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PREFACE

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 DNA 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 Sy2 reaction of the corresponding bromoalkylpyrene derivatives

Vil



with 1-butyl-4,4'-bipyridinium bromide and were characterized on the basis of
analytical and spectral evidence. The conjugates 1-3 exhibited characteristic
fluorescence 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 AGgr = -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 from 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.

The 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

viil



techniques employing calf thymus DNA (CT DNA) and polyoligonucleotides. These
studies demonstrate that these conjugates undergo effective DNA intercalation with
association constants (Kpna) 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 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,0 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 L1210 Murine leukemia
cells. The comparison of the cytotoxicity induced by various derivatives indicates
that substituents such as polymethylene 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 B-cyclodextrin (B—CD) with a few novel
viologen linked acridine conjugates la-¢ and 2a-c¢ containing rigid aromatic and

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

ix



Chapter. The dyads with para-tolyl 1a and biphenyl lc spacer groups exhibited
significantly decreased fluorescence quantum yields and lifetimes when complexed
with B—CD, while negligible changes were observed for the ortho-isomer 1b. In
contrast, the dyads 2a-c with flexible spacer units in the presence of B—-CD showed
spacer length dependent significantly increased fluorescence quantum yields and
lifetimes. Association constants for the complexes formed between B-CD and
various dyads have been calculated and the complexation was confirmed using
competitive ligand displacement, circular dichroism (CD), cyclic voltammetry (CV),
'HNMR and AFM techniques and further by AMI calculations. The intramolecular
electron transfer rates (kp7) have been estimated and are found to increase by nearly
2-fold for the dyads with para-tolyl 1la and biphenyl le¢ spacer groups when
complexed with 3—CD, whereas significantly decreased kgt (ca. 15-fold for 2¢) were
observed for the dyads with flexible spacer group. These results demonstrate that the
complexation of donor-acceptor conjugates 1a and le 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 2a-¢

having flexible spacer groups.

Note: The numbers of various compounds given here correspond (o those given

under the respective Chapters.



Chapter 1

AN OVERVIEW ON PHOTOACTIVATED DNA CLEAVING

AGENTS
e

i1.1. Introduction

Design of small molecules that selectively recognize nucleic acids and
induce strand scission in presence ol light is an active area of rescarch that has
important biochemical and therapeutic applicaliom.i"; While natural enzymes have
been cxtremely useful in many applications. their large size and/or hmited range
of sequence-recognition capabilities prevent their general use. FFor example. type 11
restriction enzymes which cleave within or near specific recognition sites, usually
require Mg~ ions as cofactor. Moreover. efficient cleavage is only observed with
DNA containing two or more recognition sites, suggesting that the active complex
binds at (two sites.™ An application. which demands cleavage with a higher level
of sequence selectivity or at single recognition site requires a ncw cleavage agent
with expanded recognition features. Such shortcomings of natural nucleic acid
cleaving agents provide opportunities  for chenmusts (0o design  novel
chemotherapeutics targeted to DNA and in the development of probes useful in

biology and medicine. In order for a single molecule 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 compounds 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 ftranscription and
translation to therapeutic agents. In the light of these facts, we have undertaken the
design, photophysical 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 cleaving agents. Moreover, the detailed
information on DNA cleaving agents and their applications in biology can be
obtained from the recently published reviews.'” The objectives of the present

thesis are also briefly indicated in this Chapter.
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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 1.1A.%7 Each

Adenine (A) Thymine (T)

Guanine (G) Cytosine (C)

B

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 (G-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 form a

double helix. These two chains are linked together by a large number of weak
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hydrogen bonds formed between the complementary bases (Figure [.1B). The
complementary base pairs in the case of DNA are adenine-thymine and guanine-
cyltosine. The bases. which are hydrophobic and paired by hydrogen bonding lie
inside and perpendicular to the helix axis. whereas the hydrophilic and negatively
charged sugar-phosphate backbone face out into the aqueous medium. The double
helical structure of DNA s stabilized by hydrogen bonding between  the
complementary base pairs and also by hydrophobic interactions between the

stacked bases.

DNA  adopts dilferent secondary helical  structures  based on  the
environmental conditions such as humidity and salt concentration. A-DNA and

B-DNA are the predominant DNA secondary structures (Figure 1.2) with right

Minor Groove

A-DNA B-DNA Z-DNA

Figure 1.2. The structures of various forms of duplex DNA.
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handed double helices and Watson-Crick base pairing, whereas Z-DNA is a left
handed double helical structure that is stabilized by high concentrations of MgCl,
and NaCL.* 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 morphological forms of DNA.

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

Property A B /

Relative humidity (%) 75 92 66
Pitch (A) 28 34 31
Residues per turn 11 10 9.3
Inclination of base pair from 20° 0 6
horizontal

Sugar ring conformation C3'endo C2'endo

Base conformation (rotated anti anti syn

relative to sugar)

Major groove Fully hidden Accessible Accessible
(10 A in width)
Minor groove 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
d(CCAACGTTGG).* The 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 munor

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 crystal structure of stacked
decamer of sequence d(CCAACGTTGQG).

1.3. Ligand-DNA Interactions

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



Chapter 1: An overview on photoactivated DNA cleaving agents 7

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

Sugar-phosphate
back bone ’f\

Central core of

base pairs
‘\

Major \\,

Groove .
Minor

Groove

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

binding sites.

molecules that cleave DNA without any specific interactions as well as

covalent interactions can be obtained from the published reviews.>'
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 extremely 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 and 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 molecules that can cleave DNA

upon photoexcitation.
1.5. Photoactivated DNA Cleaving Agents

Photonucleases 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 cleaving 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 photonucleases 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
catalytically. 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 light 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 cleavage 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 energy/electron 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."?

Photosensitizers can also initiate hydrogen atom abstraction by mechanisms
not involving hydroxyl radicals. Many n,7" excited states of photosensitizers
readily abstract hydrogen atoms, and radicals derived from them are capable of
hydrogen atom abstraction from the deoxyribose sugar.”® 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 nucleic 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 nucleobases, guanine has the
lowest oxidation potemial,'4 and hence guanine is implicated as the base in an
electron transfer mechanism in DNA.

A variety of compounds, from ketones to organometallic complexes to
polycyclic heteroaromatic 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, while
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 likely sites of reactivity in

DNA, namely, sugar or nucleobase.

1.5.1. Photoactivated Cleaving Agents 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 radicals
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 non-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 cleavage 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 (UO,”") 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 nucleobases are
observed as byproducts of the photocleavage and the quantum yield for their
production (~10*) matches the quantum yield for plasmid nicking, consistent with
a mechanism in which the damage is targeted to the sugar and not the nucleobase.
UO,* binds to the DNA by coordinating with phosphate backbone across the
minor groove with an affinity of the order of 10'° M, making it a valuable probe
of local structure. Subsequently, the uranyl salts have been successfully 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 regulator/DNA complexes.'® 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 insoluble uranyl hydroxide
aggregates, which makes it inefficient in cleaving DNA.

Biological applications of rhodium complexes, such as DNA and RNA

photocleavage, have been extensively reviewed.'® Photocleavage of DNA by
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rhodium (II) complexes (Chart 1.1) containing the phi ligand (phi = 9,10-
phenanthrenequinone diimine) (1) has been studied by Barton and co-

workers.'”'® 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 Rh(phi)
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)bipyridylrhodium(III) (Rh(phi)z(bpyf") (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 Rh(phi) complexes
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is quite interesting.18 For example, the A-isomer of [Rh(en)zphi]3+ (3, Chart 1.2)
(en = ethylenediamine) cleaves DNA with high selectivity for 5'-GG-3'
dinucleotide steps, whereas the A-isomer (4, Chart 1.2) exhibits cleavage at all
sites, with some preference for A/T sites. Thus, the Rh(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.

N ) (N
N,

N, | N o | N
N~ \N N~ \N
\—/ K—‘
3,A 4, A
\ O \ 7 \ 7
o® Ha Ha X ONH,
X H,N

N\ 7/ N\ /
(CHa)i—NH
©® H
X H5N

Chart 1.2

Bleomycin, a product of streptomyces fermentation, cleaves DNA via an

iron-oxo intermediate and has played a heuristic role in our understanding of the
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reactions of abiological coordination complexes. In 1982, Chang and Meares'®
have first reported the DNA cleavage by photoactivated cobalt(III)-bleomycin
complex (5, Chart 1.3) and later Saito, Hecht and co-workers?® have studied in
detail through characterization of the Co(II)-BLM(Green) complex (5) and
employing model systems. When the self-complementary dodecamer 5'-
CGCTTITAAAGCG-3' was used as the target, selective cleavage was observed
after alkali treatment at positions C-3 and C-11 and initiation of hydrogen

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

Arrows indicate the
+ coordination sites of
H,NO H o NH bleomycin
N O._R
\ ONHz
NN G 0 9
HN
Hy g Hy HO “CH3"g”
Ho, OHY /B“/
O
o N 1 :
H H oy Co"-Bleomycin
WOH 5
H
o)\NH2
Bleomycin
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 diplatinum complex, Pty(pop)s* (pop = pyrophosphito) (6,

