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Synopsis

This thesis entitled "DNA-Binding and Photocleavage by Metallo-

Polypyridyl, Porphyrin and Diazoarcnc Chromophores" deals mainly

with studies on the design, synthesis, characterization as well as DNA-

binding and photonuclease activity of mixed-ligand or tris- complexes of

cobalt(III), nickel(II) and ruthenium(II) derived from phenanthroline and

modified phenanthroline ligands. It also deals with similar studies carried out

with covalently linked porphyrin-anlhraquinone diads and diazoarene

chromophores. While the major interest in DNA-binding and photocleavage

chemistry of metallo-intercalators stems from their use as

structural/spectroscopic probes and site-specific cleavage agents for DNA,

that of porphyrins is related to their ability to act as effective photosensitizers

in the photodynamic therapy (PDT) of cancer and allied diseases. The

strategy adopted in the design of all of the new chromophores investigated in

this study largely relies on means of maximizing their DNA intercalation.

Attempts to understand their mode of DNA-binding and mechanism of

DNA-photocleavage has been done by the application of various

physicochemical and biochemical techniques.

Metal complexes of the type [M(phen*)3]
n+, where phen* is either 1,

10-phenanthroline (phen) or a modified phen ligand, are particularly

attractive species for developing new diagnostic and therapeutic agents that

can recognise and cleave DNA. Currently, a great deal of attention is being

paid to DNA interactions of mixcd-ligand complexes that contain both phen

(or bpy = 2, 2'-bipyridyl) and modified phen (or modified bpy) ligands, the
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latter of which so designed to augment the intercalative interaction by the

complexes. Unique among the host of such modified ligands reported so far is

dipyrido[3,2-a:2',3'-c]-phenazine (dppz) - a near-planar, hetero-aromatic

entity obtained by fusing a phenazine subunit to bpy. During the course of

the present work, it was realized that further derivatization of this ligand with

suitable electron donating/withdrawing group(s) or change of metal ion

complexing this ligand might not only accentuate DNA-binding and

photocleavage efficiencies of the ensuing complexes but also serve to explore

other interesting functional aspects associated therein. We chose to derivatize

dppz with electron-deficient functional groups such as for example, a quinone

or a cyano group. Chapter 3 of this thesis describes the design, synthesis,

charcterization as well as DNA-binding and photonuclease activity of two

new ruthenium(II) complexes containing dppz-based ligands endowed with

electrochemically interconvertible quinone or hydroquinone functionality.

Similar studies carried out with mixed-ligand and tris- ruthenium(II)

complexes containing a "dicyano derivative" of dppz are described in Chapter

4. In Chapter 5 are described the results of studies carried out with an aim of

evaluating the effect/s due to change of the metal ion on the DNA-binding

and photocleavage abilities of the mixed-ligand complexes containing dppz.

Photodynamic therapy (PDT), in which light activates a

photosensitizing drug and elicits a cytotoxic action, has recently emerged as a

promising modality against cancer and allied diseases. Currently,

hematoporphyrin derivative (or its commercial variant Photofrin II®) is the

most widely used photosensitizer in PDT. However, application of this drug

is known to cause undesirable, post-treatment phototoxic response, probably
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due to the non-specific subcellular level activity during its photodynamic

action. One possible way to circumvent this problem involves the use of

targeted drug-delivery approach. In this regard, photoactive porphyrins which

bind selectively to DNA owing to their linkage to either an intcrcalator (e.g.

acridone, phenothiazine), a minor groove binder (e.g. ellipticine) or a cross-

linking agent (e.g. chlorambucil) have been reported recently. During the

above-mentioned studies on metallointercalators, it occurred to us that

utilization of a photoactive, intercalatable moiety, such as an anthraquinone

subunit, in conjunction with the porphyrin chromophore might accentuate the

photochemical activity of the so-dcrived 'hybrid' molecules leading to an

efficient DNA cleavage. DNA-binding and photocleavage studies on a series

of tailor-made, covalently linked, porphyrin-anthraquinone diads are

described in Chapter 6. Also described, in brief, in this chapter are similar

studies carried out with intercalatable diazoarene chromophores which are

shown to photoclcave DNA via a carbene-mcdialed pathway.

The work embodied in this thesis has been divided into seven chapters

and, a brief, chapter-wise account of the results is presented below.

Chapter 1. Introduction

In this chapter, recent literature related to DNA-binding and

photocleavage by metallointercalators has been discussed in light of their

applicability as foot-printing and site-specific agents, spectroscopic and

structural probes, molecular "light switches" and redox switches of

luminescence has been reviewed. Also given is a brief survey on the
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development of new, porphyrin-based photosensitizers for PDT with

emphasis laid on the aspects related to photocleavage of DNA.

Chapter 2. Materials and Methods

A general description of the synthetic methods as well as the

spcctroscopic, electrochemical, magnetic resonance and biochemical

tecliniques employed during the research work is presented in this chapter.

Chapter 3. A New Metallointercalator Containing an Electroactive

Dipyridophenazine Ligand: DNA Binding, Photonuclcase Activity and

Luminescence Properties

A new mixed-ligand ruthenium(II) complex [Ru(phen)2(qdppz)]2'

incorporating a quinone-fused dipyridophenazine ligand (where phen = 1,10-

phenanthroline and qdppz = naptho[2,3-a]dipyrido[3,2-h:2',3'-fj phenazine-

5,18-dionc) lias been synthesized and fully characterized by spectroscopic

(UV-visible, infra-red, 'H and I3C NMR and FAB-MS) and electrochemical

methods. Chemical or electrochemical reduction of [Ru(phen)2(qdppz)]2+ lead

to the generation of [Ru(phen)2(hqdppz)]2+ - a complex containing the

hydroquinone form (hqddz = 5,18-dihydroxynaptho[2,3-a]dipyrido[3,2-

h:2',3'-f] phenazine) of qdppz. Three important aspects of these two redox-

rclnlcd complexes have been addressed in this chapter: (i) DNA binding (ii)

DNA photocleavage and (iii) luminescence characteristics. Absorption and

viscometric titration, thermal denaturation, topoisomerase assay and

differential-pulse voltammetric studies reveal that [Ru(phen)2(qdppz)]2+ is

avid binder (Kb, apparent binding constant > 106 M'1) of calf-thymus
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(CT) DNA due to a strong intercalation by the ruthenium-bound qdppz

while, [Ru(phen)2(hqdppz)]2+ binds to DNA less strongly than the parent

'quinone' containing complex (Kb = (l±0.2) x 10s M"1). The DNA

photocleavage efficiencies of these complexes also follow a similar trend in

that the MLCT excited state of [Ru(phen)2(qdppz)]2+ is more effective than

that of [Ru(phen)2(hqdppz)]2+ in cleaving the supercoilcd plasmid pBR 322

DNA (kexc = 440±5 nm) as revealed by the results of agarose gel

electrophoresis experiments. While [Ru(phen)2(qdppz)]2+ has been found to

be weakly luminescent or totally non-luminescent in non-aqueous solvents

and also in aqueous buffered, aqueous CH3CN (10% I12O), micellar (SDS)

and DNA solutions, the reduced complex, on the other hand, shows its

MLCT luminescence in both aqueous CH3CN and micellar media but not in

aqueous buffered and DNA solutions. These results have been rationalized by

invoking (i) a photoinduced electron transfer from the MLCT state to the

quinone acceptor in [Ru(phcn)2.(qdppz)]2+ and (ii) quenching of the excited

state due to a proton transfer from water to the dipyridophenazine ligand in

both the complexes. Finally, by the combined application of exhaustive bulk-

electrolysis and steady state fluorescence spectroscopic methods, it is

demonstrated that the "2e72H+" redox related couple

[Ru(phen)2(qdppz)]27[Ru(phen)2(hqdppz)]2+ represents a molecular "light

switching" device displaying interconversion between the non-fluorescent

'quinone' and luminescent 'hydroquinone' stales in aqueous CII^CN

solutions, Fig. 1 {Proc. Indian Acad. Sci. (Chem. Sci), 1997,109, 155-158).
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Chapter 4. DNA Binding, Photonuclease Activity and Luminescence

Properties of a Series of Ruthenium(II) Complexes Containing 6,7-

Dicyanodipyrido Quinoxaline

A new, phcnanlroline-derived ligand (dicnq, 6,7-dicyanodipyrido

quinoxaline) endowed with electron-withdrawing cyano groups on the dppz

frame-work has been synthesized by the condensation of 1,10-

phenanthroline-5,6-dione with diaminomaleonitrile. Mono-

([Ru(phen)2(dicnq)]2+), bis- ([Ru(phen)(dicnq)2]
2+) and Iris- ([Ru(dicnq)3]

2+)

rulhenium(ll) complexes of dicnq (Fig. 2) have been synthesized in good to-

moderate yields and these complexes have been fully characterized by

elemental analysis, FAB-MS, !H NMR and cyclic voltammetric methods. All

the new complexes

~ >

[Ru(phen)2(dicnq)]2< [Ru(phen)(dicnq)J14 CN [Ru(dicnq)J2*

Fig. 2

show MLCT band around 445 nm in the UV-visible spectra - typical of any

ruthenium(II) polypyridyl complex.. Results of absorption titration and

thermal denaturation studies reveal that [Ru(phen)2(dicnq)]2+,
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[Ru(phen)(dicnq)2] and [Ru(dicnq)3] bind with CT DNA predominantly

via an intercalative mode with Kb values of 4.30 x 104, 4.01 x 104 and 9.10 x

103 M"1, respectively. While no lesion was observed in the dark for samples

containing pBR 322 DNA and the individual complex, each complex was

observed to be active against the plasmid in the presence of light (440+5 nm).

Under identical set of experimental conditions of concentration and light

dose, photonuclease activity was seen to follow the order

[Ru(phen)2(dicnq)]2+ > [Ru(phen)(dicnq)2]2+ > [Ru(dicnq)3]
2+. Interestingly,

the emission quantum yield values (Of) of these complexes also follow the

same order. Steady state luminescence studies reveal that both

[Ru(phen)2(dicnq)]2+ and [Ru(phen)(dicnq)2]2+ are moderately luminescent in

both water and CH3CN (Of = 0.012 and 0.003, respectively) whereas,

[Ru(dicnq)3]2+ is totally non-emissive in nature. An intramolecular electron

trans-fer involving the electron deficient dicnq ligand/s can probably

rationalize the observed variation in the Op values of these complexes. An

interesting aspect related to the emission from [Ru(phen)2(dicnq)]2+ and

[Ru(phen)(dicnq)2] + is concerned with the molecular "light switch" effect

exhibited by these complexes in the presence of DNA. Successive addition of

CT DNA to buffered solutions containing these complexes (10 \\M) results in

an enhancement of the emission in each case, with the enhancement factors at

saturation being approximately 16 and 8 for [Ru(phen)2(dicnq)]2+ (see Fig. 3)

and [Ru(phen)(dicnq)2]2+, respectively. No such emission enhancement was

noticed for [Ru(dicnq)3]2+ in the presence of DNA.
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Chapter 5. Dipyridophenazine Complexes of Cobalt(III) and Nickel(II):

DNA-Binding and Photocleavage Studies

Results of studies carried out with an aim of evaluating the effects due

to change of the metal ion on the DNA-binding and photocleavage abilities of

the mixed-ligand complexes containing dppz are described in this chapter.

[Co(phen)2(dppz)]3+ and [Ni(phen)2-

(dppz)]2+ (Fig. 4) have been

synthesized and characterized by

elemental analysis, FAB-MS, !H

NMR, electrochemical and

magnetic susceptibility

measurements. UV-visible spectra

of aqueous buffered solutions
M = Co, n = 3 : [Co(phen)2(dppz)]3+

containing [Co(phen)2(dppz)] + and M = Ni, n = 2 : [Ni(phen)2(dppz)]2+

[Ni(phen)2(dppz)]2+ show strong

hypochromism with red shift in the

respective peak maximum upon addition of CT DNA. A 6-7° shift in the

melting temperature of DNA in the presence of each complex was also

noticed. In addition, differential-pulse voltammetric experiments carried out

for [Co(phcn)2(dppz)]3+ (0.1 mM) both in the presence and absence of CT

DNA have revealed a decrease in the peak-current due to Co^VCo11 redox

couple in the presence of 10 - 30 fold molar excess of DNA. All these results

are reminiscent of those reported for DNA interactions of several tris-

chelated, mixed-ligand complexes containing phen and/or dppz including

[Ru(phen)2(dppz)]2+ and suggest an intercalative mode of binding by both

Fig. 4
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[Co(phen)2(dppz)]3+ and [Ni(phen)2(dppz)]2+ with the duplex. The intrinsic

binding constant, K5 as obtained by the absorption titration method is (9 ± 2)

x 105 M"1 for both the complexes. On the other hand, only

[Co(phen)2(dppz)]3+ was found to be effective in sensitizing the single strand

cleavage of pBR 322 DNA with the nickel(II) analogue being ineffective

under the similar set of experimental conditions. While control experiments

in the absence of light show no discernible nicking of the plasmid, excitation

of the cobalt(III) complex at 350±5 nm was seen to affect an efficient DNA

photocleavage. An attempt to identify the species responsible for the DNA

cleavage using various 'inhibitors' in the irradiation/gel clcctrophorcsis

experiments and also 12SR experiments carried out in conjunction with spin

trapping agents has indicated that *OH may be involved in the DNA

photodamage. (Inorg. Chem. 1996, 35, 4267-4270)

Chapter 6. Photonuclcase Activity of Porphyrin-Anthraquinonc Diads

and Diazoarcnc Chromophores

This chapter deals with (i) photocleavage of DNA by porphyrin-

anthraquinone hyrbrids and (ii) carbene meditated DNA photodamage by

diazoarene compounds.

Spectral, photophysical and DNA photocleavage studies of a series of

photosensitizers in which a tetraaryl porphyrin has been linked to an

anthraquinone subunit via various spacers (see Fig. 5) are described first. The

UV-visible and the redox potential data of these new porphyrin-

anlhraquinonc diads were found to be in the same range as those of the

corresponding reference compounds (i. e. meso-5,10,15,20-
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R, = OC(O)-, R, = OCH2-, R, = NHC(O)-

CH,

n= 2, n= 3
n= 4, n= 5

Fig. 5



XVII

tetratolylporphyrin or anthraquinone/substituted anthraquinone). This

indicates that there exists minimal ground state interaction between the

porphyrin and anthraquinone subunits. However, their fluorescence (Of) and

singlet oxygen (O(102)) quantum yields were seen to be drastically reduced in

comparison with the corresponding values for the control porphyrin. These

photophysical data have been interpreted in terms of a intramolecular

photoinduced electron transfer reaction from the porphyrin singlet state to the

appended quinone, as is true for the covalently-linked, porphyrin-

anlhiaquinoiie systems reported earlier. The photonuelease activity of these

hybrid sensitizers has been studied by irradiating the supercoiled plasmid

pBR 322 DNA samples at 350 (anlhraquinonc absorption) and 550 nm

(porphyrin absorption) light and monitoring the photodamage by the gel

electrophoresis method. The photonuelease activity was found to be more

effective when the samples were irradiated at 350 nm than at 550 nm

indicating the superior photonicking ability of the anthraquinone

chromophore. These results have been rationalized in terms of an overall

scheme involving several reactive species including anthraquinone triplet and

anion radical, porphyrin triplet, singlet oxygen etc. {Tetrahedron Lett. 1997,

38,7125-7128).

Results of DNA-binding and pholoclcavagc studies carried out with

three diazoarene compounds (9-diazofluorene (DF), 9-diazoanthrone (DA)

and 9-dizoxanthene (DX), Fig. 6)) are described next. Absorption titration

experiments have revealed that all the three diazoarene species bind to CT

DNA with comparable binding constants (1-3 x 10 M"1). Irradiation of

samples containing each of these diazoarenes and pBR 322 DNA resulted in
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DNA photodamage as monitored by agarose gel electrophoresis. Under

similar experimental conditions, the DNA-nicking efficiency follows the

order: DX > DA > DF. 'Inhibitor' studies have suggested that the DNA

photodamage has been brought about by a carbene-mediated pathway

(Bioorg. & Mod Chew. Lett. 1997,2, 2141-2144).

Chapter 7. Conclusions

A summary of the investigations is presented in this chapter.



CHAPTER 1

Introduction

Considerable attention is currently being focused on the design of

small molecules that can bind and cleave DNA. These molecules, commonly

referred to as artificial nucleases, have numerous biochemical and biomedical

applications. While most of the hither-to reported DNA-cleaving agents have

been activated thermally, in recent years, there is an increasing emphasis on

photoactivated cleavage agents, because this methodology possesses

significant practical advantages. In particular, photonucleases can be

triggered by exposure to light; light is an attractive 'co-factor' since it is easy

to manipulate. This study deals with the design, DNA-binding and DNA-

cleavage of new, rationally-designed photonucleases based, mainly, on

mctallo-polypyridyl complexes. It also deals with the DNA photoclcavagc by

porphyrin and diazo-arene chromophores. Interest in the DNA- binding and

photocleavage chemistry of these chromophores is related to the use of

metallo-intercalators as structural/spectroscopic probes for DNA and that of

porphyrins as photosensitizers in the photodynamic therapy (PDT) of

malignant tumors.

DNA is a polyelectrolyte composed of monomers of deoxy-

ribonucleotide (mononucleotides) that are covalently attached to each other

(Fig. 1.1). It consists of a P-D-2'-deoxyribose sugar bound to a negatively

charged phosphate via the C5' and C3' hydroxyl and to one of the four

possible bases via the C,' hydroxyl (glycosidic bonds). The four bases are:



adenine (A), guanine (G) (both purine bases), cytosine (C) and thymine (T)

(both pyrimidinc bases). The purines are linked to the sugar via their N9 and

Fig. 1.1. Representation of the structure of B-DNA

the pyrimidines via the N,. The C3' hydroxyl of one nucleotidic unit is linked

to the C5' phosphate of the adjacent nucleotide (phosphodiester bond). The

direction of the polynuclcolide is defined as running from the 5' to the 3'

sugar carbons along the phosphodiester bond.

Watson and Crick showed in 1953, using X-ray diffraction data of

hydrated DNA fibres', that B-DNA, the most commonly encountered form,

corresponds to a right-handed double-stranded helix. Two polynucleotide

strands are bound together by H-bonds formed between the complementary



bases of each strand. The double strands are coiled around a common axis to

form a right handed double helix. The two specific, complementary,

hydrogen bonded, base-pairs are: adenine-thymine (A-T) and guanine-

cytosine (G-C). These base-pairs are roughly planar, and stacked one above

the other inside the helix, perpendicular to the helical axis. Successive base-

pairs are separated by 3.4 A° and rotate an average of 36° around the helical

axis, so that the structure repeats itself after ten residues on each chain. The

sugars linked via the C,' carbon to the two complementary bases are not

disposed symmetrically around the helical axis. This asymmetry induces the

formation of two grooves of different sizes with almost the same depth but

different widths (of 11.7 and 5.7 A0); they are called major and minor

grooves, respectively (Fig. 1.2).

Major Groove

I 5>

Minor Groove

Fig. 1.2



1.1 Modes of drug-DNA interactions

A great variety of ligands (drugs) are known to bind DNA. The modes

of interaction of these DN A-binding agents can be classified as follows (Fig.

1.3)

( i ) lntercalative interaction

( i i ) Non-intercalative groove binding

(ii i) Covalent interaction

(iv ) Interaction through coordination

( v ) Electrostatic interaction

i ) (ii) ( i i i ) & ( i v ) ( v )

Fig. 1.3. Schematic representation of various types interaction of drugs with

DNA: ( i ) lntercalative interaction , (ii) Non-intercalative groove

binding, ( iii ) Covalent interaction, ( iv ) Interaction through coordination

and ( v ) Electrostatic interaction



If the ligand has an aromatic portion (normally corresponding at least

to three fused six-membered rings), it can position itself between the base

pairs, in a sandwich-like complex. This phenomenon, called intercalation23,

was first described by Lerman4 to explain the binding of aminoacridines to

DNA. Intercalation increases the separation of adjacent base pairs and the

resulting helix distortions are compensated by the adjustments in the sugar

phosphate backbone, generally by an unwinding of the duplex. Association

constants for intercalation are usually of the order of 105 to 106 M"1.2

Surface binding takes place in minor or major groove, although minor

groove binding is more common for small molecules.5'6 The electrostatic

potential, the pattern of hydrogen accepting/donating groups and the

narrowness of the minor groove are three characteristic factors which are

different for GC and AT base pairs, and are responsible for differential

groove binding by various drugs. The presence, in the minor groove, of the

N-2 amine group on guanine (in GC base pairs) is also an important factor in

orienting the site of binding.

Covalent interaction occurs with the formation of covalent bond

between the nitrogen atom/s in the bases of DNA and the drug.7'8 Similarly,

coordinative interaction occurs between the base nitrogens and the metal ion

present on the drug.9

The external binding mode is due, mostly, to the electrostatic

interaction of cations with the negatively charged phosphate backbone

present at the periphery of the double helix.10

Intercalation is generally brought by the n-n interaction between the

molecule and the aromatic heterocyclic bases of DNA. Ethidium bromide



(Fig. 1.4) is the classical example for DNA intercalator.3 Other examples for

DNA intercalating agents include daunomycin, adriamycin etc."

C2H5

Fig. 1.4

Netropsin (Fig. 1.5) is a well known example which binds in the minor

groove of DNA.S Distamycin A is another familiar example of a groove

binding agent.

H
c—N—c—c— N

N ^ C N C C C
I II H H2 \

Fig. 1.5

An example for the major groove binding agent is Ru(TMP)3 (TMP = 3,4,7,8-

tetramehtyl 1,10-phenanthroline).6 Drugs which interact through covalent

bond formation are less common. Chloraumbucil is a bi-functional alkylating



agent of DNA7 and pyrrolo-(l,4)-benzodiazepines interacts with DNA via the

covalent bond formation.8 One among the early examples of drugs which

coordinatively interact with DNA is that of the now well-known anticancer

agent cis-[Pt(NH3)2Cl2]
2+ (cis-platin, Fig. 1.6(a)).9 At a molecular level, the

inhibition of cell replication is brought out by the coordination of DNA on N7

and O6 sites of guanine (Fig. 1.6 (b)) by means of the two labile chlorides of

the molecule. The distance between the two chloride atoms (3.4 A0) is the key

factor in the coordination of this drug with DNA. Recently, many more

platinum complexes have been reported for their coordinative interaction with

DNA.12

H 3 N \

Pt

N NH2

(a) (b)

Fig. 1.6

Several biochemical, spectroscopic and physical techniques are being

used to monitor the DNA-drug interaction.13 Those relevant to the present

study are briefly discussed here.

Absorption and luminescence spectroscopic methods are well

exploited for this purpose. Hypocromicity in absorption, appearance of

isosbestic point/s, red-shifts in the absorption maxima and luminescence
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enhancement for the drug in the presence of DNA are all special

characteristic features of interaction. The different modes of interaction of the

A and A isomers of a given metal complex with DNA can be studied not only

by the above techniques but also by the circular dichroism spectroscopy.

Study of emission life-times of the drug in the presence of DNA and in its

absence has the potential to provide clearer details of binding. An increase in

emission life-time of the drug is generally observed in the bound state. On the

other hand, better understanding of the mode of binding, viz:

inlcTcakition/suiTace binding, can be achieved by monitoring the life-time

quenching in the presence of various quenchers.

The physical properties of DNA considerably change when it is bound

with the drug molecule. For example, intercalation of the drug between the

adjacent base pairs leads to an increase in the viscosity of DNA as a

consequence of an increase in the contour length of DNA. Binding mode of

the drug can be studied by measuring the viscosity of DNA in the presence of

drug.

Double-stranded DNA melts at a specific temperature and becomes

single strand; this melting can be monitored by the change in absorbance at

260 urn. Intercalation of the drug between the adjacent base pairs stabilizes

the DNA and, an increase in melting temperature of DNA would be observed.

Electrochemistry is a powerful technique for the study of drug-DNA

interactions but, it has rarely been used for this purpose. Results of

cyclic/differential-pulse voltammetric experiments (e.g. change in the current

and/or shift in the redox potential of the drug in the presence of DNA) can be



utilized to estimate the affinity constant for binding and the number of drug

molecules bound per nucleotide.

In the Watson-Crick structure of DNA, the bases are in close van der

Waal's contact. In order to accommodate the drug between the bases during

the intercalation process, an untwisting in the double helix occurs to provide

space of suitable depth between the layers. Topoisomerase assay helps to

estimate this unwinding angle.

Equilibrium dialysis can also be used for the estimation of binding

affinity of the drug with DNA.

NMR spectroscopy can be conveniently employed to study the

structure and dynamics of DNA-drug complex and also to discern the binding

modes of drugs with oligonucleotides. ESR spectroscopy can be used to

analyze reactive species responsible for DNA damage generated from the

drug.

In ihe present study, absorption, luminescence, thermal dcnaluralion,

topoisomerase assay, viscometry, ESR and electrochemical techniques have

been employed to monitor the drug-DNA interactions.

1.2 DNA-binding by metal complexes

Studies on DNA-drug interaction are important for several reasons.

For example, design of various therapeutic drugs including antilumour agents

can be achieved by a better understanding of this interaction. DNA

intercalators, such as adriamycin and daunomycin and also complexes such as

cis-platin are strongly mutagenic in nature which stop the replication and

transcription of the DNA resulting in promising chemotherapeutic activity.14
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In addition, strongly intercalating metal complexes can act as luminescent

markers for DNA.15 Proflavine and ethidium have been used as probes of

nucleic acid structure.16 Designing drugs for DNA mapping and DNA

footprinting is important in the context of understanding the interaction of

sequence specific DNA binding proteins/molecules. Redox active

metalointercalators have been successfully employed to "foot-print" the DNA

binding proteins or non-protein molecules.17 Recently, DNA photo-cleaving

metal complexes are shown to be promising DNA footprinting agents.1'"19

Studies on DNA-Iigand interactions arc also important in the context of DNA

mediated electron transfer reactions.20 Photodynamic therapy is a new

modality for the treatment of cancer21 and current research in this field is also

concerned with the design of molecules which potentially bind DNA and

cleave the duplex under illumination with visible light.

Salient features of some of the above applications involving drug-

DNA interactions will be discussed next. In doing so, special reference will

be made of those applications and examples which bear relevance to the

present study.

Double stranded DNA exists in three main forms: right handed A and

B forms and the left handed Z form.22 On the other hand, tris-chelated metal

complexes arc known to exist in two cnantiomeric forms: A and A.

Enantioslective binding of DNA by metal complexes has now been well

documented in the literature.23'2731"33'37140 A few important systems are

discussed below.

In 1982, it was shown that [Zn(phen)3]
2+ (phen = 1, 10 -

phenanthroline) binds to DNA in an enantioselective manner.23 The A
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enantiomer of [Zn(phen)3]
2+ selectively intercalates into the right handed B

form DNA, whereas the A- enantiomer does not intercalate. In the same

manner A enantiomer of [Ru(phen)3]
2+ (Fig. 1.7 (a)) binds to the B form DNA

with a higher affinity than the corresponding A enantiomer.24

(a) (b)

Fig. 1.7

In an elegant early study, Kumar et al25 have shown that [Ru(DIP)3]
2+ (DIP =

4,7 diphcnyl 1,10-phcnanlhroline) (Fig. 1.7 (b)) also binds to DNA in a

manner analogous to [Ru(phen)3]
2+. They have demonstrated, in this study,

that the emission intensity increases in the case of [Ru(phen)3]
2+ and

[Ru(DIP)3]
2+ with addition of DNA while, no detectable change in emission

intensity could be observed when [Ru(bpy)3]
2+ (bpy = 2, 2'-bipyridyl) was
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employed. It has also been established that A-[Ru(DIP)3]
2+ descriminately

binds to the right handed B form DNA via intercalation whereas A-isomcr

binds electrostatically.

In an interesting study, Pyle et al26 have explored the interaction of

mixed ligand complexes of ruthenium(ll) with B-DNA using a variety of

biophysical and spectroscopic methods. The ligands employed here were bpy,

phen and phenanthrenequinonediimine (phi). The complex [Ru(bpy)2(phi)]2+

(Fig. 1.8) intercalates into the DNA base pair with the binding constant Kb =

48.0 X 103 M"1 and with a site size of 4 base pairs. On the other hand, binding

constant for [Ru(phen)3]
2+, under similar experimental conditions, is 5.5 X 103

M'1. It was suggested that both [Ru(phen)3]
2+ and [Ru(bpy)2(phi)]2+ intercalate

into the B-DNA.

Fig. 1.8

The enantiomeric interaction of [Ru(phen)2(phi)]2+ and [Ru(bpy)2(phi)]2+

with DNA and poynucleotides has been investigated using absorption,

emission and circular/linear dichroism methods. Both the enantiomers of
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these two complexes bind to CT DNA as well as to the synthetic

polynucleotides via intercalation. Results of circular dichroism studies show

that these chiral complexes, upon binding to Z form poly[d(G-m5C)], transfer

it into the B form of DNA.27a On the other hand, a reversible conversion of B

form lo Z form of CT DNA has been reported to be induced by [Cu(dmp)2]
21

where dmp = 5,6-dimethyl-l,10-phenanthroline.27b

With a view to design shape selective DNA binding agents, Mei and

Barton28 have investigated the interaction of [Ru(TMP)3]
2+ with DNA (Fig.

