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Abstract

The first part of this thesis is concerned with the synthesis o f a series of 
mononuclear ruthenium(II) and rhenium(I) complexes incorporating 
2,2’;4,4”;4”,4’” -quaterpyridyl ligand. The electronic and spectroscopic 
behaviour o f the complexes is discussed. These complexes possess extremely 
interesting photophysical and electrochemical properties in themselves which can 
be exploited for the construction of higher order arrays. In order to compare the 
DNA binding ability o f the metallomacrocycles constructed from the 
mononuclear building blocks, the binding of these complexes with CT-DNA has 
been studied using a variety of techniques including viscometry, continuous 
variation analysis (Job plots), UV-Visible absorption and luminescence emission 
spectroscopy, ITC and luminescence lifetime. In all cases the complexes bind via 
intercalation, with an affinity around 105 M'1 to 106 M'1.

In consequent chapters, a series of self-assembled metallomacrocycles that 
incorporate ruthenium(II) and rhenium® metal centres are reported. The 
electronic and spectroscopic behaviour of the complexes is again discussed and 
compared to the respective building blocks. These complexes also possess 
extremely interesting photophysical properties and concomitant studies with 
biomolecules such as adenine, ATP, GTP, cGMP and uridine revealed that these 
macrocycles are able to act as hosts for such molecules in water. Indeed, the 
macrocycles have demonstrated the capability o f binding to oligonucleotides, 
such as CT-DNA with binding affinities comparable to other mononuclear DNA  
binding substrates. Strikingly, the binding affinity and binding mode can be 
modulated upon changing the ancillary ligands of the macrocycles.
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Abbreviations

A Adenine
ATP Adenosine-5 ’ -triphosphate
AMP Adenosine monophosphate
ADP Adenosine diphosphate
bp Base pairs
bpy 2,2’-bipyridine
c Cytosine
cAMP Cyclic adenosine-3 ’ ,5 ’ -monophosphate
cGMP Cyclic guanosine-3 ’ ,5 ’ -monophosphate
CH3CN Acetonitrile
CT-DNA Calf thymus DNA
CTP Cytidine triphosphate
CV Cyclic voltammetry
DMF Dimethylformamide
DMSO Dimethylsulfoxide
DNA Deoxyribose nucleic acid
dppn B enzodipyridophenazine
dppz Dipyrido [3,2-a:2\3’-o] phenazine
dpq 1,10-phenanthroline-5,6-dione
Ep Peak potential
ES-MS Electrospray mass spectrometry
FAB-MS Fast atom bombardment mass spectrometry
G Guanine
GTP Guanosine-5 ’ -triphosphate
HOMO Highest occupied molecular orbital
ITC Isothermal titration calorimetry
LD Linear dichroism
LUMO Lowest unoccupied molecular orbital
MLCT Metal-to-ligand charge transfer
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MS Mass spectrometry
MWCO Molecular weight cut off
NMR Nuclear magnetic resonance
phen 1,10-phenanthroline
qtpy 2,2’;4,4”;4”,4’”- quaterpyridyl
T Thymine
TTP Thymidine triphosphate
UV Ultra violet
Vis Visible
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1 Introduction

This chapter offers a general overview of the issues relevant to this report. This 
includes a background to supramolecular chemistry, discussion of self-assembly 
process in the design of the supramolecular architectures and a review of the use 
o f metal complexes as hosts and sensors.

1.1 Supramolecular Chemistry

Supramolecular chemistry has been explored vigorously since the introduction of 
this interdisplinary field over last 30 years ago. Just as conventional chemistry is 
concerned with bringing atoms together to create new molecules, supramolecular 
chemistry is concerned with bringing molecules together in new functional 
molecular architectures, usually using non-covalent weak intermolecular 
contacts, such as hydrogen bonds, aromatic ji-stacking, dipolar interactions and 
van der Waals forces. The pioneering work of Pedersen, Lehn and Cram on the 
development o f various host complexes that selectively bind specific guests was 
cited as an important contribution in the start of modem supramolecular 
chemistry.1 Supramolecular chemistry has been defined by one o f its key players, 
Jean-Marie Lehn, as the ‘chemistry of molecular assemblies and of the 
intermolecular bond’.2

Supramolecular phenomena are readily found in nature. Supramolecular 
chemistry is partly inspired by biological ensembles in nature such as collagen 
and enzymes or protein assemblies in general. First and foremost among the 
motivations for exploring supramolecular chemistry is the desire to synthesise 
new robust, functional, and technologically important materials by mimicking 
nature. Scientists analysing natural systems have noted two major principles 
adapted for supramolecular chemistry: molecular recognition and self-assembly. 
The promise o f useful molecular devices remains a motivation for the continuing
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widespread interest in the field. Supramolecular species have been used in a wide 
variety of applications, such as catalysis, medicine, data storage and processing, 
to name but a few. Much of this work has focused on molecular design for 
achieving complementarily between single molecule hosts and guests.

1.2 Self-Assembly

Self-assembly, which is the spontaneous formation of well-defined molecular 
architectures from predetermined building blocks, has been widely utilised in the 
synthesis o f supramolecular species.

During recent years, synthetic chemists have realised the potential application of 
self-assembly processes in the formation of higher order arrays. The advantages 
offered by this approach over traditional stepwise synthetic methods make this 
approach desirable: tedious and repetitive processes used in conventional organic 
methods results in decreases in overall yields. However with self-assembly 
process, the controlled use of intermolecular forces provides an efficient method 
for creating large, organised supramolecular systems, unhindered by the problems 
associated with multisteps classical organic route, thus giving high yields. 
Moreover, this approach, resulting in the generation of supramolecular 
assemblies under thermodynamic control, usually requires fewer steps than 
analogous covalent syntheses. The equilibrium present between reactants and 
products enables the kinetically labile intermolecular interactions to rearrange 
within the assembly, with error-checking and self-correction in the structures.

The ultimate inspiration for investigations into supramolecular self-assembly 
emanates from self-assembly o f many living systems available in nature. One 
such example is the tobacco mosaic virus, which consists of a helical virus 
particle with a central strand of RNA sheathed by 2130 identical protein subunits. 
Each o f these subunits contains 158 amino acids. This virus shows remarkable 
biological self-assembly process as it is able to self-reassemble accurately, and 
regain full functionality, after being decomposed into its component parts.2
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Previous research into the self-assembly of supramolecular clusters has utilised 
weak interations such as hydrogen bonding, n-n stacking interactions, 
electrostatic forces, van der Waals forces and hydrophobic/hydrophilic 
interactions. Early example of such work include Rebek’s self assembling 
“tennis ball” capsules3 (Figure 1.1).

This work has shown that multiple hydrogen-bonding interactions are ideal for 
the strict self-assembly of closed spherical molecules and capsules. This is due to 
the relatively weak, but directional nature o f the interaction. Rebek’s 
“tennis ball” capsules consists of two curved diphenylglycouril units linked by a 
durene based (1,2,4,5-tetramethyl benzene-based) spacer. This tennis ball shaped 
dimer was spontaneously self-assembled in both solution and in the solid state.

It was in 1980s when research into metal-ligand coordination interactions began 
as a way of directing the self-assembly processes. With a vast number of 
transition metals and multidentate ligands available, this approach provides 
versatility in the design of structures. Also this approach offers the potential of 
introducing functionality such as redox activity, photochemistry, electrochemistry 
etc. into the end product.
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Some of the earliest examples of metal-directed self-assembly included the 
synthesis o f a /?-cyclodextrin rotaxane with Co(III) coordinated stoppers by 
Ogino et al. in 19814 and the Cu(I) directed assembly o f a catenane by 
Sauvage et al. in 19835 (Figure 1.2).

Figure 1.2: (a) Ogino’s rotaxane. (b) Sauvage’s Cu(I) containing catenane.

This work continued into more complex and elegant structures constructed by 
individual groups working in this area. A number of rack, ladder and grid 
structures have been produced via self-assembly. In 1994, Lehn et a l6 
synthesised a [3x3] grid system. The mixture of
6,6’-bis[2-(6-methylpyridyl)]-3,3’-bipyridizine ligands and 1.5 equivalents of 
AgCF3S0 3  self-assembles to give the grid-like structure (Figure 1.3).
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: C ) = (  ) ( )
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Figure 1.3: Lehn’s [3x3] grid.

Three distinct silver environments were shown by 109Ag NMR studies in a 4:4:1 
ratio assigned to the metal ions located at the corners, the middle of each face and 
the centre of the grid, respectively.

Lehn and co-workers7 have also looked at the systems consisting of two different 
ligands, one rod-like rigid linear ligands built on 2,2’-bipyridine and the other 
macrocyclic 1,10-phenanthroline components. In the presence of copper(I) ions, 
the rigid linear ligands and macrocyclic components self-assembled to produce 
rigid-rack multimetallic complexes of rotaxane (Figure 1.4).

5



la) n = 0, R = Me
b) n = 0, R = Ph
c) n = 1, R = Me

3a) n = 0, m = 2, R = Me
b) n = 0, m = 2, R = Phc) n = 1, m = 3, R = Me

Figure 1.4: Self-assembled of a rigid-rack multimetallic complexes of rotaxane.

The utilisation o f the self-assembly process in the construction of this rigid-rack 
like complexes illustrates the potential of this concept in the designing o f more 
complex, higher ordered arrays.

oIn 1990, Fujita et al. reported the synthesis of a tetranuclear palladium(II) and 
platinum(II) square via self-assembly process (Figure 1.5).

(N03)8

Figure 1.5: Fujita molecular squares.
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These macrocycles were formed upon mixing of either palladium(II) or 
platinum(II) ions with four 4,4’-bipyridine. This work by Fujita has introduced 
the concept of the “molecular lock” which exploited the dual character of a 
Pt(II)-pyridine coordinate bond. This bond is irreversible (“locked”) under 
ordinary conditions but becomes reversible (“unlocked”) in the presence of 
external stimuli such as in highly polar media and at high temperature. 
Interestingly, these two squares differ significantly in term of their stability. 
Addition of Pd(en)(N03)2  to the Pd(II) square resulted in a mixture of oligomers 
while in strong contrast, the Pt(II) square remained intact upon addition of excess 
Pt(II)(N0 3)2  since its structure had been locked.

Later work by Fujita et al.9 suggested the probability of the formation of an 
equilibrium structures tetranuclear squares and trinuclear triangles (Figure 1.6). 
This was later explained by Hong et al.10 who found that the equilibration is 
controlled by molecular recognition and is indeed concentration dependent. The 
triangles are favoured in the presence of small guests and at lower concentration. 
In contrast, the squares are formed in the presence of large guests such as 
1,3-adamantanedicarboxylic acid and at higher concentration.

Figure 1.6: An equilibration between self-assembled molecular squares and triangles.
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In 1994, Stang et al.n synthesised similar structures (Figure 1.7) but with 
phosphine protected corners. These phosphine containing species were highly 
soluble in organic solvents, but not in aqueous solvents.

Attempts to replace the 4 ,4’-bipyridine with pyrazine ligand resulted in the 
formation of just the monomer although at longer reaction times and at higher 
temperatures. This is due to the steric interaction of the phenyl groups of the 
bis(phosphine) ligands, which in the case of smaller pyrazine unit hindered the 
approach of the second group of the bis(phosphine) ligands.

Later, a series of molecular squares using ferrocenylphosphine metal complexes 
as comers12 (Figure 1.8) were designed by Stang. These species have 
demonstrated the possible use o f ferrocenylphosphine group in the self-assembly 
of such molecular squares.

Ph
M = Pd or Pt

Figure 1.7: Stang’s molecular squares.
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Figure 1.8: Stang’s ferrocenyl containing squares.

1 oIn 1995, Hupp et al. synthesised a series of rhenium containing squares 
(Figure 1.9). This was done by simply mixing Re(CO)sCl with either 
4 ,4 ’-bipyridine, l,2-bis-iran5-(4’-pyridyl)ethylene or pyrazine to give around 
95 % yields of the square macrocycles. The X-ray crystallography data obtained 
for pyrazine containing square reveals a slight distortion in the square geometry, 
with the N-Re-N angles of 85.6 rather 90 .

Figure 1.9: Hupp’s rhenium containing squares.

Given that Ru11 centres are kinetically inert, there is obviously not much literature 
on self-assembly involving the ruthenium(II)-based complexes, although such 
metal complexes have rich electrochemical and photophysical properties.14 This
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is probably due to lack of suitable monomers to be utilised in the self-assembly 
processes. However, there are a few examples of such system that are worth 
mentioning here.

Lees et a /.15 reported the synthesis of a series o f octanuclear molecular squares 
with terpyridyl based metal complexes as bridging ligands (Figure 1.10).

M = Fe, Ru, Os

Figure 1.10: Lees’ organometallic squares.

The reaction between Re(CO)5Br and the appropriate metal complex in refluxing 
MeCN-THF gave the three Re4M4 containing squares. [(dppf)Pd(H20)2](0Tf)2 
was reacted with the Ru(II) bridging complex in nitromethane to give the Pd4Ru4 
square. These squares represent some of the largest self-assembly molecular 
squares reported in the literature with typical intermetallic distances of

oapproximately 21 A. However, the arrangement o f the terpyridyl units around the 
center metals results in much smaller internal cavities for these squares.

The photophysical studies show no detectable solution luminescence at room 
temperature for the Pd(II), Fe(II) and Ru(II) containing squares even though both
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the pyridylterpyridine ligand and the Re comer units are luminescent on their 
own. This is down to the existence of metal-centered (MC) states lying in close 
to the MLCT states, thus provide an efficient, non-radiative decay pathway. 
However, the Os(II) containing square shows room temperature luminescence 
which is assigned to an Os(II) MLCT transition. This is due to stronger ligand 
field and lower oxidation potential of Os(II) compared to Ru(II) and Fe(II) which 
resulted in a large energy gap between the MLCT and Os(II) metal centred states.

In 2002, Long et al.16 reported the self-assembly o f a tetranuclear macrocyclic 
square analogue of the much studied Creutz-Taube ion (Figure 1.11). The square 
was prepared by simply mixing the [(cyclen)RuCl2]Cl6 (cyclen =
1,4,7,10-tetraazacyclododecane) and pyrazine in a water:ethanol solution.

Figure 1.11: A tetranuclear macrocyclic square analogue of Creutz-Taube ion.

Crystallographic studies reveal a regular square structure with the 
Ru-N(pyrazine) o f 2.020 and 2.049 A, resulting in two distinct Ru atoms with 
basically similar coordination geometry. This indicates that this square is 
actually valence delocalised with four equivalent Ru225+ centres. Likewise, 
comproportionation constants derived from the electrochemical data support the 
assignment o f this square as a class III mixed-valence complex.16 Surprisingly, 
its electronic absorption spectrum shows no strong absorption bands in the near
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infra-red spectrum suggesting there is no intermetallic interaction occurring 
within the mixed valence states of this complex.

On the other hand, Thomas et a l}1 have reported a kinetically locked 
metallomacrocycles incorporating adenine based ligands through self-assembly 
using a [Ru([9]ane-S3)] as templating moiety (Figure 1.12). The formation of the 
macrocyclic trimers has been evidenced from NMR and FAB-MS spectrometry 
studies. In addition, it was found that for suitably hindered adenine derivatives 
such as adenosine, the synthetic procedure appears to be general.

Figure 1.12: Metallomacrocycles incorporating adenine based ligands.

The coordination-driven methodology is not restricted to the formation of 
self-assembled molecular squares and molecular arrays. Extensive research has 
gone into the construction of self-assembling three dimensional supramolecular

I  Oentities. In 1998, Thomas et al. reported a self-assembly o f a supramolecular 
cube made of 20 components. A reaction of [Ru([9]ane-S3)C12(DM S0)] and 
bipyridine in 8:12 ratio in nitromethane yielded the desired cube (Figure 1.13).
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16+

Q  = [(9-ane-S3)Ru]2+

Figure 1.13: Thomas’s supramolecular cube.

Initially, a complex of mixture is obtained. However, upon refluxing the mixture 
for a longer period up to four weeks, the 'H NMR signals gradually simplifies, 
giving a single product. The 'H NMR spectrum integrates to a 1:1 ratio of 
bipyridine ‘edge’ to [9]ane-S3 ‘corner’ units confirming that the cubic structure 
has self-assembled.

More recent work in Fujita group involving naked palladium centres and 
V-shaped ligands to afford finite spherical coordination network that is based on 
cuboctahedral geometry.19 The cuboctahedron network consists of 36 
components; 12 equivalent metal centres and 24 equivalent pyridyl ligands 
(Figure 1.14).
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Figure 1.14: Fujita’s cuboctahedron network (left) and the pyridyl ligand used for the
formation of the structure (right).

The formation of a single product was confirmed by 'H NMR spectroscopy 
which shows only five signals correspond to protons of the ligands. Moreover, 
there is hardly fragmentation observed in the mass spectrometry, except the 
dissociation of counter anions, which demonstrated the robustness of this species 
in solution.

Ward and co-workers have also synthesised impressive examples of polyhedral 
cage complexes that are either homoleptic or heteroleptic w'ith respect to ligand 
composition.20 The respective ligands that involved in this work are shown in 
Figure 1.15.
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Figure 1.15: Bis-bidentate ligand, L1 (left) and tris-bidentate ligand, L2 (right).

The homoleptic cages are formed by reacting a bis-bidentate ligand with cither 
zinc tetrafluoroborate or cadmium perchlorate, resulting in a capped truncated 
tetrahedral geometry. When the same bis-bidentate ligand is mixed with a 
tris-bidentate ligand and copper tetrafluoroborate in a 3:1:3 ratio, a cuboctahedral 
geometry is formed, which consists of both ligands (Figure 1.16). This work has 
shown that the use of a mixture o f edge-bridging and face-capping ligands, could 
allow a formation of range of polyhedral cage structures.

Figure 1.16: Structure of a capped truncated tetrahedral geometry (left) and structure of a
cuboctahedral geometry (right).
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1.3 Hosts and Sensors

Past research has proved the potential of supramolecular coordination in the 
design of robust and functional architectures, particularly in the construction of  
metallamacrocyclic complexes, which in addition to their appealing structures, 
can act as highly specific hosts and sensors for neutral molecules, cations and 
anions. ' The incorporation of redox-active and photoactive components 
within these supramolecular structures to probe Host-Guest Chemistry emerged 
as an alternative method to previous studies23,24 which relies upon NMR in order 
to define such interactions.

Recently, there is intense interest in the syntheses o f host systems designed to 
recognise and sense anions as a consequence o f the fundamental roles they play 
in a range o f biological, chemical, medical and environmental processes. For 
example, Alzheimer’s disease is linked to cystic fibrosis which is caused by 
misregulation o f chloride transport through cell membranes by chloride ion 
channels. However, the design of anion receptors is particularly challenging for a 
number of reasons. In general, anions are larger than cations and so receptors 
have to be larger. Anions have a lower charge to radius ratio and this results in 
less effective electrostatic binding interactions compared to smaller cations. 
Besides, anions may be sensitive to pH values; a number o f anions only exist in a 
certain pH range. This can mean that at certain pHs, the host may not be 
correctly protonated when the anion is in the desired form. Anionic species also 
occur in a range o f shapes and geometries, which will require a more specific 
design for a complementary host. Relative to cations, anions have high free 
energies of solvation, and so hosts for anions have to be able to compete with the 
surrounding medium.

The first structure synthesised resembling hosts targeted by this study was made 
by Fujita et al. in 1990, who developed a generalised strategy for the kinetic 
locking o f architectures self-assembled from square-planar templates. This work 
by Fujita has centered on kinetically labile, square planar geometries, consisting
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of either four palladium(II) or four platinum(II) corners, linked by 4 ,4’-bipyridine 
groups and protected by ethylenediamine groups, as mentioned in self-assembly 
subtopic (Figure 1.5). The palladium comer square was shown to bind the 
trimethoxybenzene with a binding constant of 750 M '1 in aqueous solvent.

Much o f this work has centered on kinetically labile, square-planar geometries. 
In 1995, Hupp et al.13 first introduced self-assembly of host structures utilising 
octahedral fac-tricarbonyl Re(I) halide as comers, as mentioned previously 
(Figure 1.9). The incorporation of /ac-tricarbonyl Re(I) metal centers into the 
macrocyclic structure offer rich photophysical properties and potential 
applications in sensors. At room temperature, the 4 ,4’-bipyridine and pyrazine 
squares were shown to be luminescent. However, there is no detectable 
luminescence obtained from the l,2-bis-irans-(4’-pyridyl)ethylene square. The 
enhanced decay due to torsional motion about the C=C ethylene bond could be 
the reason of this non-detectable photoemission.

Other luminescent heterometallic square have also been synthesised by 
Hupp et al.26 which containing two Re(I) centres and two Pd(H) centers 
(Figure 1.17).

Figure 1.17: Hupp’s heterometallic square.
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The addition o f tetraethylammonium perchlorate was found to increase the 
emission o f this square. The CIO4' anion was presumed to bind into the host 
cavity with a binding constant of 900 M'1.

The macrocycles which this project will concentrate most heavily on, are related 
to the one reported by Thomas et al. ’ ' (Figure 1.18).

1, M  =  [Pd(en)]2+, n =  8
2 ,  M = [R e(C O )3]+,n  =  4
3, M  = [Pt(en)]2+, n =  8

Figure 1.18: Thomas’s bowl-shaped metallomacrocycles.

Thomas et al. have synthesised metallomacrocycles incorporating kinetically 
locked Ru(II) building blocks in the construction of the architectures. The 
utilisation o f quaterpyridyl (qtpy) as the bridging ligand offers a more complex 
central cavity compared to simpler metallomacrocycles based on 4,4’-bipyridyl 
ligand.22,30,31 X-ray crystallography studies27 o f 2 shows that three of the PF6* 
counter ions, are randomly displaced around the macrocycle. One ion however is 
distinctly seen to be in the central “pocket” of the macrocycle. This macrocycle 
is not planar like the other squares based on 4 ,4’-bipyridyl ligand.8,30 It is bent 
into a bowl shape due to the 60° angle of the qtpy bridging ligand and the 
preference o f the six bonds about the rhenium centres to be at 90° to one another 
(in an octahedral manner).
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Host-guest studies carried out using these macrocycles in water reveal they are 
receptors for polycyclic aromatic molecules. Upon addition o f cyclic molecules 
such as 1,4-dimethoxybenzene and 1-naphthol, large changes in the absorption 
spectra of the macrocycles are observed. In addition, the presence of several 
isobestic points in the absorption titration spectra o f 1-naphthol into aqueous 
solution o f macrocycle 2 indicates a clean formation of 1:1 host-guest complex. 
However this macrocycle displays minimal emission changes upon binding the 
anions in aqueous solution. In contrast, in organic solutions, the complex 
functions as a luminescent sensor for anions with binding affinity and 
luminescent modulation being dependent on the structural nature and charge of 
the guest anion.

Whilst anions binding and sensing has become a major field within 
supramolecular chemistry, the recognition and sensing o f nucleic acid 
constituents in water is another important challenge in supramolecular chemistry 
because o f their many biological functions.32, 33 Nucleobases, nucleosides and 
nucleotides such as adenosine-5’-triphosphate (ATP), guanosine-5’-triphosphate 
(GTP) and uridine are involved in important biological processes.34,35,36,37,38 
For example, ATP is known to be a multifunctional nucleotide that is most 
important as a molecular currency of intracellular energy transfer.39 However, in 
water, which is relevant to biological applications, it is very difficult to recognise 
anions, as water is an important binding competitor, which buffers the interaction 
between the host-guest through forces like H-bonding. Therefore, 
multifunctional receptors with electronic and steric characteristics able to provide 
different binding contributions such as electrostatic charge-charge attractions, 
H-bond formation, and hydrophobic or n-n interactions are particularly of 
interests.33,40 As an output for such sensors, luminescence has emerged as an 
important detection method due to its simplicity, high detection limit, low cost 
and versatility.41

A number o f synthetic receptors have been reported for the recognition and 
sensing o f ATP.42 However, it is much more difficult to selectively bind ATP
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over the other triphosphate nucleotides due to the similarity of charge centred on 
the compounds. Recently, Bazzicalupi and coworkers43 have reported a 
polyammonium receptor (Figure 1.19) which is able to discriminate ATP from 
other triphosphate nucleotides such as GTP, thymidine triphosphate (TTP) and 
cytidine triphosphate (CTP) in aqueous solutions.

Figure 1.19: Polyammonium receptor L.

This polyammonium receptor, containing a phenanthroline ligand, is able to 
protonate in aqueous solutions affording polyammonium cations o f the type 
[HXL]X+ (x = 1-6) which forms stable 1:1 complexes with anionic forms of 
triphosphate nucleotides ATP, GTP, CTP or TTP as well as adenosine 
diphosphate (ADP) and adenosine monophosphate (AMP). Fluorescence titration 
of the polyammonium receptor with ATP resulting in a completely quenched 
emission, while the other nucleotides only gave a partial quenching in the 
emission intensity and this effect only occurs in the presence o f excess guest

o 1molecules. In addition, P NMR spectra recorded on solutions containing the 
receptor and the nucleotides in a 1:1 molar ratio results in a significant downfield 
shift of the Py and Pp phosphorus atoms of the nucleotides with respect to the 
spectra in the absence o f the receptor. This suggests that there are strong salt 
bridges between the anionic triphosphate unit and the cationic ammonium group 
of the receptor. Likewise, !H NMR spectra show remarkable upfield shifts of the 
'H signals o f the nucleobases and the phenanthroline group of the receptor,
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indicating a formation of 71-stacking interactions between the nucleobases and the 

phenanthroline unit of the receptor.

Most of previous examples of hosts have been based on polyammonium receptors 
which employ electrostatic and 7i-stacking interactions as primary forces in the 
recognition o f anions. However, work by Hamachi et al,44 illustrates another 
example of a sensor which recognises anions in aqueous solutions based on 
metal-ligand interaction. The sensor consists of zinc-dipicolylamine-appended 
anthracene (Dpa)-Zn(II), which effectively binds and senses ATP in aqueous 
solutions (Figure 1.20).

Figure 1.20: Zinc-dipicolylamine-appendcd anthracene (Dpa)-Zn(II) sensor.

Fluorescence titrations carried out for this receptor with ATP results in a 3-fold 
enhancement in the emission intensity with a binding constant of 2.2x10(’ M'1. 
The binding affinty is about 10-fold greater than that of ADP and 30-fold greater 
than AMP, while similar titration with cyclic AMP results in a negligible change 
in the fluorescence intensity. This is clearly attributed to the difference in anionic 
charge o f the nucleotides, with ATP being the most negatively charged, binding 
more strongly to the cationic Zn complex compared with ADP and AMP. 
Titrations were also carried out with other nucleoside triphosphates (GTP and 
CTP). These researchers found that the relative fluorescence emission response 
of the anthracene derivative receptor is rather weaker for CTP compare to ATP. 
In contrast, addition of GTP gradually attenuates the fluorescence intensity, 
which is most probably due to redox quenching involving the oxidation of the
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guanine group. These results suggest that the receptor is able to show selectivity 
among the triphosphate nucleotides.

More recent work in the same group45 involved the synthesis of a novel 
fluorescent chemosensor which selectively recognise nucleosides polyphosphates 
such as ATP with an off/on signal. Similar to previous receptor, this receptor 
also consists of 2,2'-dipicolylamine (Dpa)-Zn(II) as the binding motifs and a 
xanthene moiety as a fluorescent signalling unit (Figure 1.21).

Figure 1.21: l-2Zn(II) sensor.

The chemosensor l-2Zn(II) showed a strong binding affinity in the range from 
4.9 x 105 to 1.7 x 106 M 1 towards various polyphosphate derivatives such as 
XTP (X = A, G, C) and XDP (X = A, U), with more than 30-fold increase in the 
fluorescence intensity upon addition of 10 pM of ATP. Moreover, this receptor 
facilitates the naked eye detection of ATP with a detection limit of less than 
micromolar. However, titration with monophosphate species such as HPO42', 
AMP, cyclic guanosine monophosphate (cGMP), and phospho-diesters such as 
uridine diphosphate (UDP)-galactose or by other anions (S0 4 2‘, NO3', HCO3', 
CH3COO'), gave no detectable change in the fluorescence intensity.

Depending on pH, the chemosensor l-2Zn(II) is able to exist in an equilibrium 
between two forms in aqueous solution. However, it is found predominantly as

22



the deconjugated form II under neutral aqueous conditions (Scheme 1.1). This 
equilibrium explained the off/on fluorescence o f l-2Zn(II) receptor upon binding 
with nucleoside polyphosphates. The ‘turn-on’ fluorescence of this receptor is 
due to the binding-induced recovery o f the conjugated form of the xanthene ring 
from its nonfluorescent deconjugated state which was formed by an 
unprecedented nucleophilic attack of zinc-bound water.

Scheme 1.1: Structure equilibrium of l-2Zn(II) under neutral aqueous solutions.

Another example of colorimetric anion sensors that can recognise and sense

l,3,5-triarylpent-2-en-l,5-dione derivatives chromogenic sensor (Figure 1.22) 
shows a highly selective colour response for ATP in a mix organic-aqueous 
environment [dioxane/water (70/30 v/v)].

Form I Form II

biological anions in aqueous environment was reported by Manez et a/.46 This

Figure 1.22: A selective chromogenic sensor for ATP.
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At pH 6, the sensor produces a yellow solution either alone or in the presence of 
bromide, chloride, phosphate, GMP, or ADP while addition o f sulfate results in a 
pale red solution. Strikingly in the presence of ATP, the yellow solution turns 
out to bright magenta colour. In addition, ATP is able to change the absorption 
spectrum of the sensor in the pH range of 4-8. This clearly indicates that the 
sensor is capable of acting as a selective chemosensor for ATP over other 
inorganic and biological anions.

Even though considerable efforts have been devoted to developing fluorescent 
sensors47 for various anions in the past decades, there have been relatively few 
reports on GTP. The recognition of GTP is also vital since this compound is 
involved in RNA synthesis, citric acid cycle and acts as an energy source for 
protein synthesis.48

In 2004, Yoon et al. reported49 a new water-soluble sensor which based on 
imidazolium anthracene derivative as shown in Figure 1.23.

Figure 1.23: Yoon’s imidazolium anthracene derivative sensor.

Titrations of ATP, ADP and AMP into aqueous solutions (pH 7.4, 10 mM 
HEPES) of host result in a chelation-enhanced fluorescence (CHEF) effect. In 
contrast, similar titration carried out for GTP with the receptor results in a 
chelation-enhanced fluorescence quenching (CHEQ) effect with a slight red-shift
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in the emission wavelength. Interestingly, this receptor also shows potential of 
being a fluorescent chemosensor for GTP in 100 % aqueous solution as well as 
being able to differentiate between the structurally similar compounds GTP and 
ATP. The binding constant obtained from the fluorescence titration for GTP 
(ATa = 87000 M '1) is about 6 times of that ATP (Ka = 15000 M'1). In both cases, 
Job plot analyses indicate the formation of 1:1 complexes. There were also 
significant upfield shifts o f the aromatic protons o f anthracene moiety, GTP and 
ATP, respectively upon addition of 1 equivalent o f GTP or ATP to the host 
solution in deuterated water.

Theoretically optimised structures of the imidazolium receptor indicate that there 
are rc-H interactions between H atoms in NH2 of GTP and from the H atom at C-2 
position of ATP. The difference in rc-H interactions strength between these 
molecules with imidazolium receptor is likely to be the reason for the selectivity 
towards GTP over ATP.

On the other hand, Ramaiah et al.50 have reported a turn-on fluorescent sensor for 
GTP, through beneficial properties of a non-fluorescent cyclophane receptor and 
the fluorescence indicator, 8-hydroxy-1,3,6-pyrene trisulfonate (HPTS) as shown 
in Figure 1.24.

Figure 1.24: Cyclophane receptor (left) and HPTS unit (right).

A picosecond time-resolved fluorescence analysis, as well as cyclic voltammetry 
and NMR techniques confirmed the formation o f a stable complex between the
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HPTS and the cyclophane receptor. Later, the fluorescence indicator 
displacement (FID) experiments by various nucleotides and nucleosides were 
carried out and indicate that the HPTS is successfully displaced by nucleotides 
and nucleosides. Strikingly, GTP induced the maximum displacement o f HPTS 
resulting in emission enhancement of approximately 150 fold which led to the 
visual detection o f GTP through a “turn on” fluorescence. The displacement of 
HPTS from the cyclophane receptor was evident by the time-resolved 
fluorescence and NMR studies. It is believed that because GTP has a higher 
71-electron cloud density and lower ionisation potential than other nucleotides, it 
has a better interaction with the receptor through an “in concert” effect of 
electronic, 7r-stacking and electrostatic forces inside the cavity.