Chart 1.4) has been studied by Thorp and co-workers.”’ The DNA fragments that
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arise from the cleavage possess 3'-phosphate and 3'-phosphoglycolate as well as
5'-phosphate and 5'-aldehyde termini. This indicates that the cleavage by platinum
complex is the result of hydrogen abstraction from both C-4' and C-5' of
deoxyribose, respectively. Zaleski and co-workers® 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(IIl) complex (8) in the

oc™"/\ “CO
OC CHj

9

Chart 1.4

presence of plasmid DNA affords both single- and double-strand cleavage,” with
significantly greater efficiency than photolysis of free ligand in threefold higher
concentration. From a mechanistic perspective, detection of Fe(II) as a reaction

product raises important questions conceming the mode of activation of the
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kinamycins and 6-diazo-5-oxo-L-norleucine. However, ligand to metal charge
transfer (LMCT) activated N, release from Fe(Ill) 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(CO);Me (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.” 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. Additionally, 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-workers™ have reported that vanadyl (V) complexes serve as
efficient reagents for cleaving supercoiled plasmid DNA by photoinitiation.
Complex (10, Chart 1.4), derived from 2-hydroxy-l-naphthaldehyde and L-
phenylalanine, exhibits a unique wedge feature, inducing a site-selective
photocleavage at the C22-T23 of the bulge backbone for a HIV-27 DNA system at
0.1-5 M. Transient absorption experiments indicate the involvement of ligand to
metal charge transfer (LMCT) 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 co-workers®® reported
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photoinduced cleavage of DNA by a cationic Schiff base complex 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 selectivity observed for the
cationic complex suggests that the cationic organic radical formed by photolysis of

11 selectively attacks thymine or thymidine, thereby cleaving 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 radicals in situ, which in
turn abstract hydrogen atom from the deoxyribose. These include enediyenes (12
and 13), nitroaromatics, triazoles (14), anthraquinones (15 and 16), flavin-
oligopyrroles, halogenated bithiazoles, N-hydroxypyridones (20), 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
diradicals.”’ 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 sitw include neocarzinostatin, esperamicin Al, dynemicin A,
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C1027 (12), calicheamicin etc.?® 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
simplified model compounds designed to generate diradicals have been studied as
photocleavers. Goldberg and co-workers™ have demonstrated that the enediyne

antibiotic C1027 (12, Chart 1.5) produces sequence specific covalent DNA drug
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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 Al
nucleotide (A = adenine) and the other radical, from either C-1' of A2 or C-5' of
A3, ultimately leading to DNA cleavage.

Wender and co-workers® 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 triazoles 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 co-workers™ 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.’'
Anthraquinones possessing electron withdrawing substituents are capable of
oxidizing organic substrates by hydrogen atom abstraction, since the excited
singlet state of these molecules is n-7* in character. AQ derivatives (15 and 16,

Chart 1.5) intercalate into DNA and cleave DNA through hydrogen abstraction.



Chapter 1: An overview on photoactivated DNA cleaving agents 21

However, if the AQ is present in excess relative to intercalation sites, spontaneous
sequence-neutral cleavage of the DNA results.”

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, (1S5 and 16, Chart 1.5), binds to DNA in
one of the grooves or by electrostatic association with the backbone phosphates.”'
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 rates of electron transfer from the nucleobases to AQ decreased by ca.
50-fold when compared to AQ bound through intercalative mode. Spontaneous
sequence-neutral 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-workers™> reported the photocleavage activity of
a series of acridine-linked nitrobenzamides and Shibuya and colleagues™ have
demonstrated the photoactivity of nitro substituted oligopyrroles, which mimic the
chemistry of netropsin. Recently, Saito and co-workers™* reported the DNA
photocleavage properties of a family of nitro-substituted naphthalimide
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
deoxyribose, leading to spontaneous cleavage, or from the thymine methyl group,
resulting in piperidine-dependent T-selective cleavage. Jeon and co-workers™
report that the 4’-bromo-2’-fluoroacetophenone (17, Chart 1.5) and 2’-bromo-4’-
fluoroacetophenone derivatives upon irradiation function as DNA cleaving agents
putatively through the generation and reaction of phenyl radicals. 2’-Bromo-4'-
fluoroacetophenones revealed higher DNA cleaving activity than 4'-bromo-2’-
fluoroacetophenone derivatives, supposedly induced by the higher reactivity of the
phenyl radical generated from 2’-bromo-4’-fluoroacetophenones. The attachment
of a minor groove binding moiety to bromofluoroacetophenone results in

increased strand scission of DNA mainly in sequence selective manner.
1.5.1.3. DNA Cleavage Induced by Hydroxyl Radical Generators

One of the well known DNA cleaving agents is the hydroxyl radical, which
abstracts hydrogen atom from deoxyribose to give sugar radicals.”® Several
methods exist for production of hydroxyl radicals, the simplest of which involves
irradiation of hydrogen peroxide with UV light, leading to O-O bond homolysis.
MacGregor showed that® irradiation of 100 mM H,0, in the presence of DNA
results in spontaneous, sequence-neutral cleavage of DNA. Saito and co-workers’|
reported the production of hydroxyl radicals by the irradiation of

naphthalenediimide hydroperoxide (18, Chart 1.6) and characterized the
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hydroxyl radicals by DMPO trapping and ESR spectroscopic studies. Further,
photonicking of supercoiled plasmid DNA by this hydroperoxide was found to be inhibited
by | 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'-G 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.
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Other compounds that are known to produce hydroxyl radicals are the

heterocyclic N-oxide derivatives®™ (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 radicals.”® The analysis of DNA
damage by employing various endonucleases indicated that the damage profiles
are similar to that of y-radiation induced damage. The damage was inhibited by
hydroxyl radical quenchers such as tert-butanol and DMSO and the involvement
of hydroxyl radicals in these reactions was further confirmed by isolation of
products and also by trapping with phenol, adamantane and DMPO.*

An alternative source of hydroxyl radicals is through superoxide dismutase
reaction, producing hydrogen peroxide and oxygen (eq 1.1). The hydrogen

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

20," 4 2H'—> H,0, + 20, (1.1)
reduction by metal ions (Fenton reaction)™ to produce hydroxyl radicals. Thus,
any agent that is capable of reducing oxygen to superoxide can produce hydroxyl
radicals and the radical of transient metals.*’ There are many examples of natural

compounds*? which photocleave DNA by processes which are partially inhibited
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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 ie. hydrogen peroxide production can be
faster in the presence of SOD than in its absence. Thus, inhibition of DNA
cleavage by SOD without catalase 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 for Oxidation of

Nucleobases in DNA

Cleavage of DNA strand as a result of chemical reactions initially occurring
on the nucleobase usually requires 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, hydroxyl radicals and ionizing radiation/electron acceptors. Hydroxyl
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radicals (HO®) 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 oxygen.'*** The adduct formation on the other hand occurs with
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Figure 1.5. Structures and general scheme for oxidative modification of
deoxyguanosine (dGuo) through different mechanisms.
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different selectivities, depending on the reaction mechanism. With nucleobases
they add to the double bond thereby generating piperidine dependent cleavage sites.
Superoxide radical anion formed in situ by electron transfer mechanisms does not
react directly with DNA to produce damage, but reacts through an iron-catalyzed

process to yield hydroxyl radicals (Fenton reaction).'?
1.5.2.1. Singlet Oxygen Generators

Electronically excited compounds that undergo efficient intersystem
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 guanine.>*

The resulting oxidized
guaniﬁe is sensitive to piperidine treatment which induces a strand scission.”
Performing experiments in D,O rather than in H,O can lead to a substantial
increase in the cleavage efficiency since the lifetime of singlet oxygen is
significantly longer in D,0 as compared to H,0.**

Numerous systems have been reported to cleave DNA involving singlet oxygen
mechanism. These include dioxetanes (24)," porphyrins (25 and 26)," fullerenes,”
psoralens (27)49 and ruthenium complexes (Chart 1.7). Adam and co-workers*®
demonstrated that dioxetanes (24), particularly, 3-(hydroxymethyl)-3,4,4-trimethyl-
1,2-dioxetane (HTMD), is an efficient photooxidant of 2'-deoxyguanosine (dGuo) on
thermal activation in dark. These molecules constitute excellent chemical 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 II photooxidation products such as 8-oxodGuo and 4-OH-8-0x0dGuo

(Figure 1.5). A 3-fold increment in 8-oxodGuo product formation was observed in

D,0O 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 (“photobiology without light’), numerous studies
have been carried to explore the biological importance of these molecules.
Porphyrins are well known singlet oxygen generators and cleave DNA
selectively at guanine residues.®’ Magda, Sessler and co-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 Jong wavelength of
irradiation, which is essential for in vivo photodynamic therapy applications.
Porphyrins can also be used to probe nonduplex structures in nucleic acids.
Tetracationic porphyrins5 % (Chart 1.7) for example, were found to bind with high
selectivity at a DNA three way junction, then initiate photocleavage at guanine
residues adjacent to the junction.