1.9). In contrast to phen, the intercalation of TMP is inhibited by the methyl

substitution on the periphery. This molecule selectively binds into surface of

the A form of DNA; the shape of the molecule is too large to fit into groove

of the B form helix.

Fig. 1.9
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Synthesis of a novel mixed-ligand complex [Ru(bpy)2(dppz)]2+ (dppz

= dipyrido[3,2-a:2',3'-c]phenazine), where dppz is a modified phen derived

ligand has been reported, Fig. 1.10.29

Fig. 1.10

Results of spectroscopic and electrochemical investigations have revealed

that [Ru(bpy)2(dppz)]2+ is made up of two electronically independent units:

one behaving as a "[Ru(bpy)2]" like chromophore and the other as an electron

accepting unit, phenazine. In contrast to other ruthenium polypyridyl

complexes, rac-[Ru(bpy)2(dppz)]2+ binds to both B and Z forms of DNA

through intercalation as evidenced by Ihc steady stale emission polarization

and emission lifetime measurements. In an elegant experiment, Friedman et

al30 have shown that [Ru(bpy)2(dppz)]2+ works as a molecular light switch for

DNA. [Ru(bpy)2(dppz)J2' is non-luminescent in aqueous buffered solution

but, the luminescence increases to > 104 times in the presence of CT DNA or

Z form of DNA to which the complex binds avidly (Kb = > 106 M1). Similar
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light switch effect was noticed for [Ru(phcn)2(dppz)]2+ in the presence of

DNA. The molecular light switch effect of [Ru(bpy)2(dppz)]2+ and

[Ru(phen)2(dppz)]2+ upon intercalation to DNA has been attributed to the

protection of phenazine nitrogen atoms interacting with water whereas, in the

free complex, the excited state is quenched by water. The differential

interaction of A and A-cnantiomers of [Ru(phen)2(dppz)j2t with DNA was

also investigated using steady state as well as time resolved luminescence,

linear dichroism and 'H and 31P NMR spectroscopies and by the viscosity

measurements.11"11

In their efforts to develop novel DNA diagnostics, Barton and co-

workers14 have synthesized a series of mixed ligand rulhenium(ll) complexes

with phen and modified dppz as the ligands. None of the new derivatives

showed ability to behave as good molecular light switches in the presence of

DNA. All the complexes were found to be luminescent to some degree in

aqueous solution in the absence of DNA. However, for a few complexes 20 -

300 times emission enhancement was observed upon binding with DNA.

More recently, [Os(phen)2(dppz)]2+ has been reported as the first

osmium containing DNA light switch.15 No emission was reported upon

exciting the complex at 480 nm in aqueous buffered solutions, but upon

addition of DNA, u significant emission was observed at 73K DIM. However,

the emission enhancement was not as dramatic as that reported previously for

the analogous ruthenium(II) complex. The very short lifetime of the

osmium(H) complex in the presence of DNA, on the other hand, can serve in

probing of water accessibility in picoseconds with a red wavelength emission.
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In the mixed ligand complex [Ru(phen)2(phehat)]2+ (Fig. 1.11, phehat

= 1,10-phenanthroline[5,6-b] 1,4,5,8,9,12-hexaazatriphenylene), planar

aromatic ligand phehat intercalates (K,, = 2.5 X 106 M"1) into the adjacent base

pairs of DNA.™ This molecule is completely non-luminescent in water but

shows a moderate light switch effect upon binding to DNA.

Fig. 1.11

Many interesting new type of ruthcnium(II) complexes have been

reported recently for probing the intricacies involved in DNA binding by

metal complexes and also as spectroscopic probes for DNA. For example,

Lincoln and Norden37 have synthesized a dinuclear ruthenium(ll) complex by

connecting two dppz ligands together, (Fig. 1.12). This new complex is non-

luminescent both in aqueous solution and in the presence of DNA, but it

effectively quenches the luminescence of DNA-bound A-[Ru(phen)2(dppz)]2+

by the displacement of the latter monomeric complex from the DNA groove.

Both the AA and AA enantiomers of this new complex bind DNA with
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extremely high affinities and, the estimated binding constants are in the range

oflO l 2M'.

Fig. 1.12

A water soluble organometallic ruthcnium(II)-dppz complex [r|-

(C5Me5]Ru(NO)(dppz)][OTfJ2 (Fig. 1.13) has been reported recently. This

molecule strongly binds to pLCS 972 DNA with a binding constant greater

than 106M'.38

2+

NO

iK. 1.13
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[Ru(bpy)2(ppz)]2f (ppz = 4'7'-phenanthroline-5',6':2:3-pyrazine),

[Ru(bpy)2(dpp)]2+ (dpp = 2,3-di-2-pyridylpyrazine), [Ru(bpy)2(qpy)]2+ (qpy =

quaterpyridyl), [Ru(bpy)2(Meppz')]2' and [Ru(bpy)2(Me2qpy2+)]2+

ppz dpp

Fig. 1.14

(see Fig. 1.14 for structures of ppz, dpp and qpy) all bind to CT DNA with

binding constants close to that of [Ru(phen)3]
2+.39 Absorption and

luminescence spectra of [Ru(bpy)2(dpp)]2t are not affected by the addition of

DNA; binding constant could not be estimated for this complex.

[Ru(bpy)2(qpy)J2t showed a hypochromicity in the MLCT band whereas,

hyperchromicity was observed for [Ru(bpy)2(Me2qpy2+)]4+ upon addition of

DNA. This observation has been interpreted in terms of a unique mode of

binding for [Ru(bpy)2(Me2qpy2+)]4+, involving electrostatic interaction of the

positive charge on the 4' methyl group with a pair of DNA phosphate groove

on either chain of the double-strand. Further studies using absorption,

fluorescence, resonance Raman and emission polarization methods revealed

that both A and A enantiomers of [Ru(bpy)2(ppz)]2+ bind into the major

groove of B-DNA with partial intercalation of the ppz ligand.40
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Lecomte et al41 have reported a new complex shown in Fig. 1.15 that

has two binding moieties which can interact with DNA via two different

binding modes.

Fig. 1.15

2+

A number of studies dealing with interaction of DNA with metal

complexes having metal other than ruthenium have also been carried out.

[Cu(phen)2]
+ is a classic example.42 This complex, in the presence of

molecular oxygen and a reducing agent, cleaves DNA and it is used as an

efficient foot printing agent. This particular aspect will be discussed in more

detail in a later section of this chapter. In order to study the effect of the

substitution on the phen ligand, [Cu(bcp)2]
+ (bep = 2,9-dimethyl-4,7-

diphenyl-l,10-phenanthroline) was investigated.43 [Cu(bcp)2]
+ binds DNA

aiul also shows i\ mensurable luminescence sip.nal upon addilion of DNA lo

buffered aqueous solutions containing it. Interestingly, this complex binds to

DNA in an aggregated manner al low [DNA nucleotide phosphatc]/[Cu] ratio

and as a monomeric complex at a high [DNA nucleotide phosphate]/[Cu]

ratio. The complex was shown to bind DNA via major groove. [Cu(dmp)2]
f
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(dmp = 2,9-dimethyl-l,10-phenathroline) has also been reported to show

emission enhancement upon addition of DNA.43

A number of polypyridyl complexes containing metal ions such as

rhodium, cobalt, nickel etc. have also been reported to bind DNA.55'59'62'64

However, their utility is mainly concerned with the DNA cleavage effected

upon chemical, electrochemical or photochemical initiation. These aspects

will be discussed in the next Section.

1.3 DNA Cleavage

In recent years, a number of reports have appeared on chemical,

photochemical and electrocatalytic DNA cleavage by metal complexes.

Mainly, cobalt, ruthenium or rhodium complex mediated DNA cleavage has

been well documented. In a majority of the cases, conversion of the

supercoiled Form I to Form II (relaxed circular) and/or to Form III (relaxed

linear) DNA (Fig. 1.16) has been reported while in a few cases, more detailed

product analysis has been carried out.

1.3.1 DNA photoclcavagc by ruthenium polypyridyl complexes

In an early report, Kelly et al44 have shown that irradiation of

|Ru(phen),r and |Ru(bpy).,J21 m l lu ; presence i>r pliR 322 DNA Tor a short

time (< 5min) produces open circular Form II DNA and, for longer time of

exposure (o light, the complex cleaves DNA into the linear form. The

production of singlet molecular oxygen ('O2) has been proposed to be the

main reactive species in the observed DNA cleavage. Cleavage of pBR 322

DNA by [Ru(bpy)3]
2+ in the presence of K2S2O8 under irradiation (400-500
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FORM

ONE

SINGLE-STRAND

NICK

ONE

DOUBLE-STRAND

NICK

FORM II

FORM III

Fig. 1.16. Pictorial representation of the three forms of DNA: Form I (super

coiled), Form 11 (open circular) and Form 111 (linear).
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45
nm) has been reported to result in the generation of linear Form III DNA.

The damage on the DNA was shown to be mainly initiated by SCV* .

Presence of NaC104 or MgCh has been reported to reduce the nicking

efficiency.

Basile and Barton46 have further modified [Ru(DIP)3]
2+ into a DNA

cleaving macromolecule, [Ru(DIP)2(macro)] . This novel complex contains

two arm like polyamine segments as shown in Fig. 1.17. In the presence of

Cu2+, this complex was shown to cleave the supercoiled DNA into the open

circular and linear forms and the process was reported to be retarded in the

presence of added Zn2+, Cd + or Pb +.47 The DNA cleavage has been proposed

to be mainly due to the hydrolysis of the phosphodiester linkages.

Fig. 1.17
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TAP HAT

Fig. 1.18

[Ru(TAP)3]
2+ (TAP = 1,4,5,8-tetraazaphenanthrene, Fig. 1.18) cleaves pBR

322 DNA into open circular form under irradiation at 488 nm.48 Direct

interaction of the excited state of [Ru(TAP)3]2+ with readily oxidizable

guanine at the G-C center has been proposed to be involved in this DNA

cleavage. HAT (1,4,5,8,12-hexaazatriphyenlene) is a derivative of TAP (Fig.

1.18). Mixed-ligand complexes containing HAT and TAP are also reported to

cleave DNA upon irradiation with visible light via the guanine oxidation

mechanism.49'50 Curiously, [Ru(TAP)(HAT)2]
2+ and [Ru(HAT)3]

2+

photooxidize even adenine base of pdAT. In this regard, it should be noted

that in contrast to [Ru(phen)3]2+ and [Ru(bpy)3]2+, by and large, the emission

of [Ru(TAP)3]
2+, [Ru(TAP)(HAT)2]

2+ and [Ru(HAT)3]
2+ were reported to be

quenched by Ihc addition of DNA. This quenching has been attributed to an

electron transfer from the nucleobase to the highly oxidizing excited

ruthenium complex.

Bimetallic complexes containing ruthenium and an other metal ion

have also been reported to cleave DNA. For example, A-

LRu(bpy)2(ppz)CuL]+ (Fig. 1.19) cleaves pBR 322 DNA in the presence of
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hydrogen peroxide and 3-mcrcaptopropionic acid in a cnantiospcciilc

manner.
51

(bpy)2R

Fig. 1.19

Hirai et al52 have synthesized [Ru(smc)Cl2j - a new photoactivatcd covalenl

binding DNA molecule (Fig. 1.20). This complex has been reported to bind

DNA with an enhanced binding affinity in the presence of light than in its

absence; a covalent binding of N7 guanine with ruthenium has been proposed.

Cleavage of pBR 322 DNA into the linear form was observed under

irradiation in the presence of [Ru(smc)2Cl2].

Goulle et al have reported a new ruthenium complex containing

antileukemic alkaloid 2-bromoleptoclinidinone ligand (bid). The mixed
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ligand complex [Ru(bpy)2(bld)]2+ (Fig. 1.21) is non-emissive both in the

absence and presence of DNA. Agarose gel electrophoresis experiments

showed an increased streaking and retardation of DNA mobility in the

presence of [Ru(bpy)2(bld)]2+ under dark suggesting the binding of the

complex with DNA. The complex photocleaves pBR 322 DNA into the open

circular form under visible light irradiation.

~>

.0

Fig. 1.21

1.3.2 Photonudease activity of cobalt and rhodium complexes

The low spin d6 transition metals cobalt(III) and rhodium(III) are

known to undergo photochemical reaction leading to ligand replacement or

photorcduction of the metal.54 Photorcduciton of the metal ion has been

implicated as an important step in the DNA cleavage exhibited by these

complexes.

The vast majority of studies concerning the DNA cleavage by cobalt

complexes have been inspired by the bleomycin chemistry. Bleomycin is an
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anti-cancer glycopeptide that binds to specific sequences and cleaves DNA in

the presence of molecular oxygen and ferrous ion.55 On the other hand,

metallo-bleomycins such as cobalt(III)-bleomycin efficiently cause single

strand breaks in the supercoiled DNA under illumination with 366 ran light .

This cleavage process is mainly driven by the photorcduction of cobalt(III) to

cobalt(II).55c> 56 No cleavage was observed with irradiation under visible light

but, photosensitization using [Ru(bpy)3]2+ to activate Co(III)-bleomycin has

been shown to be effective in cleaving DNA.

Barton and Raphael have investigated the photocleavage of

supercoiled plasmid DNA with [Co(phen)3]3+. This complex cleaves the col

El DNA under irradiation at 254 nm with a concomitant photoreduction of

cobalt(lll). The cleavage was reportedly inhibited in the presence of

dithiothreitol. [Co(NH3)6]3+ was found to cleave DNA more efficiently than

[Co(phen)3]3+ under 325 nm irradiation59 A stereospecific photocleavage was

evident when A and A isomer of [Co(DIP)3]3+ was irradiated in the presence

of DNA.59b Whereas the A isomer cleaves the DNA efficiently, no

appreciable cleavage is obtained in the case of A-[Co(DIP)3]3+.

[Co(cyclam)(CH3)(H2O)]3+ (cyclam = 1,4,8,11-tetraazacyclotetra-

decane), upon photolysis, cleaves the supercoiled DNA into the open circular

form. 60 The DNA damage has been reported to involve the photo-generated

*CH3. Sargeson and co-workers have reported a series of Co(III) cage

complexes.61 A representative example is given in Fig. 1.22. This complex

strongly binds to DNA tlirough intercalation and cleaves the pUC 19 DNA

under irradiation at 254 nm.
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Fig. 1.22

Both [Rh(phen)2(phi)]3+ and [Rh(phi)2(bpy)]3+ bind avidly lo DNA

via intercalation and cleave DNA upon irradiation upon irradiation by 313 nm

light. [Rh(phen)2(phi)]3+ selectively binds through the major groove and

inserts the phi ligand in between the base pairs. [Rh(phi)2(bpy)]3+ binds DNA

with a binding constant about 107 M"1. The former complex has been

reported*'2 lo cleave DNA in a sequence-selective manner whereas, a

sequence-neutral cleavage was observed for [Rh(phi)2(bpy)]3+. A recent NMR

study has provided some evidence in favor of enantioselective targeting of the

5'-CG-3' site by A-[Rh(phen)2(phi)]3+.63

An oxidalivc DNA pholodamagc was observed due to the long range

electron transfer initiated by irradiation of [Rh(bpy)2(phi)]3+ tethered to an

nucleic acid oligomer. Under irradiation at 365 nm, the cleavage specifically

occurred at 5'-G site of 5'-GG-3' doublet at a distance of 34 A0 away from
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Ihe intercnluling phi. Irradiation at 313 inn resulted in cleavage at the binding

site of the intercalator.20

While both the A and A isomers of [Rh(en)2(phi)]3+ (en = ethylene

diammine) avidly bind to DNA (Kb = 106 M"1), only the A isomer

preferentially binds to GC rich regions of DNA and photocleaves it.64

1.3.3 Electrocatalytic DNA cleavage

Electrochemical studies are useful complements to spectroscopic

methods for the study of DNA-drug interactions. Specifically, these methods

are useful in investigations with weakly absorbing molecules and those

complexes/drugs whose absorption spectra overlap with the spectrum of

DNA. In an elegant study, Bard and co-workers65'66 have shown the

interaction of [Co(phen)3]3+ and [Fe(phen)3]2+ with DNA using cyclic

voltammetric method. The change in the peak current and the shift in the

redox potential of the complex in the presence of DNA were shown to be

important for the determination of binding constant. The shift in the peak

potential in the presence of DNA is due to the fact that one of redox species is

bound more strongly than the other. The reduction in the peak current arises

from the smaller diffusion coefficient of the bound complex than that of the

free complex. Using the same method Carlson ct al67 have determined the

binding constant of [Ru(NlIj)4j2(dpp)'tl (dpp = 2-3-bis(2-bipyridyl)benzo(g)-

quinoxaline, Fig. 1.23)
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Electrochemical DNA cleavage by [Rulv(bpy)(tpy)O], has been

reported. The cleavage was actually initiated by the electrolysis of

[Ru(bpy)(tpy)OH2]2+ in the presence of DNA and was seen to be efficient at

the stoichiometric concentration of the drug and DNA. Both

[Ru(phen)(tpy)OH2]
2+ and [Ru(tpy)(tmen)OH2]

2+ (tmen = N,N,N',N,-

tetramethyl ethylenediamine) were also reported to cleave DNA upon

electrolysis of these complexes in the presence of DNA.69

[Ru(bpy)(tpy)Oll2]2+ cleaves DNA more efficiently than

[Ru(phcn)(lpy)OIl2]2+ and in both cases, Form I DNA was converted to Form

II. The following mechanism has been suggested.

Electrolysis
at

0.8V vs SCE

[Rulv(tpy)(bpy)O]

[Ru"(tpy)(bpy)OH

nicked DNA

DNA

Fig. 1.24
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Interestingly, [Ru(tpy)(tmen)OH2]2+ cleaves DNA into the linear Form 111

and, the same result was obtained during the chemical cleavage of DNA by

[Rulv(tpy)(tmen)O2].

With a view to enhance the DNA binding affinity of this class of

electrochemically induced DNA cleaving agents, one of the ligands was

replaced by the planar intercalating dppz. [Ru(dppz)(tpy)OH2] + strongly

binds to DNA (Kb > 106 M"1).70 Efficient electrocatalytic cleavage of DNA

occurs by [Rulv(dppz)(tpy)O]2+ upon electrolysis of the complex at 0.8 V.

New complexes containing tailor-made ligands such as tpt (tpt = 2,4,

5-tripyiidyllrhr/ine) or imcn-AO (in which the well-known inlcrcalalor

acridine orange has been tethered to tetramethyl ethylenediamine via a (CH2)n

linker) also cleave DNA catalytically. Electrolysis of [Ru(tpy)(r|2-tpt)OH2j2'1

at 0.8 V results in a two electron oxidation to form [RuIV(tpy)( r|2-tpt)O] and

NMe,

Fig. 1.25

this complex cleaves DNA. On the other hand, [Ru(tpy)(tmen-AO)OH2]
2+

(Fig. 1.25) efficiently cleaves the DNA at potentials as low as 0.5 V.71
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1.3.4 DNA footprinting by metal complexes

Footprinting is one of the most powerful techniques in molecular

biology for an understanding of molecular recognition and for visualizing the

site-specific binding of proteins/smaller molecules to DNA. A schematic

illustrating the principles involved in DNA foot printing is shown in Fig. 1.26

Many DNA-cleaving metal complexes are being used as effective

footprinting agents. A few well-known systems will be described below.

3" 5'

DNA cleaving
agent

31 51

DNA cleaving
agent

Maxam-Gilbert gel

Fig. 1.26. Schematic illustration of DNA footprinting methodology,

represents the protein/small molecule
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Dervan and co-workers have reported an excellent footprinting

reagent MPE-Fe(II) [methidiumpropyl-EDTA Fe(II)] (Fig. 1.27) which
17 7T

cleaves a restriction fragment of DNA in the presence of dithiothreitol. '

H

Fig. 1.27

Dervan's group has also come up with an improved artificial endonuclease by

tethering a sequence specific DNA binding molecule (distamycin) to EDTA-

Fe. Such a tethering resulted in the conversion of the sequence specific DNA

binding molecule to a sequence specific DNA cleaving molecule.74 The

cleavage pattern with this endonuclease gives the exact binding locations, site

size, and orientation of the sequence specific binding molecule on DNA.75
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\

Fig. 1.28

EDTA-Fe(II) was also tethered to tetra, penta, and hexa (N-

methylpyrrolecarboxamide) subunits.75 Fig. 1.28 shows the structure of

penta(N-methylpyrrolecarboxamide)-EDTA.Fe(II).

In an elegant study, Fitzsimons and Barton76 have synthesized a 16-

residue peptide tethered with [Rh(phi)2(bpy)]3+ Fig 1.29. In the 7 and 11

positions of the tether are attached two histidines for zinc coordination.

Cleavage of pBR 322, in the presence of [Rh(phi)2(bpy)]3+ at stoichiometric

Zn(ll) coordination in the hislidines, has been reported to produce both the

single strand break (Form II) and double nick (Form III). Product analysis,

carried out using high resolution electrophoresis techniques for the cleavage

of pBR 322 and also for a 17-base-pair oligonucleotide, indicated that this

mctal-pcptidc conjugate combines the DNA-binding and reactive moieties for
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the hydrolysis of DNA and that it represents a new artificial restriction

enzyme.

2+

ONH,

Fig. 1.29

[Cu(phen)2]+ has been shown to cleave DNA in the presence of H2O2

and thiol;77 this molecule was used to footprint many DNA binding proteins.

Cleavage occurs only in A and B forms of DNA whereas, the Z form is

completely resistant to cleavage. '

1.3.5 Artificial photonuclcascs as DNA footprinting agents

As delineated previously, combination of a metal complex and light is

an attractive reagent for the cleavage of DNA. A few metal complexes have

been shown to act as DNA photofootprinting agents.
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[Co(DIP)j]3+ (Fig. 1.30) damages DNA under irradiation and, the

cleavage has been reported to involve photoreduction of the bound complex

leading to the oxidative single strand nick at the binding site.l8

Fig. 1.30

A-[Co(DIP)3]
3+ cleaves right handed A and B forms of DNA

enantiospecifically. Interestingly, A-[Co(DIP)3]3+ binds to left handed Z form

DNA and, upon irradiation at 315 nm effectively cleaves the left handed

DNA site inserted in a right handed pBR 322 DNA. No cleavage was

reported to have occurred when the Z segment was removed. 9

Another excellent photofootprinting agent [Rh(phi)2(bpy)]3+ the

structure of which is shown in Fig. 1.31 has been developed by Uchida et al
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Fig. 1.31

This complex is especially useful for the footprinting of major groove binding

proteins. It cleaves DNA in a sequence neutral manner under long-

wavelength UV light irradiation and is useful in mapping precisely the

binding location and site sizes of naturally occurring antitumour agent

distamycin-A or large DNA major groove binding proteins.

Breiner et al19 have developed an alternative approach to

[Fe(EDTA)]2+ -based foot printing agents. The tetraanionic complex

[Pt2(pop)4]4~ (pop = P2OsH22~) (Fig. 1.32) cleaves DNA in a sequence-neutral

manner upon irradiation. The cleavage mechanism involving OH" and 'C^

was ruled out and a pathway involving the abstraction of hydrogen atom

directly from DNA by the excited [Pt2(pop)4J4~ was proposed. The fool

printing of X repressor protein binding on DNA was mapped using this

complex. Footprinting pattern using [Pt2(pop)4]4~ was found to be very similar

to the one obtained using [Fe(EDTA)2]2+.
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Chapters 3, 4 and 5 of this thesis deal with the design, synthesis,

DNA-binding and photocleavage characteristic of ruthenium, cobalt and

nickel complexes containing modified phenanthroline ligands. The ligands

were designed in such a way that while their architecture promotes DNA

intercalation, their electronic structure promotes efficient photocleavage of

DNA. Aspects related to the molecular light switching in the presence of

DNA and redox switching of luminescence observed by a few of these new

complexes will also be discussed in these Chapters.

1.4 DNA photoclcnvngc by porphyriiis and dinzoarencs

As mentioned earlier, this thesis also describes studies on DNA

photocleavage by a class of porphyrin-based diad molecules and diazoarene

chromophores. A brief introduction on these aspects is presented below.
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The use of visible light as a therapeutic agent in clinical medicine is

termed as phototherapy. The use of photoactivated drugs in the treatment of

malignant tumors, destruction of arterial plaque, curing of psoriatic lesions,

eradication of viral contaminants etc. is known as photodynamic therapy

(PDT).21'81 The technique of PDT in cancer therapy involves the intravenous

injection of a photosensitizer (P), which over a period of time, is selectively

retained by the neoplastic tissue. Subsequent irradiation with visible light

using a laser generates !O2 (or other cyctotoxic species) within the tumour,

ultimately leading to tumour regression and cell necrosis, Fig. 1.33.

Normal tissue

Injection of P

Destroyed tumor

Several hours

Photdynamlc
therapy

red light

Fig. 1.33
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An ideal photosensitizer for PDT should fulfill the following

minimum criteria.

1. It should be single, nontoxic, stable compound of known chemical

structure, which is retained with a high degree of selectivity in malignant

tumors compared with the normal tissue.

2. It should have a strong absorption peak in the part of the spectrum where

light penetrates the living tissue best and where the photon energy is still high

enough to produce singlet oxygen (i.e. 600 to 900 nm).

Porphyrins possess most qualities that are expected in an ideal PDT

photoscnsilizcr. Indeed, porphyrins and related compounds are the best
0 1 fi I

known PDT photosensitizcrs to date. * This section discusses some recent

advances made in this field.

Among the first generation photosensitizers, hematoporphyrin

derivative (HpD) and its commercial variant, photofrin II® have been used
0 1 fi I

clinically. ' HpD is complex mixture of hematoporphyrin (Hp),

hydroxyethylvinyl deuetroporphyrin (Hvd) and protoporphyrin together with

dimers and higher oligomers of these porphyrins joined with ether or ester

linkages. Photofrin II® is a purified preparation of the active fraction of HpD.

Despite the utility of photofrin II®, it has three severe disadvantages which are

given below.

1. It is a complex and variable mixture of porphyrin oligomers linked with
ether, ester or carbon-carbon linkages, which are not stable either during
storage or after administration.
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2. It has only a weak absorption peak in the relevant part of the spectrum at

about 630 nm, but absorbs much more strongly at shorter wavelengths in

the visible and near UV regions.

3. It is not very selective and causes skin photosensitivity.

It was therefore found desirable to develop new photosensitizers and,

a plethora of new second-generation photosensitizers including modified

phthalocyanines,82"85 chlorins and bacteriochlorins,86"90 purpurins,91

benzoporphyrin derivatives,92'93 expanded porphyrins,94"96 and picket fence

porphyrins97"99 have been reported recently. However, many of these new

generation photosensitizing drugs suffer from their inability to accumulate

selectively in tumors, leading to lower levels of tumor necrosis.

One possible way to circumvent the problem of low accumulation of a

given porphyrin-based drug in the cells is to equip the drug with an

intracellular recognition element viz. a DNA or membrane binding agent.

Thus, porphyrin conjugates endowed with oligonucleotide,100"103 monoclonal

antibody,104'105 ellipticene,106" °8 or other intracellular recognition element109'
112 have been reported during the last several years. More recently,

photonuclease activity of porphyrins which bind selectively to DNA owing to

their linkage to either an intercalator113 (e.g. acridone, phenothiazine), a

cross-linking agent"4 (e.g. chlorambucil) or a minor groove binder115 (e.g.

ellipticine) have been reported. In the present study, the above concept has

been extended to incorporate photoactive DNA binding agent in the hybrid

porphyrins. First part of Chapter 6 in this thesis describes the photonuclease

activity of conjugates derived from a union of a porphyrin and anthraquinone

subunits.
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The second part of Chapter 6 deals with DNA photocleavage by

diazoarene species. In a majority of earlier studies dealing with DNA

cleavage/photocleavage, ion, radical or oxygen-centered reactive species have

been proposed to be responsible for cleaving DNA. During the course of the

present investigations, it was realized that carbenes, which are known to be

reactive towards a wide variety of organic and bioorganic substrates including

proteins, have never been tested for their ability to cleave DNA.116117 This is

all the more surprising considering the fact that the naturally occurring anti-

tumor agents kinamycin and prekinamycin, probably derive their DNA

cleaving ability from the diazo group present in them. In the present study,

carbene species have been generated via photochemical means by irradiating

the readily available diazoarenes.

1.5 Summary

Recent literature related to DNA-binding DNA photocleavage by metal

complexes as applicable to the subject matter of this thesis is presented in this

chapter. Also presented is a brief introduction concerning DNA

photocleavage by porphyrin and diazoarene chromophores.

This thesis is divided into seven chapters and a brief chapter-wise

account follows.

Chapter 1 gives a general introduction to the basic principles involved in the

DNA-drug interaction. It includes a survey of the recent literature on DNA

binding and photocleavage by metal complexes highlighting the importance
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of these studies in various biochemical and biomedical applications. A brief

introduction concerning DNA photocleavage by porphyrin and diazoarene

chromophores is also included in this Chapter.

Chapter 2 presents a listing of the chemicals, a general description of the

synthetic procedures and the details of spectroscopic, electrochemical and

biochemical techniques employed during the research work.

Chapter 3 deals with the design, synthesis, characterization and DNA

interactions of new mixed-ligand ruthenium(II) complexes incorporating a

quinone-fused dipyridophenazine ligand or its hydroquinone form. Also

discussed in this chapter are the aspects related to rcdox switching of

luminescence exhibited by this redox couple.