Nucleosides such as uridine and its analogues have been of benefit clinically and 
can be used as therapeutic agent in cardiovascular disease and hypertension,51 
respiratory dysfunction,52 sleep dysfunction53 and ischaemia, and hypoxia.54 
Hence, it is important to recognise these biomolecule due to their metabolic and 
pharmacological functions.

In 2006, Zhang et al.55 reported a new saccharides sensor based on the 
tetrathiafulvalene (TTF)-anthracene dyad with two boronic acid groups 
(Figure 1.25). This sensor shows selectivity towards D-glucose in THF:H20 
(1:1, v/v) solution, and is also able to recognise uridine under the same conditions 
resulting in dramatic enhancement in the fluorescence spectra o f the sensor.

Figure 1.25: A saccharides sensor based on the tetrathiafulvalene (TTF) - anthracene dyad.
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This sensor shows weak fluorescence on its own which is mainly due to 
photoinduced electron transfer (PET) between the excited anthracene and TTF 
units. Nucleosides such as uridine are able to bind the boronic acid moieties of 
the sensor through cis 2 ,3 -diol group of the ribose sugar and as a result, 
photoreaction between the excited anthracene and TTF units is prohibited and 
thus results in large fluorescence enhancement.

Another group56 reported a dizinc complex with a polyamine macrocycle which 
is able to selectively bind and sense uridine (Figure 1.26). The two zinc metals 
were designed to function as separated docking sites for substrates.

Figure 1.26: A dizine complex with a polyamine macrocycle, [Zn.L]4+.

Potentiometric measurements and 'H NMR studies confirmed that the dizinc 
complex bound the uridine, with significant upfield shift in the signals of both 
aromatic protons of uridine and the dipyridine units of the sensor. Titrations of 
uridine to the dizinc host solution indicate a formation of 2:1 adduct. Moreover, 
this compound shows selectivity for uridine over adenosine, cytidine and 
guanidine, which gave no effect on either the potentiometry or 'H NMR 
measurements.

Whilst many synthetic receptors have been reported to-date for the recognition 
and sensing o f biomolecules, the selectivity for adenine over all other 
nucleobases is still insufficient and remains as challenging problem. Recently,
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Jang et al.51 reported an imine-linked fluorescent receptor bearing both hydrogen 
donor and the hydrogen bond acceptor motifs that selectively binds adenine in 
CH3CN/H2O (95:5, v/v) solution over other nucleobases (Figure 1.27).

/  \

Figure 1.27: An inline linked receptor for adenine recognition.

Titration of adenine showed significant modulation in the fluorescence output 
while negligible changes were observed for similar titration with guanine, 
thymine and uracil. The Job plot carried out indicates that the receptor forms a 
1:1 complex with adenine with a binding constant of (3.8 ± 0.3) x 104 M'1. The 
structure obtained from energy minimisation studies for the host-guest system 
indicates that the adenine was bound in the cavity of the host through two 
complementary hydrogen bonds between adenine and the receptor and this is also 
evident from the significant upfield shifts in the 'H NMR spectrum.

On the other hand, work by Turkewitsch et al.58 have concentrated on the 
recognition and sensing of cyclic nucleotides such as cyclic adenosine 
monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) due to 
their important role in biological information transfer processes.59 This group 
reported a dye receptor which belongs to a family o f 4-(p-dimethylaminostyryl) 
pyridinium salts as shown in Figure 1.28.
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Figure 1.28: A dye receptor which shows preferences for cAMP and cGMP.

From the studies, they found that the dye receptor showed similar preferences for 
both cAMP and cGMP in aqueous solutions. Addition o f both biomolecules to a 
receptor solution, respectively result in a hyperchromicity and also a 
bathochromic effects in the absorption spectra o f the dye molecule. Likewise, 
dramatic enhancement in the fluorescence quantum yield, with a concomitant 
slight red shift of the emission wavelength was observed upon increasing 
concentrations o f the guests. In contrast, titration o f D-ribose-5-phosphate did 
not induce any changes. This suggests that other forces may also involved in the 
interactions of the dye receptor with cAMP and cGMP, such as stacking 
interaction between base of the nucleotides and the aromatic rings of the receptor 
instead of just charge-charge effects. Estimates o f binding constants determined 
for the dye receptor with cAMP and cGMP are 212 ± 46 M'1 and 285 ± 1 8  M'1, 
respectively. Although the receptor could not discriminate between the 
structurally similar cAMP and cGMP, this receptor has shown a capability of 
sensing both anions in water.

1.4 Aims

Anions are well known to play numerous fundamental roles in a range of 
chemical, biological and environmental processes. As a consequence of this, 
there is intense current interest being shown in the design and synthesis of 
receptors that are proficient at detecting anions in solution. Much of this work 
has centered on kinetically labile, square-planar metal geometries, such as 
Pd(II).8, n ’ 12 The advantage of using such moieties is that the self-assembly 
process is under thermodynamic control. Therefore, unlike conventional covalent
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chemistry which typically yields kinetic product, entropy-enthalpy compensation 
effects predominate, thus yielding discrete, often highly complex architectures. 
The disadvantage of using such an approach is that the final product is, by 
definition, an equilibrium product and, as such, is not kinetically robust. 
Therefore, changes to equilibrium conditions may result in disassembly o f the 
previously thermodynamic product. This can be problematical as, in many cases, 
the construction of molecular devices for hosts, sensors and molecular electronics 
will require kinetically robust architectures. Fujita and colleagues have shown 
that Pt(II) centers, which in normal ambient conditions are kinetically inert, 
become relatively labile at elevated temperatures and in highly polar media.8 
Using this effect, they have isolated macrocyclic, catenated and nanosized cage 
architectures. Unlike their Pd(II)-based analogues, these structures are 
remarkably stable. For example, addition of excess [Pt(en)(N0 3 )2] (en=ethylene 
diimine) to the square macrocycle constructed in this manner does not lead to any 
sign o f subsequent product redistribution. However, this approach has yet to be 
systematically applied to metals that form octahedral complexes. The inclusion 
of such metal centers in kinetically locked architectures is appealing as, apart 
from supplying a structurally more complex connecting motif, octahedral centers 
can also possess attractive photophysical and electrochemical properties that can 
be exploited in the design of molecular devices. In this study, we decided to 
utilise the ruthenium(II) and rhenium(I) chemistry in the design of our host 
systems. The inclusion of such metal centres within supramolecular assemblies 
will lead to the production of robust and functional architectures, which can 
possibly act as highly specific hosts and sensors for biomolecules. Also, there are 
significant efforts in the synthesis of new molecules which can bind DNA and 
influence their activities, with the goals o f controlling DNA processing, creating 
new chemotherapeutic or diagnostic agents and to enhance the fundamental 
understanding o f DNA molecular recognition. A more complete understanding 
on how to target DNA will lead to a greater expanded ability for the chemists to 
design high selective DNA probes.
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Given all these, and our interest in the design o f hosts and sensors for anions as 
well as novel DNA probes, we decided to synthesise the architectures and explore 
their binding properties with selected biomolecules and Calf thymus DNA 
(CT-DNA) in aqueous environments.
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2 Polypyridyl Complexes of Ruthenium(II) and Rhenium(I)

2.1 Background

Over the last 20-30 years, <£ metal polypyridyl complexes have been extensively 
studied owing to their interesting photophysical properties and their chemical 
stability. These features makes them potentially useful in light harvesting,60,61,62 
non-linear optics63, 64 and recently probes for biological systems.65 This chapter 
is concerned with the chemistry o f  ruthenium(II) and rhenium(I) polypyridyl 
systems.

2.1.1 Ruthenium(II) Polypyridyl Chemistry

Ruthenium(II) polypyridyl chemistry has made rapid progress since the mid 
1970s, stimulated by the wide range o f applications that such compounds have 
seen and, potentially, will see in the future. Since the synthesis o f  the dinuclear 
complex [ {(NH3)5Ru(u-pz)Ru(NH3)5]5+ (pz is pyrazine) by Creutz and Taube66 
and the first report on the emission o f [Ru(bpy)3]2+ by Paris and Brandt,67 this 
group o f  metal complexes have been intensively investigated. This is primarily 
due to the wide range o f photophysical and electronic properties shown by these 
complexes. Also, the extensive synthetic chemistry o f these metal complexes 
makes them attractive building blocks for more complex systems. The resulting 
materials have very desirable redox and photophysical properties:68 (a) high 
stability o f the ground and excited states; (b) intense visible absorptions due to 
metal-to-ligand charge transfer (MLCT) bands; (c) relatively long-lived excited 
states that are typically on the microsecond time range and emission that is 
usually from radiative deactivation o f the lowest lying triplet MLCT level;
(d) reversible metal oxidation and ligand reductions, accessed at low potential;
(e) the ability to tune the properties by careful choice o f  appropriate ligand.
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2.1.2 Rhenium(I) Polypyridyl Chemistry

Studies by Wrighton and Morse in 1974 were the starting point for the intensive 
research into the photophysics and photochemistry of polypyridyl carbonyl 
complexes o f Re(I).69 Studies show that this group of complexes are able to 
luminesce from triplet MLCT state with lifetimes ranging between 100 ns and 
lOOps.70’71'72*73

2.2 Aims

The metal complex “building block” used in the self-assembly o f anions hosts, 
[Ru(bpy)2(qtpy)][PFe]2 has been reported before.29, 74' 75 With the aim of 
modulating the photophysical properties of future host architectures, we 
investigated the synthesis of six novel building blocks o f ruthenium(II) and 
rhenium(I) for the construction of similar macrocycles. This chapter is concerned 
with the synthesis and characterisation o f these complexes. Four of the 
complexes reported in this chapter had been previously reported.75' 76 However, 
to further study their photochemical properties, these monomers were 
resynthesised in this project.

2.3 Ligands Synthesis

2.3.1 2,2’:4,4” :4’,4” ’-Quaterpyridyl [2.1]

Most of the synthesis in this work will be involving 
2,2’:4,4” :4’,4” ,-quaterpyridyl ligand (qtpy) [2.1] (Figure 2.1). This ligand was 
first reported in 1938 by Burstall as a byproduct o f the reaction between 
4 ,4’-bipyridine and iodine.77 Since then this ligand has been used in numerous 
studies74’ 78’ 79 due to the attractive features it offers. The quaterpyridyl ligand 
functions as an excellent building block for the construction of supermolecules 
containing clusters o f photoactive and redox active sites. The qtpy ligand is well
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suited to this approach as it not only contains a bidentate diimine site that can 
coordinate to a metal centre, but also contains two monodentate imine sites which 
can both coordinate to another metal centre.

Figure 2.1: 2,2,:4,4” :4’:4’” -quaterpyridyl [2.1].

The ligand was prepared via the palladium catalysed, high temperature
80dimérisation o f 4 ,4’-bpy, adapted from the procedure o f Morgan and Baker 

(Scheme 2.1), but with a slight modification to the procedure to improve the 
reaction yields. The reaction was carried out in two days at a higher temperature 
instead of three days with a slightly lower temperature. The yield obtained was 
9.25 %, which is slightly higher than those reported in the literature.80

Scheme 2.1: Synthesis of 2,2’:4,4” :4’,4” ,-quaterpyridyl.

4 ,4’-bipyridine and 10% palladium on carbon were heated in a sealed bomb at 
230°C for 2 days. Chloroform was added and the mixture was refluxed for a 
further 30 minutes. Following filtration to remove the Pd/C, acetone was added 
to the resulting solids and the mixture was stirred. The resulting slurry was 
filtered, yielding a crop of crude quaterpyridyl. The volume of the filtrate was
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reduced in vacuo by approximately 50 ml to yield more solid, which was again 
collected. The batches of crude quaterpyridyl were then combined and 
recrystallised from hot ethanol giving a cream solid. The product was fully 
characterised and was found to be consistent with previous reports.

2.3.2 Dipyrido [3,2-a:2’,3’-c] Phenazine [2.2]

The other ligand that has been used in this thesis is the 
dipyrido [3,2-a:2’,3’-c] phenazine (dppz) [2.2] which was synthesised following 
published procedures.81 The ligand was prepared by condensation of
l,10-phenanthroline-5,6-dione (dpq) with o-phenylene-diamine in ethanol. The 
dpq ligand is obtained by oxidation of the 1,10-phenanthroline (phen) in Br2, 
nitric and sulphuric acid (Scheme 2.2).

Scheme 2.2: Synthesis of dpq and dppz [2.2] ligands.

Research on metal complexes incorporating dppz has increased since the 1990s. 
Early complexes containing the dppz ligand include [Ru(phen)2(dppz)]2+ and 
[Ru(bpy)2(dppz)]2+, which both display attractive photophysical properties.83, 84 
The ability o f the dppz to increase the surface area that is available for overlap 
with DNA is very desirable as this increase the chances of creating a full 
intercalating metal complex. This feature of dppz has led to research on 
“molecular DNA light switches”85 as the excited state of these complexes are 
very dependent upon their microenvironment; in acetonitrile or hydrophobic 
solvents there is an emission from their metal-to-ligand charge transfer (MLCT), 
whereas in aqueous or protic solvents, the MLCT is completely quenched. This
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light-switch effect has been attributed to the protection o f phenazine nitrogen 
atoms from hydrogen bonding with water as opposed to being free in aqueous 
solution.

2.4 Synthesis of Ruthenium(II) Polypyridyl Complexes

A series of ruthenium(II) polypyridyl complexes has been synthesised.

2.4.1 Synthesis of Ru(dppz)2Cl2 [2.3], Ru(phen)2Cl2 [2.4] and 
Ru(bpy)2Cl2 [2.5]

The preparation of these starting materials were carried out according to the 
method of Meyer et al.,86 that is by reacting two equivalents o f corresponding 
bidentate ligand (dipyrido [3,2-a:2’,3’-c] phenazine, 1,10-phenanthroline or 
2 ,2’-bipyridyl) with RuCl3.3H20  in the presence of LiCl in freshly distilled, dry 
DMF (Scheme 2.3). LiCl is added to ensure there are Cl' ions present to prevent 
tri-substitution.

2.4.2 Synthesis o f [Ru(dppz)2(qtpy)]2+[2.6], [Ru(phen)2(qtpy)]2+[2.7] and 
[Ru(bpy)2(qtpy)]2+[2.8]

Complex [2.6] was prepared by an adaptation of the method reported by 
Ward et al.15 The starting material Ru(dppz)2Cl2 [2.3] and one equivalent of qtpy 
were refluxed in freshly distilled, dry ethylene glycol for one hour. Upon

bidentate ligand

Scheme 2.3: Synthesis of [RuLiClj] when L is bidentate ligand.
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cooling, the crude product was precipitated out by the addition o f NH4PF6, and 
the deep red solid obtained was purified on a grade 1 , neutral alumina column, 
eluting with a 1:1:9 KN0 3 :water:acetonitrile mixture. The product was obtained 
in 75 % yield and characterised by *H NMR and FAB-MS spectroscopy. [2.7] 
and [2.8] were synthesised using the same method.

Figure 2.2: Complexes [2.6], [2.7] and [2.8].

2.4.3 Synthesis of [Ru(dppz)2(qtpyMe2)]4+ [2.9], [Ru(phen)2(qtpyMe2)]4+
[2.10] and [Ru(bpy)2(qtpyMe2)]4+[2.11]

The IV-methylated derivative o f [2.6] was then synthesised by adapting the 
method published by Ward et al.75
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Scheme 2.4: Synthesis of [2.9], [2.10] and [2.11].

A mixture of the [Ru(dppz)2(qtpy)]2+ [2.6] and a fifteen-fold molar excess of 
methyl iodide in acetonitrile was stirred at 50°C for two days (Scheme 2.4). The 
solvent was removed on a rotary evaporator. The deep red residue was 
redissolved in aqueous methanol (1:1) and KPF6, added to precipitate the product, 
which was collected by filtration and dried in vacuo. The complex obtained was 
characterised by ]H NMR and FAB-MS spectroscopy. During the first attempt, a 
mixture of the [Ru(dppz)2(qtpy)]2+ and a ten-fold molar excess o f methyl iodide 
in acetonitrile was stirred at 50°C overnight. However the NMR spectrum and 
the mass spectra obtained were not consistent with the desired product. NMR 
peak for protons next to the methylated nitrogen was split into two peaks at two 
different positions. This suggests that only one of the monodentate sites has been 
methylated. Later, we tried to extend the reaction time to two days instead of 
overnight, but still the results were not as expected. An attempt to use fifteen­
fold excess o f methyl iodide and two days o f reaction time give the desired 
complex with consistent results. [2.10] and [2.11] were synthesised using a 
similar method.
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2.5 Synthesis of Rhenium(I) Polypyridyl Complexes

Previous work28 by Thomas group has involved the synthesis of 
Re(qtpy)(CO)3Cl, Re(qtpy)(CO)3Br and [Re(qtpy)(CO)3(NCMe)][OTf]. In this 
thesis, two o f the complexes were resynthesised so that more detailed 
photophysical studies could be reported. Two new derivatives of these 
compounds are also reported.

2.5.1 Synthesis of Re(qtpy)(CO)3Cl [2.12] and 
[Re(qtpy)(CO)3(NCMe)]1+[2.13]

Complexes [2.12] and [2.13] (Figure 2.3) have been synthesised using previously 
reported methods.28 These complexes were fully characterised and all data were 
consistent with the desired products.

Figure 2.3: Complexes [2.12] and [2.13].

2.5.2 Synthesis of [Re(qtpyMe2)(CO)3CI]2+ [2.14] and 
[Re(qtpyMe2)(CO)3(NCMe)]3+ [2.15]

In addition, //-methylated derivative of [2.12] have been synthesised according an 
adaptation of method published by Ward et al.15 The //-methylation of [2.12] and
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[2.15] introduces an electron-accepting 7V-methylpyridinium group attached to the 
rhenium centre.

A mixture o f [2.12] and a fifteen-fold molar excess of methyl iodide in 
acetonitrile was stirred at 50°C for two days (Scheme 2.5). The solvent was 
removed on a rotary evaporator. The red-orange residue was redissolved in 
aqueous methanol (1:1) and KPFô, added to precipitate the product, which was 
collected by filtration and dried. This complex was fully characterised and the 
data obtained were consistent with the desired product. Complex [2.15] was 
synthesised using a similar method.

X = Cl (n = 0) or NCMe (n = 1)

Scheme 2.5: Synthesis [2.14] and [2.15].

2.6 *H NMR Spectroscopic Studies

2.6.1 [Ru(dppz)2(qtpy)]2+ [2.6]

The 'H NMR spectra of [Ru(dppz)2(qtpy)]2+ [2.6] in <i3-acetonitrile are quite 
complicated. The downfield, aromatic region (Figure 2.4) is well defined and 
integrates to a total of 34 protons, which is consistent with the desired product 
[2.6]. The NMR spectrum obtained for [Ru(bpy)2(qtpy)]2+ reported
previously74,75 was used as guidance in peak assignment for this complex. The
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spectrum shows a similar pattern for the qtpy protons with inequivalence of the 
dppz units.

2+

Figure 2.4: Downfield region of ’H NMR spectrum of [2.6] in CD3CN and proton labeling
scheme.
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T he exact assignm ent w as m ade w ith the aid o f  a 'H -C O S Y  N M R  spectrum
(Figure 2.5).

Figure 2.5: 'H-COSY NMR spectrum of [2.6] in CD3CN.

There are five signals which correspond to the protons of the qtpy. The signals at 
7.71 ppm (Q5), 8.07 ppm (Q6 ) and 9.10 ppm (Q3) correspond to the protons on 
the inner qtpy rings, while those at 7.91 ppm (Q2’,Q6’) and 8.85 ppm (Q3’,Q5’) 
correspond to protons on the pendant pyridyl ring of qtpy. This assignment of 
protons agrees with those published by Ward et al.15 We favoured this 
assignment as it agrees with the expected shifting for iV-methylated derivative of 
this complex - vide infra. The signals at 7.83 ppm (e’), 8.03 ppm (e),
8.19 ppm (b.b’), 8.23 ppm (d’), 8.44 ppm (d), 8.54 ppm (c,c’), 9.68 ppm (a’) and
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9.79 ppm (a) correspond to dppz protons. The signals which correspond to dppz 
unit are quite complicated due to the inequivalence of the two dppz units.

2.6.2 [Ru(phen)2(qtpy)]2+[2.7]

The ]H NMR spectrum of [Ru(phen)2(qtpy)]2+ [2.7] in d3-acetonitrile showed a 
more simplified spectrum compared to [Ru(dppz)2(qtpy)]2+ [2.6]. The downfield, 
aromatic region (Figure 2.6) is integrates to a total of 30 protons, which is 
consistent with the desired product [2.7],

Figure 2.6: Downfield region of ’H NMR spectrum of [2.7] in CD3CN and proton labeling
scheme.

43



The peak assignm ent w as m ade w ith  the aid o f  a ’H -C O S Y  N M R  spectrum
(Figure 2.7).

Figure 2.7: ‘H-COSY NMR spectrum of [2.7] in CD3CN.

The signals corresponding to qtpy appear at approximately the same positions as 
those reported for [2.6]. The signals at 7.62 ppm (Q5), 7.82 ppm (Q6 ) and
9.02 ppm (Q3) correspond to the protons on the inner qtpy rings, while those at 
7.87 ppm (Q2’,Q6’) and 8.83 ppm (Q 3\Q 5’) correspond to protons on the 
pendant pyridyl ring of qtpy. However, the signals corresponding to the protons 
of phen are more complicated than the bpy signals in [Ru(bpy)2(qtpy)]2+. The 
signal for (B3,B3’) is split into two peaks with separation about 0.10 ppm; the 
signals for (B6 ) and (B6 ’) are separated by 0.38 ppm. This is expected due to the
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rigidity of 1,10-phenanthroline ligand compared to 2 ,2’-bipyridyl. The signal for 
(B5,B5’) is located at 7.58 ppm.

2.6.3 [Ru(dppz)2(qtpyMe2)]4+ [2.9] and [Ru(phen)2(qtpyM e2)]4+ [2.10]

The NMR spectrum of [Ru(dppz)2(qtpyMe2)]4+ [2.9] in d3-acetonitrile showed 
a spectrum which is very similar to [2.6]. A'-methylation of [2.6], results most 
noticeably in a downfield shifts of the adjacent (Q2’,Q6’) protons by 0.6 ppm, 
and of the (Q6) proton on the adjacent pyridyl ring by 0.14 ppm. A singlet that 
integrates for six protons at 4.44 ppm is assigned to the protons o f the TV-methyl 
pyridinium groups.

The TV-methylation of [2.7] results in a well defined !H NMR spectrum for 
[Ru(phen)2(qtpyMe2)]4+ [2.10] in d3-acetonitrile. JV-methylation of [2.7], results 
most noticeably in a downfield shifts of the adjacent (Q2’,Q6’) protons by 
0.6 ppm, and of the (Q6) proton on the adjacent pyridyl ring by 0.13 ppm. A 
singlet that integrates for six protons at 4.34 ppm is assigned to the protons o f the 
iV-methyl pyridinium groups. Signals for (B6) and (B6’) are found to be close 
together instead of being separated by about 0.39 ppm in the non-methylated 
complex.

2.6.4 [Ru(bpy)2(qtpy)]2+ [2.8], [Ru(bpy)2(qtpyM e2)]4+ [2.11], 
Re(qtpy)(CO)3Cl [2.12] and [Re(qtpy)(CO)3(N C M e)]1+ [2.13]

The ’H NMR spectra for [2.8], [2.11], [2.12] and [2.13] have been found to be 
consistent with previous report.28,75
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The *H NMR spectrum of [Re(qtpyMe2)(CO)3Cl]2+ [2.14] in /-D M S O  showed a 
spectrum which is very similar to [2.12]. Again, //-méthylation o f [2.12], results 
most noticeably in a downfield shifts o f the adjacent (Q2’,Q6’) protons by 
0.7 ppm, and o f the (Q6) proton on the adjacent pyridyl ring by 0.24 ppm. A 
singlet that integrates for six protons at 4.46 ppm proves that complex [2.12] has 
been methylated.

Complex [2.15] was recorded in <Z3-acetonitrile and the spectrum obtained is well 
defined and integrates to a total of 23 protons, which is consistent with the 
desired product [2.15]. Signals for protons (Q2’,Q6’) was shifted downfield by 
0.6 ppm while (Q6) proton on the adjacent pyridyl ring is shifted by 0.22 ppm. 
The upfield region of the spectrum showed two singlets signals, which integrates 
for the six protons of the //-methyl pyridinium groups and the three protons of the 
bound acetonitrile at 4.42 ppm and 2.11 ppm, respectively.

2.7 UV-Visible Spectroscopy

UV-Visible absorption spectra for all the ruthenium(II) and rhenium(I) 
complexes were recorded in acetonitrile at room temperature.

2.7.1 Ruthenium(II) Polypyridyl Complexes

For complexes [2.6] to [2.11], the spectra are unremarkable and thus can be 
assigned by comparison with other complexes such as [Ru(bpy)3]2+ (Figure 2.8). 
Data are summarised in Table 2.1. Metal-to-ligand charge transfer transitions 
(MLCT) are observed for all the complexes at around 400 - 500 nm; this is 
typical for Ru(II)—>L MLCT bands. The strong band between 200 - 290 nm is 
from a ligand-centred (LC) n —>7i* transition.

2.6.5 [Re(qtpyMe2)(CO)3Cl]2+ [2.14] and [Re(qtpyMe2)(CO)3(NCMe)]3+
[2.15]
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0.9  n

Wavelength (nm)
Figure 2.8: UV-Visible spectra of [2.6], [2.7], [2.8], [2.9], [2.10] and [2.11] recorded in 

acetonitrile. The inset shows the better resolved bands for [2.9], [2.10] and [2.11] upon
quaternisation.

Upon methylation, the low energy bands are red shifted for the methylated 
complexes, [2.9], [2.10] and [2.11], respectively. For [2.10] and [2.11], the 
MLCT bands between 400 and 500 nm appear as well separated, distinct peaks 
rather than one peak with shoulder. Both are still in the region due to 
dn (Ru) —>7t* transitions. However, the two bands are barely resolved in the 
spectrum of [2.9], as they are equal in intensity and merge into a broad band. 
Quaternisation on the remote qtpy lowers the energy of the transition to that 
ligand, producing an increased resolution of the bands in the spectra o f the 
methylated complexes. As with [Ru(bpy)2(4 ,4 ’-bpyMe)2]4+, there are no distinct 
absorption bands arising from a charge transition between Ru(II) and the 
pyridinium acceptors.
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T ab le 2 .1: U V -V is  d ata  fo r  [2.6], [2 .7 ], [2 .8 ], [2 .9], [2 .10] a n d  [2 .1 1 ] reco rd ed  in  C H 3C N .

Compound 2 m a x  (nm) s (io4 m W 1) Assignation
[2.6] 468 2.3 MLCT

437 (sh) MLCT
366 (sh) k  — >n*
357 3.8 7 1  — > 7 C *

307 (sh) 7 C  — * 7 1 *

278 14.1 7 1  — + 7 1 *

253 (sh) 7 1  — * • 7 1 *

[2.7] 474 2.7 MLCT
441 (sh) MLCT
387 2.4 7 1  — * 7 C *

310 (sh) 7 C  — ♦ 7 1 *

292 (sh) 7 1  — ♦ 7 1 *

263 16.4 7 t  — * 7 1 *

225 12.2 7 C  — * 7 1 *

[2.8] 463 2.0 MLCT
426 (sh) MLCT
359 1.3 7 C — » 7 C *

306 (sh) TC — > 7 1 *

288 8.7 7 C — > 7 C *

246 6.6 7 t  — * 7 t *

[2.9] 490 2.0 MLCT
434 (sh) MLCT
365 3.1 7 t  — » 7 1 *

356 (sh) 7 t  — >n*
317 (sh) 7 c  —+ n*
278 13.1 7C  — » 7 C *

255 (sh) 7 C  — » T C *

[2.10] 496 1.9 MLCT
429 2.2 MLCT
395 (sh) TC —» - 7 C *

326 1.9 7 C  — > 7 C *

314 (sh) 7C  — > 7 C *

262 12.4 7C  — * 7 t *

223 7.5 7 C  — > 7 C *

[2.11] 498 1.6 MLCT
427 1.7 MLCT
322 (sh) 7 C  — ^ 7 C *

284 6.4 7C  — ♦ T C *

251 5.0 7 C  — >Tt*
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2.7.2 Rhenium(I) Polypyridyl Complexes

Complexes [2.12] to [2.15] show intense absorption bands around 200 to 350 nm 
that are assigned to ligand centred 7t—>7t* transitions characteristic of aromatic 
nitrogen donor ligands (Figure 2.9). Data are summarised in Table 2.2. The 
absorption band that occurs between 375 and 460 nm, with a tail extends to about 
550 nm can be assigned to MLCT transition. As with the Ru(Il) analogues, the 
low energy bands are red shifted upon methylation.
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T ab le  2 .2: U V -V is d a ta  fo r  [2 .12], [2 .13], [2 .14] and  [2 .15] rec o r d ed  in  C H 3C N .
Compound 2 m a x  (um) e (103 M ' W 1) Assignation

[2.12] 403 8.7 MLCT
307 19.4 7C— >71*

247 39.2 7T—►ÎC*

[2.13] 378 (sh) MLCT
325 (sh) 71— > 7 1 *

291 (sh) K — »7C*

247 46.7 71— H I *

[2.14] 452 5.4 MLCT
326 2 2 . 6 71— > 7 1 *

255 45.2 TZ— > 7 t*

[2.15] 408 (sh) MLCT
323 23.9 T t— * 7 1 *

250 63.4 7 Z - + 7 Z *

2.8 Luminescence Studies

Emission spectra for all the ruthenium(II) complexes were recorded in 
acetonitrile and water at room temperature to study the effect of protic solvent on 
these monomers. All the emission spectra for rhenium(I) complexes were 
recorded in acetonitrile.

2.8.1 Ruthenium(II) Polypyridyl Complexes

A ll ruthenium complexes [2.6] to [2.11] show unstructured emissions in 
acetonitrile at room temperature (Figure 2.10) (data are normalised for clarity). 
The data are summarised in Table 2.3. Excitation at 470 nm for all the 
complexes results in emission between 600 to 700 nm. The emission quantum 
yield for [2.6], [2.7] and [2.8] in acetonitrile are 0.127, 0.075 and 0.090, 
respectively. These quantum yields obtained are higher than those observed for 
[Ru(bpy)3]2+ under the same conditions (<bem = 0.062).87
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When methyl groups are attached to the qtpy ligands, complexes [2.9), [2.10] and
[2.11] emit weakly in acetonitrile (d>em = 0.033, a>cm = 0.013 and <l>tm = 0.013, 
respectively). In addition, the emissions observed for the pyridinium complexes 
[2.9], [2.10] and [2.11] are red-shifted to about 700 nm in acetonitrile. It seems
likely that the low-energy emission is connected with the presence of the

88pyridinium group.

Figure 2.10: Luminescence spectra of [2.6], [2.7], [2.8], [2.9], [2.10] and [2.11]
recorded in acetonitrile.

We were also interested to see the solvents effect on the luminescence of these 
ruthenium complexes. As expected, the emissions recorded for all the 
ruthenium(II) complexes are weaker in water relative to [Ru(bpy)3]2+ in water 
(Ocnl = 0.042).89 This is obviously seen in the decrease in the emission intensity 
of ruthenium containing the dppz ligand [2 .6 ] by fifty fold and a shifting of 
43 nm to higher wavelength (Figure 2.11). As mentioned before, the excited 
state of dppz complexes is very dependent upon its microenvironment and thus it 
has been studied intensively as a molecular light switch .85
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T a b le  2 .3: L u m in escen ce d a ta  fo r  com p lex es [2 .6], [2 .7], [2 .8 ], [2 .9 ], [2 .10] a n d  [2 .11].
Compound ^max (nm) Solvent

[2.6] 624 0.127 CH3CN

667 0.003 h 2o

[2.7] 648 0.075 c h 3c n

651 0.048 h 2o

[2.8] 650 0.090 c h 3c n

657 0.041 h 2o

[2.9] 690 0.033 c h 3c n

683 0.010 h 2o

[2.10] 711 0.013 c h 3c n

691 0.003 h 2o

[2.11] 715 0.013 c h 3c n

699 0.002 h 2o

Emission quantum yields relative to [Ru(bpy)3]'!+ in acetonitrile (d>cm = 0.062)8' or in water 

(d>em = 0.042).89 All solutions are degassed and at 25°C unless otherwise stated.

Wavelength (nm)

Figure 2.11: Luminescence spectra of [2.6] recorded in CH3CN and water, respectively.
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2.8.2 Rhenium(I) Polypyridyl Complexes

Spectra of the rhenium complexes are shown in Figure 2.12 (data are normalised 
for clarity) and the data are summarised in Table 2.4.

