ar-H), 8.01 (IH , dt, J = 1.5, 7.5 Hz, Ar-H), 7.90 (IH , dd, J =

1.5, 5.0 Hz, Ar-H), 7.52 (IH , m, Ar-H); '^C NMR be  ([DeJDMSO, 100 MHz): 163.3,

162.5, 155.7, 154.7, 150.0, 149.3, 149.2, 147.9, 137.7, 137.4, 136.7, 131.8, 130.2, 130.0, 

129.7, 129.0, 128.8, 127.6, 127.3, 124.6, 124.3, 123.4, 122.9, 121.9, 120.9, 117.9; IR v,nax 

(cm '): 1714 (w, -CO-N-CO-), 1520 (w, C-NO 2 ), 1346 (w, C-NO2 ).

NO2

4 -1A^-(m-phenyl)-4-nitro- 1,8-napthalimide]-2,2’-bipyridine (89)

'N Compound 89 was synthesised according to Procedure 9 using 87

(0.50 g, 2.04 mmol, 1 eq.) and 4-nitro-l,8-naphthalic anhydride (0.50 

g, 2.04 mmol, 1 eq.) giving the product as a pale brown solid (0.81 g, 

84%). Calculated for C28H,6N404.0.4H20: C, 70.11; H, 3.53; N,

11.68. Found: C, 70.27; H, 3.35; N, 11.40; Accurate MS (m/z) 

Calculated for C2 8H 17N4O4 (M+H): 473.1250. Found 473.1268; 'H 

NMR 8u (CDCI3, 400 MHz): 8.81 (IH,  s, Ar-H), 8.79 (IH,  d, J =  4.5 Hz, Ar-H), 8.69 (4H, 

m, 4 X Ar-H), 8.62 (IH,  d, J =  8.0 Hz, Ar-H), 8.46 (IH,  d, J =  7.5 Hz, Ar-H), 8.17 ( IH,  m, 

Ar-H), 8.07 (IH,  s, Ar-H), 8.04 (IH,  d, J  = 8.0 HZ, Ar-H), 7.98 (IH,  dt, J =  1.5, 8.0 Hz, 

Ar-H), 7.86 (IH,  m, Ar-H), 7.76 (IH,  m, Ar-H), 7.59 (IH,  d, 8.0 Hz, Ar-H), 7.49 (IH,  

m, Ar-H); '^C NMR 6c (CDCI3, 100 MHz): 163.3, 162.5, 156.1, 155.0, 150.2, 149.3,

149.2, 147.2, 138.0, 137.4, 136.6, 131.7, 130.1, 130.0, 129.9, 129.6, 128.9, 128.8, 127.4,

127.3, 126.8, 124.4, 124.2, 123.4, 122.9, 121.4, 120.6, 117.4; IR v^ax (cm '‘): 1718 (w, - 

CO-N-CO-), 1524 (m, C-NO2), 1350 (m, C-NO2).

7.6 Synthesis and Characterisation of Compounds Described in Chapter 5

4 -|N-(p-phenyl)-4-nitro-1,8-naphthalim ide|-2,2’-ethylenebipyridyIdiylium dichloride 

(93)

Compound 93 was synthesised according to Procedure 10 using 88 (0.33 

g, 0.70 mmol, 1 eq.) and dibromoethane (30 ml) giving the product as a 

brown solid (0.32 g, 80%). Calculated for C3 0H20F 12N 4 O4 P2 : C, 45.59; H, 

2.55; N, 7.09. Found: C, 45.37; H, 2.46; N, 6.88; Accurate MS (m/z) 

Calculated for C30H20N4O4 (M^^): 500.1485. Found 500.1478; 'H NM R 8u 

(D2O, 400 MHz): 9.23 (IH,  s, Ar-H), 9.17 (2H, m, 2 x Ar-H), 9.06 ( IH,  d, 

J =  8.0 Hz, Ar-H), 8.87 (IH,  m, Ar-H), 8.63 (IH,  d, 6.0 Hz, Ar-H), 8.53
NO2
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(IH, d, J =  9.0 Hz, Ar-H), 8.49 (IH, d, J =  7.5 Hz, Ar-H), 8.44 (IH, d, J  = 8.0 Hz, Ar-H), 

8.32 (IH, t, J =  7.0 Hz, Ar-H), 8.23 (3H, m, 3 x Ar-H), 7.83 (IH, t, J =  7.6 Hz, Ar-H), 7.65 

(2H, d, y  = 8.0 Hz, Ar-H), 5.30 (4H, d, J  = 7.0 Hz, 2 x CH2 ); ‘̂ C NMR 5c (D2 O, 100 

MHz): 165.4, 164.4, 157.5, 149.8, 148.2, 147.1, 146.9, 139.6, 135.8, 134.8, 133.0, 132.7,

131.4, 130.7, 130.3, 130.0, 129.6, 128.6, 128.4, 128.2, 127.1, 125.7, 125.4, 124.3, 122.9,

121.5, 52.8, 51.7; IR (cm '): 1712 (m, -CO-N-CO-), 1523 (m, C-NO2 ), 1347 (m, C- 

NO2 ).