Helene and co-workers® 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 D,0, 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 mechanistic
experiments were. Detailed studies indicated that both singlet oxygen and electron

transfer pathways were operative in the case of 3-carbethoxypsoralene.
1.5.2.2. DNA Photocleavage Through Electron Transfer Mechanism

Recently, a number of small molecules that oxidize DNA by photoinduced
electron transfer mechanism have been reported. The most important systems

include ethidium bromide (28), riboflavin®® (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 +G (12

The subsequent reactivity of G** is complex and highly dependent on the
secondary structure of the DNA, leading to both 8-OxodG and oxazolone
decomposition products (Figure 1.5).*** 8-Ox0dG 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 incidental.”® 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. In particular, guanines located on the 5'-side of at least one other G are
strongly preferred over all other cleavage sites. Kawanishi and co-workers
reported that irradiation of riboflavin (29) (Chart 1.8) with UV light in the
presence of DNA led to piperidine dependent cleavage at the 5-G of GG steps.”
8-0Ox0dG was detected as a byproduct of the chemistry. An electron transfer
mechanism was suggested but the 5'-preference for the cleavage could not be

explained.
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Saito and co-workers® performed mechanistic experiments for
understanding the factors leading to cleavage at GG sites and particularly
preference for the cleavage at the 5'-G of the GG steps. The quantum yield for
cleavage of the hexamer duplex 5'-TTGGTA-3'.5-TACCAA-3' by lysine-

naphthalimide was determined to be 3 x 10 with a 8:2 preference for the 5'-G.
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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 explain 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 exclusively on the 5'-G, both in the neutral and

radical cation forms.
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Schuster and co-workers*® 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 precluding 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
transfer mechanism is inhibiting the exergonic back electron transfer.”*>’ To
circumvent the back electron transfer, Kochevar and co-workers® have adopted a
co-sensitizer approach. The photosensitization involving the co-sensitizer that is
bound far away from the sensitizer i1s 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 selectively
excite ethidium bromide. Ethidium chromophore does not react appreciably with
DNA by electron transfer, but it can be oxidized by the surface bound viologen
producing the ethidium radical cation and the viologen radical cation. The
oxidized ethidium can then accept an electron from one of the nucleobases in

DNA, retarding back electron transfer. Meanwhile, the reduced viologen can give
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the electron to oxygen, further separating the hole from the electron. This process
led to the G-selective cleavage of duplex DNA. Recently, Fukuzumi and co-
workers®® 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-methylacridinium 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
relevance for the subsequent DNA damage. Under aerobic conditions, triplet
sensitization leads to formation of 'O,, which causes oxidative base modifications
in DNA. Under anaerobic conditions, an electron transfer reaction predominates
resulting in hydroxyl radicals, which abstract hydrogen atoms from the DNA
backbone and induces a direct strand cleavage. It has also been observed that the
intercalated acridizinium salt undergoes initially photoinduced 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, Valko and co-workers®® have argued against this hypothesis. They have

demonstrated that 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.'® This feature has been exploited as a potential strategy for
regulating gene expressiqn. Association of a third strand with a duplex is
thermodynamically 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 explored 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 double-stranded nucleic acid
targets by forming Watson-Crick base paired duplexes or Hoogsteen base paired
triplexes, respectively.'® 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
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cleavage bands particularly at guanine sites. Significant cleavage bands were
found in the direction where the porphyrin 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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directionality and base selectivity of the cleavage are consistent with production of
singlet oxygen by the excited porphyrin chromophore and its reaction with DNA
within the vicinity of the porphyrin. Similarly, Sessler and co-workers®? reported
the enhanced cleavage selectivity with the expanded porphyrins linked to various
oligonucleotide sequences.

There are also reports that fullerene Cg, cleaves DNA selectively at site G
by singlet oxygen. Miyata and co-workers® reported the photocleavage activity of
Ceo and acridine-Cgy conjugate (36, Chart 1.10). It was observed that the irradiation of
Cyo led to about 25% conversion of supercoiled DNA to nicked form within one hour
at 35-40 °C. The acridine-Cg, conjl;gate, on the other hand, showed a stronger DNA
cleaving activity which was attributed to the intercalating affinity of the acridine
moiety and generation of singlet oxygen within the matrix. However, a recent study
by Foote and co-workers questioned this mechanism through Cg linked
oligonucleotide (38, Chart 1.10).% In such systems, they observed photocleavage
primarily at G residues, but neither enhancement in D,O nor inhibition by azide,
was observed. On the other hand, eosin-oligonucleotide (39, Chart 1.10) conjugate
showed G-selective cleavage, but in this case, the cleavage was enhanced by D,0
and inhibited by azide, as expected for singlet oxygen mediated cleavage. It seems
unlikely that D,O and azide would have such different effects if singlet oxygen
was involved in the cleavage induced by Cg and eosin derivatives. These results

clearly indicate that the cleavage mechanism induced by Ceginvolves both electron

transfer processes as well as singlet oxygen. xCyclodextrin-bicapped Cg
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(Ceo/ ~CD) (37, Chart 1.10),*> on the other hand, shows an efficient DNA
cleaving-activity in the presence of NADH (fnicotinamide adenine dinucleotide,
reduced form) in an O,-saturated aqueous solution under visible-light irradiation.
No significant DNA cleavage has been observed without NADH under similar
experimental conditions. Though singlet oxygen ('!0,) formation has been
established through ESR studies, but the detailed results using various additives

indicate that neither triplet excited state of Cgy/2CD nor '0, is involved in the

DNA damage induced by Cgy/ #CD.
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Hybridization of azidoproflavine derivative (40, Chart 1.10) linked to a

oligonucleotide T, sequence with its complementary sequence in a 2:1
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stoichiometry, 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 Ty strands bind in opposite directions.
However, the addition of this conjugate to a duplex of Aq.Ty 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 Ty strand binds to the duplex target through one preferred
orientation, namely the parallel alignment to the third Ag strand, indicating the

importance of orientation of triple helices in the damage 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
photoinduced electron transfer mechanism. Our strategy was to construct molecules
in which both an intercalating functionality and the electron acceptor moiety are
connected by a flexible linker chain. The intercalator was so chosen as to act as a
sensitizer with absorption in the UVA region (A > 360 nm) and is capable of
transferring electrons, upon excitation to the acceptor moiety. The important
productive reaction in such systems is 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
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bisacridinium systems and conjugates consisting of acridine chromophore as
sensitizer and the viologen 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 (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

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 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.
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Progress in this area would require 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 the
linking 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 molecules with
nucleosides, calf thymus DNA and polyoligonucleotides through photophysical and
biophysical techniques and investigated their efficiency of plasmid DNA cleavage
employing various restriction enzymes. Yet another objective of our investigations
has been to evaluate 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 groups with
organized media. In this context, we have examined the photophysical properties of

these systems in presence of B-cyclodextrin, evaluated the 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 STUDY OF PHOTOPHYSICAL

PROPERTIES OF A FEW VIOLOGEN LINKED PYRENES
|

2.1. Abstract

7

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
viologen linked pyrene derivatives 1 (n = 1), 2 (n = 7) and 3 (n = 12) exhibited
characteristic fluorescence emission of the pyrene chromophore 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 (AGgr = -1.59 eV) and redox species characterized through laser flash
photolysis studies. Intramolecular electron transfer rate constants (kgt) 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
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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 viologen moiety followed by an electron
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 laser flash photolysis
studies and subsequently the oxidized DNA modifications. These novel systems are
soluble 'i*n buffer media, stable under irradiation conditions and oxidize guanosine
and DNA efficiently and selectively through co-sensitization mechanism and hence

can be useful as photoactivated DNA cleaving agents.

2.2. Introduction

Design of functional 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 temporally by combining all of the

components of the reaction mixture before the irradiation. Excitation of the reaction
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mixture with an appropriate light source initiates the reaction, which continues until
the light is shut off.* 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 through
different mechanisms, including the electron-transfer reaction, generation of
diffusible and non-diffusible reactive intermediates, and H-atom abstraction.>® In
the latter two processes, selectivity of the DNA cleavage is rather difficult to attain,
as these reations 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 mechanism.”® 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.g"o 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 co-sensitizer 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 affinities 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 viologen 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 acridine; whereas the other one involves the oxidation of DNA by
the charge 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 transfer 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 through 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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DNA groove binder/
Co-sensitizer/
Electron acceptor

DNA intercalator/
Sensitizer/
Electron donor

@ @_y @2B<;;>

—(CH2)3CH3

Controls rate of electron
transfer and DNA
binding properties

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 demonstrate
that the pyrene moiety in these molecules constitutes an interesting variation and
plays a major role in controlling the electron transfer pathways, which ultimately

lead to the efficient photoxidation of DNA.

_O 2Br
(J
[

2(n=5) (R_ (CHy),CH
3 (n = 10) (CHa)3 3]

o/ /@
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5

&

Figure 2.2, Structures of the viololen linked pyrene and anthracene
conjugates used for the present investigation.
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2.3. Results

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. 1-Pyrene-
carboxaldehyde was prepared in 91% yield through modified Villsmeier-Hack
reaction of pyrene with N-methylformanilide and phophonylchloride and was then
reduced with sodium borohydride to yield 84% of 1-(hydroxymethyl)pyrene (8).
Sul);sequently, 1-(bromomethyl)pyrene (9) was synthesized in 82% yield by the
reaction of 1-(hydroxymethyl)pyrene with phosphorus tribromide. 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 linked pyrene conjugate 1 in 29% yield.

HO 5
O e, L e, AL ™,

‘O POCl,, ‘ ‘ CH,0H C CHC13,0°C
O o-dichlorobenzene

6 7 8 9

(CH;CH,)3N

CH;CN,
Reflux

Scheme 2.1
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The synthesis of the bromoalkylpyrenes 10 and 11 was achieved in
moderate yields through the bromoalkylation of 1-(hydroxymethyl)pyrene (8) with
the corresponding o, w—dibromoalkane using sodium hydride in dry THF as shown
in Scheme 2.2. The Sy2 reaction of 10 and 11 with 1-butyl-4,4’-bipyridinium
bromide gave 53% and 42%, respectively, of the viologen linked pyrene

conjugates 2 and 3.

