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There is a widespread interest in the study of interactions of small molecules 

including drugs, dyes and toxic compounds with DNA and also in the design of 

compounds that can cleave DNA in unique and controllable ways. These studies, not 

only lead to the development of molecular probes for biochemical and medicinal 

applications, but also provide the chemical basis for carcinogenesis and serve as 

model systems for DNA-protein interactions. Recently, there have been significant 

efforts made towards understanding of factors that govern lITNA cleaving efficiency 

and specificity of various ligands, In this context, the present thesis entitled: "Design 

of Photoactivated DNA Cleaving Agents: Synthesis and Study of Photophysical and 

Photobiological Properties of Bifunctional Organic Ligands" reports our efforts 

towards the design of bifunctional molecules that can bind efficiently with DNA and 

cleave DNA purely through co-sensitization mechanism. 

The first Chapter of the thesis presents a brief description of DNA, DNA non- 

covalent interactions and DNA cleaving agents with particular emphasis on 

photoactivated DNA cleaving agents. The objectives of the present thesis are also 

briefly indicated in this Chapter. 

In the second Chapter, synthesis and photophysical properties of a few 

bifunctional viologen linked pyrene conjugates 1-3 and the model compounds 4 and 5 

as well as their interactions with nucleosides are presented. These compounds were 

synthesized by the SN2 reaction of the corresponding brornoalkylpyrene derivatives 

vii 



with 1-butyI-4,4'-bipyridinium bromide and were characterized on the basis of 

analytical and spectral evidence. The conjugates 1-3 exhibited characteristic 

fiorescence emission of the pyrene chromophore centered around 380 nm, but with 

significantly reduced quantum yields, when compared to the model compound 4. The 

fluorescence quenching observed in the viologen linked pyrene derivatives 1-3 could 

be explained due to an electron transfer mechanism based on calculated favorable 

change in free energy of AGdT = -1.59 eV and the transient species characterized 

through laser flash photolysis studies. The photoactivation of these systems in the 

presence of guanosine / DNA initiate electron transfer fiom the singlet excited state 

of the pyrene chromophore to the viologen moiety followed by an electron transfer 

from guanosine / DNA to the oxidized pyrene. This reaction results in the formation 

of stable charge separated species such as radical cations of both guanosine / DNA 

and reduced viologen as characterized by laser flash photolysis studies. The results 

presented in this Chapter demonstrate that these bifunctional conjugates are soluble in 

buffer media, stable under irradiation conditions and oxidize guanosine efficiently 

and selectively through co-sensitization mechanism and hence can be useful as 

photoactivated DNA oxidizing agents. 

Tfie third Chapter of the thesis deals with the evaluation of DNA binding and 

in vitro photobiological properties of a few selected bifunctional viologen linked 

pyrene conjugates 1-3. The DNA binding studies have been carried out through 

photophysical, chiroptical, viscometric, electrochemical and thermal denaturation 



techniques employing calf thymus DNA (CT DNA) and polyoligonucleotides. These 

studies demonstrate that these conjugates undergo effective DNA intercalation with 

association constants (KmA) in the range 1.1-2.6 x 10' M-'. The efficiency and 

mechanism of DNA cleavage analysis in the presence of various additives and 

scavengers indicate that these systems show spacer length dependent DNA damage 

that is sensitive to formamidopyrimidine-DNA glycosy lase (Fpg). This damage was 

found to increase with increasing in irradiation time as well as the concentration of 

the probe. The presence of the additives such as superoxide dismutase, catalase and 

DzO showed negligible influence on the extent of DNA damage. The viologen linked 

pyrene derivatives 1-3, under investigation, were found to be non-toxic in the dark 

but interestingly exhibited significant photocytotoxicity in L 12 10 Murine leukemia 

cells. The comparison of the cytotoxicity induced by various derivatives indicates 

that substituents such as polymethyIene spacer groups play a major role in their 

cellular uptake as well as their efficiency of generation of cytotoxic agents. The 

results of these investigations clearly demonstrate that these bifunctional systems, 

which are soluble in aqueous medium and exhibit efficient DNA binding and 

photoactivated DNA cleaving properties, can have potential applications in 

phototherapy . 

Investigation of interactions of P-cyclodextrin (P-CD) with a few novel 

viologen linked acridine conjugates la-c and 2a-c containing rigid aromatic and 

flexible methylene spacer groups, respectively, is the subject matter of the fourth 



Chapter. The dyads with para-tolyl la  and biphenyl Ic spacer groups exhibited 

significantIy decreased fluorescence quantum yields and lifetimes when complexcd 

with P-CD, while negligible changes were observed for the ortho-isomer lb .  In 

contrast, the dyads 2a-c with flexible spacer units in the presence of P-CD showed 

spacer length dependent significantly increased fluorescence quantum yields and 

lifetimes. Association constants for the complexes formed between P-CD and 

various dyads have been calculated and the complexation was confirmed using 

competitive ligand displacement, circular dichroism (CD), cyclic voltammetry (CV), 

'H NMR and AFM techniques and further by AM1 calculations. The intrarnolccular 

electron transfer rates (kET) have been estimated and are found to increase by nearly 

2-fold for the dyads with pam-tolyl la  and biphenyl l c  spacer groups when 

complexed with P-CD, whereas significantly decreased kET (ca. 1 5-fold for 2c3 were 

observed for the dyads with flexible spacer group. These results demonstrate that the 

complexation of donor-acceptor conjugates l a  and l c  with aromatic spacer group 

with P-CD leads to the unusual planarization of the conjugate resulting in enhanced 

electron transfer processes between the donor and acceptor moieties, while 

conformational unfolding of sandwich type of structure occurs in the dyads Za-c 

having flexible spacer groups. 

Note: The numbers of various compounds given here correspond to those given 
under the respective Chapters. 



Chapter I 

AN OVERVIEW ON PHOTOACTIVATED DNA CLEAVING 
AGENTS 

1.1. Introduction 

D t s i ~ n  of small molecules that select ively srcr~gnize nucleic acids and 

inclclce strand scission in presence ol' light is an active area of  research thar has 

important hir~chrmia~l  and therapeutic applications.'-' While natural mzymcz have 

beer1 extre~i~el y usel'ul in many applications. their large size andlor l imited range 

01' sequence-recoguitim capabilities prevent their general use. For example, type I I 

restriction enzymes which cleave within or near speci fit recognition sites. usual1 y 

require M$' ions ;is cofactor. Moreover. efl'icient cle;iwgr is only observed with 

DNA canzaining two or more rect~gnition sites, suggesting that the active cotnplex 

hinds at two sites.'.' An application. which demands cleavage with a hieher level 

of' sequence selectivily or at single recognition site requires a new cleavage agenl 

with expancled recognition features. Such shortcomings of natural nucleic acid 

cleaving agents provide opportunities for chemists to design novet 

chemozherapeutics targeted t o  DNA and in  the development of probes useful in 

biology and medicine. In order for a single mc>lecule to recognize and cleave both 
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strands of duplex DNA at a given site and to act as an artificial restriction enzyme, 

the cleaving agent must be either bifunctional or recyclable. 

In this context, a large number of cornpaunds have been reported in the 

literature, which have the ability to recognize and bind to specific sequences in 

DNA and are found to exhibit nucleolytic activity under physiological conditions 

(chemical nucleases) or upon photoactivation (photonucleases). Of these, 

photonucleases have been found to possess significant practical advantages over 

the reagents that cleave DNA under thermal conditions. This is because of the fact 

that the photonuclease activity can be triggered only when the light of the correct 

wavelength is employed. The ability to control light, in both spatial and temporal 

sense, would be advantageous for applications ranging from the time-resolved 

probing of various biochemical processes such as transcription and 

translation to therapeutic agents. In the light of these facts, we have undertaken the 

design, photophy sical and photobiological aspects of a series of novel viologen 

linked pyrene conjugates, which can in principle bind to DNA efficiently and 

cleave DNA through photoinduced electron transfer mechanism. This Chapter 

deals with a brief description of DNA and DNA cleaving agents with particular 

emphasis on photoactivated DNA cIeaving agents. Moreover, the detailed 

information on DNA cleaving agents and their applications in biology can be 

obtained from the recently published reviews.'-3   he objectives of the present 

thesis are also briefly indicated in this Chapter. 



Chapter I :  An overview on photoactivared DNA cleaving agents 

1,2, Structure of DNA 

The primary structure of DNA has a string of nucleosides each joined to its 

two neighbours through phosphodiester linkages as shown in Figure 1.1 A?' Each 

Adenine (A) Thymlne (T) 

H' 
Guanlne (G) Cytosine (C) 

Figure 1.1. (A) Schematic representation of the primary structure of DNA 
and (B) Watson-Crick base pairing of adenine-thymine (A-T) and guanine- 
cytosine (6-C), 

regular 5'-hydroxyl group is linked through a phosphate to a 3'-hydroxyl group 

and the uniqueness of any primary structure depends only on the sequence of 

bases present in its chain. DNA secondary structure consists of two chains, which 

run in opposite directions (anti-parallel) and are coiled around each other to fomi a 

double helix, These two chains are linked together by a large number of weak 



l~ydrogetl bonds formed hetween [he complemenlary basch (Fiyure I . I  l3 1. The 

conaplementary base pairs in the case of' D N A  are adenine-thymine and guanine- 

cytosine. The bases. which are hydrophobic and paired by hyclrryen boncl in~ Pie 

inside and  perpendicular to the helix axis, whereas thc hydrophi l ic and neyativcl y 

chargect sugar-phosphate backbone face out intu the aqueous medium. The ctoublr 

helical structure of D N A  i s  stuhilized hy hydrogen bonding bctweer~ the 

complett~entnry base pairs and also by hydruphobic interactions btllween nhe 

stacked bases. 

DNA adopts different secondary l~elical structures bused o n  the 

environmental conditions such as humidity and salt concentra!ion. A-DNA and 

B-DNA are the predominant DNA secondary structures (Figure 1.7) with right 

Minor Groove -- 
#- - - 

I 

"\ tf 

Minor Groove' 

A-DNA B-DNA 2-DNA 

Figure 1.2. The structures of various Korms of' duplex DNA. 
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handed double helices and Watson-Crick base pairing, whereas 2-DNA i s  a left 

handed double helical structure that is stabilized by high concentrations of MgClz 

and ~ a ~ 1 . '  Only B-DNA is the one that exists under physiological pH conditions, 

while A-DNA exists under dehydrated conditions. Table 1.1 summarizes the 

properties of these three morphoIogical forms of DNA. 

Table 1.1. Characteristics of A, I3 and Z forms of DNA. 

Property A B Z 

Relative humidity (%) 

Pitch (A) 

Residues per turn 

Inclination of base pair from 
horizontal 

Sugar ring conformation 

Base conformation (rotated 
relative to sugar) 

Major groove 

Minor groove 

anti anti SY n 

Fully hidden Accessible Accessible 
(10 8, in width) 

Accessible Accessible Fully hidden 

Figures 1.3A and 1.3B represent the secondary structure of B-DNA 

extrapolated from the crystal structure of stacked decamer of a sequence of 

~(CCAACGITGG).~'   he B-DNA structure shown in Figure 1.3B has 10 base 

pairs per turn with little tilting of bases. The wide major groove and narrow minor 

groove are of moderate depth and hence both these grooves are well solvated by 
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water molecules. Another promising feature of B-DNA is that its structure is 

sufficiently flexible to permit a conformational response in the backbone to 

particular base sequences. 

Figure 1.3. (A) Double helix model for the B-form of DNA and (B) twelve 

base pairs of B-DNA extrapolated from the crystaI structure of stacked 
decamer of sequence d(CCAACG1STfG). 

DNA secondary structure possesses a variety of sites for the ligands to 

interact including the sugar-phosphate backbone, the central base core and the 

major and minor grooves. Figure 1.4 schematically represents the possible sites of 

ligand binding to B-DNA structure. The DNA structure by itself is stabilized by a 

'spine of hydration' on the grooves and stacked cations around the anionic sugar- 

phosphate backbone. Therefore, there exist a number of possible pathways for the 
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ligands to interact with DNA through either covalent or non-covalent interactions. 

Although, DNA can be modified without any specific interactions with ligand, the 

selectivity and efficiency of modification is marginal for such ligands. This 

Chapter presents mainly photocleaving agents, which bind to DNA through non- 

covalent interactions (reversible interactions). Moreover, the important examples of 

Figure 1.4. Schematic representation of B-DNA and probable Iigand- 

binding sites. 

molecules that cleave DNA without any specific interactions as well as 

covalent interactions can be obtained from the published 

1.4. DNA Cleaving Agents 

Cellular DNA is by no means inert, stable structure holding genetic 

information in dead storage. It continually suffers assault from exogenous and 

endogenous agents, which result in a wide variety of modifications. These include 
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base modifications, abasic sites, strand breaks and DNA protein cross links." 

When these lesions escape repair by cellular mechanisms, they lead to 

mutagenesis, carcinogenesis, aging and cell death.'' While cleavage of DNA is 

generally considered to be deleterious, synthetic DNA cleaving agents have been 

developed in recent years that have been extremeIy useful in the treatment of 

diseases and also as probes for understanding DNA-protein interactions and 

macromolecular structure." Hydrolysis of phosphodiester bonds and oxidation of 

sugar arid nucleobases can cause DNA cleavage. Most enzymatic nucleases (e.g. 

repair enzymes) cleave DNA by the hydrolysis of phosphodiester bonds, whereas 

the synthetic reagents typically involve an initial oxidation reaction of either sugar 

or nucleobase, which indirectly results in phosphodiester cleavage. This chapter 

deals with a brief description on small and hybrid rnoIecules that can cleave DNA 

upon photoexcitation. 

1.5. Photoactivated DNA Cleaving Agents 

Photonvcleases are those compounds that react directly with the nucleic 

acids while in an electronically excited state and cause an immediate scission of 

the nucleic acid chain. In the strictest sense, the cIeaving agent should not be 

consumed in the process, permitting it to react catalytically with the nucleic acid, 

similar to the reaction of enzymes. But in reality, only very few compounds meet 

this criteria. Thus photonucleascs can be referred to as those compounds, whose 

excited states can initiate a series of chemical reactions, which ultimately lead to 
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nucleic acid cleavage. One appealing aspect of the photoactivated cleaving agent 

is that it allows the reaction to be controlled spatially and temporally by 

combining all the components of the reaction mixture before the irradiation. 

Excitation of the reaction mixture with an appropriate light source initiates the 

reaction, which continues until the light is shut off. Several types of photoactive 

compounds are reported in the literature,'"' but very few compounds cleave DNA 

catalytrcally. Hence majority of these compounds can be referred to as 

"photoactivated DNA cleaving agents," and are defined as those compounds 

whose excited states can initiate a series of chemical reactions, which ultimately 

lead to the nucleic acid cleavage. The ability to control light, in both spatial and 

temporal sense, would be advantageous for applications such as the time-resolved 

probing of various biochemical processes. These include transcription or 

translation, to therapeutic agents, which are activated under in vivo conditions by 

laser sources coupled into the body through fiber optics. Perhaps the most 

important feature of these reagents is the fact that Iight can be a very selective 

cofactor in a chemical reaction. Moreover, if the photocleaver is sensitive to light 

at wavelengths longer than 360 nm, selective excitation of the photocleavage agent 

is possible. This is critical in limiting the number of side reactions in the system as 

well as in analyzing the reaction mechanisms. 

The mechanisms of DNA cIeavage through photosensitization can be 

broadly classified into (i) by generation of diffusible (singlet oxygen) and non- 

diffusible (hydroxyl radicals) reactive intermediates, (ii) hydrogen atom 
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abstraction and (iii) electron transfer mechanism. The energy transfer from the 

excited state of photosensitizer to the ground state of triplet molecular oxygen can 

yield singlet oxygen. Hydroxyl radical intermediates, on the other hand, can be 

generated by direct homolysis of the peroxide bond in the excited state of the 

substrate or by an enesgylelectron transfer mediated heterolytic cleavage. 

Alternatively, photosensitizers can also initiate formation of hydroxyl radicals by 

electron transfer to superoxide radical anion to yield hydrogen peroxide, which 

can in turn generate hydroxyl radicals through Fenton reaction.13 

Photosensitizers can also initiate hydrogen atom abstraction by mechanisms 

not involving hydroxyl radicals. Many n,z* excited states of photosensitizers 

readily abstract hydrogen atoms, and radicals derived from them are capable of 

hydrogen atom abstraction from the deoxyribose sugar.2b In the case of electron 

transfer mechanism, the first step in DNA cleavage involves the oxidation of 

nucleobases by the excited state of the photosensitizer. The free energy for 

electron transfer from a nucIeic acid base to an excited state sensitizer will depend 

on the oxidation potential of the ground state base and the reduction potential and 

excited state energy of the sensitizer. Of all the nucIeobases, guanine has the 

lowest oxidation potential,'4 and hence guanine is implicated as the base in an 

elecmn transfer mechanism in DNA. 

A variety of compounds, from ketones to organometallic complexes to 

polycycIic heternaromatic drugs have been reported in the literature, which 

photosensitize the cleavage of DNA. Some of these involve direct reaction of an 
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excited state of the photosensitizer or its radical with the nucleic acids, white 

others generate intermediates such as singlet oxygen or hydroxyl radical. Some 

photosensitizers initiate photocleavage by more than one mechanism. Here we 

present salient features of some selected photoactivated cleaving agents, which 

cleave DNA through different mechanisms. For convenience, these compounds 

have been divided into two groups on the basis of their likeIy sites of reactivity in 

DNA, namely, sugar or nucleobase. 

1.5.1. Photoactivated Cleaving Agenb Selective for Oxidation of 

Sugar Moiety in DNA 

Oxidation of deoxyribose due to hydrogen atom abstraction from the sugar 

furanose is quite often the key step in DNA cleavage. The resulting sugar radicaIs 

can decompose by a variety of pathways to yield small molecules and DNA 

fragments.2b Since identical deoxyribose residues are found at every step along the 

DNA duplex, the cleavage by hydrogen abstraction is inherently nan-selective 

with respect to the sequence. The sequence selectivity depends on the local 

structure of the DNA and the physicochemical properties of the hydrogen 

abstracting sensitizer. The ability to alter the sequence selectivity of cIeavage by 

varying the structure of the photocleavage agent is a key component in the design 

of new DNA cleavage agents. Therefore, this section deals with the reagents, 

which cleave DNA by the oxidation of sugar moiety. 
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1.5.1.1. DNA Photocleavage Induced by Metal Complexes 

The first DNA photocleaving agent based on uranyl ion (~0 : ' )  was 

introduced by Nielsen and co-workers in 1988.'~ The photoactivated uranyl salts 

were found to spontaneously cleave both supercoiled and linear DNA targets 

resulting in nicks in the DNA. Mechanistic studies indicated that the cleavage 

occurs through abstraction of a hydrogen atom. The intact nncleobases are 

observed as byproducts of the photocleavage and the quantum yield for their 

production (-lo4) matches the quantum yield for plasmid nicking, consistent with 

a mechanism in which the damage is targeted to the sugar and not the nucleobase. 

~ 0 ~ ' '  binds to the DNA by coordinating with phosphate backbone across the 

minor groove with an affinity of the order of 1 0 " ~ - ' ,  making it a valuable probe 

of EocaI structure. Subsequently, the uranyl salts have been successfulI y employed 

as photofootprinting agents to probe a wide variety of nucleic acid structures and 

protein-nucleic acid complexes including imaging of DNA triplexes and gene 

expression regulatorDNA complexes.'6 The uranyl salts are the most useful 

photocleavage agents developed so far, however, there are a few disadvantages 

associated with these salts. One of the drawbacks of these salts is that they need 

either neutral or acidic pH, otherwise uranyl ion forms insoIuble uran yl hydroxide 

aggregates, which makes it inefficient in cleaving DNA. 

BioIogical applications of rhodium complexes, such as DNA and RNA 

photocleavage, have been extensive] y reviewed. ' a Photocleavage of DNA by 
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rhodium (11) complexes (Chart 1.1) containing the phi ligand (phi = 9,lO- 

phenanthrenequinone diimine) (1) has been studied by Barton and co- 

worker~.'~*'~ Irradiation of solutions containing Rh(phi) complexes in the presence 

Chart 1.1 

of DNA results in spontaneous cleavage. Analysis of the product mixture revealed 

the presence of free bases and base propenoic acids, while DNA fragments are 

terminated by 3'-phosphates. These products correspond to those expected from 

hydrogen abstraction from the 3'-carbon of the deoxyribose. The Rhlphi) 

complexes bind to B-form DNA through intercalation of the phi ligand from the 

major groove and the excited state of the complex abstracts a hydrogen atom from 

C-3' of sugar at the intercalation site. 

It has also been reported that rhodium complexes with different ligands can 

generate complexes with varying selectivities for DNA. For example, the complex 

bis(phenanthrenequinone diimine)bip yridyLrhodium(m) ( ~ h ( ~ h i ) ~ ( b ~  y)3') (2, 

Chart 1.1) is a sequence neutral complex in  its reactions with DNA. The role of 

ancillary (non-intercalating) ligands on the DNA cleavage by RhIphi) complexes 
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is quite interesting. ls For example, the A-isomer of [~h(en)~~hi ] '*  (3, Chart 1.2) 

(en = ethylenediamine) cleaves DNA with high selectivity for 5'-GG-3' 

dinucleotide steps, whereas the A-isomer (4, Chart 1.23 exhibits cleavage at all 

sites, with some preference for A/T sites. Thus, the %(phi) complexes represent 

excellent examples of how the cleavage selectivity can be determined through the 

binding selectivity of the photocleaver. The ability to alter the cleavage selectivity 

by varying the ancillary ligands of the complexes provides control, unavailable in 

most other systems. 

Chart 1.2 

Bleomycin, a prwduct of smptomyces fermentation, cleaves DNA via an 

iron-0x0 intermediate and has played a heuristic role in our understanding of the 
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reactions of abiological coordination complexes. Zn 1982, Chang and ~ e a r e s ' ~  

have first reported the DNA cleavage by photoactivated cobdt(II1)-bleornycin 

complex (5, Chart 1.3) and later Saito, Hecht and co-workers2' have studied in 

detail through characterization of the Co(II1)-BLM(Green) complex ( 5 )  and 

employing model systems. When the self-complemen tary dodecamer 5'- 

CGCTITAAAGCG-3' was used as the target, selective cleavage was observed 

after alkaIi treatment at positions C-3 and C-11 and initiation of hydrogen 

abstraction from the C-4kf  the deoxyribose moiety leading to the cleavage at 

coordination sites of 

Bleomycln 

Chart 1.3 

C-3 center. However, experimental details do not offer insights into the nature of 

oxidizing species nor for the mechanism of their function. Catalytic photocleavage 

of DNA by tetraanionic diplatinurn complex, ~ t ~ ( ~ o ~ ) ~ - ( ~ o ~  = pymphosphito) (6. 

Chart 1.4) has been studied by Thorp and co-workersm2' The DNA fragments that 
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arise from the cleavage possess 3'-phosphate and 3'-phosphoglycolatt as well as 

5'-phosphate and 5'-aldehyde termini. This indicates that the cleavage by platinum 

complex is the result of hydrogen abstraction Erom both C-4' and C-5' of 

deoxyribose, respectively. Zaleski and co-w~rkers~~  reported that bis(9-diazo-4,5- 

diazafluorene)copper (II) nitrate complex (7, Chart 1.4) cleaves DNA in the 

presence of visible light under anaerobic conditions and act as a transition metal 

kinamycin model. On the other hand, irradiation of the Fe(II1) complex (8) in the 

Chart 1.4 

presence of plavnid DNA affords both single- and double-strand cleavage:3 with 

significmdy greater efficiency than photolysis of free Ligand in threefold higher 

concentration. From a mechanistic perspective, detection of Fe(U) as a reaction 

product raises important questions concerning the mode of activation of the 



Chapter I :  An overview on photoactivated DNA cleaving agents 17 

kinamycins and 6-diazo-5-0x0-L-norleucine. However, ligand to metal charge 

transfer (LMCT) activated N2 release from Fe(LU.1 complex produces localized 

ligand radical intermediates capable of cleaving DNA and represents a new 

chemical approach for the design of photoactivated cleaving agents. 

The photolysis of CPW(CU)~M~ (9, Chart 1.4) has been shown to produce 

methyl radicals and to cleave DNA in a single-stranded manner. The experimental 

evidence suggests the involvement of carbon-centered radical in this process.24 In 

this work, the mechanism of strand scission was determined to occur by hydrogen 

atom abstraction from the 4'- and 5'-positions of the deoxyribose moiety of the 

backbone of DNA. Additiondly, in a side reaction that does not lead to frank 

strand scission, all four bases of DNA are methylated under these conditions; 

however, none of these bases or backbone modifications lead to the formation of 

abasic sites. 

Chen and co-workers2' have reported that vanadyl (V) complexes serve as 

efficient reagents for cleaving supercoiled plasmid DNA by photoinitiation. 

Complex (10, Chart 1-41, derived from 2-h ydmx y- 1 -naphthaidehyde and L- 

phenylalanine, exhibits a unique wedge feature, inducing a site-selective 

photocleavage at the C22-T23 of the bulge backbone for a W - 2 7  DNA system at 

0.1-5 @I. Transient absorption experiments indicate the involvement of ligand to 

metal charge transfer 0 with concomitant tautomerization. This results in 

the formation of an ortho-quinone-methide V-bound hydroxyl species, which is 

found to be responsible for the cleavage profiles. Fujii and c o - w ~ r k e r s ~ ~  reported 
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photoinduced cleavage of DNA by a cationic Schiff base compIex of manganese 

(11, Chart 1.4). The cationic complex effectively cleaved T-site of DNA in ca. 