4-lA^-(m-phenyi)-4-nitro-l,8-naphthalimide|-2,2’-ethylenebipyridyldiyliuin dichloride

(94)

Compound 94 was synthesised according to Procedure 10 using 89

(0.25 g, 0.53 mmol, 1 eq.) and dibromoethane (30 ml) giving the

product as a brown solid (0.25 g, 82%). Calculated tor 
O ^ N ^ O

T  T  C30H20F12N4O4P2: C, 45.59; H, 2.55; N, 7.09. Found: C, 45.82; H,

2.42; N, 7.08; Accurate MS (m/z) Calculated for C3 0 H 19N4 O4 (M^^): 

NO2 499.1406. Found 499.1411; 'H NMR 6 n (D2O, 400 MHz): 9.14 (IH,

d, J  = 6.0 Hz, Ar-H), 9.11 (1H, d, J  = 6.5 Hz, Ar-H), 9.07 (1H, s, Ar-H), 8.95 (1H, d, J  = 

8.0 Hz, Ar-H), 8.79 (IH, t, 8.0 Hz, Ar-H), 8.54 (IH, d, 8 . 6  Hz, Ar-H), 8.46 (3H, m, 

3 X Ar-H), 8.28 (IH, m, Ar-H), 8.23 (IH, d, 8.0 Hz, Ar-H), 8.11 (IH, d, J  =  8.0 Hz, Ar­

il), 8.02 (IH, s, Ar-H), 7.76 (2H, m, 2 x Ar-H), 7.62 (IH, d, J =  7.5 Hz, Ar-H), 5.26 (4H, 

d, J  = 8.0 Hz, 2 x CH2); '^C NMR 6c (D2O, 100 MHz): 165.4, 164.4, 157.5, 149.7, 148.2, 

147.1, 146.9, 139.6, 139.5, 135.8, 134.8, 133.0, 132.7, 131.4, 130.7, 130.3, 130.0, 129.5,

128.5, 128.4, 128.2, 127.1, 125.8, 125.7, 125.4, 122.9, 121.5, 52.5, 51.6; IR v^x (cm''): 

1715 (m, -CO-N-CO-), 1523 (m, C-NO2 ), 1345 (m, C-NO2 ).

4-[7V-(m-plienyI)-4-amino-l,8-napthaliinide|-2,2’- ethylenebipyridyldiylium dichloride

(95)

Compound 99 (0.15 g, 0.34 mmol, l.eq.) was suspended in

dibromoethane (30 ml) and the mixture heated at reflux for 4.5 hours.

The reaction mixture was cooled to room temperature, the resulting o ^ N ^ o
precipitate collected by filtration and washed with acetone (5 ml) and 

hexane (5 ml). The product was adsorbed onto a short pad of silica 

NH2 and purified using MeOH-NH3(sat). The silica was stirred with

CH3CN/H2 0 /NaN0 3 (sat) 40:4:1, filtered and the CH3 CN removed under vacuum. A
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concentrated solution o f NH4 PF6 was added which gave a precipitate that could not be 

isolated by filtration. The product was extracted into DMF/CH2CI2 and the solution 

concentrated under vacuum. The product was precipitated out by dropping into toluene 

and isolated by filtration. After drying under vacuum the product was obtained as an 

orange solid (0.003 g, 1.6%). Accurate MS (m/z) Calculated for C30H23N4O2 (M^^): 

471.1821. Found 471.1806; ‘H NMR 5h (D2O, 400 MHz): 9.11 (IH, d, J = 6.0 Hz, Ar-H), 

9.00 (IH, d, J = 6.5, Ar-H), 8.93 (IH, s, Ar-H), 8.81 (IH, d, J -  8.5, Ar-H), 8.69 (IH, m, 

Ar-H), 8.35 (IH, d, J = 5.5 Hz, Ar-H), 8.23 (IH, m, Ar-H), 8.17 (IH, d, J = 8.0 Hz, Ar-H), 

8.07 (IH, d, J = 8.0 Hz, Ar-H), 8.03 (IH, s, Ar-H), 7.96 (IH, d, J = 8 . 6  Hz, Ar-H), 7.90 

(IH, d, J = 8.5 Hz, At-H), 7.58 (2H, m, Ar-H), 7.35 (IH, m, Ar-H), 6.54 (IH, d, J = 8.5 Hz, 

Ar-H), 5.21 (4H, m, 2CH2); '^C NMR 5c (D2O, 150 MHz): 166.3, 165.2, 157.3, 153.6, 

148.1, 147.2, 146.8, 139.45, 139.38, 137.1, 135.0, 134.3, 133.2, 123.4, 131.2, 130.7, 130.2,

129.7, 128.8, 128.7, 128.2, 126.7, 125.0, 124.4, 120.0, 118.9, 109.4, 106.7, 52.5,51.5.