O/(CH HoBr
OH NaH, THF Qrc O
Br(CHz)nBr CHgCN Reflux ‘O
" Reflux @ O
B@

10)n=4 2) n =5; R = (CHz)3CH;
11)n=9 3) n =10; R = (CH5)3CH3

Scheme 2.2

® — @
AN )R
2Br

The synthesis of the viologen linked anthracene conjugate 5 was achieved
as per the Scheme 2.3. 9-Anthracenecarboxaldehyde was reduced using sodium
borohydride to yield 90% of 9-(hydroxymethyl)anthracene (13). The reaction of 13
with phosphorus tribromide gave 9-(bromomethyl)anthracene (14) in 87% yield.
The viologen linked anthracene conjugate 5, on the other hand, was obtained in
26% yield through the Sy2 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 viologen linked pyrene 1 in DMSO-ds, for example, showed peaks

corresponding to the quarternized methylene groups at §4.69 and 6.82, whereas
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HO H OH HoBr
OOO CHZOH OOO CHCl3, 0°C OO@
12 13 14

eV

CH,CN, Reflux

5) R = (CH)3CH3

Scheme 2.3

the aliphatic protons corresponding to the butyl group appeared as multiplets in the
region between 6 0.90 and 1.97. While the aromatic protons corresponding to the
pyrene and the viologen moieties appeared as multiplets in the region between &
7.5 and 9.85. On the other hand, the higher conjugates 2 and 3 showed a single
peak corresponding to both the quarternized methylene groups at 6 4.69, whereas
the aliphatic protons corresponding to the spacer and butyl groups appeared as
multiplets in the region between &0.94 and 3.64. 'H NMR spectrum of the model
compound 4 in DMSO-ds, showed a multiplet corresponding to the methyl groups
at 8 1.25 and peaks corresponding to the quarternized methylene groups at §3.35
and 5.31, whereas the aromatic protons corresponding to the pyrene moiety
appeared as multiplets in the region between §8.17 and 8.73.

The "C spectrum of 1 showed five sp’ carbons appearing at & 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 aromatic carbons appeared in the region between &
109.9 and 146.2. Similarly, the '>C spectra of the higher homologues 2 and 3
showed twelve and eleven sp’ 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 sp®
carbons corresponding to the two carbons of ethyl groups and one methylene
carbon co;responding 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'Br, indicating that one of the bromide ions is closely associated with the
organic ligand (M"). Similarly, 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 10 mM phosphate
buffer showed characteristic absorption spectra with a maximum at 344 nm,
corresponding to the pyrene chromophore. The absorption spectra of these
derivatives in buffer can be described as the sum of the absorption bands of the
pyrene chromophore and viologen (MV**) 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 10° M), 2 (0.55 x 10° M), 3

(0.5 x 10°° M), model compound 4 (0.51 x 10° M) and 5 (0.73 x 10 M) in

phosphate buffer (10 mM, pH 7.4) containing 2 mM NaCl.
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-state 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, respectively, were observed for the bifunctional derivatives
1-3. Inset of Figure 2.4 shows the fluorescence emission spectrum of S in buffer.
This conjugate showed fluorescence spectrum characteristic of the anthracene
chromophore with a maximum around 410 nm with a significantly lower
fluorescence quantum yield value of @& = 0.001, as compared to the 9-
(hydroxymethyl)anthracene (& = 0.3).

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

pyrene derivatives, we have carried out picosecond time-resolved fluorescence



Chapter 2: Photophysical properties of viologen linked pyrene derivatives 60

Table 2.1. Absorption (4,,) and fluorescence (A.,) properties of viologen
linked pyrene derivatives 1-3 and model derivative 4 in phosphate buffer

(10 mM, pH 7.4Y*

Compound A, nm Aem, NIM bl
; ms k
g M'cm D x 10 BT S s

1 344 0 32x10° 8;23

(22650) (0.21£0.01) 0.2 (36%)
2

2 344 380 1sx100 B2 (02%)
19170 0.44+0.07 25 (27%)
( ) (0:44£0.07) 0.44 (11%)

38.8 (63%

3 344 330 L1x10° g, ((267%"))
(28730)  (0.58+0.09) 03 (10%)

4 344 374 i 118.8 (100%)
(24090)  (32+0.1)

® The data are the average of more than two independent experiments and
the error is ca. +5%. ° Intramolecular electron transfer rate constants are
determined using the fluorescence lifetime of the model derivative 4 in

buffer (t = 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 1, 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 118.8 ns. The fluorescence

lifetimes of the viologen linked 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 !-(thydroxymethyl)pyrene and methyl viologen was evaluated through
photophysical studies and theoretical calculations. Fluorescence emission

spectrum of 1-(hydroxymethyl)pyrene (Figure 2.6.) in methanol showed a
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Figure 2.6. Effect of viologen (MV?*) concentration on the fluorescence spectra
of 1-(hydroxymethyl)pyrene (5.86 x 10" M) in methanol. [MV?] (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 (k;), was calculated and is found to

be 2 x 10° M s™. To 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-(hydroxylmethyl)pyrene in methano! and in the presence
of MV*. On the basis of quenching experiments with molecular oxygen, the
transient spécies having absorption maximum at 450 nm and lifetime of 3 pis could
be assigned to the radical cation of the pyrene chromophore. As per the literature
evidence,'? the other transient with two absorption maxima at 395 and 610 nm
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

0.08

Decay at 395 nm (8 ps)

Decay at 450 nm (3 ps)

10.00 0.01 0.02 0.03 0.04
Time, ms

AOD

400 500 600 700
Wavelength, nm

Figure 2.7. Transient absorption spectra of 1-(hydroxymethyl)pyrene (5 x
10° M) in the presence of viologen (MV*", 5 x 10 M) in methanol recorded
at a) 7, b) 10, ¢) 20 and d) 55 ms 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 chromophore' and is found to be AGgr =
-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 role.'*"
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 bimolecular quenching properties of the viologen

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

H < | = Hy I H
ol
HO. 5: J\NHz HO. | J wo Ao o Ao
H OH H OH EH iH EH ;:H

guanosine adenosine cytidine thymidine

Figure 2.8. Structures of the nucleosides used for the present investigation.

increasing in concentration of nucleosides 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-Volmer plots

are shown in the Figure 2.11. Similar observations were made for other conjugates
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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 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, (§)
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 also 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 2.13), which is in agreement with
the results obtained in the case of the viologen linked pyrene conjugates. In
contrast, the titration with strong electron donors, such as triethanolamine, led to
the significant fluorescence quenching (ca. 2-fold) of the viologen linked pyrene
derivative 1 (Figure 2.14). From the corresponding Stern-Volmer plot (inset of
Figure 2.14), we obtained a high rate of electron transfer kgr = 1 x 10'° M's™ for

the reaction between triethanolamine and the viologen linked pyrene conjugate 1.
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Figure 2.10. Effect of adenosine (Ade) 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 NaCl. [Ade] (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.
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Figure 2.11. Stern-Volmer plot for the quenching of 1 (1.48 X 10° M) by
guanosine (v ), adenosine (4 ), cytidine (@) and thymidine ( ®). Excitation
wavelength, 340 nm.
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Figure 2.12. Time-resolved fluorescence decay of 1 (1.48 X 10° M) in
buffer with increasing concentration of guanosine. [Guo] (a) 0, (b) 0.47, (c)
0.93 and (d) 1.512 mM; excitation wavelength 335 nm and emission
monitored at 380 nm.
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Figure 2.13. Effect of guanosine (Guo) concentration on the fluorescence
emission spectra of the derivative 5 (1.48 x 10° M) in phosphate buffer (10
mM, pH 7.4) containing 2 mM 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, (j) 1.369 and (k) 1.512
mM; excitation wavelength 360 nm. Inset shows the corresponding changes
in the absorption spectra.
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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

mM, pH 7.4) containing 2 mM NaCl. [Triethanolamine] (a) 0, (b) 2.50, (c)

3.85, (d) 5.06, (e) 7.40 and (f) 8.54 mM; excitation wavelength 340 nm.

Inset shows the corresponding Stern-Volmer 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
conjugate;-(355 nm, pulse width 20 ns) in buffer or methanol 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
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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 2.15. The first transient with
two maxima at 395 and 610 nm exhibited first-order decay with a rate constant of
3.6 x 10° s, which could be assigned to the reduced viologen radical cation."
Whereas, the second transient species with absorption maximum at 525 nm,
exhibriied first-order decay with a rate constant of 1.1 x 10*s™. As per the literature
evidence,' the latter 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 10° 5™
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Figure 2.16. Transient absorption spectra of 4 (2.8 x 10 M) in the presence
of guanosine (1 mM) in methanol recorded at, a) 13, b) 26, c) 50 and d) 91
us 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 radical cation
at 525 nm was observed with the model compound 4. Figure 2.17 shows the
transient absorpt;on spectrum obtained on laser excitation of 3 in the presence of
DNA (0.68 mM) in phosphate buffer (10 mM, pH 7.4) containing 10% methanol.
As in the case of guanosine, the spectrum consisted of two transient species. The
transient absorption with two maxima at 395 and 610 nm, comresponding to the

radical cation of viologen exhibited first-order decay rate constant of 3.0 x 10°s™
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Figure 2.17. Transient absorption spectrum of 3 (2.5 x 10* 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 |is after 355 nm laser excitation.