88% selectivity upon visible light irradiation. The high seIectivity observed for the 

cationic complex suggests that the cationic organic radical formed by photalysis of 

11 selectively attacks thymine or thymidine, thereby cIeaving DNA at the T site. 

1.5.1.2. DNA Photocleavage Induced by Organic Compounds 

Several photoactivated organic compounds have been found to cause the 

sugar oxidation followed by DNA cleavage either by hydrogen abstraction in the 

excited state or they generate free radicals and hydroxyl radicaIs in sltu, which in 

turn abstract hydrogen atom from the deoxyribose. These include enediyenes (12 

and 13):~ nitroammatics, triazoles (14), anthraquinones (15 and 16), flavin- 

oIigopymles, halogenated bithimoles, N-hydroxypyridones (201, hydroperoxides, 

(18 and 21) etc (Charts 1.5 and 1.6). This section deals with salient features of 

some of these compounds. 

Enediyne antitumor antibiotics are natural products and are believed to 

destroy cancer cells by damaging DNA. These compounds bind to DNA in the 

minor groove and, upon activation, undergo rearrangements to produce 

diradi~als.~'" These are potent DNA cleavage agents, capable of producing single 

and double strand breaks, suggesting their use in a variety of diagnostic and 

therapeutic applications. Compounds that are active and involve diradical 

intermediates in situ include neocarzinostatin, esperamicin A l ,  dynemicin A, 
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C1027 (121, calicheamicin etc.zb These compounds are normally activated by 

reduction, but irradiation also leads to the cleavage of supercoiled DNA. 

Due to the structural complexity of the natural enediynes, a large number of 

simpIified model compounds designed to generate diradicals have been studied as 

photocleavers. Goldberg and co-workers2' have demonstrated that the enediyne 

antibiotic C 1027 (12, Chart 1.55 produces sequence specific covalent DNA drug 

Chart 1.5 

adducts and DNA interstrand cross-links under anaerobic conditions. After 

binding to DNA by intercalation, the enediyne core of C1027 (12) chromophore 
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rearranges to the 3,6-diradical form. The diradical is positioned in such a way that 

one of the radicals abstracts a hydrogen atom from C-4' position of the A l  

nucleotide (A = adenine) and the other radical, from either C-I' of A2 or C-5' of 

A3, ultimately leading to DNA cleavage. 

Wender and co-workersz9 used a similar strategy in developing a series of 

triazole compounds as new photocleavers. Irradiation of triazole (14, Chart 1.5) in 

presence of ethanol led to formation of hydrogen abstraction products, consistent 

with diradical intermediates. The rriazoles photonick plasmid DNA and 

radiolabelled restriction fragments spontaneously. It was found that there is some 

preference for cleavage at GG sites as observed for many photocleavers that react 

with DNA nucleobases by electron transfer. However, the spontaneous nature of 

the cleavage and a distinct preference for cleavage at 3'-G of the GG steps by the 

triazoles argues against cleavage by an electron transfer pathway. 

Schuster and c o - w o r k e r ~ ~ ~  showed that anthraquinones (AQ) photocleave 

DNA by three distinct pathways, which are differentiated by the binding mode of 

the AQ as well as the composition of the buffer (Chart 1.5). One mechanism 

involves an electron transfer from the DNA nucleobases to an intercalated AQ and 

the other two pathways involve hydrogen atom abstraction from deoxyribose.3' 

Anthraquinones possessing electron withdrawing substituents are capable of 

oxidizing organic substrates by hydrogen atom abslaction, since the excited 

singlet state of these molecules is n - e  in character. AQ derivatives (15 and 16, 

Chart 1.5) intercalate into DNA and cleave DNA through hydrogen abstraction. 
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However, if the AQ is present in excess relative to intercalation sites, spontaneous 

sequence-neutral cleavage of the DNA results.30 

The preferential binding of monosubstituted AQ derivatives to DNA by 

intercalation limits their ability to abstract hydrogen atoms from deoxyribose due 

to rapid electron transfer from the nucleobases, which form the intercalation site, 

requiring saturation of the intercalation sites before H-abstraction by non- 

intercalated AQ can occur. However, AQ, (15 and 16, Chart 1 .S), binds ta DNA in 

one of the grooves or by electrostatic association with the backbone phosphates.31 

It has been observed that mode of their interaction has profound effect on the 

photochemical reaction with DNA. Laser studies of AQ derivatives 15 and 16 

showed that sates of electron transfer from the nucleobases ta AQ decreased by ca. 

50-fold when compared to AQ bound through intercalative mode. Spontaneous 

sequence-neutraI cleavage occurs even when AQ is present at non-saturating 

concentrations. Thus, it can be concluded that mode of binding in DNA can play a 

vital role in the cleavage mechanism of photocleavage agents. 

In addition, Nielsen and co-workers3' reported the photocleavage activity of 

a series of acridine-linked nitrobenzamides and Shibuya and colleaguesM have 

demonstrated the photoactivity of nitro substituted oligopymles, which mimic the 

chemistry of netropsin. Recently, Saito and co-workers34 reported the DNA 

photocleavage properties of a family of nitro-substituted naph thalimide 

derivatives. The authors propose that the oxidation reaction is due to photoinduced 

hydrogen abstraction from the methyl of the thymine by the excited state nitro 
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group. In summary, the nitro-substituted compounds are capable of cleaving DNA 

photochemically and that the nitro group likely abstracts hydrogen atoms from the 

deoxyrjbose, leading to spontaneous cleavage, or from the thymine methyl group, 

resulting in piperidine-dependent T-selective cleavage. Jeon and co-workers3' 

report that the 4~brrorn~-2'-flnoroacetophenone (17, Chart 1.5) and 2'-bromo-4'- 

flworoacetophenone derivatives upon irradiation function as DNA cleaving agents 

putatively through the generation and reaction of phenyl radicaIs. 2'-Bsomo-4'- 

fluoroacetophenones revealed higher DNA cleaving activity than 4'-bromo-2'- 

fluoroacetophenone derivatives, supposedly induced by the higher reactivity of the 

phenyI radicaI generated from 2'-bromo-4'-fluosoacetophenones. The attachment 

of a minor groove binding moiety to bromofluoroacetophenone results in 

increased strand scission of DNA main1 y in sequence selective manner. 

1.5.1.3, DNA Cleavage Induced by HydroxyF Radical Generators 

One of the well known DNA cleaving agents is the hydroxyl radical, which 

abstracts hydrogen atom from deoxyribose to give sugar radicals.2b Several 

methods exist for production of hydroxyl radicals, the simpIest of which involves 

irradiation of hydrogen peroxide with UV light, leading to 0-0 bond homolysis. 

MacGregor showed t h d 6  irradiation of 100 mM H202 in the presence of DNA 

results in spontaneous, sequence-neutral cleavage of DNA. Saito and co-workersl7 

reported the production of hydroxyl radicals by the irradiation of 

naphthalenediimide hydroperoxide (18, Chart I .6) and characterized the 
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hydroxyl radicals by DMPO trapping and ESR spectroscopic studies. Further, 

photonicking of supxi led  plasmid DNA by this hydraperoxide was found t~ be inhibited 

by 1 mM sodium benzoate, consistent with hydroxyl radical mediated cleavage 

mechanism. When the cleavage selectivity was studied with radiolabelled 

restriction fragments, damage was found to occur with higher selectivity at 5 ' 4  of 

GG sites and required piperidine treatment. This observation with the restricted 

fragment is inconsistent with the hydroxyl radical mediated damage, unless the 

compounds bind to DNA sequence selectively. 

HOO H3C & 

Chart 1.6 

Other compounds that are known to produce hydroxyl radicals are the 

heterocyclic N-oxide derivatives3' (19). N-hydroxypyridones (20) and 
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furocoumarin hydroperoxides (21-23) (Chart 1.6). '' For example, irradiation of N- 

oxide in water results in the production of 2 equivalents of hydroxyl radicals per 

N-oxide precursor, but radicals are not produced if the irradiation is performed in 

acetonitrile. The N-oxide (19) was able to photonick plasmid DNA in a process 

that could be inhibited by the radical scavenger DMSO. However, production of 

hydroxyl radicals in the presence of DNA was not demonstrated. Furocoumarin 

hydroperoxide (Chart 1.6) (21) upon photoactivation with UV light, cleave 

plasmid DNA by in situ generation of hydroxyl radica~s.~' The analysis of DNA 

damage by employing various endonuc2eases indicated that the damage profiles 

are similar to that of yradiation induced damage. The damage was inhibited by 

hydroxyl radical quenchers such as test-butanol and DMSO and the involvement 

of hydroxyl radicals in these reactions was fufiher confirmed by isoIation of 

products and also by trapping with phenol, adamantane and DMPO.~' 

An alternative source of hydroxyl radicals is through superoxide dismu tase 

reaction, producing hydrogen peroxide and oxygen (eq 1.1). The hydrogen 

peroxide then can undergo homolysis in the presence of UV light or after 

reduction by metal ions (Fenton reaction)13 to produce hydroxyl radicals. Thus, 

any agent that is capable of reducing oxygen to superoxide can produce hydroxyI 

radicals and the radical of transient rnetal~.~?here are many examples of natural 

compounds42 which photocleave DNA by processes which are partiaIly inhibited 
0 
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by radical scavangers. These photocleavers are also susceptible to inhibition by the 

enzyme catalase, which decomposes hydrogen peroxide to water and oxygen. 

Superoxide dismutase (SOD) detects superoxide in the reaction by catalysing the 

reaction indicated in the equation 1.1 i.e. hydrogen peroxide production can be 

faster in the presence of SOD than in its absence. Thus, inhibition of DNA 

cleavage by SOD without catdase means that superoxide plays a significant and 

complex role in the cleavage mechanism than serving as a precursor to hydrogen 

peroxide. 

1.5.2. Photoactivated Cleaving Agents Selective far Oxidation of 

NucleobAses in DNA 

Cleavage of DNA strand as a result of chemicaI reactions initially occurring 

on the nucleobase usually requakes a second reaction step such as heat, alkali, or 

enzymatic treatment to effect strand scission? Hence, compounds that react with 

the nucleobases of DNA will not be inducing spontaneous cleavage in comparison 

with systems that react with sugar residues. This class of photocleavage agents 

function by three distinct processes: (i) direct electron transfer from the 

nucleobase to the excited state of the photocleaver; (ii) triplet energy transfer from 

the excited photocleaver to molecular oxygen producing singlet oxygen, which 

then reacts with nucleobases and (iii) formation of an adduct with the nucleobase. 

Figure 1.5 shows the reaction of a nucleobase, for example, guanine with singlet 

oxygen, hydrox yI radicals and ionizing radiatiodelectron acceptors. H ydrox yI 
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radicals (HQ*) are very short lived and react with sugar and nucleobases. The 

oxidation potentials and reactivities of the four nucleobases vary over a wide 

range, with guanine being the most easily oxidized as well as the most reactive 

towards singlet The adduct formation on the other hand occurs with 

- 
Type I reactlon b ~ i b  

H2N 
dGuo b ~ i b  

Oxazolone 

8-OHdGud 

dGuo (02) Fapy-dGuo 

4-OH-8-OxodGuo - 
Figure 1.5, Structures and general scheme for oxidative modification of 
deoxyguanosine (dGuo) through different mechanisms. 



Chapter I :  An overview on photoactivated DNA cleaving agents 27 

different selectivities, depending on the reaction mechanism. With nucleobases 

they add to the double bond thereby generating piperidhe dependent cleavage sites. 

Superoxide radical anion formed in situ by electron transfer mechanisms does not 

react directly with DNA to produce damage, but reacts h u g h  an iron-catalyzed 

process to yield hydroxyl radicals (Fenton reaction).j3 

1.5.2.1. Singlet Oxygen Generators 

Electronically excited compounds that undergo efficient inters ystern 

crossing to the triplet state and have sufficiently high triplet energy can generate 

singlet oxygen by energy transfer to molecular oxygen. Singlet oxygen is a highly 

reactive species that preferentially adds to The resulting oxidized 

guaniie is sensitive to piperidine treatment which induces a strand scission." 

Performing experiments in D 2 0  rather than in H20 can lead to a substantial 

increase in the cleavage efficiency since the lifetime of singlet oxygen is 

significantly longer in D20 as compared to ~ 2 0 . ~ ~  

Numerous systems have been reported to cleave DNA involving singlet oxygen 

mechanism. These include dioxetanes (24): porphyhs (25 and 26),07 fullmnes,48 

psoralens (271'~ and ruthenium complexes (Chart 1.7). Adam and co-workersd6 

demonstrated that dioxetanes (243, particularly, 3-(hydroxymethy1)-3,4,4trimethyl- 

12-dioxetane (HTMD), is an efficient photooxidant of 2"-deoxyguanosine (dGuo) on 

thermal activation in dark. These molecules constitute excellent chemicd tools to 

study photobiological processes without the use of light. The HTMD on thermal 
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activation generates triplet excited state of ketones, which in situ produces singlet 

oxygen through energy transfer. Singlet oxygen then reacts with dGuo to give the 

typical type U photooxidation products such as 8-oxodGuo and 4-OH-8-oxodGuo 

(Figure 1.5). A %fold increment in &oxodGue product formation was observed in 

D20 when compared to water indicating thereby the involvement of singlet 

Chart 1.7 

oxygen in these reactions. By employing 1,2-dioxetanes as chemical source for 

electronically excited ketones (">hotobiology without light"), numerous studies 

have been carried to explore the biological importance of these molecules. 

Porphyrins are well known singlet oxygen generators and cIeave DNA 

selectively at guanine  residue^.'^ Magda, Sessler and ~o -workers~~  reported the 

photocleavage activity of several expanded porphyrins (25 and 26, Chart 1.7). 
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These compounds were found to initiate photonicking of supercoiled plasmid 

DNA upon irradiation at wavelengths above 700 nm. Sodium azide strongly 

inhibited the cleavage, which is indicative of a singlet oxygen mechanism in these 

reactions. The significance of this work lies in the use of long wavelength of 

irradiation, which is essential for in vivo photodynamic therapy applications. 

Porphysins can also be used to probe nonduplex structures in nucleic acids. 

Tetracationic porphyrins50 (Chart 1.7) for example, were found to bind with high 

seIectivity at a DNA three way junction, then initiate photocleavage at guanine 

residues adjacent to the junction. 

Relene and co-workers5' demonstrated that irradiation of 3-carbethoxy- 

psoralen (27) in the presence of DNA and followed by piperidine treatment 

resulted in selective cleavage at GG sites with modest preference for 5'-G. When 

the experiments were carried out in DzO, an enhancement in cleavage yield was 

observed, suggesting the involvement of singlet oxygen. Thus, while the cleavage 

pattern was inconsistent with a singlet oxygen process, the n~echanistic 

experiments were. Detailed studies indicated that both singlet oxygen and electron 

transfer pathways were operative in the case of 3-carbethoxypsaralene. 

1,5,2.2. DNA Photocleavage f hraugh Electron Transfer Mechanism 

Recently, a number of small rnolecuIes that oxidize DNA by photoinduced 

electron transfer mechanism have been reported. The most important systems 

include ethidium bromide (281, riboflavin5' (29), naphthalimides and 
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anthraquinone derivatives (30)~'~~' (Chart 1.8). A unique feature of the cleavage 

induced by these systems is that it predominates at the 5'G of the GG step with a 

ratio of approximately 5: 1. Oxidation of guanine by an excited state photocleaver 

(P) produces the G-radical cation and the P radical anion as shown in equation 1.2. 

* 
P +G- P.-+ 6+ 11 .2) 

The subsequent reactivity of Gq is complex and highly dependent on the 

secondary sttucture of the DNA, leading ta both 8-OxodG and oxazolone 

decomposition products (Figure 1.5)."" 8-OxodG is detected in conjunction with 

photocleavage at G by electron transfer agents, but Cullis and co-workers 

questioned whether this lesion is the one which is actually cleaved by piperidine 

treatment or is merely incidentaln5' Photocleavage of B-form DNA by electron- 

transfer agents is highly selective for guanines but can be distinguished from that 

of singlet oxygen based on the difference in the efficiency of cleavage at different 

G sites. Zn particular, guanines located on the S-side of at least one other G are 

strongly preferred over all  other cleavage sites. Rawanishi and co-workers 

reported that irradiation of riboflavin (29) (Chart 1.8) with W light in the 

presence of DNA led to piperidine dependent cleavage at the 5'-G of 00 

8-OxodG was detected as a byproduct of the chemistry. An electron transfer 

mechanism was suggested but the 5'-preference for the cIeavage could not be 

explained. 
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Saito and co-workerss6 performed mechanistic experiments for 

understanding the factors leading to cleavage at GG sites and particularly 

preference for the cleavage at the 5 ' 4  of the GG steps. The quantum yield for 

cleavage of the hexamer duplex 5"TTGGTA-3'3-TACCAA-3' by lysine- 

naphthalimide was determined to be 3 x lo4 with a 8:2 preference for the 5'-G. 

Chart 1.8 

Laser experiments demonstrated the production of imide radical anion with 

the same microsecond time scale kinetics as quenching of the imide triplet 

state. providing evidence for a photoinduced electron transfer reaction. Ab initio 

calculations have been used to expIain the intriguing selectivity for cleavage at GG 

steps by electron transfer agents. Results of calculations of all 10 of the possible 

stacked base paired dinucleotide steps revealed that GG steps were by far the most 

easily oxidized of the 10 and that the highest occupied molecular orbital (HOMO) 

for GG was localized almost excIusively on the 5'-G, both in the neutral and 

radical cation forms. 
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Schuster and co-workers3* reported that the anthraquinone derivative (15) 

(Chart 1.5) cleaves DNA exclusively through electron transfer mechanism. In 

addition to other experimental evidence, they have made use of laser spectroscopy 

to understand the mechanism. AQ in the presence of DNA produced a radical 

anion of 30 by electron transfer from a nucleobase within 20 ps after excitation 

with a laser pulse, effectively precIuding reaction by other pathways. This 

radical anion subsequently decayed by approximately 30% over the next 100-200 

ps and is then stable for several microseconds, until it transfers an electron to 

oxygen, thereby producing superoxide radical anion and recycling of AQ. 

One of the key components to successful cleavage of DNA by an electron 
9 

transfer mechanism is inhibiting the exergonic back electron transfer.5a357 To 

circumvent the back electron transfer, Kochevar and co-workers5%ave adopted a 

co-sensitizer approach. The photosensitization involving the co-sensitizer that is 

bound far away from the sensitizer is expected to inhibit the back electron transfer 

and thereby increase the DNA modifications. For example, ethidium bromide (28, 

Chart 1.8), which is a very good intercalator and viologen, a groove binder were 

simultaneously bound to duplex and then irradiated with visible light to seIectively 

excite ethidium bromide. Ethidium chrornophore does not react appreciably with 

DNA by electron transfer, but it can be oxidized by the surface bound viologen 

producing the ethidium radicaI cation and the viologen radical cation. The 

oxidized ethidium can then accept an electron from one of the nucleobases in 

DNA, retarding back eIectron transfer. Meanwhile, the reduced vioIogen can give 



Chapter I :  An overview on photoactivated DNA cleaving agents 33 

the electron to oxygen, f d e r  separating the hole from the electron. This process 

led to the G-selective cleavage of duplex DNA. Recently, Fukuzurni and co- 

w o r k e r ~ ~ ~  reported the direct detection of nucleotide radical cations through the 

photoinduced electron-transfer mediated oxidation of DNA bases by charge- 

separated state of 9-mesityl- 10-methylacridiniurn ion, resulting in efficient DNA 

cleavage in the absence of oxygen. 

Ihmels and co-workers investigated various photoprocesses of the 

photoactivated acridizinium salts (32) in the presence of DNA and evaluated their 

reIevance for the subsequent DNA damage. Under aerobic conditions, triplet 

sensitization leads to formation of lo2, which causes oxidative base modifications 

in DNA. Under anaerobic conditions, an electron transfer reaction predominates 

resuIting in hydroxyl radicals, which abstract hydrogen atoms from the DNA 

backbone and induces a direct strand cleavage. It has also been observed that the 

intendated acridizinium salt undergoes initidly pho toinduced electron transfer 

reaction with the DNA bases; however, due to the fast back electron transfer 

processes, the contribution from the excited state of the intercalated dye was found 

to be negligible to the overall DNA damage induced by this system. Camptothecin 

(CPT) (33) is an anticancer drug that inhibits topoisomerase I ('Topo I), an enzyme 

closely linked to cell division, by forming a ternary DNA-CPT-Topo I complex. 

However, Vako and co-workers" have argued against this hypothesis. They have 

demonstrated h a t  the photoactivation of CPT in the absence of Topo I generates 
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significant amount of oxidative DNA damage due to the generation of free radicals 

and formation of such free radicals were confirmed through ESR studies. 

1.5.3. Photoactivated DNA Cleaving Agents Selective for DNA 

Sequences 

DNA double helix can be subjected to several sequence restrictions and 

upon interacting with a third strand of oligonucleotide can lead to the formation of 

DNA triple helix.Ib This feature has been exploited as a potential strategy for 

regulating gene expressi~n. Association of a third strand with a duplex is 

themodynamicdy weaker and kinetically a slower process than the duplex 

formation itself. Their instability under normal physiological conditions is a 

critical limitation that restricts the use of triplex DNA under in vivo conditions. 

Various approaches are being expIored to improve their stability. Since triplex 

formation allows small molecules to recognize and associate specifically with 

selective sequences of duplex DNA, there have been efforts to develop ligands, 

which can discriminate between duplex and triplex DNA helices. 

Oligonucleotides can recognize single- and dou ble-s tranded nucleic acid 

targets by forming Watson-Crick base paired duplexes or Hoogsteen base paired 

triplexes, respectively.'b There are two advantages for tethering a photocleaver to 

an oligonucleotide: (i) depending on the cleavage mechanism, the opportunity 

exists for sequence-specific cleavage of the nucleic acid target, and (ii) restricting 
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the photocleavage agent to one (or only a few) binding sites can greatly facilitate 

elucidation of the cleavage mechanism. 

Helene and co-workers reported the G-selective photocleavage by 

porphyrin-oligonucleotide conjugates (34 and 35, Chart 1 . 9 ) ~ ~ '  DNA oligomers 

consisting of seven consecutive thymine residues and a porphyrin photosensitizer 

located on either 3'- or 5'-end of these conjugates were synthesized by solid-phase 

methods. Hybridization of the oligomers with a DNA 27mer single-strand 

containing an A7 recognition site and irradiation with visible light led to extensive 

cross-linking of the two strands. Further treatment with piperidine led to a 

significant decrease in the amount of cross-linked material and the appearance of 

Chart 1.9 

cleavage bands particularly at guanine sites. Significant cleavage bands were 

found in the direction where the porphysin was expected to be positioned (i.e. 5'- 

end for the 3'-linked porphyrin and vice versa) and the intensity of the cleavage 

was greater at site G that is closest to the porphyrin chromophore. The 
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directimality and base selectivity of the cleavage are consistent with production of 

singlet oxygen by the excited porphyrin chrornaphore and its reaction with DNA 

within the vicinity of the porphyrin. Similarly, SessIer and reported 

the enhanced cleavage selectivity with the expanded porphyrins linked to various 

oligonacleotide sequences. 

There are also reports that fullerene Cm cleaves DNA selectively at site G 

by singlet oxygen. Miyata and ceworkersa reported the photocleavage activity of 

C& and &dine-% conjugate (36, Chart 1.10). It was observed that the irsadiation of 

Csa led to about 25% conversion of supercoiled DNA to nicked form within one hour 
C 

at 35-40 %, The acridhe-& conjugate, on the other hand, showed a stronger DNA 

cleaving activity which was attributed to the intercalating affinity of the acridint 

moiety and generation of singlet oxygen within the matsix. However, a recent study 

by Foote and co-workers questioned this mechanism through Cm linked 

oligonucleotide (38, Chart 1.10)." In such sys terns, they observed photocleavage 

primarily at G residues, but neither enhancement in D20 nor inhibition by azide, 

was observed. On the other hand, eosin-oligonucleotide (39, Chm 1.10) conjugate 

showed G-selective cleavage, but in this case, the cleavage was enhanced by D20 

and inhibited by azide, as expected for singlet oxygen mediated cleavage. It seems 

unlikely that D20 and azide would have such different effects if singlet oxygen 

was involved in the cleavage induced by Cm and eosin derivatives. These results 

clearly indicate that the cleavage mechanism induced by CbO invoIves both electron 

transfer processes as wen as singlet oxygen. ~Cyclodextrin-bicapped & 
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( C & w D )  (37, Chart 1.10):~ on the other hand, shows an efficient DNA 

cleaving-activity in the presence of NADH (enicotinamide adenine dinucleotide, 

reduced form) in an 02-saturated aqueous solution under visible-light irradiation. 

No significant DNA cleavage has been observed without NADH under similar 

experimental conditions. Though singlet oxygen (lo2) formation has been 

established through ESR studies, but the detaiIed results using various additives 

indicate that neither triplet excited state of C6dyCD nor b2 is involved in the 

DNA damage induced by C d y  CD. 

rn 

Br 
38 39 

H 
40 

Chart 1.10 

Hybridization of azidoproflavine derivative (40, Chart 1.10) linked to a 

oligonucleotide T9 sequence with its complementary sequence in a 2:l 
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stoichiornetry, yields triple-stranded structure." Irradiation of this triple helix led 

to photocross-linking as well as piperidine dependent strand breaks at both ends of 

the target region, indicating that two T9 strands bind in opposite directions. 