4-(4-inethylphenyi)-2,2’-ethyIenebipyridyldiylium dibromide (96)

r
4-(4-methylphenyl)-2,2’-bipyridne (0.13 g, 0.53 mmol, l.eq.) was suspended 

in dibromoethane (5 ml) and the mixture heated at reflux for 4 hours. The 

reaction mixture was cooled to room temperature, the resulting precipitate 

collected by filtration and washed with acetone (5 ml) and ether (5 ml). After 

drying under high vacuum the product was obtained as a yellow solid (0 . 2 1  g, 

92%). Calculated for C,9Hi8Br2N2.1.25H20: C, 49.81; H, 4.55; N, 6.11. Found: C, 49.94; 

H, 4.22; N, 6.07; Accurate MS (m/z) Calculated for C ,9H,9N2 (M^^): 275.1548. Found 

275.1555; 'H NMR 5h (D2O, 400 MHz): 9.13 (IH, dd, J =  0.8, 6.0 Hz, Ar-H), 9.05 (IH, d, 

J =  2.3 Hz, Ar-H), 8.99 (IH, dd, 7  = 1.0, 8.2 Hz, Ar-H), 8.98 (IH, d, J =  6.52 Hz, Ar-H), 

8.83 (IH, dt, J  -  1.3, 8.0 Hz, Ar-H), 8.46 (IH, dd, J = 2 . 0 ,  6.5 Hz, Ar-H), 8 . 8  (IH, m, Ar- 

H), 7.91 (2H, d , y =  8.5 Hz, Ar-H), 7.22 (2H, d, J =  8.5 Hz, Ar-H), 5.25 (2H, m, CFb), 5.18 

(2H, m, CH2 ), 2.37 (3H, s, CH3 ); '^C NMR 5c (D2O, 100 MHz): 159.0, 148.2, 147.0, 

146.3, 145.0, 140.1, 139.3, 130.6, 130.5, 130.1, 128.4, 128.2, 126.2, 124.8, 52.7, 51.3,

20.7.
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4-|A^-(m-phenyi)-4-amino-l,8-napthaliinide]-2,2’-bipyridine (99)

Compound 89 (0.30 g, 0.64 mmol, l.eq.) was dissolved in DMF (30 

ml) and MeOH (30 ml) added. To this was added 10% Pd/C (0.05 g)

T and the mixture heated at 65 “C for 1 hour. Hydrazine monohydrateo ^ N ^ o
l i T  (0.41 g, 0.40 ml, 12.74 mmol, 20 eq.) was added and the mixture

heated at 65 °C for a further 16 hours. The reaction mixture was 

' ^ '^ 2  filtered through celite and the solvent removed under vacuum. The

resulting residue was triturated with water to remove unreacted hydrazine and the solid 

isolated by filtration to give the product as an orange solid (0.27 g, 94%). Accurate MS 

(m/z) Calculated for C2 8 H 1 9N 4 O2  (M^^): 443.1508. Found 443.1495; 'H  NM R 5h 

(DMS0[D6], 400 MHz) 8.78 (IH , d, J = 5.5 Hz, Ar-H), 8.69 (3H, m, Ar-H), 8.45 (2H, m, 

Ar-H), 8.23 (IH,  d, J = 8.5 Hz, Ar-H), 8.00 -  7.92 (2H, m, Ar-H), 7.84 (IH,  d, J = 5.0 Hz, 

Ar-H), 7.71 (2H, m, Ar-H), 7.53 - 7 .4 7  (4H, m, Ar-H + NH2), 6.90 ( IH,  d, J = 8.5 Hz, Ar- 

H); '^C NMR 6 c (DMS0[D6], 100 MHz): 164.5, 163.6, 156.4, 155.4, 153.2, 150.5, 149.6, 

147.8, 138.2, 138.0, 137.7, 134.3, 131.5, 130.7, 130.6, 130.1, 129.9, 128.1, 126.6, 124.7, 

124.3, 122.7, 121.9, 121.0, 119.9, 117.9, 108.6, 108.2.
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Appendix 1 -  Crystallographic data

Identification code 

Empirical formula 

Formula weight 

T emperature 

Wavelength 

Unit cell dimensions

Volume 

Z

Density (calculated)

Absorption coefficient 

F(OOO)

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 25.00°

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F̂

Final R indices [I>2sigma(I)]

R indices (all data)

77

C48 H32 F12N8 04 P2 Ru

2735.74

117(2)K

0.71070 A
a = 14.065 (9) A of = 104.634 (8)°

b =  14.572 (9) A /3= 107.989(8)°

c =  14.834 (8) A 7 = 95.848 (3)°

2744 (3) Â

1

1.656 M gW  

0.487 mm''

1368

2.34 to 25.00°

-16 ^  <16, -17 ^  <17, -17 ^  <17

63741

9666

99.9%

Full-matrix least-squares on F̂

9666 / 0 / 776 

1.714

R1 =0.1567, wR2 = 0.3933 

R1 =0.1622, wR2 = 0.3997
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Bard Binding Model:

The intrinsic binding constant K and binding site size n were determined using the 

model derived by Bard et a lP  This model is based on the equilibrium shown in equation 2 

and assumes non-cooperative, non-specific binding to DNA with the existence o f one 

discreet type o f binding site. Multi-component systems such as those under discussion in 

this chapter may adopt a number o f binding modes at different sites and thus the 

assumption of one type o f binding site may be an oversimplification. Nevertheless, it is 

generally regarded that the spectroscopic data obtained from DNA titrations is not of 

sufficient quality to allow one to extract multiple binding constants and binding site sizes.
30 3 1A relatively small number o f publications have reported this. ’

This model was chosen for fitting o f  the data as it takes account o f  all the data 

obtained from the titration. Data from DNA titrations is commonly represented as a 

Scatchard plot and fit to the model o f  McGhee and von Hippel. However, this may 

necessitate the omission o f data from the beginning and end o f the titration and for this 

reason the Bard model was chosen. In addition, a Scatchard plot requires greater 

manipulation o f the titration data, the result being that it is not trivial to understand exactly 

what is represented on the titration curve and fit. The Bard model simply requires the 

observed spectroscopic changes to be plotted against the concentration of added DNA and 

thus is visually clearer and allows for easy comparison o f the binding profiles for different 

systems.

To construct the binding model we consider the binding o f the metal complex, M, 

to a binding site, S, composed o f s base pairs, resulting in a bound species M-S,

M + S M-S (2)

The equilibrium binding constant for this process is

K = Cb/CfCs (3)

where Cb, Cf and Cs represent the equilibrium concentrations o f bound complex, free 

complex and free binding sites, respectively.

The total concentration o f complex, Ct, is
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C, = Cb + Cr (4)

and the total concentration of sites along a DNA molecule with an average number of base 

pairs L, is

xC dna  =  Cb +  C s (5 )

where

X = L/s (6)

C d n a  = [NP]/2L (7)

and [NP] is the concentration of nucleotide phosphate.

Solution o f equations 2 -  4 for the concentration of bound complex as a function o f [NP] 

making appropriate substitutions yields.

(  ,  2K^C,[NP]

~  ----------------------------------------------------------------------2K

where b = 1 + KC, + K[NP]/2s (8b)

The expression is divided by Ct to give an expression in terms of the observed 

spectroscopic change,

2K^Q[NP] y
2KC, (8)

Plots of (ea-Cf)/(eb-ef) w- [NP] may be directly fitted to Eq. 8 where 6a, Cf and eb correspond 

to the apparent extinction coefficient at each point in the titration, the extinction coefficient 

for the free ruthenium complex, and the extinction coefficient for the ruthenium complex 

in the fully bound form respectively. The parameters obtained represent an average which 

results from any number of different binding geometries.
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Figure A2.1 Changes in the UV/Visible spectrum o f  39 (6.5 fiM) upon addition o f st-DNA 

(0 -  45.5 fiM base pairs) in 10 mM phosphate buffer, at pH  7. Inset: Plot o f  (€a-^f)/(^b-tf)at 

355 nm V5. [DNA]  and the corresponding non-linear fit.
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Figure A2.2 Changes in the UV/Visible spectrum o f  37 (6.5 fiM) upon addition o f  st-DNA 

(0 — 58.5 yiM base pairs) in 10 mM phosphate buffer, at pH  7. Inset: Plot o f  (ea-^f)/(^b-tf) at 

351 nm V5. [DNA] and the corresponding non-linear fit.
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F igu re  A2.3 Relative changes in the emission o f  39 (6.5 iiM ) with increasing concentration  

o f  st-DNA (0  -  325 ijlM base pairs), in 10 m M  phosphate buffer (M), 10 m M  phosphate  

buffer +  50 m M  N aC l ( • )  and 10 m M  phosphate buffer +  100 m M  N aC l (A.).
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F ig u re  A2.4  Relative changes in the emission o f  37 (6.5 jxM) with increasing concentration  

o f  st-DNA (0 -  325 liM ), in 10 m M  phosphate buffer (m), 10 m M  phosphate b u ffe r +  50 

m M  N aC l ( * )  and 10 m M  phosphate b u ffe r +  100 m M  N aC l (A ) .
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Figure A2.5 Relative changes in the emission o f  38 (6.5 fxM) with increasing concentration 

o f  st-DNA (0 -  325 iiM), in 10 mM  phosphate buffer (U), 10 m M  phosphate buffer  -i- 50 

mM NaCl ( • )  and 10 mM  phosphate buffer + 100 m M  NaCl (L).
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Figure A2.6 Circular dichroism spectra o f  (a) st-DNA (150 ptM) in 10 m M  phosphate 

buffer, at p H  7, in the absence and presence o f  37 at varying ratios, and (b) the difference 

spectra obtained.
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Figure A3.1 Changes in the UV/Visible spectrum o f  68 (6.5 [iM) upon addition o f  

[poly(dG-dC) ] 2  (0 -  19.5 fiM base pairs) in 10 mM phosphate buffer, at pH  7. Inset: Plot 

o f  (€a-€f)/(eb-€f) at 338 nm vs. equivalents ofDNA and the corresponding non-linear fit.
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Figure A3.2 Changes in the UV/Visible spectrum o f  68 (6.5 fjM) upon addition o f  

[poly(dA-dT) ] 2 (0 -  19.5 yiM base pairs) in 10 mM phosphate buffer, at pH  1. Inset: Plot 

o f  (€a-^j)/(€b-£j) at 338 nm vs. equivalents o f  DNA and the corresponding non-linear fit.