The inset shows the decay of the reduced viologen radical cation at 395 nm
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 first order decay rate of 8.9 x 10° 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 literature
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

A

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 (n = 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 kg = 3.2 x 10°s” for 1 (n =
1), and ca. 3-times lower value of kgt = 1.1 x 10°s™!, for 3 (n = 12), indicate that
the rate of intramolecular electron transfer reaction decreases with increasing in

spacer length (Table 1) in these systems.
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Nanosecond time-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
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 spacer 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 (AGgr = -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
nucleobases.'®’® This 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 AGgr = -0.13, 0.00, 0.18 and 0.28 eV, respectively for G, 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 linked pyrene conjugates.
However, a strong electron donor such as triethanolamine 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 values for electron transfer from
triethanolamine to singlet excited state of the pyrene chromophore (AGgr = -0.33
eV). In the case of the viologen linked pyrene derivatives, the rate of charge
separation kgt and the rate of charge recombination are expected to be fast, and
hence the reduced viologen radical cation could 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 (kg = 1.1 x 10°s™") in the case of the charge-separated species
formed in the presence of the guanosine, whereas in the presence of DNA in buffer,
we observed relatively a higher rate of charge recombination (kcg - 8.9 x 10%s™).
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 first electron transfer
from the DNA bases to the excited state of the pyrene chromophore, followed 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 unfavorable 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 first electron transfer

from the excited state of the pyrene chromophore to the viologen moiety, followed
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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),
(i) the observation of efficient fluorescence quenching by the viologen moiety and
(iii) formation of the radical cations of both reduced viologen 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 both DNA and reduced viologen moiety. The radical

cation of DNA thus formed leads to the DNA damage and eventually 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 confirm that these systems undergo first 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
viologen moiety. These novel bifunctional systems, which are stable in aqueous
medium and efficient in oxidizing guanosine 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.'g'20 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-Fluorolog
F112X spectrofluorimeter. The fluorescence quantum yields were determined by
using optically matched solutions. Quinine sulphate (& = 0.54) in 0.1 N H,SO,
was used as the standard.”’ The quantum yields of fluorescence were calculated

using the equation 2.1, where, A and A, are the absorbance of standard and

2
AgFyn
P = —— & (1)

A, Fo i,
unknown, respectively. F, and F; are the areas of fluorescence peaks of the
unknown and standard and n, and n, are the refractive indices of the standard and
unknown solvents, respectively. &; and &, are the fluorescence quantum yields of
the standard and unknown.

Fluorescence lifetimes were measured using a IBH Picosecond single
photon counting system. The fluorescence decay profiles were deconvoluted using
IBH data station software V2.1, fitted with monoexponential decay and
minimizing the % values of the fit to 1 + 0.1. The quenching rate constant k, was
calculated by employing Equations (2.2) and (2.3), where Ipand 7 are the

10/1 = 1+ st[Q] (22)
Ksy = Kgx g (2.3)

fluorescence intensities in the absence and presence of quencher (Q), K the Stern-
Volmer constant, and T, the singlet lifetime of 1-(hydroxylmethyl)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 kgt can be made by using Equation 2.4,
where @&,.; and @ are the relative fluorescence quantum yields of the model

ker= [(Pret/ D —1]/Tes  (2.4)
compound 4 and the viologen linked pyrene derivative, respectively, and 7% 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 cm™' for the extinction

coefficient of a single nucleotide at 260 nm.?

2.6.2. Materials

Pyrene, N-methylformanilide, phosphonylchloride, 4,4’-bipyridine, 1,5-
dibromopentane, 1,10-dibromodecane, 1-bromobutane,  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 3:1 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 1-[(pyren-1-yl)methyl]-1'-N,N’,N"’-

triethylammonium bromide (4)

N-methylformanilide (25 mmol) was dissolved in o-dichlorobenzene (5
mL) and the solution was stirred and maintained at 20-25 °C, during the addition
of POCl; (45 mmol) for 2 h. Pyrene (25 mmol) was then added and the mixture
stirred 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 Il-pyrenecarboxaldehyde (91%), after recrystallization from
methanol, mp 123-126 °C (mixture mp)>: '"H NMR (CDCl;, 300 MHz) & 7.81-
8.14 (9H, m, aromatic), 10.16 (1H, CHO); '>*C NMR (CDCl;, 75 MHz) 6 1234,
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 1-pyrenecarboxaldehyde (2.2 mmol) in 50 mL
dry methanol, sodium borohydride (2.8 mmol) was added and the resulting
mixture was stirred for 1 h. Excess sodium borohydride was washed with ice cold
water and methanol was evaporated under reduced pressure. The aqueous layer

was extracted with dichloromethane 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
1-(hydroxymethyl)pyrene, mp 123-124 °C (mixture mp)**: 'H NMR (CDCls, 300
MHz) §5.40 (2H, d, J = 5.28 Hz), 7.98-8.21 (9H, m, aromatic), 8.37 (1H, d, J =
9.23 Hz); '*C NMR (CDCl, 75 MHz) §63.84, 122.9, 124.7, 125.3, 125.9, 126.0,
127.4, 127.5, 127.9,130.8.

To an ice cold solution of 1-thydroxymethyl)pyrene (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 layer was separated and
evaporated under reduced pressure to give 82% of 1-(bromomethyl)pyrene, after
recrystallization from chloroform, mp 136-137 °C (mixture mp)*: 'H NMR
(CDCl,, 300 MHz) 85.25 (2H, s), 8.06-8.13 (5H, m), 8.20-8.26 (3H, m), 8.39 (1H,
d, J = 9.2 Hz); °C NMR (CDCl;, 75 MHz) §32.2, 122.8, 124.8, 125.6, 1262,
127.3, 127.7, 127.9, 128.2. Anal. Calcd for C,;H,,Br: C, 69.17; H, 3.76. Found: C,
69.31; H, 3.57.

To a solution of 1-(bromomethyl)pyrene (0.65 mmol) in dry acetonitrile (30
mL), triethylamine (0.65 mmol) was added and stirred for 12 h at room 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) of methanol and

ethyl acetate, mp 184-185 °C: '"H NMR (DMSO-d;, 300 MHz) 61.25-1.29 (SH, m),
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3.35-3.42 (6H, m), 5.31 (2H, s), 8.17-8.73 (9H, m); *C NMR (DMSO-d;, 75 MHz)
018, 527, 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 C,3sH,6BrN: 396.3633.
Found: 396.3639. Anal. Calcd for C,3H,BrN: 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'-

bipyridinium dibromide (1)

To a solution of 1-(bromomethyl)pyrene (0.6 mmol) in dry acetonitrile (50
mL), 1-butyl-4,4’-bipyridinium bromide (0.6 mmol) 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 recrystallized from a mixture
(7:3) of methanol and ethyl acetate, mp 286-290 °C: 'H NMR (DMSO-d,, 300
MHz) 6 0.90-0.95 (3H, t, J = 7.4Hz), 1.29-1.33 (2H, m), 1.93-1.97 (2H, m), 4.69
(2H, t, J = 7.1Hz), 6.82 (2H, s), 8.17-8.75 (9H, m), 8.58-9.51 (8H, m); '°C NMR
(DMSO-ds, 75 MHz) 6 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 (ESI) Calcd for C3HyBrN,: 508.4715. Found: 508.4711.
Anal. Calcd for C3;HyBrNy: 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-(butyl)-N’-[5-(1-pyrenylmethoxy)pent-1-

yl1}-4,4’-bipyridinium dibromide (2)

To a stirred suspension of sodium hydride (19 mmol) in dry THF (10 mL)
under reflux condition was added a solution of 1-(hydroxymethyl)pyrene (1 mmol)
and 1,5-dibromopentane (5 mmol) over a period of 30 min in dry THF (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 purified by
recrystallization from a mixture (2:8) of ethyl acetate and hexane to give §-
bromopentyl-1-methylpyrene ether (53%), mp 83-84 °C: 'H NMR (CDCl;, 300
MHz) 6 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 (CDCl;, 300 MHz) 625.0, 29.0, 32.6, 33.7, 70.1, 76.6,
115.8,123.5,125.5, 125.2, 125.9, 126.9, 127.4, 127.6.

To a solution of S5-bromopentyl-1-methylpyrene ether (0.5 mmol) in dry
acetonitrile (30 mL), 1-butyl-4,4’-bipyridinium bromide (0.5 mmol) was added and
stirred for 12 h at room temperature. Precipitated product was filtered and dried in
vacuum oven, which was then recrystallized from a mixture (7:3) of methanol and
ethyl acetate to give the viologen linked pyrene conjugate 2 (32%), mp 216-217 °C:
(DMSO-ds, 300 MHz) §0.94-2.08 (13H, m), 3.60-3.64 (2H, m), 4.69 (4H, s), 5.17
(2H, s), 8.01-9.37 (17H, m); °C NMR (DMSO0-ds, 75 MHz) & 13.8, 19.2, 22.8,

28.0,29.0, 30.6, 30.9, 33.1, 60.7, 61.2, 69.8, 70.8, 123.0, 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 (ESI) Calcd for C36H3gN,OBr: 594.6038. Found: 594.6032. Anal. Caled for

Ci6H3sBr,N,O: 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)-N’-[10-(1-pyrenylmethoxy)dec-1-

yl1}-4,4’-bipyridinium dibromide (3)

To a stirred suspension of sodium hydride (19 mmol) in dry THF (10 mL)
under reflux condition was added a solution of 1-(hydroxymethyl)pyrene (1 mmol)
and 1,10 dibromodecane (5 mmol) over a period of 30 min in dry THF (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
purified by recrystallization from a mixture (2:8) of ethyl acetate and hexane to give
10-bromodecyl-1-methylpyrene ether (42%), mp 54-55 °C: 'H NMR (CDCl,, 300
MHz) & 1.20-1.80 (16H, m), 3.35-3.40 (2H, m), 3.58-3.62 (2H, m), 5.21 (2H, s),
8.01-8.40 (9H, m); >C NMR (CDCl,, 75 MHz) §25.0, 25.8, 26.2, 28.7, 29.2, 29.4,
299, 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-bromodecyl-1-methylpyrene ether (0.5 mmol) in dry
acetonitrile (30 mL), 1-butyl-4,4’-bipyridinium bromide (0.5 mmol) was added and
stirred for 12 h at room temperature. Precipitated product was filtered and dried in

vacuum oven, which was then recrystallized from a mixture (7:3) of methanol and
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ethyl acetate to give the viologen linked pyrene conjugate 3 (29%), mp 217-218 °C:
'H NMR (DMSO-ds, 300 MHz) 61.15-2.08 (23H, m), 3.55-3.59 (2H, m), 4.65-4.69
(4H, m), 5,17 (2H, s), 8.09-9.33 (17H, m); >°C NMR (DMSO-ds, 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 (ESI) Calcd for C4HN,OBr: 664.7367. Found:
664.7360. Anal. Calcd for C4 HygBrN,0: C, 66.13; H, 6.50; N, 3.76. Found: C,

66.29; H, 6.33; N, 3.89.