However, the addition of this conjugate to a duplex of A9.T4 sequence and 

followed by irradiation led to the piperidine dependent cleavage on both strands of 

the duplex, but significantly only at one end of the recognition site. These results 

demonstrate that Tg strand binds to the duplex target through one preferred 

orientation, namely the parallel alignment to the third A9 strand, indicating the 

importance of orientation of triple herices Jn the darnage induction. 

1.6. Objectives of the Present Investigation 

Since photoactivated DNA cleaving agents possess significant practical 

advantages over the reagents that cleave under thermal conditions, one of our 

objectives was to design bifunctional molecules that cleave DNA purely through 

p hotoinduced electron transfer mechanism. Our strategy was to construct molecules 

in which both an intercalating functiondity and the electron acceptor moiety are 

connected by a flexible Iinker chain. The intercalator was so chosen as to act as a 

sensitizer with absorption in the UVA region (h  > 360 nm) and is capable of 

transferring eIectrons, upon excitation to the acceptor moiety. The important 

productive reaction in such systems i s  the photoinduced one electron oxidation of 

DNA, which subsequently results in the cleavage of DNA. In this context, we have 

recently reported DNA binding and cleaving efficiencies of a few acridinium and 



Chapter I :  An overview on pkotoactivated DNA cleaving agents 

bisacridinium systems and conjugates consisting of acridine chromophore as 

sensitizer and the viologen moiety as ~o-sensit izer.~~"~ These molecules exhibited 

high affinity for DNA and induced DNA damage that is characteristic of an electron 

b.ansfer mechanism involving two different pathways (Figure 1.6). One of these 

pathways follows the oxidation of DNA by the excited state of acridine (path A); 

whereas the other one involves the oxidation of DNA by the charge separated 

cs1 y 

Acr 
pahA @ damage 

Figure 1.6. Schematic representation of pathways A and B for the 
oxidative DNA damage induced by the photoactivated viologen linked 
acridine derivatives (Acr = Acridine, V = Viologen moiety, GS = Ground 
state complex, ES = Excited state complex, CS = Charge-separated state), 

viologen linked acridine (path B). Eventhough both these pathways Iead to the 

oxidation of DNA, back-electron transfer from the excited ncridine to DNA 

involved in the former pathway reduces the efficiency of the DNA damage. 
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Progress in this area would q u i r e  new strategies to reduce the back electron 

transfer between the donor-acceptor dyads and DNA bases and for the efficient 

oxidation of DNA through co-sensitization mechanism. 

In the present investigation, we have designed a new series of novel 

bifunctional conjugates consisting of intercalating pyrene chromophore as a 

sensitizer and the viologen moiety as an electron acceptor cum co-sensitizer. Both 

the sensitizer and cosensitizer can bind with DNA through non-covalent interactions 

and the binding affinity in these systems can be tuned by varying the length of he 

Sinking spacer group. Similarly, the spacer group so varied that it can also control 

the electron transfer processes between the sensitizer and cosensitizer. Another 

objective of our investigations was to evaluate how efficiently these molecules 

interact with various nucleosides and DNA and cleave DNA upon photoexcitation. 

We have investigated the interactions of these bifunctional moIecuIes with 

nucIeosides, calf thymus DNA and polyoligonucIeotides through photophysicd and 

biophysical techniques and investigated their efficiency of pIasrnid DNA cleavage 

employing various restriction enzymes, Yet another objective of our investigations 

has been to evaIvate the cytotoxicity of the bifunctional conjugates in the dark as 

well as under irradiation conditions so that they can have potential biological 

applications. It was also our interest to Investigate the interaction of a few viologen 

linked acridine derivatives containing aliphatic and aromatic spacer p u p s  with 

organized media. In this context, we have examined the photophysicd properties of 

these systems in presence of p-cyclodextrin, evaluated She intramolecular electron 
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transfer processes and characterized the inclusion complexes through various 

photophysical, electrochemical, chiroptical and microscopic techniques. 
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Chapter 2 

SYNTHESIS AND STY DY OF PHOTOPHYSICAL 
PROPERTIES OF A FEW VIOLOGEN LINKED PYRENES 

2 . .  Abstract 

f 

With the objective of developing efficient DNA oxidizing agents, a new 

series of viologen linked pyrene conjugates having different number of methylene 

spacer units (n)  was synthesized and their interactions with nucleosides have been 

investigated through photophysical and laser flash photolysis techniques. The 

violngen linked pyrene derivatives 1 (n  = I ) ,  2 (n = 7) and 3 (n = 12) exhibited 

characteristic fluorescence emission of the pyrene chremophore centered around 

380 nm, but with significantly reduced yields, when compared to the model 

compound, 4. The fluorescence quenching observed in these systems is explained 

through an electron transfer mechanism based on calculated favorable change in 

free energy (AGET = -1 -59 eV) and redox species characterized through laser flash 

photel ysis studies. Intramolecular electron transfer rate constants (kET) were 

calculated from the observed fluorescence yields and singlet lifetime of the model 

compound and are found to decrease with increasing spacer length. As per the 

calculated change in free energy values for the electron-transfer reaction between 



Chapter 2: Photophysical properties of viologen linked pyrene derivatives 50 

nucleobases and the pyrene derivatives, we observed negligible quenching of 

fluorescence of the viologen-linked pyrenes with the addition of the nucleobases. 

Photoactivation of these systems initiate electron transfer from the singlet excited 

state of the pyrene chromophore to the vio1ogen moiety followed by an eIectron 

transfer from either guanosine or DNA to the oxidized pyrene. This reaction results 

in the formation of stable charge separated species such as radical cations of 

guanosine or DNA and reduced viologen as characterized by Iaser flash photolysis 

studies and subsequently the oxidized DNA modifications. These novel systems are 

.I: soluble m buffer media, stable under irradiation conditions and oxidize guanosine 

and DNA efficiently and seIectively through co-sensitization mechanism and hence 

can be useful as photoactivated DNA cleaving agents. 

2.2. Introduction 

Design of funcltiond molecules that bind selectively to DNA and are capable 

of modifying duplex or single stranded DNA is an active area of research that has 

important biochemical and medicinal applications. ' Several molecules, which 

induce DNA modifications by various mechanisms, have been reported in the 

literature? Among these, the photoactivated DNA oxidizing agents have been found 

to possess significant practical advantages over the reagents that cleave DNA under 

thermal conditions.' An interesting aspect of these agents is that they allow the 

reaction to be controlled spatially and temporaIIy by combining all of the 

components of the reaction mixture before the irradiation, Excitation of the reaction 
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mixhire with an appropriate light source initiates the reaction, which continues until 

the light is shut off.'5 The ability to control light in both spatial and temporal sense 

would be advantageous for various biological applications. 

By absorption of light, these reagents are known to modify DNA t h u g h  

different mechanisms, including the electron-transfer reaction, generation of 

diffusible and non-diffusible reactive intermediates, and H-atom ab~traction.~'~ In 

the latter two processes, selectivity of the DNA cIeavage is rather difficult to attain, 

as these rea&ions are generally non-specific, while the former mechanism is shown 

to have base selectivity. A large number of simple organic as well as inorganic 

sensitizers have been reported, which oxidize DNA through photoinduced electron 

transfer rne~hanisrn.~'~ However, most of these sensitizers were found to be less 

efficient due to the existence of efficient back electron transfer between the resultant 

oxidized DNA and the reduced sensitizer, To overcome the drawback of the back 

electron transfer process associated with such systems, a few examples based on co- 

sensitization mechanism have been developed.9n10 These systems consists of a 

sensitizer, which is also an intercalator, transfers an electron upon excitation to a co- 

sensitizer (electron acceptor), bound on the surface of DNA. The photosensitization 

involving the GO-sensitizes that bound far away from the sensitizer is expected to 

inhibit the back electron transfer and thereby increase the DNA modifications. 

However, in reality, only a marginal improvement in DNA oxidation was observed 

using these systems owing to the complications with respect to the concentration, 

distance and DNA binding affmities of the sensitizer and co-sensitizer. Therefore, 
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molecules that exhibit considerable DNA binding affinity and specificity in 

cleavage are yet to be achieved. 

Recently, we have reported DNA binding and cleaving efficiencies of a few 

bifunctional conjugates consisting of acridine as sensitizer and the vioIogen moiety 

as co-sensitizer." These molecules exhibited high affinity for DNA and induced 

DNA damage that is characteristic of an electron transfer mechanism involving two 

different pathways. One of these pathways follows the oxidation of DNA by the 

excited state of arridine; whereas the other one invoIves the oxidation of DNA by 

the &age separated viologen linked acridine. Eventhough both these pathways lead 

to the oxidation of DNA, back-electron transfer from the excited acridine to DNA 

involved in the former pathway reduces the efficiency of the DNA damage. 

Progress in this area would require new strategies to control the sequence of 

electron bansfer reactions between the donor-acceptor dyads and DNA bases and 

for the efficient oxidation of DNA through co-sensitization mechanism. 

In this context, we have designed a new series of donor-acceptor 

conjugates, which can strongly bind to DNA and in principle, can oxidize DNA 

selectively though co-sensitization mechanism (Figure 2.1). We chose pyrene, a 

known intercalator, as the electron donor, whereas the viologen moiety, a groove 

binder as the electron acceptor. These molecules were designed on the basis of 

theoretically calculated change in free energy values for the electron transfer and 

photophysical studies. The present Chapter deals with the synthesis and 

photophysical properties of a few novel bifunctional viologen linked pyrene and 
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Electron donor ) 
n I=I 

Co-sensitizer/ 
Ele&on acceptor 

~ a n s f e r  and DNA 
binding pmperties 

P 
Figure 2.1, Schematic representation of the co-sensitization strategy 
adopted for the design of photoactivated DNA cleaving agents. 

anthracene conjugates (Figure 2.2) including inter- and intramolecular electron 

transfer reactions and their interactions with nucleosides. Our results demonslate 

that the pyrene moiety in these rnolecuIes constitutes an interesting variation and 

plays a major role in controIIing the electron transfer pathways, which ultimately 

lead to the efficient photoxidation of DNA. 

Figure 2.2. Structures of the viololen linked pyrene and anthracene 
conjugates used for the present investigation. 
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2.3.1. Synthesis of a Few Bifunctional Conjugates 

The synthesis of the viologen linked pyrene conjugates 1-3 and the model 

derivative 4 was achieved as shown in Schemes 2.1 and 2.2. I-Pyrene- 

carboxaldehyde was prepared in 91% yield through modified VilEsmeier-Hack 

reaction of pyrene with N-methylfomanilide and phophonylchloride and was then 

reduced with sodium borohy&de to yield 84% of 1-(hydroxymethyI)pyrene (8). 
P 

Subsequently, 1 -(brornomethyl)pyrene (9) was synthesized in 82 % yield by the 

reaction of 1 -(hydroxyrneth y1)pyrene with phosphorus tribmmide. The synthesis of 

the model derivative 4 was achieved in 45% yield through the SN2 reaction of the 

compound 9 with dry triethylamine, while with 1-butyl-4,4-bipyridinium bromide 

gave the viologen Iinked pyrene conjugate 1 in 29% yield. 

Scheme 2.1 
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The synthesis of the bromoaIkylpyrenes 10 and I1  was achieved in 

moderate yields through the bromoalkylation of 1-(hydsoxymethy1)pyrene (8) with 

the corresponding a,o-dibrornoalkane using sodium hydride in dry THF as shown 

in Scheme 2.2. The SN2 reaction of LO and 11 with 1-butyl-4,4'-bipyridinium 

bromide gave 53% and 4296, respectively, of the viologen linked pyrene 

conjugates 2 and 3. 

' F  

@ Br(CH2),Br NaH,THF CH3CN, Reflux 28r 

I I, Rellux 

/ 
- 

8 

Scheme 2.2 

The synthesis of the vioIogen linked anthracene conjugate 5 was achieved 

as per the Scheme 2.3. 9-An~hracenecarboxaldehyde was reduced using sodium 

borohydride to yield 90% of 9-(hydroxymethyl)anthracene (13). The reaction of 13 

with phosphorus tribromide gave 9-~romomethy1~anthtacene (14) in 87% yield. 

The viologen linked anthracene conjugate 5, on the other hand, was obtained in 

26% yield through the SN2 reaction of 14 with 1-butyl-4,4'-bipyridinium bromide. 

These bifunctional conjugates and the model derivative were purified and 

characterized on the basis of analytical results and spectral evidence. 'H NMR 

spectrum of the vioIogen linked pyrene 1 in DMSO-d6, for example, showed peaks 

corresponding to the quarternized methy lene groups at 64.69 and 6.82, whereas 
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5) R = (CH2)3CH3 
Scheme 2.3 

the aliphatic protons corresponding to the butyl group appeared as multiplets in the 

region between 60.90 and 1.97. While the aromatic protons corresponding to the 

pyrene and the viologen moieties appeared as rnriltiplets in the region between S 

7.5 and 9.85. On the other hand, the higher conjugates 2 and 3 showed a single 

peak corresponding to both the guartemized meth ylene groups at 5 4.69, whereas 

the diphatic protons corresponding to the spacer and butyl groups appeared as 

multiplets in the region between 60.94 and 3.64. 'H NMR spectrum of the model 

compound 4 in DMSO-d6, showed a multiplet corresponding to the methyl groups 

at S 1.25 and peaks corresponding to the quarternized methylene groups at 6 3.35 

and 5.31, whereas the aromatic protons corresponding to the pyrene moiety 

appeared as multiplets in the region between 68.17 and 8.73. 

The "C spectrum of 1 showed five sp3 carbons appearing at 6 13.8, 19.2. 

33.2, 52-7 and 61.8 corresponding to the four carbons of n-butyl group and one 
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methylene carbon. The other aro~natic carbons appeared in the region between 8 

109.9 and 146.2. Similarly, the I3c spectra of the higher homologues 2 and 3 

showed twelve and eleven sp3 carbons, respectively, corresponding to the four 

carbons of n-butyl group and methylene carbons present in the spacer groups. On 

the other hand, the ''c spectrum of the model compound 4 showed three sp3 

carbons corresponding to the two carbons of ethyl groups and one methylene 

P 

carbon corresponding to the spacer. The mass spectra of the viologen linked 

pyrene derivatives 1-3 gave a molecular ion peak in each case corresponding to 

M%i,  indicating that one of the bromide ions is closely associated with the 

organic ligand (M+). SirniIarly, the mass spectrum of the viologen linked 

anthracene derivative 5 showed the molecular ion peak corresponding to M*Br-. 

2.3.2. Photophysical Properties 

Figure 2.3 shows the absorption spectra of the viologen linked pyrene 

conjugates 1-3, the model compound 4 and the viologen linked anthracene 

conjugate 5 in 10 mM phosphate buffer containing 2 mM NaCl. The viologen 

linked pyrene conjugates 1-3 and the model compound 4 in I0 mM phosphate 

buffer showed characteristic absorption spectra with a maximum at 344 nrn, 

corresponding to the pyrene chrornophore. The absorption spectra of these 

derivatives in buffer can be described as the sum of the absorption bands of the 

pyrene chrornophore and viologen (Mv2+) moiety. There is no evidence for any 

ground-state charge-transfer interaction existing between the pyrene and viologen 
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Figure 2.3, Absorption spectra of 1 (0.56 x 1u5 M), 2 (0.55 x M), 3 
(0.5 x M), model compound 4 (0.51 x lom5 M) and 5 (0.73 x M) in 
phosphate buffer (10 mM, pH 7.4) containing 2 m M  NaCI. 

moieties in these systems. The absorption properties of the viologen linked pyrene 

conjugates in buffer are summarized in Table 2.1. Similarly, the viologen linked 

anthracene conjugate 5 in 10 mM phosphate buffer showed characteristic absorption 

spectrum with a maximum at 372 nm, corresponding to the anthracene 

chromophore, indicating thereby that no ground-s tate charge-transfer interactions 

exist between anthracene and viologen moieties present in this system. 

Figure 2.4 shows the fluorescence emission spectra of 1-3 and the model 

compound 4 in buffer. All these compounds show structurally similar fluorescence 

spectra characteristic of the pyrene chromophore with a maximum around 380 nm. 

The fluorescence quantum yields of the viologen linked pyrene derivatives were 

calculated and are found to be two orders of magnitude less than that of the model 
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Figure 2.4. Fluorescence emission spectra of 1-3 (Multiplied by a factor of 
25 for clarity) and model compound 4 in buffer. Excitation wavelength, 340 
nm. Inset shows the fluorescence emission spectrum of 5. Excitation 
wavelength, 360 nm. 

compound 4 (Table 2.1). For example, the model derivative 4 exhibited a emission 

quantum yield of @+ = 0.32, whereas significantly lower values of @ = 0.0021, 

0.0044 and 0.0058, respective1 y, were observed for the bifunctional derivatives 

1-3. Inset of Figure 2.4 shows the fluorescence emission spectrum of 5 in buffer. 

This conjugate showed fluorescence spectrum characteris tic of the anthracene 

chromophore with a maximum around 410 nm with a significantly lower 

fluorescence quantum yield vdue of Qf = 0.001, as compared to the 9- 

(hydroxymethy1)anthracene (a = 0.3). 

In order to understand the excited state properties of the viologen linked 

pyrene derivatives, we have carried out picosecond time-resolved fluorescence 
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Table 2.1. Absorption (&) and fluorescence (A,) properties of viologen 

linked pyrene derivatives 1-3 and model derivative 4 in phosphate buffer 

(10 mM, pH 7.4ja 

Compound A,, nrn A m r  nm k;, s-' 
E. M - ' c ~ - !  aa x 102 

" The data are the average of more than two independent experiments and 

the enor is ca. k5%. Intramolecular electron bmsfer rate constants are 

determined using the fluorescence lifetime of the model derivative 4 in 
buffer (z = 118.8 ns). 

studies in buffer, using the single photon counting technique, Figure 2.5 shows the 

fluorescence lifetime decay profiles of the viologen linked pyrene derivatives 1-3 and 

the model compound 4. The viologen linked pyrene derivatives exhibited 

triexponential fluorescence decay, while the model compound showed 

monoexponential decay in buffer. For example, the conjugate I, showed three 

components in buffer with lifetimes of 9.6 ns (37%), 1.7 ns (27%) and 0.2 ns 

(36%). With increasing in spacer length between the pyrene and viologen 
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Figure 2.5. Time-resolved fluorescence emission spectra of 1-3 and the 

model compound 4 in buffer. Excitation wavelength, 335 nm and emission 
monitored at 380 nm. 

moieties, we observed enhancement in lifetimes of the long lived species by 

ca. 2-fold for the conjugate 2 and ca. 4-fold for the conjugate 3. On the other 

hand, the lifetime of the short lived species remained unchanged with 

increasing in spacer length. In contrast, the model derivative 4 exhibited 

monoexponential decay with a lifetime of 128.8 ns. The fluorescence 

lifetimes of the viologen Iinked pyrene systems 1-3 and the. model compound 4 

are summarized in the Table 2.1. 

2.3.3. Electron Transfer Studies 

In order to understand the efficiency of the viologen linked pyrene 

conjugates as photoactivated DNA cleaving agents, it is important to know the 
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electron transfer ability of the photoactivated pyrene moiety to the viologen 

moiety in addition to their absorption and fluorescence properties. In this context, 

the feasibility of photoinduced electron transfer between the individual units i.e. 

the 1-fhydroxymethy1)pyrene and methyl viologen was evaluated through 

photophysical studies and theeretical calcuIatiens. Fluorescence emission 

spectrum of 1-(hydroxymethy1)pysene (Figure 2.6.) in methanol showed a 

Wavelength, nm 

Figure 2.6. Effect of viologen @W23 concentration on the fluorescence spectra 
of 1-(hydmxymethy1)pyrene (5.86 x lo4 M) in methanol. w2+] (a) 0. (b) 1.53. 
(c) 3.02, (d) 4.46, (e) 5.89 and (f) 7.28 mM. Inset shows the corresponding Stern- 
Volmer plot. Excitation wavelength, 340 nm. 

significant quenching with increasing concentration of MV". From the titration 

data, the bimolecular quenching rate constant (&,I, was calculated and is found to 

be 2 x lo9 M-' s-'. 'So understand the mechanism of fluorescence quenching and to 

characterize the transient intermediates involved, we have carried out laser flash 
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photolysis studies under different conditions. For example, Figure 2.7 shows the 

transient absorption spectrum obtained immediately after laser excitation (355 nm. 

pulse width 20 ns) of 1-(trydmxylmethy1)pyrene in methanol and in the presence 

of MV~'. On the basis of quenching experiments with molecular oxygen, the 

transient species having absorption maximum at 450 nrn and lifetime of 3 ps could 

be assigned to the radical cation of the pyrene chromophore. As per the literature 

evidence,I2 the other transient with two absorption maxima at 395 and 610 nrn 

could be due to the reduced viologen radical cation. Interestingly, the reduced 

viologen radical cation thus formed is found to be quite stable in methanol under 

400 500 600 700 
Wavelength, nm 

Figure 2'7. Tmient  absorption spectra of I -(h ydroxymethy1)pyrene (5 x 
lom5 M) in the presence of viologen (Mv2+, 5 x 10'~ M) in methanol recorded 
at a) 7, b) 10, c) 20 and d) 55 rns after 355 nm laser excitation. The inset 
shows the decay of the pyrene radical cation at 450 nm and the decay of the 
reduced viologen radical cation at 395 nm. 
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argon atmosphere. The inset of Figure 2.7 shows the decay of  the radical cation of 

pyrene moiety and the decay of the reduced viologen radical cation, under argon 

saturated conditions. In support of the experimental observations, we calculated 

change in free energy for the electron transfer reaction using redox potentials and 

singlet excited state energy of the pyrene ch r~ rno~hore '~  and is found to be AGm = 

-1.59 eV in the aqueous medium. 

In. the case of DNA modifications induced by the electron transfer 

mechanism. the oxidation of DNA bases by sensitizers plays a major ro~e.'~.'' 

Several molecules are known to oxidize DNA bases with varying degrees of 

selectivity. In order to understand the mechanism and efficacy as DNA oxidizing 

agents, we have investigated the birnolecuIar quenching properties of the viologen 

linked pyrene derivatives with various DNA nucleosides (Figure 2.8). With 

guanoslna adenosine cytldlne thymldlne 

Figure 2.8. Structures of the nucIeosides used for the present in'vestigation. 

increasing in concentration of nucIeosides such as guanosine, adenosine, 

thymidine and cytidine, we observed negligible changes in the fluorescence 

emission spectra of 1 (Figures 2.9 and 2.10). Corresponding Stern-VoPrner plots 

are shown in the Figure 2.11. Similar obsemations were made for other conjugates 
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Wavelength, nm 

Figure 2.9. Effect of guanosine {Guo) concentration on the fluorescence 
emission spectra of the viologen linked pyrene 1 (1.48 x 10" M) in 

phosphate buffer (10 mM, pH 7.4) containing 2 mM NaC1. [Guo] (a) 0, (b) 

0.16, (c)  0.32, (d) 0.47, (e) 0.63, (f) 0.78, (g)  0.93, (h) 1.08, (i) 1.225, (j) 
1.369 and (k) 1.512 mM; excitation wavelength 340 nm. Inset shows the 

corresponding changes in the absorption spectra. 

2 and 3. Figure 2.12 shows the effect of guanosine in the time-resolved 

fluorescence emission of 1 in buffer. We observed negligible change in the 

lifetimes of 1 in the presence of the guanosine. Similar observations were made 

with nucleosides such as adenosine, cytidine and thymidine and dso  with the 

viologen linked pyrene derivatives such as 2 and 3 in the presence of various 

nucleosides. To understand the effect of chromophore, we have carried out the 

investigation on the interaction of various nucleosides with the viologen linked 

anthracene conjugate 5. With increasing in concentration of nucleosides such as 
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guanosine, adenosine, thymidine and cytidine, we observed negligible changes in 

the fluorescence emission spectra of 5 (Figure 2.131, which is in agreement with 

the resuIts obtained in the case of the viologen linked pyrene conjugates. In 

contrast. the titration with strong electron donors, such as tsiethanolamine, led to 

the significant fluorescence quenching (ca. 2-fold) of the viologen linked pyrene 

derivative 1 (Figure 2.14). From the corresponding Stern-Volrner plot (inset of 

Figure 2-14), we obtained a high rate of electron transfer km = 1 x 10'' M I S - '  for 

the reaction between triethanolamine and the viologen linked pyrene conjugate 1. 

I 
360 400 

Wavelength, MI 

Wavelength, nm 

Figure 2.10. Effect of adenosine (Ade) concentration on the fluorescence 

emission spectra of the viologen linked pyrene 1 (1.48 x 1U5 M) in 

phosphate buffer (10 mM, pH 7.4) containing 2 mM NaCl. [Ade] (a) 0, @) 

0.16, (c) 0.32, (dl 0.47, (e) 0.63, (f) 0,78, ( g )  13-93, (h) 1.08, (i) 1.225, Cj) 
1.369 and (k) 1.512 d; excitation wavelength 340 nm. Inset shows the 

corresponding changes in the absorption spectra. 
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Figure 2.11. Stern-Volmer plot for the quenching of 1 (1.48 x 10" M) by 
guanosine ( r 1, adenosine (A ), cytidine (m} and thymidine ( ). Excitation 
wavelength, 340 nm. 