258



Appendix 3

0.15-,

55 %

0 . 1 0 -(UO
C
0 3X)
k_ B p/D  ratioO</)X)<

40 %

0.05-

0.00
300 400 500 600

Wavelength (nm)

Figure A3.3 Changes in the UV/Visihle spectrum o f  69 (6.5 jxM) upon addition o f  

[poly(dG-dC) ] 2  (0 — 29.25 [jiM base pairs) in 10 mM phosphate buffer, at pH  7. Inset: Plot 

o f  (ta-^f)/(tb-if) equivalents o f  DNA and the corresponding non-linear fit.
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Figure A3.4 Changes in the UV/Visible spectrum o f  69 (6.5 iiM) upon addition o f  

[poly(dA-dT) ] 2 (0 — 29.25 ixM base pairs) in 10 mM phosphate bujfer, at pH  7. Inset: Plot 

o f  (€a-€f)/(€b-€f) at 345 nm vs. equivalents o f DNA and the corresponding non-linear fit.
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Figure A3.5 (a) Changes in the emission spectrum o f  68 (6.5 ytM) (excitation at 450 nm) 

upon addition o f  [poly(dG-dC) ] 2 (0 -  19.5 iiM base pairs) in 10 mM phosphate buffer, at 

pH  7. (b) The change in the integrated M LCT emission intensity as a function o f  Bp/D.
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Figure A3.6 (a) Changes in the emission spectrum o f  68 (6.5 jxM) (excitation at 338 nm) 

upon addition o f [poly(dG-dC) ] 2  (0 — 19.5 [iM base pairs) in 10 mM phosphate buffer, at 

pH  7. (b) The change in the integrated M LCT emission intensity as a function o f  Bp/D.
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Figure A 3 .7 Excitation spectrum o j 68 (6.5 fxM) (emission at 645 nm) in 10 mMphosphate

buffer, at p H  7 in the absence (------ )  and presence o f  [poly(dG-dC ) ] 2 at a Bp/D ratio o f  3
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Figure A3.8 (a) Changes in the emission spectrum o f  69 (6.5 fiM ) (excitation at 450 nm) 

upon addition o f  [poly(dA-dT ) ] 2  (0 -  19.5 fJiM base pairs) in 10 mM  phosphate buffer, at 

p H  7. (b) The change in the integrated M LC T emission intensity as a function o f  Bp/D.
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Figure A3.9 (a) Changes in the emission spectrum oj 69 (6.5 piM) (excitation at 338 nm) 

upon addition o f  [poly(dA-dT) ] 2  (0 -  19.5 piM base pairs) in 10 mM phosphate buffer, at 

pH  7. (b) The change in the integrated MLCT emission intensity as a function o f  Bp/D.
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Figure A3.10 Excitation spectrum o f  63 (6.5 yM) (emission at 645 nm) in 10 mM

phosphate buffer, at pH  7, in the absence (----- )  and presence o f  [poly(dA-dT) ] 2 at a Bp/D

ratio o f  3 (------).
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Figure A 3 . l l  (a) Changes in the emission spectrum o f  69 (6.5 fxM) (excitation at 450 nm) 

upon addition o f  [poly(dG-dC ) ] 2 (0 -  29.25 pM base pairs) in 10 mM phosphate buffer, at 

p H  7. (h) The change in the integrated M LC T emission intensity as a function o f  Bp/D.
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F igure A3.12 (a) Changes in the emission spectrum o f  69 (6.5 iJiM) (excitation at 345 nm) 

upon addition o f  [poly(dG-dC ) ] 2 (0 -  29.25 fxM base pairs) in 10 mM  phosphate buffer, at 

p H  7. (b) The change in the integrated M LC T emission intensity as a function o f  Bp/D.
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Figure A3.13 Excitation spectrum o f 69 (6.5 (iM) (emission at 670 nm) in 10 mM

phosphate buffer, at pH  7 in the absence (----- ) and presence o f  [poly(dG-dC) ] 2  a Bp/D

ratio o f  0.45 (----- ) and 4.5 (----- ).
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Figure A3.14 (a) Changes in the emission spectrum o f 69 (6.5 ptM) (excitation at 450 nm) 

upon addition o f [poly(dA-dT) ] 2  (0 -  29.25 [iM base pairs) in 10 mM phosphate buffer, at 

pH  7. (b) The change in the integrated MLCT emission intensity as a function o f Bp/D.
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Figure A3.15 (a) Changes in the emission spectrum oj 69 (6.5 fiM) (excitation at 345 nm) 

upon addition o f  [poly(dA-dT) ] 2 (0 -  29.25 piM base pairs) in JO mM phosphate buffer, at 

pH  7. (b) The change in the integrated MLCT emission intensity as a function o f  Bp/D.
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Figure A3.16 Excitation spectrum o f  69 (6.5 piM) (emission at 670 nm) in JO mM

phosphate buffer, at pH  7 in the absence (----- ) and presence o f  [poly(dA-dT) ] 2 a Bp/D

ratio o f  0.6 (----- ) and 4.5 (------).
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Figure A3.17 Circular dichroism curves o f (a) ct~DNA (150 (jlM) in 10 mM phosphate 

buffer, at pH  7 in the absence and presence o f 69 at varying ratios, and (b) the difference 

spectra obtained.
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Figure A3.18 Decrease in fluorescence o f DNA hound EtBr upon addition o f 68 (m) and 