All the complexes were excited at the wavelength characteristic o f the transition 
MLCT. In this case, the excitation wavelength is at 385 nm. The emission at 
656 nm of [2.12] is relatively weak (<Dem = 0.007), however complex [2.13] emits 
more strongly (4>em = 0.050) and the emission is significantly blue shifted to 
600 nm. This is due to the replacement o f a 7t-donating halides to a 7t-accepting 
acetonitrile ligands results in stabilisation of the metal-centred HOMO. When 
methyl groups are attached to the qtpy ligands, complexes [2.14] and [2.15] emit 
weakly in acetonitrile (4>en.= 0.002 and ‘l \ m= 0.007, respectively). A-methylation 
of the rhenium(I) complexes also results in a significant red shift in the emission 
of [2.15] to 621 nm.

Figure 2.12: Luminescence spectra of [2.12], [2.13], [2.14], [2.15] recorded in acetonitrile.
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Table 2.4: Luminescence data for complexes [2.12], [2.13], [2.14] and [2.15] in acetonitrile. 
Compound Âma, (n m ) <Dema

[2.12] 656 0.007
[2.13] 600 0.050
[2.14] 661 0.002
[2.15] 621 0.007

‘Emission quantum yields relative to [Ru(bpy)3]2+ in acetonitrile (0>em = 0.062).“' All solutions 
are degassed and at 25°C unless otherwise stated.

2.9 Luminescence Lifetimes

The radiative, kr and nonradiative, knr rate constants were computed from the 
uncorrected emission spectra using equations (1) and (2) with the assumption that 
the intersystem crossing is unity.74

* - T  <»
k n r = \ ~ K  (2)

2.9.1 Ruthenium(II) Polypyridyl Complexes

Luminescence lifetime in acetonitrile and water are given in Table 2.5. 
[Ru(phen)2(qtpy)]2+ [2.7] gave the longest lived lifetime (1278 ns) in acetonitrile 
for the ruthenium(II) complexes. The trace obtained for [Ru(dppz)2(qtpy)]2+ [2.6] 
is biexponential in acetonitrile, having two components o f 862 ns and 314 ns. 
The lifetimes o f [2.6] in water are significantly shorter due to hydrogen bonded 
water molecules interacting with the phenazine nitrogens o f the dppz ligands. 
This suggests that the excited states of [2.6] are at least partially localised on the 
dppz ligands. Again, traces measured in acetonitrile for the pyridinium complex 
of this dppz containing ligand [2.9] is also biexponential but the lifetime in water 
is not significantly shorter as for [2.6]. This is very interesting as for this 4+ 
charge complex, it suggests that the lowest excited states is localised on the 
methylated quaterpyridyl. Baker el al.1A observed that the LUMOs of the free
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quaterpyridyl ligands are lowered upon quaternisation and thus this explain the 
lowest excited states being on the methylated quaterpyridyl.

Previous studies by Baker et al.14 explored the luminescence lifetime of 
[Ru(bpy)2(qtpy)]2+ [2.8] and [Ru(bpy)2(qtpyMe2)]4+ [2.11], for completeness we 
repeated their experiments. We observed monoexponential decay for both [2.8] 
and [2.11] in water.

Typically, the radiative rate constants for Ru(II) polypyridyl complexes are in the 
range of 104 - 105 s'1. We observed that the radiative rate constants for [2.7] and 
[2.8] are close to each other while the non-radiative rate constants for [2.10] and
[2.11] are again similar in acetonitrile. On the other hand, the non-radiative rate 
constants for most o f the complexes are considerably larger in water which agrees 
with the decrease in the emission intensity observed for the complexes.

Table 2.5: Luminescence lifetime data for ruthenium(II) complexes.
Compound t ,  ns 104 s'1, kT 104 s'1,* » Conditions“

[2.6] 862b; 314c 14.7b, 40.4C 101b; 27 8C c h 3c n
42b; 8C 7.1b, 37.5° 2373b; 12463e h 2o

[2.7] 1278 5.9 72 c h 3c n
795 6.0 119 h 2o

[2.8] 1050 8.6 87 c h 3c n
509 8.1 188 h 2o

[2.9] 268b; 89c 12.3b; 37.Ie 361b; 1086e c h 3c n
184b; 48c 5.4b; 20.8e 538b; 2063e h 2o

[2.10] 79 16.5 1249 c h 3c n
63 4.8 1583 h 2o

[2.11] 61 21.3 1618 CHjCN

a x i l  _ ~ i . . * : ~ ~

51 3.9
J  „*. O C  0 / ~ * ___1___

1956 h 2o
aA ll solutions are degassed and at 25 °C unless otherwise stated. bFirst component. 

'Second component.
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2.9.2 Rhenium(I) Polypyridyl Complexes

Data for the luminescence lifetimes in acetonitrile are summarised in Table 2.6. 
All the rhenium(I) complexes show monoexponential decays. Upon changing the 
chloride ligand to acetonitrile, an increase in emission energy, quantum yield and 
luminescence lifetime is observed. Previous studies by Guarr et al.90 showed a 
similar observation for these types of complexes. The blue shift emission 
observed upon exchanging the chloride ligand with acetonitrile is most easily 
explained by changes in the Re(I)/Re(II) oxidation potential. On changing the 
chloride ligand for the acetonitrile ligand, the Re(I) oxidation state is stabilised 
due to back bonding interactions yielding higher emission energies.91

On the other hand, luminescence lifetime for [2.15] in acetonitrile (x = 79 ns) is 
about five times smaller than that o f [2.13] (x = 377 ns), consistent with an 
increase in the rate of non-radiative decay. The pyridinium groups attached the 
qtpy ligand introduce a charge separation state which quenched the emission of 
[2.15]. It has been shown that [Ru(bpy)3]2+ can be oxidatively quenched by 
pyridinium ions which are weak oxidants.88

Table 2.6: Luminescence lifetime data for rhenium(I) complexes.

Compound t, ns 104 s\Jfcr 1 0 V ,* „ r Conditions“
[2.12] 21 33 4729 c h 3c n
[2.13] 317 15.8 300 CHjCN
[2.14] 18 11.1 5544 CH3CN
[2.15] 79 8.9 1257 c h 3c n

“A ll solutions are degassed and at 25 °C unless otherwise stated.

2.10 Electrochemistry Studies

Cyclic voltammograms of [2.6], [2.7], [2.8], [2.9], [2.10], [2.11], [2.12], [2.13],
[2.14] and [2.15] were carried out at a scan rate 100 mVs'1 in acetonitrile
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containing 0.1 M TBAP, as supporting electrolyte, under nitrogen atmosphere. 
Potentials were measured vs. Ag/AgCl.

2.10.1 Ruthenium(Il) Polypyridyl Complexes

All complexes show typical behaviour for these types of complexes with a 
chemically reversible one electron oxidation of the Ru(II)/Ru(IlI) occuring 
around +1.2 V to +1.4 V, in agreement with similar complexes that have been 
described in literature.74, 75 The electrochemical data arc summarised in 
Table 2.7. For example, Figure 2.13 shows the oxidation of complex [2.6J.

Figure 2.13: Electrochemical cyclic voltammogram for the oxidation of complex [2.6]
recorded in acetonitrile.

The presence of pyridinium groups in [2.9], [2.101 and [2.11] results in a slightly 
positive shift in the Ru(II)/Ru(III) oxidation waves under the same conditions. 
This is due to a slight electrostatic destabilisation of the Ru(III) oxidation state 
compared to the non-methylated complexes. As an example, Figure 2.14 shows 
the CV, recorded in acetonitrile, for [2.7] and its methylated analogue [2.10],
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Figure 2.14: CV voltammogram of reversible oxidation for [2.7] and [2.10] 
recorded in acetonitrile.

All the complexes showed multiple ligand based reduction processes. In most 
cases, the first reduction was found to be reversible but consequent reduction 
couples were not fully chemically reversible. These voltammetry studies 
indicated that the LUMO of the metal complexes varied with the ligand set. As 
an example, Figure 2.15 shows the CV for the reduction of complex [2.6] 
recorded in acetonitrile. The dppz ligand is easier to reduce than the other 
A-donor ligands,92 so probably the first wave for [2.6] is caused by the reduction 
of the dppz ligand and the second is due to the reduction of the qtpy ligands.
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Figure 2.15: Electrochemical cyclic voltammogram for the reduction of complex [2.6]
recorded in acetonitrile.

Complexes [2.9], [2.10] and [2.11] show an additional reduction at around 
-0.70 V which is due to two closely spaced one-electron reductions of the two 
weakly interacting pyridinium groups. It has been shown that complete 
resolution into two distinct waves is not possible if the peak to peak potential 
difference is less than ~ 118 mV.74' 75 Baker et al.74 suggesting that upon 
quatemisation o f the free quaterpyridyl ligands, the LUMOs of the free ligands 
are lowered. This supports the former assumption that the first two electrons 
appear to be added to the N-methyl pyridinium groups.
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T a b le  2 .7 : E lectro ch em ica l d ata  fo r  th e  R u (II) q u a terp y r id in e  com p lex es .

Complex Oxidation (V) AEP (mV) Reduction (V) AEP (mV)
12.6] +1.37 100 -0.89 60

-1.23 90
-1.44 80

[2.7] +1.38 90 -1.10 50
-1.39a -

[2.8] +1.38 90 -1.11 80
-1.43 90

[2.9] +1.45 90 -0.71 90
-0.96 90
-1.30* -
-1.59“ -

[2.10] +1.43 90 -0.73 60
-1.24* -
-1.47* -

[2.11] +1.46 90 -0.78 60
-1.22 90
-1.47 90

aPeak not fully chemically reversible, therefore only Ep is quoted.

2.10.2 Rhenium(I) Polypyridyl Complexes

All o f the rhenium complexes display irreversible oxidations associated with 
Re(II)/Re(I) couple. As an example, Figure 2.16 shows the irreversible oxidation 
for [2.14] recorded in acetonitrile. Data are summarised in Table 2.8.
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Figure 2.16: CV voltammogram of irreversible oxidation for [2.14] 
recorded in acetonitrile.

The oxidation of acetonitrile complex [2.131 was previously examined.7*' 
However, no oxidation was observed within the solvent window. In this study, 
we report the oxidation of [2.13] occurs at 1.82 V, a slightly more positive 
potential compared to that of [2.12], On changing the chloride ligand for a 
acetonitrile ligand, the complexes are more difficult to oxidise. Acetonitrile is a 
good 7i-acceptor ligand, which has the ability to pull electrons away from the 
metal centre. Thus this stabilises the Re(I) oxidation state.
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T a b le  2 .8: E lectroch em ica l d a ta  for th e  R e(I) q u a terp y rid in e  com p lex es .
Complex Oxidation (V) Reduction (V) AEP (mV)

[2.12] +1.58’ -0.77 60
-1.32 110
-1.60 70

[2.13] +1.82’ -0.95’ -
-1.36* -

[2.14] + 1.88’ -0.63 90
-0.79* -
-1.24* -
-1.42’ -

[2.15] +1.91’ -0.62’ -
-0.83’ -
-1.31’

’Peak not fully chemically reversible, therefore only Ep is given.

The presence o f pyridinium groups in [2.14] and [2.15] result in a slightly 
positive shift in potential for the Re(II)/Re(I) oxidation waves under the same 
conditions. Complexes [2.14] and [2.15] show additional reductions at around 
-0.60 V which are expected due to two one-electron transfers to the pyridinium 
groups.

A ll complexes display characteristic ligand-centred reductions. For complex
[2.12], all o f these waves are reversible; however for [2.13] and [2.15], all ligand 
reductions are irreversible.

2.11 Spectroelectrochemistry Studies

Ruthenium(II) polypyridyl complexes were studied using UV/Vis/NIR  
spectroelectrochemistry in acetonitrile using an OTTLE cell93 at 253 K. Due to 
the irreversibility o f their first reduction process, compounds [2.7] and [2.9] are 
not discussed here. The behaviour of [2.6], [2.8], [2.10] and [2.11] is discussed 
in this section.
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Reduction of [2.6] to -0.95 V (i.e. after the first reduction processed observed by 
CV) gave rise to changes in the spectrum as shown in Figure 2.17,

Figure 2.17: Change in absorption spectrum of [2.6] upon one electron reduction. The inset 
shows a better resolved band for MLCT.

Reduction of [2.6]2+ to [2.6]+ results in depletion o f the MLCT band at 468 nm 
while a lower energy absorption band with a feature centred at 533 nm grows in. 
The band at 533 nm is probably due to a new n-n* transition involving the 
reduced ligand. A band at 357 nm is depleted. A similar band in 
[Ru(bpy)2(dppz)]:+ is assigned as a MLCT associated with dppz ligand.94 
Reduction of this band suggests that the first reduction process involves 
Ru—>dppz MLCT. A band at 278 nm is also reduced with a shoulder growing in 
at 253 nm. Evidently, the band that reduces is due to a tc-k* transition o f the 
non-reduced ligand. Increasing the potential of the system back to 0 V 
regenerated the original spectrum; therefore the ligand-centred reduction process 
could be examined.

Reduction of [2.8] to -1.30 V results the change in the absorption spectrum 
shown in Figure 2.18. The MLCT process observed at 463 nm decreased in
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intensity and is slightly red-shifted, while the lowest energy shoulder grows in 
upon reduction. In contrast to [2.6], a band at 359 nni is increased. Bands at 
288 nm and 246 nm were found to reduce in intensity. The latter are due to a 
71-71* transition of the non-reduced ligand. Return to 0 V again regenerated the 
original spectrum, indicating that the reduction process was fully reversible. The 
spectroelectro results obtained for [2.6] and [2.8] suggesting that the LUMOs of 
these complexes are different from each other, thus discounting the possibility 
that the lowest excited state for both complexes is localised exclusively on the 
qtpy ligand.

Figure 2.18: Change in absorption spectrum of [2.8] upon one electron reduction. 
The inset shows a better resolved band for MLCT.

Presumably, upon methylated, the lowest lying excited states will be localised on 
the qtpy in these mixed ligands complexes. Reduction of [2 .10]4+ to [2 .10]2+ 
gives changes in the absorption spectrum as shown in Figure 2.19.
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Figure 2.19: Change in absorption spectrum of [2.10] upon two one electron reductions. The 
inset shows a better resolved band for MLCT.

Most strikingly, for this complex reduction results in a depletion of both the 
MLCT bands centered at 496 nm and 429 nm while a single new absorption band 
grows in at 458 nm which absorbs out to 850 nm. The observed changes are fully 
reversible.

The behaviour of [2.11] was also studied, again using the conditions mentioned 
earlier. Reduction of the complex to -0.85 V results the change in the absorption 
spectrum shown in Figure 2.20.
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Figure 2.20: Change in absorption spectrum of [2.11] upon two one electron reductions. The 
inset shows a better resolved band for MLCT.

Again, reduction results in a depletion of both the MLCT bands centred at 
498 nm and 427 nm with a new absorption band centred at 460 nm growing in, 
again this band absorbs out to 850 nm. Return to 0 V again regenerated the 
original spectrum, indicating that the reduction process was fully reversible.

Both [2.10] and [2.11] show very similar behaviours upon reduction, which 
indeed supports the earlier hypothesis that upon méthylation, the lowest excited 
state involves the coordinated Me2Qtpy ligand instead of the alternative 
Ru(II)-ancillary ligands. These results are also consistent with report by Baker 
which indicates that the LUMOs of the free quaterpyridyl ligands are lowered 
upon quaternisation and thus the lowest excited states are now clearly centred on 
the methylated quaterpyridyl.
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Table 2.9: UV/Vis/NIR data for [2.6], [2.8], [2.10] and [2.11] upon reduction process.
Compound t * ( n m ) e (10“ M W 1)

[2.6]+ 468 1.9
357 2.9
278 9.3

[2.8]+ 463 1.7
359 1.7
288 7.0
246 5.6

" [2.10]J+ 496 1.5
429 2.1
262 8.9
223 7.8

[2.1 l f + 498 1.7
427 1.7
284 5.3
251 4.3

2.12 X-Ray Crystallography Studies

Single crystals o f [2.6], [2.7] and [2.8] suitable for an X-ray structure analysis 
were obtained from slow vapour diffusion of benzene into a nitromethane 
solution. The structures described in this section were solved by Harry Adams in 
the department's X-ray structure determination service and a summary of the 
crystallographic data is contained in the Appendix.

The crystal structure o f [2.6] is shown in Figure 2.21. The final refinement of 
the data for this crystal was 30 % and while it is not o f sufficient quality for 
publication, it allows us to confirm the structure of [2.6].

67



Figure 2.21: Structural representation of the cation found in the crystal structure of [2.6]. 
Hydrogen atoms, PF6' anions and solvent molecules are removed for clarity.

Packing of [2.6] reveals 7i-7t stacking between the aromatic rings of the dppz, the 
distance between two dppz ligands of different metal cations are around
3.4 - 3.8 A (Figure 2.22).

Figure 2.22: Packing structure of [2.6]. PF6‘ anions, hydrogen atoms and solvent molecules
omitted for clarity.

The crystal structure o f [2.7] is shown in Figure 2.23, and Table 2.10 shows 
selected bond lengths and angles o f the complex. Two PF6~ anions are removed 
for clarity while a solvent molecule is shown. Attempts to grow crystal in
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nitromethanc-diethyl ether mixtures were unsuccessful. Interestingly, when 
benzene was used, a sufficient quality of crystal was obtained. The final 
refinement of the data for this crystal was 10 %. A benzene molecule was found 
to be in the edge-to-face orientation with [2.7], with the distance between 
pyridine ring of qtpy and benzene being around 3.6 - 3.7 A.

Figure 2.23: Structural representation of the cation found in the crystal structure of [2.7] 
with solvent molecule. Hydrogen atoms and PF6' anions are removed for clarity.

Figure 2.24: ORTEP plot of the cation in [2.7]. Hydrogen atoms, PF6 anions and solvent
molecules are removed for clarity.
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The ruthenium centre has a distorted octahedral coordination. The trans angles at 
the Ru(II) centre are close to octahedral 170.1°, 171.9° and 171.9°. The Ru-N 
bond length involving the phen ligand are 2.052(13) and 2.062(12) A, while the 
bond lengths for the Ru-qtpy are larger, 2.073(11) A. The bite angle o f the phen 
is 80.2(5)°, and the bite angles for the qtpy is 78.8(6)°. Packing of [2.7] reveals 
n-K stacking between the aromatic rings of the phen, the distance between two 
phen ligands of different metal cations are around 3.6 - 3.7 A (Figure 2.25).

Figure 2.25: Packing structure of [2.7]. PF6 anions, hydrogen atoms and solvent molecules
omitted for clarity.

Table 2.10: Selected bond lengths [A1 and angles [°] of the complex [2.7].
Bond lengths (A)

Ru-N(l) 2.052(13) Ru-N(l)#l 2.052(13)
Ru-N(2) 2.062(12) Ru-N(2)#l 2.062(12)

Ru-N(3) 2.073(11) Ru-N(3)#l 2.073(11)

Bond angles (°)
N(l)#l-Ru-N(l) 170.1(6) N(2)-Ru-N(2)#l 90.8(6) N(1)#1-RU-N(3) 94.3(4)
N(l)#l-Ru-N(2) 92.8(5) N(l)#l-Ru-N(3)#l 93.4(4) N(l)-Ru-N(3) 93.4(4)
N(l)-Ru-N(2) 80.2(5) N(l)-Ru-N(3)#l 94.3(4) N(2)-Ru-N(3) 95.4(4)

N(l)#l-Ru-N(2)#l 80.2(5) N(2)-Ru-N(3)#l 171.9(5) N(2)#l-Ru-N(3) 171.9(5)
N(l)-Ru-N(2)#l 92.8(5) N(2)#l-Ru-N(3)#l 95.4(4) N(3)#l-Ru-N(3) 78.8(6)

Symmetry transformations used to generate equivalent atoms: 

#1 -x+l,y,-z+l/2
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The crystal structure of [2.8] is shown in Figure 2.26. Although the final 
refinement o f the data for this crystal was 17 % and it is not o f sufficient quality 
for publication, it allows us to confirm the structure of [2.8],

Figure 2.26: Structural representation of the cation found in the crystal structure of [2.8]. 
Hydrogen atoms, PF6' anions and solvent molecules are removed for clarity.

Packing of [2.8] reveals the 7t-7i stacking between the aromatic rings of the qtpy, 
the distance between two qtpy ligands o f different metal cations are around 
3.6 - 3.8 A (Figure 2.27).

Figure 2.27: Packing structure of [2.81. PF6~ anions, hydrogen atoms and solvent molecules
omitted for clarity.
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2.13 Conclusion

In this chapter, the synthesis and characterisation o f a series of ruthenium(II) and 
rhenium(I) complexes containing 2,2’:4,4” :4 \4 ” ’-quaterpyridyl ligand has been 
discussed. They have been shown to possess rich photophysical characteristics 
and show potential as building blocks for higher order structures which can be 
used as anion sensors.
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3 DNA Binding Studies on Ruthenium(II) and 
Rhenium(I) Polypyridyl Complexes

This chapter describes the interaction o f the ruthenium(II) and rhenium(I) 
polypyridyl complexes, described in the previous chapter, with CT-DNA. In 
particular, we were interested to study how the DNA binding interactions of these 
mixed-ligand complexes were affected by changes in peripheral charge resulting 
from the addition of methyl groups attached to the qtpy ligand.

To place the studies in this chapter in context, a brief introduction into the 
structure of DNA and the properties of DNA binding substrates is included.

3.1 DNA

Since the discovery of the structure of deoxyribonucleic acid (DNA) over half a 
century ago, research on DNA has become a subject o f intense interest. DNA is 
commonly known as a carrier of genetic information in all cellular life as well as 
in many viruses.95 DNA is the template for living systems on earth and its study 
is central to the knowledge o f life.

3.1.1 DNA Structure

DNA is a polymer of nucleotides constructed from three components; 
deoxyribose sugar residues, a phosphoryl group and four bases: purine 
adenine (A), purine guanine (G), pyrimidine cytosine (C) and pyrimidine 
thymine (T) (Figure 3.1).
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Figure 3.1: The two strands of DNA separated, showing a nucleotide, where S = deoxyribose 
sugar residue, P = phosphoryl group and 15 = nucleobase).96

Figure 3.2: Structure of part of DNA chain: nucleosides joined by phosphodiester bond to
grow nucleotides.
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In DNA, the monomeric units are linked by phosphodiester bonds between the 
5 ’-hydroxyl group of one sugar and the 3 ’-hydroxyl group o f the next sugar in the 
chain97 (Figure 3.2).

In 1953, James Watson and Francis Crick proposed on the structure of DNA 
consists o f two polynucleotide chains running anti-parallel to one another. These 
complementary chains are right-handed helical structures which coiled around the 
same axis to create a double helix. Perhaps the most important part o f the 
proposal was that the bases are hydrogen-bonded together; whenever an adenine 
appears in one chain, then a thymine must appear in the other. Similarly, guanine 
always pairs with cytosine (Figure 3.3).

Figure 3.3: Double-stranded DNA showing Watson-Crick base pairing.

From Figure 3.3, we can see that the Watson-Crick guanine-cytosine pair has 
three hydrogen bonds, rather than two seen for adenine-thymine. This suggests 
that the DNA double helices with guanine-cytosine should be more stable than
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those with adenine-thymine. The adjacent purine and pyrimidine units, which are 
located on the inside of the helix, are stabilised through n-n stacking interactions. 
On the other hand, the deoxyribose and phosphate moieties are on the outside of 
the helix and in contact with solvent. Interaction o f the negative charges on the 
phosphates with the dipoles o f water molecules is one of the factors that stabilises

QQthe DNA structure.

3.1.1.1 The DNA Grooves

The other notable feature of the DNA structure resulting from the helical strands 
is that it has two grooves running diagonally through it. The grooves are unequal 
in size. For example, in B-DNA, a much wider groove (12 A) is termed the 
major groove while the smaller one (6 A) is the minor groove (Figure 3.4). The 
edges of the bases are exposed in these grooves and provide sites where protein 
or other small molecules can interact with DNA. DNA exists in many possible 
conformations; for example conformation of the sugar unit and the syn or anti 
conformation of the bases relative to the sugar moiety."

Figure 3.4: Structure of DNA: major and minor grooves (1*DB ID: 1FQ2).100

The X-ray diffraction studies on heterogeneous DNA fibres provided by Rosalind 
Franklin101 were essential in providing more understanding on DNA structure.
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The three main possible conformations are A-DNA, B-DNA and Z-DNA  
(Figure 3.5).

Figure 3.5: Major nucleic acid duplex conformations from left to right: A-DNA 
(PDB ID: 440D),102 B-DNA (PDB ID: 1FQ2)100 and Z-DNA (PDB ID: 2F8W).100

Whilst the first two conformations are right handed helices, the latter is 
left-handed helix. However, the most common conformation found under 
physiological condition is B-DNA.103 There are some noticeable differences 
between these conformations in diameter, helical orientation and size and shape 
of the grooves. These features are summarised in Table 3.1.

Table 3.1: Structural features of ideal A-, B- and Z-DNA.9Sl 103

Property A-DNA B-DNA Z-DNA
Helix Sense Right Right Left

Repeating Unit 1 base pair 1 base pair 2 base pair

Diameter ~ 23 A ~ 20 A ~ 18 A
Rotation per base pair 33° 36° 30°

Base pairs per turn 11 10.5 11.6

Helix rise per base 2 .6  A 3.4 A 3.7 A
C2’ Endo at C

Sugar pucker C3’ Endo C2’ Endo
C3’ Endo at G

Major groove Narrow and deep Wide and deep Narrow and deep

Minor groove Wide and shallow Narrow and deep Narrow and deep
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3.2 Non-covalent Binding to DNA

Molecules and ions can interact with duplex DNA in three primary ways:
• Electrostatic binding
• Groove binding
• Intercalation

3.2.1 Electrostatic Binding

DNA is a highly charged polymer which must condense a significant number of 
cations from solution to exist in stable conformations. Whilst electrostatic 
interactions involve binding of cations to the negatively charged phosphates 
located in the DNA backbone through interactions which are generally 
non-specific and reversible, this interactions results in an increase in the stability 
of the DNA conformation. Polyamines bind to DNA through such interactions as 
they are usually fully protonated at physiological conditions; thus the negatively 
charged phosphate backbone of the DNA serves as the complementary site for 
interactions. Spermidine and spermine are typical drugs for this type of 
interaction (Figure 3.6).104,105

H2N n h 2

Spermine
H

Spermidine

Figure 3.6: Structure of spermine and spermidine.
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3.2.2 G r o o v e  B i n d i n g

The grooves resulting from the helical strands o f duplex DNA serve as an 
alternative binding mode for ligands with DNA. Groove binding involves direct 
interactions of the bound molecules with the edges of the base pair in either major 
or minor grooves o f the duplex DNA. Unlike other binding modes, groove 
binding can span many base-pairs and hence very high level of DNA sequence 
specific recognition can occur. Figure 3.7 shows the hydrogen bond recognition
sites o f A-T and G-C base pairs that are accessible in the major and minor

106grooves.

Figure 3.7: Hydrogen-bond recognition sites accessible from the grooves of DNA.

Many protein and oligonucleotide molecules exhibit binding specificity primarily 
through major groove interactions while small groove-binding molecules in 
general prefer the minor grooves. Typically, groove-binding molecules have 
several simple aromatic rings connected by bonds with torsional freedom so that 
they can twist and fit into the helical curve of the DNA groove. These molecules 
may fit better at A-T rather than G-C rich-sequences and they form van dcr Waals 
contact with the walls of the groove. Lower binding spccifity to G-C rich 
sequence results from the fact that the presence of N2 amine group found in 
guanine, sterically inhibits penetration of molecules into this groove in G-C rich 
regions.107- 108 Pullman and co-workers have also shown that the negative
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electrostatic potential is greater in A-T minor groove,109 thus the positively 
charged molecules have a higher affinity.

3.2.2.1 Netropsin and Distamycin A

Two closely related antibiotics, netropsin and distamycin A represent classical 
examples o f minor groove binders (Figure 3.8).

Figure 3.8: Structure of netropsin and distamycin A.

These molecules form non-covalent complexes with duplex DNA in the minor 
groove, making van der Waals contacts with both sides o f the groove and forming 
hydrogen bonds between amides o f the ligand and the acceptor groups of the 
bases.110 Binding of netropsin appears to cause a slight widening of the minor 
groove at the entry point and a bending of the helix axis away from the site of 
binding. The positively charged end groups of the ligands are positioned to 
favorably interact with the electrostatic potential of the DNA. All o f these factors 
contribute to the high affinity of these molecules for DNA. These oligopeptides 
also exhibit considerable preference for A-T rich sequence. NMR111 and 
X-ray107,112, 113 studies indicate that tight binding o f these drugs requires a site 
size o f four (5 ’-AATT-3’) and five (5’-AAATT-3’) A-T base pairs within the
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narrow minor groove for netropsin and distamycin A, respectively. The 
difference is associated with the additional pyrrole amide group in the 
distamycin A molecule and also the different terminal residues.113

Figure 3.9: X-ray crystal structures of netropsin bound to d(CGCGAATTCGCG)2, 
(PDB ID: 101D)111 and distamycin A bound to d(CGCAAATTTGCG)2, (PDB II): 2DNI)).113

Most interestingly, NMR studies have further indicated that binding sites of at 
least five base pairs in length can accommodate two distamycin A molecules 
side-by-side in an antiparallel orientation114, 115 (Figure 3.10). In this 2:1 
complex, each ligand preserves all the molecular recognition elements of minor 
groove binders. The preference for the 2:1 over the 1:1 complex of 
distamycin A-DNA depends strongly on the DNA sequence. For example, when 
distamycin A is titrated into a sample containing a narrow groove poly(A) 
sequences, 1:1 binding mode is favoured and 2:1 binding only occurs after the 
saturation of 1:1 binding sites; while 2:1 binding motif is favoured with a wider 
or more flexible groove o f an alternating 5 ’-A TATA-3\ In contrast to 
distamycin A, the dication netropsin binds only as a single molecule per binding 
site, suggesting that electrostatic repulsion between the charged ends of netropsin
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inhibit the side-by-side arrangement of two netropsin molecules in the minor 
groove.

Figure 3.10: X-ray crystal structure of 2:1 complex of distumycin A (PDB II) 378I)).116 

3.2.2.2 Hocchst 33258

Hoechst 33258 (H33258), (Figure 3.11) like the other groove binders, binds with 
an affinity of ~ 5 x 108 M 1 to minor groove sites that have at least four A-T 
pairs.117 It is similar in structure to netropsin and distamycin A, but shows some 
significant differences. In contrast to distamycin and netropsin, H33258 has a 
stronger affinity for AATT than for TATA and higher binding to AATT than to 
AAAA.118 The binding of H33258 to DNA involves hydrogen-bonds from the 
benzimidazole-NH groups to 0 2  o f thymine and N3 of adenine.
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Figure 3.11: Structure of Hoechst 33258 (left) and X-ray crystal structure of H33258 
binding to DNA (PDB ID 1DNH)"9 (right).

3.2.3 Intercalation

In the early 1960s, Lerman presented a number o f physical studies on the 
interaction of DNA with planar heteroaromatic moiety. In his work, he 
concluded that planar aromatic molecules can insert and stack between the DNA 
base pair by a process called intercalation. This process typically results in a 
substantial change in DNA structure, causes lengthening, unwinding and 
stiffening of the DNA helix as a result of rotation about torsional bonds in the 
DNA backbone in order to accommodate the intcrcalator.120, 121, 122 The 
intercalator and adjacent base pairs are sandwiched tightly on the intercalating 
surface and the intercalator is stabilised electronically in the helix by a 
n-K stacking and dipole-dipole interactions. A number o f physical methods are 
well established to determine intercalative binding;65, l23, 124 for example 
hypochromism and red shift of the UV-Visible absorption spectrum of the ligand, 
quenching/enhancement of the steady-state emission for substrates that luminesce 
and also an increase in length oi the base pair which can be monitored by 
hydrodynamic methods such as viscosity and sedimentation measurement. In
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general, drugs such as proflavine120 and ethidium bromide125' 126, 127 are well 
known to be intercalators (Figure 3.12).

Proflavine Ethidium Bromide

Figure 3.12: Structures of proflavine and ethidium bromide.

3.2.3.1 Organic Intercalators

Daunomycin (Figure 3.13) is an anthracycline antibiotic which commonly used 
in the treatment of cancer, particularly for leukaemia. This compound is a typical 
example o f an organic intercalator and is one of the best characterised. Work by 
Chaires et al. in 1983 explored the sequence specifity o f daunomycin.128 In the 
study, they found that daunomycin shows a preference for alternating 
purine-pyrimidine tracks, binding best to alternating A-T sequences. Further 
studies showed that daunomycin shows a moderate preference for G-C rich 
sequence DNA that also contains A-T base pairs.129 X-ray crystal structure130 of 
daunomycin bound to d(CGTACG) showed intercalation o f the chromophore 
between the C-G base pair, while the daunomycin amino sugar lies in the minor 
groove.