-- - 
1 I I I I 

10 20 30 40 50 
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Figure 2.12. Time-resolved fluorescence decay of 1 (1.48 x 1U5 M) in 

buffer with increasing cancentration of guanosine. [Guo] (a) 0, (b) 0.47, (c) 

0.93 and Id) 1.5 12 mM; excitation wavelength 335 nm and emission 

monitored at 380 nm. 
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Fignfk 2.13. Effect of guanosine (Guo) concentration on the fluorescence 

emission spectra of the derivative 5 (1.48 x lom5 M) in phosphate buffer (10 

mM, pH 7.4) containing 2 mha NaCl. [Guo] (a) 0, (b) 0.16, (c) 0.32, (d) 

0.47, (e) 0.63, (f) 0.78, (g) 0.93, (h) 1.08, (i) 1.225, (i) 1.369 and (k) 1.512 

mM; excitation wavelength 360 nm. Tnset shows the corresponding changes 
in the absorption spectra. 

3SQ 400 450 500 
Wavelength, nrn 

Figure 2.14. Effect of triethanolamine concentration on the fluorescence 

emission spectra of the derivative 1 (1.48 x 10" M) in phosphate buffer (10 

rnM, pH 7.4) containing 2 mM NaCI. [TrierhanoEamine] (a) 0, (b) 2.50, ( c )  

3.85, (d) 5.06, (e) 7.40 and IF) 8.54 mM; excitation wavelength 340 nm. 
Inset shows the corresponding Stem-Vololmer plot. 
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2.3.4. Oxidation of Guanosine and DNA 

To evaluate the potential use of the viologen linked pyrene conjugates as 

photoactivated DNA cleaving agents, we have carried out laser flash photolysis 

experiments under different conditions to characterize the transient intermediates 

involved in these systems. The direct excitation of the viologen linked pyrene 
*- 

conjugates (355 nm, pulse width 20 ns) in buffer or methano1 did not show any 

transients. However, in the presence of an external donor such as guanosine or CT 

DNA, characteristic transient absorptions due to the redox species were observed. 

For example, Figure 2.15 shows the transient absorption spectrum obtained on 

laser excitation of 1 in methanol and in the presence of guanosine (1 mM). This 

Figure 2.15. Transient absorption spectrum of 1 (3.6 x 10" M) in the 
presence of guanosine (1 mM) in methanol recorded at 2 ps after 355 nm 
laser excitation. The inset shows the decay of the reduced viologen radical 
cation at 395 nm and the guanosine radical cation at 525 nm. 
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spectrum exhibited three absorption maxima at 395,525 and 610 nm and consisted 

of two transient species as shown in the inset of Figure 2. IS. The fmt transient with 

two maxima at 395 and 610 nm exhibited first-order decay with a rate constant of 

3.6 x lo3 s-I, which could be assigned to the reduced vioIogen radical cation.I2 

Whereas, the second transient species with absorption maximum at 525 nm, 
h.  

exhibited first-order decay with a rate constant of 1.1 x lo's-'. As per the literature 

e~idence,'~ the laner species could be due to the formation of the guanosine radical 

cation. Similar transients were obtained with the viologen linked pyrene conjugates 

2 and 3. In contrast, the model derivative 4 in the presence of guanosine in methanol 

showed transient absorption at 420 nm with a decay rate constant of 2.3 x 

0.03 

0.02 
n 
0 
d 

0.01 
Time, ms 

0.00 

400 500 60Q 700 
Wavelength, nm 

Figure 2.16. Transient absorption spectra of 4 (2.8 x lom5 M) in the presence 
of guanosine (1 mM) in methanol recorded at, a) 13, b) 26, c) 50 and d) 91 

ps after 355 nm laser excitation. The inset shows the decay of the triplet 
excited state of 4 at 420 nm. 
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(Figure 2.16). On the basis of quenching experiments with molecular oxygen, this 

transient species could be assigned to triplet excited state of the pyrene 

chromophore. No transient absorption corresponding to the guanosine radicd cation 

at 525 nm was observed with the model compound 4. Figwe 2.17 shows the 
1- 

hnsient absorption spectrum obtained on Iaser excitation of 3 in the presence of 

DNA (0.68 mM) in phosphate buffer (10 rnM, pH 7.4) containing 10% methanol. 

As in the case of guanosine, the spectrum consisted of two transient species. 'Fhe 

transient absorption with two maxima at 395 and 610 nm, corresponding to the 

radical cation of viologen exhibited first-order decay rate constant of 3.0 x 16 s" 

400 500 600 700 
Wavelength, nm 

Figure 2.17. Transient absorption spectrum of 3 (2.5 x lo4 M) in the 
presence of calf thymus DNA (0.68 mM) in 9: 1 phosphate buffer (10 mM, 
pH 7.4) /methanol mixture recorded at 5 ps after 355 nm Iaser excitation. 
The inset shows the decay of the reduced viologen radical cation at 395 nrn 

and the DNA radical cation at 520 nm. 
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with a lifetime of 3.3 ps. The other transient with absorption maximum at 520 nm 

exhibited fmt order decay rate of 8.9 x lo6 s-' with a lifetime of 0.1 ps. This 

species could be assigned to the formation of the radical cation of DNA wherein 

the radical center is located at the guanine moiety in DNA, as per the Iiterature 

reports." The formation of the radical cations of both reduced viologen and DNA 

in the presence of CT DNA indicates that the photoactivated viologen linked 
P 

pyrene conjugates are capable of oxidizing DNA efficiently. 

2.4. Discussion 

The photophysical studies of the novel bifunctional viologen linked pyrene 

derivatives 1-3 indicate that they exhibit low fluorescence quantum yields when 

compared to the model compound 4. The observed values demonstrate that the 

interaction between pyrene and viologen moieties is maximum for the conjugate 1 

with n = 1 and, which decreases with increasing in spacer length In = 7 and 12). 

The calculated change in free energy values and the formation of the radical cation 

of the pyrene chromophore and reduced viologen moiety indicate that: the excited 

state of the pyrene chromophore is an efficient electron donor to the viologen 

moiety. The observed rate of electron transfer value of km = 3.2 x logs-' for 1 (n = 

11, and ca. 3-times lower value of kET = 1.1  x 10' S-', for 3 (n = 121, indicate that 

the rate of intramolecular electron transfer reaction decreases with increasing in 

spacer length (Table I) in these systems. 
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Nanosecond he-resolved fluorescence studies establish that model 

compound 4 with a lifetime of 118.8 ns exists as single conformer, whereas 

viologen linked pyrene derivatives 1-3 exist in different conformations in which 

the viologen moiety has different orientations with respect to the pyrene plane. The 

long lived component with a lifetime in the range of 9-40 ns could be attributed to 
P 

the extended conformer of these derivatives with largest distance between the 

pyrene and viologen moieties present in these derivatives. As expected the lifetime 

of the extended conformer is found to increase with increasing spaces length. On the 

other hand, the short component with lifetimes in the range of 0.2-0.4 ns could be 

attributed to the folded conformer where pyrene and viologen moieties undergo an 

efficient interaction. 

As per the calculated change in free energy values for the electron transfer 

reaction between nucleobases and the pyrene derivatives ( A h  = -0.03, 0.13, 0.33 

and 0.46 eV, respectively for G, A, C and T)," we observed negligible quenching of 

fluorescence of the viologen linked pyrene derivatives with the addition of the 

nuc~eobases.'~~~ T h i s  clearly demonstrates that the viologen linked pyrene 

derivatives, under investigation, can neither be reduced nor oxidized by the 

nucleobases directly. Furthermore, change in free energy values for the electron 

transfer reaction between nucleobases and the anthracene moiety were calculated 

and are found to be A% = -0.13* 0.00, 0.18 and 0.28 eV, respectively for 6, A, C 

and T. Interestingly, we observed negligible quenching of fluorescence of the 

viologen linked anthracene with the addition of the nucleobases, which is in support 
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of the results obtained in the case of the viologen M e d  pyrene conjugates. 

However, a strong electron donor such as tsethanolamine is quite efficient in 

reducing these derivatives as evidenced from the fluorescence quenching observed 

when triethanolamine was added This is in good agreement with the 

thermodynamically predicted change in free energy valves for electron transfer from 

triethanolamine to singlet excited state of the pyrene chromophore ( A h  = -0.33 

eV). In the case of the viologen linked pyrene derivatives, the rate of charge 

separation kET and the rate of charge recombination are expected to be fast, and 

hence the reduced viologen radical cation couId not be observed by a nanosecond 

laser flash photolysis technique. However, in the presence of external donors such 

as guanosine and DNA, we observed the formation of the radical cations of both 

guanosine and reduced viologen. This can be attributed due to the reduced rate of 

charge recombination (km = 1.1 x lo4 s") in the case of the charge-separated species 

formed in the presence of the gwanosine, whereas in the presence of DNA in buffer, 

we observed relatively a higher rate of charge recombination (kcR = 8.9 x lo6 s-I). 

Considering the electron transfer processes in the presence of DNA, two 

pathways can be proposed for the oxidation of DNA by the viologen Linked pyrenes 

(Figure 2.18). Of these two pathways, path A involves the fmt electron transfer 

from the DNA bases to the excited state of the pyrene chmmophore, follawed by 

transfer of an electron from the pyrene radical anion to the viologen moiety. This 

pathway can be ruled out in the case of the viologen linked pyrene conjugates 

because of the calculated unfavorabIe change in free energy values for such an 
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electron transfer reaction and the observed negligible fluorescence quenching with 

various nucleobases. On the other hand, path B involving the fmt electron m s f e r  

from the excited state of the pyrene chromophore to the viologen moiety, followed 

pyr - v2* Viologen Ilnked pyrene conjugate 

Figure 2.18. Schematic representation of the DNA oxidation pathways 
induced by the photoactivated bifunctional viologen linked pyrene 
conjugates. 

by second electron transfer from the DNA base (preferably from guanine) to the 

radical cation of the pyrene is expected to be the exclusive pathway for the 

oxidation of DNA by these systems. This interpretation is in agreement with the (i) 

theoretically calculated favorable change in free energy values (AG = -1.59 eV), 

(ii] the observation of efficient fluorescence quenching by the viologen moiety and 

(iii) formation of the radical cations of both reduced vioIogen and guanosine in 

presence of the sacrificial donors such as guanosine and DNA. Interestingly, the 

first electron transfer reaction in path B leads to the formation of radical cations of 

both pyrene and viologen moieties, which then lead to the formation of the charge 

separated radical cations of botb DNA and reduced vialogen moiety. The radical 

cation of DNA thus formed leads to the DNA damage and evenmy cleavage of DNA. 
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2.5. Conclusions 

In conclusion, we observed that the pyrene chromophore in the case of the 

viologen linked bifunctional systems 1-3 constitutes an, interesting variation, which 

controls electron transfer pathways for the oxidation of DNA. Theoretically 

calculated favorable change in free energy values, negligible fluorescence 

quenching with various nucleobases and formation of the radical cations of both 

reduced ;iologen and DNA confm that these systems undergo fxst electron 

transfer exclusively from the excited state of the pyrene chromophore to the 

viologen moiety. Subsequently, a second electron transfer occurs from the DNA 

bases (preferably guanosine) to the radical cation of the pyrene, which results in the 

formation of the charge separated radical cations of both DNA and reduced 

vioIogen moiety. These novel bifunctional systems, which are stable in aqueous 

medium and efficient in oxidizing panosine and DNA can have potential use as 

photoactivated DNA cleaving agents that function purely through the co- 

sensitization mechanism. 

2.6. Experimental Section 

2.6.1. General Techniques 

All melting points are uncorrected and were determined on a Mel-Temp II 

melting point apparatus.'9*z0 An Elico pH meter was used for pH measurements. 

The electronic absorption spectra were recorded on a Shimadzu UV-VIS-NIR 
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spectrophotometer. Fluorescence spectra were recorded on a SPEX-Huorolog 

F112X spectrofluorimeter. The fluorescence quantum yields were determined by 

using optically matched solutions. Quinine sulphate (a = 0.54) in 0.1 N H2S04 

was used as the ~tandard.~' The quantum yields of fluorescence were calculated 

using the equation 2.1, where, A, and A, are the absorbance of standard and 

unknown, respectively. F, and F* are the areas of fluorescence peaks of the 

unknown and standard and ns and nu me the refractive indices of the standard and 

unknown solvents, respectively. @s and @n are the fluorescence quantum yields of 

the standard and unknown. 

Fluorescence lifetimes were measured using a IBH Picasecond singIe 

photon counting system. The fluorescence decay profiles were deconvoluted using 

IBH data station softwan V2.1, fitted with monoexponential decay and 

minimizing the x2 values of the fit to 1 * 0.1. The quenching rate constant kq was 

calculated by employing Equations (2.2) and (2.31, where I* and I are the 

fluorescence intensities in the absence and presence of quencher (Q), Kw the Stern- 

Volmer constant, and % the singlet lifetime of 1-(hydroxy1methyl)pyrene in the 

absence of quencher. 
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From the relative fluorescence quantum yields of the viologen linked pyrene 

derivatives and fluorescence lifetime of the model derivative 4, an estimate of the 

rate constant of electron transfer process km can be made by using Equation 2.4, 

where Qd and @are the relative fluorescence quantum yields of the model 

kET= C(@reflSPrd11/2t.ef (2.41 

compound 4 and the viologen linked pyrene derivative, respectively, and G~ is the 

fluorescence lifetime of the model compound 4. Laser flash photolysis 

experiments were carried out in an Applied Photophysics Model LKS-20 Laser 

Kinetic Spectrometer using the third harmonic (355 nm) of a Quanta Ray GCR-12 

series pulsed Nd:YAG laser. 'H and "C NMR spectra were measured on a 300 

MHz Bruker advanced DPX spectrometer. The concentrations of DNA solutions 

were determined by using the average value of 6600 M-' crn-I for the extinction 

coefficient of a single nucleotide at 260 nrnmz2 

2.6.2. Materials 

Byrene, N-methylfomaniiide, phosphonylc hloride, 4,4'-bip yridine, 1,s- 

dibromopentane, 1,lO-dibromodecane, 1 -bromoba tane, triethanolamine, 

guanosine, adenosine, thymidine and cytidine (all from Aldrich), calf thymus 

DNA (Pharmacia Biotech, USA) were obtained and used as received. 1-Butyl- 

4.4'-bipyridinium bromide was obtained in 95% yield by the reaction of 4,4'- 

bipyridine with 1-bromobutane in the molar ratio of 3:l in dry acetonitrile." 
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Petroleum ether used was the fraction with bp 60-80 "C and doubly distilled water 

was used for all the experiments. 

2.6.3. Synthesis of I-[(pyrenml-yl)methylJ-1'-N,N:N"- 

triethylammoniurn bromide (4) 

N-methylfomnilide (25 mmol) was dissolved in o-dichlorobenzene (5 

mL) and the solution was stirred and maintained at 20-25 "C, during the addition 

of POC13 (45 rnmol) for 2 h. Pyrene (25 mmol) was then added and the mixture 

shed at 90-95 "C for 2 h. The resulting deep red solution on cooling gave a 

precipitate which was collected, hydrolyzed with water and extracted with 

benzene, The organic layer was separated and the solvent was removed under 

vacuum. The product thus obtained was chromatographed on silica gel using 

hexane to give 1 -pyrenecarboxaldehyde (9 1 %), after recrystallization from 

methanol, mp 123-126 "C (mixture mp)": '1 NMR (CDC13. 300 MHz) 6 7.81- 

8.14 (9H, rn, aromatic), 10.16 (lH, CHO); ''c NMR (CDC13, 75 MHz) 6 123.4, 

125.2, 125.7, 126.8, 127.0, 127.1, 128.5, 129.1, 129.8, 130.7, 131.8, 132.7, 134.3, 

136.4, 138.4, 140.1, 198.2. 

To an ice cold solution of I-pyrenecarboxaldehyde (2.2 mmol) in SO rnL 

&y methanol, sodium borohydride (2.8 mmol) was added and the resulting 

mixture was stirred for I h, Excess sodium borohydride was washed with ice cold 

water and methanol was evaporated under seduced pressure. The aqueous layer 

was extracted with dichlotomethane and removal of solvent under reduced 
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pressure gave a white solid which was chromatographed on silica gel using a 

mixture of ethyl acetate and hexane (1:19) to give 84% of 

I -(hydmxyrnethyl)pyrene, rnp 123- 124 OC (mixture rnp)"': 'H NMR (CDCb, 300 

MHz) 55.40 (2H, d, J = 5-28 Hz), 7.98-8.2 1 (9H, m, aromatic), 8.37 (1 H, d, J = 

9.23 Hz); ' 3 ~  NMR (CDC13, 75 MHz) 663.84, 122.9, 124.7, 125.3, 125.9, 126.0, 

127.4,127.5, 127.9,130.8. 

To an ice coId solution of 1-(hydroxymethy1)pyrene (0.65 mmol) in 35 mZ 

of dry chIoroform, phosphorus tribromide (0.21 mmol) was added and the 

resulting solution was stitred for 12 h. Reaction mixture was neutralized with 

saturated d i u m  bicarbonate solution. The organic layer was separated and 

evaporated under reduced pressure to give 82% of 1-(bromomethyI)pyrene, after 

ncrystallization from chloroform, mp 136-137 OC (mixture nip)": 'H NMR 

(CDC13, 300 65.25 (2H, s), 8.868.13 (5H, m), 8,204.26 (3H, m), 8.39 (IH, 

d, J = 9.2 Hz); 13c NMR (CDCl,, 75 MHz) 532.2, 122.8, 124.8, 125.6, 126.2, 

127.3,I27.7, 127.9,128.2. Anal, Calcd for Cl7Hl1Br: C, 69.17; H, 3.76. Found: C, 

69.3 1; H, 3.57. 

To a solution of I-(btomomethy1)pyrene (0.65 mmol) in dry acetonitrile (30 

rnL), triethylamine (0.65 m o l )  was added and stirred for 12 h at mom temperature. 

The precipitated product was filtered and dried under vacuum, to give 45% of the 

model compound 4, which was recrystallized from a mixture (6:4) af methanol and 

etbyl acecan, mp 1 114- 185 'C 'H NMR @MSO-&3W MHz) 6 1 -25- 1.29 (9H, m). 
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3.35-3.42 (6H, m), 5.3 1 (2H, s), 8.17-8.73 f9H, rn); I3c NMR (DMSO-&,75 MWz) 

67.8, 52.7, 58.3, 121.0, 122.0, 122.9, 124.2, 125.4, 125.7, 126.1, 126.5, 128.3, 

128.4, 129.3, 130.1, 130.9, 131.7; HRMS (ESI) Calcd for C23H2&rN: 396.3633. 

Found: 396.3639. Anal. Calcd for C23H26BrN: C. 69.70; H, 6.61 ; N, 3.53. Found: C, 

69.59; H, 6.83; N, 3.71. 

2.6.4. Synthesis of 1-[(pyren-1-yl)methyl]- 1'- butyl-4,4'- 

bipyridinivm dibromide (1) 

To a solution of I-(bromomethyl)ppne (0.6 mmol) in dry acetonitrile (50 

d), 1-butyl-4,4'-bipyridinium bromide (0.6 m l )  was added and stirred at room 

temperature for 12 h. Precipitated product was filtered and dried to give 29% of 

the viologen linked pyrene conjugate 1, which was recrystaIIized from a mixture 

(73) of methanol and ethyl acetate, mp 286-290 O C :  'H NMR (DMSO-d6, 300 

MHz) SO.90-0.95 (3H, t, J = 7.4Hz), 1.29-1.33 (ZH, an), 1.93-1.97 (2H, m), 4.69 

(ZH, t, J = 7.1Hz), 6.82 (2H, s), 8.17-8.75 (9H, m), 8.58-9.51 (8H, m); "C NMR 

(DMSO-d6, 75 MHz) 8 13.8, 19.2, 33.2, 52.7, 61.8, 109.9, 115.4, 122.8, 124.1, 

125.9, 126.6, 126.7, 126.8, 127.3, 127.4, 127.5, 127.7, 129.1, 129.5, 129.8, 130.6, 

131.2, 146.2; HRMS (ESL) Calcd for C3FH2sBrN2: 508.47 15. Found: 508.471 1. 

And. Cdcd for C31HzsBrzNz: C, 63.28; H, 4.80; N, 4.76. Found C, 63.14; H, 

4.69; N, 4.86. 
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2'6.5. Synthesis of (N-(b~)-N~[5-{1-py~enylmethoxy)pentll- 

yl])-4,4'-bi pytidinium di bromide (2) 

To a stirred suspension of sodium hydride (19 mmol) in dry THF (10 mt) 

under reflux condition was added a solution of 2-(hydnsxycnethyl)pyrene (1 mo1) 

and I ,5-dihmopentane (5 m o I )  over a period of 30 min in dry TKF (20 mL). The 

reaction mixture was refluxed for 24 h and excess sodium hydride was quenched 

wih water, The organic layer was extractad with didommethane. Removal of the 

soIvent under reduced pressure gave the product, which was purified by 

recrystallization fmm a mixture (2:8) of ethyl acetate and hexane to give 5- 

bmmopentyl-1-methylpy'ene ether (53%), mp 83-84 "C 'H NMR (CDCI,, 300 

MHz) 5 1.20-1.80 (6H, m), 3.34-3.38 (2H, m), 3,59-3.63 (2H, m), 5.21 (2H, s), 

7.98-8.38 (9H, m); "C NMR (CDC13, 300 MHz) 625.0,29.0,32.6,33.7,70.1,76.6, 

115.8,123.5,325.5, 125.2, 125.9, 126.9,127.4,127.6. 

To a solution of 5-bromopentyl-1-methyfpysene ether (0.5 mmol) in dry 

acetonitrile (30 a), 1 -butyl-4,4' -bipyridinium bromide (0,5 mmol) was added and 

stirrsd for 12 h at mom temperature, Precipitated product was filtered and dried in 

vacuum oven, which was then rectysta1liz.d h m  a mixture (7:3) of methanol and 

ethyl acetate to give the viologen linked pyrene conjugate 2 (32%). mp 216-217 "C: 

(DMSO-4, 300 MHz) 6 0.94-2.08 (13B, m), 3.60-3,64 (2H, m), 4.69 (4H, s), 5. I7 

(2H. s), 8.01-9.37 (17H, m); "C NMR (DMSO-4, 75 MHz) 6 13.8, 19.2, 22.8, 

28.0,29.0,30.6,30.9,33.1,6U.7,61.2,69.8,70.8, 123.10, 124.0,125.0, 125,7, 125.8, 
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126.8, 126.9, 126.9, 127.1, 127.4, 127.5, 127.7, 127.9, 130.9, 131.1, 145.8, 146.1; 

HRMS (EST) Calcd for C3&8N20Br: 594.6038. Found: 594.6032. Anal. Calcd for 

C3&,,Br2N,0: C, 64.10; H, 5.68; N, 4.15. Found C, 64.19; H, 5.91; N 4.02. 

2.6.6. Synthesis of {N-{butyl)-PI'-110-(1-pyreny1methoxy)dec-1- 

yl]E4,4'-bipyridi nium di bromide (3) 

To a stirred suspension of sodium hydride (19 rnrnol) in dry THF (10 mL) 

under reflux condition was added a solution of 1-(hydroxymethy1)pyrene (1 mmol) 

and 1,lO dibromodecane (5 m o l )  over a period of 30 min in dry TH[F (20 mL). 

The reaction mixture was refluxed for 24 h and excess sodium hydride was 

quenched with water. The organic layer was extracted with dichloromethane. 

Removal of the solvent under reduced pressure gave the product, which was 

~ ~ e d  by recrystallization from a mixture (2:8) of ethyl acetate and hexane to give 

10-bromoclecyl- 1-mthylpyrene ether (42%), mp 54-55 OC: 'H NMR (CDCl,, 300 

MHz) 6 1.20-1.80 (16H, m), 3.35-3.40 (ZH, m), 3.58-3.62 (2H, m), 5.21 (ZH, s), 

8.01-8.40 (9H, m); 13c NMR (CDCI,, 75 MHz) 625.0, 25.8, 26.2, 28.7,29.2, 29.4, 

29.9,32.6,33.7, 70.1,76.6, 115.8, 123.5, 125.5, 125.2, 125.9, 126.9, 127.4, 127.7. 

To a solution of 10-brmodecyl-1-methylpyrene ether (0.5 mmol) in dry 

acetonitrile (30 mL), 1 -butyl-4,4'-bipyridinium bramide (0.5 mrnoI) was added and 

stirred for 12 h at room temperature. Precipitated product was fdtered and dried in 

vacuum oven, which was then recrystallized from n mixture (7:3) of methanol and 
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ethyl acetate to give the viologen linked p p n e  conjugate 3 (29%), rnp 217-2 18 "C: 

'H NMR @MSO-4,300 MHz) 6 1.15-2.08 (23H, m), 3.55-3.59 (2H, m), 4.65-4.69 

(4H, m), 5.17 (ZW, s), 8.09-9.33 (17H, m); I3c NMR (DMSO-d6, 75 MHz) 6 12.5, 

18.1, 24.7, 25.0, 27.6, 27.9, 28.1, 28.6, 29.9, 31.9, 60.3, 69.0, 69.7, 122.9, 123.3, 

123.4, 123.9, 124.5, 125.6, 125.9, 126.6, 126.5, 126.7, 128.0, 128.9, 129.7, 131.6, 

145.0, 146.0, 148.0; HRMS (EN) Calcd for C41&8N20Br: 6M.7367. Found: 

664.7360. Anal. Calcd for C41&8Br2N20: C, 66.13; H, 6.50; N, 3.76. Found: C, 

66.29; H, 6.33; N, 3.89. 