Chapter 4 presents DNA binding, photonuclease activity and novel

luminescence properties of a series of ruthenium(II) complexes containing a

new ligand - 6,7-dicyanodipyridpquinoxaline.

Chapter 5 discusses DNA binding and photocleavage by dipyridophenazine

complexes of cobalt(III) and nickel(II).

Chapter 6 deals with the photonuclease activity of porphyrin-anthraquinone

diads and diazoarene chromophores.

Chapter 7 presents general conclusions based on the results obtained during

this research work.
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CHAPTER 2

Materials and Methods

2.1 Introduction

In this Chapter, a listing of all the materials employed at different

stages of the investigation and procedures for purification of the utilized

chemicals/solvents are given. Also given here is a brief description of the

physicochemical and biochemical techniques employed in this study.

2.2 Materials

2.2.1 Chemicals and biochemicals

Ruthenium(III) chloride hydrate, ammonium hexaflurophosphate

(NH4PF6), tetrabutylammonium chloride hydrate (TBAC1), tetrabutyl-

ammonium hexaflurophosphate (TBAPF6), diaminomaleonitrile, 1,2-

diaminoanthraquinone, sodium dodecyl sulphate (SDS), 1,3-

diphenylisobenzofuran (DPBF) were all obtained from Aldrich Chemical Co.

(U. S. A).

1,10-phcnunthrolinc monohydrate (phen), o-phenylcncdiamine,

cobalt(III) chloride hexahydrate, nickel(ll) chloride hexahydrate, sodium

dilhionite, l,4-diazabicyclo[2.2.2joclane (DABCO), mannilol, cumene and

cysteine were purchased from E. Merck (Mumbai, India).

Aluminium oxide (basic and neutral) for column chromatography was

obtained from Acme Synthetic Chemicals (Mumbai, India).
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Supcrcoilcd DNA pBR 322 (cesium chloride purified) and DNA

topoisomerase I (from wheat germ) were obtained from Bangalore Genei

(Bangalore, India).

Agarose (low melt, 65 °C, molecular biology grade for DNA gels)

and Hind III, a restriction enzyme were purchased from Bio-Rad (U. S. A)

Highly polymerized calf-thymus DNA (CT DNA), superoxide

dismutase (SOD), N-(t-butyl)-a-phenyl nitrone (PBN), ethidium bromide and

bromophenol blue were procured from Sigma Chemical Co. (U. S. A)

Tris(hydroxylmethyl)aminomethane (Tris), sucrose, sodium chloride,

elhylenediaminc letraacctic acid disodium salt (EDTA-Na2), sodium

hydrogen phosphate (Na2HPO4) and sodium dihydrogen phosphate

(NaH2PO4) were of molecular biology grade, obtained from Sisco Research

Laboratories (Mumbai, India).

The drying agents employed at various stages of purification

procedures viz. anhydrous sodium sulphate, calcium chloride, calcium

hydride, magnesium turnings and magnesium sulphate and the mineral acids

such as hydrochloric acid, sulphuric acid and nitric acid were all of Analytical

Reagent grade and obtained from either B. D. H. (Mumbai, India) or Ranbaxy

(Mumbai, India). All other common chemicals were purchased from locally

available sources.

The gases utilized in this study, nitrogen and oxygen, were obtained

from India Oxygen Limited (Hyderabad, India). Nitrogen was further purified

by using the pyrogallol and BASF catalyst before use. Chlorine gas was

generated by following a standard procedure.1 1 g of KMnO4 was placed in a

round bottom flask and 6.2 ml of MCI was added dropwise from a pressure-
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equalising funnel. The evolving chlorine gas was allowed to pass through a

Drechsel bottle containing water to remove hydrogen chloride and was then

dried by means of another Drechsel bottle charged with concentrated

sulphuric acid. The flask was shaken from time to time to complete the

evolution of chlorine gas.

2.2.2 Solvents

The common solvents used during the research work were purified

according to the standard procedures.12

Acclonilrilc and melhanol used for the spcclroscopic and

electrochemical studies were of spectroscopic grade from E. Merck (Mumbai,

India). They were further purified by distilling over phosphorous pentoxide

and calcium oxide, respectively.

Dimethylformamide (DMF) was obtained from E. Merck (Mumbai,

India) and was purified using flash distillation over calcium hydride under

vacuum.

Methylene chloride used for the spectroscopic and electrochemical

studies was purified rigorously. The Laboratory Reagent grade solvent

obtained from B. D. H (Mumbai, India) was washed twice from sulphuric

acid, and then with water. This was followed by washing twice with sodium

carbonate solution and water again. It was dried over anhydrous CaCl2, and

distilled from Call2 before use. The other solvents used were acetone, clhanol

and dimethylsulphoxide. They were purified according to the known

procedures before use.1'2
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CDC13 (99.8%) and DMSO-d6 (99.5%), D20 (99.8%) and CD3CN

(99.5 %) were obtained from Aldrich Chemical Co. (U. S. A)

Water used for the biochemical studies was triply distilled using a

quartz distillation set-up and then autoclaved before use.

2.3 Preparation of the starting materials

2.3.1 Preparation of 1,10-phcnanthroline 5,6-dione (phen-dione)3

A round bottom flask containing 1.00 g of phen (5.04 mmol) and 5.95

g (50.0 mmol) of potassium bromide was placed in an ice bath. Concentrated

sulfuric acid (20 ml) was added in small portions, and then was added 10 ml

of concentrated nitric acid. The resulting solution was heated for 2 h. at 80-85

°C. It was cooled to room temperature and then was poured into 400 ml of

water. The solution was neutralized with NaHCO3, and then extracted with

dichloromethane. Removal of dichloromethane gave 1,10-phenanthroline 5,6-

dione as yellow needles. Yield: ~ 80%.

2.3.2 Preparation of dipyrido[3,2-a:2',3'-c]phenazine (dppz)4

A 0.5 g (2.4 mmol) sample of phen-dione and 0.5 g (4.6 mmol) of o-

phenylenediamine were together reluxed in ethanol (50 ml) for 10 min. The

solution was cooled to room temperature to yield golden yellow needles of

dppz, which was suction filtered and recrystalised from aqueous ethanol.

Yield: ~ 80%.

2.3.3 Preparation of [Co(phen)2CI2]
+ 5

0.5 g ( 2.1 mmol) of CoCl2.6H2O, 0.5 g (12.0 mmol) of LiCl and 0.9

g (4.5 mmol) of phen were dissolved in 50 ml of dry methanol under

nitrogen. Gaseous Cl2 was then slowly introduced into this solution under
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cooling for 30 min. The resulting crystals were filtered off and washed with

methanol. Yield: ~ 75%.

2.3.4 Preparation of [Ni(phen)2Cl2]
6

NiCl2.6H2O (0.26 g, 1.1 mmol) and phen (0.40 g, 2 mmol) were

dissolved in 20 ml water and the solution was evaporated to 5 ml . Acetone

(20 ml) was added to this lilac solution which was then set aside in a closed

vessel for 24 h. The crystals were filtered off, washed with acetone and dried

under vacuum. Yield: ~ 65%.

2.3.5 Preparation of [Ru(phen)3]Cl2
 7

Potassium aquopentachlororuthenate(III) (0.5 g, 1.3 mmol)7 was

dissolved in 50 ml of hot water containing one drop of 6 N HC1 and a

stoichiometric amount of phen was added slowly with stirring. The mixture

was refluxed until a deep green solution resulted (10-20 min.).

Hypophosphorous acid (1.2 ml of 30% solution) neutralized with NaOH (~

3.5 ml of a 2 N solution) was added and the mixture was refluxed 15-30 min.

until the color changed to deep orange-red. The mixture was filtered and 10

ml of 6 N IICl was added dropwise with stirring to the hot filtered solution.

The crude product was recrystalized from hot water. Yield: ~ 70%.

2.3.6 Preparation of [Ru(phen)CI<]~ 8

To 10 ml of 1.0 N IICl was added 1.03 g (3.83 mmol) of RuCl3.3II2O

and 0.95 g of phenanthroline (20% excess over the equivalent). After stirring

to dissolve the solids the container was stoppered, allowed to stand for

several days and, the product isolated by filtration and washing with water. It

was dried in vacuum over P4O10. Yields increased with time; isolation after

seven days gave 70%.
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2.3.7 Preparation of [Ru(phen)2CI2].2H2O
 9

RuCl3.3H2O (7.8 g, 29.8 mmol), phen (12 g, 60.0 mmol) and LiCl (8.4

g) dissolved in reagent grade dimethylformamide (50 ml) were heated at

reflux for 8 h. The reaction mixture was stirred magnetically throught this

period. After the reaction mixture was cooled to room temperature, 250 ml of

reagent grade acetone was added and the resultant solution cooled at 0 °C

overnight. Filtering yielded a red to red-violet solution and a dark green-black

microcrystalline product. The solid was washed three times with 25 ml

portions of water followed by three 25 ml portions of diethyl ether, and then

it was dried by suction. Yield: ~ 65%.

2.3.8 Preparation of [Ru(phen)2(dppz)](PF6)2.2H2O
 l0

A mixture of [Ru(phen)2Cl2].2H2O (1.70 g, 3.0 mmol) and dipyrido

phenazinc (0.93 g, 3.2 mmol) in mclhanol-water ( 1 : 2 v/v; 380 ml) was

refluxed for 4.5 h. The deep red solution was concentrated to 10% of its

original volume, diluted with water (140 ml), boiled for 10 min, cooled in an

ice-bath and filtered. The hexafluorophosphate salt of the complex was

precipitated by the addition of 10% NH4PF6 (30 ml) to the filtrate. Yield: ~

75%.

2.4 Physical methods

The new compounds synthesized in this study were characlcri/.cd by

elemental analysis, FABMS, infrared, electronic absorption and emission,

proton magnetic resonance, electron spin resonance, magnetic susceptibility

and electrochemical methods.
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The elemental analyses were done on a Perkin-Elmer Model 240 C -

CHN analyzer.

The infrared spectra were recorded either on a Perkin-Elmer Model

1310 or on a Jasco Model 5300 FT-IR spectrophotometer. The spectrum of

the solid samples were recorded by dispersing the samples in Nujol mull or as

KBr belletes.

The UV-visible spectra were recorded with either on a Shimadzu

model 160A or a Jasco model 7800 spectrophotometer. A matched pair of

quartz cuvettes were employed.

Steady-state fluorescence spectra were recorded on a Jasco model FP-

777 spectrofluorometer using 1 cm quartz cell. Detection of emission was

done at right angle to the excitation wavelength. The excitation and emission

slit widths employed were usually both 2 or 5 nm. For recording the emission

spectra, optical densities of the samples were adjusted to < 0.2 at the

excitation wavelength. Emission quantum yields (§) were estimated by

integrating the areas under the lluorescence curves and by using the formula"

A YD D
- ^ sample ^ ^ - - ^ standard ,

^sample = "7 VA p. -*• r standard (2.1)
^ standard ^ W ' u sample

where A is the area under the emission spectral curve and O.D is optical

density of the compound at the excitation wavelength. The standards used for

the fluorescence quantum yield measurements were [Ru(phen)3]
2+ (<j> = 0.028
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in CH3CN)12 and 5,10,15,20-tetra(phenyl) porphyrin (H2TPP, <}> = 0.12 in

CH2C12).
13

The nuclear ('H and I3C) magnetic resonance spectra were recorded

on a Bruker NR-200 AF-FT NMR spectrometer using CDC13, DMSO-d6,

D2O/CD3CN mixture or CD3CN as the solvent. Tetramehtylsilane (TMS) was

the internal standard employed for recording the spectra.

The electron spin resonance (ESR) spectra were recorded on a JEOL

model JM-FE 3X spectrometer. Diphenylpicrylhydrazide (DPPH) was used

as the g-marker. For the spin trapping experiments using ESR, the solution,

containing both the desired compound and spin trapping agent PBN, was

taken in a flat quartz ESR tube and an on-line irradiation of the sample in the

ESR cavity was carried out using 150 W PTI model A 1010 Xe arc lamp

coupled with a PTI model LPS 2020 power supply. Appropriate filters were

used to isolate the irradiation wavelength range. All the spectra were recorded

at room temperature.

Fast atom bombardment mass spectra (FABMS) were recorded on a

JEOL SX 102/DA-6000 mass spectrophotometer/data system using xenon (6

KV, 100 mA) as the FAB gas. The accelerating voltage was 10 KV and the

spectra were recorded at room temperature, m-nitrobenzyl alcohol (NBA)

was used as the matrix.

Cyclic and differential-pulse voltammetric experiments were carried

out with a Princeton Applied Research (PAR) model 174A/175 polarographic

analyzer/universal programmer or with a BAS model CV-27 potentiostat.

Either TBAC1 or TBAPF6 (usually 0.1 M) was used as the supporting

electrolyte. The cyclic voltammetric experiments were performed using a
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standard three electrode, single compartment cell. A button platinum or

glassy carbon working electrode, a platinum wire counter electrode and a

saturated calomel reference electrode (SCE) were employed. Ferrocene was

used as the internal standard in these experiments.. For the controlled

potential electrolysis (Coulometry), a platinum wire gauze working electrode,

a platinum flag counter electrode and an SCE reference electrode were

employed. A H-type cell was employed for this purpose wherein the counter

electrode and the working electrode were separated by a frit.

Room temperature magnetic susceptibility measurements were carried

out on n 6612 CAIIN Rcscnrch Mngiiclic Susccplibilily syslcm provided with

an electrobalance model CAHN 1000. The magnetometer was calibrated with

Cu(SO4).5H2O and then cross checked against HgCo(NCS)4. Diamagnetic

corrections were made using Pascal's constants.14

2.5 Singlet oxygen quantum yield ((j)A) measurements

A 2.5 ml of DMF (saturated with AR grade molecular oxygen)

solution containing 1.0 x 10"6 M of a given sensitizer and 0.5 - 1.0 x 10"4 M

DPBF was taken in 1 cm path-length quartz cuvette and irradiated at the

desired wavelength (500±10 nm for ruthenium(II) complexes and 55O±1O

nm for the porphyrins). A 150 W Xe arc lamp (PTI Model A1010) coupled

with a PTI Model S/N 1366 monoehromator (10 nm band-pass) was used as

the source of irradiation. It should be noted that sensitizer is the only

chromophore that absorbs at this wavelength and DPBF, the singlet oxygen

scavenger, does not absorb appreciably in this region. The solution was

stirred during the irradiation period. The depletion of DPBF due to its
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reactions with '02 was monitored at 410 nm spectrophotometrically. The

total depletion of DPBF was restricted to 10 -15% of its original

concentration and an average of five or six depletion rate runs were used for

quantum yield measurements.

The mechanism of O2 production by the photosensitizers and the

decay of it via reactions with DPBF are described below. .

abS

'So > 'S* (2-2)

isc

"S* > V (2.3)

V > lO2 + 1S0 (2.4)

DPBF + ' o 2 > DBB (2.5)
k

q

DPBF + ' o 2 > DPBF + 3O2

K

(2.6)

(2.7)

Here, lnbs is the intensity of the light absorbed, kd is the rale of O2 production,

k and k are the rates of chemical reaction and physical quenching of DPBF



with O2 respectively, and kd is the solvent initiated O decay. (DBB =

dibenzoylbenzene)

Thus,

d['O2]

= L *A — (2.8)
dt

Equn. 2.9 can be obtained from equn. (2.5),

d[DPBF]

= k [DPBF] ['OJ (2.9)
2

dt

and, from equns. (2.4), (2.5), (2.6) and (2.7), it follows that

d['cg

dt

At steady stale conditions,

= 0 (2.11)
dt

Therefore, equn.(2.10) becomes

\ J , = ['O2](k+kq) [DPBF] + kd (2.12)
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Rearranging, the above equation gives

I YA

abs Y A

['O2] = (2.13)

kd + (k + k ) [DPBF]

Substitution of equn. 2.13 into equn. 2.9, gives

d[DPBF] k [DPBF] (2-14)
dt kd + (k + k ) [DPBF]

Since, at low concentrations, k for DPBF is insignificant as compared to k is

it can be assumed that (kr + k ) [DPBF] « k and thus equn. (2.14) becomes

d[DPBF] I a b s ^ k [DPBF]

= (2.15)
dt k

Integration of equn. (2.15) gives,

[DPBF], I a b s ^ k

- In = x t (2.16)
[DPBF]Q kd

Thus, a plot of -ln(A / A ) (A is the absorbance of DPBF at 410 nm) versus

time of irradiation, t, will give a straight line passing through the origin,
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whose slope equals to I <|>Ak / k . By knowing k , k and I , the <bA can be
80S r d r d abs

calculated. In this study, the values of k and k were taken to be l . l x 109 M"1

r d

s and 1.40 x 10 s respectively. 1̂  for a given photosensitizer was

calculated from the slope by substituting the values of k, k and <{>A of H TPP

(<J)A = 0.60) taken as the standard.

2.6 DNA - binding experiments

CT DNA was used for binding with the various drugs investigated

during this work. It was purified by phenol extraction. The stock solution was

made by dissolving CT DNA in appropriate buffers and kept overnight at 4

°C for complete dissolution. The concentration of CT DNA (nucleotide

phosphate) was measured by using its known extinction coefficient at 260 nm

(6600 M'1 cm/1), l7

2.6.1 Thermal denaturation

Thermal denaturation experiments were performed using a Shimadzu

model UV-160A spectrophotometer coupled with a temperature controller

model TCC-240 A. The buffer used was lmM phosphate, pH 7.0, 2 mM

NaCl. The absorption at 260 nm for the CT DNA (160 uM nucleotide

phosphate) was continuously monitored at various temperatures. The melting

temperature (Tm) is defined as the temperature at which 50% of double strand

becomes single stranded and aT, the curve width, is the temperature range

between which 10% and 90% of the absorption increase occurs. The Tm of

CT DNA in this buffer is 60 ± 1 °C and CTT is 22±1 °C under the experimental
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conditions employed in this study. The Tm values of CT DNA in the presence

of drugs at various [DNA nucleotide phosphate]/[drug] ratios were also

obtained in a similar fashion described above upon adding equal

concentration of the drug to both the reference and the sample cuvettes.

2.6.2 Absorption titrntion

Absorption titration experiments (Tris 5 mM, 50 mM NaCl, pH 7.0)

were performed by using a fixed metal complex concentration to which

increments of the stock DNA solutions (containing the same concentration of

the metal complex) were added. Typical concentration of the metal complex

used was 20-30 JIM and that of DNA ranged between 0 - 100 or more

equivalents (base pairs). After the addition of DNA to metal complex, the

resulting solution was allowed to equilibrate for 5 - 10 min. at 25 °C. The

absorption readings (usually corresponding to the changes at maximum

absorption) were noted. The data were then fit to the following equation to

obtain the intrinsic binding constant Kb
18

[DNA]/(e-ef) = ,[DNA]/(eb-ef) + l/Kb(sb-ef) (2.17)

where ea, ef, and eb are the apparent, free and bound metal complex extinction

coefficients, respectively. A plot of [DNA]/(ea-er) Vs [DNA] gave a slope of

l/(eb-er) and a Y intercept equal to Kb/(eb-ef); Kb is the ratio of slope to Y

intercept.

At times, the data were also fit to the following equation.19
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Cb = 1/2 K (b-(b2-2 K2Ct [DNA]/s)I/2) (2.18a)

. b = 1+ KCt+ K[DNA]/2s (2.18b)

where Ch is the concentration of the bound complex, K,, is the microscopic

binding constant for each site, C, is the total metal complex concentration and

s is the site size in base pairs.

The values of K and s were obtained using an in-house non-linear

least square analysis program or the MicroCal Origin soft-ware package both

run on an IBM-compatible 486/pentium computer.

2.6.3 Viscometric titration

Viscometric titrations were performed with a Cannon-Ubblehode

viscometer. The viscometer was thermostated at 25 ± 0.5 °C. The buffer used

was 1.5 mM Na2HPO4, 0.5 mM NaH2PO4, 0.25 mM EDTA-Na2, pi I 7.0. The

DNA concentration was 300 u.M in base pairs. Titrations were carried out at a

drug to DNA (base pairs) ratio of 0.0 to 0.1. Each titration was conducted

without removing the DNA from the bulb of the viscometer. Drug was

introduced in to the DNA solution using a Hamilton syringe fitted with a

glass extender. Mixing of drug and DNA was done by bubbling thoroughly

with nitrogen. Flow times were measured by a digital stop-watch. Flow times

were measured at least three times, and were accepted if they agreed within

0.2 sec. Reduced specific viscosity was calculated according to Cohen and

Eisenberg.20" Plots of T)/r|0 (r\ and r|0 are the reduced specific visocities of

DNA in the presence and in the absence of drug) vs [Drug]/[DNA] were
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[EtBr]/[DNA] were found to be similar to those reported in the literature.2Ob

2.6.4 Topoisomerease I assay

Topoisomerase I (Wheat germ) was used to convert supercoiled pBR

322 DNA to its relaxed state. Samples containing pBR 322 DNA (0.5 fig in

20 uL of the assay buffer containing 50 mM tris, 50 mM NaCl, 1 mM EDTA,

1 mM DTT and 100 jig/ml nuclease free bovine serum albumin (BSA) and 1

mM MgCl2, topoisomerase (2-3 units) and the drug were incubated for 30

min. at 37 °C. The reaction was stopped by the addition of 250 mM EDTA

and 10% SDS. The samples were then electrophoresed in a 1% agarose gel

for 5-6 h. The details of the electrophoresis experiments are described in the

next Section. A control experiment was also carried out under the same

experimental conditions without the addition of drug. The unwinding angle

was determined from the plot of -x vs concentration of the bound drug, as

described by equn. 2.19.2I

a = -20rc(O/360) = -rcO/l 8 (2.19)

where x is the number of superhelical turns, a superhelical density of the

plasmid, rc is the amount of drug bound per nucleotide when all the

superhelices are removed and O is the unwinding angle.
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2.7 DNA photocleavage and agarose gel electrophorcsis

Electrophoresis through agarose is the standard method used to

separate, identify or purify DNA fragments.22"25 The technique is simple,

rapid to perform and capable of resolving fragments of DNA that cannot be

separated by other procedures such as density gradient centrifugation. The

location of DNA within the gel can be determined directly by staining with

low concentration of the fluorescent, intercalating dye elhidium bromide.

Using this technique, bands containing as little as 1 -10 ng of DNA can be

detected by direct examination of the gel in the UV light.25 Agarose gels are

usually run in a horizontal configuration in an electric field of constant

strength and direction. When an electric field is applied across the gel, DNA,

which is negatively charged at neutral pH, migrates toward the anode. The

intact supercoiled (Form I) DNA migrates faster than the single nicked (Form

II) in the gel. This technique has been employed to identify the product/s of

the DNA photocleavage which was carried out in this work.

2.7.1 Buffers used

2.7.1.1 Tris-acctatc cthylcnediaminetetraacctate (TAE) electrolyte buffer

(50 X stock)

A 48.4 g of tris base was dissolved in 100 ml of water. A 7.44 g of

EDTA disodium salt was dissolved in 50 ml of water and the pH was

adjusted to 8.0 using sodium hydroxide. This pH-adjuslcd EDTA solution

was added to tris solution followed by the addition of 11.42 ml of glacial

acetic acid. The volume was made up to 200 ml with water and the resulting

buffer was stored at 4 °C.
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2.7.1.2 Sample buffer (6X)

A 0.25% bromophenol blue in 40% sucrose/H2O was used as the

sample buffer. This buffer was prepared by first dissolving a 2 g of sucrose in

3 ml of water and by then adding a 12.5 mg of bromophenol blue to this

solution. The volume was made up to 5 ml. The resulting buffer was stored at

4 °C.

2.7.2 Ethidium bromide stock solution (10 mg/ml)

A 100 mg of ethidium was dissolved in 10 ml of water by stirring in

dark for several hours. The resulting solution was stored in a brown bottle at

the ambient temperature. A working concentration of 0.5 jig/ml was used for

staining the gels after electrophoresis.

2.7.3 Gel configuration and gel casting

A horizontal slab gel electrophoresis chamber for submerged mini

gels 3.5 X 7.5 or 6.0 X 7.5 inch polystyrene snaplock box obtained from

Broviga Inc. (Chennai, India) was used to carry out the agarose gel

electrophoresis. Platinum wire was used for each of the two electrodes that

are glued in place with silicone rubber cement. A platform composed of four

lantern slides glued together in a stack is cemented in the center of the box. A

gel plate of 7 cm X 10 cm in size rests on this platform so that the gel is

submerged just beneath the surface of the electrophoresis buffer. The

standard TAE buffer is used for the electrophoresis. The details of gel casting

are given below. ;
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A 400 mg of low-melt (molecular biology grade) agarose was added

to 50 ml of TAE buffer. The slurry was then heated on a boiling - water bath

until the agarose dissolved completely. The solution was cooled to 50° C.

Both ends of the gel mold was closed with a clean autoclaved tape and a

small quantity of agarose solution was applied with a pipette along the edges

of the gel mold so as to seal completely. Remaining warm agarose solution

was poured onto the gel mold and immediately the comb was clamped into

position near one end of the gel. The teeth of the comb formed the sample

wells. Care was taken to see that at least 0.5-1.0 mm of agarose was left

between the bottom of the teeth and the base of the gel, so that the sample

wells arc completely scaled. After 35-40 min. (by which time the gel was

completely set), the comb and the autoclaved tape were removed carefully

and the gel was mounted in the electrophoresis tank. A 200 ml of working

buffer (TAE) was poured into the gel until the gel was covered to a depth of

about 1 mm.

2.7.4 Photolysis of pBR 322 DNA

Photolysis experiments were carried out for pre-incubated (1 h.)

samples of pBR 322 DNA (100 uM nucleotide phosphate, 10 uL) and the

appropriate concentration of the drug placed in a quartz tube of 3 mm internal

diameter. Tris-HCl buffer (pH 8.0) was the medium in the case of polypyridyl

complexes and tris-HCl buffer (pH 8.0) containing not more than 5%

dimethylformamide was used in the remaining cases. Irradiation of the

samples were done using a Xe arc lamp (150 W, Photon Technology

International) as the source. The required wavelength for the irradiation was
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isolated from the source using a PTI Model S/N 1366 (10 nm band pass)

monochromator. At times, photolysis was also carried out inside the sample

chamber of a Jasco Model FP-777 specetrofluorometer with the slit width 5

nm. The temperature was maintained at 20 °C throughout irradiation. After

irradiation, 2 (iL of sample buffer was added and the contents were directly

loaded onto a 0.7 % (w/v) agarose gel. The gel was run with standard TAE

buffer pH 8.0 at 40 V for 4 h. after which it was stained with 0.5 fig/ml

solution of ethidium bromide for 30 min. It was analyzed using the UVP gel

documentation system GDS 2000 and was also directly photographed and

developed. The DNA bands were read as integrated peak areas using the

software package SW2000 version 2.

The percentage of cleavage (C) was calculated using the expression26

[FormII] + 2[FormIII]
C ~ [Form I] + [Form II] + 2[FormIII]X1 °°

2.8 General considerations

Care was taken to avoid the entry of direct, ambient light into the

samples in all the spectroscopic and electrochemical experiments. Care was

also taken to avoid the direct human contact of DNA and ethidium bromide

solutions. All solutions containing ethidium bromide and other hazardous

chemicals were decontaminated before disposal. Protective goggles, gloves

and safety mask were used to minimize the exposure to obnoxious chemicals,

ultraviolet light etc.. -.,,.
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Unless otherwise specified, all the experiments were carried out at

293 ± 3 K.

Standard error limits involved in various measurements (unless

otherwise stated):

Xmax (absorption/fluorescence)

log e

*H NMR chemical shifts

4>f

4>A

El/2

± 1 nm

±7%

±0.01ppm

± 10%

± 10%

± 0.03 V

% DNA cleavage (C) ±8%

2.9 Summary

A brief account of various solvents and chemicals used during this

work is given in this Chapter. Also given here is a description of

spectroscopic as well as other physical and biochemical methods employed in

this study.
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CHAPTER 3

A New Metallointercalator Containing an Electroactive

Dipyridophenazine Ligand: DNA Binding, Photonuclease Activity

and Luminescence Properties

3.1 Introduction

As detailed in chapter 1, metal complexes of polypyridyl ligands are

increasingly being employed in studies related to the development of DNA

binding and cleaving agents for use in various biochemical and biomedical

applications. In recent years, ligands derived from appropriate modification

of 2,2'-bipyridyl (bpy) and 1,10-phenathroline (phen) are being employed so

as to suit the individual application.1"8 Unique among the host of such

modified ligands reported so far is dipyrido[3,2-a:2',3'-c]-phenazine (dppz) -

a near-planar, hetero-aromatic entity obtained by fusing a phenazine subunit

to bpy.9 Metal-complexes containing dppz have found various applications

which include, amongst the others, molecular light switching, DNA binding

and cleavage and DNA-mediated electron transfer.3*8 For example, complexes

of the type [M(phen)2(dppz)]2+ (M = Ru or Os) have been shown, by Barton

and co-workers, to act as selective 'molecular light switches' for DNA and in

micellar solutions.3 A number of studies have demonstrated that mixed-

ligand complexes incorporating dppz are avid binders (Kb = 106 - 107 M1) of

DNA.3"6 While Thorp and co-workers5 have demonstrated the

electrochemically initiated cleavage of DNA by [RuO(dppz)(tpy)]2+ (tpy =
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terpyridine), others7 have reported the photocleavage of DNA by dppz-

complexes of ruthenium(H) and rhenium (I). These beneficial functions of the

complexes containing dppz appear to be a consequence of the unique

spectroscopic, redox and luminescence properties of this versatile ligand.