Actinomycin D (Figure 3.13) is a very potent antitumor drug that has been used 
for treating certain types o f cancers. This compound forms a tightly bound, 
noncovalent, reversible complex with duplex DNA, preferentially binding at 
5 ’-GpC-3’ sites. It was not until 1992 when Kamitori131 determined a crystal 
structure of actinomycin D with a DNA oligomer duplex (d(GAAGCTTC)2).
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The crystal structure indicates that the mode of binding involves full penetration 
of the phenoxazone ring between the base pairs, while the two cyclic side chain 
moieties (denoted as R in Figure 3.13) lie in the minor groove and the complex is 
stabilised by base-peptide and chromophore hydrogen bonds.

Daunomycin

Figure 3.13: Structure of daunomycin and actinomycin D.

Recently, Thomas et al. have reported another class o f organic intercalators 
somewhat related to actinomycin D based on organic derivatives of 
dipyrido [3,2-a:2’,3’-c] phenazine (dppz)132, 133 (Figure 3.14). All compounds 
bind to DNA via intercalation with moderate affinities (> 105 M'1); however 2 
binds to DNA with a magnitude higher than that obtained for the rest o f the series 
and are comparable to that of mononuclear [Run(dppz)j metal complexes. It has 
been suggested that compound 1 intercalates to the DNA through the minor 
groove, like actinomycin D. This is due to the structural similarities between 1 
and the intercalative unit of actinomycin D, and the consistency o f selectivity of 1 
towards poly(dG).poly(dC) with actinomycin D 134 which also binds preferentially 
to specific G-C rich sequence. Indeed, compound 2 displays more pronounced 
sequence selectivity for G-C regions over A-T steps.
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Figure 3.14: Thomas’s organic intercalators.

3.2.3.2 Metallo-Intercalators

The study o f transition metal complexes that reversibly bind to DNA has been a 
burgeoning area. Complexes that primarily bind to DNA through intercalation 
have become known as metallo-intercalators. This growth of interest has been 
due in large part to the useful properties of transition metal complexes, which 
possess rich photophysical and electrochemical properties and allow for extensive 
utility in a wide range o f capacities, from fluorescent markers to DNA 
foot-printing agents and electrochemical probes.65 It has also been shown that a 
plethora in choice o f metal ions and ligands offers the possibility to tune their 
DNA binding and recognition properties.

3.2.3.2.1 Monometallic Complexes

It was not until the mid-1970s when Lippard and co-workers135 first introduced a 
monocationic square planar Pt(II) complexes containing 
2 ,2 ':6',2"-terpyridine (tpy) ligand, that complexes which could bind to duplex 
DNA through intercalation were known. Since then, a variety o f new systems 
based on metal centres have been reported.
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3.2.3.2.1.1 Tris(phenanthroline) ruthenium(II)

The earliest work on DNA binding of octahedral metal centers focused on 
tris(phenanthroline) complexes o f ruthenium. There are extensive studies on this 
complex; however there have been a number of conflicting arguments on the 
exact mode of binding. Barton et a /.136,137 initially proposed that there are two 
distinct modes o f binding on the basis of fluorescence and unwinding result; it 
was suggested that [Ru(phen)3]2+ (Figure 3.15) interacted with duplex DNA via 
hydrophobic interactions in the minor groove, the other mode being a partial 
intercalation o f a phenanthroline ligand into the DNA base stack. More 
importantly the study suggested the importance o f chirality in DNA binding.138 It 
was suggested that the A-enantiomer preferred intercalative binding, while the 
A-enantiomer favoured minor groove binding.

Figure 3.15: Structure of A-[Ru(phen)3]2+(left) and A-[Ru(phen)3]2+(right).

In subsequent work, Hiort et al.m  concluded that neither isomer is bound 
through intercalation to DNA. Indeed, each enantiomer had only one mode of 
binding, but these differed between enantiomers. They proposed that the 
A-enantiomer favoured binding with one o f the ligand points into the major 
groove while the A-enantiomer favours two. Later, the issue of intercalation was 
clarified when Chaires et al.uo who revealed that there was relatively small 
change in viscosity upon [Ru(phen)3]2+ complexation with DNA, compared to
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that for classical intercalator. Then in 1999, Rodger et a /.141 reported detailed 
spectroscopic and modelling studies on the binding mode of these enantiomers. 
In their report, they showed that there are three modes of binding, which depends 
on the degree o f saturation of the DNA by the drug complex. In particular, at all 
mixing ratios, A-[Ru(phen)3]2+ binds in the major groove, with a single phen 
ligand approximately parallel to the base pairs plane. On the other hand, at low 
ratios A-[Ru(phen)3]2+ binds in the minor groove, with two of phen ligands 
inserted into the groove (Figure 3.16). While at higher mixing ratios, 
A-[Ru(phen)3]2+ binds via insertion of a single chelate into both major and minor 
grooves. Clearly then, neither enantiomer is an intercalator.

Figure 3.16: The “partially inserted” of A-[Ru(phen)3]2+ (left) and the minor groove facial 
complex of A-[Ru(phen)3]2+, at low mixing ratios (right).141

3.2.3.2.1.2 Ruthenium Dipyridophenazine Complexes

Barton et al.s3 were the first to report on the so called “molecular light switch” 
intercalator. They realised that to make a true intercalating binding agents, an 
increase in the surface of the putative intercalative ligand is of importance. 
Subsequently, the interaction of [Ru(bpy)2(dppz)]2+ and [Ru(phen)2(dppz)]2+ 
(Figure 3.17) with DNA have been extensively studied.83,84
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Figure 3.17: Structures of [Ru(bpy)2(dppz)]2+ (left) and [Ru(phen)2(dppz)]2+(right).

The extension to a dppz unit not only results in better binding characteristics but 
also leads to complexes where the sensitivity of excited-state properties to 
microenvironment has promise for the construction of probes for nucleic acids. 
In aqueous solutions, these complexes do not luminesce because water 
deactivates the MLCT excited state through hydrogen bonding with the 
phenazine nitrogen atoms. In contrast, in organic solvents such as acetonitrile 
these complexes exhibit strong steady state emission. Interestingly, when these 
complexes bind to DNA, the dppz ligand is protected from water and thus intense 
luminescence is observed which lead to what has been termed the 
“light switch effect”.

Despite the high affinity shown by these complexes towards DNA (106-107 M'1), 
there has been some debate over the binding orientation o f [Ru(phen)2(dppz)]2+. 
Photophysical studies show that both enantiomers of [Ru(phen)2(dppz)]2+ display 
biexponential decay of luminescence lifetime when bound to DNA. This 
observation suggested [Ru(phen)2(dppz)]2+ possesses two binding modes. 
Barton et a/.84 have proposed that both binding modes are intercalative in nature; 
the difference between the two being due to the alignment of intercalated 
complexes along the DNA helix. In one mode, the dppz ligand is parallel to the 
DNA dyad axis while in the other mode it is perpendicular (Figure 3.18).
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Figure 3.18: Side on (left) and perpendicular (right) modes of intercalation of [Ru"(dppz)]
complex into B-DNA.

Another interpretation has been proposed by Norden et a /.142 based on linear 
dichroism results, which are consistent with only one binding geometry of 
[Ru(phen)2(dppz)]2+. They concluded that both enantiomers bind to DNA via 
intercalation of the dppz unit between the base pair. In contrast, Norden also 
observed a biexponential decay of the DNA-bound complex, but reported this 
depended on the binding ratio. The former observation and the suggestion one 
binding mode for [Ru(phen)2(dppz)]2+ was also later presented by Tuite et a /.143 
They employed T4-DNA to investigate the binding mode of this complex. 
T4-DNA is 100 % glycosylated (addition of a saccharide) at the cytosine 
5-CH2-OH position in the major groove, therefore providing a significant steric 
obstacle to any binding into this groove. From the studies, they reported that 
binding of both enantiomers to T4-DNA is not hindered in any way and indeed 
the binding stoichiometries are similar. These results strongly inferred that 
[Ru(phen)2(dppz)]2+ binds via minor groove, and it is thus difficult to envisage 
the intercalation of [Ru(phen)2(dppz)]2+ via two distinct orientations.

In 1998, Holmlin et a/.144 investigated the competition binding interaction of 
[Ru(phen)2(dppz)]"+ with a known major groove intercalator 
(A-a-[Rh[(R,R)-Me2trien]phi]3+) and a minor (distamycin) groove binding agents. 
It was found that [Ru(phen)2(dppz)]2+ was displaced upon titration of the rhodium

90



complex, while addition of the minor groove binder distamycin produces 
contrasting results. These observations provide support for intercalation via 
major groove o f the duplex DNA. On the basis o f NMR evidence, 
Dupureur et al.145 have shown that [Ru(phen>2(dppz)]2+ intercalated from the 
major groove while studies by Greguric et a l}46 on [Ru(phen)2(DPQ)]2+ 
(DPQ=dipyrido[2,2-<i: 2 ’ ,3 ’ - f  quinoxaline), an analogue of [Ru(phen)2(dppz)]2+ 
support the minor groove binding motif of [Ru(phen)2(dppz)]2+.

Recently, Biver et al.u l have investigated the binding mode of 
[Ru(phen)2(dppz)]2+ with DNA using stop-flow and spectrophotometric methods. 
In their studies, they discussed a second non-intercalative binding mode when 
[Ru(phen)2(dppz)]2+ bind to DNA. They believed that the phen moieties reside in 
the grooves allowing the dppz ligand to partially intercalate between the base 
pair. Thus, this results in partial unwinding o f the helix and when sufficient 
unwinding has been achieved, the duplex is able to accommodate the 
[Ru(phen)2(dppz)]2+ according to an ordinary intercalation mode.

3.2.3.2.1.3 Rhenium Complexes

While most of metallo-intercalators reported to-date are based on ruthenium and 
dppz-based complexes, comparatively little attention has been focused on 
luminescent Re1 compound.148 However, this family o f complexes has shown 
promise as nucleic acid probes due to their attractive spectroscopic 
characteristics.149 In 1995, both the Schanze and Yam groups reported 
intercalative Re1 complex of dppz, [Re(dppz)(C0 )3(py)][0 3 SCF3]
and dppn, [Re(dppn)(C0 )3(py)][0 3 SCF3] (dppn = benzo[/]dipyrido[3 ,2-<2:2 ’,3 ’-c] 
phenazine, py = pyridine) 150,151 (Figure 3.19)
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Figure 3.19: Rhenium(I) intercalators based upon dppz and dppn ligands.

All the complexes showed hypochromicity in the UV-Visible spectra, with a 
small bathochromic shift upon binding to CT-DNA. As well as the changes in 
the absorbance spectrum, the Re1 dppz complex also shows a DNA light switch 
effect, with a dramatic enhancement in the steady-state emission upon titration of 
DNA. In contrast, the luminescent enhancement for Re1 dppn complex is much 
lower, with a significant drop in intensity at low [DNAJ/Re1 dppn ratios. 
However, both complexes result in similar binding affinities with CT-DNA, 
being 4.2 x 104 M'1 and 6.4 x 104 M'1,152 respectively. Compared to that of 
[Ru(bpy)2(dppz)]2+, these values are two orders of magnitude lower. The lower 
binding constants can be attributed to the charge difference between these 
monocationic complexes of Re(I) and the dicationic complexes of other Ru(II) 
complexes such as [Ru(bpy)2(dppz)]2+. Yam and coworkers also explored the 
binding properties of these complexes with poly(dA).poly(dT) and 
poly(dG).poly(dC) DNA. They found that both the dppz and dppn complexes 
show preference for AT sites with enhancement in luminescence.

3.2.3.3 Bimetallic Complexes

Research on the use of complexes as nucleic acids probes have explored the use 
of extended aromatic ligands, such as dppn to enhance the binding affinities, 
especially through intercalation. However, some research groups have started to 
look into the possibility of improving DNA interaction by preparing covalently 
linked bifunctional compounds. In 1996, Kelly and co-workers reported early 
examples of bimetallic complexes by tethering relatively weak binding systems
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fj,  ,such as mononuclear [Ru(bpy)3] and [Ru(phen)3] into bimetallic systems with 
one bpy ligand bridged by a carbon linker.154' 155 (Figure 3.20).

4 +

N
2,2'-bipyridyl or 1,10-phenanthroline

Figure 3.20: [LjRu^MebpyMCH^n-ibpyMe^u11!^), with L = 2,2’-bpy or
1,10-phen.

Analysis o f the DNA binding interactions of these complexes with salmon sperm 
DNA showed that they exhibit higher binding affinities, approximately two 
orders of magnitude higher than their monometallic analogues. 
Norden et al.156, 157 have also reported on another bimetallic complexes, in which 
ruthenium centres are linked by a semi-rigid dppz units (Figure 3.21).

4+

X2Ru R uX 2

Figure 3.21: Structure of [p-(ll,ir-bidppz)(X)4Ru2]4+; where X = 1,10-phen or 2,2’-bpy and 
l l . l l ’-bidppz = l l , l l ’-bi(dipyrido[3,2-a:2’,3’-c]phenazinyl.

Initial linear dichroism (LD) measurement and luminescence spectroscopy 
studies revealed that both complexes bind to DNA with extremely high affinity 
(Kb = 1012 M '1); however neither AA- nor the AA-enantiomers seemed to
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intercalate into DNA but bound in the grooves. Interestingly, striking different 
behaviour was observed for AA- and AA- enantiomers of the phen complex. 
Later work revealed that the initial groove bound geometry switched to the 
intercalative mode, by threading one o f the Ru(phen)2 units through the core of 
the DNA, leaving one metal centre in each groove. Later work by the same 
group resulted in a true bis-intercalating system, where [Ru(phen)2(dppz)]2+ units 
are conjoined by a more flexible aliphatic diamide linker158 (Figure 3.22).

Figure 3.22: Structure of the threading [p-c4(cpdppz)2-(phen)4Ru2]4+ dimer.

This complex is known as a DNA staple due to the binding mode that this 
complex exhibits. The tethering infers that the complex can only interact with 
DNA via a threading process (Figure 3.23), with the intercalating ligands 
separating by two base pairs.
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A B

Figure 3.23: Schematic DNA interaction modes of Norden’s dimer: A) External binding,
B) Groove binding, C) Mono-intercalation, D) Bis-intercalation.

Initial work in the Thomas group include the synthesis of an achiral bimetallic 
complex, [{(CO)3Redppz}2dpp[3]]2+ (Figure 3.24).159 While such a system was 
expected to exhibit straightforward intercalation insertion, and not threading, the 
DNA binding interaction is far more interesting. Initally, the DNA titration 
observed by UV-Visible appears to approach saturation; however further addition 
of DNA results in a much more shallow binding curve which does not reach 
saturation, even at higher [DNA]/[complex] ratios. Estimated binding constant 
from the initial titration data reveals a similar magnitude with the monometallic 
complexes, [(CO)3PyRedppz]+ and [(CO)3MeCNdppz]+. Perhaps more important 
than the interesting behaviour observed for the bimetallic rhenium complex, was 
the revelation that the propane tether is insufficiently long for both rhenium 
centres to intercalate into the same duplex.

Figure 3.24: Structure of Thomas bimetallic complex, [{(CO)3Redppz}2dpp[3]]2+ 
(dpp = 4,4'-dipyridyl-l, 5-pentane).
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More recent work from the Thomas group include tpm-Ru(II)dppz systems 
linked together with 4,4'-dipyridyl-1,5-pentane (dpp)160 and the Ru°-Re1 system 
[(Ru(tpm)(dppz))(p-dpp[5])(/ac-(CO)3Re(dppz))]3+ (Figure 3.25).161

o
N — R u— N.

n 3+

-N
N — R u— N . 1

~ i

__.M

4+

Figure 3.25: Structures of [(Ru(tpm)(dppz))(p-dpp[5])(/flc-(CO)3Re(dppz))]3+ (left) and
tpm-Ru(II)dppz bimetallic (right).

Interestingly, the mixed Ru-Re system demonstrated similar binding affinity to 
the dinuclear, tetracation Ru-Ru system, K\> ~  105 M'1. The complex also displays 
two order of magnitude enhancement in binding affinity relative to the 
mononuclear Re1 starting material. In contrast, the Ru-Ru complex gave no great 
enhancement to the binding constant observed, which is expected due to the 
length and flexibility of the dpp linker used.

3.2.4 Supramolecular Complexes

In the preceding section, the vast numbers of small molecule DNA recognition 
agents which usually bind through the minor groove or by intercalative mode 
have briefly reviewed. In contrast, supramolecular architectures could possibly
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interact with DNA in somewhat different binding modes, especially by binding in 
or around the major groove.162 Despite the lack of supramolecular DNA binding 
agents reported to-date, metallo-supramolecular assemblies are particularly 
attractive for the design of non-covalent DNA probes; as such systems would 
allow the chemists to bridge the size gap between traditional small molecule and 
larger biomolecule DNA recognition motifs.

In 1995, Schoentjes and Lehn reported163 early examples o f DNA binding 
properties o f supramolecular systems, involving a series o f double-helical 
polynuclear copper® complexes (Scheme 3.1).

Scheme 3.1: Copper® double helicates by Schoentjes and Lehn. Ligands shown as black 
and white strands; shaded circle represent Cu1.

It was postulated that these complexes bind to duplex DNA through the major 
groove of DNA although there are also possibilities o f multiple binding sites at 
higher concentration. This could be reasoned by the size compatibility between 
the complexes (17 A by 6 A) and the major groove of B-DNA. DNA melting 
experiments demonstrated that the binding affinity increases as a function of the 
helicate length and that GC rich sequences are preferentially bound. This is due
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to a better fit o f these helicates into the major groove GC rich duplexes. These 
complexes were also found to be capable of inhibiting the cleavage of DNA.

In 2001, Hannon and co-workers162 reported preliminary DNA binding studies on 
a racemic mixture a cylindrical tetracationic dimetallo triple-helicate, [Fe2L3]4+ 
(Scheme 3.2). Modeling studies suggested that this cylinder was too large to fit 
into the minor groove of B-DNA, but is the correct size and shape to fit into the 
major groove. The circular dichroism (CD) and linear dichroism (LD) studies 
reveal that the cylinder does bind to DNA, with a high affinity (Kb ~  10 M' ). 
The most striking effect revealed by atomic force microscopy (AFM) was that, 
even at moderate cylinder loading, DNA undergoes intramolecular coiling.

Scheme 3.2: The molecular structure of the ligand and the tetracationic triple helical 
supramolecular cylinder [F ^ ^sH ^oN ^lC h.

Hannon et a /.164 further investigated the enantioselectivity of binding for this 
complex. It was concluded that the resolved enantiomers of the iron(II) cyclinder 
display different binding modes. While the M-enantiomer preferentially lies in 
the major groove, the P-enantiomer lies along the surface of the minor groove, 
perhaps spanning the two phosphate backbones.
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In 2007, once again Hannon et a /.165 reported the luminescent ruthenium(II) 
triple-stranded helicate o f ligand L (Figure 3.26).

Figure 3.26: Ligand L.

The presence o f ruthenium metal centre facilitates the potential use o f these 
systems as luminescent DNA probes and enhances stability due to the inert nature 
of ruthenium(II). From CD and LD studies, it was concluded that the 
ruthenium(II) cylinder has a very similar bending/coiling effect on DNA, as 
iron(II) cylinder. The addition of CT-DNA into the ruthenium(II) cylinder 
solution induced a progressive emission enhancement and blue shift by about 
8 nm. The enhancement is more significant than the mononuclear [Ru(bpy)3]2+ 
which shows negligible enhancement upon binding to DNA, but less dramatic 
than [Ru(phen)2(dppz)]2+. Interestingly, the cylinder has also shown potential as 
anti-cancer agents; the cytotoxicity of this compound is just 2-5 times lower than 
those o f cisplatin.165

Later, the non-covalent DNA binding properties of a series o f platinum(II)-based 
metallacalix[4]arenes with formula [{Pt(en)(5-X-Hpymo)}4]4+ 
(en = ethylenediamine; X = H, Cl, Br or I; Hpymo = hydroxypyrimidine) were 
also reported.166 Fluorescence competitive binding experiments were carried out 
for this series o f  metallacalix[4]arenes with ethidium bromide (EB). It was found 
that, the first two complexes in the series with (X = H and Cl), respectively were 
not able to displace EB, thus indicating that the complexes bind with somewhat 
weaker affinity to CT-DNA. However, the bromide and iodide analogues interact 
strongly with CT-DNA, and thus displace the EB. The difference in binding 
strength was explained by the different conformation that these complexes 
possess. AFM studies were also carried out and reveal that at low complex
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loadings, these complexes only cause small amounts of kinking/coiling. In 
contrast, these complexes induce the formation of flexible CT-DNA filaments at 
higher loading.

Recently, Sleiman et al,167 have reported another class of supramolecular 
assemblies, platinum molecular square which display high binding affinity to 
quadruplex DNA, and indeed efficient telomerase inhibition (Figure 3.27). 
Molecular modeling suggested that this square is complementary in size with the 
G-quadruplex.

H,N—Pt—N
i \ — ,,NH2

Figure 3.27: Structure of the platinum molecular square.

The Thomas group has also reported a self-assembled kinetically locked, 
tetranuclear metallomacrocycle which interacts with duplex DNA  
(Figure 1.18 - Chapter 1). Binding to CT-DNA results in hypochromicity of the 
absorption spectra and quenching of the emission intensity, which contrast with 
negligible change in the emission of the mononuclear building block. Estimates 
for binding constant obtained from the titration experiments reveal in high 
affinity, Kb = 106 M”1, which is several orders o f magnitude higher than its 
mononuclear building blocks. Interestingly, the viscosity experiment carried out 
reveal that initially, the macrocycle induced very large decreases in the relative
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viscosity, suggesting some kind of bending/kinking in the duplex conformation. 
In contrast, these changes reverse at high [ligand]/[DNA] ratios. Given all these 
observations, it can be concluded that the complex bind in a novel external 
binding mode, but clearly more work is needed to fully delineate the nature of 
binding.

3.3 Analytical Techniques Used

Several different techniques were used to study the interactions of ligands with 
DNA. In the following section, a brief introduction o f each of these techniques is 
described.

3.3.1 Viscosity

Viscosity describes a fluid’s internal resistance to flow; an increase in the 
viscosity implies more resistance to flow. Hence, viscosity has become one of 
the essential methods to monitor the interaction of ligand with DNA. Relative 
viscosity is defined as the relation between the viscosity o f the solution and the 
viscosity o f the pure solvent. This can be calculated from the formula given 
below:

TJ =
t~ h

\  *o
(3.1)

where t is the observed flow time of the DNA and to is the flow time of the buffer 
alone. Viscosity data is usually presented as a graph of (rj/q0) 1/3 vs. 1/R where 
R = [DNA]/[ligand].

There are several effects on DNA viscosity that can describe the binding modes 
of a DNA-ligand. Typically, intercalators such as ethidium bromide and 
[Ru(phen)2(dppz)]2+ result in an increase in the relative viscosity of the
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DNA.123’ 169 However, a partial and/or non-classical intercalation process may 
results in bending/kinking of the DNA helix, with usually less dramatic (positive 
or negative) or negligible changes in the relative DNA viscosity.139 On the other 
hand, a groove binder which binds in the DNA grooves does not lengthen the 
DNA helix and thus should not increase viscosity.139

3.3.2 Continuous Variation Analysis (Job Plots)

The method of continuous variation designed by Job et al.170 uses a range of 
ligand-DNA ratios. This method accurately determines the number of drug(s) 
that bind to DNA or the number of base pairs required for drug binding 
(i.e. stoichiometry). The concentration of both reactants is varied, while the sum 
of their concentrations remains constant. Samples were prepared to give varying 
mole ratios from 0:1 to 1:0. The fluorescence intensities o f these samples were 
recorded at 25°C using a HORIBA Jobin Yvon FluoroMax-3 spectrometer. The 
change in fluorescence intensity is plotted against mole fraction of ligand and 
inflection points yield the stoichiometry o f the interaction.171

3.3.3 UV-Visible and Luminescence Titrations

A complex will be subjected to change in its microenvironment when interacting 
with DNA; from complete solvation in aqueous solution to a hydrophobic 
environment situated within the base pairs stack of the DNA grooves. One of the 
most common approaches to monitor the changes in microenvironment is by 
following the perturbations that occur in the UV-Visible spectrum of the complex 
upon binding to DNA. Typically, the hypochromic (decrease in absorption) and 
bathochromic (shift to longer wavelength) effects are seen during the binding 
process which is due to the perturbation of the metal centred MLCT band and the 
ligand centred band of the UV-Visible spectrum of the complexes.172

These effects are rationalised by stabilisation or destabilisation of the 
HOMO/LUMO orbitals involved in the binding process which triggered the 
alteration of the transition energy.
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Alternatively, luminescence emission from molecules can also quantify the 
interaction of DNA-ligand. The excited state luminescence emission spectra 
(both intensity and wavelength) are also sensitive to the microenvironment of the 
molecule. It is well known that polar water molecules can be efficient quenchers 
of excited state, particularly when they hydrogen bond to nitrogen donor sites of 
the complexes. Hence, binding to the hydrophobic interior of the grooves and the 
base stack serve as protection of the nitrogen atoms from bulk water molecules 
which results in enhancement of the emission intensity.83

3.3.3.1 Binding Curves and Models

When DNA is titrated into a solution of ligand with a known concentration, the 
change in absorption/emission intensity in the UV-Visible or luminescence 
spectrum is proportional to the fraction o f drug bound to the DNA. The fraction

y -  (A t ~  Alfa)
*  (A - A ' )of ligand bound (%) can be estimated from equation: v “ b> where Au is

the absorbance o f the free unbound ligand, Ab is absorbance of the fully bound 
ligand at saturation binding and Aobs is the observed absorbance at a given point. 
Similarly, for luminescence titration where the emission intensity o f the ligands

*  ( I  — I  \increase upon binding to DNA, the fraction bound is given by: K b u ’
where 70bs, 7U and 7b are the emission intensities of the observed, free and fully 
bound ligand respectively.

In 1949, George Scatchard173 constructed a linear binding isotherm from the 
hyperbolic binding data that fits with a least-squares regression analysis. 
Knowing the initial concentration of ligand, C\ and the fraction o f bound ligand at 
any given point, the concentration of bound ligand (Cb) can be calculated as 
Cb = %Ci. By simply rearrange equation Q  = Cb + Cf, the concentration of free 
ligand (Cf) can be calculated as Cf = Cj-Cb.
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Thus, the binding ratio r, where r is the ratio o f bound complex to total

concentration of DNA in base pairs can be determined as: r = ---- -— . Bindingv [DNA]
data can be fitted to a simple binding model, first proposed by Scatchard,173 

plotting the ratio of binding (r) against the ratio of binding to free ligand (r/Q)
using the equation: = K t (n - r ), where K\ is the intrinsic equilibrium constant

Cf
and n the number of DNA binding sites occupied by the bound ligand. This 
model works well for small ligands bound to non-interacting isolated binding 
sites on proteins. However, for more complicated systems, such as when using 
calf thymus DNA where potentially thousands o f overlapping sites are available 
for a ligand molecule to bind, the binding isotherm deviates from linearity. 
Clearly, another model is needed for this kind of system. It was not until 1974 
when McGhee and von Hippel174 proposed a non-linear model of Scatchard plots 
which accurately determining the binding constant and site size. However, this 
model works with a few assumptions. First, the model assumes that the binding 
sites on the lattice are isotropic which give equal probability o f the ligand 
molecule to choose any given site. It also assumed that there is no cooperativity 
between the lattice and the ligand. This indicates that a ligand has no preference 
for choosing free binding sites over one next to an already bound site. This

rnon-cooperative form can be demonstrated as —  = K .( 1 - n  r)
Cf

where K  is the intrinsic binding constant and n is the binding site size in base 
pairs.

1 - n r
l - ( n - l ) r

3.3.4 Isothermal Titration Calorimetry (ITC)

17cIsothermal titration calorimetry (ITC) is a titration technique used to determine 
the thermodynamic parameters of biochemical interactions.176,177 ITC is the only 
quantitative technique that can directly measure the binding constant, enthalpy 
changes and binding stoichiometry of the interaction between two or more
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components without the partitioning o f the components and subsequent 
spectroscopic determination of bound and free ligand concentration.178

3.3.4.1 ITC Experiment

The instrument is composed of two identical cells contained inside an isothermal 
jacket. Both cells are constantly held at a chosen experimental temperature 
throughout the duration of the experiment. One cell, the reference cell is filled 
with water (for aqueous experiment), while the other cell is filled with host for 
the interaction (DNA) and the syringe is filled with the guest (ligand). A 
schematic o f a modem micro-calorimeter is shown in Figure 3.28.

Figure 3.28: Schematic of a modern micro-calorimeter.

The cells are left to equilibrate at a desired experimental temperature before the 
syringe injects a certain volume of guest solution into the host solution at regular 
intervals. The host-guest interaction causes heat to be released or absorbed; 
producing a difference in temperature between the cells, and the heat energy 
which required to keep the cells in thermal equilibrium is measured. The raw 
power output which required for this thermal equilibrium between both cells is 
plotted versus time. The heat output is calculated by intergrating the peaks with 
respect to time and is then plotted against the molar ratio o f the interacting 
compounds.
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3.3.4.2 ITC Experiment Analysis

For a general bimolecular reaction, the association constant for the reaction is 
(where A is sample and B is the injectant):175

A +  B AB £  = _ L M L  (3 .2)
‘  [A][B]

[A],0,= [A ]  + [AB] (3.3)
[B]tol=[B] + [AB] (3.4)

Substituting equation (3.3) and (3.4) into equation (3.2) will give:

_______________ [AB]_______________
-  [AS]([SL + [A]„, )+ [AS]2 (3.5)

[S ]„  H A ]„  + - -
[AB] =

[ S L + [ A L + i ]  -4[A ]ra[S]„K . (3.6)

Differentiation and rearrangement o f (3.6) leads to:

Q m  _  i 1 
m »  2

lA ]tot -
[BLt +[A]fof + - ^

p L + [ A ] (0( + ^ ) 2 -4 [B ] tJ A ] t0(
(3.7)
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Since for each injection the heat absorbed or released is proportional to the 
change in [AB]:

dq = V-AH °-d[AB] (3.8)

where V is the volume in sample cell and AH0 is the enthalpy of binding. 

Therefore substituting into equation (3.7):

(  1 >

[ A ] tot ~
[B]«+[A]W+ ^

2

-L (A ,M B U = a h \ . , - -
* 0

1 -U V )

2 ^([B J„+M L+i>J-4 fB U 4]„
(3.9)

Binding curves can be generated from equation (3.9),175 and therefore the binding 
constant and enthalpies for the interaction can be calculated.

The free energy change for a reaction can be calculated from the equilibrium 
binding constant:

AG° = -RTln K  (3.10)

where AG° is the Gibbs free energy, T the temperature in Kelvin and R is the gas 
constant (1.98 x 103 kcal mol"1 K"1). Knowing AG° and AH0 we can then 
calculate the entropy of the interaction, AS0:

AG°=AH0-TAS° (3.11)
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3.4 DNA Binding Results of Ruthenium(II) Complexes

As a reminder, complexes discussed in this study are shown in Figure 3.29.

Figure 3.29: Complexes discussed in this study.
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3.4.1 V isco s ity

A classical intercalation model results in lengthening in the DNA helix, as base 
pairs are separated to accommodate the binding ligand, leading to the increase of 
DNA viscosity. However, a partial and/or nonclassical intercalation of complex, 
such as [Ru(phen)3]2+, may bend DNA helix, reduce its effective length and, 
concomitantly, its viscosity.122' 140 In addition, some complexes such as 
[Ru(bpy)3]2+, which interacts with DNA by an electrostatic binding mode, have 
no influence on DNA viscosity.179 The effects o f ruthenium(II) polypyridyl 
complexes on the viscosity o f CT-DNA are showed in Figure 3.30.

Figure 3.30: Relative viscosity of CT-DNA upon addition of [2.6], [2.7], [2.8], [2.9], [2.10] 

and [2.11] (27 °C, 5 m \I Tris buffer, 25 mM NaCl, pH 7.0; viscosity of [2.6] was performed 

in 5 % methanolic buffer due to limited solubility).