2.6.7. Synthesis of l-[(anthr9-yl)methyl]-1'-butyl-4,4'- 

bipyridinium dibmmide ( 5 )  

To an ice cold solution of 9-anthracenecarboxddehyde (2.2 mmol) in 50 

mL dry methanol, sodium borohydride (2.8 m l )  was added and the resulting 

mixture was stirred for 1 h, Excess sodium borohydride was washed with ice cold 

water (or ice) and methanol was evaporated under reduced pressure. The aqueous 

layer was extracted with dichloromethane and removal of solvent under reduced 

pressure gave a white solid which was chromatographed on silica gel using a 

mixture of ethyI acetate and hexane (1: 19) to give 9-(hydroxyrnethy1)anthracene 

(go%), mp 162-164 OC (mixture mp}": H NMR (CDCI,, 300 MHz) 65.40 (2H, d, 

J = 5.28), 7.48-7.53 (2H, m), 7.62-7.67 (2H, m), 8.05 (2H, d, J = 9.23 Hz), 8.31 

(2H, d, J = 8.71 Hz); 13c NMR (CDC13, 75 MHz) 626.9, 123.5, 125.4, 126.8, 

129.1, 129.2, 129.7, 131.5. 
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To an ice cold solution of 9-(hydroxymethy1)anthcene (0.65 mmol) in 35 

mL of dry chloroform, phosphorus tribromide (0.21 mmol) was added and the 

resulting solution was stirred for 12 h. Reaction mixture was neutralized with 

saturated sodium bicarbonate solution. The organic hyer was separated and 

evaporated under reduced pressure to give 87% of P(bromomethyl)anthracene, 

after recrystallization from chloroform, mp 136-137 'C (mixture mp)= : 'H NMR 

(CDCl% 300 MHz) 55.55 (2H, s), 7.48-7.53 (2H, m), 7.62-7.67 (2H, m), 8.04 (ZH, 

d, J = 9.23 Hz), 8.3 1 (2H, d, J = 8.71 Hz); "C NMR (CDC13, 75 MHz) 6 26.9, 

123.5, 125.4, 126.8,129,1,129.2,129.7,131.5. 

To a solution of 9-@mmomethyl)ankacene (0.6 nunol) in dry acetonitrile 

(50 a), 1-butyI-4,4'-bipyridinium bromide (0.6 m l )  was added and stirred at 

room temperature for E 2 h. Precipitated product was filtered and dried to give 29% 

of the viologen linked anthracene derivative 5, which was recrystallized from a 

mixture (7~3) of methanol and ethyl acetate, mp 289-290 O C :  'H NMR @MSOd6, 

300 MHz)  50.88 (3H. t, J = 7.4Hz), 1.28-1.29 (2H, m), 1.89-1.91 (2H, m), 4.67 

(ZH, t, J = 7.4Hz), 7.08 (ZH, s), 7.61-9.33 (17H, m); ''c NMR (DMSO-d6, 75 

MHz) 6 13.3, 18.7, 32.7, 56.1, 60.5, 121.6, 123.3, 125.8, 126.7, 126.9, 128.4, 

129.6; HRMS (EM)  Calcd for %HBBr&: 484.4501. Found: 484.4495. And. 

Calcd for G9HnBrzNz: C, 61.72; H, 5.00; N, 4.96. Found: C, 61.54; H, 4'89; N, 4.86. 
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Chapter 3 

DNA BINDING AND PHOTOACTIVATED DNA CLEAVING 
PROPERTIES OF A FEW VIOLQGEN LINKED PYRENES 

3.. Abstract 

DNA binding and in ~li t t -r)  photobiological properties of a few selected 

bi l'unctional viologen-lin ked pyrene con-jugatex have been investigated using calf 

thymus DNA. supercoiled PM2 DNA and syntheric oligonucleorides. The DNA 

binding studies t h n ~ u g h  photophysical. c'hiroptical. viscornetric. electrochemical 

and thern~al denaturation techniques demonstrate that these systems undergo 

eflkctive DNA intercalatiot~ with association constants (KDNA) in the range 1.1-2.6 

x id M-'. The efficiency and mechanism of DNA cleavage induced by these 

systems was analyzed using cell-free DNA in the presence and absence of 

additives and scavengers. Irradiation of supercoiled DNA from bacteriophage 

PM2 (PM2 DNA. 1 khp) in the presence ol' these derivatives showed spacer 

length dependent DNA damage that i s  sensitive to formamidopyrimidine-DNh 

glycosylase (Fpg). This damage was found to increase with increasing in 

irradiation time as well as the concentration of the probe. The presence of the 

additives such as superoxide dismutase. catalase and D?O showed negligible 



Chapter 3: Photobiological properties of viologen linked pyrene derivatives 92 

influence on the extent of DNA damage. The viologen linked pyrene derivatives, 

under investigation, were found to be non-toxic in the dark but interestingly 

exhibited significant photocflotoxicity in L 1 21 0 rnurine leukemia cells. Results of 

these investigations clearly demonstrate that the spacer group in these sy sterns 

constitutes an interesting variation which controls the efficiency of DNA binding 

and photoactivated DNA cleaving properties of the bifunctional derivatives. These 

bifunctional conjugates which are highly soluble in aqueous medium, exhibit 

significant cytotoxicity and DNA cleavage upon photoexcitation and hence can 

have potential phototherapeutic applications. 

3.2. Introduction 

The study of DNA binding and cleaving properties of small molecules is 

important in the design of probes and more efficient chugs, that are targeted to DNA. 

Several aromatic hydrocarbons and related systems have been reported to be highIy 

carcinogenic, and the carcinogenicity of these molecules, in general, has been attributed 

to their activity at the DNA l e ~ e l . ~ - ' ~  When molecules bind with DNA, number of 

modes of interactions are possible such as electrostatic, groove binding and 

intexalative interactions. 1-7.16-17 A W i  metal ions are electrostatically amcted to the 

phosphate backbone of DNA and prefer electrostatic binding, whereas transition metal 

ions may coordinate with the nitrogen atoms of the n~cleobases.'~ Since the interior of 

the double helix is fairly hydrophobic due to the K-electron cloud of the nucleotide 

bases, planar aromatic heterocyclic compounds prefer intercalative binding interactions 
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with DNA. where the probe molecule is inserted between the base pairs.'9 These 

different Ends of interactions can have varying effects on the ground and excited state 

properties of the guest molecules. For example, the photophysical studies of 3,6- 

diaminoacridinem bound to DNA show increase in Iifetimes and fluorescence quantum 

yields when bound to AT-rich DNA, while ~ i ~ c a n t l y  reduced values were observd 

in the case presence of GC-rich sequences. The fluorescence quenching of the probe by 

GC-sequences through electron transfer mechanism has been suggested to be the 

reason for the observed differences, however; in both these cases the acridine 

chromophore undergoes interdative interactions with DNA. 

As described in the Chapter 2 of the thesis, the photophysical 

properties including laser flash photolysis studies and interactions of the 

viologen linked pyrenes with various nucleosides indicate that these 

bifunctional molecules can be used as photoactivated DNA cleaving agents. 

In this context, it was our interest to investigate how efficiently these 

bifunctional malecules interact with DNA and cleave DNA upon 

photoexciation. This chapter describes the DNA binding as well as in vitro 

photobiological properties including cytotoxicity of a few selected viologen 

linked pyrenes 1-3 (Figure 3.1). Interactions of the viologen linked pyrene 

derivatives with DNA have been carried out using various photophysical, 

electrochemical and biophysical techniques. On the other hand, DNA cleaving 

properties of the viologen linked pyrene conjugates have been evaluated through 
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Figure 3.1. Structure of the pyrene derivatives used for the present 
investigation. 

DNA relaxation assay and employed various restriction enzymes. These 

bifunctional conjugates showed efficient interaction with DNA through 

intercalation and exhibited significant DNA modifications that are sensitive to 

fom-iamidopyrirnidine gly cosyIase (Fpg). Results of these investigations 

demonstrate that the presence of spacer group and viologen moiety imparts 

arnphiphilicity to these derivatives and thereby enhances their cellular uptake and 

efficiency as DNA cleaving agents. These novel derivatives are found to 

preferentially localize in the cytoplasm thereby induce cytotoxicity only upon 

photoexcitation and hence can have potential use in therapeutical applications. 

3.3. Results 

3.3.1. DNA Binding Properties 

To understand how efficient1 y the viologen linked pyrene conjugates interact 

with DNA, we investigated their DNA binding properties using absorption, 
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fluorescence, thermal denaturation, viscometry, circular dichroism (CD) and cyclic 

voltammetry (CV) techniques. As shown in Figure 3.2, the addition of DNA to a 

solution of the compound 1 [n = I )  resulted in gradual decrease in absorbance at 345 

nm, corresponding to the pyrene chromophore. The maximum hypochromism 

320 360 400 
Wavelength, nm 

Figure 3.2. Absorption spectra of 1 (1.1 x 10.' M) in the presence of CT 
DNA in phosphate buffer (10 mM, pH 7.4) containing 2 mM NaCL [DNA] 
(a) 0, b) 0.012, (c) 0.021, (dl 0.034, (e) 0.045, (0 0.056 and (g) 0.08 mM. 

(-50%) was observed at 0.08 m M  of DNA and with formation of a nqw band at 355 

nm. The corresponding fluorescence spectra are shown in the Figure 3.3, which 

showed negligible changes with increase in concentration of DNA. Half-reciprocal 

analysis2' of the absorbance changes gave a linear plot (Figure 3.4) with an 

intrinsic binding constant (KDNA) of l.lf0.05 x lo4 M - I  and the binding site size of 
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I 
I 1 I I 

360 400 440 480 520 
Wavelength, nm 

Figure 3-3. Fluorescence emission spectra of 1 (1.1 x 1 ~ '  M) in the presence 
of @r DNA in phosphate buffer (10 mM, pH 7.4) containing 2 mM NaCl. 
[DNA] (a) 0, b) 0.012. (c) 0.021, (d) 0.034, (e) 0.045, (f) 0.056 and (g) 0.08 
mM. Excitation wavelength, 35 1 nm. 

FIgure 3.4. Half-reciprocal plot for the binding of 1 with CT DNA in 
phosphate buffer (10 mM, pH 7.4) containing 2 NaCl. Inset shows the 
saturation of absorption changes at 345 nrn with increase in DNA 
concentration. 
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1.4W.2 for the compound 1. A gradual decrease in the absorption intensity of 1 

was observed (inset of Figure 3.41, which reached saturation at a high 

concentration of DNA (0.08 mM). Similar changes in absorption and fluorescence 

spectra were obtained in h e  case of the higher conjugates 2 and 3 and the model 

compound 4 (Figures 3 -5-3.7). The binding analysis gave intrinsic binding 

constants of 1.9, 2.3 and 2.6 x lo4 M-' and binding site sizes of 1.7f 0.2, 1.8f0.3 

and 1.9kO.3, for the derivatives 2, 3 and 4, respectively. Table 3.1 summarizes the 

DNA binding properties of the vioIogen linked pyrene derivatives 1 3  and the 

model compound 4. 

V.V - 
3io 

Wavelength, nm 
Figure 3.5. Absorption spectra of 2 (1.05 x lou5 M) in the presence of CT 
DNA in phosphate buffer (10 a, pH 7.4) containing 2 m M  NaCl. [DNA] (a)  0, 

b) 0.015, ( c )  0.017, (d) 0.029, (e) 0.034, (f) 0.039 and (g)  0.045 mM. Tnset 
shows the corresponding half- reciprocal plot. 
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320 360 400 
Wavelength, nm 

Figure 3.6. Absorption spectra of 3 (2 x 1u5 M) in the presence of 0 DNA 
in phosphate buffer (10 mM, pH 7.4) containing 2 m M  NaCI. [DNA] (a) 0, (b) 

0.010, ( c )  0.014, (d) 0.024, (el 0.031 and (0 0.049 mM. Inset shows the 

corresponding half-reciprocal plot. 
h 

1 :! 87 

Figure 3.7. Absorption spectra of 4 (1.8 x 10" M) in the presence of CT 
DNA in phosphate buffer (I0 M, pH 7.4) containing 2 mM NaCI. [DNA] 
(a> 0, (b) 10.023, (c)  0.035, (d) 0.046, (e)  0.069, (0 0,079 and (g) 0.091 mhl. 

Inset shows the corresponding changes in fluorescence spectra; excitation 

wavelength 35 1 nm. 
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Table 3.1. DNA binding (KDNA) properties and binding site sizes (n) of 

conjugates 1-3 and model compound 4 in phosphate buffer (10 a, pH 
7.4)" 

Compound K ~ ~ ~ ~ ,  M-' nC 

4 2.6 x lo4 l.EO.3 67 

a The data are the average of more than two independent experiments and 

the error is ca. Calculated as reported in reference (2 1). Binding site 

size. Thermal denaturation temperature of a duplex DNAl.DNA2 in 

phospnhet buffer (10 mM, pH 7.4). DNAI: 5"CGT GGA CAT TGC ACG 

GTA C-3" DNA2: 5'-GTA CCG TGC AAT GTC CAC G-3'. 

Ionic strength of the medium plays a major role in determining the mode of 

ligand-DNA  interaction^.^' For example, intercalative mode of interaction exhibit 

negligible changes in the association constants with increasing ionic strength of 

the medium, whereas ligands that undergo electrostatic interactions exhibit 

decrease in association constant with increase in ionic strength of the medium. TQ 

evaluate the mode of binding interactions of the viologen linked pyrene conjugates 

with DNA, we have monitored the changes in the absorption spectrum of the 

conjugate 1 with increasing concentration of DNA in 10 mbl phosphate buffer 

containing different concentrations of NaCl (Figure 3.8). Addition of DNA to a 

solution of 1 in 10 mM phosphate buffer containing 100 and 500 m M  NaCl 
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resulted in gradual decrease in absorbance as 345 nm, with maximum 

hypochromicity (-46% and 42%, respectively) at 0.06 mM of DNA. The viologen 

linked conjugate 1, which showed KDNA = 1.1M.05 x lo4 h?" in phosphate buffer 

Figure 3.8, The plot of logarithm of binding constant KDNA versus negative 
logarithm of sodium ion concentration in phosphate buffer (10 mM, pH 
7.4) showing the linearity fit. 

containing 2 mM NaCl, exhibited a marginal decrease in values of KDNA = 0.9, 

0.84 and 0.66M.04 x lo4 M-'. respectively. at 50, 100 and 500 mM NaCI. From 

the values of KDNA obtained for 1 at different salt concentrations, we calculated the 

value of counter ion release of 0.09 per molecule. The non-electrostatic 

contribution to the change in free energy (AG) of association at 300 K i s  calculated 

to be -23.1 kJM1, which is in agreement with the reported values for the 

intercalating dyes such as ethidiurn br0mide.2~ 
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3.3.2. DNA Sequence Selective Binding Properties 

With a view to understanding the binding selectivity, we have carried out the 

interactions of the selected viologen linked pyrene derivatives with duplexes such 

as poly(dA).poly(dT), poly(dG).poly(dC) and CT DNA, under different sait 

concentratiens. Figure 3.9 shows the effect of polynucleotide such as 

poly(dG).poly(dC) concentration on the absorption spectra of the viologen linked 

300 350 400 
Wavelength, nm 

Figure 3.9. Absorption spectra of 1 (1.9 x lo-' M) in the presence of 
poly(dG).poly(dC) in phosphate buffer (10 rnM, pH 7.4) containing 2 mM 
NaC1. [poly(dG).poly(dC)] (a) 6, b) 0.002, (c) 0,004, (d) 0.06, (e) 0.008 and 
(f) 0.009 mM. Inset shows the corresponding half-reciprocal plot of 1. 

pyrene conjugate 1, whereas the inset of Figure 3.9 shows the corresponding balf- 

reciprocal plot. In the case of the derivative 1, we observed significant 

hypochromicity with increasing in concentration of poly(dG}.poly(dC), whereas 
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only marginal decrease in absorbance was observed with the duplex 

poly(dA).poly(dT) (Figure 3.10). From the half- reciprocal plots, we calculated the 

binding constants of the conjugate I, which are found te be KDNG = 1.65 f: 0.06 x 

lo4 M" and 0.84 + 0.03 x lo4 M-" respectively, for the different duplexes 

pol yl(dG).poPy(dC) and poly(dA).poly(dT). 

300 350 400 
Wavelength, nm 

Figure 3.10. Absorption spectra of 1 (1.9 x lom5 M) in the presence of 

poly(dA).poly(dT) in phosphate buffer (I0 mM, pH 7.4) containing 2 mM 
NaC1. [poly(dA).poly(dT)] (a) 0, b) 0.02, (c) 0.02, (dl 0.04, (e) 0.05, (f) 0.06, 

(g) 0.08* (h) 0.09, (i) 0.10 and (k) 0.1 1 mM. Inset shows fithe corresponding 
half-reciprocal plot. 

Further confirmation on the nature of interaction of the vioIogen linked 

pyrene derivatives with DNA was demonstrated using thermal denaturation, CD, 

viscometric and CV studies. Circular dichroism studies are useful in identifying 
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the binding modes of organic Ligands with DNA. Binding of an achiral molecule 

within a chital environment. such as DNA, can Iead to the induced optical activity 

of the bound species.23 Figure 3.1 1 shows the positively bisignated induced CD 

spectra of viologen linked pyrene conjugate 1 corresponding to the pyrene moiety 

with increasing concentration of DNA. Similar obsewations were made in the case 

of the higher viologen linked pyrene conjugates 2 and 3. 

330 360 390 
Wavelength, nm 

Figure 3.11. Circular dichroic (CD) spectra of CT DNA (0.9 mM) in the (a) 

absence and ( b e )  presence of 1. [I] (a) 0.0, (b) 0.09, (c) 0.17, (d) 0.26 and 
(e) 0.34 mM. 

Viscosity of DNA is known to be sensitive to the mode of interaction of a 

ligand with D N A . ~ ~  For example, if a ligand binds through intercalative 

interactions with DNA, it exhibits significant increase in the length of the DNA 

resulting in enhancement in the viscosity of DNA. To have a better understanding 
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of the interactions, the viscosity measurements of DNA were carried out in the 

presence and absence of various viologen linked pyrenes. Figure 3.12 shows the 

change in viscosity of DNA with the increase in addition of the viologen linked 

pyrene derivatives. Results indicate that the relative viscosity of DNA increases 

proportionally with the binding affinity of the derivatives as observed from the 

absorption studies. The derivative with the longer spacer length 3 showed 

maximum increase in the relative viscosity of DNA as compared to 1 and 2. 

1.5 

0.0 03 0.2 0.3 0.4 
Ligand / DNA] 

Figure 3.12. The effect of increasing concentrntians of the viologen linked 
conjugates 5-3 and model compound 4 on the relative viscosity of CT DNA 

(0.88 mM) at 25 f 0.2 'C in phosphate buffer (10 mM, pH 7.4). 

Electrochemical studies of DNA-binding ligands have a potential 

importance in probing the DNA-Iigand interactions and in electrochemical 

detection of D N A . ~ ~  The complexation of a ligsnd within a macromolecule such as 
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DNA can reduce the mobility of the ligand thereby resulting in the decrease in the 

intensity of current. Moreover, ligands are expected to exhibit significant changes 

in their redox properties in the presence of DNA, which can be characteristic of 

their mode of binding interactions. Figure 3.13 shows the cyclic voltamnograms 

of the conjugate 1 in the presence and absence of DNA. The conjugate 1, shows 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 

Voltage, V 

Figure 3.13. Cyclic voltammograms of 1C0.26 mM) in 26 mM NaCI (pH 
7.4) with increasing concentrations of DNA. [DNA] a) 0, b> 0.045, c) 0.09, 
d) 0.18 and e) 0.36 mM. Scan rate, 100 mVls. Inset shows the 
corresponding square wave voltammograms. 

two reversible one-electron seduction processes centered at -0.44 and -0.75 V, 

characteristic of the viologen moiety. In contrast, in presence of DNA, we 

observed an increase in the magnitude of reduction potentials by 22 and 70 mV, 

along with a significant decrease in current intensity of 22.7 y A (54%) and 25.1 
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FA (50%). The changes in the current intensity and the reduction potentials clearly 

indicate the formation of a strong complex between DNA and the conjugate 1. 

Similar cyclic voltammograms were obtained with the higher conjugates 2 and 3 in 

the presence and absence of DNA. 

Intercalation of the ligands with duplex DNA and interstrand crosslink 

formation during irradiation are known to increase the DNA meIting temperature 

(T,), i.e. the temperature at which the double helix denatures to single stranded 

DNA.*' The extinction coefficient of DNA bases at 260 nrn in the double helical 

form is much less than that of the single strand form; hence, melting of the helix 

leads to an increase in the absorption at this wavelength. Thus, the helix to coil 

transformation can be determined by monitoring the absorbance of the duplex at 

260 nm as a function of In order to understand the extent of 

interaction of the viologen linked pyrene conjugates with DNA, we have examined 

the stabiIization of DNA duplex in the presence of these molecules using DNA 

thermal denaturation technique of duplex DNAl.DNA2. Figure 3.14 shows the 

thermal denaturation curves for the duplex DNAX.DNA2, in the absence and presence 

of the viologen linked pyrene conjugates 1-3 and the model derivative 4. DNA 

melting temperature was evaluated from the corresponding fmt derivative plots and 

are summarized in the Table 3.1. The DNA duplex alone showed a melting 

temperature (T,) of 53 "C without any additive, while in the presence of 1-3 and 

the model derivative 4, the meIting temperatures were found to be 60 "C, 63 "C, 66 
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"C and 67 OC, respectively, indicating significant stabilization of the duplex in the 

presence of these conjugates. 

DNA A lone 
+DNA+ I 

+DNA+ 3 

20 30 40 SO 60 70 80 90 
Temperature 'C 

Figure 3,14. Differential thermal denaturation curves for the DNA duplex, 
DNAl.DNA.2 in the absence (T, = 53 'C) and presence of 1 (20 pM, Tm = 

60 "C), 2 (20 w, Tm = 63 'C), 3 (20 @vl, Tm = 66 'C) and 4 (20 pM, Tm = 

67 OC). DNA 1: 5'-CAC TGG CTT TTC GGT GCA T- 3'; DNA 2: 5 ' -  
ATG CAC CGA AAA GCC AGT G-3'. Inset shows the corresponding 
thermal denaturation curves, 

3.3.3. Photoactivated DNA Cleaving Properties 

Among various methods, the most convenient technique for analysis of 

DNA damage is the DNA relaxation assay (Figure 3.1 53, This assay makes use of 

the fact that supercoiled DNA (plasmid, bacteriophage DNA, mitochondria1 DNA) 

(Fom I) is converted by either single-strand cleavage or the incision of a repair 

endonuclease into a relaxed circular DNA (Form 131, which migrates separately 
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from the supercoiled form in agarose gel electrophoresis. When several repair 

endonucleases are used in parallel with this technique, DNA profiles are obtained 

which give the relative frequencies of various endonuclease sensitive damage 

Open Circular Fl 

Figure 3.15. Schematic representation of transformation of supercoiled 

DNA to relaxed circular DNA. 

and serve as fingerprints of the ultimate damaging species and also the 

mechanism of DNA darnagem2' However, the transformation of the supercoiled 

form directly to linear form (Form 111) indicates the coincident-site, double strand 

cleavage. The supercoiled, circular and linear forms of plasmid DNA can be 

separated by agarose gel electrophoresis and can be easily visualized by staining 

with a fluorescent dye. To evaluate the biological activity and to understand the 
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type of modifications induced by the viologen linked pyrene conjugates, we 

examined the cleavage of supercoiled DNA from bacteriophage PM2 (PM2 DNA, 

10' bp) in the presence and absence of various repair endonuclea~es.~~ The 

recognition spectrum of various enzymes is summarized in Figure 3. 

-P- -P- 

Regular AP Site 1'-Oxidised -'p AF Site 4'-Qxidised 90 AP Site 

Elm Elamam 

Papy Guanosine 

E l  

T%:, R, R' = H 
0 N OH 

Aib OOH 

EXO rn 
I 

End, lv 

FPG 0 

I Endo lTl 

T4 Endo V a 
Thymidine Dimers 

I 

Figure 3.1 6. Recognition spectrum of various repair endonucleases. 

Phosphate-buffered (pH 7.0), air-saturated solutions of PM2 DNA (10 pg/mL) 

were exposed at 0 O C  to near-W irradiation (360 nm) in the presence of various 

concentrations of the vioZogen Iinked pyrene derivatives I and 2 (Chart 3.1). 

Subsequently, the DNA was analyzed for the folIowing types of modifications: (i) 

DNA single and double strand breaks; (ii) sites of base loss (AP sites) recognized 
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by exonvclease Ill; (iii) base modifications plus AP sites sensitive to the T4 

endonuclease V; (iv) base modifications plus AP sites sensitive to the 

endonuclease Ill and (v) base modifications plus AP sites sensitive to 

formamidopyrimidine-DNA g1ycosylase (FPG protein). Figure 3.17 shows the 

DNA damage profdes of the viologen linked pyrenes 1 and 2. h is evident from 

the damage profiles, that both these compounds induce very few AP sites and few 

modifications sensitive to endonuclease HI, but a large number of base 

modifications sensitive to FPG protein. Compound 1 (n = 1) was found to be more 

effective (ca. 2-fold) in inducing DNA damage compared to 2 (n = 3). However, no 

SSBs were observed, in each case. Further, no significant DNA damage was observed 

either by hdiation of PM2 DNA alone or in the dark in presence of the viologen 

linked pyrenes 1 and 2 at the highest concentrations, thereby indicating that the 

damage observsd is purely initiated by the photoactivated compounds. 