2.6.7. Synthesis of 1-[(anthr-9-yl)methyl]-1'-butyl-4,4'-

bipyridinium dibromide (5)

To an ice cold solution of 9-anthracenecarboxaldehyde (2.2 mmol) in 50
mL dry methanol, sodium borohydride (2.8 mmol) 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 ethyl acetate and hexane (1:19) to give 9-(hydroxymethyl)anthracene
(90%), mp 162-164 °C (mixture mp)*: 'H NMR (CDCl,, 300 MHz) §5.40 (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); °C NMR (CDCls, 75 MHz) 6 26.9, 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-(hydroxymethyl)anthracene (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 layer was separated and
evaporated under reduced pressure to give 87% of 9-(bromomethyl)anthracene,
after recrystallization from chloroform, mp 136-137 °C (mixture mp)® : 'H NMR
(CDCls,, 300 MHz) 65.55 (2H, s), 7.48-7.53 (2H, m), 7.62-7.67 (2H, m), 8.04 (2H,
d, J = 9.23 Hz), 8.31 (2H, d, J = 8.71 Hz); °C NMR (CDCl;, 75 MHz) § 26.9,
123.5, 125.4, 126.8, 129.1, 129.2, 129.7, 131.5.

To a solution of 9-(bromomethyl)anthracene (0.6 mmol) in dry acetonitrile
(50 mL), 1-butyl-4,4’-bipyridinium bromide (0.6 mmol) was added and stirred at
room temperature for 12 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 °C: 'H NMR (DMSO-d;,
300 MHz) 6 0.88 (3H, t, J = 7.4Hz), 1.28-1.29 (2H, m), 1.89-1.91 (2H, m), 4.67
(2H, t, J = 7.4Hz), 7.08 (2H, s), 7.61-9.33 (17H, m); °C NMR (DMSO-ds, 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 (FAB) Calcd for CyyH,3BrN,: 484.4501. Found: 484.4495. Anal.

Caled for CyoH,4Br,N,: 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 VIOLOGEN LINKED PYRENES
. ___________________________________________________________________

3.1. Abstract

DNA binding and in vitro photobiological properties of a few selected
bilunctional viologen-linked pyrene conjugates have been investigated using call
thymus DNA. supercoiled PM2 DNA and synthetic oligonucleotides. The DNA
binding studies through photophysical, chiroptical. viscometric. electrochemical
and thermal denaturation techniques demonstrate that these systems undergo
effective DNA intercalation with association constants (Kpxa) In the range 1.1-2.6
x 10" 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. lIrradiation of supercoiled DNA from bacteriophage
PM2 (PM2 DNA. 10" kbp) in the presence of these derivatives showed spacer
length dependent DNA damage that is sensitive to formamidopyrimidine-DNA
elycosylase (Fpg). This damage was found 1o 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
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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 photocytotoxicity in L1210 murine leukemia cells. Results of
these investigations clearly demonstrate that the spacer group in these systems
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 drugs, that are targeted to DNA."”
Several aromatic hydrocarbons and related systems have been reported to be highly
carcinogenic, and the carcinogenicity of these molecules, in general, has been attributed
to their activity at the DNA level*® When molecules bind with DNA, number of
modes of interactions are possible such as electrostatic, groove binding and

1617 Alkali metal ions are electrostatically attracted to the

intercalative interactions.
phosphate backbone of DNA and prefer electrostatic binding, whereas transition metal
ions may coordinate with the nitrogen atoms of the nucleobases.'® Since the interior of

the double helix is fairly hydrophobic due to the m-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.”” These
different kinds 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-
diaminoacridine® bound to DNA show increase in lifetimes and fluorescence quantum
yields when bound to AT-rich DNA, while significantly reduced values were observed
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 intercalative 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 molecules 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
formamidopyrimidine glycosylase (Fpg). Results of these investigations
demonstrate that the presence of spacer group and viologen moiety imparts
amphiphilicity 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 efficiently 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 = 1) resulted in gradual decrease in absorbance at 345

nm, corresponding to the pyrene chromophore. The maximum hypochromism

a
0.3- Il
g
(D]
£ 0.2-
N L 2
2
fomi
]
[42]
)
< 0.1-
0.0

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, (d) 0.034, (e) 0.045, (f) 0.056 and (g) 0.08 mM.
(~50%) was observed at 0.08 mM of DNA and with formation of a new 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
analysis21 of the absorbance changes gave a linear plot (Figure 3.4) with an

intrinsic binding constant (Kpna) of 1.120.05 x 10* M and the binding site size of
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Figure 3.3. Fluorescence emission 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, (d) 0.034, (e) 0.045, (f) 0.056 and (g) 0.08

mM. Excitation wavelength, 351 nm.
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Figure 3.4. Half-reciprocal plot for the binding of 1 with CT DNA in
phosphate buffer (10 mM, pH 7.4) containing 2 mM NaCl. Inset shows the

saturation of absorption changes at 345 nm with increase in DNA
concentration.
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1.440.2 for the compound 1. A gradual decrease in the absorption intensity of 1
was observed (inset of Figure 3.4), which reached saturation at a high
concentration of DNA (0.08 mM). Similar changes in absorption and fluorescence
spectra were obtained in the 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 10* M and binding site sizes of 1.7£0.2, 1.8+0.3
and 1.910.3, for the derivatives 2, 3 and 4, respectively. Table 3.1 summarizes the

DNA binding properties of the viologen linked pyrene derivatives 1-3 and the

model compound 4.
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Figure 3.5. Absorption spectra of 2 (1.05 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) 0.015, (c) 0.017, (d) 0.029, (e) 0.034, (f) 0.039 and (g) 0.045 mM. Inset
shows the corresponding half- reciprocal plot.
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Figure 3.6. Absorption spectra of 3 (2 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)
0.010, (c) 0.014, (d) 0.024, (e) 0.031 and (f) 0.049 mM. Inset shows the

corresponding half-reciprocal plot.
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Figure 3.7. Absorption spectra of 4 (1.8 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) 0.023, (c) 0.035, (d) 0.046, (e) 0.069, (f) 0.079 and (g) 0.091 mM.
Inset shows the corresponding changes in fluorescence spectra; excitation

wavelength 351 nm.
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Table 3.1. DNA binding (Kpna) properties and binding site sizes (n) of
conjugates 1-3 and model compound 4 in phosphate buffer (10 mM, pH
7.4)*

Compound  Kpna®, M n° T, °C¢
1 1.1x10* 14402 60
2 19x10*  1.740.2 63
3 23x10°  1.840.3 66
4 26x10°  1.9403 67

* The data are the average of more than two independent experiments and
the error is ca. +5%." Calculated as reported in reference (21). ¢ Binding site
size. ¢ Thermal denaturation temperature of a duplex DNA1.DNAZ2 in
phospahet buffer (10 mM, pH 7.4). DNA1: 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 interactions.** 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. To
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 mM 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 mM NaCl
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resulted in gradual decrease in absorbance at 345 nm, with maximum
hypochromicity (~46% and 42%, respectively) at 0.06 mM of DNA. The viologen

linked conjugate 1, which showed Kpna = 1.140.05 x 10°M™ in phosphate buffer

3'80 b 1 v 1 v ] M L) M I v L]
0.0 0.5 1.0 1.5 2.0 2.5 3.0

log[Na']

Figure 3.8. The plot of logarithm of binding constant Ky, 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 Kpna = 0.9,
0.84 and 0.6620.04 x 10° M"', respectively, at 50, 100 and 500 mM NaCl. From
the values of Kpna oObtained 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 is calculated
to be -23.1 kJIM’, which is in agreement with the reported values for the

intercalating dyes such as ethidium bromide.?
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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 salt
concentrations. Figure 3.9 shows the effect of polynucleotide such as

poly(dG).poly(dC) concentration on the absorption spectra of the viologen linked
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Figure 3.9. Absorption spectra of 1 (1.9 x 10° M) in the presence of

poly(dG).poly(dC) in phosphate buffer (10 mM, pH 7.4) containing 2 mM

NaCl. [poly(dG).poly(dC)] (a) 0, b) 0.002, (c) 0.004, (d) 0.006, (¢) 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 half-
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 1, which are found to be Kpya = 1.65 % 0.06 x
10* M' and 0.84 + 0.03 x 10* M, respectively, for the different duplexes

poly(dG).poly(dC) and poly(dA).poly(dT).
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Figure 3.10. Absorption spectra of 1 (1.9 x 10® M) in the presence of
poly(dA).poly(dT) in phosphate buffer (10 mM, pH 7.4) containing 2 mM
NaCl. [poly(dA).poly(dT)] (a) 0, b) 0.01, (c) 0.02, (d) 0.04, (e) 0.05, (f) 0.06,
(g) 0.08, (h) 0.09, (i) 0.10 and (k) 0.11 mM. Inset shows the corresponding
half-reciprocal plot.