During the course of present investigations, we reasoned that further

derivatization of dppz with suitable electron donating/withdrawing group(s)

might not only accentuate DNA-binding and photocleavage efficiencies of

the ensuing complexes but also serve to explore other interesting functional

aspects associated therein. Quinone moiety was chosen for this purpose

owing to the known DNA-binding ability and the rich redox chemistry of this

ubiquitous electron-deficient functional group.10" This chapter reports on the

synthesis, characterization, DNA interaction and redox switching of the

MLCT luminescence of a new mixed-ligand ruthenium(II) complex,

[Ru(phen)2(qdppz)]2+, incorporating a quinone-fused dppz ligand (qddpz =

naptho[2,3-a]dipyrido[3,2-/j:2',3'-/] phenazine-5,18-dione)

It should be noted here that while this study was in progress, synthesis

and characterization of qdppz and a rhenium complex containing it

(Re(qdppz)(CO)3Cl) have been reported by Lopez et al12 but, that neither the

DNA interaction nor the influence of redox chemistry on the luminescence

properties of this rhenium complex was investigated in that study.

3. 2 Experimental details

l,10-phenanthroline-5,6-dione(phen-dione),13 [Ru(phen)3]Cl2
I4\

[Ru(phen)2Cl2]
l4b and [Ru(phen)2(dppz)]Cl2

9c were synthesized following the
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reported procedures (see chapter 2). Synthesis of qdppz and its complex are

described below, Fig. 3.1.

3.2.1 Synthesis of naptho[2,3-a]dipyrido[3,2-h:2\3'-fl phenazine-5,18-

dione, qdppz:

To a 250 ml ethanolic solution of phen-dione (0.21 g, 1 mM) was

added a 0. 22 g (1 mM) of 1,2-diamino anthraqmnone and the resulting

mixture was refluxed for 5 h. Evaporation of the solvent gave a greenish-

brown residue which was taken up in 100 ml CHC13 and warmed to ca. 50 °C

during 0.5 h. The solution was cooled, filtered and a yellow precipitate was

obtained upon addition of diethyl ether to the filtrate. The solids were filtered,

washed with diethyl ether and vacuum dried, yield: 70%.

O NH,

R O H
Reflux

qdppz

[Ru(phen)2(qdppz)]2+

Fig. 3.1 ' •
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Analytical data: Found: C, 73.02; H, 3.02; N, 12.35; Calcd. for C26H12N4O2:

C, 73.73; H, 2.98; N, 12.59.

FABMS(m/z):413, [M+]

IR (KBr): 1670, 1585, 1462 cm1.

'H N M R (CDC13, 200 MHz, TMS) 5, ppm: 9.85(d, 1H), 9.65(d, 1H), 9.35 (d,

2H), 8.71(dd, 2H), 8.32(q, 2H), 7.88(m, 4H).

3.2.2 Synthesis of bis(l,10-phenanthroline) (naptho[2,3-a]dipyrido[3,2-

h:2',3'-f] phenazine-5,18-dione) ruthenium(II) hexafluorophosphate,

[Ru(phen)2(qdppz)](PF6)2:

Ru(phen)2Cl2 (0.53 g, 1.0 mM) and qdppz (0.45 g, 1.1 mM) were

refluxed in ethylene glycol (50 ml) for 12 h. The resulting solution was

cooled to room temperature after which ca. 20 ml of water was added and the

solution filtered. Addition of solid NH4PF6 to the filtrate precipitated crude

[Ru(phen)2(qdppz)](PF6)2 which was purified by repeated recrystallization by

acetone-diethyl ether mixture. Yield: 80%.

Analytical data: Found: C, 50.86; H, 2.43; N, 9.22; Calcd. for

C50H32N8O4P2Fi2Ru: C, 50.06; H, 2.49; N, 9.34.

FABMS (m/z): 1019, [M-PF6]
+; 874, [M-2PF6]

+.

IR (KBr): 1670, 1589, 1427, 837 cm1.

'H NMR (DMSO-d6, 200 MHz, TMS) 5, ppm: 9.5 (br, 2H), 8.81 (m, 6H),

8.41 (s, 4H), 8.32 (d, 2H), 8.23 (d, 4H), 8.10 (d, 4H), 7.82 (m, 6H).
13C NMR (CD3CN/10% D2O, 200 MHz, TMS) 5, ppm: 126.5, 128.6, 131.6,

137.5, 148.4, 153.7, 155.4, 182.8 &183.5.
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3.2.3 Synthesis of bis(l,10-plicnniithrolinc) (napUio|2,3-a]dipyridol3,2-

h:2',3'-f] phenazine-5,18-dione) ruthenium(II) chloride,

[Ru(phen)2(qdppz)]Cl2:

The hexafluorophosphate salt obtained above was dissolved in

minimum amount of acetone, and a saturated solution of

tetrabutylammonium chloride in acetone was added dropwise until the

precipitation was complete. The water-soluble chloride salt was filtered,

washed thoroughly with acetone and vacuum dried. Recovery was about 90%

of the theoretical yield.

Analytical data

IR(KBr): 1666, 1413 cm'1.

UV-visible (H2O): Xmax, nm (log e) 439 (4.26), 400 (4.28), 278 (4.89), 263

(5.10).

3.2.4 Synthesis of bis(l,10-phenanthroline) (5,18-dihydroxynaptho[2,3-

a]dipyrido[3,2-h:2',3'-f]phenazine)ruthenium(II),

[Ru(phen)2(hqdppz)]2+:

(a) Chemical method: The chloride or the hexafluorophosphate salt of this

complex was obtained by the Na2S2O4 reduction of [Ru(phen)2(qdppz)]Cl2 or

[Ru(phen)2(qdppz)](PF6)2 in slightly basic (pH « 8.0, NaOH) aqueous or

aqueous CH3CN (CH3CN/H2O or CD3CN/D2O ,10:1 v/v) solutions.

(b) Electrochemical method: A 1 x 10"4 M of [Ru(phen)2(qdppz)](PF6)2 was

subjected to exhaustive electrolysis under N2 atmosphere in aqueous CH3CN

(4-5% H2O) containing 0.1 M TBAPF6 at -0.5 V until the current value

reached ca. < 1% of the initial value which took approximately 20 min. under

our experimental conditions. Comparison of the total Coulombs passed
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during the electrolysis with that of 1,4-benzoquinone (1 x 10"4 M) revealed

that reduction of [Ru(phen)2(qdppz)]2+ involved 1.9±0.2 electrons. Aliquots

of the solution containing the reduced species thus obtained were taken out

under anaerobic conditions and the UV-visible as well as fluorescence spectra

were measured using air-tight cuvettes. Bulk exhaustive re-oxidation was

carried out in a manner similar to that adopted for the reductive electrolysis

but, by holding the potential at +1.1 V. Reversibility of the redox cycle was

checked by repeating the reduction and re-oxidation reactions for the same

, solution three to four times and by measuring the UV-visible and

fluorescence spectra of the resulting sample each time, (note: at times,

however, it was found necessary to add a base (NaOH; apparent pH of the

solution « 8), especially prior to the reoxidation, in order to avoid adsorption

of a new, red-coloured species onto the surface of the electrode during the

electrolysis)

Both [Ru(phen)2(hqdppz)]Cl2 and [Ru(phen)2(hqdppz)](PF6)2 were

found to be air-sensitive species and hence, the spectroscopic measurements

(UV-visible (1 x 105 M), fluorescence (1 x 10"5) and 'H (« 2 x 103 M) and
I3C NMR (« 7 x 10r3 M)) were conveniently done, strictly under an

atmosphere of nitrogen, for their in situ preparations (inside the cuvette or the

NMR tube) obtained by the addition of ca. 3 - 4 molar equivalents of Na2S2O4

to previously deaerated solutions of [Ru(phen)2(qdppz)]2+. In each case, the

solution was kept aside in dark for ca. 45 - 60 min. with occasional shaking

before the spectral measurements were made.
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»H NMR (CD3CN/10% D20, 200 MHz, TMS) 8, ppm: 8.72(m, 6H), 8.34(s,

6H), 8.33(s, 2H), 8.12(m, 4H), 7.80(m, 8H).
I3C NMR (CD3CN/10% D2O, 200 MHz, TMS) 5, ppm: 128.1, 129.7, 132.7,

138.9, 149.8, 155.1, 156.5 & 157.6.

All the spectroscopic and electrochemical experiments leading to the

characterization of the new complexes synthesized here were carried out as

described in chapter 2. While the hexafluorophosphate salts of the complexes

were employed for the luminescence measurements in non-aqueous solvents

(rigorously dried CHC13, CH2C12, dichloroethane and CH3CN) and aqueous

CH3CN (10% H2O) solutions, the corresponding chloride salts were used for

measurements in aqueous, aqueous buffered (buffer A: 5 mM tris, pH 7.1, 50

mM NaCl), micellar (SDS, 0.1M) and CT DNA (up to 200 uM) solutions.

3.2.5 DNA binding and photocleavage studies

Buffer A was used for absorption titration, differential-pulse

voltammetry and luminescence measurements. Buffer B (1 mM phosphate,

pH 7.0, 2 mM NaCl) was used for thermal denaturation experiments. Buffer

C (1.5 mM Na2HPO4, 0.5 mM NaH2PO4, 0.25 mM Na2EDTA, pH = 7.0) was

used for the viscometric titrations. The chloride salt of the complexes was

used in studies with DNA.

DNA melting- ( [DNA nucleotide phosphate] = 175 uM, [drug] = 0 -

7 uM) and absorption titration ([DNA base pairs] = 0 - 7 0 uM for

[Ru(phen)2(qdppz)]2+ and 0 - 420 uM for [Ru(phen)2(hqdppz)]2+, [drug] = 60

|iM) experiments were carried out as described in Chapter 2. Differential-

pulse voltammetric experiments (highly polished glassy carbon working
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electrode, Pt-wire counter electrode and SCE reference electrode) were

performed for 0.1 mM of the complex in the absence and in the presence of

increasing amounts (0 -3 mM) of CT DNA.

Absorbance and current values were recorded after each successive

addition of DNA solution and equilibration (ca. 10 min.). Data obtained from

both the absorption- and electrochemical titration experiments were analyzed

using a procedure first developed by Bard and co-workers during their

electrochemical studies on DNA interactions of metallopolypyridyl

complexes15 and subsequently adopted by others for absorption titration

experiments involving binding of DNA by ruthenium complexes containing

dppz and other strongly intercalating ligands.16 This treatment is valid for

cases of noncooperative, nonspecific binding of a ligand to DNA and it

involves fitting of the data to equn. 2.18 (see chapter 2). Use of equn. 2.18

rather than equn. 2.17 was deemed more appropriate here owing to the strong

binding of the complexes investigated in this study.

Viscometric titrations were performed with a Cannon-Ubblehode

viscometer at 25±1 °C as described in chapter 2. Titrations were performed

for [Ru(phcn)3f
+, [Ru(phen)2(qdppz)]2+, ethidium bromide (EtBr) (3 - 40 uM)

and for Na2S2O4 (9 - 120 uM) in the presence and absence of

[Ru(phen)2(hqdppz)]2+ (3 - 40 uJM). The concentration of CT DNA used in

these experiments was 300 uM (base pairs).

For the gel electrophoresis experiments, supercoiled pBR 322 DNA

(100 u.M in nucleotide phosphate) in tris-HCl buffer (pH = 8.0) was treated

with an 10 \iM of the metal complex and the mixture was incubated for 1 h.

in the dark. The samples were then analyzed by 0.8% agarose gel
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electrophoresis (Tris-acetic acid- EDTA buffer, pH = 8.0) at 40 V for 5 h and

further processed as described in chapter 2. Irradiation experiments were

carried out by keeping the pre-incubated (dark, 1 h.) samples inside the

sample chamber of a JASCO Model FP-777 spectrofluorimeter (Xexc = 440 ±

5 nm; slit width = 5 nm).

In the experiments with the topoisomerase, samples of 0. 5 fig pBR

322 in 20 }il of the assay buffer (50 mM Tris, 50 mg NaCl, 1 mM EDTA, 1

mM DTT and 100 ng nuclease free BSA, 1 mM MgCl2), 2 - 3 units of

topoisomerase and [Ru(phen)2(qdppz)]2+ ( 1 - 9 uM) were used. The

unwinding angel (O) was calculated as described in chapter 2. It should be

noted here that the added ruthenium concentrations in this assay could be

assumed to be totally bound based on the absorption titration data (vide

infra). Two independent control experiments were also carried out under the

same set of experimental conditions. In the first control, no drug was used

and here, no Form I could be detected upon electrophoresis of the samples

treated only with topoisomerase. In the other control where EtBr was used as

the intercaltor; the value of O calculated was found to be nearly equal (26±4°)

to that reported in the literature (24±2°).l7b

3.3 Results and discussion

The 'untypical' electronic structure of dppz, which has been

proposed18 to impart to it features both of an a,a -diiminc chclalc and of a

1,4-diazine moiety, together with the consequent structural and electronic

features of the complexes derived from this versatile ligand seem to have

made them attractive candidates for use in various applications.3'8 In this
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study, we have synthesized a dipyridophenazine ligand fused with a quinone

moiety in an attempt to assess the effects due to this additional, electroactive

component on the functions associated with the resulting metal-complexes."

Three important aspects of the mixed-ligand complexes [Ru(phen)2(qdppz)]2+

and [Ru(phen)2(hqdppz)]2+ which contain qdppz or its hydroquinone form as

the 'active1 ligand have been addressed in this Chapter: These are: (i) DNA

binding (ii) DNA photocleavage and (iii) luminescence as well as redox-

switching of luminescence. Before we take up these issues, it is instructive to

examine the details concerning the synthesis and characterization of these

new complexes in light of those of the other structurally and functionally

similar systems reported previously.

3.3.1 Synthesis and chractcrizntion

Synthesis of qdppz and [Ru(phen)2(qdppz)]2+ are illustrated in Fig.

3.1 and the relevant details have been provided in the Experimental Section.

Our procedure for the synthesis of qdppz is marginally different from that

reported recently by Lopez et al.12 Refluxing an ethanol solution containing

readily accessible phen-dione and 1,2-diamino anthraquinone, subsequent

work-up and purification by recrystallization gave the desired ligand in pure

form. [Ru(phen)2(qdppz)](PF6)2 was prepared by condensing Ru(phen)2Cl2

and qdppz in refluxing ethylene glycol and addition of NH4PF6. This PF6 salt

was converted to the water-soluble chloride salt, [Ru(phen)2(qdppz)]Cl2, by

the standard procedure using TBAC1. Each synthetic step involved here is

straightforward and provides good yield of the desired product in pure form.
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Table. 3.1 UV-visible data

Compound

qdppz"

dppza

[Ru(phen)2(qdppz)]
2+b

[Ru(phen)2(dppz)]
2+b

K.*> n m (log e)

259 (4.62), 281 (4.58), 392 (4.13)
410(4.13)

269 (4.73), 295 (4.28), 359 (4.06)
378 (4.07)

263 (5.09), 278 (4.92), 302 (sh)
388 (4.32), 438 (4.29)

265 (5.11), 277 (sh), 360(4.39)
369 (4.35), 443 (4.33)

a: In CH2C12

b: In CH,CN

qdppz had been characterized earlier by UV-visible and infra-red

methods12 and, our data agree well with the reported data. Additional

characterization of this ligand has been carried out in the present study by

elemental analysis, FABMS, 'H NMR and electrochemical methods (see

Tables 3.1 and 3.2). These data are also consistent with the structure and

integrity of the compound. The PF6 salt of [Ru(phen)2(qdppz)]2+ gave
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satisfactory elemental analysis and it showed expected pattern in the FABMS

spectrum. In addition, the peak positions and their intensities in the 'H and
I3C NMR spectra of the complex gave sufficient evidence for its structure.

The complex also showed the characteristic MLCT band at 438 nm and bands

due to the intra-ligand transitions at 388 (qdppz) and 263 (phen) nm in the

UV-visible spectrum (see Table 3.1). The spectra of phen, qdppz and

[Ru(phen)2(qdppz)](PF6)2 given in Fig. 3.2 serve to illustrate this point.

The infra-red spectra of qdppz and [Ru(phen)2(qdppz)]2+ both showed

a peak at 1670 cm'1 ascribable to the quinone-carbonyl stretching in each case

thus confirming that chelation of qdppz to ruthenium has not affected the

quinone part of this ligand. The well-defined cyclic voltammetric responses

(ip vs. vm = constant where ip is the peak current and u is the scan rate,

ipg/ipc = 0.9 - 1.0 where ipa and ipc refer to anodic and cathodic peak currents,

respectively and AEp = 60-80 mV where Ep is the peak potential for these

electron transfer processes20) seen at +1.36 and -0.37 V for the complex can

be assigned to Ru"'/Ru" and qdppz/qdppz' couples, respectively (see Table

3.2). The spectral and redox characteristics of [Ru(phen)2(qdppz)]Cl2 were

found to be essentially similar to those described above for the PF6 salt.

[Ru(phen)2(hqdppz)]2+ could be obtained by the reduction of

[Ru(phen)2(qdppz)]2+ with Na2S2O4 and the process could be reversed to get

back the quinone-form by Ce(NH4)2(NO3)6. Electrochemical and fluorescence

methods have provided further support for the reversible nature of this

quinone/hydroquinone redox reaction and this aspect will be addressed in a

later section of this Chapter. The reduced complex obtained via the chemical
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Fig. 3.2. UV-visible spectra of phen (1) in CH2C12 and of, qdppz (2) and

[Ru(phen)2(qdppz)]2+ (3) both in CH3CN.



90

means could be characterized by UV-visible, NMR and electrochemical

methods. In particular, and as illustrated in Fig. 3.3, the

Table. 3.2 Cyclic voltammeteric data

Compound

qdppz

phen

dppz

[Ru(phen)2(qdppz)]2+

LRu(phen)3]
21

|Ru(phcn)2(dppz)]2f

1J

17 a
1111/2 red

-0.46,-1.48

-1.92

-1.46

-0.37,-1.27,

-1.28,-1.44,

-0.87,-1.30,

otential,

-1.49

-1.71

-1.52

V vs SCE

+ 1

+ 1

+ 1

ox

.36

26

33

a:lnDMF,0.1 M TBAPF6

b:InCH3CN, 0.1 M TBAPF6

complex shows only the MLCT band (442 nm) at X > 350 nm, with the

quinone 7i-7i* transition (388 nm) of its precursor [Ru(phen)2(qdppz)]2+

having clearly disappeared from the UV-visible spectrum. Equally important

is the appearance of a pair of I3C NMR signals at 156.5 and 157.6 ppm

ascribable to the phenolic carbon atoms of the complex in place of those due

to quinone-carbon atoms on [Ru(phen)2(qdppz)]2+ (182.8 and 183.5 ppm).
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Fig.3.3. UV-visible spectra of [Ru(phen)2(qdppz)]2+ (1) and

[Ru(phen)2(hqdppz)]2+ (2) in CH,CN/H2O (10:1, v/v). The reduced complex

has been obtained by the dithionite reduction of [Ru(phen)2(qdppz)j \
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As far as the UV-visible features of [Ru(phen)2(hqdppz)]2+ are

concerned, it is interesting to note that [Ru(phen)2(DPPN)]2+ where DPPN is

benzo[i]dipyrido [3,2-a:2',3'-c]phenazine, has been reported to show a

transition at 391 run that is ascribable to the n-n* transition of the 'benzene-

fused phenazine' moiety1'1'7b. However, such a transition is not apparent in the

spectrum of [Ru(phcn)2(hqdppz)]21 incorporating the 'naphtalene-fused

phenazine' ligand. It is possible that the this intraligand n-n* transition is

broad and red-shifted and that there is an overlap of this band with the MLCT

band. In fact, [Ni(phen)2(hqdppz)]2+ (obtained by dithionite reduction of the

corresponding quinone complex) shows broad absorption between 300 - 400

nm.21

3.3.2 DNA-binding

Initially, interaction of [Ru(phen)2(qdppz)]Cl2 with DNA was

monitored by absorption titration (MLCT band) and thermal denaturation

(monitoring A260 of DNA) methods. In the presence of increasing amounts of

CT DNA the complex showed bathochromic shift (4±1 nm) and

hypsochromism (75±3 %) in the UV-visible spectrum (see Fig. 3.4) and

increased values (at [DNA nucleotide phospate]/[Ru] = 25) of both the DNA

melting temperature (ATm = 6±1 °C) and the curve width (ACTT= 4±1 °C) in

the thermal denaturation experiments. Tm and aT values increased with

increasing addition of the metal complex as expected. These observations arc

reminiscent of those reported earlier for various metallointercalators22 and

suggest that [Ru(phen)2(qdppz)]Cl2 binds strongly to DNA by an intercalative

mode. It should be noted here that absorption saturation was evident even at
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[Drug]/[DNA] = 1 (see Fig. 3.4) suggesting essentially stoichiometric

binding. The binding data could not be satisfactorily fit either to equn 2.17 or

to the McGhee and von Hippel equation23 with and without incorporating the

cooperativity parameters as is true for [[Ru(NH3)4]2(dpb)]4+.16 On the other

hand, the best fit of the binding data to equn. 2.18 gave a values of 0.27±0.04

and (l±0.3) x 106 M"1 for s and Kb, respectively. Thus, accurate determination

of the DNA binding constant could not be made for [Ru(phcn)2(qdppz)]2\

This is true for the majority of previously studied dppz complexes.346' l6-23

Thus, the near-stoichiometric binding with DNA observed even at

micromolar concentrations suggests that the Kb should be > 106 M'1 for this

complex.

It is of interest to know which ligand between the available two on

|Ru(phen)2(qdpp/,)|2', i. e. phen or qclppz, intercalates with DNA. In this

regard, it may be noted that the strength of DNA binding by

[Ru(phen)2(qdppz)]2+ reported here is higher than that by [Ru(phen)3]
2+ but, it

is in the same range as that for the Os(ll), Ru(II), Ni(II) and Co(Ill)

complexes containing dppz (or modified dppz).3'8 Although this observation

argues in favour of an interaction of the bound-qdppz with DNA, we note that

it is only an indirect evidence. This is mostly because the UV-visible method

employed here for the estimation of the binding constant docs not monitor

exclusive properties of the individual ligands on [Ru(phcn)2(qdppz)J2'. We

adduce direct evidence for the intercalation of bound-qdppz with DNA by the

application of viscometric, topoisomerase assay and electrochemical

methods. Intercalation of a ligand to DNA is known to cause a

significant increase in the viscosity of a DNA solution due to an increase in
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Fig. 3.4. UV-visible spectra of [Ru(phen)2(qdppz)]2+ (60 }.iM) in the absence

( ) and presence ( ) of CT DNA (max. 70 |iM base pairs, buffer

A). Inset: Plot of the absorption titration data at 440 nm, demonstrating the

saturation of binding of [Ru(phen)2(qdppz)]2+ to CT DNA.
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the separation of the base pairs at the intercalation site and, hence, an increase

in the overall DNA molecular length. In contrast, a ligand that binds in the

PNA-grooves causes a less pronounced change (positive or negative) or no

change in the viscosity of a DNA solution.24 The effects of

[Ru(phen)2(qdppz)]2+, [Ru(phen)2(hqdppz)]2+ and [Ru(phen)3]
2+ on the

viscosity of CT DNA solution were studied in order to assess the binding

mode of these complexes with DNA. Plots of r|/r|0 vs. [drug]/[DNA] are

shown in Fig. 3.5. As seen in this figure, while [Ru(phen)3]
2+ does not affect

the DNA viscosity as previously reported,22 there is a positive change of

viscosity with increasing addition of the complex for [Ru(phen)2(qdppz)]2+

suggesting intercalation.22 On the other hand, significant negative change in

the viscosity of DNA is noticed for [Ru(phen)2(hqdppz)]2+ that is generated in

situ in the viscometric cell by the dithionite reduction of [Ru(phen)2(qdppz)]2+

([Ru(phen)2(qdppz)]27Na2S2O4 = 1/3, mole/mole). However, it should be

noted that, as such, addition of dithionite alone to DNA solutions results in

negative changes in the viscosity. A mixture of Na2S2O4 and Na2SO4 also

effected negative changes in the DNA viscosity in a similar fashion to that

noted for Na2S2O4 alone in Fig. 3.5 (note: addition of salts is known to

influence the viscosity of DNA25). Thus, the 'net' viscosity change observed

for [Ru(phen)2(hqdppz)]2+ is similar to that exhibited by [Ru(phen)3]
2+ as

illustrated in Fig. 3.5.

Apart from the viscosity measurements, experiments involving the

DNA topoisomerase assay have also provided a measure of intercalative

binding by [Ru(phen)2(qdppz)]2+. The extent of DNA helix unwinding by a

non-covalently bound species may be quantitated by examining the change in
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Fig. 3.5. Results of viscometric titrations carried out for CT DNA (300 u.M

in base pairs, Buffer C) in the presence of ( A ) [Ru(phen)2(qdppz)]2+ (3 - 40

|iM), ( • ) [Ru(phen)3]2+ (3 - 40 (.uM), ( • ) Na2S2O4 ( 9 - 1 2 0 jiM) and ( ^ )

Na2S2O4 ( 9 - 1 2 0 |iM) + [Ru(phen)2(qdppz)]2+ (3 - 40 uM). Plot marked with

* is obtained by subtracting data of Na2S2O4 alone from that of Na2S2O4 +

[Ru(phen)2(qdppz)]2+.
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the superhelical density in a plasmid after relaxation of the plasmid in the

presence of bound complex with topoisomerase I.l7b Figure 3.6 shows the

unwinding of pBR 322 DNA by [Ru(phen)2(qdppz)]2+ following incubation

with topoispmerase I in the presence of increasing amounts of the ruthenium

complex. An unwinding angle of 34±10° per ruthenium bound is obtained for

[Ru(phen)2(qdppz)]2+. This value is consistent with those observed for other

strongly intercalating ruthenium complexes such as [Ru(bpy)2(phi)]2+ (phi =

9, 10 - phenanthrenequinonediimine)26 and [Ru(bpy)2(dppz)]2+.3e On the other

hand, topoisomerase assay carried out in presence of the reduced complex

[Ru(phen)2(hqdppz)]2+ gave a lower value for the unwinding angle (16±7°)

per bound ruthenium, as expected.

Electrochemical methods, although can be easily adopted to monitor

the DNA interaction by small molecules, have rarely been employed for this

purpose in the case of metallopolypyridyls.5'615'27 Differential-pulse

voltammetric method has been employed in the present study to monitor the

DNA-binding by [Ru(phen)2(qdppz)]2+. In buffer A, ruthenium-bound qdppz

could be reduced at -0.16 V - a potential that is well within the solvent

discharge limit and far away from the peaks due to Ru"'/Ru", Ru'VRu1 or

phen/phen' redox couples. Coulometric studies revealed that this electrode

process involves a 2e"(2H+) transfer (see Experimental Section) and generates

[Ru(phen)2(hqdppz)]2+ (vide infra). Successive additions of CT DNA to a

solution of [Ru(phen)2(qdppz)]2+ resulted in diminution of the peak current

(maximum: 40±5 %) and cathodic shifts in the peak potential (maximum: 33

±2 mV) in the differential-pulse voltammograms as shown in Fig. 3.7. While

the decrease in peak current is in conformity with the proposal that
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Fig. 3.6 Agarose gel showing the unwinding of pBR 322 by

[llu(phcn)2(qdppz)]2' after incubation with topoisomcrasc 1 in the presence of

increasing amounts of ruthenium complex. While Lane 1 is pBR 322 control

(without incubation), Lane 2 shows DNA after incubation with

topoisomerase in the absence of the complex. Lanes 3 - 1 0 show the

topoisomers after incubation of DNA, topoisomerase and 1.1, 2.2, 3.3, 4.4,

5.5, 6.6, 8 and 9 (iM of [Ru(phen)2(qdppz)]2+, respectively.
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Fig. 3.7. Differential-pulse voltammograms (scan rate = 10 mV/s; modulation

amplitude = 10 mV PP) of [Ru(phen)2(qdppz)]2+ (0.1 mM, buffer A) in the

absence (top) and in the presence of increasing amounts of CT DNA (0 3, 0 9

and 3.0 (bottom) mM, respectively).
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ruthenium-bound qdppz intercalates with DNA,56I5>27 the cathodic shift of the

peak potential observed here merits further discussion.

\" It has been previously shown that binding of the metal complex to

DNA can bring about a shift in the redox potential if one redox state is more

strongly bound than the other.15 The change in the binding constant can be

determined according to equn. 3.1.