On increasing the amounts of [2.6], [2.7], [2.8], [2.9], [2.10] and [2.11], the
relative viscosity of DNA increases, indicating that all these complexes interact 
with CT-DNA via intercalation. A similar complex to [2.6], 
[Ru(L)(dppz)2](PF6)4 (L = 5,5’-di(l-(trimethylammonio)methyl)-2,2’-dipyridyl) 
was also reported by Mao et a /.,180 which indeed showing an intercalative mode

109



of binding to CT-DNA. The difference in viscosity changes probably being 
caused by the different ancillary ligands incorporated in the series. Compound 
[2.6] produces large increases in the relative viscosity when bound to CT-DNA. 
The steric demand of the dppz complex causes the greatest DNA lengthening.

3.4.2 Continuous Variation Analysis (Job Plots)

The continuous variation analysis (Job Plots) method can be used to estimate the 
binding stoichiometries between the interactions of compound with DNA. This 
was done by following the changes in emission intensities of the mixtures upon 
excitation at the wavelength characteristic of the MLCT band of the compound. 
Figure 3.31 shows the Job plots for the interaction of [2.6], [2.10] and [2.11] 
complexes with CT-DNA (data is normalised for clarity).

Figure 3.31: Job plots for the interaction of [2.6], [2.10] and [2.11] with CT-DNA.

Figure 3.31 shows the intersection point for [2.6] was at 0.18 which is equivalent 
to stoichiometry of 4.6 mol o f base pair per mol of complex. While the inflection 
point for [2.10] was 0.22 and for [2.11] was 0.25, being equivalent to a
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stoichiometry of 3.5 and 3 mol of base pair per mol of complex respectively 
(data are summarised in Table 3.2). However, complex [2.9] consistently gave 
more than two binding stoichiometries (Figure 3.32). This result is consistent 
with the binding isotherms produced from the Isothermal Titration Calorimetry 
experiment of this complex which showed three modes of binding - vide infra in 
Section 3.3.5.

Figure 3.32: Job plots for the interaction of [2.9] with CT-DNA.

Since [2.7] and [2.8] show slight changes in the emission upon addition of 
CT-DNA, a Job plot was constructed using UV-Visible experiment. This was 
done by following the changes in absorption of the mixtures at wavelength where 
the complex absorbed strongly. Figure 3.33 shows the Job plots for the 
interaction of [2.7] and [2.8] complexes with CT-DNA (data is normalised for 
clarity). Both the intersection point for [2.7] and [2.8] were at 0.5, being 
equivalent to a stoichiometry of 1 mol of base pair per mol of complex.
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Figure 3.33: Job plots for the interaction of [2.7] and [2.8] with CT-DNA.

Table 3.2: Binding stoichiometries for the interaction of ruthenium(II) polypyridyl 

complexes with CT-DNA obtained by continuous variation analysis.

Compound N (bp)

[2.6] 4.6

[2.7] 3.5

[2.8] 3.0

[2.9] 1.0, 2.0, 9.0

[2.101 1.0

[2.11] 1.0

3.4.3 UV-Visible Titrations

The interaction o f the ruthenium(II) complexes with CT-DNA were studied using 
UV-Visible spectroscopy. Upon increasing concentrations of DNA, all of the 
absorption bands of the complexes displayed clear hypochromicities although no 
large red shift was observed. As an example, the spectral changes of [2.1] upon 
addition of CT-DNA are shown in Figure 3.34.
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Figure 3.34: UV-Visible titration of [2.7] with CT-DNA. (25 °C, 5 mM Tris buffer,

25 mM NaCl, pH 7.0).

The addition of CT-DNA resulted in hypochromism for the absorptions at 
225 nm, 263 nm and 474 nm for complex [2.7] and when saturation is close, the 
band at 474 nm also showed a small bathochromic shift. Hypochromicity and 
bathochromic effects are typically observed when aromatic chromophores stack 
between the DNA base pairs, and are indicative of the interaction between the 
7t-orbitals o f the ligand and the DNA base pairs.181, 182 Nair et a /.183 have also 
postulated that the extent of hypochromism is relative to intercalative binding 
strength.

As the concentration of CT-DNA is increased, hypochromism at 278 nm and 
468 nm is observed for complex [2.6]. The lower energy band also displays a 
bathochromic shift on approaching binding saturation. Addition of CT-DNA to
[2.8] leads to similar changes to [2.6] and [2.7], with the bands at 246 nm, 
288 nm and 463 nm showing a high degree o f hypochromicity. However, there is 
only small red shift for the lower energy band upon saturation.
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To study further the interaction o f these molecules with DNA, changes in the 
bands at 278 nm for [2.6], 263 nm for [2.7] and 288 nm for [2.8] were monitored 
and binding curves were constructed using these data, see Figure 3.35. The 
binding curves indicate that in all cases, saturation binding takes place.

R

Figure 3.35: Binding curves obtained by UV-Visible titrations for [2.6], [2.7] and [2.81 

binding to CT- DNA (25 °C, 5 mM Tris buffer, 25 mM NaCl, pH 7.0).

The hypochromisms of [2.6], [2.7] and [2.8] on addition o f CT-DNA were used 
to construct a Scatchard plot, which was then fitted to the McGhee-von Hippel 
model,17' Figure 3.36. The Scatchard plots were constructed from the binding 
data between 30 % and 95 % fraction bound. The model fitted the data well in all 
cases and the R2 value for the non-linear least squares fit was > 0.95. The data 
are summarised in Table 3.3.
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Figure 3.36: Scatchard plots with McGhee-von Hippel best Fits obtained by UV-Visible 

titrations for [2.61, [2.7] and [2.8] binding to CT-DNA. (25 °C, 5 mM Tris buffer,

25 mM NaCl, pH 7.0).

Binding constants for the interaction o f these complexes with CT-DNA are in the 
micromolar range similar to other Ru(II) complexes.83,139' 184 The binding sites 
sizes for the interaction of these complexes with CT-DNA are between 1 and 2 
mol of base pair per mol of complex.

We have also investigated the interaction of the pyridinium complexes with 
CT-DNA by following changes in the UV-Vis spectra. Figure 3.37 shows a 
typical titration o f [2.10] with CT-DNA.
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Figure 3.37: UV-Visible titration of [2.10] with CT-DNA. (25 °C, 5 mM Tris buffer,

25 mM NaCl, pH 7.0).

Figure 3.37 shows a decrease in absorption for [2.10) upon addition of CT-DNA 
in aqueous buffer. There are distinctive bands at 243 nm, 289 nm, 429 nm and 
496 nm, which all reduce in absorbance.

The addition of CT-DNA to [2.9] also resulted in changes in the UV-Vis 
spectrum, with hypochromicity being observed at 278 nm, 365 nm and 490 nm. 
Addition of CT-DNA to [2.11] leads to similar changes, with the bands at 
222 nm, 261 nm, 422 nm and 495 nm showing a high degree of hypochromicity. 
Previously, Baker et al. have reported185 that [2.11] shows hyperchromic effect 
on the MLCT band upon binding with CT-DNA. In contrast, on our hand we 
observed a hypochromic effect on the MLCT band upon titration with CT-DNA. 
Presumably this is due to different salt concentration used in both experiments; 
however our result is consistent with the other complexes in the series. As 
mentioned earlier, all these hypochromicity and bathochromic effects are 
typically observed when aromatic ligands stack between the DNA base pairs.
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To further the study of the interaction o f [2.9], [2.10] and [2.11] with DNA, 
changes in the bands at 278 nm, 289 nm and 261 nrn respectively were monitored 
and used to construct binding curves, see Figure 3.38. All binding curves 
indicate that saturation binding has taken place.

R

Figure 3.38: Binding curves obtained by UV-Visible titrations for [2.9], [2.10| and [2.11] 

binding to CT-DNA. (25 °C, 5 mM Tris buffer, 25 mM NaCl, pH 7.0).

Fitting of the titration data into the McGhee-von Hippel model174 produces a 
non-linear Scatchard plots, Figure 3.39. The Scatchard plots were constructed 
from the binding data between 30 % and 95 % fraction bound. The model fitted 
the data well in all cases and the R~ value for the non-linear least squares fit was 
> 0.95. The data are summarised in Table 3.3.
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Figure 3.39: Scatchard plots with McGhee-von Hippel best fits obtained by UV-Visible 
titrations for [2.91 and [2.10| binding to CT-DNA. (25 °C, 5 mM Tris buffer, 25 mM NaCl,

pH 7.0).

Attempts to obtain binding parameters using the absorption data of [2.11] and 
McGhee-von Hippel model produced poor fits. Thus, binding constant was 
determined from equation (2) through a double-reciprocal plot of the change in 
the apparent extinction coefficient of the ligand vs. DNA concentration. The

i orequilibrium binding constant, Kb can be determined from this plot when r, the 
ratio of bound ligand to DNA base pairs, is near zero. This is represented by the 
equation:

1 1 1
---------= ---------------+  —  ( 1)A£op A£ KD Ae v '

Where A£ap = (fa ~ £ f ), Ae = ( f 6 - f / ), and £a, £f and £b are the apparent,
free and bound ligand extinctions, respectively. D is the DNA concentration in 
base pairs for native DNA and in potential base pairs (half the concentration of 
bases) for denaturated DNA.
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Multiplying by D  puts the equation in the half-reciprocal form:

D
Asap

_D_
As + (A sK)'1 ( 2 )

A  plot o f ^—vs.D will have a slope of —  and a y intercept equal to — — . K y  A s  * AsK
is then given by the ratio o f the slope to the y intercept.

Table 3.3: Summary of binding data for [2.6], [2.7], [2.8], [2.9], [2.10] and [2.11] with 
CT-DNA obtained by UV»VisibIe titrations.

Compound K b /mol'1 dm3 S/bp %H
[2.6 r j 7.75 ± 1.52 x 105 1.21 ±0.09 40.4
[2.7] 8.40 ± 0.60 x 105 1.37 ±0.05 32.9
[2.8] 2.00± 0.30 x 105 2.00 ± 0.08 15.1
[2.9] 2.66 ± 0.80 x 106 1.38 ±0.05 40.0

[2.10] 1.67 ± 0.20 x1 0s 3.26 ±0.07 42.6
[2.11] 1.00 x 10s - 27.0

(Where % H is the percent of the hypochromism, %  H=[(Axidna1=0- A / )NA1=sat)/ AxtDNA1=0] x 100). 
(,) Titration perfomed in 5 %  methanolic buffer due to limited solubility.

Analysis o f the Scatchard plot shows that the binding affinity o f the A-methylated 
complexes is about 2 - 5  fold higher than those non-methylated complexes. This 
clearly shows that the binding affinity o f the complexes increased upon changing 
the charge o f the complex from +2 to +4, thus indicates that there is a 
contribution o f electrostatic interactions for the pyridinium complexes with 
CT-DNA. Indeed, the binding affinity for the pyridinium complexes are 
comparable142,187 to that reported for [Ru(phen)2(dppz)]2+ and other Ru(II)-dppz 
and Ru(II)-dppn complexes. The site sizes obtained are 1.38 bp and 3.26 bp per 
ligand for [2.9] and [2.10], respectively.
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Previously, Baker et a/.185 reported that the binding constant for similar 
compound [2.8] and [2.11] with CT-DNA in 5 mM TRIS buffer, 50 mM NaCl, 
pH 7.4 were (1.3 + 0.2) x 104 and (2.8 ± 0.6) x 104, respectively. However, we 
observed that the binding constant for these complexes in 5 mM TRIS buffer, 
25 mM NaCl, pH 7.0 were higher than those observed by Baker et al. 
Presumably this is due to low salt concentrations used in our studies, the salt 
concentration dependence experiments were carried out for further investigations 
(see Section 3.3.5). The site size reported185 for [2.8] is consistent with ours, 
which is 2 - 3 base pairs per ligand.

3.4.4 Luminescence Titrations

The luminescence has been examined previously in water and in acetonitrile. All 
of the complexes luminesce brightly in acetonitrile but weakly in water especially
[2.6] and [2.9] with dppz units as the ancillary ligands. The changes in 
luminescence emission intensity were apparent on binding the [2.6], [2.9], [2.10] 
and [2.11] to CT-DNA. Luminescence titrations were carried out using 
excitation wavelengths into the MLCT band of the molecules. The emission of
[2.6] increased upon addition of CT-DNA. Figure 3.40 shows a typical titration 
of [2.6] with CT-DNA, with emission blue shifts about 26 nm compared to the 
unbound cation.
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Figure 3.40: Luminescence titration of [2.6] with CT-DNA. (25 °C, 5 mM Tris buffer,
25 m \I NaCl, pH 7.0).

Emission intensities are essentially unchanged for [2.81. This result is consistent
IOCwith report by Baker et al. which observed no emission change upon titration 

of CT-DNA into the solution of [2.8], The analogous titration involving [2.7] 
results in a similar observation, with slight changes in the emission intensity. 
This observation suggests that [2.7] and [2.8] complexes interact with CT-DNA 
in a somewhat similar way. Space filling studies185 on [2.8] have shown that this 
ligand would not be accommodated symmetrically within the major groove of 
DNA due to the size of the ligand. The exposure to solvent might explain the 
lack of change in emission of [2.7] and [2.8],

The binding curve derived from the luminescence data for the interaction of [2.6] 
with CT-DNA is shown in Figure 3.41. Once again, it shows that saturation 
binding has taken place. The data was then fitted to the McGhee-von Hippcl 
model174 (Figure 3.42). Binding parameters obtained from fits of the raw data 
are summarised in Table 3.4.
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Figure 3.41: Binding curve obtained by luminescence titrations for [2.6] binding to 
CT-DNA. (25 °C, 5 mM Tris buffer, 25 mM NaCl, pH 7.0).

Figure 3.42: Scatchard plots with McGhee-von Hippel best fits obtained by luminescence 
titrations for [2.6] binding to CT-DNA. (25 °C, 5 mM Tris buffer, 25 mM NaCl, pH 7.0).

The binding constant and the site size obtained front luminescence titration is in 
good agreement with those obtained from UV-Visible absorption experiments. 
This confirm that [2.6] binds to DNA with reasonably high affinity
(>105 mol'1 dm3).
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The analogous titrations were carried out for the pyridinium complexes [2.9],
[2.10] and [2.11] with CT-DNA. The emissions for [2.9], [2.10] and [2.11] were 
increased upon addition of CT-DNA. Figure 3.43 shows a typical titration of
[2.9] with CT-DNA.

Figure 3.43: Luminescence titration of [2.9] with CT-DNA. (25 °C, 5 mM Tris buffer,
25 mM NaCl, pH 7.0).

Again, the emission was blue shifted about 20 nm upon saturation binding of
[2.9] to CT-DNA. The raw data obtained from the emission titrations was used 
to construct binding curves (Figure 3.44) for the interaction of [2.9], [2.10] and
[2.11] with CT-DNA, which were in turn fitted to the McGhee-von Hippel 
model174 (Figure 3.45).
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R
Figure 3.44: Binding curves obtained by luminescence titrations for [2.9), [2.10| and [2.11] 

binding to CT-DNA. (25 °C, 5 mM Tris buffer, 25 mM NaCl, p li 7.0).

Figure 3.45: Scatchard plots with McGhee-von Hippel best fits obtained by luminescence 
titrations for [2.9], [2.10] and [2.11] binding to CT-DNA. (25 °C, 5 m \l  Tris buffer,

25 mM NaCl, pH 7.0).
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Table 3.4: Summary of binding data for [2.6], [2.9], [2.10] and [2.11] with CT-DNA obtained
by luminescence titrations.

Compound K b /mol'1 dm3 S /bp
[2.6]ta> 7.51 ± 0.70 x 103 1.20 ±0.04
[2.9] 1.33 ± 0.10 x 106 1.33 ±0.03
[2.10] 3.86 ± 0.73 x 106 1.91 ±0.06
[2.11] 1.28 ± 0.36 x 106 1.49 ±0.04

w Titration performed in 5 % methanolic buffer due to limited solubility.

The fitting offers a good agreement with UV-Visible titration * see Table 3.3. 
Similar to the observations for the UV-Vis absorption experiments, comparing
[2.6] and [2.9], reveals that binding affinities increase as the overall charge on the 
complex ion rises from +2 to +4. Since the overall charge on [2.11] increases, 
Baker et a /.185 suggested that the interaction is no longer intercalative, but is 
based on electrostatic mode. However, viscosity studies obtained for [2.11] give 
evidence of intercalative interaction for this type o f complex.

3.4.5 Isothermal Titration Calorimetry (ITC)

A direct determination for the binding enthalpy o f [2.7], [2.8], [2.10] and [2.11] 
with CT-DNA was achieved using isothermal titration calorimetry at 25°C. 
Titration of [2.6] into CT-DNA formed a precipitate during the course o f the 
titration and so no valuable ITC data were obtained. Figure 3.46 and 
Figure 3.47 show typical ITC data for the interaction o f [2.7], [2.8], [2.10] and
[2.11] with CT-DNA.
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Figure 3.46: ITC raw data for the interaction of CT-DNA with; (A) [2.7| and (B) [2.8] in 
5 mM Tris, 25 mM NaCI, pH 7.0 at 25°C.
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Figure 3.47: ITC raw data for the interaction of CT-DNA with; (A) [2.10] and (B) [2.111 in 
5 mM Tris, 25 mM NaCI, pH 7.0 at 25°C.

These data were best fit using a single set of identical binding sites model. A 
comparison of the enthalpic and entropie contributions to the binding o f [2.7], 
[2.8], [2.10] and [2.11] with CT-DNA is summarised in Figure 3.48.
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-10 [2.7] [2.8] [2.10] [2.111
□  AH (keal/mol) -5.37 -9.59 \ -7.80 -3.86
■  (-TAS) (keal/mol) -2.04 2.73 I 0.23 -3.37
□  AG (keal/mol) -7.41 -6.86 I -7.57 -7.23

Kb, (X10E+05) M-l 2.69 1.06 1 3.59 2.00

Figure 3.48: ITC thermodynamic data for the interaction o f [2.71, [2.8|, [2.10] and [2.1 lj 
with CT-DNA at 25°C. (Enthalpy values were measured directly using ITC and the 

standard relationship AG = AH - TAS was used to compute changes in entropy).

The interaction of these complexes with CT-DNA showed favourable enthalpy. 
The DNA binding thermodynamics of [2.71 and [2.11] are unusual since binding 
is both entropically and enthalpically favourable. However, the binding of [2.8] 
is almost entirely enthalpically driven with the entropy change being 
unfavourable. This effect is also seen in the binding interaction of [2.10] with 
CT-DNA, with large changes in the enthalpy and small unfavourable entropy 
change.

In all cases, negative AH were obtained which is likely if the complex is 
stabilised by hydrogen bonding as well as van der Waals interactions.184 The 
negative AH is also typical for intercalation where stacking interactions with 
DNA base pairs stabilise the ligand-DNA complex. For example, enthalpy value 
of -10.4 and -8.8 keal/mol has been determined for daunomycin and ethidium 
bound to DNA, respectively.188, 189 There is also a possibility that there may be 
some fraying of the duplex structure, specifically at the very ends of the helix
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which in turn representing a significant source of favourable enthalpy due to the 
binding of ligand molecules at these sites may induce formation o f  a native-like 
structure.184 While the positive TAS obtained for [2.7] and [2.11] is consistent 
with hydrophobic interactions, where nonpolar groups are buried and made 
inaccessible to polar solvent.

The site size, obtained from ITC for [2.7], [2.S], [2.10] and [2.11], are much 
smaller than those obtained from spectroscopy titrations and this is one reason 
why a Job plot experiments were conducted, vide ultra. The value o f ATb derived 
from the ITC experiments for [2.7] and [2.8] agree very well to that obtained 
from spectroscopic titrations. However, the ATb value derived from the ITC 
experiments for [2.10] and [2.11] are five fold lower than those obtained from 
spectroscopy titrations. There are several explainations for this observation.

The discrepancy between ITC and spectroscopic obtained binding parameters is 
because data are fitted to different binding models. For absoiption/luminescence 
titration, the binding isotherms are fitted by using the neighbour exclusion model, 
which assumes DNA is a lattice of identical and non-interacting potential binding 
sites where ligand binding to any sites excludes neighbour sites. However, the 
ITC model uses a single set of identical binding sites. This means that generally 
the ITC estimates of £ b are lower than the more accurate figures obtained by 
spectroscopic titrations. However, the aim of conducting ITC experiments was 
not to obtain another estimate of binding affinity, but to allow the enthalpic and 
entropic components to the free energy of binding to be determined.

Figure 3.49 shows two experiments merged together to complete the binding 
isotherm for [2.9] with CT-DNA. The titrations were not able to be completed in 
one experiment. Thus, the syringe was reloaded with ligand and the titration 
immediately continued after the first nineteen injections. This is due to the 
limited solubility o f the ligand and the fact the syringe can only hold a fixed 
volume of liquid. The data were then combined using ConCat32, a program 
specifically designed by Microcal for this purpose.
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The binding of [2.9] to CT-DNA showed three modes of binding (Figure 3.49). 
This is consistent with more than two binding stoichiometries observed from the 
Job plots experiment. It is impossible to fit data for such a situation using 
commercially available software, because it only allows us two sets of binding.

Time (min)
0 50 100 150 200

Molar Ratio

Figure 3.49: ITC raw data for the interaction of CT-DNA with [2.9|.

Salt concentration dependence experiments were conducted using ITC with 
different salt concentrations ranging from 25 - 100 mM NaCl at 25°C. 
Figure 3.50 shows that for this system, log Kb is a linear function of log [Na+].
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Figure 3.50: Log plot of binding constant, Kh for the interaction of [2.7|, [2.81, [2.101 and 
[2.111 with CT-DNA as functions of the Na+ concentration.

Clearly, Figure 3.50 shows that an increase in salt concentration reduces the 
binding constant of [2.7], [2.8], [2.10] and [2.11] to CT-DNA. This correlates 
well with the polyelectrolyte theory; that is the binding constant is sensitive to 
ionic strength. Work by Record and Manning have shown that the higher the salt 
concentration the lower the binding constant.184, 190, 191 This is exactly what we 
observed. Upon increasing the salt concentrations, there is concomitant decrease 
in the binding constant, Kb. From the relationship between the binding constant, 
Kb and the salt concentrations, we can see that the electrostatic interaction does 
not contribute much in the binding interaction of [2.10] with CT-DNA.

Duplex DNA comprises highly negatively charged lattices, which in the presence 
of cations, will be neutralised. The cations are condensed around the DNA and 
are non-specifically bound to DNA. This means that the positively charge ligand 
will have to compete with the cations for a site on the DNA. Thus the cations 
and ligand binding are thermodynamically linked, and the binding of one 
influences the binding o f the other.188
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3.4.6 Luminescence Lifetime

Lifetime measurements were also performed to give us some indication of the 
DNA binding interaction with all the complexes. Data are summarised in 
Table 3.5.

Table 3.5: Lifetime data for [2.6], [2.7], [2.8], [2.9], [2.10] and [2.11] in 5 mM Tris,
25 mM NaCl, pH 7.0 at 25° C.

Compound t “ ,  n s T b,  n s

[ 2 . 6 ] 60“; 10“ 118°; 23“
[2.7] 716 657
[ 2 . 8 ] 413 497
[2.9] 224c; 63d 868°; 347d

[ 2 . 1 0 ] 68 208
[ 2 . 1 1 ] 61 196

‘Lifetime at binding ratio of [CT-DNA bp]/[Ru] 0:1. "Lifetime at binding ratio of 
[CT-DNA(bp)]/[Ru] saturated: 1. cFirst component. dSecond component. (All solutions are 
degassed unless otherwise stated)

For all complexes, the lifetimes were recorded in the absence o f CT-DNA and in 
the presence o f saturated CT-DNA (saturation points were determined from the 
luminescence titration experiments). The decay profiles for both dppz complexes 
fitted well to a biexponential curve corresponding to two lifetimes for [2.6] and
[2.9]. When the binding ratio o f [CT-DNA(bp)]/[Ru] varied from 0:1 to 
saturated: 1, the excited lifetime increased from 60 ns and 10 ns to 118 ns and 
23 ns for [2.6] and from 224 ns and 63 ns to 868 ns and 347 ns for [2.9], The 
trace obtained for [2.7], [2.8], [2.10] and [2.11] fitted well to a monoexponential 
curve corresponding to one lifetime for these complexes. Both compounds [2.7] 
and [2.8] show slight changes in the luminescence lifetimes as observed from the 
luminescence titrations. On the other hand, when the binding ratio of 
[CT-DNA(bp)]/[Ru] varied from 0:1 to saturated: 1, the excited lifetime increased 
from 68 ns to 208 ns for [2.10] and from 61 ns to 196 ns for [2.11], It is clearly 
shown that upon binding with CT-DNA, the excited-state lifetimes were
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increased for [2.6], [2.9], [2.10] and [2.11], consistent with the observed 
enhancement in emission upon binding. However, there is no distinct changes in 
the lifetime of [2.7] and [2.8] upon binding with CT-DNA and this is also 
consistent with the steady state studies.

3.5 DNA Binding Results of Rhenium(I) Complexes

W e were interested in investigating the DNA binding properties o f the 
rhenium(I) qtpy-based complexes with CT-DNA due to the fact that they only 
contain a single “chromophoric” diimine ligand and thus there is no ambiguity 
with respect to the acceptor ligand that is involved in the interaction with DNA. 
However, only two of the rhenium complexes, [2.14] and [2.15] have been 
studied due to poor solubility o f the neutral [2.12] and +1 charge [2.13] species in 
buffer. As a reminder, complexes discussed in this study are shown in 
Figure 3.51.
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3.5.1 V isco sity

As previously mentioned a major feature of intercalating ligands is the 
lengthening o f the DNA helix which ultimately increases the viscosity o f DNA. 
The mode of binding for [2.14] and [2.15] to CT-DNA was studied using 
viscometry. Figure 3.52 shows that the relative viscosity o f CT-DNA increases 
with increasing amounts o f [2.14] and [2.15], This provides strong evidence that 
these ligands bind to DNA by intercalation.

1/R (R=[DNAl/[Ligandl)

Figure 3.52: Relative viscosity of CT-DNA upon addition of [2.141 and [2.15] to CT-DNA 
using 5 mM TRIS, 25 mM NaCl, pH 7.0 at 27’C.

These results are very interesting as they indicate that the qtpy ligand is 
intercalated between the base pairs. Previous work by Barton et al.m  has 
proposed a plausible model for partially intercalated diphenylphcnanthroline 
(DIP) groups. Due to the structure similarity between DIP ligand and qtpy 
ligand, we believed that the qtpy ligand is bound to CT-DNA in a similar way to 
the DIP moiety.
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3.5.2 C o n tin u o u s V a r ia tio n  A n a ly s is  (Job  P lo ts)

The continuous variation analysis (Job plots) experiments were carried out to 
determine the binding stoichiometries between the interactions of [2.141 and 
[2.15] with CT-DNA. Data are summarised in Table 3.6. This was done by 
following the changes in emission intensities of the mixtures upon excitation at 
the wavelength characteristic of the MLCT band of [2.15]. Figure 3.53 shows 
the Job plots for the interaction of [2.15] with CT-DNA (data is normalised for 
clarity).

Figure 3.53: Job plots for the interaction of [2.15] with CT-DNA.

Figure 3.53 shows the intersection point for [2.15] was at 0.4 which is equivalent 
to stoichiometry of 1.5 mol o f base pair per mol o f complex. Since the complex 
[2.14] gives no emission enhancement upon addition o f CT-DNA, a Job plot was 
constructed using UV-Visible experiment. This was done by following the 
changes in absorption of the mixtures at wavelength where the complex absorbed 
strongly. Figure 3.54 shows the Job plots for the interaction of [2.14] with
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CT-DNA (data is normalised for clarity). The intersection point for [2.14] was at 
0.25, being equivalent to a stoichiometry o f 3 mol o f base pairs per mol of 
complex.

Figure 3.54: Job plots for the interaction of [2.14] with CT-DNA.

Table 3.6: Binding stoichiometries for the interaction of rhenium(I) polypyridyl complexes 
with CT-DNA obtained by continuous variation analysis.

Compound N (bp)
[2.14] 3.0
[2.15] 1.5

3.5.3 UV-Visible Titrations

The interaction for [2.14] and [2.15] with CT-DNA has been analysed using 
absorption spectroscopy. Figure 3.55 displayed clear hypochromicities in the 
absorption bands for [2.14] upon addition o f CT-DNA in aqueous buffer.
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1.2

Figure 3.55: UV-Visible titration of [2.14] with addition of CT-DNA using 5 inM TRIS,
25 mM NaCl, pH 7.0 at 25 C.

There are distinctive bands at 253 nm, 322 nm and 391 nm, which all reduce in 
absorbance, with hypochromism (24.9 %) at 253 nm. This feature is 
characteristic of [2.141 -  CT-DNA binding interactions.

The absorption bands for [2.151 decreases with increasing concentrations of 
CT-DNA (Figure 3.56). Again, there are distinctive bands at 252 nm, 323 nm 
and 389 nm which all reduce in absorbance. The wavelength band at 389 nm 
displays a bathochromic shift approaching binding saturation. All these features 
are indicative of [2.15] -  CT-DNA binding interactions. With prior evidence 
from viscosity, these spectral changes illustrate an intercalative mode of binding.
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Figure 3.56: UV-Visible titration of [2.15] with addition of CT-DNA using 5 mM TRIS,
25 mM NaCl, pH 7.0 at 25 C.

The changes in the band at 253 nm for [2.14] and at 252 nm for [2.151 were 
monitored and binding curves were constructed using these data, see Figure 3.57 
and Figure 3.58. The binding curves indicate that in all cases, saturation binding 
had taken place.

1.0

0.8 T3
!  0.6 c o 3 
«£0.4 

0.2 

0.0

Figure 3.57: Binding curve obtained from UV-Visible titration for [2.141 with CT-DNA 
(5 mM TRIS, 25 mM NaCl, pH 7.0, 25°C).
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Figure 3.58: Binding curve obtained from UV-Visible titration for [2.15] with CT-DNA 
(5 mM TRIS, 25 mM NaCl, pH 7 .0 ,25°C).

The hypochromisms of [2.14] and [2.15] on addition of CT-DNA were used to 
construct a Scatchard plot, which was then fitted to the McGhee-von Hippel 
model,171 Figure 3.59. The Scatchard plots were constructed from the binding 
data between 30 % and 95 % fraction bound. The model fitted the data well in all 
cases and the R2 value for the non-linear least squares fit was > 0.95. The data 
are summarised in Table 3.6.
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Figure 3.59: Scatchard plots fitted to the M cG hee-von Hippel model using UV-Visible 
titration data from [2.14] and [2.15] binding to CT-DNA in 5 mM TRIS, 25 rnlVl NaCI,

pi I 7.0.

Analysis of the Scatchard plot shows that [2.14] binds to CT-DNA with a binding 
constant o f 6.82 x 105 M 1 and a stoichiometry o f 3.16 bp per ligand, whereas 
[2.15] has a higher binding constant o f 1.13 x 106 M'1 and a lower stoichiometry 
of 1.2 bp per ligand. The stoichiometries obtained for both [2.14] and [2.15] are 
in good agreement with those obtained from Job plots experiments. 
Re1 complexes [2.14] and [2.15] bind with affinities that are comparable, if not 
higher than that of [Ru“(qtpy)]2+ analogues and the ancillary ligands of the Re1 
centre present the least steric demand of all. Indeed, previous studies193 on 
[(CO)3MeCNRe]+ extended terpyridyl complexes indicate binding affinity in the 
105M 1 range.
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Table 3.7: Summary o f binding data for [2.14] and [2.15] with CT-DNA obtained by
UV-Visible titrations.

Compound K b l m o Y { dm 3 S /lip %H
[2.141 6.82 ± 0.53 x 105 3.16 + 0.08 24.9

[2.15] 1.13 + 0.25 x 106 1.22 + 0.03 47.1

(Where %H is the percent of the hypochromism, %H=[(AxIDNA,=0 - a x|UNA,' sat)/ a x|DNA1=0] x  100).

3.5.4 Luminescence Titrations

Luminescence titrations were carried out using a procedure similar to the 
UV-Visible titrations. The changes in luminescence intensities for the interaction 
of [2.14] and [2.15] upon addition of CT-DNA were measured using the 
excitation wavelength characteristic of each metal complex at 25°C. The 
emission of [2.15] was found to be enhanced upon addition of CT-DNA and no 
shifting of emission wavelength upon saturation binding. Figure 3.60 shows 
typical luminescence titrations of [2.15] with CT-DNA.