Further confirmation on the nature of interaction of the viologen 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 chiral environment, such as DNA, can lead to the induced optical activity
of the bound species.?’ Figure 3.11 shows the positively bisignated induced CD
spectra of viologen linked pyrene conjugate 1 corresponding to the pyrene moiety
with increasing concentration of DNA. Similar observations were made in the case

of the higher viologen linked pyrene conjugates 2 and 3.
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Figure 3.11. Circular dichroic (CD) spectra of CT DNA (0.9 mM) in the (a)
absence and (b-e) presence of 1. [1] (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 DNA.** 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.

1.54
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Figure 3.12. The effect of increasing concentrations of the viologen linked
conjugates 1-3 and model compound 4 on the relative viscosity of CT DNA

(0.88 mM) at 25 * 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-ligand interactions and in electrochemical

detection of DNA.” The complexation of a ligand 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 voltammograms

of the conjugate 1 in the presence and absence of DNA. The conjugate 1, shows
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Figure 3.13. Cyclic voltammograms of 1 (0.26 mM) in 26 mM NaCl (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 mV/s. Inset shows the
corresponding square wave voltammograms.

two reversible one-electron reduction 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 nA (54%) and 25.1
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nA (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 melting temperature
(T,), i.e. the temperature at which the double helix denatures to single stranded
DNA.* The extinction coefficient of DNA bases at 260 nm 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 temperature.”**” In order to understand the extent of
interaction of the viologen linked pyrene conjugates with DNA, we have examined
the stabilization of DNA duplex in the presence of these molecules using DNA
thermal denaturation technique of duplex DNA1.DNA2. Figure 3.14 shows the
thermal denaturation curves for the duplex DNA1.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 first derivative plots and
are summarized in the Table 3.1. The DNA duplex alone showed a melting
temperature (7,,) of 53 °C without any additive, while in the presence of 1-3 and

the model derivative 4, the melting temperatures were found to be 60 °C, 63 °C, 66
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°C and 67 °C, respectively, indicating significant stabilization of the duplex in the

presence of these conjugates.
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Figure 3.14. Differential thermal denaturation curves for the DNA duplex,
DNA1.DNA2 in the absence (T, = 53 °C) and presence of 1 (20 uM, T, =
60 °C), 2 (20 uM, T, = 63 °C), 3 (20 uM, T, = 66 °C) and 4 (20 pM, T, =
67 °C). 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 3.15). This assay makes use of
the fact that supercoiled DNA (plasmid, bacteriophage DNA, mitochondrial DNA)
(Form I) is converted by either single-strand cleavage or the incision of a repair

endonuclease into a relaxed circular DNA (Form II), 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
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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 damage.?® However, the transformation of the supercoiled
form directly to linear form (Form III) 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 endonucleases.® The

recognition spectrum of various enzymes is summarized in Figure 3.16.2
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Figure 3.16. Recognition spectrum of various repair endonucleases.

Phosphate-buffered (pH 7.0), air-saturated solutions of PM2 DNA (10 pg/mL)

were exposed at 0 °C to near-UV irradiation (360 nm) in the presence of various

concentrations of the viologen linked pyrene derivatives 1 and 2 (Chart 3.1).

Subsequently, the DNA was analyzed for the following types of modifications: (i)

DNA single and double strand breaks; (ii) sites of base loss (AP sites) recognized
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by exonuclease III; (iii) base modifications plus AP sites sensitive to the T4
endonuclease V; (iv) base modifications plus AP sites sensitive to the
endonuclease III and (v) base modifications plus AP sites sensitive to
formamidopyrimidine-DNA glycosylase (FPG protein). Figure 3.17 shows the
DNA damage profiles of the viologen linked pyrenes 1 and 2. It is evident from
the damage profiles, that both these compounds induce very few AP sites and few
modifications sensitive to endonuclease III, 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 irradiation 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 observed 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 irradiation time. No significant increase in SSBs was observed, even
after irradiation 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 linked 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 observations were made with the higher
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Figure 3.17. DNA damage profiles. Single strand breaks and various
endonuclease-sensitive  modifications induced in PM2 DNA by
photoactivated viologen linked pyrene conjugates 1 (10 uM, 90 kJ m™) and
2 (10 uM, 90 kJ m™).

conjugates 2 and 3, but with significantly reduced efficiency. The FPG modifications
induced by these derivatives are found to be ca. 2 and 10-fold, respectively, lower for
higher conjugates as compared to the conjugate 1 (n = 1). In contrast, the model
compound pyrene alone (inset of Figure 3.21) induced no significant DNA
modifications even at high concentrations (20 uM); indicating its inefficiency in
inducing the DNA damage.

To test the possible role of various reactive species such as superoxide
radical anion, hydrogen peroxide and singlet oxygen on the DNA damage, the
generation of FPGs by the photoactivated viologen linked pyrene conjugates 1-3

was investigated in the presence of various additives and scavengers. These
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Figure 3.18. The time dependence of DNA modifications, SSB (#) and
FPG (#), induced in PM2 DNA by 1 (10 uM, 0 °C) upon UV irradiation
with 360 nm light (90 kJ m™).
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Figure 3.19. The concentration dependence of DNA modifications,
SSB(m) and FPG (*), induced in PM2 DNA by 1 (0 °C) upon UV
irradiation with 360 nm light (90 kJ m?).
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Figure 3.20. The concentration dependence of DNA modifications,

SSB(m) and FPG (e), induced in PM2 DNA by 2 ( 0 °C) upon UV
irradiation with 360 nm light (90 kJ m™).
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Figure 3.21. The concentration dependence of DNA modifications,
SSB(m) and FPG (e), induced in PM2 DNA by 3 (0 °C) upon UV

irradiation with 360 nm light (90 kJ m?). Inset shows concentration

dependence of DNA

modifications, SSB (B) and FPG (*), induced in PM2

DNA by pyrene (0 °C) upon UV irradiation with 360 nm light (90 kJ m™).
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_include catalase, superoxide dismutase and by replacing H,O in the buffer with
D,0. For example, Figure 3.22 shows the ratio of FPG modifications induced by
viologen linked pyrene conjugates 1-3 in normal and D,0 buffer media. As can be
seen from Figure 3.22, no significant effect on FPG modifications was observed
when H,O was replaced by D,0, ruling out the involvement of singlet 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 understanding 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
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Figure 3.22. FPG sensitive modifications in D,O buffer and H,O buffer
induced in PM2 DNA by the conjugates 1-3 (0 °C) upon UV irradiation
with 360 nm light (90 kJ m),
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neither superoxide radical anion nor hydrogen peroxide are responsible for the

DNA damage induced by the photoactivated viologen linked pyrene conjugates 1-3.
3.3.4. Cellular Localization and Cytotoxicity Studies

The efficacy of photosensitization depends on the close proximity of
photosensitizers and their targets. Therefore, if the targets are cells, the
pharmacokinetics 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 observed.*® To understand the site of localization of the
viologen linked pyrene conjugates, we have investigated the localization of these
compounds in L1210 cells employing fluorescence microscopy. Figure 3.23 shows
the fluorescence microscopic image of L.1210 cells in the presence of the viologen
linked pyrene conjugate 1 incubated for different time intervals. Upon incubating
the L1210 murine leukemia cells with the derivative 1 (10 uM) for 1 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 L1210 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.
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Figure 3.23. Intracellular localization of 1 (10 uM) in L1210 murine
leukemia cells incubated for different time intervals at 37 °C; A) 1, B) 5, ©)
15 and D) 30 min. Images were obtained using inverted fluorescence
mICroscope.

To evaluate the potential use as phototherapeutical agents, we examined the
cytotoxicity induced by various viologen linked pyrene conjugates in
hematopoetic cancer cell line growing in suspension, L1210 murine 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
full medium 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 uM. 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 (n = 7), on the other
hand, showed comparable cytotoxicity (ca. 20% survival) even at half the
concentrations (10 pM), when compared to the viologen linked pyrene conjugate 1
(20 puM). 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 L1210 murine leukemia cells. 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 kJm?). Data points represent the
mean of 3 independent experiments (SD).
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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 ©-m stacking of the pyrene
chromophore between DNA bases through intercalation. This interpretation is based
on the experimental evidence and literature reports.'® The observation of negligible
changes in DNA association constants of the viologen linked pyrenes upon
increasing ionic strength of the medium from 2 to 500 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 chromophore and viologen moiety play major role in
the stabilization of such DNA-ligand complexes.'™ This could be attributed due to
the steric constraints of the viologen moiety arising from the proximity with the
intercalating pyrene moiety. The observation of increase in DNA viscosity in
presence of the bifunctional conjugates,”* bisignated induced CD signal
corresponding to the pyrene chromophore in the presence of DNA, decrease in the
current intensity corresponding to the viologen moiety in the presence of DNA and
decrease in Kpnya values with increasing ionic strength of the buffer confirm that

these systems undergo predominantly intercalative interaction with DNA.
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The observation of predominantly Fpg sensitive modifications in the case
of the viologen linked pyrenes confirms 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 FPG 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 disodium
salt of 1,4-etheno-2,3-bensoxlioxin-1,4-dipropanoic acid (NDPO,), 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 lowest 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 L1210 murine leukemia cells indicate that
the viologen 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 = 7), when compared
to the conjugate 1 (n = 1). This clearly 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 viologen 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
formamidopyrimidines. Further, the viologen linked pyrene derivatives, under
investigation, were found to be non-toxic in the dark and as expected exhibited
significant cytotoxicity 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. Experimental 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-VIS-NIR spectrophotometer.
Fluorescence spectra were recorded on a SPEX-Fluorolog F112X
spectrofluorimeter. The fluorescence quantum yields were determined by using
optically matched solutions. Doubly distilled water was used in all the studies. A
solution of calf thymus DNA was sonicated for 1 h to minimize complexities
arising from DNA flexibility* and filtered through a 0.45 zm Millipore filter (M,
=3 x 10° g mol™). The concentrations of DNA solutions were determined by using
the average value of 6600 M cm™ for the extinction coefficient of a single
nucleotide at 260 nm.* 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' cm™ at 253 nm for poly(dG).poly(dC) and 6000 M™' cm™ at 260
nm for poly(dA).poly(dT).25 Viscosity measurements of DNA were carried out
using calf thymus DNA (0.88 mM) in phosphate buffer (10 mM) 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 mM phosphate buffer (pH
7.4) containing 2, 100 and 500 mM NaCl. 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 Kpna was determined from the half reciprocal plot of D/Aeg,, vs
D, where D is the concentration of DNA in base pairs, Ag,, = [&, - ep] and Ae = [e, -
erl.”” The apparent extinction coefficient, ¢, is obtained by calculating Agpsq /
[pyrene derivatives]. &, and gg 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 1/ Ae and a y-intercept equal to 1/ (AeKpna). & was determined from Ae and
Kpna was obtained from the ratio of the slope to the y-intercept. The binding site