Figure 3.18 shows the irradiation time dependent formation of single-strand 

breaks (SSBs) and FPG sensitive modifications induced by viologen linked pyrene 

conjugate 1, The damage sensitive to FPG protein induced by 1, increases 

withincreasing hdiation time. No significant increase in SSBs was observed, even 

after M i a t i o n  for 30 min. Figures 3.19-3.21 show the concentration dependent 

formation of single-strand breaks (SSBs) and FPG sensitive modifications induced by 

viologen Iinked pyrene conjugates 1-3 and for the comparison, the model compound 

pyrene. An increase in FPG-sensitive modifications was observed with increasing 

concentration of the conjugate 1, Similar obsemations were made with the higher 
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Figure 3.17. DNA damage profiles. Sin& strand breaks and various 

mdonucFense-sensitive modifications induced in PM2 DNA by 

photonctivatcd viologen linked pyrene conjugates 1 (10 pM, 90 kJ m-') and 

2 ( 1 O p M  90 hJ m-'j. 

conjugatex 2 and 3. but with significantly reduced efficiency. The FPG modifications 

induced by tt~ese derivatives are found to he ca. 2 and 10-fold. respectively. Iuwer for 

higher ct~njugates as compared to lhe conjugate 1 (n = 1 ). In conIrast. the model 

compound pyiene alone (inset 01- Figure 3.21') induced no sipificanl DNA 

modifications even at hieh concentrations (20 bM): indicating its ineficiency in 

inducing the DNA damage. 

To lest the possible rule or various reactive species such as superoxide 

radical anion. hydrogen peroxide and single1 oxygen on the DNA damage, [he 

oeneration of FPGs 'hy the photoactivated viologen linked pyrene conjugates 1-3 5 

was invesrigatecl: in the presence of  various additives and scavengers. These 
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V.V I . 
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Time, min 

Figure 3.18. The time dependence of DNA modifications, SSB ( B )  and 

FPG (m), induced in PM2 DNA by 1 (I0 pM, 0 "C) upon UV irradiation 

with 360 nm light (90 id rn-'). 

2 4 6 8 10 
Concentration, pM 

Figure 3.19. The concentration dependence of DNA modifications, 

SSB(.) and FPG (a), induced in PM2 DNA by 1 (0 OC) upon UV 
irradiation with 360 nm light (90 kJ rnm2). 
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Concentration, pM 

Figure 3.20. The concentration dependence of DNA modifications, 
SSB(W) and FPG (*I, induced in PM2 DNA by 2 ( 0 'C) upon UV 
irradiation with 360 nm light (90 kJ rnq2). 

Concentration, pM 

+ SSB - F P ~  

0.1 

0 10 20 30 40 50 
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Figure 3.21. The concentration dependence of DNA modifications, 
SSB(.) and FPG (a), induced in PM2 DNA by 3 (0 'C) upon UV 
irradiation with 360 nm light (90 kJ rn-2). Inset shows concentration 
dependence of DNA modifications, SSB ( I ) and FPG (a$, induced in PM2 
DNA by pyrene (0 "C) upon UV irradiation with 360 nm light (90 kJ rn-2). 
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include catalase, superoxide dismutase and by replacing HzO in the buffer with 

D20. For example, Figure 3.22 shows the ratio of FPG modifications induced by 

viologerr linked pyrene conjugates 1 3  in normal and DzO buffer media. As can be 

seen from Rgure 3.22, no significant effect on FPG modifications was observed 

when R20 was replaced by D20, ruling out the involvement of singIet oxygen. 

Superoxide dismutase is known to catalyze the reduction of superoxide radical 

anion to hydrogen peroxide while catalase converts hydrogen peroxide to water 

and molecular oxygen and hence studies with these enzymes have been very 

useful in unde~tanding the involvement of superoxide radical anion and hydrogen 

peroxide in the DNA damage. We observed negligible effect in the FPG sensitive 

modifications in the presence of catalase and superoxide dismutase, indicating that 

1.0 

Normal 
a 0.8 
P 

r' 0.6 
2 0 
a m  m 0.4 
2 

0.2 

0.0 

Figure 3.22. FPG sensitive modifications in DzO buffer and HzO buffer 
induced in PM2 DNA by the conjugates 1 3  (0 'C) upon UV irradiation 
with 360 nm light (90 kJ 
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neither superoxide radical anion nor hydrogen peroxide are responsibIe for the 

DNA damage induced by the photoactivated viologen linked pyrene conjugates 1-3. 

3.3.4. Cellular Localization and Cytobxicity Studies 

The efficacy of photosensitization depends on the close proximity of 

photosensitizers and their targets. Therefore, if the targets are cells, the 

phamacokinetics of photosensitizer at the cellular and subcellular level are 

important. The predominant localization sites for most of the photosensitizers are 

nucleus, cytoplasm, mitochondria and the lysosomes. Depending on the nature of 

the chromophore such as lipophilicity, charge and amphiphilicity, diverse patterns 

of cellular localization are obser~ed.~' To understand the site of localization of the 

viologen linked pyrene conjugates, we have investigated the localization of these 

compounds in L 1210 cells employing fluorescence microscopy. Figure 3.23 shows 

the fluorescence microscopic image of L1210 cells in the presence of the viologen 

linked pyrene conjugate 1 incubated for different time intervals. Upon incubating 

the LIZ10 murine leukemia cells with the derivative 1 (10 pM) for I min at 37 "C, 

the fluorescence microscope images clearly showed the sparse fluorescence of the 

pyrene chromophore in the cytoplasm. This indicates that these molecules 

preferentially localize in the cytoplasm but not in the nucleus." With increasing in 

time of incubation of the L 12 10 cells in the presence of conjugate 1, we observed 

increase in the intensity of fluorescence of the pyrene chromophore in the 

cytoplasm and exhibited maximum intensity and reached saturation at around 30 min. 



Figure 3.23. Intracellular localization of 1 (10 pM) in  L1210 rnurine 

leukemia cells incubated for different time intervals at 37 "C; A) 1.  B) 5 ,  C )  

15 and D) 30 min. Images were obtained using inverted fluerescence 

microscope. 

To evaluate the potentiaI use as phototherapeutical agents. we examined the 

cytotoxicity induced by various viologen linked pyrene conjugates in 

hematopoetic cancer cell line growing in suspension, L 1 2 1 0 rnurine leukemia 

cells. Experiments were carried out by exposing various concentrations of these 

derivatives with and without irradiation, and the percentage survival of the cells in 

ful l  medi urn were determined subsequently after extensive washing. Figure 3.24 

shows the cytotoxicity induced by the viologen linked pyrene conjugates 1 and 2.  

In the presence of light, the derivative 1 reduced the number of cells, counted after 
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48 h, to less than 20% at concentrations as low as 20 pM. In the dark, the cell 

survival was found to be almost 100% at the same concentration, indicating non- 

toxicity of the system in the dark. The higher homologue 2 In = 71, on the other 

hand, showed comparable cytotoxicity (ca. 20% survival) even at half the 

concentrations (10 w), when compared to the viologen linked pyrene conjugate 1 

(20 pM). These results clearly indicate that these molecules show significant 

toxicity only upon irradiation and that spacer length and substituents play major 

role in the biological activity of the viologen linked pyrenes conjugates. 
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Figure 3.24. Cytotoxicity of the viologen linked pyrene conjugates 1 and 2 
in LIZ10 murine leukemia ceIIs. Data give the percentage cell survival 
counted 48h after the treatment for 22.5 min at 0 "C with various 
concentrations of the viologen linked pyrene conjugates with and without 
UV irradiation using 360 nm light (90 k ~ r n - ~ ) ,  Data points represent the 

mean of 3 independent experiments (kSD). 
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3.4. Discussion 

Interaction of the viologen linked pyrene conjugates with CT DNA, we 

observed a strong hypochromic effect along with a red shift of 7 nm in the 

absorption spectra. This could be attributed to the n-n stacking of the pyrene 

chromophore between DNA bases through intercalation. This interpretation is based 

on the experimental evidence and literature repo~ . l9  The observation of negligible 

changes in DNA association constants of the viologen linked pyrenes upon 

increasing ionic strength of the medium from 2 to 5 0  mM and -23.1 kJ/mol of non- 

electrostatic contribution to the change in free energy, clearly suggests that these 

molecules undergo predominantly intercalative interactions with DNA. 

Furthermore, the increase in values of DNA association constants with 

increase in spacer length of viologen linked pyrene conjugates, indicates that spacer 

groups separating the pyrene chrornophore and viologen moiety play major role in 

the stabilization of such DNA-Iigand complexes.'7b This could be attributed due to 

the steric constraints of the viologen moiety arising from the proximity with the 

intercaIating pyrene moiety. The observation of increase in DNA viscosity in 

presence of the bifunctional conjugates? bisignated induced CD signal 

corresponding to the pyrene chrornophore in the presence of DNA, decrease in the 

current intensity corresponding to the vioIogen moiety in the presence of DNA and 

decrease in KDNA values with inmasing ionic strength of the buffer confisrm chat 

these systems undergo predominantly intercdative interaction wifi DNA. 
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The observation of ~ ~ t l y  Fpg sensitive modifications in the case 

of the violagen linked pyrenes c o n f m  that the photoinduced charge-separated 

base radical cation, once formed, results in the oxidative DNA damage. This leads 

to the formation of products such as 8-hydroxyguanosine and 

formamidopyrimidines, which are recognized by WG protein. In addition, the 

observation of only Fpg selective modifications clearly demonstrates the 

involvement of electron transfer mechanism in the DNA damage induced by 

various viologen linked pyrene conjugates. The possibility of involvement of 

singlet oxygen and hydroxyl radical intermediates can be ruled out, since the 

damage profiles observed are quite different from that induced by the disodiurn 

salt of 1,4-etheno-2,3 -bensoxlioxin- 1,6dipmpanoic acid (NDP02), a singlet 

oxygen generator and ionizing radiation, which is a source of hydroxyl radicals. 

Furthermore, neither hydrogen peroxide nor superoxide radical anion is involved 

in the damage induced by these systems, since the number of Fpg modifications 

were not altered in the presence of superoxide dismutase and catalase or in the 

presence of both these enzymes. These results clearly indicate the fact that the 

DNA modifications induced by these molecules originate from the oxidation of 

guanosine, since guanine has the Iowest ionization potential. Moreover, the 

selective oxidation of guanine in DNA can also be rationalized by the mechanism 

of fast hole hopping even if the initial electron transfer caused by the photoexcited 

viologen-linked pyrene occurs at a remote site in the DNA duplex, 
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The cytotoxicity studies using L12 10 murine leukemia cells indicate that 

the vielogen linked pyrene conjugates 1 and 2 exhibit efficient cytotoxicity upon 

photoexcitation. In contrast to the efficiency of DNA cleavage induced by these 

systems, the higher therapeutic index, given by the ratio of concentrations in the 

dark and upon irradiation, is observed for the derivative 2 (n = 71, when compared 

to the conjugate 1 (n = 1). This dearly indicates that spacer group such as 

polymethylene linker plays a major role in their cellular intake as well as their 

efficiency of generation of cytotoxic agents. Results of these investigations 

indicate that this new series of bifunctional conjugates are stable in aqueous 

medium, efficient in oxidizing guanosine and DNA through photoinduced electron 

transfer mechanism, preferentially localize in the cytoplasm and induce 

cytotoxicity only upon photoactivation and hence can have potential use as 

phototherapeutic agents. 

3.5. Conclusions 

The photobiological studies of the vioIogen linked pyrene derivatives 1-3 

clearly demonstrate that these systems undergo predominantly intercalative 

interactions with DNA and exhibit 2:1 preference for poly(dG).poly(dC) over 

poly(dA).poly(dT) duplexes. Photoexcitation of these bifunctional derivatives in 

the presence of PM2 DNA and subsequent analysis confirms that the charge- 

seperated base radical cation, once formed, results predominantly in the oxidative 

DNA damage. It was furthermore confirmed that most of the DNA damage 
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induced by these systems was recognized by Fpg protein, which is known to 

recognize oxidized DNA products such as 8-hydroxyguanosine and 

fomarnidopyrjmidines. Further, the viologen linked pyrene derivatives, under 

investigation, were found to be non-toxic in the dark and as expected exhibited 

significant cytotoxjcity only upon photoexcitation, These novel bifunctional 

systems are found to undergo efficient intercalative interactions DNA, localize in 

the cytoplasm and cleave DNA only through co-sensitization mechanism and can 

have potential use as phototherapeutic agents. 

3.6. Expesiimental Section 

3.6.1. General Techniques 

An Elico pH meter was used for pH measurements. The electronic 

absorption spectra were recorded on a Shimadzu UV-YIS-NR spectmphotometer. 

Fluorescence spectra were recorded on a SPEX-FIuoroIog F112X 

spec~ofluorirneter. The fluorescence quantum yields were determined by using 

optically matched solutions. Doubly distilled water was used in d1 the studies. A 

soEution of calf thymus DNA was sonicated for 1 h to minimize complexities 

arising from DNA flexibility24 and filtered through a 0.45 pm Millipore filter (M, 

= 3 x 1 o5 g mol-I). The concentrations of DNA solutions were determined by using 

the average value of 6600 M" cm-I for the extinction coefficient of a single 

nucleotide at 260 Polynucleotides were dissolved in phosphate buffer, and 

the concentrations were determined by using the average extinction coefficient 
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value of 7400 M'I cm-' at 253 nm for poly(dG).poly(dC) and 6000 M-' cm-' at 260 

nm for po~y(d~) .ply(d~) .25 Viscosity measurements of DNA were c a n i d  out 

using calf thymus DNA (0.88 mM) in phosphate buffer (10 d) containing 2 mM 

NaCl (pH 7.4) at 25 "C and also in the presence of various viologen linked pyrene 

derivatives and model derivative under similar conditions. 

The DNA binding studies were carried out in 10 rnM phosphate buffer (pH 

7.4) containing 2, 100 and 500 mM NaCI. The intrinsic binding constant of the 

viologen linked pyrene derivatives with CT DNA was determined using 

absorbance at 344 nm recorded after each addition of CT DNA. The intrinsic 

binding constant KDNA was determined from the half reciprocal plot of DIAE,, vs 

D, where D is the concentration of DNA in base pairs, ha, = [ E ,  - E ~ ]  and AE = [Q - 

E ~ ] . ' ~  The apparent extinction coefficient, E., is obtained by calculating / 

[pyrene derivatives]. E,, and+ correspond to the extinction coefficient of the bound 

form of the pyrene derivatives and the extinction coefficient of the free pyrene 

derivatives, respectively. The data were fitted to Equation 3.1, with a slope equal 

to I/ AE and a y-intercept equal to 11 (A&KDNA). Q was determined from AE and 

KDNA was obtained from the ratio of the slope to the y-intercept. The binding site 

D / A G ~  = DIAE + 1 I (A&KDNA) (3.1) 

size, n, of the viologen linked pyrenes was evaluated by carrying out DNA binding 

studies at an ionic strength of 10 mM phosphate buffer. The intersection of the two 
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straight lines drawn through the linear portions of the absorption titration curve 

gave the binding site size n, for the corresponding viologen linked pyrenes. 

The counter ion release that accompanies binding of a ligand to DNA can 

be obtained from the slope of the logKDNA YS. -1og~$l2' according to Equation 3.2, 

-8 log KDNdB log ma+]= -ZY (3.2) 

where Z is charge of the Iigand and Prepresents the average number of condensed 

and screened sodium ions associated with the DNA phosphate group. The non- 

electrostatic contributions to the association of ligand with DNA can be obtained 

from the qua t ion  3.3, 

lnKoNA = l n ~ ;  + ~ c ' l n ( ~ ~ )  - mn[~a+] (3.3) 

where K: is the equilibrium constant that does not include the free energy of ion 

release. For the B-form of DNA, the dimensionless polymer charge density {is 

4.2. The variable 6 i s  0.33b, where h is the average axid charge spacing, 1.7 A" 

for B-form of DNA. The mean activity coefficient at an appropriate salt 

concentration is y4 0.78 at 100 rnM NaCl. 

3.6.2. Materials 

The synthesis of the viologen linked pyrene conjugates 1-3 was achieved in 

moderate yields through the SN2 reaction of the corresponding bromoalkylpyrene 

derivative with P -butyl-4,4'-bipyridinium bromide as described in Chapter 2 

(Section 2.6.3) of this thesis. Calf thymus DNA (Phamacia Biotech, USA), 

polynucleotides (Amersham Phamacia Biotech Inc.) were obtained and used as 
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received. 1-Butyl-4,4'-bipyridinium bromide was obtained in 95% yield by the 

reaction of 4,4'-bipyridine with 1-bromobuzane in the molar ratio of 3: 1 in dry 

acetonitrile." DNA from bacteriophage PM2 (PM2 DNA) was prepared 

according to the method of Salditt et a ~ . ' ~  More than 95% was in the 

supercoiled form, as determined by the reported method. 

Formamidopyrimidine-DNA glycosylase33 and Endonuclease were obtained 

from Dr. B. T4 endonuclease V was partially purified by the method of 

Nakabeppu et al." Exonuclease 111 was purchased from Boehringer. All repair 

endonucleases were tested for their incision at reference modifications under 

the applied assay conditions to ensure that the correct substrate modifications 

are fully recognized and no incision at non-substrate modifications take place. 

3.6,3. Cell culture 

L1210 cells were cultured in suspension in Rosewell Park Memorial 

Institute- 1640 supplemented with antibiotics, 0.25 mglmL L-glutamine, 107 

pglml, sodium pyruvate and 10% heat inactivated horse serum. Cell cultures were 

grown in a humidified atmosphere with 5% C02 in air at 37 'c. 

3.6.4. Thermal Denaturation of DNA 

The thermal denaturation temperature (T,) of oligonucleotide duplexes in 

the presence and absence of viologen linked pyrenes were obtained in 10 mM 

phosphate buffer (pH 7.0) by using a themmlectrically controlled Perkin Elmer 

spectrophotometer, interfaced to a PC-XT computer for the acquisition and 
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analysis of experimental data. The instrument was set at 260 nrn and the 

temperature was scanned at a heating rate of 1 "C min-'. The absorption data were 

plotted as a function of temperature. Under these conditions, the T, value of 19 

mer, [DNA(l).DNA(2)], without additive is 53 'C. The melting curves shown are 

the normalized melting curves. The percentage of hypochrornicit y in these 

measurements was calculated using equation 3.4, 

where, &lo and bA, are the change in absorbance observed during complete 

denaturation of DNA in the absence and presence of a particular concenbation of 

viologen linked pyrene derivatives, respectively. 

3.6.5. DNA Relaxation Assay and Quantification of DNA 

Modifications in PM2 DNA 

The exposure of PM2 DNA (10 pg/mL) to near-UV (360 nm, 9 and 18 

kJ/rn2) radiation in the presence and absence of viologen Pinked pyrenes was 

carried out on ice in phosphate buffer ( 5  mM KH2P04, 50 mM NaCl, pH 7.4) by 

means of a black light lamp (Osram HQV). The DNA was precipitated by 

ethanoVsodium acetate and re-dissolved in BEl buffer (20 mM Tris-HCI, pH 7.5, 

100 NaCI, I anM EDTA) for damage analysis. A DNA relaxation assay was 

used to quantify endonuclease-sensitive modifications and strand breaks. It makes 
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use of the fact that supercoiled PM2 DNA is converted by either a single strand 

break (SSB) or the incision of a repair endonuclease into a relaxed (nicked) form 

which migrates separately from the supercoiled farm in agarose gel 

electrophoresis. Quantification of both forms of DNA by staining with ethidium 

bromide followed by fluorescence scanning allows the determination of the 

number of single strand breaks per PM2 molecule (lo4 bp). If an incubation with 

repair endonucleases precedes the gel electrophoresis the number of single strand 

breaks plus endonuclease-sensitive sites (ESS) are obtained4*'" t h u g h  the 

equation 3.5, 

SSB + ESS = -ln[1.4x 11(1.4xI+I1)1 63.5) 

where, I and II are the fluorescence of the supercoiled and relaxed forms, 

respective1 y . 

An aliquot of 0.3 pg of the modified PM2 DNA in 20 pL BE, buffer was 

incubated for 30 min at 37 OC with 10 pL of BEI buffer (for the determination of 

directly produced stsand breaks) or with one of the following repair endonuclease 

preparations: (i) exonuclease HI, 300 UlmL in 20 mM Tris-HCE, pH 8.0, 100 mM 

NaCI, 15 mM CaC12; (ii) FPG protein, 3 p g / d  in BEI buffer; (iii) endonuclease 

III, 40 ng/mL in BE, buffer; (iv) T4 endonuclease V, 90 pg/mL in BEIS buffer 

(BE, buffer containing 15 mM EDTA). ?'he reactions were stopped by addition of 

3 pL of 10% sodium dodecyl sulfate and the DNA applied to an agarose slab 

electrophoresis gel. After electrophoresis and staining with ethidium bromide, the 
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relative amounts of the supercoiled and nicked forms of the DNA were determined 

using a fluorescence scanner (FI"R20, Sigma Instruments, Berlin). From these 

values the average number of single strand breaks per DNA molecule produced 

either direcdy by the damaging agent or by the subsequent enzymatic incision at 

the endonuclease-sensitive modifications were calculated according to the 

equation 6. 

3.6.6. Cytotoxicity Studies 

Cytotoxic studies were canied out using L1210 Cells. These cells were pre- 

incubated for 3-5 min with the viologen linked pyrene conjugates 1-2 in ca2+ and 

NIg2' free phosphate buffered saline (PBS) (140 mM NaCl, 3 rnM KCL, 8 mM 

Na2HPO4, 1 mM KH2POa, 0.1% glucose, pH 7.4) and then irradiated on ice (lo6 

celldml;) with visible light from a 1 OOO W hdogen lamp (PF8 1 1 ) at a distance of 33 

cm for 15 min, corresponding to 337.5 k~lrn' between 400 and 800 nm. The 

viologen linked pyrene conjugates 1-2 were removed by two centrif-ugation steps 

and resuspended in full medium at 1 or 2 x 10' cells/mL. Exponentially growing 

L1210 cells in suspension were counted after 48 using Coulter counter. 
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Chapter 4 

STUDY OF INTERACTIONS OF A FEW VIOLOGEN LINKED 

ACRIDINES WITH P-CYCLODEXTRIN 

4.1. Abstract 

Interactions of P-cycladextrin ( P C D )  with a few novel viologen Iinked 

acridine conjugates having rigid aromatic la-c and flexible methylene 2a-c spacer 

groups have been investigated through photophysical, chiroptical, electrochemical 

and atomic force microscopic (AFM) techniques. The dyads with para-tolyl l a  

and biphenyl X c spacer groups exhibited significantly decreased fluorescence 

quantum gelds and Lifetimes when cornplexed with PCD,  while negligible 

changes were observed for the ortho-isomer lb .  Tn contrast, the conjugates 2a-c 

with flexible spacer units, in the presence of P-CD, showed spacer length 

dependent significantly increased fluorescence quantum yields and lifetimes. 

Association constants for the complexes formed between P-CD and various dyads 

have been calculated and the complexation was confirmed using AM1 

calculations, competitive ligand displacement, circular dichroism (CD), cyclic 

voltammetry (CV), 'H NMR and AFM techniques. The intramolecular electron 

transfer rates (kET) have been estimated and are found tn increase nearly 2-fold for 
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the dyads with para-tolyl and biphenyI spacer groups when complexed with 

P-CD, whereas significantly decreased kET vaIues (ca. 15-fold) were observed for 

the dyads with flexible spacer group. These results demonstrate that the 

complexation of donor-acceptor conjugates having aromatic spacer group, with 

P-CD unusually leads to planarisation of the conjugate resulting in enhanced 

electron transfer processes between the donor and acceptor moieties, while 

conformational unfolding of sandwich type of structure occurs in the dyads having 

flexible spacer groups. 