69 (•) in 10 mM phosphate buffer, at pH  7.
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Figure A4.1 Crystal packing diagram o f  77, viewed along the a* axis.
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Figure A4.2 Summed absorption spectra o f  76. Ru(bpy)s^^ (----------), 59 (----------), R u(bpy)/^

+ 59 ( ----------) and 76 (----------). All solutions at 6.5 yiM concentration in 10 mM phosphate

buffer, at pH  7.
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Figure A4.3 Summed absorption spectra o f  78. Ru(bpy)}^^ ( ----------), 90 (----------), Ru(hpy)/*

+ 90 (----------) and 78 (----------). All solutions at 6.5 piM concentration in 10 mM phosphate

buffer, at pH  7.
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Figure A4.4 UV/Visible, excitation and emission spectra o f  77 (6.5 [iM) in 10 mM  

phosphate biiffer, at pH  7. The water Raman band is denoted by * .
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F ig u re  A 4.5  UV/Visible, excitation and emission spectra o f  79 (6.5 ixM) in 10 m M  

phosphate buffer, at p H  7.
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F ig u re  A 4.6  Changes in the UV/Visib le spectrum o f  77 (6.9 ijM ) upon add ition  o f  st-DNA  

(0 -  21.39 [ iM  base pairs), in 10 m M  phosphate buffer, a t p H  7. Inset: P lo t o f  (€a-€/)/(Cb-(f) 

at 351 nm vs. equivalents o f  DNA and the corresponding non-linear fit.
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Figure A 4.7 Changes in the UV/Visible spectrum o f  79 (6.5 piM) upon addition o f  st-DNA 

(0 -  15.6 jxM base pairs), both in 10 mM phosphate buffer, at pH  7. Inset: Plot o f  (€a- 

fJ/(€h-^j) at 451 nm vs. equivalents o f  DNA and the corresponding non-linear fit.
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Figure A4.8 Changes in the emission spectrum o f  79 (6.9 [iM) (excitation at 450 nm) upon 

addition o f  st-DNA (0 -  345 fiM base pairs) in 10 mM phosphate buffer, at pH  7.
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F igure A4.9 Relative changes in the emission o f  78 (6.5 jxM) with increasing concentration 

o f  st-DNA (0 -  58.5 yM), in 10 mM phosphate buffer (m), 10 mM phosphate buffer + 50

mM NaCl ( * )  and 10 m M  phosphate buffer + 1 00  mM NaCl (k.).

•  •

A A A  A A A A  A

S’O)
0)

• o
E DNA

Bp/D 50 
Bp/D 25 
Bp/D 15 
Bp/D 10 
Bp/D 5 
Bp/D 2.5 
Bp/D 1.25

Bp/D 50 
Bp/D 25 
Bp/D 15 
Bp/D 10 
Bp/D 5 
Bp/D 2.5 
Bp/D 1.25

Q
OQ

O
-4-

-4-

-8 -

-8 -

- 1 2 -
— p 1---------■------r “ «------- 1------1--------- 1—  ------- 1--------------1-1-------------1--1------- 1------- 1

200 250 300 350 400 450 500 550 600 200 250 300 350 400 450 500 550 600

Wavelength (nm) Wavelength (nm)

Figure A4.10 C ircular dichroism curves o f  (a) ct-DNA (150 fxM) in 10 m M  phosphate 

buffer, at p H  7, in the absence and presence o f  78 at varying ratios, and (b) the difference  

spectra obtained.
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Figure A5.1 UV/Visihle absorption spectra o f 93 (6.5iiM) (----- ) and 94 (6.5 jxM) (----- )

in 10 mM phosphate buffer, at pH  7.
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Figure A5.2 Summed absorption spectra o f 94. 96 (----- ), 59 (----- ), 96 + 59 (------) and

94 (----- ). All solutions at 6.5 jiM concentration in 10 mM phosphate buffer, at pH 7.
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Figure AS.3 Changes in the emission spectrum o f 95 (6.5 fiM) (excitation at 311 nm) upon 

addition o f st-DNA (0 — 21.45 piM) in 10 mM phosphate buffer, at pH  7.
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Figure A5.4 Relative change in the emission o f 93 upon addition o f salmon testes DNA 

(m ) ,  [poly(dG-dC)j2 (•) and [poly(dA-dT)] 2 ( A )  in 10 mM phosphate buffer at, pH  7.
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Figure A5.5 Relative change in the emission o f 94 (6.5 fiM) upon addition o f st-DNA (m), 