Eb
0' - EV = (RT/nF) log (K^ /KJ (3.1)

Here, Eb
0' and Er

0* are the thermodynamic redox potentials for the bound and

free complexes, respectively, n is the number of electrons transferred, K^^/K^

is the ratio of binding constants for the reduced and oxidized species and,

other parameters have their usual meaning. Substitution of appropriate values

to suit the electrochemistry of [Ru(phen)2(qdppz)]2+ and from a limiting shift

of 33 mV, we calculate that K[Ru(phen)2(qdppz)]27K[Ru(phen)2(hqdppz)]2+

is « 12.6. Note here that n = 2 for the reduction of [Ru(phen)2(qdppz)]2+ in

aqueous solutions and that the electrode process {and not the overall

electrochemical reaction) was found to be not strictly reversible and diffusion

controlled during the cyclic voltammetric experiments in buffer B (Epc - Epa

= 50 - 130 mV and ipc/ul/2 is not a constant with respect to scan rates (u)

ranging between 50 - 500 mV/s). However, a tendency towards reversibility

was noticed in the presence of DNA. In any case, we note that these

electrochemical results do not have any significant effect on the value of the

ratio of binding constants. Thus, the reduced species binds to DNA less
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strongly than [Ru(phen)2(qdppz)]2+ and, this result is in agreement with the

known intercalative ability of the quinone moiety.10"

Results of absorption titration experiments carried out with the

reduced complex also suggest the same. [Ru(phen)2(hqdppz)]2+ (buffer A,

Na2S2O4) showed bathochromic shifts (maximum: 4±1 nm) and

hypsochromism (maximum: 25±3 %) during the UV-visible titration with

DNA. The estimated (equn. 2.18) value of Kb is only (l±0.2) x 105 M"1 (s =

0.8±0.1) as against the strong binding exhibited by [Ru(phen)2(qdppz)]2+.

Note here that Kb for [Ru(phen)2(hqdppz)]2+ obtained by the UV-visible

methods is nearly equal to that predicted on the basis of electrochemical

redox potential data using equn. 3.1 (i. e. 106/ 12.6 = 8 x 104 M'1).

3.3.3 DNA Photocleavage

Control runs in the agarose gel electrophoresis experiments have

suggested that untreated plasmid pBR 322 DNA does not show any

perceptible cleavage in the dark and even upon irradiation by 440±5 nm light

for 2 h. (Lanes 1 and 2, Fig. 3.8). Similarly, DNA nicking was not observed

for the plasmid treated with [Ru(phen)2(qdppz)]Cl2 in the dark run (Lane 3).

On the other hand, irradiation of DNA in the presence of the complex for 25

min. caused complete conversion of the supercoiled form (Form I) generating

the relaxed circular DNA (Form II) under similar experimental conditions

(Lane 4). The reduced complex, obtained from dithionite reduction of

[Ru(phen)2(qdppz)]Cl2, was also seen to cleave DNA albeit, with less

efficiency (see Lanes 4 and 5). To sum up, these results demonstrate that the

DNA photocleavage efficiencies of the two new complexes follow a trend
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Fig. 3.8. Light-induced nuclease activity of [Ru(phen)2(qdppz)]2" and

[Ru(phen)2(hqdppz)]2+. Dark and light (440 ± 5 nm) experiments: Lanes 1

and 2, untreated pBR 322 (100 (.iM in nuclcotidc phosphate) in dark and

upon irradiation (2 h.); Lanes 3 and 4, pBR 322 + [Ru(phen)2(qdppz)]2' (10

uM) in dark and upon irradiation for 25 min.; Lanes 5 and 6, pBR 322 +

[Ru(phen)2(hqdppz)]24 (10 |iM) in dark and upon irradiation for 25 min.
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that is not only consistent with their DNA-binding abilities but also with the

known capabilities of other previously reported complexes containing the

parent ligand dppz.3'8

Additional evidence for the efficient DNA photonicking of

[Ru(phen)2(qdppz)]2+ and [Ru(phen)2(hqdppz)]2+ comes from a comparison of

their DNA photocleavage abilities with those of the related complexes

[Ru(phen)3]
2+ and [Ru(phen)2(dppz)]2+. Under comparable experimental

conditions, DNA nicking efficiencies of these complexes were seen to

roughly follow the trend: ' [Ru(phen)3]Cl2 « [Ru(phen)2(hqdppz)]Cl2 <

[Ru(phen)2(dppz)]Cl2 < [Ru(phen)2(qdppz)]Cl2'. This observed differences in

the DNA photocleavage efficiencies of these complexes do not seem to arise

from differences in the light absorption abilities since, their molar extinction

coefficients at 440 nm are found to be close to each other (log e = 4.3 ± 0.2).

As far as the mechanism of DNA photocleavage by these complexes

are concernced, photocleavage by [Ru(phen)3]Cl2 has been reported28 to

involve 'O2 - based mechanism and, to a large extent, that by

[Ru(phen)2(dppz)]Cl2 is also expected to involve oxygen-centred reactive

species including "O2 (excited state of this complex was seen to generate 'O2

in DMF as evidenced by the decrease of absorbance due to 1,3-

diphenylisobenzofuran). Indeed, photoinduced DNA cleavage by

[Ru(bpy)2(dppz)]2+ has been reported to occur via a Type II mechanism.73 On

the other hand, nature of the reactive intermediates as well as the mechanism

of their action involved in the efficient DNA photocleavage by the two new

complexes synthesized in this study have not been explored in detail so far.

However, careful experiments with various 'inhibitors' suggested that N2,
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DABCO, D2O, mannitol, dimethyl sulfoxide and super-oxide dismutase

(SOD) did not affect the DNA-nicking efficiency of [Ru(phen)2(qdppz)]2+

suggesting that none of the reactive oxygen species ('O2, OH* or O2~) play a

significant role in the cleavage mechanism (see Fig. 3.9). This situation is

unlike the case with OH'-mediated DNA cleavage by [(r|5-

C5Me5)Ru(NO)(dppz)]2+7b but, quite similar to that reported recently for

[Re(dppz)(CO)3(py)]+ (py = pyridine)70, indicating the possibility of

photoinduced DNA cleavage by [Ru(phen)2(qdppz)]2+ via a direct oxidation

of the bioplymer. In this regard, it is interesting to note that whereas

excitation of [Ru(phen)2(hqdppz)]2+ at 440 nm can activate only the MLCT

state, that of [Ru(phen)2(qdppz)]2+ can, in principle, activate both its MLCT

and localized quinone (n-n*) states owing to a partial overlap of the

corresponding absorption bands (see Fig. 3.2). While irradiation into the

MLCT band of [Ru(phen)2(qdppz)]2+ can generate a species containing

oxidized ruthenium and reduced qdppz (1 e' transfer), direct excitation of the

bound-qdppz is expected to provide the triplet quinone. Both these quinone-

based, transient species are known to be potent DNA cleaving agents capable

of reacting with the duplex via various mechanisms including hydrogen

abstraction, electron transfer etc.10

3.3.4 Luminescence Studies

Here, we first present results on individual luminescence

characteristics of the oxidized and the reduced species and then briefly

discuss on the redox-reversibility aspect associated with their

photoluminescence.
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Fig. 3.9. Photograph showing effects of'inhibitors' on the nuclease aciivity

of [Ru(phen)2(qdppz)]2+. All the samples were irradiated for 25 min. at 440

nm after incubation for 1 h. : Lane 1: control pBR 322 DNA (100 uM

nucleotide phosphate), Lane 2: DNA + [Ru(phen)2(qdppz)]2+ (10 u.M), Lane

3: DNA + Ru in N2 atmosphere; Lane 4: DNA + Ru in D2O; Lane 5-8: DNA

I Ru I IMIk 'O (20 mM), iiiniiiiilol (100 mM), DMSO (I M) or SOD (20

fig/ml), respectively.
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[Ru(phen)2(qdppz)]2+ was found to be weakly luminescent (§< 10"4)

in rigorously dried CHC13, CH2C12, dichloroethane and CH3CN and to be

essentially non-luminescent in buffer A, aqueous CH3CN (10% H2O) and

micellar solutions. The weak luminescence observed for the complex in non-

aqueous solvents can be rationalized in terms of an intramolecular

photoinduced electron transfer (PET) quenching of its MLCT state by the

appended quinone fragment as was the case with Re(qdppz)(CO)3Cl l2 or

[Ru(bpy)2(bpy-BQ)]2+ - a covalently-linked, Ru(II)complex-benzoquinone

system reported previously.29 An additional process involving the sensitivity

of the excited state to quenching by water and the subsequent increase in the

non-radiative decay rate seems to be responsible for the total lack of emission

observed for the complex in the aqueous environments. Indeed, in aqueous

solutions, excited state of [Ru(phen)2(dppz)]2+ has been reported to be highly

quenched due to proton transfer from the solvent to the dipyridophenazine

ligand.3'6'30

[Ru(phen)2(hqdppz)]2+, as obtained by in situ dithionite reduction, was

found to be essentially non-luminescent in aqueous solutions with or without

buffer A as was the case with its oxidized form. However, the complex

showed its MLCT luminescence (X,em
max = 601 nm, but its intra-ligand

character cannot be entirely ruled out) in micellar and aqueous CH3CN

solutions with the quantum yields of approximately 0.002 and 0.01,

respectively (Fig. 3.10). We believe that the PET reaction, which has been

proposed above for the quinone-containing complex, does not operate in this

hydroquinone-containing complex. Thus, the lack of luminescence observed

in water and in aqueous buffered solutions can be explained solely on the
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Fig. 3.10. Luminescence spectra (kC)iC = 440 nm) of 10 uM

[Ru(phen)2(liqdppz)]2+ (obtained by dithionite reduction of

[Ru(phen)2(qdppz)]24) in water ( ), 0.1 M SDS ( ) and

CH3CN/H2O (10:1, v/v) ( ).
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basis of a proton transfer quenching of the excited stale of the complex. A

'partial recovery' occurs in SDS solutions where the complex can, in

principle, reside in a more hydrophobic micellar environment and the

dipyridophenazine ligand protected from water.3'6'30 There is a further

enliancenient of luminescence in aqueous CH3CN solutions due to less water

present in solution and the complex becomes moderately luminescent.

Interestingly, both [Ru(phen)2(qdppz)]2+ and [Ru(phen)2(hqdppz)]2+

remain essentially non-luminescent in the presence of DNA. While the lack

of luminescence for the oxidized form can be due, in most part, to an

intramolecular electron transfer quenching, that by the reduced complex is

quite curious and, moreover, is in stark contrast with the luminescence

characteristics of [Ru(phen)2(dppz)]2+ in the presence of DNA. The strong

binding of [Ru(phen)2(dppz)]2+ to DNA has been reported to give rise to the

so-called 'molecular light switch effect' where the nearly undetectable

emission from the MLCT excited state in water becomes strongly enhanced

upon binding, assigned to intercalation of the planar dppz ligand between the

base pairs of DNA.3 The apparent lack of emission from

[Ru(phen)2(hqdppz)]2+ in the presence of DNA thus clearly indicates that the

dipyridophenazine part of hqdppz is residing in a hydrophilic environment.

This is possible if either this hydroquinone ligand is not a good intercalator or

the complex is intercalating through its phen ligand. Both of these

suppositions are consistent with the DNA binding characteristics (vide supra)

of [Ru(phen)2(hqdppz)]2+ as probed by absorption titralion, viscometry,

differential pulse voltammetry and topoisomerase assay.
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The emission characteristics of the redox couple

[Ru(phen)2(qdppz)]27 [Ru(phen)2(hqdppz)]2+ in various media described

above suggest that there exists a distinct possibility of demonstrating the

redox switching of luminescence in aqueous CH3CN and SDS solutions.

Cyclic- and differential pulse- voltammmetric experiments carried out with

[Ru(phen)2(qdppz)](PF6)2 in 0.1 M SDS solutions gave ill-defined current-

vullagc curves (due to ndsorplion of the clcclroactivc species on the electrode

surface) but, a reversible reduction was achievable at -0.26 V in aqueous

CH3CN (4-5% H2O) containing 0.1 M TBAPF6. Exhaustive coulometric

reduction of the complex conducted in deaerated, aqueous CH3CN at -0.5 V

generated [Ru(phen)2(hqdppz)](PF6)2 as identified by its UV-visible spectrum

which is indistinguishable from that obtained by the dithionite method (see

Fig. 3.3). The solution containing this reduced complex showed an oxidation

wave at +0.92 V and, the bulk exhaustive coulometry conducted at +1.1 V

was seen to regenerate [Ru(phen)2(qdppz)]2+ The redox-cycle was repeated

three to four times with < 5% loss of the material. In addition, and as

illustrated in Fig. 3.11, while the quinone form [Ru(phen)2(qdppz)]2+ was

found to be almost non-luminescent, the electrochemically generated

hydroquinone form [Ru(phen)2(hqdppz)]2+ showed the MLCT luminescence

at 601 nm with the quantum yield of 0.02. The <j) is higher in this case than

that observed for the complex obtained via the dithionite reduction due to less

water content present in the utilized CH3CN solution which is only 4-5% as

against a 10% used during the chemical reduction. Indeed, quenching of

luminescence was noticeable upon addition of more water to this electrolytic

solution. In any case, the couple [Ru(phen)2(qdppz)]27
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Fig. 3.11. Luminescence spectra (CH3CN/5% H2O, 0.1 M TBAPF6, XeKC =

440 nm) of [Ru(phen)2(qdppz)]2+ (1) and [Ru(phen)2(hqdppz)]2+ (2) as

obtained by exhaustive electrolyses at the indicated potentials in each case.

The arrows refer to the reversible changes observed upon electrochemical

interconversion of these complexes.
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[Ru(phen)2(hqdppz)]2+, which combines an electroactive component with a

light-emitting centre, represents a redox-activated luminescence on/off

switching device with its function being similar to that exhibited by

[Ru(bpy)2(bpy-BQ)]2+ mentioned above.29

3.4 Summary

In summary, the new ruthenium(II) complex [Ru(phen)2(qdppz)]2+

endowed with a novel, quinone-fused, dipyridophenazine ligand is not only

an avid binder of DNA but also an efficient photocleaving agent of the

plasmid. On the other hand, the corresponding reduced species,

[Ru(phen)2(hqdppz)]2+, also binds and photocleaves DNA albiet with less

efficiency. These facts together with the finding that the redox couple

[Ru(phen)2(qdppz)]27[Ru(phen)2(hqdppz)]2+ represents an 'electro-

photoswitch' testify to the importance of quinone/hydroquinonc moieties31

present on these complexes and further suggest that they arc useful in the

design of photonucleases and molecule-based, electronic devices.
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CHAPTER 4

DNA Binding, Photonuclease Activity and Luminescence Properties of a

Series of Ruthenium(Il) Complexes Containing 6,7-Dicyano-

dipyridoquinoxaline

4.1 Introduction

In the previous Chapter, results of DNA binding, DNA photocleavage

and novel luminescence properties of the redox couple

[Ru(phen)2(qdppz)]27[Ru(phen)2(hqdppz)]2+ were presented. However, owing

to the efficient PET occurring in the oxidized form and the relative weak

DNA-binding by the reduced form, it was not possible to observe any

'molecular light switching' effect by either of these complexes in the

presence of DNA. In addition, the near-stoichiometric binding of

[Ru(phen)2(qdppz)]2+ precluded the estimation of meaningful binding

constant for this complex with DNA. In order to circumvent these problems,

a new ligand viz: 6,7-dicyanodipyridoquinoxaline (dicnq) has been designed

by us. This ligand, while retaining the basic 'dppz' structure, also possesses

strongly electron withdrawing cyano groups in its architecture. These features

are expected to assist dicnq not only in binding strongly with DNA but also

make it easy to reduce as in the case with the quinone ligand. In this Chapter,

results of DNA binding, photocleavage and 'molecular light switching'

aspects of ([Ru(phcn)2(dicnq)]2+), [Ru(phen)(dicnq)2]
2+ and [Ru(dicnq)3]

2+ will

be discussed.
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4.2 Experimental details

l,10-phenanthroline-5,6-dione (phen-dione),1 [Ru(phen)3]Cl2

[Ru(phen)2Cl2]
3 and [Ru(phen)Cl4]

 4 were synthesized following the reported

procedures (see Chapter 2). Synthesis of dicnq and its complexes are

described below.

4.2.1 Synthesis of 6,7-dicyanodipyridoquinoxaline (dicnq):

This ligand was synthesised (Fig. 4.1) by refluxing phen-dione (105

mg, 0.5 mM) and diaminomaleonitrile (108 mg, 1.0 mM) in ethanol for 45

min. under a nitrogen atmosphere. The solution was cooled to room

temperature and the product obtained as brownish yellow needles. It was

filtered, washed with cold ethanol and suction dried. Yield: ~ 80%.

EtOH
Reflux

dicnq

Fig. 4.1

Analytical data: Found: C, 67.98; H, 2.19; N, 29.37. Calcd. for CI6H6N6: C,

68.08; H, 2.14; N, 29.77.

FABMS (m/z): 283, [M+].

IR (KBr): 742, 1373, 1504, 1583, 2239, 2337 cm"1.
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'H NMR (DMSO-d6, 200 MHz, TMS) 5, ppm: 9.38( m, 4H), 8.04(q, 2H)

Synthesis of the mixed-ligand and tris- complexes containing dicnq are

illustrated in Fig. 4.2.

4.2.2 Synthesis of [Ru(phen)2(dicnq)](PF6)2.2H2O:

Ru(phcn)2CI2 (100 mg, 0.2 mM) and dicnq (62 mg, 0.22 mM) were

added to a 100 ml round bottom flask containing 60 ml of (1:1) methanol-

water. The suspension was heated to reflux for 2 h. The brownish-red

solution was allowed to cool to room temperature and stored at 0 °C for 1 h.

A saturated aqueous NH4PF6 was added to this solution to precipitate the

complex as its PF6 salt which was filtered and vacuum dried. Yield: ~ 85%.

Analytical data: Found: C, 46.00; H, 2.29; N, 12.96. Calcd. for C40H26N10O2 :

C, 44.92; H, 2.45; N, 13.10.

FABMS (m/z): 889, [M-PF6]
+; 743, [M-2PF6]

+.

IR (KBr): 715, 837, 1373, 1427, 1554, 2229, 3408, 3641 cm"1

'H NMR (DMSO-d6, 200 MHz, TMS) 5, ppm: 8.80(dd, 4H), 8.40(s, 4H),

8.21(m, 2H), 8.05(dd, 4H), 7.94(m, 2H), 7.80(m, 4H).

4.2.3 [Ru(phcn)(dicnq)2](PF6)2.2H2O :

This complex was prepared starting from Ru(phen)Cl4 (150 mg, 0.35

mM) and dicnq (110 mg, 0.4 mM) in a manner analogous to that adopted for

the synthesis of [Ru(phen)(dicnq)2](PF6)2. Yield: ~ 70%.
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[Ru(phon)2CI2] + dlcnq M'OH/H'°
Rs flu K

CN

[Ru(phen)CU- + 2 dicnq M 'OH/H '°
Reflux

RuCL + 3 dicnq M ' O H / H i °
Redux

i ii I

~i2 +

Fig. 4.2
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Analytical data: Found: C, 45.12; H, 2.04; N, 16.68. Calcd. for C44H24N14O2 :

C, 45.11;H, 2.07; N, 16.74.

FABMS (m/z): 991, [M-PF6]
+; 845, [M-2PF6]

+.

IR (KBr): 725, 841, 1371, 1429, 1554, 2237, 3645 cm1.

'H NMR (DMSO-d6, 200 MHz, TMS) 6, ppm: 9.48(dd, 4H), 8.80(dd, 2H),

8.41(s, 2H), 8.28(m, 2H), 8.19(dd, 4H), 7.94(dd, 4H), 7.79(m, 2H).

4.2.4 [Ru(dicnq)3](PF6)2.2II2O:

Hydrated ruthenium trichloride (150 mg, 0.7 mM) and dicnq (595 mg,

2.1 mM) were refluxed in 40 ml of 1:1 methanol - water mixture for 4 h. The

resulting solution was allowed to cool to room temperature and filtered.

Saturated aqueous solution of NH4PF6 was added to the red colored filtrate to

precipitate the product which was filtered and vacuum dried. Yield: ~ 70%.

Analytical data: Found: C, 45.57: H, 1.64; N, 19.05. Calcd. for C48H22N18O2:

C, 45.26; 11, 1.74; N, 19.79.

FABMS (m/z): 1093, [M-PF6]
+; 948, [M-2PF6]

+.

IR (KBr): 841, 1371, 1448, 1662, 3640, 2361, 2212 cm'1.

'H NMR (DMSO-d6, 200 MHz, TMS) 8, ppm: 9.51, 9.42 (dd, 2H), 8.40(dd,

2H), 8.0l(m, 2H).

The chloride salts of the above complexes were obtained by dissolving

them in minimum amount of acetone and by precipitating by the addition of a

saturated solution of TBAC1 in acetone.

All the spectroscopic and electrochemical experiments leading to the

characterization of the new complexes synthesized here were carried out as
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described in Chapter 2. While the hexafluorophosphate salts of the complexes

were employed for the luminescence measurements in non-aqueous solvents,

the corresponding chloride salts were used for measurements in aqueous and

aqueous buffered (buffer A: 5 mM tris, pH 7.1, 50 mM NaCl) solutions.

4.2.5 DNA binding and Photoclcavagc Studies

Buffer A was used for absorption titration experiments and

luminescence measurements. Buffer B (1 mM phosphate, pi I 7.0, 2 mM

NaCl) was used for thermal denaturation experiments. The chloride salts of

the complexes were used in studies with DNA.

DNA melting- ( [DNA nucleotide phosphate] = 170 u.M, [drug] = 0 -

7 u,M) and absorption titration ( [drug] = 30 u.M and [DNA base pairs] = 0 -

200 u.M) experiments were carried out as described in Chapter 2.

Absorbance values were recorded after each successive addition of

DNA solution and equilibration (ca. 10 min.). Data obtained from the

absorption titration experiments were analyzed by using equation 2.17'.

Gel clcctrophorcsis experiments were carried out as described in

Chapters 2 and 3. Samples (pre-incubated in dark, lh.) were irradiated at 440

± 5 nm.

4.3 Results and discussion

4.3.1 Synthesis

The new ligand dicnq was synthesised by the condensation of phen-

dione with diaminomaleonitrile in ethanol in a manner similar to that reported
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for the preparation of dppz.5 The condensation went on smoothly providing

the pure sample in 85% yield.

All Ihe ruthcnium(II) complexes containing dicnq were synthesised by

refluxing dicnq with the appropriate mole ratios of the precursor starting

materials in methanol-water mixture and precipitating as their PF6 salts. The

yields were satisfactory in each case. The corresponding chloride salts were

prepared with ease by a standard method.

4.3.2. Spectral and electrochemical characterization of dicnq and its

complexes

The new liga,nd and its complexes have been characterised by

elemental analysis, 'H NMR, and FABMS methods. While dicnq showed a

base-peak at m/z = 283 (M+) in the mass spectrum, providing evidence for its

integrity, the peaks due to both [M-PF6]
+ and [M-2PF6]

+ were seen in the

spectra for1 each of the complexes typical of PF6 salts of ruthenium(II)

polypyridyl complexes.6

IR spectra of dicnq shows the CN stretching frequency at 2239 cm"1.

The corresponding peak appears at 2229, 2237 and 2212 cm'1 for

[Ru(phen)2(dicnq)]2\ [Ru(phen)(dicnq)2]
2+ and [Ru(dicnq)3]

2\ respectively.

'H NMR spectrum of dicnq is illustrated in Fig. 4.3(a). The spectrum

is characteristic of the structure of this ligand and can be analyzed based on

the positions and the integrated intensities of the resonance peaks. As seen in

this Figure, while the H-C(4) and the H-C(2) aromatic protons appear as

multiplets around 9.38 ppm, the resonance due to H-C(3) appears as a quatret

at 8.04 ppm. In comparison, the H-C(4), H-C(2) and H-C(3) protons of phen
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(b)
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8.0

Fig. 4.3. (a) 'H NMR spectrum of dicnq in CDC13. (b) UV-visible spectrum

of dicnq in CFhCN.
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are located at 9.11 (doublet of doublet), 8.51 (doublet of doublet) and 7.78

(quatret) ppm, respectively. The observed downfield shifts for these protons

on dicnq in comparison with the corresponding protons on phen are

consistent with the electron withdrawing nature of the cyano groups. Fig. 4.4

compares the 'H NMR spectra of [Ru(phen)2(dicnq)]2+, [Ru(phen)(dicnq)2]
2+

and [R-u(dicnq)3]
2+ with the spectrum of [Ru(phcn)3]

2'. In these spectra, the

resonances due to the protons of both phen and dicnq are seen to be

considerably shifted to the down field region indicating complexation. In

addition, there is a progressive decrease in the intensity of the peaks due to

phen concomitant with an increase in the intensity of peaks due to dicnq as

one moves from [Ru(phen)3]
2+ to [Ru(phen)2(dicnq)]2+, [Ru(phen)(dicnq)2]

2+

and [Ru(dicnq),]2+ in that order.

The results of the cyclic vollammetric experiments carried out with

dicnq and its ruthenium(II) complexes are compared with the electrochemical

data of free phen and [Ru(phen)3]
2+ in Table 4. 1. In DMF containing 0.1 M

TBAPF6, uncomplexed dicnq shows a well defined, reversible, one electron

reduction wave (Fig. 4.5) at -0.66 V vs SCE. Reduction wave for the

complexed dicnq in [Ru(phen)2(dicnq)]2+ occurs at -0.83 V (reversible, one-

electron transfer) followed by the successive phen reductions at -1.29 and

-1.48 V in DMF, 0.1 M TBAPF6 (Fig. 4.6). It is interesting that electron

addition to the complexed dicnq in this complex is more difficult than it is to

the free ligand itself. This is unlike the case with either dppz or qdppz both of

which are reduced relatively easily in [Ru(phen)2(dppz)]2+ or

[Ru(phen)2(qdppz)]2+ compared to the respective free ligands (compare data

in Table 3.2). On the other hand, reduction of both the dicnq ligands on
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|llu(plicn)3|2+

|Ru(phen)2(dicnq)|2+

|Ru(phen)(dicnq)2|2+

|Ru(dlcnq)3|2+

8 (ppm)

Fig. 4.4. 'H NMR spectra of [Ru(phen)j]2\ [Ru(phen)2(dicnq)]2

[Ru(phen)(dicnq)2]2+ and [Ru(dicnq)3]2+ in DMSO-d6.
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Table 4.1 Redox potential data of dicnq and its complexes

Compound

phen

dicnq

[Ru(phen)3]
2+

[Ru(phen)2(dicnq)]2+

[Ru(phen)(dicnq)2]
2+

[Ru(dicnq)3]
2+

Potential, V vs SCE

E1/2 red8

-1.92

-0.66

-1.28,-1.44,-1.71

-0.83,-1.29,-1.48

-0.51,-1.34

-0.47

E,/2 oxb

+1.26

+1.33

+1.41

+1.51

a:InDMF,0.1 M TBAPF6

b:InCH3CN, 0.1 M TBAPF6
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-0.25 -0.50 -0.75 -1.00

Potential (V vs SCE)

Fig. 4.5. Cyclic voltammogram (scan rate, 100 mV s"1) of dicnq in DMF, 0.1

M TBAPF6.



+ 1.50 rl.00 +0.50 00 -OJO
Potential (V vs SCE)

-1.00 -1.50

Fig. 4.6. Cyclic Voltammograms (scan rate, 100 mV s'1) of

(a) [Ru(phen)2(dicnq)]2\ (b) [Ru(phen)(dicnq)2]
2+ and (c) [Ru(dicnq)3]

2+.

Oxidation in CH5CN, O.IM TBAPF6 and reduction in DMF, 0.1 M TBAPF6.

(Fc = Ferrocene)
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[Ru(phen)(dicnq)2]
2+ occurs at -0.51 V followed by the reduction of phen at

-1.34 V. Electron addition to all the three dicnq ligands in [Ru(dicnq)3]
2+

occurs at -0.47 V. Thus, in these latter two complexes, reduction of the

complexed dicnq is facile than the free ligand. Indeed, the relative ease of

reduction of the bound dicnq follows the order [Ru(phen)2(dicnq)]2+ >

[Ru(phen)(dicnq)2]
2+ > [Ru(dicnq)3]

2+.