Figure 3.60: Luminescence titration o f [2.15] with CT-DNA. (25 °C, 5 m M  Tris buffer,
25 mM NaCl, pH 7.0).
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Surprisingly, there is no emission for [2.14] in buffer solution and the emission 
was not switched on upon addition of CT-DNA. However, viscosity 
measurements established that this complex intercalates between the base pair of 
DNA and UV-Visible titrations indicate an affinity in the range o f 105 M

The binding curve for the interaction of [2.15] with CT-DNA is shown in 
Figure 3.61. Once again, it shows that saturation binding has taken place. 
Binding parameters obtained from fits to the McGhee-von Hippel model171 arc 
summarised in Table 3.8. The Scatchard plot was constructed from the binding 
data between 30 % and 95 % fraction bound (Figure 3.62). The model fitted the 
data well and the R2 value for the non-linear least squares fit was > 0.95.
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Figure 3.61: Binding curve obtained by lum inescence titrations for [2.15] binding to 
CT-DNA. (25 °C, 5 mM Tris buffer, 25 m M  NaCl, pH 7.0).
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Figure 3.62: Scatchard plot fitted to the McGhee-von Hippel model using luminescence 
titration data from [2.15] binding to CT-DNA (5 m \l  TRIS, 25 mM NaCI, pH 7.0).

Table 3.8: Binding constant and binding site sizes obtained by luminescence titrations of
[2.15] with CT-DNA.

Compound K b /mol'1 dm3 S /bp
[2.15] 2.94 +0.42 x 106 1.62 + 0.03

The fits obtained from the luminescence emission data for [2.15] are in good 
agreement with the UV-Visible absorption experiments and confirm that [2.15] 
binds to DNA with reasonably high affinity (>106 mol'1 dm3) and the site sizes of 
approximately 1.62 bp per ligand. The site sizes are smaller than those classical 
intercalators. However, site sizes o f less than 1 bp have been frequently reported 
for other intercalators. This could results from some stacking o f these complexes 
on the DNA surface.194,195
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3.5.5 Isothermal Titration Calorimetry

To characterise further the interaction of the molecules with nucleic acids, the 
thermodynamics of the binding o f [2.14] and [2.15] with CT-DNA were 
determined using ITC.175’ 176 Example of ITC titrations for [2.141 and [2.15] at 
25°C with CT-DNA are shown in Figure 3.63.

Time (min)

-0 1 o o  0.1 02  0.3 0.4 05  0.6 0.7 0 8

Molar Ratio

Time (min)

1----- ------ 1----- ------ 1----- ------ 1----- '----- 1----- ------ 1----- »----- 1-----*----- T*
-0.2 0.0 0.2 0.4 0 6  0.8 1.0 1.2

Molar Ratio

Figure 3.63: ITC raw data for the interaction of CT-DNA with; (A) [2.141 and (B) [2.151 in 
5 mM Tris, 25 mM NaCl, pH 7.0 at 25°C.

The titration data for [2.14] and [2.15] were fitted to a one set o f sites model, 
indicating one binding event. A comparison of the enthalpic and entropie 
contributions is summarised in Figure 3.64.
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□  AH (kcal/mol)
■  (-TAS) (kcal/mol)
□  AG (kcal/mol)

-8 - [2.14] [2.15]
□  AH (kcal/mol) -3.70 -1.15
■  (-TAS) (kcal/mol) -3.40 -6.24
□  AG (kcal/mol) -7.10 -7.40

Ka, (X10E+05) M-l 1.59 2.67

Figure 3.64: ITC thermodynamic data for the interaction of [2.14] and [2.15] with CT-DNA 
at 25°C. (Enthalpy values were measured directly using ITC and the standard relationship 

AG = AH - TAS was used to compute changes in entropy.)

Binding of both [2.14] and [2.15] with CT-DNA are enthalpically and 
entropically favoured, with the binding of [2.14] showing that the enthalpy and 
entropy is balanced. As mentioned previously, the negative AH obtained 
indicates that the complex is stabilised by hydrogen bonding as well as 
van der Waals interactions. It is also typical for intercalation where stacking 
interactions with DNA base pairs stabilise the ligand-DNA complex. However, 
binding of [2.15] is dominated by the entropy term with a small (negative) 
favourable enthalpy terms. A favourable entropy term observed has probably 
resulted from changes in the hydration state of both the ligand and the DNA. 
Disruption of bound water from the ligand or the DNA binding site would result 
in an unfavourable enthalpy term but favourable entropy term. This may be one 
of the reasons why the net enthalpy change is smaller in magnitude than what 
might be otherwise expected for intercalators.
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The Kbs obtained from the ITC for [2.14] and [2.15] binding to CT-DNA are 
lower than those obtained via spectroscopic methods, but as discussed previously 
this is to be expected, due to the different fitting models used. The site sizes 
unfortunately do not agree so well between these two methods.

3.5.6 Luminescence Lifetime

Lifetime measurements were also performed to give us some indication of the 
DNA binding interaction with the rhenium complex. Again, the lifetimes were 
recorded in the absence of CT-DNA and in the presence of saturated CT-DNA 
(saturation points were determined from the luminescence titration experiments). 
From the luminescence titration, we observed that the emission of [2.14] was not 
switched on upon titration with CT-DNA. Thus no luminescence lifetime with 
CT-DNA reported for this compound. On the other hand, the decay profiles for 
[2.15] fitted well to a monoexponential curve corresponding to one lifetime for 
this complex. When the binding ratio of [CT-DNA(bp)]/[Ru] varied from 0:1 to 
saturated: 1, the excited-state lifetime increased from 20 ns to 142 ns. This 
different in the excited-state lifetime is visible in the emission intensity upon 
titration with DNA. The intercalation of the rhenium complex protects the 
excited state from a deactivating water protonation process, thus inducing 
emission.

3.6 Conclusions

This chapter reported studies on the interactions o f [2.6], [2.7], [2.8], [2.9],
[2.10], [2.11], [2.14] and [2.15] with duplex DNA. All complexes have been 
proven to bind to DNA via intercalation, which might be surprising because of 
the deceived lack of coplanarity of the qtpy ligand. Indeed, the binding affinities 
for these complexes are relatively high and comparable to those observed for 
many metallo-intercalators.
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The binding thermodynamics o f these complexes with DNA is different to the 
usual binding characteristics o f metal complexes with DNA which are almost 
entirely entropically driven. The interactions o f [2.7], [2.11], [2.14] and [2.15] 
with CT-DNA are unusual since binding is both entropically and enthalpically 
favourable. However, the binding of [2.8] is almost entirely enthalpically driven 
with the entropy change being unfavourable. This effect is also seen in the 
binding interaction of [2.10] with CT-DNA, with large changes in the enthalpy 
and small unfavourable entropy change. These observations can be exploited in 
the construction of future DNA binding systems and these studies also allow us to 
compare the binding characteristic of macrocyclic systems based on these 
building blocks.
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4 Heterometallic Macrocycles

As outlined in Chapter 1, many research groups are currently studying the 
self-assembly o f 2D and 3D geometrical structures such as squares, triangles etc. 
This chapter is concerned with the chemistry o f self-assembled, kinetically 
locked metallomacrocycles based on precursor complexes that have been 
synthesised and characterised as described in the Chapter 2.

4.1 Synthetic Studies

4.1.1 RubpyRe macrocycle [4.1]

The RubpyRe macrocycle [4.1] (Figure 4.1) was prepared by refluxing 
equimolar amounts of [Ru(bpy)2(qtpy)][PF6]2 [2.8] and Re(CO)5Cl in a 1:1 
acetonitrile:THF solution for 48 hours. After this time, excess THF was added 
and the product precipitated out of solution as a red solid. This solid was 
collected via filtration, washed successively with THF and diethyl ether, then 
dried in vacuo. The red solid obtained was purified on a silica column, eluting 
with a 0.1:1:9 K N 03:water:acetonitrile mixture. The product was obtained in 
30 % yield and characterised by !H NMR, ES-MS spectroscopy and elemental 
analysis.

“ 1 (PF6)4
Be!

V ? ! / N,Rê°c ¿0co
Figure 4.1: RubpyRe [4.1],



4.1.2 RuphenRe macrocycle [4.2]

RuphenRe [4.2] (Figure 4.2) was prepared in an analogous manner to [4.1], 
except using [Ru(phen)2(qtpy)][PF6]2 [2.7] in place o f [2.8]. The crude product 
was purified by column chromatography on silica column, eluting with a 0 .1:1:9 

K N 0 3:water: acetonitrile mixture to yield pure red coloured solid. The product 
was obtained in 45 % yield and characterised by 'H NMR, ES-MS spectroscopy 
and elemental analysis.

4.1.3 RudppzRe macrocycle [4.3]

RudppzRe [4.3] (Figure 4.3) was prepared in an analogous manner to [4.1], 
except using [Ru(dppz)2(qtpy)][PF6]2 [2.6] in place o f [2.8]. The crude product 
was purified by column chromatography on silica column, eluting with a 0 .1:1:9 

KNO3:water: acetonitrile mixture to yield pure red coloured solid. The product 
was obtained in 35 % yield and characterised by !H NMR, ES-MS spectroscopy 
and elemental analysis.
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Figure 4.3: RudppzRe [4.3].

4.2 !H NMR Spectroscopic Studies

4.2.1 RubpyRe macrocycle [4.1]

Complex [4.1] have been characterised and were found to be consistent with
27 28previous report. ’

4.2.2 RuphenRe macrocycle [4.2]

The NMR spectrum of the RuphenRe macrocycle [4.2] in /-acetonitrile  
showed only the signals associated with the complex and no impurities. The 
downfield, aromatic region (Figure 4.4) is integrates to a total o f 60 protons, 
which is consistent with the proposed structure [4.2]. The peak assignment was 
made with the aid o f a 5H-COSY NMR spectrum (Figure 4.5).
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(PF6)4

Figure 4.4: Downfield region of 'H NMR spectrum of RuphenRc macrocycle in CD3CN and
proton labeling scheme.
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Figure 4.5: ‘H-COSY NMR spectrum of RuphenRc [4.2] in CDjCN.

The signals at 7.59 ppm (Q5), 7.87 ppm (Q6) and 8.88 ppm (Q3) correspond to 
the protons on the inner qtpy rings, while those at 7.89 ppm (Q2’,Q6’) and 
9.07 ppm (Q3’,Q5’) correspond to protons on the pendant pyridyl ring of qtpy.

As observed in the monomer, the signal for B3,B3’ is split into two peaks with 
(B3) at 8.70 ppm while (B3’) at 8.60 ppm. Protons corresponding to the protons 
of (B6), (B6’)> (B5,B5’), (B4,B4’) are located at 7.92 ppm, 7.61 ppm, 7.82 ppm 
and 8.28 ppm, respectively.

151



4.2.3 RudppzRe macrocycle [4.3]

The spectrum for RudppzRe macrocycle [4.3] recorded in £/3-acetonitrile showed 
only the signals associated with the complex and no impurities. The downfield, 
aromatic region (Figure 4.6) is integrates to a total of 68 protons, which is 
consistent with the proposed structure [4.3]. The peak assignment was made with 
the aid of a 'H-COSY NMR spectrum (Figure 4.7).

(ppm)

e

Figure 4.6: Downfield region of 'H NMR spectrum of RudppzRe macrocycle in CD3CN and
proton labeling scheme.
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Figure 4.7: ‘H-COSY NMR spectrum of RudppzRe [4.3] in CD3CN.

There are five signals which correspond to the protons of the qtpy. The signals at 
7.74 ppm (Q5), 8.10 ppm (Q6) and 9.10 ppm (Q3) correspond to the protons on 
the inner qtpy rings, while those at 8.10 ppm (Q 2\Q 6 ’) and 8.88 ppm (Q3’,Q5’) 
correspond to protons on the pendant pyridyl ring of qtpy. The signals 
correspond to dppz unit are quite complicated due to the inequivalence of the 
dppz units. The signals at 7.82 ppm (e’), 8.03 ppm (e), 8.19 ppm (b,b*), 
8.23 ppm (d’), 8.40 ppm (d), 8.53 ppm (c,c’), 9.70 ppm (a’) and 9.79 ppm (a) are 
assigned as dppz protons.
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4.3 UV-Visible Spectroscopy

UV-Visible absorption spectra for the macrocyclic complexes were recorded in 
acetonitrile at room temperature. The spectra obtained are shown in Figure 4.8.

The absorption spectra for [4.1] - [4.3] show high intensity, high energy bands 
around 200 - 350 nm which are consistent with intraligand 7t —>71* transitions, 
while the less intense bands between 350 and 550 nm are due to metal-to-ligand 
charge transfer (MLCT). These values are typical of other metal polypyridyl 
systems (Table 4.1).
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Table 4.1: UV-Visible data for macrocyclic complexes.

Compound ■ m̂ax (nm) ¿(10“ M W 1) Assignation
[4.1] 480 3.9 MLCT

425 (sh) MLCT
364 3.6 7 t — » 7 1 *

311 (sh) 7 C  — * 7 l *

285 14.8 7 1 — > 7 1 *

244 12.3 7 1  —* n *
[4.2] 480 3.9 MLCT

439 (sh) MLCT
385 4.3 7 C  —+ 7 t *

311 (sh) 7 1  — > 7 t *

262 21.5 7 1  — » 7 1 *

222 16.8 7 I - + 7 t *

[4.3] 467 8.0 MLCT
432 (sh) MLCT
360 12.6 7 1  — > 7 1 *

306 (sh) 7 1  —

277 38.5 7 1  — + 7 t *

253 30.5 7 1  — > T l *

4.4 Luminescence Studies

Emission spectra for [4.1] - [4.3] complexes were recorded in acetonitrile and 
water at room temperature. Figure 4.9 shows the emission spectra of 
macrocyclic complexes in acetonitrile. Both organic and aqueous solutions o f 
these macrocyclic complexes display luminescence. Emission data are 
summarised in Table 4.2. Depending on the complex, excitation into the 'MLCT 
at 480 nm results in 3MLCT-based emission between 600 to 700 nm. While a
comparison with analogous systems suggests that the emission is assigned from 
the Ru-MLCT manifold.27
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The emission for all the macrocyclic complexes in acetonitrile appears at 
substantially lower in energy compared to the mononuclear building blocks. 
Moreover, the quantum yields are also somewhat lower. The observed difference 
in excited-state energy can be readily attributed to the perturbation in the 
7i* orbital energy on the bridging ligand by the attachment of the second metal 
centers.

Earlier in this report, we observed that the building blocks for these macrocycles 
display weak emissions in water. Similarly, we observed that the emissions of 
the macrocycles [4.1], [4.2] and [4.3] in water are weaker (<!>.,„ = 0.022 
<t>em = 0.021 and <l>eni = 0.001), respectively relative to [Ru(bpy)3]2+ 

= 0-042).8y The luminescence characteristic o f [4.3] depends significantly 
on the solvents. The emission is red shifted by about 11 nm upon changing the 
solvent from acetonitrile to water. The lower quantum yield and red shift in the 
emission of [4.3] upon changing the solvents indicate some participation of dppz 
located excited state.
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T a b le  4 .2: L u m in escen ce d a ta  fo r  m eta llo m a cro cy c lic  co m p lex es .

Compound •̂ max (nm) «De»* Solvent
[4.1] 670 0.059 CHjCN

667 0.022 h 2o
[4.2] 666 0.050 c h 3c n

664 0.021 h 2o
[4.3] 639 0.060 c h 3c n

650
rT T T T T T

0.001 h 2o
"Emission quantum yields relative to (.Ru(bpy)3T+ in acetonitrile = 0.062)87 or in water 
((j)em 0.042).89 All solutions are degassed and at 25°C unless otherwise stated.

4.5 Luminescence Lifetimes

Luminescence lifetimes for all the macrocyclic compounds were carried out in 
acetonitrile and water. Data are summarised in Table 4.3. RudppzRe [4.3] gave 
the longest lived lifetime (698 ns) in acetonitrile among the macrocyclic 
complexes, while the luminescence lifetime for [4.1] and [4.2] are 595 ns and 
510 ns, respectively. In contrast to its Ru(II) building block, the trace obtained 
for [4.3] is monoexponential in both acetonitrile and water, suggesting that the 
nature of excited state differs from the monomer, [2.6]. Previously, we 
postulated that the excited states o f [2.6] are at least partially localised on the 
dppz ligands. However, for [4.3] the excited state is presumably on the qtpy. 
Indeed, other reports suggest that the decrease in energy o f the n* orbital on the 
bridging ligand upon attachment o f the second metal.196- 197 This would indicate 
that the Run -+  qtpy 3MLCT is now at a lower energy compared to the alternative 
Run—> dppz-based excited state.

In all cases, the luminescence lifetimes obtained for the macrocyclic complexes 
in acetonitrile are shorter than the monomers. These observations correlate well 
with the substantial decrease in the quantum yields and the lower energy emission 
observed. This is consistent with either some quenching o f  the 3MLCT excited 
state by Re(I) centre or the lower energy gap or both. On the other hand, the
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lifetimes obtained for all the complexes in water were shorter. The fact that it is 
postulated that the lowest energy excited state is mainly located on the qtpy 
ligand is consistent with this observation: as the lifetime for the dppz containing 
macrocycle [4.3] is so not dramatically affected as happens to the monomer upon 
changing the solvent to water.

The radiative rate constants obtained for these complexes are in the range of 
104 s'1 which is typical for Ru(II) or Re(I) polypyridyl complexes. The Energy 
Gap Law (EGL) for the non-radiative decay of excited state indicates that the 
non-radiative decay rate constant should decay exponentially with the increasing 
difference in energy between the emitting and ground state levels for a series o f  
complexes in which the luminescent chromophore remains unchanged.198 Our 
observations on this series o f complexes correlate well with the EGL. Complex 
[4.3] has the smallest km, consistent with the longest lifetimes, highest energy 
emission and highest emission quantum yields in acetonitrile within the series; 
while [4.1] and [4.2] have larger knT, with shorter lifetimes and lower energy 
emission and slightly lower emission quantum yields. We observed that the 
radiative rate constants for [4.1] and [4.2] are similar in both organic and aqueous 
solutions while the radiative rate constant for [4.3] is slightly lower, especially in 
water indicating some participation of excited state located on the dppz ligand.

Table 4.3: Luminescence lifetime data for macrocyclic complexes.

Compound t ,  ns 104 s 1, k r i o V , * nr Conditions"
[4.1] 595 9.9 158.2 ch3cn

491 4.5 199.2 h2o
[4.2] 510 9.8 186.3 ch3cn

470 4.5 208.3 h2o
[4.3] 698 8.6 134.7 ch3cn

170 1.2 587.0 h2o
“All solutions are degassed and at 25 °C unless otherwise stated.
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4.6 Electrochemistry Studies

The electrochemical properties of the hexafluorophosphate salts o f [4.1] - [4.3] in 
acetonitrile were studied by cyclic voltammetry at a scan rate 100 mVs'1, and all 
data were corrected for internal resistance using the AG&G Electrochemistry 
Power Suite software package. Data are summarised in Table 4.4.

Table 4.4: Electrochemical data for the metallomacrocyciic complexes.

Complex Oxidation (V) AEp (mV) Reduction (V) AEP (mV)
[4.1] +1.51 70 -0.85w -

+1.65 80 -1.10 80
-1.37 110

[4.2] +1.50 70 -0.90U) -
+1.63 80 -1.10 80

-1.69(a) -
[4.3] +1.52 80 -0.89(a) -

+1.64 70 -1.20(,) -
“Peak not fully chemically reversible, therefore only Ep is quoted.

Characteristic ligand-centered reductions were observed for each of the 
macrocycles. In all three complexes, the first reductions are chemically 
irreversible. Coordination of the rhenium metal centers results in a slight 
decrease in the energy of the LUMOs, as evidenced by the 200 - 260 mV shift of 
the first reduction of [4.1] and [4.2] to more positive potentials compared to the 
monomers. Such effect is likely to be absence for [4.3]. As mentioned 
previously, the first wave for [2.6], which is the building block for [4.3] is 
presumably corresponds to the reduction of the dppz ligand. This might be the 
reason for the non-shifting of the first wave of [4.3]. Additionally, complexes
[4.1] and [4.2] display a third reduction within the MeCN voltage window, which 
is chemically irreversible for [4.2]. No comparable reduction is observed for 
[4.3]. The cyclic voltammetric data suggest that the lack o f reversibility for [4.3] 
may be caused by an increased tendency for adsorption owing to the large planar 
aromatic character of the dppz ligand.
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All the macrocycles also display two close-lying chemically reversible oxidations 
at approximately 1.5 V and 1.6 V (Figure 4.10). The first waves are consistent 
with Ru(III)/Ru(II)-based couples, while the second waves observed for these 
complexes attributed to the simultaneous oxidation of the rhcnium(I) centers. It 
is postulated that the interaction between the adjacent redox active metal centers 
results a separation between Ru(III)/Ru(II) and Re(Il)/Re(I) couples.27 In all 
cases, the signals for Ru-based couples are anodically shifted by > 100 mV with 
respect to the Ru(III)/(II) couple for the ruthenium building blocks.

7iy

■ e<
ah
9u

Figure 4.10: Electrochemical cyclic voltammogram for the oxidations of metallomacrocycles
[4.1], [4.21 and [4.31.

4.7 X-Ray Crystallography Studies

The structure o f [4.1] has been reported27 previously. X-ray quality crystals of 
RuphenRe macrocycle [4.2] were grown via vapour diffusion of benzene into a 
nitromethane solution of the complex. Although the refinement is not of 
sufficient quality to determine bond lengths and angles with accuracy, it confirms

160



the connectivity and overall geometry of the macrocycle. The crystal structure 
(Figure 4.11) shows that all metal centres possess octahedral geometries with the 
quaterpyridyl ligand binding in a bidentate fashion to the Ru(II) metal centres and 
in a monodentate fashion to the Re(I) metal centres.

Figure 4.11: Ball and stick representation of RuphenRc macrocycle [4.2| and bound 

hexafluorophosphate anion with hydrogen atoms, solvent molecules and other counter ions

omitted for clarity.

A distance o f 16.9 A separates the two Ru(II) centres, whilst the corresponding 
intermetallic distance between the two Re(I) centres is 13.9 A (Figure 4.12). 
These distances are somewhat longer than those reported for [4 .1],27 with the two 
Ru(II) centres are separated by 14.7 A while the Re(I) metal centres are located
13.1 A from one another. This is interesting as it suggests a few possibilities for 
inducing a bigger separation between the Ru(II) metal centres. One possible 
explaination is due to bulkier phen ligand compare to bpy in [4.1], thus resulting 
flexibility in the structure which induce that conformation obtained for [4.2], 
Besides, it could be due to steric repulsion between hydrogen atoms on 
neighbouring pyridine rings of the qtpy. The pyridine rings will also twist 
slightly out of plane to limit this repulsion.
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Figure 4.12: Top view of RuphenRe [4.2] with hydrogen atoms, solvent molecules and other

counter ions omitted for clarity.

Similar to [4.1], the central cavity is occupied by one of the PF<f counter ions, 
which adopts a position directly between the two Re(I) metal centres while the 
other three ions are randomly displaced in the crystal lattice (Figure 4.11). This 
is o f interest as energy may be needed to displace the ion in order to allow 
binding processes with other anions.

4.8 Conclusions

The spectroscopic and photophysical behavior of this series of 
metallomacrocycles complexes differs significantly from that o f their 
monometallic counterparts (Chapter 2). As expected, much of the difference 
results from the perturbation of the n* orbital energy on the bridging ligand by 
attachment of the second metal center. Following initial studies into the synthesis 
and coordination of the metallomacrocycles, further work in this area will be 
exploring their properties as devices such as hosts and sensors for a variety of 
biomolecules in aqueous environment. Specific nucleic acids will also be 
investigated.
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5 Binding Studies of the Heterometallic Macrocycles

As outlined in Chapter 1, a number of synthetic receptors have been reported 
previously for the recognition and sensing o f nucleic acids constituents. 
Discussion in this chapter will concentrate on the binding studies of 
metallomacrocycles described in Chapter 4  with specific nucleic acids and 
nucleosides.

5.1 Anion Binding Studies

Previous work with [4.1] has revealed that titration o f polyaromatic molecules 
such as 1,4-dimethoxybenzene and 1-naphthol into aqueous solutions of [4.1] 
results in large changes in the absorption spectra of the macrocycle.28 Whilst the 
recognition process in water has no effect on the luminescence output o f the 
macrocycle, anion binding in organic solvents results in enhancements o f 3MLCT 
emission, with binding constants in the range o f 103 M'1.27 Given these facts, we 
decided to investigate the interaction o f [4.1] - [4.3] with selected biological 
anions in water.

5.1.1 Materials and Methods

The heterometallic macrocycles referred to in this section were studied as their 
chloride salts.

Adenine, adenosine-5'-triphosphate (ATP), guanosine-5'-triphosphate (GTP), 
cyclic guanosine-3 \5  ’ -monophosphate (cGMP) and uridine were purchased from 
Sigma-Aldrich and used without further purification. Water was doubly distilled 
before use.
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5.1.2 Luminescence Titration Protocol

A stock solution of appropriate macrocyclic host was prepared in doubly distilled 
water such that its concentration was approximately 10'6 M. A stock solution of 
the appropriate guest was also prepared in doubly distilled water such that its 
concentration was approximately 10'3 M. The luminescence spectra were 
recorded ranging from 0 M concentration of guest until saturation binding takes 
place (no more changes in the integrated intensity of host + guest). The solution 
was left to equilibrate for 10 minutes before each spectrum was recorded.

5.1.3 UV-Visible Titration Protocol

A stock solution of appropriate macrocyclic host was prepared in doubly distilled 
water such that its concentration was approximately 10'6 M. The solution was left 
to equilibrate for 10 minutes before a spectrum was recorded. During the 
titration, an equimolar host containing guest at a known concentration of 
approximately 10'3 M was added to the sample cell. In the reference cuvette, an 
equivalent titre of a solution containing guest at an equimolar concentration was 
added. The absorption spectra were recorded ranging from 0 M concentration of 
guest until saturation binding takes place (no more changes in the absorption 
spectra o f host + guest).

5.1.4 Results and Discussion

5.1.4.1 UV-Visible Titrations

The binding and sensing properties of [4.1], [4.2] and [4.3] with various 
biological anions were investigated by UV-Visible titrations. Example of 
systematic changes in the electronic spectra upon the addition o f aqueous adenine 
solution to the aqueous solution of [4.2] is shown in Figure 5.1.
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Wavelength (nm)
Figure 5.1: UV-Vis titration of [4.2] (5.0 x 106 M) in aqueous solution with adenine. 

Inset: Corresponding titration profile.

It was found that, although there was no red shift, titration o f adenine into 
aqueous solution o f [4.1J, [4.2] and [4.3| led to a progressive hypochrotnicity in 
absorptions o f the host macrocycles. Estimates o f binding affinities were 
obtained through fits ol the changes in absorption to a 1:1 binding model 
(Table 5.1). Macrocycles [4.1J, [4.2| and [4.3| show binding affinities o f
4.6 x 10 M 7.1 x I04 M ' and 1.57 x 10s M respectively towards adenine. 
The observed binding affinity o f [4.1], [4.2] and [4.3] with adenine in pure water 
is comparable with a receptor5’ that selectively discriminates adenine over other 
nucleobases in CH3CN/H20  (95:5, v/v) solution. This receptor binds adenine 
through a complementary hydrogen bonding between the receptor and adenine, 
which is absence in our systems. In addition, most o f receptors'99 reported for 
adenine sensing are restricted in the recognition o f adenine in non-polar organic 
solvents due to limited solubility o f adenine in water. Interestingly, the 
macrocycles [4.1], [4.2] and [4.3] have demonstrated the capability to recognise 
this nucleobase in the range o f micromolar in aqueous solution.
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To further investigate this effect, the binding o f negatively charged anions, ATP 
was also investigated. For example, addition o f ATP to solutions o f [4.1) in 
water resulted in 13 % hypochromicity (Figure 5.2).

Wavelength (nm)
Figure 5.2: UV-Vis titration of [4.11 (5.0 x 106 M) in aqueous solution with ATP.

Inset: Corresponding titration profile.

Addition o f ATP to aqueous solutions o f [4.1], [4.2] and [4.3] also result in 
hypochromicity in the absorption of the host macrocycles. The binding constants 
obtained for [4.1], [4.2] and [4.3] are 8.9 x 104 M ', 1.32 x 105 M'1 and 
1.32 x 105 M '\ respectively. These results suggest no discrimination between 
neutral nucleobase (adenine) with the negatively charge nucleotide (ATP). 
However, these values are comparable to other receptors reported for the 
recognition of ATP, binding through electrostatic, ^-stacking or metal-ligand 
interactions with the binding affinity on the order o f 105 M'1 in water 43-44-45

We also investigated the host-guest interaction o f these macrocycles with GTP 
For example, titration of GTP to aqueous solutions o f [4.31 resulted in a more 
pronounced hypochromicity (41%) in the UV-Visible spectra of the host
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(Figure 5.3). The binding constants for [4.1], [4.2) and [4.3] arc 3.7 x 104 M
6.2 x 104 M 1 and 5.9 x 104 M respectively; in the range of those observed in 
literature for other hosts.49'50

Figure 5.3: UV-Vis titration of [4.31 (4.0 x 106 M) in aqueous solution with GTP. 

Inset: Corresponding titration profile.

Spectrophotometric titrations were also carried out for [4.1[ - [4.3] using cGMP 
and uridine as the anionic analytes. Example of titration profile of [4.1] with 
uridine is shown in Figure 5.4.
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Wavelength (nm)

Figure 5.4: UV-Vis titration of [4.1] (5.0 x 10 6 M) in aqueous solution with uridine. 

Inset: Corresponding titration profile.

Addition of cGMP or uridine into aqueous solution o f [4.1], [4.2] and [4.1] 
respectively also results in similar changes, with band around 200 nm to 550 nm 
showing a high degree of hypochromicity. The binding constants for the 
interactions of these macrocycles with cGMP are found to be 1.14 x 105 M'1
1.06 x 10 M and 1.75 x 10 M , respectively. These values show that binding 
of a cyclic nucleotide monophosphate are generally o f the same order to that of 
the nucleotides triphosphates, ATP and GTP. On the other hand, titrations of 
host complexes [4.1], [4.2] and [4.3] with uridine revealed the binding constants 
of 6.5 x 104 M 1, 9.1 x 104 M 1 and 8.2 x 104 M 1, respectively. The strikingly 
small affinity differences observed between neutral adenine to nucleoside 
(uridine), cyclic nucleotide monophosphate (cGMP) and the nucleotides 
triphosphates (ATP and GTP) emphasise the paramount importance o f stacking 
forces over electrostatic contribution.
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Table 5.1: Estimates of binding constants for selected anions with [4.1], [4.2] and [4.3]
obtained from UV-Vis titration.

Compound Binding Constant, (x 10s M'1)
Adenine ATP cGMP GTP Uridine

[4.1] 0.46 0.89 1.14 0.37 0.65
[4.2](i) 0.71 1.32 1.06 0.62 0.91
[4.3f> 1.57 1.32 1.75 0.59 0.82

(a) Titration performed in the presence of 5 % methanol due to limited solubility in water. 
Estimated error ± 20 %  based on five repeat experiments.

5.1.4.2 Luminescence Titrations

The interactions o f [4.1], [4.2] and [4.3] with various biological anions were 
further investigated by luminescence spectroscopy in aqueous solutions. Data are 
summarised in Table 5.2.

Gradual addition o f cGMP into host solution o f [4.1] resulting in 53 % quenching 
o f the emission intensity of the respective host (Figure 5.5). The quenching 
mechanism o f this guanine nucleotide is most probably based on photoinduced 
electron transfer.200 However, titration o f [4.1] with adenine did not give rise to 
significant progressive emission enhancement/quenching. Job plot analyses 
using luminescence spectroscopy showed that [4.1] formed 1:1 stoichiometric 
complexes with ATP, GTP, cGMP and uridine, respectively. Since [4.1] did not 
give a significant emission enhancement/quenching response with adenine, the 
Job plot was carried out using UV-Visible spectroscopy. This Job plot indicates 
that the host complex [4.1] also formed 1:1 stoichiometric complexes with 
adenine.
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1.0

Figure 5.5: Luminescence titration of [4.1] (5.0 x 10'6 M) in aqueous solution with cGMP. 
The inset shows the Job plot of [4.1] and cGMP.

The binding constants o f [4.1] with ATP, GTP, cGMP and uridine as determined 
by fitting the titration data into 1:1 binding model using luminescence data arc 
6.18 x 103 M *, 4.87 x 103 M 2.08 x 103 M 1 and 3.66 x 103 M *, respectively. 
These values were 1 5 - 2 0  times lower than those obtained from absorption 
titrations. Upon saturation binding, the emission wavelength of [4.11 is red shift 
by about 7 nm for the interaction of [4.1] with ATP and cGMP, respectively. In 
contrast, a 7 nm blue shift is observed for the interaction o f [4.1] with uridine and 
no shifting for the interaction o f [4.1] with GTP.