[poly(dG-dC)] 2 (•) and [poly(dA-dT)] 2 (^ )  in 10 mM phosphate buffer, at pH  7.
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Figure A5.6 Relative change in the emission o f 95 upon addition o f st-DNA (m ), [poly(dG- 

dC)j2 (•) and [poly(dA-dT)] 2 ( ^ )  in 10 mM phosphate buffer, at pH  7.
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Figure AS. 7 Circular dichroism curves ofct-DNA (150 fiM) in 10 mM phosphate buffer, at 

pH  7, in the absence and presence oj 96 at varying ratios.
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Figure A5.8 Induced CD spectra o f  93 in the presence ofct-DNA (150 jxM) at a Bp/D ratio

o f  2.5 in 10 mM phosphate buffer (------ ), 10 mM phosphate buffer + 50 mM NaCl (------ )

and 10 mM phosphate buffer + 100 mM NaCl (------ ).
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Figure A 5.9 Induced CD spectra o f  94 in the presence o f  ct-DNA (150 (jlM )  at a Bp/D ratio

o f  2.5 in 10 mM  phosphate buffer (------), 10 mM  phosphate buffer + 50 m M  NaCl (------ )

and 10 mM  phosphate buffer + 1 0 0  mM  NaCl (------).
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Figure A 5.10 Induced CD spectra o f  94 in the presence o f  ct-DNA (------), fpoly(dA-dT)] 2

(------ ) and [poly(dG-dC)] 2 ( ------), all in 10 mM  phosphate buffer, at p H  7, at a Bp/D ratio

o f  2.5.
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Figure AS. 11 Decrease in fluorescence o f  DN A hound EtBr upon addition o f  93 (m) and 

94 ( • )  in 10 mM phosphate buffer, at pH  7.
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1 2 3 4 5 6 7 8

Figure A6.1 Agarose gel electrophoresis o f  pBR322 DNA (1 mg/ml) after irradiation at X>  

400 nm in 10 m M  phosphate buffer, p H  7. Lane I: Plasmid DNA control; Lane 2: 

Ru(hpy)3 ^^ (Bp/D 5) 5 min irradiation; Lanes 3-5: 68 (Bp/D 5) L 3, 5 min respectively; 

Lanes 6-8: 70 (Bp/D 5) 1, 3, 5 min respectively.

Table A6.1 Percentage o f  Form I  II  pBR322 plasm id DNA from  the cleavage study in 

Figure 6.8

1 82 18

2 32 68

3 72 28

4 47 53

5 27 73

6 34 66

7 4 96

8 10 90

1 2 3 4 5 6  7 8

Figure A6.2 Agarose gel electrophoresis o f  pBR322 DNA (Img/m l) after irradiation at X>  

400 nm in 10 m M  phosphate buffer, p H  7. Lane 1: Plasmid DNA control; Lane 2: 

Ru(bpy)3 ^^ (Bp/D 5) 5 min irradiation; Lanes 3-5: 69 (Bp/D 5) I, 3, 5 min respectively; 

Lanes 6-8: 71 (Bp/D 5) I, 3, 5 min respectively.
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Table A6.2 Percentage o f  Form 1 vs II  pBR322 plasm id DNA from  the cleavage study in 

Figure 6.9

1 80 20

2 19 81

3 82 18

4 60 40

5 41 59

6 44 56

7 12 88

8 11 89

1 2 3 4  5 6 7

Figure A6.3 Agarose gel electrophoresis o f  pBR322 DNA (1 mg/ml) after 5 min irradiation 

at X >  400 nm in 10 mM  phosphate buffer, p H  7. Lane I: Plasmid DNA control; Lanes 2- 

3: Ru(bpy)i^^ (Bp/D 5) without and with 10 m M  NaN3; Lanes 4-5: 68 (Bp/D 5) without and  

with NaNj; Lanes 6-7: 70 (Bp/D 5) without and with NaN}.

Table A6.3 Percentage o f  Form I  V5 I I  pBR322 plasm id DNA from  the cleavage study in 

Figure 6.11.

1 84 16

2 29 71

3 79 21

4 30 70

5 28 72

6 4 96

7 29 71
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1 2 3 4  5 6  7

Figure A6.4 Agarose gel electrophoresis o f  pBR322 DNA (1 mg/ml) after 5 min irradiation 

at X> 400 nm in 10 mMphosphate buffer, pH  7. Lane I : Plasmid DNA control; Lanes 2- 

3: Ru(hpy)s^* (P/D 10) without and with 10 mM NaNj; Lanes 4-5: 69 (P/D 10) without and 

with NaNj; Lanes 6-7: 71 (P/D 10) without and with NaNj.

Table A6.4 Percentage o f  Form 1 II pBR322 plasmid DNA from  the cleavage study in 

Figure 6.12.

1 87 13
2 24 76
3 79 21
4 39 61
5 29 71
6 3 97
7 16 84

Figure A6.5. Agarose gel electrophoresis o f  pBR322 DNA (Img/ml) after 5 min 

irradiation at k > 400 nm in 10 mM phosphate buffer, pH  7. All solutions are in D2O. 