These results suggest that n orbital of dicnq lies lower than that of

phen and probably, that the added electron is delocalized on the n* levels of

dicnq equally rather than on only one ligand in [Ru(phen)(dicnq)2]
2+ and

[Ru(dicnq)3]
2+.7 This latter supposition is not in line with DeArmond's8

argument that the electron is localized in the n* levels of one ligand rather

than delocalized over the whole ligand K-system in [Ru(bpy)3]
2+. However, it

is consistent with the electrochemical data on [Ru(dppz)3]
2+ for which

reduction of all the tliree complexed dppz ligands has been reported to occur

at the same potential.78

Electrochemical oxidation of the ruthenium polypyridyl complexes

are known to involve metal 7i(t2g) orbital.9 Oxidation of ruthenium center in

[Ru(phen)2(dicnq)]2+, [Ru(phen)(dicnq)2]
2+ and [Ru(dicnq)3]

2+ occurs at +1.33,

+1.41 and +1.51 V, respectively in CH3CN, 0.1 M TBAPF6. Thus, electron

abstraction from the metal center is more difficult in these complexes than

that from [Ru(phen)3]
2+(1.26 V), due to the presence of electron withdrawing

nature of cyano groups on dicnq. Interestingly, the sequential substitution of

phen in [Ru(phen)3]
2+ with dicnq increases the oxidation potential of

ruthenium steadily resulting in an overall anodic shift of 0.25 V for the

oxidation of [Ru(dicnq)3]
2+ compared to [Ru(phen)3]

2+. Such monotonic
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increase in the metal-centered oxidations with the number of electron-

withdrawing ligands in metallopolypyridyls has been well-documented in the

literature.10

UV-visible data of dicnq and its ruthenium(II) complexes in CH3CN

are summarized in Table 4. 2. The absorption spectrum of dicnq (Fig. 4.3(b))

shows bands in the 220-400 nm region with the most intense band being

located at 265 nm. These bands can be assigned to n-n* transitions. The

presence of an intense peak at 265 nm for dicnq is similar to that at the same

wavelength for phen. On the other hand, the additional peaks appearing at

305, 347, and 365 nm in the spectrum of dicnq indicate that the

corresponding transitions could arise from the quinoxaline portion of this

ligand.10"

In the UV-visible spectra of the three complexes (Fig. 4.7), the

ultraviolet region of the absorption shows intense bands arising from the n-n

transitions of the ligands coordinated to the metal center. While both

[Ru(dicnq)3]
2+ and [Ru(phen)3]

2+ show intense, ligand-centred n-n

transitions at 266 and 263 nm, respectively, the former complex additionally

displays sharp transitions at 302 and 384 nm. Thus, both phen and dicnq

absorb at around 266 nm and, the bands at 302 and 384 nm are ascribable

exclusively to transitions involving dicnq. Accordingly, in the mixed ligand

complexes, [Ru(phen)2(dicnq)]2+ and [Ru(phen)(dicnq)2]
2+, the ultraviolet

region is dominated by the 71-71' transitions due to both phen (263/264 nm)

and dicnq (263/264 and 292/300 nm). It is interesting to note that the ratio

of the absorbance at ~ 266 nm to that at ~ 300 nm decreases with increasing

number of dicnq ligands on the complex as 3.7 > 2.2 > 1.7 for
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Table 4.2 UV-visible and emission data of dicnq and its complexes in

CH3CN

Compound

dicnq

[Ru(phen)2(dicnq)]2+

[Ru(phen)(dicnq)2]
2+

[Ru(dicnq)3]
2+

[Ru(phen)3]
2+

Absorption

^max, nm (log E)

231 (4.43), 249 (sh), 265 (4.64)

305(4.40), 347 (3.93), 365 (3.83)

263 (5.12), 292 (4.64), 349 (4.15)

362 (4.18), 445 (4.33)

264 (5.15), 300 (4.80), 346 (4.24)

441 (4.31)

266 (5.13), 302 (4.88), 384 (4.34)

452 (4.29)

263 (5.07), 422 (4.25), 446 (4.28)

Emission

êm> n m

_

616

613

-

596

<|>em

0.012

•

0.003

-

0.028
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Fig. 4.7. UV-visiblc spectra of (I) fRu(plicn)2(diciK|)]21,

(2) [Ru(phen)2(dicnq)]2+ and (3) [Ru(dicnq)3]
2+ in CH?CN.
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[Ru(phen)2(dicnq)]2+, [Ru(phen)(dicnq)2]
2+ and [Ru(dicnq)3]

2+, respectively,

(compare the corresponding E values in Table 4.2)

Visible region of the spectra of these complexes is characterized by

the presence of broad dn-n* MLCT transition (see Fig. 4.7, dashed lines).

The MLCT transitions of [Ru(phen)2(dicnq)]2+, [Ru(phen)(dicnq)2]
2+ and

[Ru(dicnq)3]
2+ are located at 445, 441 and 452 nm respectively, close to that

of [Ru(phen)3]
2+ (446 nm). Thus, although the electrochemical data suggest

that the n orbital of dicnq lies lower than the phen TI' (vide supra), we believe

that the MLCT absorptions of the new complexes investigated here could

probably result from an overlap of Ru(d7t) -» dicnq(7i*) and Ru(d7i) ->

phen(7i*) transitions as is the case with various mixed-ligand complexes of the

type [Ru(LL)n(LL')Vn]
2+ where LL = bpy or phen and LL' is a heterocyclic

ligand other than bpy/phen."

Excitation of these complexes at 440 nm gave luminescence spectra in

CH3CN that are shown in Fig. 4.8. The relevant data are summarized in Table

4.2. Inspection of Fig. 4. 8 and Table 4.2 reveals that while the mono- and

bis- dicnq complexes are moderately luminescent with their emission maxima

appearing at 616 and 613 nm respectively, the tris-dicnq complex is totally

nonemissive in nature. The band maxima of these dicnq complexes are red

shifted in comparison with that of Ru(phen)3
2+ under the similar experimental

conditions of solvent and excitation wavelength. This situation is quite

similar to that of [Ru(phen)2(dppz)]2+ which has been reported to have its
3MLCT emission band maximum located at 618 nm in CH3CN.12 Based,

mainly, on the results of excited state absorption and resonance Raman

spectroscopies, [Ru(phen)2(dppz)]2+ and its cousin [Ru(bpy)2(dppz)]2+ have
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Wavelength (nin)

Fig. 4.8. Luminescence spectra of equi-absorbing (0. D = 0.2) [Ru(phcn).i]2t

( ), [Ru(phen)2(dicnq)]2+ ( ), [Ru(phen)(dicnq)2]
2+ ( ) and

[Ru(dicnq)3]
2+ ( ) in CH3CN (?w = 440 nm).
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been reported to have their MLCT states localized on the electron

withdrawing dipyridophenazine ligand.13 It is reasonable to expect that the

MLCT states of [Ru(phen)2(dicnq)]2+ and [Ru(phen)(dicnq)2]
2+ are also

localized mainly on dicnq. However, confirmation of this proposal awaits the

excited state absorption data on these complexes.

Data given in Table 4.2 also reveals that the emission quantum yields

of the complexes investigated here are lower than that Ru(phen)32+ and vary

as Ru(phen)3
2+ > [Ru(phen)2(dicnq)]2+ > [Ru(phen)(dicnq)2]

2+ »

Ru(dicnq)32+. A variety of excited state processes including enhanced

internal conversion and intersystem crossing, ion-association, excitation

energy transfer (EET), photoinduced electron transfer (PET) etc. can be

thought of to be operative in the quenching of emission observed for the

complexes. Amongst these, the possibility of an intramolecular PET from the

ruthenium center to the easily reducible dicnq ligand (equn. 4.1) is discussed

here. A rough estimate of free energies (AG) for the PET reactions depicted in

equn 4. 1 can be made using equn. 4.2.

3[RuII(phen)n(dicnq)3-n]
2+ •» [Rum(phen)n(dicnq- -)3.n]2+ (4.1)

AG = E,/2(ox) - E,/2(red) - EO-o (4.2)

where E|/2(ox) and E|/2(red) are the oxidation and reduction potentials (see

Table 4.1) of the donor and acceptor, respectively and Eo-o is the energy of the
3MLCT state of each complex. These calculations reveal that the AG values

for [Ru(phen)2(dicnq)]2+ and [Ru(phen)(dicnq)2]
2+ are approximately 0.15,

and -0.10 eV, respectively. Assuming that the Eo-o of [Ru(dicnq)3]2+ is
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similar to that of [Ru(phen)(dicnq)2]
2+, the value of AG for an intramolecular

PET for this complex can be estimated to be ~ -0.04 cV. Thus, an

intramolecular PET of the type given in equn. 4.1 is, in principle, possible in

at least two of these complexes but, it is only moderate unlike the case with

[Ru(phen)2(qdppz)]2+ discussed in the previous chapter. In addition, we note

here that it is not generally correct to consider exclusively a PET-based

mechanism relying only on the thermodynamic criteria. Therefore, it is

reasonable to expect that a PET based mechanism does contribute to the

excited state decay of these donor-acceptor type complexes. As stated earlier,

other intramolecular processes including an increase in the non-radiative

emission rate of the 3MLCT state as reported for [Ru(tap)3]2+ (tap = 1,4,5,8-

tetraazaphenanthrene) and even [Ru(phen)2(dppz)]2+ in polar, aprotic solvents

can not be ruled altogether.14

4.4 DNA binding

Binding of the three new complexes synthesized in this study with CT

DNA has been monitored by thermal denaturation, absorption titration and

luminescence methods. These results are summarized in this Section which

also discusses on aspects related to the ability of these complexes to act as

"molecular light switches" for DNA.

CT DNA was seen to melt at 60±l° C (2 mM NaCl, lmM phosphate)

in the absence of any added complex. The Tm of DNA is increased by 5 and 3

°C in the presence of [Ru(phen)2(dicnq)]2+ and [Ru(phen)(dicnq)2]
2+ (at

[DNA nucleotide phosphate] /[complex] = 25), respectively. The increase in

the melting temperature of DNA can be interpreted in terms of the
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stabilisation that results from the intercalation of these metal complexes with

DNA.15 [Ru(dicnq)3]2+ has no effect on the melting temperature of the DNA.

Thus, it is likely that while [Ru(phen)2(dicnq)]2+ and [Ru(phen)(dicnq)2]
2+

bind with DNA via intercalation, [Ru(dicnq)3]2+ may interact with the duplex

through the minor groove or other, as yet unidentified, mode/s of binding.15

The absorption titration data also seem to suggest the same.

[Ru(phen)2(dicnq)]2+ and [Ru(phen)(dicnq)2]
2+ showed the presence of

isosbestic point/s, hypochromicity and red-shifted absorption maxima during

the absorption titration experiments with CT DNA as illustrated for

[Ru(phen)(dicnq)2] + in Fig. 4.9. As seen in this Figure, presence of an

isosbestic point at 477 nm and decrease in absorbance are noticed for the

complex upon successive additions of CT DNA. Data from the absorption

titration were fit to equn. 2.17 to give the binding constant Kb = (4.0 ± 0.5) X

104 M"1 for this complex. In a similar set of experiments,

[Ru(phen)2(dicnq)]2+ and [Ru(dicnq)3]2+ both showed isosbestic points at 488

nm and, the binding constants were estimated to be (4. 3 ± 0.5) X 104 and

(9.1 ± 0.5) X !03 M"1, respectively. The Kb values for all the three dicnq

containing complexes are close to that of [Ru(phen)3]2+ but, are too low in

comparison with the strong (Kb > 106 M"1) DNA binding exhibited by

[Ru(phcn)2(dppz)] and [Ru(phcn)2(qdppz)] described in the previous

Chapter (see Table 4.3). Obviously, dicnq is not as an extended Tt-system as

dppz is and, nor does its architecture contain a fused quinone moiety as in the

case of qdppz.

It is interesting to note that the strength of DNA binding varies as

[Ru(phen)2(dicnq)]2+ > [Ru(phen)(dicnq)2]
2+ > [Ru(dicnq)3]

2+. The reasons
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Fig. 4.9. UV-visible titration of [Ru(phen)(dicnq)2]
2' with CT DNA in Bull

A. [Ru(phen)(dicnq)2f = 27 \M; [DNA base pairs] = 0 - 100 |iM.
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Table 4.3 Results of absorption titration (Kb), thermal denaturation (Tm) and

luminescence studies carried out in the presence of DNA.

Compound

DNA

[Ru(phen)2(dicnq)]

[Ru(phen)(dicnq)2]
2+

[Ru(dicnq)3]
2+

[Ru(phen)3]
2+

[Ru(phen)2(dppz)]2+

Kb, M 1

-

4.30 X104

4.01 X 104

9.10X103

7.88 X 103

>107

60.0

65.0

63.5

60.0

68.0

64.5

I/Io
b (R)

-

15.9(36)

8.3 (69)

-

2.0 (80)

>104(10)

a: [DNA nucleotide phosphate]/[Drug] = 25

b: I = Intensity of free complex, Io = Intenstiy of the complex in the

presence of DNA; R = [DNA nucleotide phosphate]/[Drug]
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for the observed weak DNA binding by the tris-dicnq complex in comparison

with the mixed-ligand complexes is not completely understood at present. As

discussed above, it is possible that while [Ru(phen)2(dicnq)]2+ and

[Ru(phen)(dicnq)2]
2+ bind with DNA via intercalation, the tris-dicnq complex

may interact with the duplex through a weak, non-intercalative mode of

binding. In this regard, it should be noted that the presence of three dicnq

ligands in [Ru(dicnq)3]2+ might sterically hinder the insertion of this ligand

into the adjacent base pairs; the ancillary ligands might clash against the

phosphate backbone. Effects such as net charge on the molecule, nature of the

ligand, overall shape of the complex etc. are all known to influence the

binding propensity of a given ruthenium complex with DNA.16 Finally, the

difference between the Kb values of [Ru(phen)2(dicnq)]2+ and

[Ru(phcn)(dicnq)2]2+ is only marginal and is within the experimental error. In

these systems, based solely on the absorption titration data, it is difficult to

ascertain whether it is phen or dicnq (or both!) that is intercalating with the

DNA. Therefore, DNA interactions of these two complexes were also probed

by the luminescence method; the results are described below.

Steady state emission spectra of 10 |iM solutions of

[Ru(phen)2(dicnq)]2+ and [Ru(phen)(dicnq)2]2+ in tris buffer (5 mM Tris, 50

mM NaCl, pH 7.1) showed an increase in the emission intensity with

successive addition of CT DNA. Fig. 4.10 illustrates this effect for these

complexes along with that observed for [Ru(phen)3]2+ and

[Ru(phen)2(dppz)]2+. As seen in this Figure, the spectral profile and the

emission maximum are not markedly affected upon addition of DNA for each

complex. Luminescence due to [Ru(phen)2(dicnq)]2+ increases steadily with



143

t—<

s

600 700 600
Wavelength (nm)

700

Fig. 4.10. Luminescence titration of the ruthenium(Il) complexes with CT

DNA in Buffer A. (1) [Ru(phen)3]2+, (2) [Ru(phen)2(dppz)]2\ (3)

[Ru(phen)2(dicnq)]2+ and (4) [Ru(phen)(dicnq)2]2+. Concentration of the all

the ruthenium complexes = 10 |iM, maximum DNA concentration 0n

nucleotide phosphate) used for (1), (2), (3) and (4) are 800, 100, 370 and

690 |.iM, respectively.; A,cxc = 440 nm.
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increasing addition of CT DNA and reaches a maximum (-16 times, see

Table 4.3 and Fig. 4.11) at [DNA nucleotide phosphate]/[Ru] ratio of 36.

Further addition of DNA results in a slight decrease in the intensity of

luminescence. In the case of [Ru(phen)(dicnq)2]
2+, luminescence increases

initially at low [DNA nucleotide phosphate]/[Ru] ratio but, reaches a plateau

with the apparent enhancement factor of ~ 8 at higher [DNA nucleotide

phosphate]/[Ru] ratio. [Ru(phen)3]
2+ also shows an intensity enhancement in

the presence of DNA but, only moderately; the enhancement factor is only 2

for this complex even at [DNA nucleotide phosphate]/[Ru] ratio of ~ 80 (see

Fig. 4.11). On the other hand and as discussed in the previous Chapter,

[Ru(pheiVh(dppz)]2+ shows a >104 times enhancement of emission in the

presence of DNA. In this case, emission enhancement has been ascribed to

the protection of the iminc nitrogen from attack by water and a consequent

decrease in the non-radiative processes upon intercalation.17 We believe that,

dicnq being a quinoxaline ligand bearing imine nitrogens, the increase in

emission intensity observed for [Ru(phen)2(dicnq)]2+ and

[Ru(phen)(dicnq)2]2+ in the presence of DNA is also a consequence of a

decrease in the non-radiative deactivation process of each excited complex

due to the protection of dicnq ligand by intercalation.

Interestingly, although the DNA binding constants of

[Ru(phen)2(dicnq)]2+ and [Ru(phen)(dicnq)2]2+ are close to each other (vide

supra), the former complex shows relatively higher emission enhancement

compared to the latter upon addition of DNA. The reasons for this is not

immediately obvious but, it should be noted that there exists a second, non-
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intercalating, spectator dicnq ligand on [Ru(phen)(dicnq)2J2+ that is exposed

to water. Thus, it is clear from these luminescence studies that dicnq is

Fig. 4.11. Emission (I) due to 10 uM solutions (buffer A) of

[Ru(phen)2(dicnq)]2+ (*), [Ru(phen)(dicnq)2]
2+ ( • ) and [Ru(dicnq)3]

2+ (D)

versus increasing ratios of [DNA nucleotide phosphate]/[Ru].

involved in the DNA intercalation by [Ru(phen)2(dicnq)]2+ and

[Ru(phen)(dicnq)2]2+ and that these complexes are moderately efficient

molecular light switches for DNA.17

Finally, there was no emission enhancement for [Ru(dicnq)3]2+ in the

presence of DNA. In this regard, it should be noted that [Ru(dicnq)3]2+ does

not emit in both water and dry CH3CN (or in dry CH2CI2, for the PF6 salt),
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which rules out the possibility of luminescence quenching via the attack of

water at the quinoxaline nitrogens and the subsequent enhancement in the

non-radiative decay. Instead, as suggested above, an intramolecular electron

transfer involving the 3MLCT state and the ligand might explain the apparent

non-emissive nature of this complex. This particular result additionally lends

credence to the proposal made earlier that an intramolecular PET reaction is

the major process in the decay of the excited states of Ru(phen)2(dicnq)]2+

and [Ru(phen)(dicnq)2]2+ as well.

4.5 DNA photocleavage

Irradiation of samples containing pBR 322 DNA and each of these

complexes were carried out as described in Chapter 2 and, the effects were

monitored by the agarose gel electrophoresis method. Control experiments

suggested that photolysis of untreated plasmid does not produce Form II from

the native Form I upon irradiation of the sample at 440 nm for 20 min. In

addition, both phen and dicnq (dissolved in 10% DMF) are not detectably

active either in dark or upon irradiation. Fig. 4.12 shows gel electrophoresis

pattern of the plasmid pBR 322 DNA in the presence of the three metal

complexes (10 uM) investigated in this study. Lanes 1-3 refer to the dark

experiments and Lanes 4-6 to the light experiments in this Figure. In the dark

experiments, no DNA nicking was perceptible for the plasmid in the presence

of each of these complexes. However, the strong interaction of

[Ru(phen)2(dicnq)]2+ with DNA can be seen from the increased streaking and

retardation of DNA mobility.151'1'8 Whereas, [Ru(phen)(dicnq)2]
2+ and

[Ru(dicnq)3]
2+ show no such effect. In the light experiments,
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[Ru(phen)2(dicnq)] + and [Ru(phen)(dicnq)2]
2+ cause single strand nicking

with the conversion of Form I to Form II whereas, [Ru(dicnq)3]
2+ shows no

appreciable photocleavage. While the precise mechanism of the DNA

cleavage by these complexes has not been explored and is still unknown, it is

tempting to suggest, based on the absorption and luminescence results

described above, that the DNA nicking ability of these complexes depends on

their mode of binding with DNA.

4.6 Summary

A series of ruthenium(II) complexes containing the new ligand dicnq

have been synthesized and fully characterized by various physico-chemical

techniques. Results of absorption and fluorescence titration, thermal

denaturalion and agarose gel clcctrophorcsis experiments suggest that while

both [Ru(phen)2(dicnq)]2+ and [Ru(phen)(dicnq)2]
2+ bind to DNA via an

intercalative mode, the tris- complex, [Ru(dicnq)3]2+, on the other hand, binds

to DNA only weakly and, the binding in this case may not involve

intercalation. The DNA photocleavage efficiencies of the three complexes

follow an order: [Ru(phen)2(dicnq)]2+ > [Ru(phen)(dicnq)2]
2+ »

[Ru(dicnq)3]
2+. Both [Ru(phen)2(dicnq)]2+ and [Ru(phen)(dicnq)2]

2+ are

luminescent in organic solvents but, [Ru(dienc|);?J21 is totally non-

luminescent. Finally, detailed luminescence studies have revealed that both

[Ru(phen)2(dicnq)]2+ and [Ru(phen)(dicnq)2]
2+ are moderately efficient

molecular light switches in the presence of DNA.
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CHAPTER 5

Dipyridophenazine Complexes of Cobalt(III) and Nickel(IJ): DNA-

B in ding and Photocleavage Studies

5.1 Introduction

Both [Ru(phen)2(dppz)]2+ and [Ru(bpy)2(dppz)]2+ (phen = 1,10-

phcnanlhrolinc and dppz = dipyrido[3,2-a:2',3'-c]phcnazinc) have been

reported to be avid binders of DNA and more importantly, to be remarkable

luminescent reporters of DNA structure.1 In addition, it has been recently

shown, by Barton and co-workers, that the application of mixed-ligand

ruthcnium(ll) complexes of the type [Ru(phcn)2(LL')]2+ (LL' = a modified

phenanthroline ligand belongs to the dppz family) permits variations in

geometry, size, hydrophobicity and hydrogen-bonding ability of the

complexes and allows a variation in the strength of their DNA binding and

"light switching" ability.2 These aspects of Ru-dppz complexes have been

discussed in the previous Chapters. In addition, DNA binding and

photocleavage as well as novel luminescence properties of mixed-ligand

complexes containing modified dpp/. ligands have been discussed in Chapters

3 and 4.

During the course of this work, it occurred to us that notwithstanding

the well-documented importance of dppz in DNA interactions of the

complexes containing it, binding studies using such complexes having a metal

ion other than ruthenium have attracted much less attention; exceptions being



153

recent reports on [Os(phen)2(dppz)]2+ and [Re(py)2(CO)3dppz]+ (py =

pyridine).3 Moreover, only a few studies seem to have addressed DNA

cleavage aspects of dppz-based complexes. For example, in an elegant study,

Paillous and co-workers have shown that [Ru(phen)2(dppz)]2+ photocleaves

DNA via a Type II process.4 Electrochemically initiated cleavage of DNA by

[Ru(O)(tpy)dppz]2+ (tpy = terpyridine) has been reported recently.5 Clearly,

further studies using various [M(phcn)2(dppz)jn+ complexes are needed to

evaluate the influence of metal-ion induced geometry, charge, spin-state,

rcdox potential, etc. changes on the DNA binding and cleavage mechanisms

in this important class of complexes as was the case with the previously

reported metalloderivatives (M = Ru, Rh, Co, Cr, etc.) of phen or modified

phen ligands.6'7 Such studies are also needed to serve as complementary

studies to those involving [Ru(phen)2(LL')]2+ type complexes mentioned

above. This Chapter reports on the synthesis, characterization, DNA binding,

and photochemical DNA cleavage characteristics of [M(phen)2(dppz)]n+

where M = Co(III) or Ni(II) and n = 3 or 2, respectively.

5.2 Experimental details

l,10-phenanthroline-5,6-dione (phen-dione), dppz,

[Co(phen)2CI2|.31l2O
l()" LCo(plicn)j]CI2

lob INiCphci^Cbj" and

[Ni(phen)3]Cl2" were synthesized following the reported procedures (see

Chapter 2). Synthesis of the hexafluorophosphate and chloride salts of

[Co(phen)2(dppz)]3+ and [Ni(phen)2(dppz)]2+ are described below (see Fig.

5.1)
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Fig. 5.1
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5.2.1 Synthesis of [Co(phen)2(dppz)](PF6)3.5H2O

To a 50 ml of ethanolic solution of [Co(phen)2Cl2].3H2O (578 mg, 1.0

mM) was added 423 mg (1.5 raM) sample of dppz. The resulting solution

was refluxed for 1 h. and further stirred for 4-5 h. under nitrogen. It was

filtered, and the complex was precipitated upon addition of a saturated

ethanolic solution of NH4PF6. The complex was filtered and further dried

under vacuum before being recrystallized (acetone-ether). Yield: ~70%.

Analytical data: Found: C, 41.13; II, 2.95; N, 9.13. Calcd for

C42H34N8O5P3F18Co : C, 41.74; H, 2.84; N, 9.27.

FABMS (m/z) : [M - PF6]
+, 991; [M - 2PF6], 846.

IR (KBr): 3400, 1608, 1523, 1506, 1433, 858 and 715 cm1.

'H NMR (DMSO-d6, 200 MHz, TMS) 5, ppm: 9.95(dd, 2H), 9.21 (d, 2H),

9.18(d, 2H), 8.59(m, 8H), 8.32(d, 4H), 8.00(m, 411), 7.68(d, 4H).

5.2.2 Synthesis of [Ni(phen)2(dppz)](PF6)2.4H2O

This complex was prepared, starting from [Ni(phen)2Cl2] (490 mg, 1.0

mM) and dppz (423 mg, 1.5 mM) in a manner analogous to that described

above for the cobalt complex. Yield: ~ 70%.

Analytical data: Found : C, 47.44; II, 3.22; N, 10.54. Calcd for

C42H34N8O4P2F12Ni : C, 47.40; H, 3.21; N, 10.45.

FABMS (m/z): [M - PF6]
+, 845; [M - phen - 2PF6]

2+, 520.

IR(KBr): 3408, 1624, 1516, 1494, 1423, 848 and 727 cm"1

ucn.(solid, 293 ± 2 K): 3 . 1 6 ^ .
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Each hexafluorophosphate salt was dissolved in minimum amount of

acetone and a saturated solution of TBAC1 in acetone was added dropwise

until the precipitation was complete. The water-soluble chloride salts thus

obtained were filtered, washed thoroughly with acetone and vacuum dried.

Recovery was about 90% of the theoretical yield in each case.

All the spectroscopic and electrochemical experiments leading to the

characterization of the new complexes synthesized here were carried out as

outlined in Chapter 2.

For the spin trapping experiments using ESR, the solution (deaerated

aqueous (1 %) CH3CN) containing [Co(phen)2(dppz)]3+ (1 raM) and spin

trapping agent PBN (20 mM) was taken in a flat quartz ESR tube and an on-

line irradiation (k > 350 nm) of the sample in the ESR cavity was carried out

as described in Chapter 2.

5.2.3 DNA binding and photocleavage studies

Buffer A (5 mM tris, pH 7.1, 50 mM NaCl) was used for absorption

titration experiments and luminescence measurements. Buffer B (1 mM

phosphate, pi I 7.0, 2 mM NaCl) was used for thermal dcnaluralion and

differential-pulse voltammetric experiments. The chloride salt of the

complexes was used in studies with DNA.

DNA melting- ( [DNA nucleotide phosphate] = 160 uM, [drug] = 0 -

10 |iM) and absorption titration ([DNA base pairs] = 0-40 uM, [drug] = 15
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experiments were carried out as described in Chapter 2. Differential-

pulse voltammetric experiments (highly polished glassy carbon working

electrode, Pt-wire counter electrode and SCE reference electrode) were

performed for 0.1 mM of the complex in the absence and in the presence of

increasing amounts (0 -3 mM) of CT DNA.

Absorbance values were recorded after each successive addition of

DNA solution and equilibration (ca. 10 min.). Data obtained from the

absorption litralion experiments were analyzed as described in Chapter 2.

Gel electrophoresis experiments were also carried out as described in

Chapter 2. Irradiation experiments were carried out by keeping the pre-

incubated (dark, 1 h.) samples inside the sample chamber of a JASCO Model

FP-777 spectrofluorometer (A.exc = 350 ± 5 nm; slit width = 5 nm).

5.3 Results and discussion

5.3.1 Synthesis and characterization

[Co(phen)2(dppz)]3+ and [Ni(phen)2(dppz)]2+ were synthesized by the

reaction of the corresponding dichloro complexes with dppz. Each new

complex showed satisfactory elemental analysis, FABMS and IR data. While

the d6, diamagnetic cobalt complex was further characterized by its 'H NMR

spectrum, the nickel complex, upon incorporating the diamagnetic correction,

gave a u.efT of 3.16 |_iB consistent with the presence of a d8, paramagnetic

nickel(II) ion in it."
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5.3.2 UV-visible spectra

The UV-visible spectral data of dppz, [Co(phen)2(dppz)]2+,

[Ni(phen)2(dppz)]2+ and, for comparison purposes, [Ru(phen)2(dppz)]2+ are

given in the Table. 5.1. UV-visible spectrum of the cobalt complex is

illustrated in Fig. 5.2. The spectra (200-400 nm) of both the new complexes

were seen to be dominated by bands due to the transitions involving phen and

dppz ligands.12 Absorption bands located at ~ 220 and 275 nm for both the

complexes arise from the n-n* transitions of phen as well as dppz ligands. On

the other hand, bands seen at 348, 358 & 359 and 376 & 379 nm in both

[Co(phen)2(dppz)]3+ and [Ni(phen)2(dppz)]2+ can be assigned to n-n*

transitions of the metal-bound dppz. This interpretation is consistent with the

spectral data of dppz, [Ru(phen)2(dppz)]2+ ld and [Ru(bpy)2(dppz)]2+. la It is

also consistent with the interpretation of the spectral data of

[Ru(phen)2(qdppz)] + and [Ru(phen)2(dicnq)]2+ (see Chapters 3 and 4).