4.2. Introduction 

The study of interactions of cyclodextrins (CDs) with drugs and 

photoactive molecules has been an active area of research in recent years as they 

mimic the biological environment.' Cyclodextrins are cyclic oligosaccharides 

consisting of six to nine glucose units and are called a-, e, y-, and 6 

cyclodextrins, respectively.2 CDs are water soluble and have not only rigid,)' 

well-defined toms shape with relatively apolar interior, but also rotational 

symmetry with an asymmetric environment.'-' These cyclic systems are known to 

form inclusion complexes with a variety of compounds, ranging from low 

molecular weight non-polar aliphatic molecules, polar amino acids to high 

molecular weight polymeric materials, depending on the size of CD cavity and the 

cross sectional area of the guest rnolecu~es.~ Because of these unique properties, 

CDs have found wide applications in pharmaceutical industry, catalysis, 
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separation technology, and recently in the design of biomimetic systems, 

supramolecular architectures and molecular machines .5 Moreover, the hydrophobic 

and spatid control of CD inclusion processes have been extensively exploited for 

not only using them as drug ~ a n i e r s , ~  in catalysis7 and separation technology,8 but 

dso in controlling the reactivity and in understanding the photochemical 

properties of a variety of functional molecules.' Of these systems, the electron 

donor-acceptor conjugates1"." have attracted great attention, since inclusion of 

wch systems in CDs not onIy alter the interactions between the donor and 

acceptor moieties but also results in supramolecular architectures that are useful as 

molecular rnachine~.'~.'~ 

The rate of intramolecular electron transfer (km) in a donor-acceptor 

conjugate is dependent on several parameters. These include, free energy change, 

the distance between the donor and acceptor units, nature and their orientation, and 

the intervening mediurn.14 Of these factors. the distance between the donor and 

acceptor, which also involves the nature of the spacer group is the most important 

factor, because of the approximately exponential decrease of the rates with 

increasing distance.14n15 Although the interactions of CDs with donor-acceptor 

molecuIes having flexible spacers have been reported, l0,11,16 to the best of our 

knowledge, the systems with sterically bulky and rigid aromatic spacers have 

received Iess attention. This Chapter presents our results obtained through 

investigation of interactions of P-cyclodextrin (P-CD) with a few selected novel 

donor-acceptor dyads la+ and 2a-<: (Figure 4.11, which are biologically 
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important and are efficient in cleaving DNA through the co-sensitization 

rnechani~m. '~ upon inclusion in FCD,  we observed reduced kE7 for 2a-c with 

\ 

A w l  Spacer Alkvl Spacer 

la) a 2a) -(CHZ)- 

I,) p 2b) -lCH2)3- 

2c) -(CH2)1f- 

\ A 

Figure 4.1. Structures of the vioIogen linked acridine derivatives la-c and 

2a-c and P-cyclodextrin (P-CD) used in the present study. 

flexible spacer, negligible changes for 1 b with sterica11 y bulky spacer group but 

surprisingly enhanced kET for l a  and l c  with rigid aromatic spacer. Results of 

these investigations demonstrate for the first time that inclusion of the donor- 

acceptor dyads with the rigid aromatic spacer in P C D  leads to planarization of 

the dyad and thereby facilitates an effective interaction between the donor and 

acceptor moieties present in it. 
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4.3. Results 

4.3.1. Synthesis of a Few Viologen Linked Acridines 

Synthesis of the viologen linked tolylacridines l a  and l b  was achieved as 

shown in Scheme 4.1. The ortho- and para-talyEacridines 3a and 3b, respectively 

were synthesized by the reaction of diphenylarnine with the corresponding toluic acids 

NBS - 
cc14, 
ref lux 

Scheme 4.1 

in presence of anhydrous zinc chloride using a modified Bcrnthsen procedure.'8 

These derivatives were then converted to the corresponding bromo derivatives 4a 

(60%) and 4b (56%) by the reaction with N-bromosuccinirnide. Finally, the 

synthesis of the vio1ogen linked tdylacridine derivatives was achieved by the 

reaction of the corresponding bromotolylacridine derivative with 1-butyl-4,4'- 

bipyridinium bromide. Thus, for example, the reaction of the bromo derivative 4a 

with I-butyl-4,4'-bipyridinium bromide yielded the viologen linked para- 

tolylacridine l a  in 77% Similarly, the reaction of 4b with 1-butyl-4,4'- 

bipyridinium bromide, gave the vioIogen linked ortho-tolylacridine derivatives l b  

in quantitative yields. 
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Synthesis of the bromoalkylacridine 7 was achieved by a modified 

Bernthsen procedure (Scheme 4.2). The condensation reaction of diphenylamine 

with 4-methyl biphenylcarboxylic acid in presence of anhydrous zinc chloride 

gave 10% of the acridhe derivative 7, which in turn was converted to 8 (54%) by 

the reaction with N-bromosuccinimide as shown in Scheme 4.2. Reaction of 8 

with I -butyl-4,4'-bipyridinium bromide gave the product, lc, in 35% yield. 

\ 8 6 OOH 

Scheme 4.2 



Chapter 4: Inrerncrions of viologen linked acridines with P C D  139 

Synthesis of the viologen linked acridine conjugates 2a-c has been achieved 

as per the Scheme 4-3. SN2 reaction of 1-butyI-4,4'-bipyridinium bromide with 

corresponding brornoaPkyla~ridines 9-11 gave the viologen linked acridine 

conjugates 2a-c, in 6577% yield.'7b All these cornpo~nds were purified through 

sectystalIization and characterized on the basis of spectral data and analytical 

evidence. 'H NMR spechum of the viologen linked tolylacridine l a  in DMSO-d6, 

for example, showed a peak corresponding to the methylene group between the 

phenyl and viologen moieties at 8 6.3 as a singlet, while the aromatic protons 

Scheme 4.3 

corresponding to the acridine and viologen moieties appeared as rnultiplets in the 

region between 8 7.5 and 8 9.85. In the case of the viologen linked ortho-toEyl 

derivative lb,  the methylene group between the phenyI and viologen moieties 

appeared at 8 5.6. On the other hand, vioIagen linked acrjdine Xc showed peak 

corresponding to the methyIene group between biphenyl and acridine moieties at 6 

6.30, whereas aromatic protons corresponding to the acridine, biphenyl and 

viologen moieties appeared as multiplets in the region between 8 6.3 and 8 9.85. In 

the case of viologen linked acridine 2a, the methylene group appeared at 6 7.16 as 
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a singlet. while the aromatic protons corresponding to the viologen and acridine 

moieties appeared as a multiplet at 6 7.79-9.37 (16W). 'HNMR spectra of 2b and 

2c, in addition to the other peaks, showed peaks corresponding to the rnethylene 

groups at 8 4.60-4.90. The "C spectrum of la showed five sp3 carbons appearing 

at 6 13.33, 18.77, 32.70, 60.64, and 63.87 corresponding to the four carbons of n- 

butyl group and one methylene carbon. The other aromatic carbons appeared in 

the region between 6 124.2 and 6 149.2. The mass spectra of the derivatives la-c 

and Za-c gave a molecular ion peak in each case corresponding to M4Br', 

indicating that one of the bromide ions is closely associated with the organic 

ligand (Mf). 

4.3.2. Photophysical Properties in Presence of P-Cyclodextrin 

The viologen linked acridine conjugates exhibited high solubility i n  

aqueous medium and obeyed Beer's law under experimental conditions." We 

observed no evidence for ground-state charge-transfer interaction between the 

acridine and vioilogen moieties present in these compounds under these conditions. 

Figure 4.2 shows the change in fluorescence spectra of l a  with the increase in 

addition of W D .  Upon increasing P C D  concentration, the fluorescence 

emission spectra corresponding to the acridine chromophore showed a significant 

quenching (ca. 2-fold). Similar observations were made with the dyad Ic 

containing biphenyl spacer (Figure 4.3). In contrast, with the addition of W D ,  
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400 450 500 550 600 650 
Wavelength, nm 

Figure 4.2. Effect of P C D  concentration on the fluorescence spectra of la  

(4.1 x M) and [MI)] a) 0, @) 0.68, (c) 1.35, (c) 2.01, (d) 2.67, (e) 

3.31, (f) 3.94, (g)  4.57, (h) 5.19, (i) 5.80 and (k) 6.40 mM in water. Inset 
show the corresponding Benesi-HiIdebrand plot. 

negligible changes were observed in the absorption spectra of dyads l a  (Figure 

4.4) and also in the absorption (inset of Figure 4.4) and fluorescence spectra of the 

dyad with ortho-tolyl spacer l b  (Figure 4.5). On the other hand, the donor- 

acceptor dyads 2a-c, with the flexible spacer groups (rnethyIene units of n = 1, 3 

and 1 1 ; Figures 4.6-4.8), exhibited spacer-length dependent increase in 

fluorescence intensity with increase in addition of F C D .  For example, in the case 

of the viologen linked acridine conjugate 2c, we observed ca. 15-fold 

enhancement in the fluorescence intensity with increase in concentration af W D .  
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450 500 550 600 650 700 
Wavelength, nm 

Figure 4.3. Effect of P-CD concentration on the fluorescence spectra of l c  

(9.1 x lom5 M) and [P-CD] (a) 0, (b) 0.29, ( c )  0.58, (d) 0.87, (e )  1.16, (f) 

1.44, (g) 1.73, and (h) 2.01 mM in water. Excitation wavelength 360 nm. 
Insets show their corresponding Benesi-Hildebrand plots. 

Benesi-Hildebrand analysis of the fluorescence changes (inset of Figures 

4.2-4.3 and Figures 4.6-4.8), gave a 1:1 stoichiometry for the complexes formed 

between KT3 and the dyads la, l c  and 2a4. The la-WD compIex showed an 

association constant (K,,) of 239 M" and the corresponding change in free energy 

valve of -13.7 kJM" (Table 4.1). In the case of the dyad with biphenyl spacer, 

lc- W P  complex, we observed significantly higher association constant of 325 

W' and change in free energy of -14.3 HM-'. On the other hand, 2c with a flexible 

spacer Iength of n = 1 1, exhibited nearly ca. 126fold higher association constant 

(K,, = 29600 K' and AG = -25.7 ~ J M - I ) ,  when compared to 1s (Table 4.1). 
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However, the dyads 2a and 2b showed significantly reduced association constants 

of 36 and 219 M-', with the corresponding change in free energy of -8.9 and -13.4 

kJ?vi" respectively, when compared to 2c. 

Table 4.1. Association constants (K,,), free energy change ( A )  and 

fluorescence lifetimes (T) for the complexes f o r d  between Q-CD and the 

donor-accep tar conjugates l a 4  and 2~1-c.~ 

Compound K.,), W' -AGC, W' T, ns T ~ C D ,  ns 

l a  239+5[*] 13.7k0.1 5.4(100%) 5.4(69%) 

0.9 (31%) 

l b  Nil Nil 10.6 (87 $0) e 

0.40 (13 9%) 

Ic 325 4 6 14.3 f 0.1 5.7 (100 9%) 5.7 (40%) 

1.4 (60%) 

2a 36+ 2 8.9 ? 0.1 14.6 (100 %) 15.0 (100 %) 

2b 219k6a 13.4k0.1 13,6(81%) 15.5(82%) 

2.80 (19 %) 5.80 (18 %) 

2c 296005100 25.7k0.4 14.7(82%) f5.0(82%) 

1.70 (18 %) 8.30 (18 %) 
- . -  

" Average of more than two experiments. K,,, was calculated using 

Benesi-Hildebrand equation. " AG for the complexes was calculated using 

equation -AG = RnnK,,. 'H NMR titrations gave Kass = 337 2 9 and 224 

-4 12 K' for l a  and 2b, respectively. WegligibIe changes were observed. 

To have a better understanding of fluorescence changes observed in 

presence of W D ,  we have analyzed the interaction of P C D  with the dyads la* 

and 2a-c by picosecond time-resolved fluorescence technique. As shown in 
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Figure 4.4. Effect of P-CD concentration on the absorption spectra of 1 a 

(4.1 x 10" M) in water. [P-CDJ (a) 0, (b) 0.68, (c) 1.35, Id) 2.01, (e)  2.67, 
(0 3.31, (g) 3.94, (h) 4.57, (i) 5.19, Cj) 5.80 and {k] 6.40 mM. Inset shows 

the shows the effect of P-CD concentration on the absorption spectra of l b  
under same conditions. 

Wavelength, nm 

Figure 4.5. Effect of P-CD concentration on the flvorescence emission 

spectra of Ib (4.1 x lom5 M) in water. [P-CD] (a) 0, (b) 0.68, (c)  1.35, (d) 

2.01, (e) 2.67, (f) 3.31, (g) 3.94, (h34.57, (i)  5.19, u) 5.80 and (k) 6.40 mM. 
Excitation wavelength 360 nm. 
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400 450 500 550 600 650 
Wavelength, nrn 

Figure 4.6. Effect of P-CD concentration on the fluorescence spectra of 2c 

(4.1 x lou5 MM) and [P-CD] (a) 0, (b) 0.02, (e)  0.07, (g) 0.09 mM. Insets 

show their corresponding Benesi-Hildebrand plots. 

" 400 450 500 550 GOO 650 

Wavelength (nm) 

Figure 4.7. Effect of p-CD concentration on the fluorescence emission spectra of 

2b (1.23 x 1U6 M) in water. [P-CD] (a) 0, (b) 0.1 2, (c) 0.38, (d) 0.63, (e) 0.89 
and (0 6.3 mM. Excitation wavelength, 360 nm. Inset shows Benesi- 
HiIdebrand plot for the change in absorption for 26 with increasing 

concentration of P-CD, 
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Wavelength, nm 

Figure 4.8, Effect of P-CD concenBation on the fluorescence emission 

spectra of 2a (1.73 x lom6 M) in water. [P-CD] (a )  0, (b) 0.12, (c )  0.38, 
(d) 0.63, ( e )  0.89 and (0 6.3 mM. Excitation wavelength, 360 nm. Inset 
shows Benesi-Hildebrand pIot for the change in absorption for 2a with 

increasing concentration of B-CD. 

Figure 4.9, the para-isomer l a  exhibited monoexponential decay with lifetime of 

5.4 ns. In the presence of W D ,  this dyad showed biexponential decay with 

lifetimes of 0.9 ns (31%) and 5.4 ns (69%) (Table 4.1). Similar observations were 

made with the dyad Ic containing the biphenyl spacer group. The dyad lc, which 

showed monoexponential decay with lifetime of 5.7 ns, exhibited biexponential 

decay with Iifetimes of 1.4 ns (60%) and 5.7 ns (40%) in the presence of W D .  

On the other hand, negligible changes were observed in the presence of W D  in 

the case of the ortho-isomer lb,  which showed biexponentid decay with the 
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lifetimes of 10.6 ns and 0.4 ns (inset of Figure 4.9). In contrast, the dyads 2a-c 

with the flexible spacer groups showed enhancement in lifetimes in the presence 

of P-CD. For example, the dyad 2a showed monoexponential decay with a 

Iifetime of 14.6 ns, but when complexed with W D ,  it exhibited a marginal 

enhancement in the Iifetirne (15 ns). The dyad Zb, on the other hand, exhibited 

enhanced lifetimes of 1 5.5 and 5.8 ns in the presence of P-CD, as compared to its 

*. .- LL*. I 
1 - 1  
1 . 1  

* * .C . -m*m *. . - w . -  m w * n  
. U W U I  a .  e n - n - -  

- 3 I r 1 1; 

0 10 20 3.0 40 
Time, ns 

Figure 4.9. Fluorescence decay profiles of l a  (1.23 x 1 o4 M) in water (a) 

in the absence and (b) in the presence of P-CD. [fLCD] 6.40 mM. Inset 
shows the effect of P-CD concentration on the fluorescence decay profiles 
of i b  (1.23 x 10" M) in water (a) in the absence and (b) in the presence of 
P-CD. [P-CD] 6.40 mM. Excitation and emission wavelengths are 360 and 

485 nm, respectively. 

lifetimes of 13.6 and 2.8 ns in the absence of P-CD. Similarly, the dyad Zc with a 

Iong flexible spacer length of n = 1 1, showed biexponential decay with lifetimes of 
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14.7 and 1.7 ns. Zn the presence of W D ,  it exhibited significantly enhanced 

lifetimes of 15.0 and 8.3 ns. As indicated above, of the two lifetimes of the dyads 

2b and 2c, only the short lived component exhibited significantly increased 

lifetimes (Table 4.1) in the presence of W D  as compared to the long lived major 

component. 

The values of km for the electron transfer1' for the dyads have been 

calculated using the fluorescence quantum yields and lifetimes. Unusually, km 

10 -1 10 -1 increased from 1.17 x 10 s to 2.03 x I0 s for the dyad with para-tolyl spacer 

la  in the presence of W D .  Sirni l~ ly ,  ca. 2-fold enhancement was observed with 

the dyad containing biphenyl spacer group. In contrast to the dyads la  and lc, the 

9 -1 dyad with flexible spacer group such as 2c (n = 1 I) (kw = 0.6 x 113 s ) exhibited 

significantly reduced rate of electron transfer by one order, when bound to P C D  

(km = 0.4 x 108 s-')' TO understand the contrasting behavior of the dyads with 

flexible and rigid spacer groups in the presence of m, we have investigated the 

interaction of these dyads with an alternative microenvironment medium such as 

micelles. Interestingly, irrespective of the nature of spacer group, the viologen 

linked acridine derivatives showed enhancement in the fluorescence quantum 

yields in the presence of micelles. For example, l a  with rigid spacer and 2c with 

fleixible spacer unit, exhibited enhancement in the fluorescence quantum yields 

ca. 16 and 2 fold, respectiveZy (Figure 4.10) in the presence of sodium dodecyl 

sulphate micelles (SDS) as compared to the aqueous medium. 
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4.3.3. Characterization of P-Cyclodextrin Inclusion Complexes 

Evidence for the interaction of the donor-acceptor dyads la ,  l c  and 2a-c 

with W D  and formation of the stable inclusion complexes is obtained through 

time-resolved fluorescence anisotropy, competitive Ijgand displacement, 19 l H  

NMR, circular dichroism (CD) and cyclic voltammetry (CV) techniques. 

450 500 550 600 650 700 

Wavelength, nm 

Figure 4.10. Effect of SDS concentration on the fluorescence emission 

spectra of l a  (1.21 x lo4 M) in water. [SDS] (a) 0, (b) 1.09. (c) 2.13. (d) 

3.31, (e)  4.55 and {F) 6.57 mM; excitation wavelength 360 nm. Inset shows 

the effect of SDS concentration on the absorption spectra of 2c. [SDSJ (a) 
0, (b) 2.13, (c) 4.55 and (dl 6.57 mM; excitation wavelength 360 nm. 

Fluorescence anisotropy gives a physical insight into the extent of restriction 

imposed by the microenvironment on the dynamics of the molecule and thus can 
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be exploited for confming the formation of stable inclusion complexes with 

PCD.~' Figure 4.11 shows the time-resolved anisotropy studies of the para- 

isomer la-PCD complex. We observed a monoexponential decay W E  th rotational 

correlation time of 0.37 ns and ro value of 0.034.05. As expected. the orrho- 

isomer showed no anisotropic behavior under the same conditions, indicating its 

negligible interactions with P-CD. The calculated value for hydrodynamic radius 

of the 2:l complex formed between l a  and P C D  using the rotational correlation 

time was found to be 7.2 & 0.5 A, which corresponds to a diameter of 14.4 0.5 

A, indicating the formation of a tight complex between F C D  and the dyad l a  

200 4b 6i)0 silo 
Time, ps 

Figure 4.11. Time-resolved fluorescence anisotropy of la  (1.23 pM) in the 

presence of P C D  (6.40 a). Inset shows the circular dichroic (CD) 
spectra of derivative l a  (3.1 x 1 o4 M) in the a) absence and b) presence of 

W D  (6.40 rnM). 
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having a diameter of 14.9 A. These observations furthermore rules out the 

possibility of peripheral binding of W D  with the dyad la,  since the diameter 

obtained from the anisotropy measurements is in good agreement with the 

theoreticalIy determined diameter for the dyad la .  

Figure 4.12 shows the revival of the fluorescence intensity of the dyad l a  

through ligand displacement technique. The addition of W D  results in the 

decrease in fluorescence intensity of l a  followed by saturation at ca. 6.4 mM of 

W D .  When AD-COOH, a known P-CD binding agent (K,, = 1.14 x 10' M - I ) , "  

was gradually added to this l a - f K D  complex, we observed the quantitative 

revival of the fluorescence intensity of la,  confirming thereby the effective 

displacement of l a  by AD-COOH from the F D  cavity. Figure 4.13 shows 'H 

I 

Wavelength, nm 

Figure 4.12. Effect of W D  concentration on emission spectra of l a  (4. Z x 
lo-%) in water. [m] (a) 0, (d) 2.01, (g) 3.94, (k) 6.40 mM, followed 
by gradual addition of AD-COOH. [AD-COOH] (1) 0.12, (p) 0.61, (r) 0.85, 
(t) 1.21 m. 
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Figure 4.13. Effect of W D  concentration on proton chernicd shift of 
compound la (37.2 mM) in water. [ W D ]  (a) 0, (b) 0.55, (c) 1.03, (d) 1.45, 
(e) 1.84, (0 2.49 mM. 

NMR spectra of l a  with the gradual addition of W D .  In presence of W D ,  the 

dyad la  showed significant changes in chemical shift (A6 = 0.31, for the proton 

corresponding to the spacer phenyl group. Analysis of the chemical shift changes 

through Benesi- Hildebrand plot (Figure 4.14) gave an association constant of 337 

+ 12 K' for la, which is relatively higher than the value obtained by fluorescence 

titrations (K., = 239 f 5 M-I). However, the NMR spectrum of the odho-isomer 

lb, as expected showed negligible changes in the presence of W D  (Figure 4.15). 

ElectrochemicaI studies of redox active ligands are highly useful in probing 

the ligand-P-CD interactions." The complexation of a ligand within host molecule 

such as P-CD can reduce the mobility of the ligand thereby resulting in the 

decrease in the intensity of current. Moreover, ligands as such are also expected to 
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Figure 4.14. Benesi-Hildebrand plot of change in chemical shift of proton 

Ha of the dyad la  (37.2 mM) with increasing in concentration of P C D  in 

DzO. 

Figure 4.15. Effect of P-CD concentration on proton chemical shift of 

compound l c  (35.6 mM) in water. [P-CD] (a) 0, (b) 2.49 mM. 

exhibit significant changes in their redox properties when complexed with P-CD, 

depending on the nature of interactions involved, In this context, we examined the 

redox properties of the viologen linked acridines in presence of P-CD to 
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understand the nature of their complexation. Figure 4.16 shows the cyclic 

voltammogram of 1 a, which exhibited two reversible one-electron reduction 

processes centered at -0.44 and 4 . 7 3  V, characteristic of the viologen moiety.*' 

With increase in addition of P-CD, we observed an increase in the reduction 

potentials by 66 and 10 mV, along with a decrease in current intensity of 35.7 pA 

(71 %) and 15.7 p A (6 1 %), respectively. The viologen linked acridine derivative 

2b, on the other hand, is found to have one reversible oneelectron reduction 

-60 E I I '  I '  I I I 1 1  

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 
Voltage, V 

Figure 4.16. Cyclic voltammograms of l a  (0.24 rnM) in 24 mM NaCl with 

increasing concentrations of W D  a) 0, b) 0.045, c )  0.09 and d) 0.1 8 mM. 
Scan rate, 100 mVls. Inset shows cyclic voltammograms of 2b (0.17 

in 17 mM NaCl with increasing concentrations of W D  a) 0, b) 0.09 and 

c )  0. I8 mM. Scan rate, 100 rnVls. 

process centered at -0.54 vmZ2 When P-CD was added, we observed a decrease in 

the reduction potentials by 38 mV (inset of Figure 4.16), along with a significant 
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decrease in current intensity of 6 pA (39%). These results indicate the formation 

of stable complexes between the dyads and P-CD and the importance of the spacer 

group on the current intensity of such complexes. 

CircuIar dichroism studies are useful in understanding the complex formation 

of organic ligands with ~ - c D . ' ~  Binding of an achiral molecule within a chiral 

environment, such as P-CD, can lead to the induced optical activity of the bound 

species. Inset of Figure 4.1 1 shows the CD spectral changes of I n  in the presence 

of P-CD. As shown in the inset of Figure 4.11, we observed induced CD signal 

corresponding to the acridine moiety of the dyad l a  at higher concentrations of 

W D .  In contrast, the CD studies of the ortho-isomer 1b in the presence of P-CD, 

showed no induced CD signal,24 confvming its negligible interactions with P-CD. 

Understanding the interaction of molecules at the atomic level is gaining 

much attention in the recent years?5 In contrast to the precision electron 

microscopes, atomic force microscopy is advantageous due to the non-invasive 

imaging of the materials. Particularly, tapping mode atomic force microscopy has 

been instrumental in imaging the soft materials such as organic molecules and 

biological samples. To understand how the viologen linked acridine conjugates 

interacts with P-CD, we have carried out tapping mode atomic force microscopic 

studies (TM AIM) of P-CD in the presence and absence of various representative 

ligands. wyclodextrin done showed a flaky, crystalline like structure with a 

height of 5 f 1 nm, whereas in the presence of derivative la, we observed drastic 



changes In the in the morphology of P C D  resulting in the loss of crystalline 

strclcture (Figure 4.17). As expected. we observed negligible changes in the 

morphology of the b-CD in the presence of the or-!llo-isomer 1 h. which exhibits 

insignificant interactions with P-CD, 

Figure 4.27. AFM images: A: F C D  (0.1 1 mM) alone, B: P-CD (0.1 1 

mM) in the presence of la (0.1 1 mM) and C: P C D  (0.1 1 mM) in the 

presence of 1 b (0.1 1 mM). 

4.3.4. Molecular Modeling Studies 

With a view to understand various photophysical properties of the viologcn 

linked acridine derivatives in the presence and absence of P-CD, we have curried 

out semi-empirical AM1 calculations to find out the possible stable conformers 

for the dyads la* and 2a-c. All the calculations have been carried out at AM1 

level using a suite of Gaussian 03W programs. We obtained minimum energy 

conformers for the dyads la* and 2a+ by geometry optimization of several 

conformers. Figure 4.1 X shows structures of the energy-minimized conl;ormations 

ol' the viologen linked acridine conjugates la+ and 2a-c. A M  1 calcularion?; show 
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that the viologen linked acridine derivatives la ,  l c  and 2a exist in one extended 

form as the minimum energy conformer, while, the dyads lb,  2b and 2c have two 

minimum energy conformers. TR agreement with the observation of various 

conformers through AM 1 calculaiions, we obtained monoexponential fluorescence 

1 b (Extended) 

1 a 

I b (Folded) 

2b (Extended) 2c (Extended) 

26 (Folded) 2c (Folded) 

Figure 4.18. Minimum energy conformers of the viologen linked acridine 
derivatives la+ and 2a-c. obtained through AM 1 calculations. 

decay in the case of the dyads la, l c  and 2a whereas the biexponential decay was 

observed for the dyads lb ,  2b and 2c. From the orientation of the donor aeridine 

chromophore with respect to the acceptor vielogen moiety, we assign the major 

component (80-90%) with long lifetime to the lowest energy minimum conformer 

i.e. the extended form, while the minor (10-20%) and short Iived species as that of 



[lie folded conforn~er. However. in all rliese cllses. the diff'crcnee in Ihe enthnl py ot' 

formation of these two confi)riiiations is marcginal. Ttrus. the exte~zdect form is 

found to be slightly more slahle than the folded one hy 0.1 8-0.1, kcal mol-'. 