Lane I : Plasmid DNA control; Lanes 2-3: Ru(bpy)}^"" (Bp/D 15, 5); Lanes 4-5: 68 (Bp/D 

15, 5); Lanes 6-7: 70 (Bp/D 15, 5); Lanes 8-9: 68 and 70 (Bp/D 5) in the dark.

280



Appendix 6

Table A6.5 Percentage o f  Form I  vs I I  pBR322 plasm id DNA from  the cleavage study in 

Figure 6.14.

1 86 14

2 14 86

3 12 88

4 39 61

5 11 89

6 15 85

7 0 100

8 100 0

9 85 15

Figure A6.6 Agarose gel electrophoresis o f  pBR322 DNA (1 mg/ml) after 5 min irradiation 

at X > 400 nm in 10 m M  phosphate buffer, p H  7. A ll solutions are in D2O. Lane 1: 

Plasmid DNA control; Lanes 2-3: Ru(bpy)s^^ (Bp/D 15, 5); Lanes 4-5: 69 (Bp/D 15, 5); 

Lanes 6-7: 71 (Bp/D 15, 5); Lanes 8-9: 69 and 71 (Bp/D 10) in the dark.

Table A6.6 Percentage o f  Form I  II pBR322 plasm id DNA from  the cleavage study in

Figure 6.15.

1 85 15

2 49 51

3 27 73

4 73 27

5 40 60

6 10 90

7 0 100

8 79 21

9 44 56
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1 2 3 4  5 6

Figure A 6 .7  Agarose gel electrophoresis o f  pBR322 DNA (1 mg/ml) after 5 min 

irradiation at X > 400 nm in 10 m M  phosphate buffer, p H  7. A ll samples are argon 

saturated. Lane I: Plasmid DNA control; Lane 2: Ru(bpy)3^^ (Bp/D 5); Lane 3: 68 (Bp/D  

5); Lane 4: 70 (Bp/D 5); Lanes 5-6: 68 and 70 (Bp/D 5) in the dark.

Table A 6 .7  Percentage o f  Form I  vs I I  pBR322 plasm id DNA fro m  the cleavage study in 

Figure 6.17

1 79 21

2 65 35

3 57 43

4 11 89

5 84 16

6 80 20

Figure A 6.8  Agarose gel electrophoresis o f  pBR322 DNA (1 mg/ml) after 5 min 

irradiation at k > 400 nm in 10 m M  phosphate buffer, p H  7. All samples are argon 

saturated. Lane 1: Plasmid DNA control; Lane 2: Ru(bpy)s^^ (Bp/D 5); Lane 3: 69 (Bp/D  

5); Lane 4: 71 (Bp/D 5); Lanes 5-6: 69 and 71 (Bp/D 5) in the dark.
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Table A6.8 Percentage o f  Form I V5 II pBR322 plasmid DNA from  the cleavage study in 

Figure 6.18

1 72 28
2 60 40
3 60 40
4 46 54

5 62 38
6 62 38

60 

50

-  40E o
^  30

20 

10 

0

Figure A6.9 Effect o f  degassing on the photocleavage efficiency o f  R u(hpy)/^ (m), 76 (m), 

77 (m), 78 (u) and 79 (m). Solid bars represent cleavage under oxygen saturated 

conditions, hatched bars represent cleavage with degassing.

Ru-B-NO,

RuV”
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Figure A6.10 Observed fluorescence intensity from HeLa cells upon incubation with (a) 

37, (b) 38, (c) 39, and (d) 40, at a concentration o f  1 piM (  —), 5 (iM (— ▼—), 12.5 iiM

( A ), 25 ixM (—• - - )  and 50 fiM (—■—). Three time points were studied in all cases; 

3, 6, and 24 hours.
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Figure A6.11 Observed fluorescence intensity from  HeLa cells upon incubation with (a) 

68, and (b) 69, at a concentration o f  I fiM (—♦—), 5 fiM (— T —), 12.5 fiM (  A —), 25 

fiM (—• —) and 50 fiM (—■—). Three time points were studied in all cases; 3, 6, and 24 

hours.
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Figure A6.12 Observed fluorescence intensity from  HeLa cells upon incubation with (a) 

76, (b) 77, (c) 78 and (d) 79, at a concentration o f  1 fiM  (— ♦ — ), 5 fjM  (— T —), 12.5 [iM  

(— A -  ), 25 jJiM (—• —) and 50 fxM (—■—). Three time points were studied in a ll cases; 

3, 6, and 24 hours.

Figure A6.13 Confocal laser scanning microscopy image o f  77 in HeLa cells. On the right 

is shown the image obtained o f  HOESCHT nuclear co-stain (blue), 77 (red), optical image 

o f  the cells (grey) and the overlay o f  these three. On the le ft is an enlarged version o f  the 

overlayed image.
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Vigure A6.14 Confocal laser scanning microscopy image o f 79 in HeLa cells. On the right 

is shown the image obtained o f HOESCHT nuclear co-stain (blue), 79 (red), optical image 

o f  the cells (grey) and the overlay o f these three. On the left is an enlarged version o f  the 

overlayed image.
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