Emission quenching was also observed upon titration of the metallomacrocycle
[4.2] with various anions. Similar to [4.1], titration o f [4.2] with adenine did not 
give rise to significant progressive emission enhancement/quenching. Titrations
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of aqueous solutions of GTP and uridine results in blue-shifted o f the Aem of [4.2] 
by about 6 nm upon saturation binding; while red-shifted o f 5 nm is observed for 
titration o f [4.2] with cGMP and no shifting of emission for [4.2] with ATP. 
Typical titration of [4.2] with ATP is shown in Figure 5.6.

Figure 5.6: Luminescence titration of [4.2] (5.0 x 10 6 M) in aqueous solution with ATP.
The inset shows the Job plot of [4.2] and ATP.

The binding affinities o f [4.2] towards all the anions are similar to those obtained 
for [4.1]. The binding constants between [4.2] with uridine, ATP, GTP and 
cGMP are found to be 1.16 x 104 M'1, 1.04 x 104 M‘‘, 8.64 x 103 M 1 and 
7.60 x 103 M respectively. These values were 7 -  17 times lower than those 
obtained from absorption titrations; however in each case the titrations reach 
saturation. Job plots experiments carried out using luminescence spectroscopy 
(except for [4.2]-adenine by UV-Vis spectroscopy) indicate that in all cases, [4.2] 
formed 1:1 complexes with the guests.
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On the other hand, upon titration o f [4.3] with the various biological anions, only 
ATP, cGMP and uridine gave rise to significant emission enhancement. Also, 
only titrations o f ATP and cGMP into solutions of [4.3] result in a red-shift of 
emission wavelength by about 19 nm and 14 nm, respectively. A typical titration 
of [4.3] with cGMP is shown in Figure 5.7.

Wavelength (nm)
Figure 5.7: Luminescence titration of [4.31 (5.0 x I O'6 M) in aqueous solution with cGMP. 

The inset shows the Job plot of [4.3] and cGMP.

The binding constants for ATP, cGMP and uridine in a 1:1 binding stoichiometry 
(which were further confirmed by the Job plots) are 9.58 x 103 M 
1.22 x 103 M'1 and 2.67 x 103 M'1, respectively, as estimated by a 1:1 binding 
model. Since [4.3] did not give significant emission cnhancement/quenching 
with adenine and GTP, the Job plots were carried out using UV-Visible 
spectroscopy and indicated that the host complex [4.3] formed 1:1 stoichiometric 
complexes with both bases.
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The emission changes observed during the host-guest interactions involving the 
metallomacrocycles [4.1] - [4.3] and the selected biological anions are postulated 
to be due to modulations in the torsion angles between aromatic rings in the 
bridging ligand, qtpy. The accommodation o f guests within the macrocycles 
binding pockets results in a conformational change, thus affect the emission 
intensity by modulating the rate of non-radiative decay processes.27 The blue 
shift/red shift are associated with the energy involve in the binding process, thus 
related with the energy gap between the HOMO/LUMO orbitals. Whilst the blue 
shift in emission indicates that in the presence o f anions, the luminophores 
moving from bulk aqueous solutions to a more hydrophobic host-guest 
environment resulting in an increase in the HOMO/LUMO energy gap, the red 
shift indicates that the host-guest interactions, possibly through 7t-stacking, 
resulting in lowering of the energy gap.

One of possible ways of the anion binding for this system is through 7t-stacking 
through edge-to-face between the nucleobase moieties with the aromatic rings of 
the macrocycles, possibly the aromatic rings of the ancillary ligands. Also, the 
negatively charged phosphate tail of the nucleotides (ATP and GTP) bent down 
to be encapsulated within the macrocyclic cavity. For instance, 7i-stacking of the 
nucleobase units with the dppz ligands of [4.3] would serve as protection for the 
phenazine nitrogen of the dppz ligands from hydrogen bonded with water 
molecules, thus resulting in enhancement o f the emission intensity of [4.3], as 
what being observed in the luminescence titrations o f [4.3] with ATP, cGMP and 
uridine. Besides, there might be some other non-specific interactions, for 
example electrostatic charge-charge attractions involve in the host-guest system.
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Table 5.2: Estimates of binding constants for selected anions with [4.1], [4.2] and [4.3] 
obtained from luminescence titration.

Compound Binding Constant, (x 103 M'1)
Adenine ATP cGMP GTP Uridine

[4.1] - 6.18 4.87 2.08 3.66
[4.2](,) - 10.4 7.60 8.64 11.6
[4.3](a) - 9.58 1.22 - 2.67

(a) Titration performed in the presence of 5 %  methanol due to limited solubility in water. 
Estimated error ± 20 % based on five repeat experiments.

5.2 DNA Binding Studies

Macrocycles [4.1] - [4.3] have shown that they are capable o f binding to 
biological anions with considerably high affinities in water. While previous 
chapter has proven that the building blocks for these macrocycles could bind to 
DNA; indeed the binding affinities for these complexes are relatively high and 
are typical of those observed for metallo-intercalators. It has also been 
demonstrated that supramolecular architectures are capable o f binding to duplex 
DNA; for example metallo-supramolecular cylinder with similar dimensions to 
zinc fingers can interact with B-DNA through its major groove.162,164,165 X-ray 
studies on [4.1] reveal a relatively large (~ 15 A in width), highly structured,

MMpalm-like binding cavity composed of hydrophobic aromatic residues which 
maybe suitable for binding on the outside of DNA. Recently, we have reported168 
a preliminary study on the DNA binding interaction o f RubpyRe [4.1]. These 
previous results have prompted us to further investigate the possible use of the 
heterometallic macrocycles as DNA binding substrates.

5.2.1 Viscosity

To provide insight into the binding mode of these macrocycles with CT-DNA, 
viscosity experiments were carried out. The viscosity o f CT-DNA in the 
presence o f the macrocyclic molecules is shown in Figure 5.8.
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Figure 5.8: Relative viscosity of CT-DNA upon addition of [4.1], f4.2| and [4.31 (27 °C, 
5 mM Tris buffer, 25 mM NaCl, pH 7.0; viscosity of CT-DNA with [4.2| and [4.3] was 

performed in 5 % methanolic buffer due to limited solubility in aqueous solutions).

From Figure 5.8, it can be concluded that there are at least two modes o f binding 
for this series o f mctallomacrocycles; [4.1] and [4.2] display fairly similar mode 
o f binding, while [4.3] binds differently from those two complexes.

When DNA sequences below its persistence length are used in such experiments, 
it behaves as a rod-like polymer and thus changes in the viscosity o f aqueous 
solutions can be related to the average contour length o f the dissolved duplex.201 
It is clear that the initial litre o f [4.11 results in a dramatic decrease in viscosity of 
DNA, while [4.2] producing about 20 % decreases in viscosity o f DNA. These 
changes reverse on further addition o f [4.1] and [4.2] respectively, resulting in a 
final relative viscosity that is higher than that o f the original solutions. A number 
of previous studies on DNA binding substrates have demonstrated a 
similar - albeit less intense - viscosity change; for example, A-[Ru(phen)3]2+ 
initially induces a ~7% decrease in hydrodynamic length.122 In this latter case it 
has been proposed that this preliminarily decrease is due to substrate-induced 
DNA kinking, is followed by the introduction o f further unphased kinks that
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produce rod like superhelical structures with hydrodynamic lengths comparable 
to the starting DNA molecules.168 The large decreases in contour length seen 
during the initial interactions of [4.1] and [4.2] with DNA suggests a larger scale 
o f  bending mode for the duplex. By analogy with [Ru(phen)3]J*, the consequent
increases in hydrodynamic DNA length may also be due to the formation of
supercoiled structures.

In contrast, addition of [4.3] to the DNA solution, resulting in sequential increase 
in the relative viscosity of DNA, thus indicating that this dppz-based macrocycle 
is binding to CT-DNA via intercalation. One possible way is through the 
insertion o f the dppz units on one side of the macrocycle between the base pairs 
with the dppz ligands on the other side of the macrocycle being freely located 
outside o f the helix. It is clear that changing the ancillary ligands o f the 
macrocycles results in modulation of the binding modes o f this system.

More excitingly, there are striking different results between macrocycles [4.1] 
and [4.2] and their respective building blocks. In order to provide a clear 
comparison between the viscosity changes of CT-DNA upon addition o f the
macrocycles and the monomers respectively, all the results are plotted in the 
same graph (Figure 5.9).
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Figure 5.9: Relative viscosity of CT-DNA upon addition of [2.61, [2.71, f2.8|, [4.11, [4.21 and 
[4.31. (Viscosity of CT-DNA with [2.61, [4.21 and [4.3] was performed in 5 % methanolic 

buffer due to limited solubility in aqueous solutions).

It was found that the building blocks for these macrocycles [2.61 - [2.81 behaved 
as a typical intercalator;159, 160, 161' 193' 194 addition of the complex produced 
sequential increases in relative specific viscosity due to the expected increase in 
duplex contour length.122- ,40- 201 Clearly, [4.1] and [4.2] bind to CT-DNA in a 
different mode compared to the building blocks.

Furthermore, the crystallographic data27 on [4.1] reveals a cupped palm structure 
of the macrocycle (approximate space filling dimensions = 22 A x 17 A x 9 A) is 
too large for conventional binding within the minor or major groove (width ~  6 
and 12 A. respectively). Similarly, crystal structure for [4.2] reveals more or less 
similar dimension to that of [4.1], thus is too large for conventional binding 
within the minor or major groove as well. Given this, it seems likely that the 
DNA bending induced by [4.1] and [4.2] is due to a novel external binding mode. 
More experimental and theoretical studies clearly need to be done to further 
investigate the nature of this novel interaction and probe for any evidence of 
binding selectivity.
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On the other hand, both [4.3] and the monomer, [2.6] behave as intercalators. 
However it is expected that due to stericity o f [4.3], this complex bind less tightly 
to CT-DNA resulting in less dramatic changes in the viscosity o f DNA.

5.2.2 Continuous Variation Analysis (Job Plots)

Continuous variation analysis (Job plots) experiments were carried out in order to 
estimate the binding stoichiometries between the interactions of 
metallomacrocyclic complexes [4.1] - [4.3] with CT-DNA. Figure 5.1» shows 
the Job plots for the interaction o f [4.1], [4.2] and [4.3] complexes with CT-DNA 
(data is normalised for clarity).

Figure 5.10: Job plots for the interactions of [4.11, [4.21 and [4.3| with CT-DNA.

Figure 5.10 shows the intersection point for [4.1] was at 0.5 which is equivalent 
to stoichiometry o f 1.0 mol o f base pair per mol o f complex. While the inflection 
point for [4.2J was 0.35 and for [4.3J was 0.25, being equivalent to a 
stoichiometry o f 1.9 and 3.0 mol o f base pair per mol o f  complex respectively 
(data are summarised in Table 5.3).
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Table 5.3: Binding stoichiometries for the interactions of macrocyclic complexes with 
CT-DNA obtained by continuous variation analysis.

Compound N (bp)
[4.1] 1.0
[4.2] 1.9
[4.3] 3.0

5.2.3 UV-Visible Titrations

As outlined previously, the UV-Visible absorption spectra of binding substrates 
change upon interaction with DNA due to the changes in their microenvironment. 
The interaction of [4.1], [4.2] and [4.3] with CT-DNA has also been analysed 
usine absorption spectroscopy. Figure 5.11 displayed clear hypochromicities in 
the absorption bands for [4.1] upon addition of CT-DNA in aqueous buffer.
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Figure 5.11: UV-Visible titration of [4.1] with addition of CT-DNA 
(5 mM TRIS, 25 mM NaCl, pH 7.0 at 25°C).
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There are distinctive bands at 245 nm, 286 nm and 480 nm, which all reduce in 
absorbance, with hypochromism of 43.6 % at 286 nm. There is also a small 
bathochromic shift upon binding saturation.

Addition of CT-DNA to [4.2] and [4.3] leads to similar changes, with the bands 
between 200 nm and 550 nm showing a high degree o f hypochromicity. Similar 
to [4.1], the higher wavelength band for both complexes displays a bathochromic 
shift upon approaching binding saturation.

To study further the interaction of these molecules with DNA, changes in the 
bands at 286 nm for [4.1], 261 nm for [4.2] and 277 nm for [4.3] were monitored 
and binding curves were constructed using these data, see Figure 5.12 and 
Figure 5.13. The binding curves indicate that in all cases, saturation binding has 
taken place.

0 2 4 6 8 to 12
R

Figure 5.12: Binding curves obtained by UV-Visiblc titrations for [4.11 and [4.2] binding to 
CT- DNA (25 °C, 5 mM Tris buffer, 25 mM NaCI, pH 7.0).
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Figure 5.13: Binding curve obtained by UV-Visible titrations for [4 .3 | binding to CT-DNA  

(25 °C, 5 mM Tris buffer, 25 mM NaCI, pH 7.0),

The hypochromisms of [4.1], [4.2] and [4.3] on addition o f CT-DNA were used 
to construct a Scatchard plot, which was then fitted to the McGhce-von Hippel 
model. Figure 5.14. The Scatchard plots were constructed from the binding 
data between 30 % and 95 % fraction bound. The model fitted the data well in all 
cases and the R: value for the non-linear least squares fit was > 0.95. The data 
are summarised in Table 5.4.
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Figure 5.14: Scatchard plots fitted to the McGhee-von Hippel model using UV-Visible 
titrations data from [4.1], [4.2] and [4.3] binding to CT-DNA in 5 mM  TRIS, 25 m \I  NaCl

pH 7.0.

Analysis o f the Scatchard plot shows that, [4.1) shows the strongest binding to 
CT-DNA, having a 2-fold and 7-fold increase in affinity compared to that o f [4.2| 
and [4.31, respectively. In addition, the binding affinity o f [4.1] is about a 
magnitude higher than that o f the building block [2.8], However, the site sizes 
obtained are similar, being 1 bp for each complex. The site size for [4.1] is 
consistent with the stoichiometry obtained from the continuous variation analysis 
(Job Plots) experiment. On the other hand, the binding interaction o f [4.21-DNA 
is about twice of [2.7J-DNA, with the binding constant o f 1.33 x 106 M'1 The 
site sizes for both [4.2[ and [2.71 are more or less the same. Macrocyclc |4 .3 | 
binds less tightly to CT-DNA with a binding affinity o f 3.32 x I05 M'1. Indeed, 
this macrocycle shows weaker affinity towards CT-DNA than the monomer [2.6], 
which could be reasoned by the steric demand of this macrocycle. Although the 
changes in the relative viscosity has suggested that this complex binds through 
intercalation mode, the site size obtained from UV-Visible titration is low; 
however the stoichiometry obtained from the job Plots experiment for (4.3| is
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3.0 bp per ligand and this agrees with the earlier assumption that this complex 
binds through intercalation.

Table 5.4: Summary of binding data for [4.1], [4.2] and [4.3] with CT-DNA obtained by
UV-Visible titrations.

Compound K b /mol' dm3 S/bp %H
[4.1] 2.38 ± 0.26 x 106 1.13 ±0.05 43.6

[4.2](,) 1.33 ± 0.96 xlO 6 1.12 ±0.06 46.8
[4A](,) 3.32 ±  0 .71x10s 1.11 ±0.03 54.2

(Where % H  is the percent of the hypochromism, %H=[(Ajr>NA1"° - Aj,rDNA1"SAT)/ AjJdna1"°] x  100) 
(,) Titration performed in 5 % methanolic buffer due to limited solubility.

5.2.4 Luminescence Titrations

Luminescence titrations were carried out using a procedure similar to the UV-Vis 
titrations. To reinterate, in previous host-guest studies, we have found that 
binding to polyaromatic molecules in water has no effect on luminescent output 
o f [4.1],28 whilst anion binding in non-aqueous solutions results in enhancements 
o f steady state emission, but no shift in Aem.27 Earlier in this report, we have 
found that binding of somewhat bigger biological anions to [4.1], [4.2] and [4.3] 
in water have resulted in changes of the luminescence output (either increase or 
decrease). Figure 5.15 shows typical luminescence titrations [4.1] with 
CT-DNA.
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Figure 5.15: Luminescence titration of [4.11 with CT-DNA. (25 °C, 5 mM Tris buffer,
25 mM NaCl, pH 7.0).

Interestingly, the emission of [4.1] is quenched upon addition o f CT-DNA. 
However, even at saturation binding [4.1] still displays significant residual 
luminescence in aqueous solution. There is no shifting o f emission wavelength 
upon saturation binding. Reduced luminescence from substrate bound to DNA is 
often associated with redox quenching involving oxidation of G-sitcs.65' 132, 133,202 
However, this mechanism is unlikely as, once the initial minimum is obtained, no 
further decrease in luminescence is observed even in the presence o f a large 
excess o f DNA.

In contrast to the former observation, analogous titration involving [4.2] and [4.3] 
results in a progressive enhancement in the emission intensity o f both molecules. 
Again, no shifting in the emission wavelength upon saturation binding was 
observed. It is somewhat surprising that the emission intensity for [4.2] is 
increased upon titration with CT-DNA although [4.1] and [4.2] show a high 
degree o f similarity in the viscosity experiments. We have previously suggested 
that emission changes caused by host-guest interactions involving the 
macrocycles are due to alterations in the torsion angles between aromatic rings in
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the bridging ligand. This structural change, caused by the accommodation of a 
guest within the macrocycle binding pocket, affects emission intensity by 
modulating the rate of non radiative decay processes.27 While this phenomenon 
might also explain the observed change in the emission intensity o f [4.21 upon 
bound to DNA, it is not surprising at all to observed enhancement of the emission 
intensity for [4.3] when bound to DNA. This is due to the protection of the 
phenazine nitrogen of the dppz ligands upon binding with DNA. Figure 5.16 and 
Figure 5.17 show typical luminescence titrations o f [4.2] and [4.3] with 
CT-DNA.

550 600 650 700 750 800 850
Wavelength (nm)

Figure 5.16: Luminescence titration of [4.21 with CT-DNA. (25 °C, 5 mM Tris buffer
25 mM NaCl, pH 7.0).
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Figure 5.17: Luminescence titration of [4.3] with CT-DNA. (25 °C, 5 mM Tris buffer,
25 mM NaCl, pH 7.0).

The binding curves derived from the luminescence data for the interaction of 
[4.1], [4.2] and [4.3] with CT-DNA are shown in Figure 5.18 and Figure 5.19. 
Once again it shows that saturation binding has taken place. These data were 
then fitted to the McGhee-von Hippel model174 (Figure 5.2»), Binding 
parameters obtained from fits o f the raw data are summarised in Table 5 5
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Figure 5.18: Binding curves obtained by luminescence titrations for [4.11 and [4.3| binding 
to CT-DNA (25 °C, 5 m \I Tris buffer, 25 mM NaCI, pH 7.0).
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Figure 5.19: Binding curve obtained by luminescence titrations for [4.2] binding to 

CT-DNA (25 °C, 5 mM Tris buffer, 25 mM NaCI, pH 7.0).
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Figure 5.20: Scatchard plots fitted to the McGhee-von Hippel model using luminescence 
titrations data from [4.1], [4.2] and [4.3] binding to CT-DNA in 5 niM TRIS, 25 mM NaCI

pH 7.0.

The fits obtained from the luminescence emission data for CT-DNA arc in good 
agreement with the UV-Visible absorption experiments and confirm that [4.1| 
binds to DNA with a stronger affinity than [4.2] and [4.3], In strong contrast,
[4.1] and [4.2] bind differently from the monometallic complex building blocks 
[Ru(bpy)2(qtpy)]2+ [2.8] and [Ru(phen)2(qtpy)]2+ [2.7], respectively. These 
mononuclear complexes display negligible changes in luminescence on DNA 
binding and their interactions with CT-DNA are around two to ten orders of 
magnitude lower than that of the macrocyclcs. While the site sizes of 
approximately 1 bp per ligand were obtained for [4.1] and [4.3], the site size for
[4.2] is slightly higher, being 4.67 bp per ligand. The former values agree well 
with those obtained by absorption titrations.
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Table 5.5: Summary of binding data for [4.1], [4.2] and [4.3] with CT-DNA obtained by
luminescence titrations.

Compound K b Im o  l'1 dm3 S/bp
[4.1] 3.32 ± 0.25 x 10° 1.05 ±0.05

[4.2](,) 8.75 ± 0 .1 9 x l0 5 4.67 ±0.05
[4.3](,) 4.42 ± 0.22 x 1 0s 1.36 ±0.05

(a) Titration performed in 5 % methanolic buffer due to limited solubility.

5.2.5 Luminescence Lifetimes

For further insight into the DNA binding interactions o f the metallomacrocycles 
with CT-DNA, luminescence lifetimes measurements were performed. Data are 
summarised in Table 5.6.

Table 5.6: Lifetime data for [4.1], [4.2] and [4.3] in 5 mM Tris, 25 mM NaCl, pH 7.0 at 25°C.

Compound t \  ns T b ,  ns
[4.1] 463 430
[4.2] 427 474
[4.3] 173 276c; 46d

‘Lifetime at a binding ratio o f [CT-DNA(bp)]/[Ruj 0:1. life tim e  at a binding ratio of 

[CT-DNA(bp)]/[Ru] saturated: 1. 'First component. “Second component. (A ll solutions are 

degassed unless otherwise stated)

The lifetimes were recorded in the absence of CT-DNA and in the presence of 
saturated CT-DNA (saturation points were determined from the luminescence 
titration experiments). Both [4.1] and [4.2] gave shorter luminescence lifetimes 
compared to the respective building blocks upon binding to CT-DNA. On the 
other hand, the lifetime obtained for [4.3]-DNA is about two fold longer than 
[2.6J-DNA.

Interestingly, the decay profile for [4.3] fitted well to a biexponential curve upon 
binding with CT-DNA rather than a monoexponential curve before binding. This 
observation supports the earlier assnmpiion that the dppz ligands are involved in
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the DNA binding interaction, most probably through intercalation, thus indicate 
that when binding to DNA, the lowest excited states for [4.3] are at least partially 
localised on the dppz ligands. Two lifetimes can be attributed to the different 
distribution o f the intercalated complex along the DNA helix, as such proposed 
by Barton et al.u  for [Ru(phen)2(dppz)]2+. In one mode, the dppz ligand is 
parallel to the DNA dyad axis, while in other mode it is perpendicular.

When the binding ratio of [CT-DNA(bp)]/[Ru] varied from 0:1 to saturated: 1, the 
excited lifetime increased from 427 ns to 474 ns for [4.2] and from a 
monoexponential lifetime of 173 ns to biexponential lifetimes o f 276 ns and 46 ns 
for [4.3]. The increments are consistent with the observed progressive emission 
enhancement of [4.2] and [4.3] upon binding to CT-DNA. The trace obtained for 
[4.1] is slightly decreased from 463 ns to 430 ns when the binding ratio of 
[CT-DNA(bp)]/[Ru] varied from 0:1 to saturated: 1; this is also consistent with 
the quenched emission of [4.1] upon binding with CT-DNA.

5.3 Conclusions

In conclusion, we have found that these large, photoactive, kinetically inert, 
tetranuclear metallomacrocycles can function as hosts for biological anions in 
aqueous environment. However, there is no selectivity observed between the 
macrocycles and the biomolecules. Thus, macrocycles [4.1], [4.2] and [4.3] may 
serve as a starting point for the development of more sensitive and specific 
probes for nucleic acid constituents in water.

In fact, these macrocycles have demonstrated the capability o f binding large 
polyanions such as duplex DNA with affinities that are comparable with other 
DNA binding substrates. Interestingly, the binding affinities and binding modes 
are modulated upon changing the ancillary ligands o f the macrocycles.
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6 Future Work

Future work in this area may concentrate on fabrication of macrocycles which are 
tailored to function as specific sensing systems. By changing the bridging ligand, 
the size of the host cavity can be tuned (Figure 6.1), while changing the overall 
charge of the structure, the selectivity for ions or hydrophobic aromatic molecules 
can be adjusted (Figure 6.2).

Figure 6.1: Analogous macrocycles with different bridging ligands.
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For these hosts to function as sensors, an output that is modulated by guest 
binding is required. In our macrocycles RubpyRe [4.1], RuphenRe [4.2] and 
RudppzRe [4.3], energy transfer process within these systems mean that this 
signal is always supplied by a change in the metal-to-ligand charge transfer 
(MLCT), luminescence from the Ru"-center situated at the coordination site 
which is exterior to the binding pocket. However, other output signals could be 
investigated, for example for complex 5, the output is supplied by a Re1 MLCT 
from the same site, while in complex 6, since the exterior coordination site is 
occupied by a non-emissive center, emission from the Re1 center that forms part 
of the macrocycle will occur. As this metal center is close to any guest bound in 
the pocket it is expected that emission changes in this sensor will be greatly 
modulated.

Figure 6.2: Analogous structures with different overall charges.

It should be noted that both Ru11 and Re1 are electroactive metal centers, with 
distinctive reversible oxidation couples. Therefore the possibility that the 
complexes discussed above function as electrochemical sensors could also be 
investigated.

Preliminary studies on the binding interactions of the prototype systems with 
CT-DNA have shown the promise these heterometallic macrocycles have as 
luminescent DNA binding probe. In the longer term, we would like to investigate 
whether these types of complexes show any sequence preferences in binding to 
DNA. This work may lead to sensors for specific genetic sequences and DNA 
structures involved in diseases such as cancer.
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7 Experimental Techniques and Synthetic Procedures

7.1 M aterials and Equipment

7.1.1 Chemicals

All chemicals were purchased from commercial sources and used as supplied 
unless otherwise stated.

7.1.2 Solvents

Solvents were obtained from commercial sources and were used as supplied 
except in the following cases

Dry difluoromethane, acetonitrile and tetrahydrofuran for all the reactions were 
obtained using the University o f Sheffield Grubbs™ dry solvent system.

7.1.3 Reaction Conditions

All reactions were carried out under an oxygen free nitrogen atmosphere, unless 
otherwise stated.

7.1.4 Chromatography

Alumina column chromatography was carried out on Brockmann grade I.
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All alumina and silica column sizes were approximately 150 x 30 mm unless 
otherwise stated. Sephadex column sizes were approximately 500 x 10 mm.

7.1.5 Nuclear Magnetic Resonance Spectra

Standard JH NMR spectra were recorded on a Bruker AM250 or AV400 
machine, working in Fourier transform mode.

More complex ’H NMR experiments including 2D-COSY experiments were 
performed by Sue Bradshaw of the University o f Sheffield. The spectra were 
recorded on a Bruker DRX500 machine.

The following abbreviations are used in the annotation o f XH NMR spectra:

br -  broad, s -  singlet, d -  doublet, dd -  double doublet, td -triple doublet, 
t -  triplet, q -  quartet, m -  multiplet.

7.1.6 M ass Spectra

FAB mass spectra were recorded on a Kratos MS 80 machine in positive ion 
mode with a m-nitrobenzyl alcohol matrix. ES mass spectra were recorded on a 
Micromass LCT ES-TOF machine.

All spectra were run by Mr. Simon Thorpe, Ms. Jane Stanbra or Ms. Sharon Spey 
of the University o f Sheffield Mass Spectrometry Service.

7.1.7 Electrochemistry Studies

Cyclic voltammograms were recorded using an EG&G model Versastat II 
potentiostat and either CONDECON 310 hardware/software package or the 
EG&G electrochemistry powersuite software package.
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Experiments were performed in freshly distilled acetonitrile with 0.1 M NBU4PF6 

as support electrolyte.

Potentials were measured against a Ag/AgCl reference electrode and ferrocene 
was used as an internal standard. All cyclic voltammograms were software 
corrected for internal resistance.

7.1.8 UV-Visible Absorption Spectra

UV-Vis spectra were recorded on a Cary 500 spectrometer in double beam mode, 
using quartz cells o f 10 mm path length. Spectra were measured in acetonitrile 
unless otherwise stated, and were baseline corrected.

7.1.9 Emission Spectra

Emission spectra were recorded on a Jobin-Yvon FluoroMax-3 
spectrophotometer operating in luminescence wave scan mode. The 
photomultiplier tube was set to a potential o f 700 V, the excitation and emission 
slit widths were 5 nm, the scan speed was 240 nms' 1 and the response time was 
set to 0.05 s.

7.1.10 Luminescence Lifetime Studies

The luminescence lifetime studies were determined using the
Mini-t Fluorescence Lifetime Spectrometer operating under single photon 
counting conditions and collected by a Hamamatsu H5773-03 single photon 
counting detector. Data analysis was performed using Marquadt-Levenberg 
Algorithm. The goodness of fit was assessed by minimising the reduced chi 
squared function (x ) and visual inspection of the weighted residuals. 
Oxygen-free samples were prepared by degassing three times with 
freeze-pump-thaw cycles on a high-vacuum line with liquid nitrogen.
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7.1.11 Quantum Yield Measurements

Quantum yields were measured at excitation wavelength and compared to 
reference emitters by the following equation:

where A is the absorbance at the excitation wavelength (A), E is the corrected 
emission intensity of the excitation light at the excitation wavelength (A), n is the 
refractive index of the solvent, 1 is the relative intensity of the exciting light, and 
O is the emission quantum yield. The subscript r and x refer to the reference and 
the sample, respectively. All quantum yields were performed at an identical 
excitation wavelength for the samples and reference, canceling the (Ir)/(Ix) term 
in the equation. All complexes were measured against [Ru(bpy)3]2+ in 
acetonitrile (®  = 0.062)87 and in water ($> = 0.042)89 as reference, respectively. 
Experiments were performed in freshly distilled acetonitrile or double distilled 
water.

7.1.12 X-Ray Diffraction

Structures were solved by Harry Adams in the department’s X-ray structure 
determination service on a Bruker Smart CCD area detector with Oxford 
Cryosystems low temperature system and complex scattering factors from the 
SHELXTL program package.

7.1.13 Spectroelectrochemistry

UV/Vis/NIR spectroelectrochemical measurements were performed in 
acetonitrile using an OTTLE cell, path length 0.4 mm, at 253 K unless stated 
otherwise. Hardware used comprised a Cary 5000 UV/Vis/NIR spectrometer and
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an EG+G 273A Potentiostat. The electrodes used were a platinum gauze working 
electrode, platinum wire counter electrode, and silver pseudo-reference electrode. 
Experiments were performed in acetonitrile, dried as before, with 0.1 M NBU4PF6 

as base electrolyte.

7.2 DNA Binding Study Protocols

7.2.1 Preparation of Calf Thymus DNA

Calf thymus DNA (CT-DNA) was purchased from Sigma as a solid sodium salt 
and dissolved in buffer (5 mM Tris, 25 mM NaCl, pH 7.0). An average chain 
length128 o f 150-200 base pairs (bp) was achieved by subjecting the CT-DNA 
solution to 30 minutes of discontinuous sonication using a Sanyo Soniprep 150 
ultrasonic disintegrator, fitted with a 19 mm diameter probe. It was then 
dialysed204 in 2 litres o f Tris buffer for 24 h at 4 °C using dialysis tubing with a 
MWCO of 3,500 Daltons.

Purity of the sample was determined by UV-Visible spectroscopy, with

——  >1.9 indicating a protein free sample. DNA concentration was also
•^280

determined by UV-Visible spectroscopy using £260 = 13200 M'1 cm'1 for 
concentration analysis.

7.2.2 Viscosity

Viscosity experiments were carried out on a Cannon-Manning semi-micro 
viscometer (size 50) immersed in a thermostated water bath maintained at 
27 + 1 °C. The concentration of CT-DNA was kept between 0.5 -  1 mM bp'1, 
and approximately 200 bp in length, as described in section 7.2.1, to minimise 
complexities rising from DNA flexibility.124, 183 The different samples were 
prepared by adding ligand to the DNA solution to give an increase in the 
ligand/bp ratio. (Solutions were made up so that values o f 1/R
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(R=[DNA]/[ligand]) were between 0 and 0.2). The flow times (time taken for the 
solution to pass through the capillary tube) were recorded in triplicate and the 
average calculated after thermal equilibration of 20 minutes. Estimated error 
± 10 % based on five repeat experiments.

7.2.3 Continuous variation analysis (Job plots)

Continuous variation analyses were carried out in a HORIBA Jobin Yvon 
FluoroMax-3 spectrometer or a Varian-Cary 3-Bio UV-Visible spectrometer. The 
sum of the concentrations of CT-DNA and metal complex was kept constant at 
20 pM, and the concentration of DNA and metal complex was varied. The 
fluorescence intensities o f these mixtures were measured using the excitation 
wavelength characteristic of each metal complex at 25 °C. While for those 
complexes that gave slight changes in the emission, the Job plots were done by 
following the changes in absorption of the mixtures at wavelength where the 
complex absorbed strongly and the concentration of DNA and metal complex 
was kept constant at 5 pM. Estimated error ±  20 % based on five repeat 
experiments.