5.3.3 Electrochemistry

The cyclic voltammetric data are summarized in the Table 5.2. The

cyclic volalammogram of [Co(phen)2(dppz)]3f showed peaks at +0.40, -0.95,

-1.17,-1.70 and -1.83 V (CH3CN, 0.1 M TBAPF6, vs SCE). Wave analysis

suggested thai while the peaks observed at H 0.40, -0.95 and -1.17V represent

diffusion-controlled, reversible/quasi-reversible, one electron transfer

reactions (here ip vs vl/2 = constant where ip is the peak current and v is the

scan rate, ip/ipc = 0.9-1.0 where ipa and ipc refers to anodic and cathodic peak

potentials, respectively and AEP = 60-80 mV where Ep is the peak potential),13

those observed at -1.70 and -1.83 V are totally irreversible under identical
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Table 5.1 UV-visible data of dppz and its complexes in CH3CN

Compound

dppz

[Co(phen)2(dppz)]
3+

[Ni(phen)2(dppz)]
2+

[Ru(phen)2(dppz)]
2+

Xmm n m (log e)

241 (4.49), 269 (4.73), 295 (4.28)

359 (4.05), 378 (4.06)

220 (5.22), 282 (5.11), 330 (4.31)

348 (4.23), 359 (4.29), 377 (4.23)

226 (4.92), 273 (5.03), 325 (4.14)

348 (4.12), 358 (4.13), 376 (4.12)

265 (5.11), 277 (sh), 360(4.39)

369 (4.35), 443 (4.33)
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Fig. 5.2. UV-visible spectrum of [Co(phen)2(dppz)]3+ in CH3CN.
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Table 5.2 Cyclic voltammetric data of phen, dppz and their complexes in

CH3CN,0.1 MTBAPF6.

Compound

phen

dppz

phen-dione

[Co(phen)2(dppz)]3+

[Ni(phen)2(dppz)]2+

Potential, V vs SCE

Oxidation

+0.40

Reduction

-2.14

-1.22

-0.47

-0.95,-1.17,-1.70,-1.83

-0.99,-1.32,-1.46
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experimental conditions. On the basis of the reported electrochemical data of

[Co(phen)3]
 + (+0.39, -0.96 V under our experimental conditions), the peak

observed in the positive scan region for [Co(phen)2(dppz)J3t can be ascribed

to the Co(III)/Co(II) redox couple and that observed at -0.95 V to the

Co(II)/Co(I) couple. The peaks at -1.17, -1.70 and -1.83 V have been

assigned to electron additions onto the Co(III)-bound dppz and phen ligands,

respectively.12 The ligands on [Ni(phen)2(dppz)]2+ could be reduced at -1.29

and -1.72 V (dppz) and at -1.90 V (phen).

5.4 DNA binding studies

5.4.1 Absorption titration

Initial evidence for the binding of these complexes with DNA comes

from the absorption titration experiments. Hypochromism and balhochromic

shifts of the peak maxima in the UV-visible spectra of both

[Co(phen)2(dppz)]3+ and [Ni(phen)2(dppz)]2+ were observed upon addition of

increasing amounts of CT DNA to buffered solutions containing each of these

complexes. As seen in the Fig. 5.3 (a), the lowest energy band of

[Ni(phen)2(dppz)]2+ (15 fiM) shows a bathochromic shift of 7 nm in the

presence of CT DNA (40 \iM in base pairs). The corresponding band in the

cobalt complex, under similar experimental conditions, was seen to be red-

shifted by 6 nm. Absorption titration curves with the absorbance being

measured between 300 and 430 nm revealed that isosbestic points are present

at 388 and 416 nm and at 385 nm and 414 nm for the nickel and cobalt

complexes, respectively. These spectral changes are reminiscent of those
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Fig. 5.3. (a) UV-visible spectra of [Ni(phen)2(dppz)]2+ (15 |iM) in the absence

and in the presence of CT DNA (40 \iM base pairs), (b) Melting curves of CT

DNA (160 fiM nucleotide phosphate) in the absence and in the presence of

[Co(phen)2(dppz)]3+ (8 jiM).
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reported for DNA interactions of several tris-chelated, mixed-ligand

complexes containing phen and/or dppz including [Ru(phen)2(dppz)]2+. ' The

intrinsic binding constant Kb, which was obtained by monitoring the change in

absorbance at 376 nm with increasing concentration of DNA is as high as (9 ±

2) X 105 M"1 for both the complexes investigated in this study. It should be

noted here that these Kb values can be taken only as the lower limit of the

effective binding constants for these complexes because they bind too strongly

even at micromolar concentrations of DNA as was the case with the

previously studied dppz complexes.1 Thus, although the two complexes

investigated in the present study provide a good opportunity to compare

directly the binding of isosteric intercalating species of +2 and +3 charge to

DNA, such a comparison could not be made.

[Ru(bpy)2(dppz)]2+, [Ru(phen)2(dppz)]2+, [Os(phen)2(dppz)]2+ and

[Ru(H2O)(dppz)(tpy)]2+ have all been reported to strongly bind to DNA (Kb =

106-107 M"1) by an intercalative mode.1"5 Results of various spectroscopic and

biochemical studies have suggested that it is the dppz ligand that intercalates

between the base pairs of DNA in these mixed ligand complexes. On the basis

of the similarities in structures, absorption characteristics and apparent

binding constants between the previously studied dppz complexes mentioned

above and [Co(phen)2(dppz)]3+ and [Ni(phcn)2(dppz)]2+, it can be suggested

that DNA binding by the latter complexes also involves an intercalation of

dppz. This suggestion is further supported by thermal denaturation and

differential pulse voltammetric experiments, the results of which are discussed

below.
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5.4.2 Thermal denaturation

Thermal denaturation experiments carried out on CT DNA in the

absence of any added complex revealed that the Tm and oj values for the

duplex are 60 ± 1 and 22 ± 1 °C, respectively, under our conditions (Fig. 5.3

(b)). Addition of LCo(phen)2(dppz)]3+ or [Ni(phen)2(dppz)]2+ ([DNA

nucleotide phosphate]/[complex] = 20) increased Tm by 8 ± 1 °C for the

former and by 6 ± 1 °C for the latter complex. (Tm and ap values increased

with increasing addition of the metal complex as expected). By contrast,

addition of either [Co(phen)i] +or [Ni(phen)3] + to DNA increased the Tm

value by < 5 °C. The aT values are 24 i 1 and 26 i 1 °C for

[Co(phen)2(dppz)]3+ and [Ni(phen)2(dppz)]2+, respectively.

5.4.3 Voltammetric studies

Differential-pulse voltammetric experiments were carried out with

[Co(phen)3]3+ and [Co(phen)2(dppz)]3+ in both the presence and the absence

of CT DNA. Representative result is illustrated in Figure 5.4. As seen, there is

a decrease in the peak current due to Com/Con redox couple (E1/2 (CoIII/n) = -

0.02 V vs SCE for both the complexes in 5mM tris, 50 mM NaCl, pl-l 7.0

buffer) in the presence of a 30 fold molar excess DNA (in comparison with

the peak current in the same buffer). This decrease in the peak current is more

pronounced for the dppz containing complex (= 75%) compared to that for the

tris-phen complex (= 50%). Bard and co-workers15 have previously shown that

addition of DNA reduces the cyclic and differential-pulse voltammetric peak-

currents of the Co1 couple for [Co(phen)3]3+ and have also estimated Kb to

be (1.6 ± 0.2) X 104 M"1 for this complex under experimental conditions
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Potential (V vs SCE)
-0.5

Fig. 5.4. (a) Differential-pulse voltammograms of 0.1 mM [Co(phen)3]
3+ in

the absence ( ) and in the presence ( ) of 3 mM (nucleotide

phosphate) CT DNA. (b) Differential-pulse voltammograms of 0.1 mM

[Co(phen)2(dppz)]3+in the absence ( ) and in the presence ( ) of

3 mM (nucleotide phosphate) CT DNA.
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similar to those employed in this study.l5b Our results are consistent with this

data and, the pronounced reduction of the peak-current observed for

[Co(phen)2(dppz)]3+ can be explained if the affinity toward DNA is higher for

this dppz containing complex than that for [Co(phen)3] +. Indeed, a rough

estimate of Kb (using equn. 2.18)15 for the binding of [Co(phen)2(dppz)]3+

with DNA by the differential-pulse voltammetric method is = 106 M'1, a value

that is close to the one obtained by the absorption titration method.

5.5 Photoclcavagc of DNA

Photonuclease activity of both the nickel and cobalt complexes were

investigated. Only [Co(phen)2(dppz)]3+ was found to effect the photocleavage

of the supercoiled pBR 322 DNA. Control experiments suggested that

untreated DNA does not show any cleavage in the dark and even upon

irradiation by a 350 nm light (Fig. 5.5, lanes 1 and 2). Similarly, DNA nicking

was not observed for pBR 322 treated with [Co(phen)2(dppz)]3+ in the dark

experiments (Fig. 5.5, lane 3). On the other hand, irradiation of DNA in the

presence of the complex for 20 min. caused the generation of relaxed circular

DNA as shown in lane 4 of this Figure. Increasing the irradiation time to 60

min. resulted in further relaxation of the duplex only in the presence of the

complex unaffecting the untreated sample (compare lanes 2 and 5).

Interestingly, mobility change for pBR 322 is evident in the presence

of [Co(phen)2(dppz)]3+ as shown in this gel. Such a change in the mobility of

DNA was also noticed when the nickel analogue was employed, but not when

[Co(phen)3]3+ and [Ni(phen)3]2+ were employed in the gel electrophoresis

experiments. It should be noted here that no change in the mobility has been
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1 2 3 4

Fig. 5.5. Photograph showing the light-induced nuclease activity of

[Co(phen)2(dppz)]2\ Dark and light experiments (X-,,,, = 350 nm): Lanes 1

and 2: Untreated pBR 322 (100 |iM nucleotide phosphate) in the dark [55]

and upon irradiation (60 min.) [52]; Lanes 3, 4 and 5: pBR 322 +

[Co(phcn)2(dppz)]?i (100 (.iM) in dark [46] and upon irradiation for 20 min.

[66] and 60 min. [100], respectively. (Numbers given in the square-

parentheses refer to % of the open circular form ofDNA, lonn II, in c.ich

case)
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observed when the DNA samples containing [Co(phcn)2(dppz)]3+ (irradiated

or not) were ethanol precipitated prior to loading onto the gel suggesting that

DNA binding by this complex involves non-covalent interactions. Thus, the

mobility change of DNA noticed for [Co(phen)2(dppz)]3+ and

[Ni(phen)2(dppz)]2+ can be rationalized in terms of strong intercalative

binding of these complexes with DNA.16

In attempts to unravel the probable DNA photocleavage mechanism of

[Co(phen)2(dppz)]3+, a few more control experiments were conducted. The

results of these control experiments arc summarized below,

(i) phen and dppz (free ligands dissolved in aqueous buffered solutions

containing 5% DMF) are not detectably active under our irradiation

conditions.

(ii) No perceptible DNA cleavage was observed when samples of pBR 322

containing [Co(phcn)_i] + or [Co(phcn)2(phen-dionc)J ' were irradiated at

350 nm, as both these complexes do not appreciably absorb at this

wavelength.

(iii) Under experimental conditions similar to those employed for studies with

fCo(phcn)2(dppz)l3+, the d8 [Ni(phcn)2(dppz)]2+ system did not show any

light-induced nuelease activity, probably because of the paramagnetic

nature of the complex that, in principle, would render the excited state of

the molecule ineffective.

(iv) Irradiation of pBR 322 samples containing the cobalt complex was also

carried out in the presence of various 'inhibitors' (Fig. 5.6). Neither

DABCO (lane 5) - a *O2 'quencher', nor SOD - a O2~ 'scavenger' (lane 6)

inhibit the photocleavage by the complex. Interestingly, purging the
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I I

Fig. 5.6. Photograph showing effects of 'inhibitors' on the light-induced

nuclease activity of [Co(phen)2(dppz)]3': Lane 1: Untreated pBR 322 (100

(iM nucleotide phosphate) [41], Lane 2: pBR 322 + [Co(phen)2(dppz)]3+

(100 |.iM) [65], Lanes 3 - 6: pBR 322 + [Co(phcn)2(dppz)]?t in the presence

of N2 [70], DMSO (0.2 M) [45], DABCO (10 mM) [62] and SOD (20

(.ig/ml) [72], respectively. Irradiation time r 45 inin. in each case and A.j,,-;| ~

350 nm. Numbers given in the square-parentheses refer to % of Form II

DNA.



171

reaction mixture with N2 (15 min, to remove O2) (lane 3) or with 0 2 (data

not shown) also does not inhibit the reaction. On the other hand, DMSO

which scavenges 011* radical was found to inhibit the photocleavage (lane

4).

These results collectively suggest that the major pathway of DNA

photodamage by [Co(phen)2(dppz)]3+ involves a OH* -mediated mechanism.

Further support for the generation of OH* upon photolysis of the

complex comes from the spin trapping experiments. In the presence of PBN as

the spin trap, irraclialccl solutions of |Co(phcn)2(dpp/.)|1f in acctonitrile

solution containing ca. 1% water showed an ESR spectrum (g = 2.0036, aN =

13.6) that is somewhat typical of the OH* spin adduct of PBN, Fig. 5.7.17

Apart from a major three-line pattern due to the nitrogen hyperfine coupling,

the spectrum also shows several splitting which are ascribable to the hyperfine

interaction due to hydrogen of the PBN-O1I* adduct and to the resonances of

an unknown, as-yct unidentified paramagnetic species. It is possible that this

unknown species could be a ligand - based radical similar to that obtained

upon irradiation of 'aqueous' acetonitrile solutions containing a spin trap and

a coball(lll) complex of a bleomycin mimic or [Co(bpy)3] . Thus, it is

possible that irradiation facilitates, ultimately, a process of ligand reduction in

[Co(phcn)2(dppz)]3+ - a process that leads to the production of OH* radical via

the reaction of a C/N (ligand)-based radical intermediate with the aqueous

buffer. A metal-centered photoreduction could precede the ligand reduction.

Indeed, metal centered photoreduction reactions have been implicated in the

DNA photocleavage by a few coball(III) complexes.19 In this regard, it should

be noted that irradiated aqueous solutions of [Co(phen)2(dppz)] + did not
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H

Fig. 5.7. ESR spectrum of the PBN spin adduct of [Co(plien)2(dppz)]3+

under anaerobic and irradiated conditions (X > 350 nm) in acetonitrile

solution containing ca. 1% water (spin trap concentration, 20 mM,

[Co(phen)2(dppz)]3+ concentration, 1 mM). Spectrometer settings are

microwave power = 5 mW, field modulation = 100 KHz, modulation width =

2G.
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release any Co2+ as evidenced by both UV-visible spectra and analytical

method using KSCN.I8a

5.6 Summary

Two new mixed-ligand complexes, [Co(phen)2(dppz)] + and

[Ni(phen)2(dppz)] , have been synthesized and fully characterized by

elemental analysis, FABMS, IR, UV-visible, lH NMR, magnetic

susceptibility and electrochemical methods. Results of absorption tilration,

thermal dcnaturalion and differential-pulse voltammctric experiments reveal

that both these +3 and +2 complexes are avid binders of CT DNA and that the

dipyridophenazine ligand on them is engaged in the intercalative interaction

with DNA. On the other hand, while the cobalt(III) complex has been found to

effect photocleavagc of the supcrcoilcd pBR 322 DNA via, most probably, a

OH#-mediated mechanism, the nickel(Il) complex is ineffective under similar

experimental conditions. The results described in this study while

underscoring the importance of dppz in the DNA-binding, also demonstrate

that substitution by different metal ions can bring about subtle modulation in

the properties and, consequently, in the DNA interaction of this new class of

mixcd-ligand complexes containing the versatile dipyridophenazine ligand.
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CHAPTER 6

Photonuclease Activity of Porphyrin-Anthraquinone Diads and Diazoarene

Ch romoph ores

As delineated in Chapter 1, DNA photocleavage by a class of

porphyrin-based diads and a few diazoarene chromophores have also been

investigated during the present study. Results of these investigations are

described in this Chapter.

6.1 Introduction

6.1.1 Porphyrin-anthraquinone diads

A recently emerging application of porphyrin and related macrocyclic

chromophores is concerned with their role as sensitizers in the photodynamic

therapy (PDT) of malignant tumors.1 The haematoporphyrin derivative

(HpD), a first generation photosensitizer, and its commercial variant

Photofrin® have been extensively employed both in experimental and

clinical studies of PDT.2"4 However, the uncertainty about the chemical

structure and mechanism of action of HpD combined with the fact that HpD

absorbs weakly in the red region of the visible spectrum (where the greatest

penetration of light into tissue occurs) necessitated the development of other

porphyrin and related macrocycles as PDT photosensitizers.5'7 A plethora of

new photosensitizers including modified phthalocyanines,8" chlorins and

bacteriochlorins,1216 purpurins,17 benzoporphyrin derivatives,1819 expanded/

contracted porphyrins,20r22 and picket fence porphyrins23'25 have been
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reported recently. However, many of these new generation photosensitizing

drugs suffer from their inability to accumulate selectively in tumors, leading

to lower levels of tumor necrosis.

One possible way to circumvent the problem of low accumulation of a

given porphyrin-based drug in the cells is to equip the drug with an

intracellular recognition element viz. a DNA or membrane binding agent.

This approach has the potential to deliver a better tumor-targeting device as

the appended intracellular recognition element can, in principle, enhance the

tumor accumulation ability of the drug. The modified drug is also expected to

be more effective, even at low concentrations, in cleaving the DNA by either

photochemical or other means. Thus, porphyrin conjugates endowed with

oligonucleotide,26'29 monoclonal antibody, • ellipticene, "4 or other

intracellular recognition elements " have been reported recently. It is

interesting to note that most of the hitherto reported such porphyrin

conjugates effect the DNA cleavage only via chemical means and that very

little effort seems to have been done to induce the photocleavage of DNA

utilizing these modified photosensitizers. However, very recently,

photonuclease activity of photoactive porphyrins which bind selectively to

DNA owing to their linkage to either an intercalator39 (e.g. acridone,

phenothiazinc), a minor groove binder40 (e.g. ellipticine) or a cross-linking

agent41 (e.g. chlorambucil) have been reported.

During the course of this work, it was realized that utilization of a

photoactive, intercalatable moiety in conjunction with the porphyrin

chromophore might accentuate the photochemical activity of the so-derived

'hybrid' molecules leading to an efficient DNA cleavage. Among the various
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non-porphyrinic chromophores that can be linked to the porphyrin in such

new hybrids, anthraquinone seemed to be an ideal candidate because, this

ubiquitous electron acceptor has been recently established to be an avid

binder- and also an efficient photonicking agent of DNA.42 Thus, conjugates

derived from a union of a porphyrin and an anthraquinone subunit are

expected to not only absorb light all through in the visible region but also

initiate photocleavage of DNA by 'C^ (porphyrin)1'43 as well as electron

transfer/H-abstraction (anthraquinone)42 mechanisms. Moreover, the prospect

of generation of the anthraquinone anion radical triggered by the visible light

irradiation and the subsequent photoinduced electron transfer (PET) reaction

from the photoexcited porphyrin donor to the appended anthraquinone

acceptor in these hybrids, as previously reported for the covalently-linked,

biomimetic porphyrin-anthraquinone donor-acceptor systems, can be

considered as an attractive attribute of this approach.

Accordingly, a series of porphyrin-anthraquinone (4 - 10) hybrids

have been investigated in the present study inquiring, mainly, into their

photonuclease activity. The molecular structures of these new systems are

shown in Fig 6.1.

6.1.2 Diazoarene compounds

A plethora of photochemically reactive molecules including quinones,

napthalimides, chlorobithiazoles, triazoles, thiopyridones, porphyrins and

metal complexes, amongst others, are currently being scrutinized for their

photonuclease activity.45 Photogenerated ion, radical or oxygen-centered

reactive species have been proposed to be responsible for cleaving DNA in a
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1 R= OH, 2 R= NH2 4 R1= OC(O)-, 5 R1= OCH2-, 6 R,= NHC(O)-

^-O-(CH 2 ) r -OH

3a n= 5, 3b n= 4
3c n= 3, 3d n= 2

Vo-(CH2)-OC

7 n= 5, 8 n= 4
9 n = 3 , 1 0 n = 2

Fig. 6.1 Structures of the porphyrins investigated in this study

majority of these cases. However, carbenes, which are known to be generated

upon photoirradiation of diazo compounds and to be reactive towards a wide
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variety of organic and bioorganic substrates including proteins, have never

been tested for their ability to cleave DNA.46'47 This is all the more surprising

considering the fact that the naturally occurring anti-tumor agents kinamycin

and prekinamycin, probably derive their DNA cleaving ability from the diazo

group present in them. Nevertheless, arene diazonium salts48 and also a-diazo

ketones49 have been employed in studies aimed at DNA photocleavage but,

participation of carbenes has not been invoked in both the cases. In this

Chapter, it is demonstrated that carbenes which can be generated upon

photoirradiation of simple, readily available arene diazo compounds (9-

diazofluorene 11, 9-diazoanthrone 12 and 9-diazoxanthene 13, see Fig. 6.2)

are capable of cleaving DNA.

11 13

6.2 Experimental details

All the porphyrin-anthraquinone hybrids and the three diazoarene

compounds were obtained as kind gifts from Professor G. Mehta and

Professor M. Nagarajan, respectively. Each porphyrin was purified on a short

alumina column before the spectral and other measurements were made. All

the spectroscopic and electrochemical experiments have been carried out as
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described in Chapter 2. FAB-MS and *H NMR spectral data of a few

representative porphyrin-anthraquinone hybrids are given below.

Compound 4

FABMS (m/z): 907 [M]+

'H NMR (CDC13, 200 MHz, TMS) 5, ppm: -2.81(br s, 2H), 2.73(9H, s),

7.59(d, 6H), 7.70(d, 2H), 7.85(2H, m), 8.12(d, 6H), 8.34(4H, m), 8.52(1H,

m), 8.90(8H, m).

Compound 8

FABMS (m/z): 993 [M]+

!H NMR (CDCI3, 200 MHz, TMS) 5, ppm: -2.79(br s, 2H), 1.87(m, 2H),

2.06(m, 4H), 2.72(s, 9H), 4.32(t, 2H), 4.56(t, 4H), 7.30(d, 2H), 7.57(d, 6H),

7.74(m, 2H), 8.1 l(d, 8H), 8.26(m, 2H), 8.44(m, 2H), 8.86(s, 8H), 8.99(br s,

1H).

Compound 10

FABMS (m/z): 951 [M]+

'H NMR (CDCI3, 200 MHz, TMS) 8, ppm: -2.81(br s, 4H), 2.72(s, 9H),

4.60(t, 211), 4.92(1, 211), 7.33(d, 2H), 7.57(d, 6H), 7.73(m, 2H), 8.12(d, 6H),

8.18(m, 4H), 8.38(m, 2H), 8.87(s, 8H), 8.96(s,

Singlet oxygen quantum yields (O('02)) of the porphyrin-

anthraquinone hybrids were determined as detailed in Chapter 2. For the gel

electrophoresis experiments with the porphyrin-anthraquinone diads and also
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with the diazo compounds, supercoiled pBR 322 DNA (100 ^M in nucleotide

phosphate; buffer B: 10 mM Tris, pH 8.0) was treated with an 100 uM

(buffer B + 2 - 3% DMF) of the drug (and the 'inhibitor' in cases where

applicable) and the mixture was incubated for 1 h. in the dark. Irradiation

experiments were carried out by keeping these pre-incubated samples inside

the sample chamber of a JASCO Model FP-777 spectrofluorometer. The

samples were analyzed by 0.8% agarose gel electrophoresis as described in

Chapter 2.

6.3 Results and discussion

6.3.1 Porphyrin-anthraquinone diads

6.3.1.1 Ground and singlet excited state properties of porphyrin-

anthraquinone diads

The UV-visible spectral data of the hybrid porphyrin systems are

summarized in Table 6.1 and representative UV-visible spectra are illustrated

in Fig 6.3. As seen from this Figure and Table 6.1, the porphyrin moiety in

each compound shows absorption bands between 400 - 700 nm and the

appended intercalator moiety absorbs below 400 nm. The Xmax and loge

values of these linked compounds are in the same range as those of the

corresponding unlinked compounds viz: porphyrins 1 and 3 and

anthraquinone (or anthraquinone 2-carboxylic acid, AnQ2-COOH / 2-

bromomethyl anthraquinone, AnQ2-Br).

Table 6.2 summarizes the redox potential data of the hybrid

porphyrins measured in CH2CI2, 0.1 M TABPF6 (vs. SCE) by the cyclic

voltammetric method and representative cyclic voltammograms are shown in
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Table 6.1 UV-visible data of the porphyrin-anthraquinone diads in CH2C1

Compound

4

5

6

7

8

9

10

1

A.,,,,,, nm (logc)

Porphyrin transition

647 (3.46), 591 (3.52), 551 (3.77), 516 (4.09), 419 (5.50)

647 (3.58), 592 (3.61), 551 (3.89), 516 (4.16), 419 (5.60)

678 (3.93), 591 (3.90), 551 (4.11), 517 (4.26), 420 (5.41)

649 (3.43), 592 (3.46), 552 (3.76), 516 (4.03), 420 (5.46)

648 (3.56), 592 (3.59), 553 (3.89), 516 (4.18), 420 (5.59)

650 (3.55), 591 (3.59), 552 (3.91), 517 (4.18), 420 (5.54)

647 (3.47), 592 (3.49), 552 (3.78), 517 ( 4.05), 420 (5.49)

650 (3.76), 592 (3.64), 551 (3.90), 516 (4.17), 418 (5.30)

Intercalator

transition

259 (4.67)

257(4.83)

260(4.91)

258 (4.62)

258(4.81)

258 (4.75)

259(4.69)
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Fig. 6.3. UV-visible spectra of porphyrin-anthraquinone diads 5 and 8 in

CH2C12.
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Table 6.2 Cyclic voltammetric data of the porphyrin-anthraquinone diads in

CH2Cl2,0.1 MTBAPF6

Compound

4

5

7

8

9

10

1

Anthraquinone

Oxidation

+0.99

+0.93

+0.95

+0.93

+0.93

+0.92

+ 1.02

Potential, V vs SCE

Reduction

Intercalator

-0.76

-0.90

-0.77

-0.80

-0.79

-0.88

-

-0.97

Porphyrin

-1.23

-1.23

-1.21

-1.23

-1.23

-1.28

-1.20

-
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Fig 6.4. While porphyrin part of the hybrids investigated in this study is

oxidized and reduced typically at 0.93 to 1.02 and -1.23 to -1.28 V, electron

addition to the appended intercalator occurs at -0.76 to -0.90 V (reduction of

the free anthraquinone occurs at -0.97 V). All these cyclic voltammetric

responses were found to be reversible, diffusion-controlled one electron

transfer reactions (ip vs. ul/2 = constant where ip is the peak current and u is

the scan rate, ipa/ipc = 0.9 - 1.0 where ipa and ipc refer to anodic and cathodic

peak currents, respectively and AEp = 6 0 - 8 0 mV where Ep is the peak

potential).

Thus, the UV-visible and redox potential data of these new porphyrin-

anthraquinone diads are in the same range as those of the corresponding

reference compounds 1 and 3 as well as AnQ2-COOH or AnQ2-Br and

indicate that there is minimal ground state interaction between the porphyrin

and the intercalator. This is an expected result if one considers the fact that

the connection between the porphyrin and the quinone is at the para position

of one of the phenyl rings on the macrocycle in each case.

When excited with light of wavelength corresponding to the porphyrin

absorption maximum (550 nm), all of the hybrid porphyrins exhibited a

characteristic porphyrin fluorescence spectrum in CII2CI2 solutions with peak

maxima appearing at (655 ± 2) and (717 ± 2) nm in each case, Fig 6.5.

However, their fluorescence (Of) and singlet oxygen (O('02)) quantum yields

were seen to be drastically reduced in comparison with the corresponding

values for the control porphyrins 1-3, Table 6.3. Quenching of fluorescence in

these hybrids can be attributed to the occurrence of a PET reaction from the

porphyrin singlet state to the appended quinone, as is true with the
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CO

+1.2 +1.00 +0.8 +0.6 +0.-4 +0.2

Potential (V vs SCE)
-1.00 -1.2

Fig. 6.4. Cyclic voltammograms (scan rate, 100 mV s~ ) of 1, 5 and 8 in

CH2C12, 0.1 M TB APF6. (Fc = Ferrocene)
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Fig. 6.5. Fluorescence spectra of equi-absorbing (0. D - 0.07) solutions of

(top to bottom) I (-°-°-), 5 (-•-•-) , 8 ( ), 7 ( ), 10 ( ),

9 ( )5 4 ( ) and 6 (-A-A-) in CH2C12 (Xexc = 550 nm)
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covalently-linked, porphyrin-anthraquinone systems reported earlier.44 The

low values of O('02) are probably a consequence of an inefficient porphyrin

triplet state generation in these compounds due, in part, to the PET mentioned

above. Nonetheless, the photophysical data presented here collectively

suggest that it is possible to photocleave DNA via both 'C>2 and radical based

mechanism by irradiation into the porphyrin absorption envelope (A, = 410-

700 nm) of these bichromophoric systems. On the other hand, excitation into

the bands corresponding to the absorption due to their anthraquinone subunit

(X < 375 nm) would generate the localized triplet quinone which is known to

react with the DNA either directly or via the formation of the corresponding

anion radical.42

Table 6.3 Fluorescence (Of)a and singlet oxygen (<E>('O2))b quantum yield

data

Compound

Or

o('o2)

0

0

1

.13

.65

0.

0

4

037

.43

0.

0

5

090

.65

0.

0

6

013

.49

0.

0

7

053

.49

0.

0

8

056

.50

0.