To understand the nature ut'the encapsulation ot'the v io luyn lirlkod acriiline 

containing pm-(1-idyl spacer la  with PCD. AM1 cnIcu1ations have been carried 

out. Figure 4.1 9 shows the energy-~ninirnized sp3r.e-rillin? representation of the 

dyad la-P-CD inclusion complex. I t  is appiirenl from this figure [hat the P C D  

uavi t y  fits neatly over the phenyl spacer group and should great1 y restrict the 

J ' !  

Figure 4.19. Minimum energy conl'ormarion I'or the complex la-PCD. 

obtained by the AM I calculations. 

ro~alinnal motions of rhe tolyl moiety. Evidence for such n cor~~plexation i s  

obtained from the fluorescence anisotropy and 'H NMR experiments. where we 

observed significant changes in chemical shifts of the spacer phenyl group when 

uarnplexed with P-CD. 
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4.4. Discussion 

For compounds in which a donor and an acceptor are separated by flexible 

or rigid spacer groups, the distance dependence of electron transfer reactions are 

26-24 well documented in the literature. In such systems, both through-bond and 

through-space interactions play a key role in determining their photophysical 

properties. In the case of the dyads l a  and Ic, the observed decrease in 

fluorescence quantum yields (Fluorescence 'OFF', Figure 4.20) and the lifetimes 

in the presence of 8-CD could be attributed to the increase in the rate of electron 

transfer from the excited state of the acridine chrornophore to viologen moiety. 

This is evident, from the negligible changes in fluorescence quantum yields and 

the lifetimes observed for the dyad lb,  which showed neg1igibIe interactions with 

Fluorescence 'ON' Fluorsscenea 'OFF' 

Fluo-ncr 'OFF' Flwrrsccnem 'ON' 

Figure 4.20. Schematic illustration of interactions between p-CD and (A) 
the dyad Ia having rigid aromatic spacer and (B) the dyad 2c consisting of 
flexible methylene spacer group (n = 11). 



Chapter 4: Interactions of viologen linked acridines with PCD 160 

W D .  On the other hand, the spacer length dependent enhancement in the 

fluorescence quantum yields and the lifetimes of the dyads 2- was observed 

when complexed with P-CD (Fluorescence 'ON', Figure 4.20). This could be 

attributed to the decrease in the rate of electron transfer from the excited state of 

the acridine chromophore to viologen moiety in these cases. However, all these 

dyads la-c and 2s-c exhibited similar fluorescence enhancement in the presence 

of micelles. These results demonstrate that microencapsulation of all these 

derivatives occurs in micelles, whereas unusual p1annrIzatien of the rigid spacer 

takes place in the W D  cavity, particularly in the case of the dyads l a  and Ic. 

Further suppa for such planarkation was obtained though electrochemical 

studies. We observed increase in the reduction potentials of fhe dyad l a  

corresponding to the viologen moiety in the presence of m, whereas decreased 

values were observed for the dyad 21, under similar conditions. This indicates the 

enhanced interactions between the donor and the acceptor moieties in the former 

case through plmarization of the rigid spacer when complexed with p-CD. 

As evident from the photophysical, e1ectrochemical and chiroptical studies, 

all the dyads l a  and l c  (rigid), and 2a-c (flexible), spacer groups undergo stable 

I : I complex formation with m. Our results clearly demonstrate that the dyads 

l a  and Ic form tight compIexes with W D  through the inclusion of aryl spacer 

groups in the hydrophobic P C D  cavity, while the dyads 2a-c through 

involvement of polymethylene spacer groups. This is based on the fellowing facts: 
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1) observation of induced CD signal, ii) hydrodynamic radius of 14.4 & 0.4 A from 

the anisotropy measurements as compared to the theoretically calculated 

molecular length of 14.9 A, iii) competitive displacement of the dyad la fmm the 

la-PCD complex by AD-COOH, iv) change in chemical shift of the phenyl 

spacer group when complexed with W D ,  and v) observation of distinct AEM 

morphological changes of P-CD, when complexed with the dyad la.  

Inclusion of the para-tolyl moiety of the dyad l a  in P C D  cavity obtained 

through AM1 calculations can be further understood as follows. Though the 

acridine unit can undergo interactions with P-CD" along the long molecular axis 

(radius = 9.19 A), the substitution at the 9'"osition in the dyads la, 1c and 2a-e. 

prevents it from such interactions due to steric reasons (Figure 4.20). Therefore, 

W D  binds to the dyads through the viologen unit leading to a less stabIe 

transition state3' and then finally the complexed state, where W D  is located on 

the spacer group. The para-tolyl moiety in l a  with a length of 5.84 A and width 

of 4.30 A undergoes an effective encapsulation while l b  with the ortho-tolyl 

spacer fails to interact with W D  (Figure 4.20) due to steric constraints. This 

hypothesis is cenf"med by the fact that the derivative Ic with biphenyl moiety as 

a spacer unit has a length of 9.49 A and width of 4.30 A. As expected, the dyad l c  

is found to undergo an effective interaction with F C D  compared to la, resulting 

in the formation of relatively a stable complex. Free energy changes obsemed 

during the W D  cornpIexation are found to be favorabIe for l a  and Ic, while in 
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the case of 2a4,  it increases with the increase in methylene spacer length (Table 

4.1). This could be attributed to the increase in entropy due to the displacement of 

water molecules from the W D  cavity by the guest molecules. The observed 

spacer length dependent increase in the association constants of the dyads 2a-c 

with flexible spacer groups with P-CD c o n f m  the invoIvement of the flexible 

methylene groups in the formation of stable inclusion complexes from these cases. 

In conclusion, the vioIogen linked acridine derivatives under investigation 

form stable complexes depending on the nature and length of the spacer group. 

Our results demonstrate the contrasting effects of the flexible and rigid spacer 

groups in the electron donor-acceptor dyads, when bound to W D .  Upon W D  

complexation, the electron transfer process between the donor and acceptor 

moieties is inhibited in the dyads with flexible spacer groups, but significantly 

enhanced rate of electron transfer processes were observed with systems having 

the rigid aromatic spacer group. In the presence of W D ,  the viologen linked 

acridines containing flexible spacer group undergoes unfolding of the sandwich 

like folded structure, which results in the decrease in the interaction between the 

donor and acceptor moiety. h contrast, the enhanced electron transfer rates 

observed with systems having rigid spacer is attributed to the unusual 

planarization of the molecule, when encapsulated in the W D  cavity. The resuIts 
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of these investigations are important in understanding the interaction between 

donor-acceptor dyads, unusual effects of the organized media such as f W D  and 

also in the design of supramolecular drug delivery systems and molecular 

machines. 

4.6, Experimental Section 

4.6.1. General Techniques 

All the molecular geometries were optimized at the sernkmpiricaI level by 

using AM1 method as implemented in the Gaussian 03W suite of programs. All 

meIting points are uncorrected and were determined an a Mel-Temp I1 melting 

point apparatus.32*33 An Elico pH meter was used for pH measurements. The 

electronic absorption spectra were recorded on a Shirnadzu W-VIS-NIR 

spectrophotorneter. Fluorescence spectra were recorded on a SPEX-Fluoroleg 

F112X spectrofluosimeter. The fluorescence quantum yields were determined by 

using optically matching solutions. 9-Aminoacridine in methanol (@ = 0.99) was 

used as the ~tandard.'~ The quantum yields of fluorescence were calculated using 

the equation 4.1, where, A, and A, are the absorbance of standard and unknown, 

respectively. Fs and F, are the areas of fluorescence peaks of the standard and 

unknown and n, and n, are the refractive indices of the standard and unknown 



Chapter 4: Interactions of viologen linked acridines with PCD 164 

solvents, respectively. @$ and @w are the fluorescence quantum yields of the 

standard and unknown compound. Fluorescence lifetimes and anisotropy were 

measured using an IBH Picosecond single photon counting system. Fluorescence 

lifetimes and anisotropy were determined by deconvoluting the instrumental 

function with mono or biexponential decay and minimizing the 2 values of the fit to 

1 A 0.1. The quenching rate constant k, was calculated by employing Equations 

(4.2) and (4.31, where and I are the fluorescence intensities in the absence and 

presence of quencher (Q), Ksv the Stern-Volmer constant, and % the singlet lifetime 

ofpara-tolylacridine in the absence of quencher. 

From the relative fluorescence quantum yields of the vioIogen-linked 

acridhe derivatives and flcrerescence lifetime of the model derivative para- 

tolylacridine, an estimate of the rate constant of electron transfer process km can 

be made by using Equation 4.4, where Gtef and @ are the relative fluorescence 

quantum yields of the model derivative para-telyIacridine and the viologen linked 

acsidine derivative, respectively, 

~ E T =  CC@EfI @9- 11 kt (4.4) 

and & is the fluorescence lifetime of the model compound para-toIylacridine. 

Cyclic voltammetry was performed on a BAS CVSOW Cyclic Vol tmeter  with 

potassium nitrate as supporting electrolyte in water. A standard three-electrode 
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configuration was used with a glassy carbon working electrode, a platinum 

auxiliary electrode, and a AglAgCl(3 M NaC1) reference electrode. The potentids 

were calibrated against the standard calomel eIectrode (SCE). 'H and I3c NPYlR 

were measured on a 300 MHz Bruker advanced DPX spectrometer. Circular 

dichroism spectra were recorded on Jasco Corporation, J-8 10 spectropolarirneter. 

NMR studies were performed with a Bmker 300 M z  system in D20 at 298 -t 1 

K. Association constants were determined using Benesi-HiIdebrand equation for a 

I : 1  stoichiometric complex using equation 4.5, where K,, is the association 

constant, cDf is the quantum yield of emission of a free viologen linked acridine, 

I / ( @  " QOb)= 1 I(@f - @&)-I- IIKass(@f - @ob)[P*CDl (4.5 1 

@&is the observed quantum yield in the presence of P C D  and a, is the quantum 

yield of emission of P C D  complex. The linear dependence of 1 I (a- Qbb) on the 

reciprocal of W D  concentration indicates the formation of 1:l molecular 

complex between W D  and viologen linked acridine. Change in free energy (AG) 

associated with the complexation between viologen linked acridine derivatives and 

W D ,  was determined using the equation 4.6;'" where K,,, is the 

AG = -RT lnK,,, 14.6) 

binding constant. DoubIy distilled water was used in all the studies. All experiments 

were carried out at room temperature (25 f 1 "C), unless otherwise mentioned. 

Hydrodynamic radius (rh) of the complex is dated  to rotational correlation time 
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(T~) as in the equation 4.7, where q is the viscosity of water, K is Boktzmann's 

constant and T is the temperature. 

Atomic force microscopy (AFM). Samples for the imaging were prepared 

by drop casting the W D  solution in the absence and presence of viologen linked 

acridine derivatives on freshly cleaved mica at the required concentrations. AFM 

images were recorded under ambient conditions using a Digital Instrument 

Multimode Nanoscope IV operating in the tapping mode regime. Micr-fabricated 

silicon cantilever tips (MPP-1110(3-10) with a resonance frequency of 299 H z  

and a spring constant of 20-80 ~m'' were used. The scan rate varied from 0.5 to 

1.5 Hz. AFM section analysis was done offline. 

4.6.2. Spectmphotometric and Spectrofluorimetric 'ITtrations 

The linearity of absorbance vs. concentrations was determined in the 

concentration range of ( I O ~ - ~ O ~  M) for all the derivatives. The sample 

concentmtions were taken between 0.1-10 x 1c5 M, where it obeyed Beer's law 

and formed no aggregation of the solute in the aqueous solutions. The linearity of 

the fluorescence emission vs. concentrations was also checked in the same 

concentration range used. The abswbance of the excitation wavelength was 

maintained lower than 0.15, Titrations of fiycIodextrh with donor-acceptor dyads 

were carried out in aqueous medium. 3 mL of these dyads were taken in a quartz 
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cuvette with a concentration ranging 0.1-10 x M. Subsequently, a 0.090 M 

stock solution of pyclodextrin were added in 20 p1 - 200 p1 volume to 3 mL 

solution of these dyads. A series of 'H NMR spectra were recorded upon addition of 

50 pl of 8.7 mM stock soIution of hyclodextrin to 0.75 mL of dyads. 

4.6.3. Materials 

DiphenyIamine, pyclodextrin {m) and 1ladamantanecarboxyIic acid 

(AD-COOH) were purchased from Aldrich and were used without further 

purification. The synthesis of 9-(4-methy1phenyl)acridine (3a), rnp 188-189 "C (lit. 

mp 189 O C )  and 9-(2-methy1phenyl)acridine (3b), mp 212-213 "C (lit. mp 214 "C 

)I7' was achieved as per reported procedures. 4-Methyl-4'-biphenylcarboxylic acid 

(6) rnp 168-189 OC (lit. mp 169 " c ) ~ ~  was prepared by modification of the reported 

procedures. The starting materials, 9-bromomethylacridine (91, mp 162-163 'C 

(lit. mp 160-161 OC ), 3-(acridin-9-y1)-I-bromopmpane (101, mp 104-105 "C (lit. 

mp 103-1 04 ), 1 1 -(acridin-9-y1)-1-bmmoundecane (11),58-59 "C (lit. mp 58-59 

O C ) , ' ~  were prepared by modification of the reported procedures. 1-Butyl-4.4'- 

bipyridinium bromide was obtained in a 95% yield by the reaction of 4,4'- 

bipyridine with 1-bromobutane in the molar ratio of 3:1 in dry acet~niaile."~ 

4.6.4. Synthesis of the viologen linked tolylacridines ( la  and Ib) 

A solution of 9-(4-methy1phenyl)acridine (3a, 1 mmol), N-bromosuccini- 

mide (NBS, 1 mmol) and benzoyl peroxide (20 mg) in dry CC14 (20 mL) was 
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refluxed for 8 h. The reaction mixiture was cooled and filtered. The frltrate was 

concentrated to give a residue, which was chromatographed over silica geI 

column. Elution of the column with a mixmre (1:4) of ethyl acetate and petroleum 

ether gave 9-(4-bmmomethylphy1)acridine 4a in 60% yield rnp 203-204 OC; 'H 

Nhinr (CDCl,, 300 MHz) S 4.7 (2H, s), 7.3-8.05 (8H, m), 8.25-8.50 (4H, m); "C 

NMR (CDC13, 75 MHz) 8 148.60, 146.28, 137.95, 136.04, 130.85, 129.96, 129.54, 

1 29 .M, 126.52, 1 25.69, 125.69, 124.92,32.88; (HRMS-EST) Cdcd for C2&l SNBr 

348,0388. Found 348.0384. 

Similar reaction of 9-(2-methylpheny1)acridine (3b) with N13S in CCI, 

in presence of knzoyl peroxide yielded 9x2-bmmomethy1phenyl)a~ridine 4b in 56% 

yield, mp 136-137 'C; 'H NMR (CDCl,, 300 MHz) 6 4.05 (2H, s), 7.10-7.90 (10H. 

rn), 8.15-8.45 (2K. m): "C NMR (CDCI,, 75 MHz) 6 148.46, 144.04. 136.49, 

135.30, 130.62, 129.75, 129.54, 129.07, 128.26, 126.23, 125.63, 124.96, 30.34; 

(WRMS-ESI) Calcd fw CzoHljNBr 348.0388. Found 348.0394. 

A so1ntion of 9-(4-bmmornethylphenyI]acridine (4a, 1 rnmol) and 1 -but yl-4,4- 

bipyridinium bromide (2 mmol) in dry acetonitrile (30 mL) was stirred at 30 OC for 

12 h. The precipitated solid was filtered, washed with dry acetonitrile and 

dichloromethane to remove the unreacted swing materials. The solid was further 

purified by Sodlet extraction with dichlorornethane and recrystallization from a 

mixture (41) of ethyl acetate and acetonitrile to give 77% of la, rnp 268-269 "C; 

'H NMR (DMSO-d6, 300 MHz) 8 0.85-1.05 (3H, t, J = 2.89 Hz), 1.15-1.55 {2H, 
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m), 1.80-2.20 (2H, m), 4.70-4.90 (2H, t, J = 2.80 Hz), 6.3 (2H, s), 7.50- 8.40 (1 2H, 

m), 8.75-9.05 (4H, m), 9.42-9.60 (2H, m), 9.70-9.85 (2H, m); ' 3 ~  NMR (DMSO- 

d6, 75 MHz) 8 149.23, 1483.61, 147.74, 146.19, 146.00, 145.76, 136.21, 134.42, 

131.09, 130.64, 129.36, 128.94, 127.26, 126.79, 126.38, 126.21, 124.23, 63.87, 

60.64,32.70, 18.77, 13.33; M S  mlz 561 (MtBr', 5), 481 (W, 1001,424 (10); Anal. 

Cdcd for C34H31BrlN3: C, 63.66; H, 4.87; N, 6.55. Found: C, 63.81; H, 5.09; N, 

6.42. 

Similar reaction of 942-bmmomethylphenyI)acridine (4b, 1 rnmol) with 1 - 

butyI-4,4'-bipyridinium bromide (2 mmol) in dry acetonitrile and purification as in 

the earlier case gave 75% of lb, mp 224-225 OC; 'H NMR (DMSO-d6, 300 MHz) 

6 0.80-1.00 (3H, t, J = 2.89 Hz), 1.05-1.50 (2H, m), 1.70-2.10 (2H, m), 4.65-4.90 

(2H, t, J = 2.85 Hz), 5.60 (2H, s), 7,15-8.70 (16H, m), 9,30-9,55 (4H, m); I3c 

NMR (DMSO-d6, 75 MHz) 6 148.50, 147.80, 145.82, 145.27, 142.77, 135.64, 

132.08, 131.90, 131.36, 130.55, 130.44, 129.98, 129.47, 127.08, 126.68, 126.49, 

125.95, 125.34, 124.24,62.02,60.64,32.68, 18.78, 13.35; MS d z  561 (M'Bf, 7). 

481 (h.I+, loo), 424 (73; And, Calcd for CMH3,Br2N3: C, 63.66; H, 4.87; N, 6.55. 

Found: C, 63.69; H, 5.06; N, 6.46. 

4,6.5. Synthesis of viologen linked 9-(biphenylyl4 

methy1)acridine (lc) 

A mixture of 4-methyl-4'-biphenylcarboxyfic acid (1.42 mmol), 

diphenylamine (1.42 m o l )  and anhydrous ZnClz (14 m o I )  was heated at 230 "C 
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for 24 h. To the reaction mixture 20% H2S04 (20 d) was added and refluxed for 

4 h. It was then cooled and neutralized with 25% aqueous NH3 solution and the 

solid product shus obtained was chromatographed over silica gel. Elution of the 

coIumn with a mixture of 41: 1) of ethyl acetate and hexane gave 9-(biphenylyI 6 

methy1)actidhe (lo%), mp 267-269 "C: 'H PMR [CDCI, 300 MHz) 62.42 (3H, 

s), 7.31-8.17 (16H, m); I3c NMR (CDC13, 75 MHz) 821.1, 126.4, 127.4, 128.9, 

129.8, 130.5, 131.1, 134.9, 135.9, 136.7, 138.2, 140.4, 143.3, 143.8; HRMS (ESI) 

Calcd for Q6Hl4N: 345.4358. Found: 345.4367. 

A mixture of 9-@iphenyIyl4methyl)acridine (0.1 mmol), N-bromosuc- 

cinidde (0.1 mmal) and AIBN in 10 ml, dry CC& was refluxed for 12 h. The 

reaction mixture was cooled and filtered. The filtrate was concentrated to give a 

residue, which was chromatographed over silica gel column. Elution of the 

column with a mixture (1:4) of ethyl acetate and petroleum ether gave the b m m  

derivative 8 (54%), mp 285-286 "C: 'H NMR (CDC13, 300 MHz) 64-56 (2H, s), 

7.52-8.05 (16H, m); "C NMR (CDC13, 75 MHz) 6 33.7, 126.7, 127.4, 128.5, 

129.4, 130.5, 131.1, 134.9, 135.9, 138.2, 139.9, 142.2, 144.2, 145.8; HRMS PSI) 

Calcd for C2&J3rN: 424.33 19. Found: 424.3337. 

To a solution of 9-(4-bromomethy1Wphenyl)acridine (0.1 mmol) in dry 

acetonitriIe (50 mL), I-butyl4,4'-bipyridinium bromide (0.1 mmol) was added 

and stirred at room temperature for 12 h. Precipitated product was fitered and 

dried to give Xc, which was recrystallised from a mixture (7:3) of methanol and 
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ethylacetate. 35% yield, mp 291-293 "C: 'H NMR (DMSW6,  300 MHz) 60.93- 

0.97 (3H, t, J = 7.4Hz), 1.35-1.38 (2H, m), 1.99-2.02 (2H, m), 4.79 (2H, t, J = 

7.1&), 6.30 (2H, s), 7.37-8.27 (9H, m), 8.93-9.85 (HW, m); 13c NMR (DMSO- 

d6, 75 MHz) 8 13.4, 18.8, 32.7, 60.6, 62.8, 109.1, 124.2, 126.2, 126.4, 126.8, 

127.3,128.3,129.1, 129.3,130.5, 131.1,134.5,f36.2,145.8,146.0, 147.9,148.6, 

149.2; HRMS (ESI) Calcd for C40H35BrN3: 637.6301. Found: 637.6301. Anal. 

Calcd for C40H35Br2N3: C, 66.96; H, 4.92; N, 5.86. Found: C, 66.74; H, 5.01; N, 

5.96. 

4.6.5. Synthesis of the viologen linked acridines (2a-c) 

A solution of w (acridin-9-yl)-a-bromoaIkanes (1 m o l )  and 1 -alkyl-4,4'- 

bipyridinium bromide (1 mmol) in dry acetonitrile (30 d) was stirred at 30 O C  for 

12 h. The precipitated solid thus obtained was filtered, washed with dry 

acetonitrile and dichloromethane to remove any unreacted starting materials. The 

solid was further purified by soxhlet extraction with dichloromethane to gave 2a-c 

in quantitative to moderate yields. 

2a (67%; obtained by the reaction of 9 with 1-alkyl-4,4-bipyridinium 

bromide, was recrystallized from a mixture (7:4) of methanol-acetonitrile): mp 

260-261 O C ;  'H NMR @MS0-4) 6 0.94 (3H, t, J = 2.9 Hz), 1.30-1.37 (ZH, m), 

1.93-1.98 (2H, m), 4.70 (ZH, t, J = 2.8 Hz), 7.16 (ZH, s}, 7.79-8.36 (4H, m), 8.51- 

8.72 (8H, m), 9.20-9.37 (4H, m); "C NMR (DMSO-d,) S 149.78, 148.91, 146.02, 
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145.69, 131.43, 130.97, 130.22, 128.70, 127.13, 126.92, 126.02, 124.36, 121.42, 

61.02, 55.45, 33.01, 19.10, 13.67; (HRMS-ESI) Calcd for CzsN3H2,Br: 484.1388. 

Found: 484.1372. And. Cdcd for C28H27Br2N3: C, 59.49; H, 4.8 1; N, 7.43. Found: 

C, 59.28; H, 4.98; N, 7.31. 

2b (71%; obtained by the reaction of 10 with 1-alky1-4,4'-bipyridinium 

bromide, was pudYed by washing several times with a mixture (1:4) of methanol- 

acetonitrile): mp 253-254 O C ;  'H NMR (DMSO-&) 6 0.90 (3H, t, J = 2.7 Hz). 

1.10-1.60 (2H, m), 1.70-2.20 (ZH, m), 2.20-2.70 (ZH, m], 4.75 (4H, t, J = 3.6 Hz), 

7.60-8.30 (6H, m), 8.50-9.00 (6H, m}, 9.30-9.75 (4H, m); 13c NMR @MSO-d6} 6 

149.45, 149,35, 146.18, 14540, 133.29, 127.49, 127.19, 125.91, 124.96, 61.22, 

60.73, 33.21, 33.05, 24.89, 19.28, 13.85; MS (FAB): mfi (%) 433 &I+, lo), 408 

(11, 376 (31, 347 (1). And. Calcd for C3&,,Br2N3: C, 60.72; H, 5.27; N, 7.08. 

Found: C, 60.51; H, 5.21; N, 7.27. 

2c (65%; obtained by the reaction of 11 with 1-alkyl-4,4'-bipyridinium 

bromide, was recrystdlsed from acetonitrile): mp 248 -249 OC; IR v, (KBr) 

3032,2933,2859 (C-El), 1648 [C=N), 1559 (C=C) cm-' ; %!I H ((DMSO-d6) G 

0.90-2.3 (27H, m), 4.7-4.9 (4H, t, J = 3.6 Hz), 7.50-8.00 (6H, m), 8.05-8.60 (6H, 

m), 8.7@9.30 (2H, m), 9.20- 9.30 (2H, m); ' 3 ~  NMR (DMSO-d6) 148.98, 148.35, 

147.65, 146.09, 130.49, 130.09, 127.02, 126.20, 125.15, 124.71, 61.25, 61.04, 

33.07, 31.64, 31.15, 29.68, 29.26, 29.14, 28.76, 27.13, 25.80, 19-16, 13.72; MS 
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(FAB) d z  (%) 545 w, lo), 488 (2), 429 (I), 323 (2), 270 (63. Anal. Calcd for 

C38&7Br2N3: C,  64.68; H, 6.71 ; N, 5.98. Found: C, 64.42; H, 6.44; N, 5.72. 
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