7.2.4 UV-Visible Titrations

UV-Visible titrations were performed on a Varian-Cary 3-Bio UV-Visible 
spectrometer. 3 mL of buffer was loaded into two identical 1 cm path length 
optical quartz cuvettes. To the first cuvette, a volume of buffer was removed 
with a Gilson pipette and replaced with the same volume of stock solution of 
drug. This first cuvette was placed into the sample cell and the second into the 
reference cell o f the spectrometer and maintained at 25 °C. Both cuvettes were 
mixed 15 times with a Gilson 1000 pL pipette and all bubbles removed.

After equilibration, a spectrum between 200 -  600 nm was recorded. 1 -  5 pL of 
a concentrated stock CT-DNA was added to both cuvettes and mixed 15 times. 
The spectrum was recorded after equilibration and checking that no bubbles were
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present. This procedure was continued until the absorbance became constant, 
indicating saturation binding had occurred. Figures are quoted as the average 
from a number o f repeat experiments and the standard deviation.

7.2.5 Luminescence Titrations

Luminescence titrations were performed on a HORIBA Jobin Yvon FluoroMax-3 
spectrometer. 3 mL of buffer was loaded into a 1 cm path length optical quartz 
cuvette. A volume of buffer was removed with a Gilson pipette and replaced 
with the same volume of stock solution of drug. This cuvette was placed into the 
sample cell o f the spectrometer, mixed 15 times with a Gilson 1000 pL pipette, 
all bubbles removed and maintained at 25 °C. After equilibration, the emission 
spectrum was recorded using the excitation wavelength characteristic of the 
compound. A small volume of concentrated stock DNA solution was added to 
the cuvette and mixed, and then the emission was recorded. This procedure was 
continued until the emission became constant. Figures are quoted as the average 
from a number of repeat experiments and the standard deviation.

7.2.6 Isothermal Titration Calorimetry (ITC)

ITC experiments were conducted using a VP-ITC from MicroCal LLC 
(Northampton MA, USA) interfaced to a Gateway PHI PC. Data acquisition and 
analysis was performed using Origin 5.0 (MicroCal LLC) and all titrations were 
performed at 25 °C in the 5 mM Tris, 25 mM NaCl, pH 7.0 buffer, unless 
otherwise stated. The reference cell was filled with distilled water. The sample 
cell was filled with DNA (typical concentration of around 0.1 - 0.3 mM) and 
approximately 290 |iL  o f the ligand (concentration between 0.5 - 1.5 mM) was 
loaded into the syringe and titrated into the DNA solution. After an initial 
injection o f 3 |iL, 18 injections of 15 jiL each performed with a separation of 
300 -  800 seconds depending on the rate with which the experiment returned to 
the baseline. The DNA solution was stirred continuously at 300 rpm throughout 
the experiments, which were maintained at 25 °C (unless is specified). Heats of
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dilution for each compound were determined by titrating the complex into the 
buffer solution. These dilution heats were subtracted from the AH° value for 
DNA-complex titration to give a corrected heat effect. Each titration was 
repeated at least two times and the average o f AH° was calculated.

The ITC technique was also used to perform salt concentration dependence 
experiments. Four difference ITC experiments were carried out for each 
compound in 5 mM TRIS buffer, pH 7.0 and with a salt concentration of 25 mM, 
50 mM, 75 mM and 100 mM, respectively. It is then possible to determine the 
salt concentration dependence of the binding constant by plotting the log K  
against -log [Na+].
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7.3 Synthetic Procedures

7.3.1 Preparation of 2,2’:4,4” :4’,4,” -Quaterpyridyl [2.1]

4,4’-bipyridine (80 g, 0.51 mol) and 10 % palladium on carbon (16 g) were 
heated in a sealed bomb at 230°C for 2 days. Chloroform (150 mL) was added 
and the mixture was refluxed for a further 30 minutes. Following filtration, to 
remove the Pd/C, acetone (150 mL) was added to the resulting solids and the 
mixture was stirred. The resulting slurry was filtered, yielding a crop of crude 
quaterpyridine. The volume of the filtrate was reduced in vacuo by 
approximately 50 ml to yield more solid, which was again collected. The batches 
of crude quaterpyridine were then combined and recrystallised from hot ethanol 
giving a cream solid.
Yield: 14.63 g (9.25 %).
FAB-MS: m/z = 310 [M+].
JH NMR (CDCls): 5H = 8.82-8.68 (m, 8H), 7.65 (d, 4H, 7Hh = 4.4 Hz, 1.7 Hz), 
7.60 (d, 2H, 7hh = 4.9 Hz, 1.8 Hz).
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7.3.2 Preparation of l,10-phenanthroline-5,6-dione (dpq)

Figure 7.2: l,10-phenanthroline-5,6-dione.

Concentrated sulphuric acid (60 ml) and concentrated nitric acid (30 ml) were 
mixed slowly in an ice bucket. 1,10-phenanthroline (8 g, 44.4 mmol) and sodium 
bromide (8 g, 77.6 mmol) were added to the acid mixture and refluxed heavily for 
3h. After cooling the deep orange mixture was poured over ice (1 L) and 
neutralised to pH 7.0 with the addition of sodium hydrogen carbonate. The 
product was extracted with chloroform (4 x 150 ml) and dried over M gS0 4 . The 
solvent was removed in vacuo and the yellow product was recrystallised from 1:1 
methanoliwater.
Yield: 3.50 g (37.50 %).
FAB-MS; m/z (%): 211 [M+].
!H NMR (CDCI3): 8h = 7.56 (dd, 2H, Jm  = 4.6 Hz, 2.0 Hz), 8.47 (dd, 2H, 
7hh = 7.8 Hz, 2.0 Hz), 9.07 (dd, 2H, 7hh = 7.8 Hz, 4.6 Hz).
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7.3.3 Preparation of Dipyrido [3,2-a:2’,3’-c] phenazine (dppz) [2.2]

Figure 7.3: Dipyrido [3,2-a:2’,3’-c] phenazine (dppz).

l,10-phenanthroline-5,6-dione (3.47 g, 16.5 mmol) and o-phenylene-diamine 
(1.78 g, 16.5 mmol) were refluxed in EtOH (100 ml) for 2h, during this period 
solution turned from dark brown to deep red). After cooling the solvent was 
removed in vacuo and the resulting solid was recrystallised with 1:1 EtOH/water. 
The recrystallised orange needles were collected by filtration, washed 
subsequently with ice cold water (50 ml) and ethanol (50 ml) and dried in vacuo. 
Yield: 2.60 g (55.82 %).
FAB-MS; m/z (%): 283 [MH+].
!H NMR (/-C D C Ij): 6h = 9.65 (dd, 2H, Jm  = 8.2 Hz, 1.6 Hz), 9.27 (dd, 2H, 
J hh = 4.6 Hz, 1.7 Hz), 8.36 (dd, 2H, Jhh = 5.2 Hz, 3.5 Hz), 7.93 (dd, 2H, 
7hh = 5.3 Hz, 3.5 Hz), 7.80 (dd, 2H, 7Hh = 8.2 Hz, 4.4 Hz).
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7.3.4 Preparation of Ru(dppz)2Cl2 [2.3]

Typically, ruthenium(III) chloride trihydrate (0.96 g, 3.82 mmol), dppz 
(2.08 g, 7.64 mmol) and LiCl (1.1 g) were dissolved in fresh DMF (10 ml) and 
heated to reflux for 8 hours. The purple solution was then cooled and poured into 
stirred acetone (50 ml) and cooled to 4°C for 18 hours. The dark brown solid was 
collected by filtration and washed with water (3 x 25 ml), then dried in vacuo. 
Yield: 1.83 g (62.01 %).
FAB-MS; m/z (%): 701 [M+-C1].
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7.3.5 Preparation of Ru(phen)2Cl2 [2.4]

Figure 7.5: Ru(phen)2Cl2 .

Typically, ruthenium(III) chloride trihydrate (10 g, 38.2 mmol), 
1, 10-phenanthroline (13.8 g, 76.6 mmol) and LiCl (11 g) were dissolved in fresh 
DMF (60 ml) and heated to reflux for 8 hours. The dark-brown solution was then 
cooled and poured into stirred acetone (200 ml) and cooled to 4°C for 18 hours. 
The dark brown solid was collected by filtration and washed with water 
(3 x 25 ml), then dried in vacuo.
Yield: 10.73 g (49.40 %).
FAB-MS: m/z = 497 [M+-C1], 462 [M2+-2C1].
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7.3.6 Preparation of Ru(bpy)2Cl2 [2.5]

Figure 7.6: Ru(bpy)2CI2.

Typically, ruthenium(III) chloride trihydrate (10 g, 38.2 mmol), 2,2’-bipyridine 
(12 g, 76.9 mmol) and LiCl (11 g) were dissolved in fresh DMF (60 ml) and 
heated to reflux for 8 hours. The purple solution was then cooled and poured into 
stirred acetone (200 ml) and cooled to 4°C for 18 hours. The dark brown-purple 
solid was collected by filtration and washed with water (3 x 25 ml), then dried in 
vacuo.
Yield: 12.30 g (61.92 %).
FAB-MS: m/z = 484 [M+], 449 [M+-C1].
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7.3.7 Preparation of [Ru(dppz)2(qtpy)](PF6)2 [2.6]

n 2+

Figure 7.7: [Ru(dppz)2(qtpy)](PF6)2.

Typically Ru(dppz)2Cl2 (0.5 g, 0.647 mmol) and qtpy (0.2 g, 0.645 mmol) were 
heated to reflux in freshly distilled, dry ethylene glycol for 1 hour. Upon cooling, 
the red-orange product was isolated by addition o f solid NH4PF6, filtered, washed 
successively with water (2 x 10 ml), ethanol (2 x 10 ml) and diethyl ether 
(2 x 10 ml), then dried in vacuo. This crude product was purified by column 
chromatography on grade 1, neutral alumina, eluting with a 1:1:9 

KNC>3:water:acetonitrile mixture.
Yield: 0.61 g (75 %).
ES-MS; m/z (%): 1121 [M+-PF6], 488 [M2+-2PF6].
Accurate Mass: Calculated for RuC56H34N i2F6P, [M+-PF6]: 1121.1715.

Observed: 1121.1752 ±  3.3 PPM.
!H NMR (d3-acetonitrile): 8h = 9.79 (dd, 2H, 7hh = 8.3 Hz, 1.2 Hz), 9.68 (dd, 2H, 
Jhh = 8.2 Hz, 1.3 Hz), 9.10 (s, 2H), 8.85 (dd, 4H, / Hh = 4.6 Hz, 1.7 Hz), 8.54 (m, 
4H), 8.44 (dd, 2H, 7hh = 5.4 Hz, 1.5 Hz), 8.23 (dd, 2H, 7HH = 5.4 Hz, 1.5 Hz),
8.19 (m, 4H), 8.07 (d, 2H, JHh = 5.9 Hz), 8.03 (dd, 2H, 7Hh = 8.1 Hz, 5.4 Hz), 
7.91 (dd, 4H, 7Hh = 4.6 Hz, 1.7 Hz), 7.83 (dd, 2H, 7Hh = 8.1 Hz, 5.4 Hz), 7.71(dd, 
2H ,/ hh = 6.0 H z, 1.9 Hz).
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7.3.8 Preparation of [Ru(phen)2(qtpy)](PF6)2 [2.7]

Elemental analysis calculated for C56H34F12N12P2RU.H2O: C, 52.38; H, 2.83;
N, 13.09. Found: C, 52.25; H, 2.72; N, 12.93.

^ m “ ] 2+

Figure 7.8: [Ru(phen)2(qtpy)](PFi)2.

Typically Ru(phen)2Cl2 (0.74 g, 1.288 mmol) and qtpy (0.4 g, 1.288 mmol) were 
heated to reflux in freshly distilled, dry ethylene glycol for 1 hour. Upon cooling, 
the red-orange product was isolated by addition of solid NH4PF6, filtered, washed 
successively with water (2  x 10 ml), ethanol (2 x 10 ml) and diethyl ether 
(2 x 10 ml), then dried in vacuo. This crude product was purified by column 
chromatography on grade 1 , neutral alumina, eluting with a acetonitrile.
Yield: 1.21 g (88.41 %).
ES-MS; m/z (%): 917 [M+-PF6], 386 [M2+-2PF6].
Accurate Mass: Calculated for RUC44H30N 8. [M2+-2PF6]: 386.0819.

Observed: 386.0833 ± 3.6 PPM.
*H NMR (d3-acetonitrile): 5h = 9.02 (s, 2H), 8.83 (dd, 4H, Jm = 4.7 Hz, 
1.7 Hz), 8.71 (dd, 2H, Jm  = 8.2 Hz, 1.1 Hz), 8.61 (dd, 2H, Jm  = 8.2 Hz, 1.1 Hz), 
8.32 (dd, 2H, 7hh = 5.3 Hz, 1.1 Hz), 8.30 (m, 4H), 7.94 (dd, 2H, JHH = 5.1 Hz,
1.2 Hz), 7.87 (dd, 4H, 7 H h  = 4.7 Hz, 1.7 Hz), 7.83 (m, 2H), 7.62 -  7.58 (m, 6H). 
Elemental analysis calculated for C44H30F12N 8P2RU.3H2O: C, 47.36; H, 3.25; 
N, 10.04. Found: C, 47.31; H, 2.71; N, 9.86.
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7.3.9 Preparation of [Ru(bpy)2(qtpy)](PF6)2 [2.8]

Typically Ru(bpy)2Cl2 (0.2 g, 3.85 mmol) and qtpy (0.119 g, 3.87 mmol) were 
heated to reflux in freshly distilled, dry ethylene glycol for 1 hour. Upon cooling, 
the red-orange product was isolated by addition o f solid NH4PF6, filtered, washed 
successively with water (2  x 10 ml), ethanol (2 x 10 ml) and diethyl ether 
(2 x 10 ml), then dried in vacuo. This crude product was purified by column 
chromatography on grade 1, neutral alumina, eluting with a 1:1 

acetonitrile:toluene mixture.
Yield: 0.351 g (89.93 %).
ES-MS; m/z (%): 869 [M+-PF6], 362 [M2+-2PF6].
*H NMR (d3-acetonitrile): 5h = 8.90 (s, 2H), 8.83 (dd, 4H, 7hh = 4.5 Hz,
1.6 Hz), 8.56 (d, 4H, 7Hh = 8.1 Hz), 8.11 (m, 4H), 7.89 (d, 2H, 7HH = 6.1 Hz), 
7.86 (dd, 4H, JHH = 4.5 Hz, 1.6 Hz), 7.84 (d, 2H, 7HH = 5.6 Hz), 7.79 (d, 2H, 
7Hh = 5.1 Hz), 7.75 (dd, 2H, 7HH = 6.0 Hz, 1.8 Hz), 7.45 (m, 4H).
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7.3.10 Preparation of [Ru(dppz)2(qtpyMe2)][PF6 ]4  [2.9]

Figure 7.10: [Ru(dppz)2(qtpyMe2)](PF6)4.

A mixture of the [Ru(dppz)2(qtpy)](PF6)2 (0.2 g, 0.158 mmol) and a fifteen-fold 
molar excess o f methyl iodide (0.098 ml, 1.58 mmol) in acetonitrile was stirred at 
50°C for two days. The solvent was removed on a rotary evaporator. The 
red-orange residue was redissolved in aqueous methanol (1:1) and KPF6, added 
to precipitate the product, which was collected by filtration and dried.
Yield: 0.176 g (70.23 %).
FAB-MS; m/z (%): 1441 [M+-PF6], 1296 [M2+-2PF6], 1151 [M3+-3PF6], 
648 [M2+-2PF6].
Accurate Mass: Calculated for R.UC58H40N 12F 18P3. [M+ -PF6]: 1441.1468.

Observed: 1441.1399 ±  4.8 PPM.
*H NMR (d3-acetonitrile): 5h = 9.81 (dd, 2H, / hh = 8.2 Hz, 1.1 Hz), 9.72 (dd, 2H, 
/ hh = 8.2 Hz, 1.2 Hz), 9.13 (s, 2H), 8.83 (d, 4H, / HH = 6.9 Hz), 8.54 (m, 4H), 
8.45 (d, 4H, / hh = 6.9 Hz), 8.42 (dd, 2H, / hh = 5.3 Hz, 1.1 Hz), 8.23 (d, 2H, 
/ hh = 1.2 Hz), 8.21 (m, 4H), 8.19 (s, 2H), 8.03 (dd, 2H, / HH = 8.2 Hz, 5.3 Hz), 
7.85 (dd, 2H, / HH = 8.3 Hz, 5.4 Hz), 7.79 (dd, 2H, / hh = 6.0 Hz, 1.8 Hz), 
4.44 (s, 6H).
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7.3.11 Preparation o f [Ru(phen)2(qtpyMe2)](PF6)4 [2.10]

Elemental analysis calculated for C58H40F24N12P4RU.3 H2O: C, 42.48; H, 2.83;
N, 10.25. Found: C, 41.98; H, 2.58; N, 9.97.

A mixture o f the [Ru(phen)2(qtpy)](PF6)2 (0.1 g, 0.094 mmol) and a fifteen-fold 
molar excess o f methyl iodide (0.088 ml, 1.41 mmol) in acetonitrile was stirred at 
50°C for two days. The solvent was removed on a rotary evaporator. The 
red-orange residue was redissolved in aqueous methanol (1:1) and KPFg, added 
to precipitate the product, which was collected by filtration and dried.
Yield: 0.100 g (76.86% ).
ES-MS; mlz (%): 1238 [M+-PF6], 546 [M2+-2PF6].
Accurate Mass: Calculated for RUC46H37N 8F18P3. [M+ -PFg]: 1238.1110.

Observed: 1238.1051+4.8 PPM.
’H NMR (d3-acetonitrile): 8 h  = 9.22 (s, 2H), 8.82 (d, 4H, / h h  = 6.9 Hz), 8.73 (dd, 
2H, 7 h h  = 8.3 Hz, 1.2 Hz), 8.63 (dd, 2H, / h h  = 8.3 Hz, 1.2 Hz), 8.55 (d, 4H, 
/ h h  = 6.9 Hz), 8.31 (m, 4H), 8.01 (d, 2H, / HH = 5.9 Hz), 7.93 (dd, 2H, 
/ h h  =  5.1 Hz, 1.2 Hz), 7.84 (dd, 2H, J m  =  8.3 Hz, 5.1 Hz), 7.73 (dd, 2H, 
/ hh = 5.9 Hz, 1.8 Hz), 7.63 (dd, 4H, / hh = 8.3 Hz, 5.1 Hz), 4.34 (s, 6H).
Elemental analysis calculated for C46H36F24N8P4RU.4H2O: C, 38.00; H, 3.05; 
N, 7.71. Found: C, 37.45; H, 2.65; N, 7.51.

'Me

Figure 7.11: [Ru(phen)2(qtpyMe2)](PFs)4.
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7.3.12 P reparation o f [R u(bpy)2(qtpyM e2)](P F 6)4 [2.11]

Figure 7.12: [Ru(bpy)2(qtpyMe2)](PF6)4.

A mixture o f the [Ru(bpy)2(qtpy)](PF6)2 (0.2 g, 0.197 mmol) and a fifteen-fold 
molar excess o f  methyl iodide (0.184 mL, 2.96 mmol) in acetonitrile was stirred 
at 50°C for two days. The solvent was removed on a rotary evaporator. The 
red-orange residue was redissolved in aqueous methanol (1:1) and KPF6, added 
to precipitate the red-orange product, which was collected by filtration and dried. 
Yield: 0.223 g (43.43 %).
ES-MS; m/z (%): 1189 [M+-PF6], 522 [M2+-2PF6],
*H NMR (d3-acetonitrile): 5h = 9.07 (s, 2H), 8.84 (d, 4H, 7Hh = 6.8 Hz), 8.57 (d, 
4H, 7hh = 7.8 Hz), 8.46 (d, 4H, JHh = 6.8 Hz), 8.13 (m, 4H), 8.05 (d, 2H, 
7hh = 5.9 Hz), 7.84 (dd, 2H, / HH = 6.1 Hz, 2.0 Hz), 7.80 (d, 2H, 7HH = 5.6 Hz), 
7.76 (d, 2H, 7Hh = 5.9 Hz), 7.46 (m, 4H), 4.40 (s, 6H).

2 1 2



73.13 P reparation o f  R e(qtpy)(C O )3CI [2.12]

[Re(CO)5Cl] (0.5 g, 1.38 mmol) and qtpy (0.45 g, 1.45 mmol) were heated to 
reflux for 8 hours in a 2:1 toluene:THF mixture (100 ml). Upon cooling to room 
temperature the orange solids precipitated out o f solution and was collected by 
centrifugation, washed with CHC13, and dried in vacuo.
Yield: 0.47 g (55.29 %).
FAB-MS; m/z (%): 617 [MH+], 616 [M+] 581 [MH+ Cl].
]H NMR (c^-DMSO): 8H = 9.33 (s, 2H), 9.15 (d, 2H, 7Hh = 5.8 Hz), 8.89 
(d, 4H, Jhh = 5.8 Hz), 8.20 (d, 2H, Jm  = 4.3 Hz), 8.10 (d, 4H, Jm  = 5.8 Hz).
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7.3.14 Preparation of [Re(qtpy)(CO)3(NCMe)][OTfl [2.13]

Figure 7.14: [Re(CO)3(qtpy)(NCMe)][OTf].

Re(CO)3(qtpy)Cl (0.8 g, 1.30 mmol) and AgOTf (0.36 g, 1.38 mmol) were heated 
to reflux in freshly distilled acetonitrile (50 ml) for 10 hours. The AgCl produced 
was removed by filtration through Celite. The mixture was added to excess 
diethyl ether and the yellow solids precipitated out as the O T f salt, separated by 
centrifugation, and dried in vacuo.
Yield: 0.77 g (76.90 %).
FAB-MS; m/z (%): 622 [MH+-OTf], 581[M+-OTf-MeCN].
!H NMR (d3-acetonitrile): 5h = 9.17 (d, 2H, 7Hh = 5.9 Hz), 8.96 (d, 2H, 
Jm  = 2.0 Hz), 8.89 (dd, 4H, Jhh = 4.6 Hz, 1.7 Hz), 8.08 (dd, 2H, Jm  = 5.9 Hz, 
2.0 Hz), 7.97 (dd, 4H, 7Hh = 4.6 Hz, 1.7 Hz), 2.04 (s, 3H).
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7.3.15 Preparation of [Re(qtpyMe2)(CO)3Cl][PF6 ]2  [2.14]

Figure 7.15: Preparation of [Re(qtpyMe2)(CO)3Cl][PF6]z

A mixture of the [Re(qtpy)(CO)3Cl] (0.3 g , 0.487 mmol) and a fifteen-fold molar 
excess of methyl iodide (0.45 ml, 7.31 mmol) in acetonitrile was stirred at 50°C 
for two days. The solvent was removed on a rotary evaporator. The red-orange 
residue was redissolved in aqueous methanol (1:1) and KPF6, added to precipitate 
the product, which was collected by filtration and dried.
Yield: 0.148 g (32.47 %).
ES-MS; m/z (%): 791 [M+-PF6], 756 [M+-PF6-C1].
Accurate Mass: Calculated for ReC25H2oN4F603PiCl [M+ -PFe]: 791.0423

Observed: 791.0419 ± 0.6 PPM.
!H NMR (/-D M S O ): 8h = 9.47 (s, 2H), 9.39 (d, 2H, JHH = 5.8 Hz), 9.31 
(d, 4H, Jhh =  6.1 Hz), 8.82 (d, 4H, / Hh = 6.1 Hz), 8.37 (d, 2H, JHh =  5.8 Hz), 
4.46 (s, 6H).
Elemental analysis calculated for C25H2oFi2N4P203Re.4H20: C, 29.79; H, 2.80; 
N, 5.56. Found: C, 29.26; H, 2.27; N, 5.42.
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7.3.16 Preparation of [Re(qtpyMe2)(CO)3 (NCMe)][PF6 ] 3  [2.15]

A mixture o f the [Re(qtpy)(CO)3(NCMe)][OTf] (0.1 g, 0.13 mmol) and a fifteen­
fold molar excess of methyl iodide (0.121 ml, 1.95 mmol) in acetonitrile was 
stirred at 50°C for two days. The solvent was removed on a rotary evaporator. 
The red-orange residue was redissolved in aqueous methanol (1:1) and KPF6, 
added to precipitate the product, which was collected by filtration and dried.
Yield: 0.068 g (48.17 %).
ES-MS; m/z (%): 399 [M2+-2PF6].
Accurate Mass: Calculated for ReC27H23N5F603PiCl [M2+-2PF6]:398.5500.

Observed: 398.5481 ± 4 .8  PPM.
’H NMR ((/-acetonitrile): 5h = 9.39 (d, 2H, Jhh = 5.6 Hz), 8.98 (s, 2H), 8.87 
(d, 4H, Jm  = 6.6 Hz), 8.52 (d, 4H, Jm  = 6.6 Hz), 8.08 (dd, 2H, JHH = 5.9 Hz, 
2.0 Hz), 4.42 (s, 6H), 2.11 (s, 3H).
Elemental analysis calculated for C27H23Fi8N5P303Re.2(CH30H): C, 30.27; 
H, 2.72; N, 6.09. Found: C, 30.79; H, 2.23; N, 5.96.

Me
Figure 7.16: Preparation of [Re(qtpyMe2)(CO)3(NCMe)][PF6]3.
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7.3.17 Preparation of RubpyRe Macrocycle [4.1]

~ |4 +

Figure 7.17: RubpyRe Macrocycle.

[Ru(bpyMqtpy)](PF6)2 (0.200 g, 0.2 mmol) and Re(CO)5Cl (0.071 g, 0.2 mmol) 
in 30 ml 1:1 MeCN:THF solution were heated to reflux for 2 days. After this 
time excess THF was added and a red solid precipitated out. The precipitate was 
collected by filtration and washed successively with 2 x 25 ml THF and 3 x 25 ml 
diethyl ether, then dried in vacuo. The deep red solid obtained was purified on a 
silica column, eluting with a 0.1:1:9 KN0 3 :water:acetonitrile mixture.
Yield: 0.148 g (30 %).
ES-MS; m/z (%): 1175 [M2+- 2PF6], 1139 [M4+- 2PF6- 2C1], 735 [M3+- 3PF6].
'H NMR (d3-acetonitrile): 5 h  = 9.09 (d, 8H, 7 H h  = 5.4 Hz), 8.85 (s, 4H), 
8.54 (d, 8H, 7hh = 8.1 Hz), 8.11 (m, 8H), 7.92 - 7.90 (m, 12H), 7.78 (d, 4H, 
7 h h  =  4.9 Hz), 7.75 (d, 4H, J h h  =  5.4 Hz), 7.70 (d, 4H, 7 H h  =  5.9 Hz), 
7.45 (m, 8H).
Elemental analysis calculated for C86H6oCl2F24Ni606P4Re2Ru2.3H20: C, 38.36; 
H, 2.47; N, 8.32. Found: C, 38.04; H, 2.48; N, 8.01.
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7.3.18 Preparation of RuphenRe Macrocycle [4.2]

Figure 7.18: RuphenRe Macrocycle.

[Ru(phen)2(qtpy)](PF6)2 (0.253g, 0.24mmol) and Re(CO)5Cl (0.086g,
0.24 mmol) in 30 ml 1:1 MeCN:THF solution were heated to reflux for 2 days. 
After this time excess THF was added and a red solid precipitated out. The 
precipitate was collected by filtration and washed successively with 2 x 25 ml 
THF and 3 x 25 ml diethyl ether, then dried in vacuo. The red solid obtained was 
purified on a silica column, eluting with a 0.1:1:9 K N 03:water:acetonitrile 
mixture.
Yield: 0.295 g (45 %).
ES-MS; m/z (%): 1223 [M2+- 2PF6], 767 [M3+- 3PF6].
'H NMR (<i3-acetonitrile): 5H = 9.07 (d, 8H, 7Hh = 5.4 Hz), 8.88 (s, 4H), 8.70 (d, 
4H, Jm  = 8.3 Hz), 8.60 (d, 4H, / Hh = 8.3 Hz), 8.28 (m, 8H), 7.92 (d, 4H, 
7hh = 5.4 Hz), 7.89 - 7.87 (m, 12H), 7.82 (m, 8H), 7.61 (dd, 4H, 7Hh = 8.3 Hz,
5.4 Hz), 7.59 (d, 4H, 7hh = 7.1 Hz).
Elemental analysis calculated for C94H60CI2F24N 160 6P4Re2Ru2.6H20 : C, 39.71; 
H, 2.55; N, 7.88. Found: C, 39.18; H, 2.04; N, 7.59.
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7.3.19 Preparation of RudppzRe Macrocycle [4.3]

Figure 7.19: RudppzRe Macrocycle.

[Ru(dppz)2(qtpy)](PF6)2 (0.256 g, 0.2 mmol) and Re(CO)5Cl (0.073 g, 0.2 mmol) 
in 30 ml 1:1 MeCN:THF solution were heated to reflux for 2 days. After this 
time excess THF was added and a red solid precipitated out. The precipitate was 
collected by filtration and washed successively with 2 x 25 ml THF and 3 x 25 ml 
diethyl ether, then dried in vacuo. This crude product was purified by column 
chromatography on silica, eluting with a 0.1:1:9 KN0 3 :water:acetonitrile 
mixture.
Yield: 0.220 g (35 %).
ES-MS; m/z (%): 1427 [M2+- 2PF6], 903 [M3+- 3PF6].
!H NMR (d3-acetonitrile): 8h = 9.79 (dd, 4H, 7Hh = 8.3 Hz, 1.2 Hz), 9.70 (dd, 4H, 
7hh = 8.3 Hz, 1.2 Hz), 9.10 (s, 4H), 8.84 (d, 8H, 7Hh = 6.1 Hz), 8.53 (m, 8H), 
8.40 (dd, 4H, 7Hh = 5.4 Hz, 1.2 Hz), 8.23 (dd, 4H, 7Hh = 5.4 Hz, 1.2 Hz), 8.19 (m, 
8H), 8.10 (d, 12H, 7hh = 6.0 Hz), 8.03 (dd, 4H, 7Hh = 8.3 Hz, 5.4 Hz), 7.82 (dd, 
4H, J h h  = 8.3 Hz, 5.4 Hz), 7.74 (dd, 4H, Jm  = 5.9 Hz, 2.0 Hz).
Elemental analysis calculated for CngH68 Cl2F24N2406P4Re2Ru2.4H20 : C, 44.08; 
H, 2.38; N, 10.45. Found: C, 43.72; H, 2.22; N, 10.06.
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8 Appendix

8.1 Crystallographic Data

Summary of crystallographic data for [2.6][(PF6)2], [2.7][(PF6)2].C6H6 and [2.8][(PF6)2].M eN03.
[2.6][(PF6)2]a [2.7][(PF6)2].C6H6* [2.8][(PF6)2].M eN03c

Empirical formula C56 H34 F7.50 N i2 Pi .25 Ru C50 H36 F12 N8 P2 Ru C41 H33 F12 N9 0 2 P2 Ru
fw 1157.23 1139.88 1074.77

Crystal System Monoclinic Orthorhombic Monoclinic
Space group P2 i/c Pbcn P2j/c

Crystal dimensions 
(mm) 0.09 x  0.07 x  0.03 0 .2 1  x  0 .1 1  x  0 .1 0 0 . 1 0 x 0 . 0 1  x  0 .0 1

A  (A ) 20.502(4) 19.924(5) 21.011(4)
b  (A ) 13.933(2) 13.886(3) 14.830(3)
c ( A ) 42.078(8) 17.850(5) 14.319(3)

a  (deg) 90 90 90
P (deg) 103.286(3) 90 93.83(3)
y (deg) 90 90 90
U ( A 3) 11698(3) 4939(2) 4451.8(16)

Z 8 4 4
Dc (mg/m3) 1.314 1.533 1.604

F(000) 4674 2296 2160
p(Mo-Ka) (mm"1) 0.372 0.472 0.522
Final R1 (on F)“ 0.3013 0.1018 0.1665

Final wR2 (on F)* 0.5532 0.2569 0.4770
“A  weighting scheme w = l/[o^(Fo^) +( 0.2000*P)2+0.00*P] where P=(Fo^+ 2 * Fc^)/3 was
used in the latter stages of refinement. bA  weighting scheme w = l/[a^(Fo^) + 
(0.1230*P)^+103.1388*P] where P=(Fo^+ 2 * Fc^)/3 was used in the latter stages of refinement.
CA weighting scheme w = l/[a^(Fo^) +( 0.2000*P)^+0.00*P] where P=(Fo^+ 2 * Fc^)/3 was 
used in the latter stages of refinement.
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