0

9

041

.43

10

0.047

0.46

a: in CH2C12

b: in DMF

6.3.1.2 Nuclease activity of porphyrin-anthraquinone diads

The nuclease activity of hybrids 4-10 was investigated using the

supercoiled plasmid DNA pBR 322 in the presence and absence of light.
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While no nicking was observed in the absence of light, irradiation at either

550 nm (porphyrin absorption) or 350 nm (anthraquinone absorption) caused

nicking and generation of relaxed circular DNA, Fig 6.6 (note: there is <5%

competitive absorption by the other chromophore at each of these

wavelengths). On the other hand, the reference porphyrins 1 and 2 showed

only marginal nicking when irradiated at 550 nm but, quinones AnQ2-COOH

and AnQ2-Br (or anthraquinone itself) were seen to efficiently photocleave

the DNA upon excitation by 350 nm light. Under the identical experimental

conditions of concentration and light-dose, the nicking efficiency was found

to be better for irradiation at 350 nm compared to that at 550 nm, thus

revealing the superior DNA-photonicking ability of the intercalated quinone.

On the other hand, although both the '02 and the radical based mechanisms

can, in principle, participate in the photocleavage induced by excitation of the

porphyrin chromophore, the lower efficiency observed during 550 nm

irradiation can be rationalized if one considers that porphyrin is situated away

from the duplex. The DNA photocleavage efficiency would then be

necessarily dictated by (i) diffusion of '02, within its lifetime, to the site of

action on DNA and (ii) rate of production of the anthraquinone anion radical

through an indirect (PET) mechanism. In any case, DNA nicking was found

to be extremely efficient for each of these hybrids under the conditions of

white-light (X > 350 nm) irradiation, as expected; complete conversion of

Form I to Form II DNA could be achieved within half the time-duration used

for 550/350 nm excitation.
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(a)

1 2 3 4 5 6 7 8 9 10

(b)

1 2 3 4 5 6 7 8 9 10

Fig. 6.6. Photograph showing the light-induced nuclease activity of

porphyrin-anthraquinone diads. (a) A,cxc = 350 nm (1 mW/cm2; 30 min.); Lane

1: Untreated pBR 322, Lanes 2 - 10 : pBR 3 2 2 + 1 , AnQ, 7, 8, 9, 10, 5, 4 or

6, respectively, (b) Xcxc = 550 nm (1 mW/cm2; 30 min); Lane 1: untreated

pBR 322, Lanes 2 - 10: pBR 322 + 1, AnQ, 7, 8, 9, 10, 5, 4 or 6,

respectively. In each case, the proportion DNA/Drug = 1 and the samples

were incubated for 1 h. before irradiated using a 150 W Xe-arc

lamp/monochromator assembly
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6.3.2. Photonuclease activity of dizoarcne compounds

9-Diazofluorene (11), 9-diazoanthrone (12) and 9-diazoxanthene (13)

were chosen for studies with DNA not only because of their ready availability

and well-known photochemical reactivity50 but also for their planar, aromatic

structures51 which are desirable (but not essential) features for binding with

DNA. These diazo compounds were freshly prepared just prior to

experiments with DNA either by the reaction of HgO/AgO and ethanolic

KOH with the corresponding hydrazones in diethyl ether (11 and 13) or by

the diazo transfer reaction using tosyl azide (12).52 Each compound showed

the expected U V-visible spectra in DMF with the peak maxima of the longest

wavelength bands appearing at 348, 431 and 344 nm for 11, 12 and 13,

respectively. Addition of increasing amounts of CT DNA (1 - 200 u.M base

pairs in buffer A: 5 mM tris, 50 mM NaCl, pH 8.0) to solutions containing

11, 12 or 13 (« 20 |.iM, buffer A +2 - 3% DMF) resulted in hypochromism

(20 - 45%) and bathochromic shifts (11 - 13 nm) of their peak maxima and

also in the appearance of isosbeslic points in the corresponding spectra

suggesting DNA-binding. The intrinsic binding constants as obtained from

the absorption titration method (equn. 2.17, Chapter 2) are as high as 1 - 3 X

\0A M"1. All these observations are reminiscent of those reported earlier for

DNA-intercalation by various planar, aromatic molecules53 and argue in favor

of a similar inlcrcalalivc mode of binding by 11, 12 and 13 with DNA.

Photoirradiation (̂ eX: 350 ± 5 nm for 11 and 13, 430 ± 5 nm for 12)

experiments probing the reactivity of these diazo compounds (10 - 100 uM)

with the duplex were carried out using supercoiled pBR 322 DNA (100 uM

nuclcotidc phosphate) and, the reaction was followed by the agarose gel
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electrophoresis method as described earlier. Control runs showed that

untreated DNA does not undergo any cleavage in the dark and even upon

irradiation by a 350 (or 450) nm light for 2 h., Fig. 6.7 (a). Similarly, DNA

nicking was not observed for pBR 322 treated with each of the diazo

compounds in the dark (Lanes 1-3, Fig. 6.7 (a)) and only for compound 11

upon irradiation for 30 min (Lane 5). On the other hand, irradiation of DNA

in the presence of compounds 12 and 13, caused generation of the circular

form (Form II) as shown in Lanes 4 and 6 of this Figure. Thus, under identical

experimental conditions, the DNA nicking efficiencies follow an order: 13 >

12 > 11. Accordingly, increasing the irradiation time to 60 min. resulted in

further significant relaxation of the supercoiled DNA only for 12 and 13, with

13 being able to completely convert the supercoiled form to the circular form.

Effects due to 2-propanol, triphenylphosphine (PPh3) and cumene on

the observed photonuclcase activity of 12 and 13 are illustrated in Fig.6.7(b).

Results obtained upon photoirradiation of these two reactive compounds in

the presence of DNA and various 'inhibitors' including the above three are

summarized in Fig. 6.8. While D2O, mannitol, DMSO and SOD do not affect

the DNA-nicking efficiencies of these compounds, there is a moderate-to-

strong inhibition by DABCO, 2-propanol, PPh3 and cumene. The inability of

D2O to enhance the DNA-nicking efficiency can be taken as an evidence to

show that '02 is not involved in the reaction. That neither OH* nor O2" play a

role in the cleavage mechanism is established by the lack of inhibition of

DNA cleavage in the presence of mannitol, DMSO and SOD. Thus,

inhibition exhibited by the other added reagents can be collectively taken as

evidence for the participation of carbenes in the observed DNA cleavage by
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II

4 5

(B)

Fig. 6.7. Photograph showing the light-induced nuclease activity of diazo

compounds 11, 12 and 13 (100 (.iM) with pBR 322 DNA (100 [iM in

nucleotide phosphate): (A) 'Dark' and 'Light' (30 inin, 350 ± 5 nm for 11

and 13, 430 ± 5 nm for 12) experiments: Lanes 1, 2 and 3: DNA + 12 (45),

11 (49) or 13 (47) in dark. Lanes 4, 5 and 6, DNA + 12 (70), 11 (45) or 13

(73) upon irradiation, lane 7: pBR 322 DNA dark control (45): (B) Results

of'inhibition' studies carried out with 12 and 13, 'Light' Experiments: Lanes

1 - 3 : (DNA + 12) + 2-propanol (38), PPh3 (32) or cumene (31),

respectively, Lane 4: DNA + 12 (60), Lanes 5 -7: (DNA + 13) + 2-propanol

(52), PPh? (51) and cumene (51), respectively, Lane 8: DNA + 13 (70).

Numbers in the parenthesis refer to % of Form II DNA.
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Fig. 6.8. Effect of various 'inhibitors' on the light-induced nuclease activity

of 12 and 13 (Error limits ± 5%).

the two reactive diazo compounds. Indeed, reaction of carbenes with PPh3 is

known to be fast, yielding ylides.46 Similarly, reaction of carbenes with 2-

propanol and cumene is also known to be efficient.46'50

Generally, DABCO is employed for probing the participation of '02

in the DNA cleavage experiments. However, carbenes are also capable of

reacting with amines, including tertiary amines, at their nitrogen centres.46

This fact together with the observed inability of D2O to enhance the DNA

photocleavage of 12 and 13 suggests that the inhibitory effect exhibited by
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DABCO here can rationalized in terms of its reactivity with carbenes and not

with !O2. By the same token, it is not unreasonable to expect that carbenes are

capable of alkylating the nucleobases on the DNA and initiate the cleavage.

An additional mechanism which involves hydrogen abstraction by the

carbene as the key step cannot be ruled out.

6.4 Summary

The ground- and excited state' properties of porphyrin-anthraquinone

diads have been investigated in some detail. The "H NMR, UV-visible and

electrochemical data of these hybrids suggests that there is no appreciable

ground state interaction between the porphyrin and anthraquinone sub units.

Fluorescence from the porphyrin part of these hybrids was seen to be

quenched by the anthraquinone moiety and, this can be attributed to the

occurrence of a PET reaction from the singlet porphyrin to the quinone. The

nuclease activity of these hybrids as investigated using the supercoiled

plnsmid DNA pBR 322 suggests that these molecules are capable of

displaying wavelength dependent DNA cleavage activity. The photonuclease

activity of the three readily available diazoarenes compounds have also been

reported. Inhibitor studies suggest that compounds 12 and 13 effectively

photocleave the pBR 322 DNA via a carbene-mediated pathway.
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CHAPTER 7

Conclusions

The present study deals with the DNA-binding and cleavage aspects

of new, rationally-designed photonucleases based on metallopolypyridyl,

porphyrin and diazoarene chromophores.

Chapter 1 of this thesis summarizes research related to DNA

interactions of previously reported metallopolypyridyl, porphyrin and

diazoarene chromophores. The literature survey presented in this Chapter is

not intended to be exhaustive but, is only representative with emphasis being

laid on those examples that bear relevance to the main theme of this, thesis.

Chapters 3, 4 and 5 deal with the design, synthesis, DNA-binding and

photocleavage of ruthenium(ll), cobalt(III) and nickel(II) complexes

containing modified phenanthroline ligands. The ligands were designed in

such a wny that their architecture promotes DNA intercalation and the

electronic structures of the ensuing complexes promote efficient

photocleavage of DNA. Molecular light switching and redox switching of

luminescence effects observed in a few of these new complexes are also

discussed in these Chapters. In Chapter 6 are presented DNA photocleavage

characteristics of porphyrin and diazoarene chromophores. Results described

in this Chapter are not necessarily an extension of what was described in the

earlier Chapters; they need to be viewed more like an "off-shoot" of the

investigations carried out with metallopolypyridyl systems.
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While CT DNA was used for binding studies, supercoiled pBR 322

DNA was used for the photocleavage experiments throughout this work.

Various techniques including absorption and emission titration, thermal

denaturation, viscometry, differential-pulse voltammetry, agarose gel

electrophorcsis, topoisomerase assay etc. have been employed to monitor

DNA binding by the new and old drugs. DNA photocleavage studies have

been accomplished by the agarose gel electrophoresis method. Studies with

various inhibitors and on-line irradiation/ESR experiments were also carried

out in a few cases wherein attempts have been made to identify the reactive

species responsible for cleaving DNA.

7.1 DNA-binding and photoclcavagc by Uu(Il), Co(III) and Ni(II)

complexes containing modified phenanthroline ligands

DNA-binding and photoclcavagc characteristics of Ru(ll), Co(III) and

Ni(II) complexes containing modified phenanthroline ligands have been

discussed in Chapters 3, 4 and 5. While Chapter 3 deals with the design,

synthesis, characterization and DNA interactions of new mixed-ligand

ruthenium(II) complexes incorporating either a quinone-fused

dipyridophenazine ligand qdppz (qdppz = naptho[2,3-a]dipyrido[3,2-/z:2',3'-

J] phenazine-5,18-dione) or its hydroquinone form, Chapter 4 presents similar

results obtained with a series of ruthenium(ll) complexes containing a new

ligand - 6,7-dicyanodipyridoquinoxaline (dicnq). In Chapter 5 are discussed

DNA binding and pholoclcavagc characteristics of cobalt(III) and nickcl(II)

complexes containing dipyrido[3,2-a:2',3'-c]-phenazine (dppz).
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As mentioned earlier, the new ligands employed in this study were so

designed that their architecture promotes strong DNA intercalation and the

electronic structures of the complexes derived out of these ligands assist

efficient photocleavage of DNA. Dipyridophenazine, a near-planar, hetero-

aromalic entity whose mctal-complcxcs have found various applications1"6,

was chosen as the "platform" for building more elaborate ligand systems.

Thus, besides dppz, newly synthesized ligands, viz: qdppz, hqdppz and dicnq

were employed for complexation during this work, Fig. 7.1.

dppz qdppz hqdppz dicnq

Fig. 7.1

While this study was in progress, synthesis and characterization of

qdppz and a rhenium complex containing it (Re(qdppz)(CO)3Cl) have been

reported by Lopez et al7 but, neither the DNA interaction nor the influence of

redox chemistry on the luminescence properties of this rhenium complex was

investigated in that study. These have been accomplished in the present study

with the new complex derived from qdppz viz: [Ru(phen)2(qdppz)]2+. It is

demonstrated in Chapter 3 that [Ru(phen)2(qdppz)]2+ is not only an avid

binder of DNA but also an efficient photocleaving agent of the plasmid. On

the other hand, the corresponding reduced species, [Ru(phcn)2(hqdppz)J2+,
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binds and photocleaves DNA with less efficiency. Specifically, results of

absorption titration, thermal denaturation, viscometry, differential-pulse

voltammetric experiments have revealed that the DNA binding constant, Kb,

for [Ru(phen)2(qdppz)]2+ is as high as > 106 M"1 and the corresponding value

for [Ru(phen)2(hqdppz)]2+ is only ~ 10s M"1. DNA photocleavage efficacies

of these complexes also follow the same trend with the oxidized form being a

better photonuclease. Experiments carried out in the presence of various

'inhibitors' have suggested that none of the reactive oxygen species ('C^,

OH* or C>2~) play a significant role in the DNA photocleavage by

[Ru(phen)2(qdppz)]2+ (see Fig. 3.9). This situation is unlike the case with

OH'-mediated DNA cleavage by [(r)5-C5Me5)Ru(NO)(dppz)]2+8a but, is quite

similar to that reported recently for [Re(dppz)(CO)3(py)] (py = pyridine) ,

indicating the possibility of photoinduced DNA cleavage by

[Ru(phen)2(qdppz)]2+ via a direct oxidation of the bioplymer. In this regard, it

is interesting to note that while irradiation into the MLCT band of

[Ru(phen)2(qdppz)]2+ can generate a species containing oxidized ruthenium

and reduced qdppz (1 e" transfer), direct excitation of the bound-qdppz is

expected to provide the triplet quinone. Both these quinone-based, transient

species are known to be potent DNA cleaving agents capable of reacting with

the duplex via various mechanisms including hydrogen abstraction, electron

transfer etc.9

DNA binding and photocleavage properties of a series of new

ruthenium(II) complexes containing dicnq are described in Chapter 4. Results

of absorption and emission titration, thermal denaturation and agarose gel
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electrophoresis experiments suggest that while binding of DNA by

[Ru(phen)2(dicnq)]2+ and [Ru(phen)(dicnq)2]
2+ is via an intercalative mode,

that by the tris- complex, [Ru(dicnq)3]
2+, on the other hand, may not involve

intercalation. The Kb values for all the three dicnq containing complexes are

in the range of 1-4 X 104 M"1. These values are close to the Kb for DNA

binding by [Ru(phen)3]
2+ but, are too low in comparison with the strong (Kb >

106 M"1) DNA binding exhibited by [Ru(phen)2(dppz)]2+ and

[Ru(phen)2(qdppz)]2+ described in Chapter 3. Obviously, dicnq is not as an

extended n-system as dppz is and, nor does its architecture is endowed with a

fused quinone moiety as in the case of qdppz. Interestingly, DNA

photocleavage efficiencies of the three complexes follow the order:

[Ru(phen)2(dicnq)]2+ > [Ru(phen)(dicnq)2]
2+ » [Ru(dicnq)3]

2+. As

discussed in Chapter 4, while the precise mechanism of the DNA cleavage by

these complexes has not been explored, it is tempting to suggest, based on the

absorption and luminescence results, that the DNA nicking ability of these

complexes depends on their mode of binding with DNA.

It was noticed, during the course of this work, that notwithstanding

the well-documented importance of dppz in DNA interactions of the

complexes containing it, binding studies using such complexes having a

metal ion other than ruthenium have attracted much less attention.18' 10

Moreover, only a few studies seem to have addressed DNA cleavage aspects

of dppz-based complexes.3' '' Thus, in the present study, two new mixed-
3+ 2+

ligand complexes, [Co(phen)2(dppz)] and [Ni(phen)2(dppz)] , have been

synthesized and fully characterized by various physico-chemical methods.
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Results of absorption titration, thermal denaturation and differential-pulse

voltammetric experiments reveal that both these +3 and +2 complexes are

avid binders (Kb = (9 ± 2) X 105 M"1) of CT DNA and that the

dipyridophenazine ligand on them is engaged in the intercalative interaction

with DNA. Thus, although the two complexes investigated in the present

study provide a good opportunity to compare directly the binding of isosteric

intercalating species of +2 and +3 charge to DNA, such a comparison could

not be made. On the other hand, while the cobalt(III) complex has been found

to effect the photocleavage of the supercoiled pBR 322 DNA via, most

probably, a Oll'-mcdialcd mechanism, the nickcl(II) complex, being

paramagnetic, is ineffective under similar experimental conditions. The

participation of hydroxyl radical in the DNA photocleavage by
3+

[Co(phen)2(dppz)] is not only substantiated by a series of control

experiments involving various inhibitors but also, by ESR spin-trapping

studies. Finally, it is interesting to note that while the Co-dppz complex

reported here cleaves DNA via OH'-mcdiatcd mechanism. The DNA nicking

by the corresponding Ru-dppz complex has been reported to involve a Type II

process.5a

The results described in these three Chapters while underscoring the

importance of dppz in the DNA-binding, also demonstrate that substitution of

dppz-bascd complexes by different metal ions and/or modifying this versatile

ligand with appropriate substituents can bring about modulation in the

structural and electronic properties of the ensuing complexes and,

consequently, in their DNA binding and photocleaving efficacies.
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7.2 Luminescence properties of Ru(ll) complexes

Luminescence studies carried out with the new ruthenium(II)

complexes synthesized during this work have yielded interesting results.

Specifically, it has been demonstrated in this thesis that (i) the redox couple

[Ru(phen)2(qdppz)]27[Ru(phen)2(hqdppz)]2+ represents an 'electro-

photoswitch' (Chapter 3) and (ii) both [Ru(phen)2(dinq)]2+ and

[Ru(phen)(dicnq)2]
2+ are moderately efficient molecular light switches for

DNA (Chapter 4).

[Ru(phen)2(qdppz)]2+ was found to be weakly luminescent ( < 10"4)

in rigorously dried CHCI3, CH2C12, dichloroethane and CH3CN and to be

essentially non-luminescent in aqueous buffer, aqueous CH3CN (10% H2O)

and micellar solutions. On the other hand, the reduced complex

[Ru(phen)2(hqdppz)] + was found to be non-luminescent in aqueous solutions

with or without buffer as was the case with its oxidized form but, it showed

the MLCT luminescence in aqueous CH3CN and micellar media (Fig. 3.10).

The weak luminescence observed for the oxidized complex in non-aqueous

solvents has been rationalized in terms of an intramolecular photoinduced

electron transfer (PET) quenching of its MLCT state by the appended quinone

fragment. An additional process involving the sensitivity of the excited state

to quenching by water, and the subsequent increase in the non-radiative decay

.rate has also been invoked in explaining the total lack of emission observed

for this complex in the aqueous environments.1' 4 We believe that the PET

reaction does not operate in the hydroquinone-containing complex. A 'partial

recovery' of luminescence has been suggested to occur in SDS medium and
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CH3CN solutions where the complex can reside in a hydrophobic

environment with the dipyridophenazine ligand protected from water.1'4

Based on the emission characteristics described above, it was possible

to demonstrate the redox switching of luminescence with the redox couple

[Ru(phen)2(qdppz)]2+/[Ru(phen)2(hqdppz)]2+. Exhaustive Coulometric

reduction and re-oxidation of [Ru(phen)2(qdppz)]2+ were conducted in

CH3CN, 0.1 M TBAPF6. It was observed that while the quinone form is

almost non-luminescent, the electrochemically generated hydroquinone form

shows moderate luminescence at 601 nm. Thus, the couple

[Ru(phcn)2(qdppz)]2+/ [Ru(phen)2(hqdppz)]2+, which combines an

electroactive component with a light-emitting center, represents a redox-

activated luminescence on/off switching device,12 Fig. 7.2.

Ox Red
-e"

Off . On

Fig. 7.2

Both [Ru(phen)2(dicnq)]2+ and [Ru(phen)(dicnq)2]
2+ were seen to act

as molecular light switches for DNA, albeit with less efficiency compared to

the behavior previously reported for the light switches [Ru(phen)2(dppz)]2+
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and its osmium(II) analogue.1' 4 As seen in Fig. 4.10, both

[Ru(phen)2(dicnq)]2+ and [Ru(phen)(dicnq)2]
2+ are weakly luminescent in

buffered aqueous solutions but, show enhancement of luminescence upon

successive additions of CT DNA. The luminescence enhancement factor for

[Ru(phen)(dicnq)2]
2+ (16) is approximately twice that for

[Ru(phen)(dicnq)2]
2+ (8) but, both these enhancement factors are too low in

comparison with that for [Ru(phen)2(dppz)]2+ (>104).' In the latter case,

emission enhancement has been ascribed to the protection of the imine

nitrogen/s from attack by water and a consequent decrease in the non-

radiative processes upon intercalation, dicnq being a quinoxaline ligand

bearing imine nitrogens, the increase in emission intensity observed for

[Ru(phen)2(dicnq)]2+ and [Ru(phen)(dicnq)2]2+ in the presence of DNA is

also a consequence of a decrease in the non-radiative deactivation process of

each excited complex due to the protection of the complexed dicnq by DNA.

The low enliancement factors observed for these two complexes can be due to

(i) an intramolecular PET process involving their 3MLCT states and the

electron deficient dicnq ligand and/or (ii) their weak DNA binding in

comparison with the corresponding dppz complex. Both these suppositions

are consistent with the non-emissive nature of the corresponding tris-

analogue ([Ru(dicnq)3]2+) in the absence and presence of DNA.

7.3 Photonuclease activity of porphyrin-anthraquinone diads and

diazoarene chromophores

During the course of studies on metallointercalators described in

Chapters 3, 4 and 5, we came across two interesting series of photonucleases
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viz: porphyrin-anthraquinone (P-Q) diads and diazoarene systems.

The P-Q systems have been developed in Professor G. Mehta's group

as part of their continuing research on new generation sensitizers for

photodynamic therapy (PDT) of cancer and allied diseases.13 During the

design of these P-Q conjugates, it was conceived that these bichromophoric

systems, which absorb light all through in the UV-visible region, are capable

of initiating the photocleavage of DNA by ' ( ^ (porphyrin, > 400 run

excitation)14 as well as electron trarisfer/H-abstraction (anthraquinone, < 400

nm excitation)9 mechanisms. Moreover, the prospect of generation of the

anthraquinone anion radical triggered by the visible light irradiation and the

subsequent PET reaction from the photoexcited porphyrin donor to the

appended anthraquinone acceptor in these hybrids, as previously reported for

the covalently-linked, biomimetic porphyrin-anthraquinone donor-acceptor

systems,15 can be considered as an attractive attribute of this approach. These

concepts are illustrated in Fig. 7.3.

!H NMR. UV-visible and electrochemical data of these hybrids has

suggested that there is no appreciable ground state interaction between the

porphyrin and anthraquinone subunits. The fluorescence from the porphyrin

part of these hybrids was seen to be quenched by the anthraquinone moiety

and, this can be attributed to the occurrence of a PET reaction from the

singlet porphyrin to the quinone. Nonetheless, each new P-Q diad

investigated in this study, was seen to be able to generate '02 in moderate

yields when irradiated into the porphyrin absorption band (550 nm). The

nuclease activity of these hybrids measured using the supercoiled plasmid

DNA pBR 322 suggested that they are capable of displaying wavelength
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dependent DNA cleavage activity (Fig. 6.6). In addition, efficient DNA

photocleavage was observed by each new P-Q diad under white-light

irradiation. Under these conditions, it is possible that the cleavage mechanism

might involve *O2, PET and H-abstraction mechanisms as pictured in Fig.

7.3.

Finally, photonuclease activity of the three readily available

diazoarcncs compounds have also been reported in this thesis. To the best of

our knowledge, carbenes, that are generated upon photoirradiation of

diazoarenes, seem to have never been tested for their ability to cleave DNA.

Both 9-diazoanthrone and 9-diazoxanthene are carbene-precursors and are

capable of absorbing the visible light. Irradiation of supercoiled pBR 322

DNA by light in the presence of these diazoarenes resulted in a facile

generation of the relaxed circular form. Careful experiments with various

'inhibitors' established the participation of carbene species in this

photoconversion.
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7.4 Overall conclusions

Overall, it has been demonstrated in this thesis that it is possible to

accomplish potent photonucleases by suitably modifying the structures of

visible-light-absorbing chromophores. A highlight of this approach is that the

chromophores either themselves can intercalate between the base-pairs of

DNA (e.g. metalloinlercalators and diazo arenes) or can employ other

structural components crafted on them to strongly bind to the duplex by

intercalative interactions (eg, P-Q diads). The principal themes common to

these new photonucleases is that (i) they all bind DNA with high affinity with

Kb ranging from ca. 104 - 106 M"1 and (ii) they all absorb light in the 400-650

nm region and (iii) they generate cytotoxic species such as reactive oxygen

intermediates ( O2 or OH*), radical or carbene species and lead to DNA

cleavage.

The photonucleases described here also have several practical

applications. The 'dual wavelength-dual mechanism' theme as exemplified

here in studies with the P-Q conjugates can be. perceived to have immense

application not only in photodynamic therapy but also in the design of photo-

footprinting agents. The 'light-switching' abilities of [Ru(phen)2(dicnq)]2+

and [Ru(phen)(dicnq)2]2+ in the presence of DNA permit the use of these

complexes as 'luminescence reporters' of DNA. Finally, DNA-binding and

photoclcavagc by [Ru(phcn)2(qdppz)]2 and [Ru(phen)2(hqdppz)]2+ together

with the finding that this redox couple represents an 'electro-photoswitch'

testify to the suitability of these complexes in the design of both

photonucleases and molecule-based, opto-electronic devices.
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7.5 Future scope

Notwithstanding the fact that the present study has been helpful, to

some extent, in providing new directions to the construction of novel

photonucleases, an in-depth analysis of the results described in various

chapters of this thesis suggests that a lot remains to be done.

One of the main problems associated with the DNA-binding studies

presented in this thesis is concerned with an evaluation of the exact binding

constants (Kb) of a few new complexes. For example, [Ru(phen>2(qdppz)]2+,

[Co(phen)2(dppz)] and [Ni(phen)2(dppz)] all bind to DNA too strongly

even at micromolar concentrations. The binding data in these cases could not

be analyzed using equn. 2.17, because the treatment involved in formulating

this equn. is valid only for weak-to-moderate binding situations. The data

could not be satisfactorily fit even to the McGhee and von Hippel equation

with and without incorporating the cooperativity parameters as is true for a

recently reported strongly binding ruthcnium(ll) complex.16 However, curve-

fitting to equn. 2.18 was found to be somewhat better and, the apparent

binding constants thus obtained were in the range of ca. 106 M"1. As

mentioned earlier, these Kb values can be taken only as the lower limits of the

effective binding constants for these complexes as was the case with the

previously studied dppz complexes.1"6 Thus, we note that while it is desirable

to have the exact binding constants for these new complexes, and attempts

will have to be made in this direction, the lack of such data has no significant

impact on the main conclusions drawn from the present work. In a similar

vein, while details of DNA photocleavage mechanisms have been unraveled

in cases where possible, absence of discussion in a few other cases is only a
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minor aberration. Nevertheless mechanistic studies inquiring into the details

of DNA photocleavage by each photonuclease reported in this study, will

have to be carried out.

A critical analysis of the wealth of information amassed during the

present work suggests that there exists ample future scope in this field of

research. The most trivial, but an important, future task is concerned with

identifying the site specificity of DNA photocleavage by the various

photonucleases investigated in this study. It should be possible to take this

study to the next higher level and to find out the site specificity involved in

the DNA pholoclcavagc by the mclallointcrcalators, P-Q systems and

diazoarenes. The results obtainable in such studies are expected to be useful

in the design of more effective artificial photonucleases and photo

footprinting agents. The results described in Chapters 3-5 also provide some

hints with regard to the design of new, architecturally more-appealing

systems such as those shown in Fig. 7.4.

As far as the photochemical and photophysical properties of the these

photonucleases are concerned, it would be of interest to inquire into the

detailed dynamics of these systems by using time-resolved fluorescence and

absorbance methods. In this regard, the question of proton transfer quenching

of the luminescence of Ru(II)-dicnq and qdppz complexes in aqueous

solution is the most interesting one to be investigated. The dicnq complexes

can also be tested for their shape selective binding affinity towards A or Z

forms of DNA.

Finally, new generation photodynamic therapeutic agents based on

water-soluble P-Q complexes can be developed. Water-soluble, red-light
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absorbing diazoarene chromophores can also be designed to investigate the

carbene-mediated DNA photocleavage by such novel photonucleases.
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