D/A&, = D/Ag + 1/(AeKpny)  (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 logKpna vs. —log[]'\la*]21 according to Equation 3.2,

-8 log Kpny/ 8 log [Na*]= -Z¥ (3.2)
where Z is charge of the ligand and ¥represents 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 Equation 3.3,
InKpna = InKp° + ZE In(3d) — Z¥n[Na™]  (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 dis 0.33b, where b is the average axial charge spacing, 1.7 A®
for B-form of DNA. The mean activity coefficient at an appropriate salt

concentration is ¥+ 0.78 at 100 mM NaClL

3.6.2. Materials

The synthesis of the viologen linked pyrene conjugates 1-3 was achieved in
moderate yields through the Sy2 reaction of the corresponding bromoalkylpyrene
derivative with 1-butyl-4,4’-bipyridinium bromide as described in Chapter 2
(Section 2.6.3) of this thesis. Calf thymus DNA (Pharmacia Biotech, USA),

polynucleotides (Amersham Pharmacia 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-bromobutane 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 al.*?

More than 95% was in the
supercoiled  form, as determined by the reported method.
Formamidopyrimidine-DNA glycosylase®®> and Endonuclease were obtained
from Dr. B. Epe.** T4 endonuclease V was partially purified by the method of
Nakabeppu et al.*® Exonuclease III 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 mg/mL L-glutamine, 107
wg/mL sodium pyruvate and 10% heat inactivated horse serum. Cell cultures were

grown in a humidified atmosphere with 5% CO; in air at 37 oc.

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 thermoelectrically 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 nm 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(1).DNA(2)], without additive is 53 °C. The melting curves shown are
the normalized melting curves. The percentage of hypochromicity in these

measurements was calculated using equation 3.4,

AAO - Ms
H% = —— x 100 (3.4)

AAg
where, AA, and AAg are the change in absorbance observed during complete

denaturation of DNA in the absence and presence of a particular concentration 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/m?) radiation in the presence and absence of viologen linked pyrenes was
carried out on ice in phosphate buffer (5 mM KH,PO,, 50 mM NaCl, pH 7.4) by
means of a black light lamp (Osram HQV). The DNA was precipitated by
ethanol/sodium acetate and re-dissolved in BE, buffer (20 mM Tris-HCI, pH 7.5,
100 mM NaCl, | mM 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 form 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 (10* bp). If an incubation with
repair endonucleases precedes the gel electrophoresis the number of single strand
breaks plus endonuclease-sensitive sites (ESS) are obtained*?43 through the
equation 3.5,
SSB + ESS = —In[l4x1/(1.4x1+1D] (3.5)

where, / and II are the fluorescence of the supercoiled and relaxed forms,
respectively.

An aliquot of 0.3 pg of the modified PM2 DNA in 20 pL BE, buffer was
incubated for 30 min at 37 °C with 10 pL of BE, buffer (for the determination of
directly produced strand breaks) or with one of the following repair endonuclease
preparations: (i) exonuclease III, 300 U/mL in 20 mM Tris-HCI, pH 8.0, 100 mM
NaCl, 15 mM CaCl,; (ii) FPG protein, 3 pg/mL in BE, buffer; (iii) endonuclease
I, 40 ng/mL in BE, buffer; (iv) T4 endonuclease V, 90 pg/mL in BE,s buffer
(BE, buffer containing 15 mM EDTA). The reactions were stopped by addition of
3 puL 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 (FTR20, Sigma Instruments, Berlin). From these
values the average number of single strand breaks per DNA molecule produced
either directly 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 carried out using L1210 Cells. These cells were pre-
incubated for 3-5 min with the viologen linked pyrene conjugates 1-2 in Ca** and
Mg?** free phosphate buffered saline (PBS) (140 mM NaCl, 3 mM KCL, 8 mM
Na,HPO,, 1 mM KH,PO,, 0.1% glucose, pH 7.4) and then irradiated on ice (10°
cells/mL) with visible light from a 1000 W halogen lamp (PF811) at a distance of 33
cm for 15 min, corresponding to 337.5 kJ/m® between 400 and 800 nm. The
viologen linked pyrene conjugates 1-2 were removed by two centrifugation 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 B-CYCLODEXTRIN
C

4.1. Abstract

Interactions of P—cyclodextrin (B-CD) with a few novel viologen linked
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 1a
and biphenyl 1c spacer groups exhibited significantly decreased fluorescence
quantum yields and lifetimes when complexed with P—CD, while negligible
changes were observed for the ortho-isomer 1b. In contrast, the conjugates 2a-c¢
with flexible spacer units, in the presence of B—CD, showed spacer length
dependent significantly increased fluorescence quantum yields and lifetimes.
Association constants for the complexes formed between —CD and various dyads
have been calculated and the complexation was confirmed using AMI
calculations, competitive ligand displacement, circular dichroism (CD), cyclic
voltammetry (CV), '"H NMR and AFM techniques. The intramolecular electron

transfer rates (kgt) have been estimated and are found to increase nearly 2-fold for
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the dyads with para-tolyl and biphenyl spacer groups when complexed with
B—-CD, whereas significantly decreased kgy values (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
B—CD unusually leads to planarization of the conjugate resulting in enhanced
electron transfer processes between the donmor 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 o—, PB-, y-, and &
cyclodextrins, respectively.” CDs are water soluble and have not only rigid,®
well-defined torus 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 molecules. 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.’ Moreover, the hydrophobic
and spatial control of CD inclusion processes have been extensively exploited for
not only using them as drug carriers,® in catalysis’ and separation technology,® but
also in controlling the reactivity and in understanding the photochemical
properties of a variety of functional molecules.” Of these systems, the electron
donor—acceptor conjugates’o'” have attracted great attention, since inclusion of
such systems in CDs not only alter the interactions between the donor and
acceptor moieties but also results in supramolecular architectures that are useful as
molecular machines.'*"?

The rate of intramolecular electron transfer (kgr) 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 medium.' 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.'*'> Although the interactions of CDs with donor-acceptor
molecules having flexible spacers have been reported,'®"' to the best of our
knowledge, the systems with sterically bulky and rigid aromatic spacers have
received less attention. This Chapter presents our results obtained through

investigation of interactions of f-cyclodextrin (B—CD) with a few selected novel

donor-acceptor dyads la—c and 2a-c (Figure 4.1), which are biologically
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important and are efficient in cleaving DNA through the co-sensitization

mechanism."” Upon inclusion in B—CD, we observed reduced kgt for 2a—c with

Alkyl Spacer
1a) 2a) -(CHy)-

Ary! Spacer

2b) -(CHy);-
1b)

w4 )4 )

2¢) -(CHg)ys-

B-cyclodextrin (B-CD)

Figure 4.1. Structures of the viologen linked acridine derivatives la-c¢ and
2a-c¢ and B-cyclodextrin (B-CD) used in the present study.

flexible spacer, negligible changes for 1b with sterically bulky spacer group but
surprisingly enhanced kgr for 1a and lc¢ 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 B~CD 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 1a and 1b was achieved as
shown in Scheme 4.1. The ortho- and para-tolylacridines 3a and 3b, respectively

were synthesized by the reaction of diphenylamine with the corresponding toluic acids

® —\®
G ohs Caii 7oA NR
\ QBre S ! — 9
U e LD =
—_— —_—
Nz CCl,, N CH,CN

2Br
reflux
3a,b 4a,b 1ab (R= -(cuz)g-cmj

a) para-derivative
b) ortho-derivative

Scheme 4.1

in presence of anhydrous zinc chloride using a modified Bernthsen procedure.'®

These derivatives were then converted to the corresponding bromo derivatives 4a
(60%) and 4b (56%) by the reaction with N-bromosuccinimide. Finally, the
synthesis of the viologen linked tolylacridine 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 1a in 77% yield.'™ Similarly, the reaction of 4b with 1-butyl-4,4'-
bipyridinium bromide, gave the viologen linked ortho-tolylacridine derivatives 1b

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 acridine 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 1-butyl-4,4’-bipyridinium bromide gave the product, 1¢, in 35% yield.
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Scheme 4.2
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Synthesis of the viologen linked acridine conjugates 2a-c has been achieved
as per the Scheme 4.3. Sy2 reaction of I-butyl-4,4'-bipyridinium bromide with
corresponding bromoalkylacridines 9-11 gave the viologen linked acridine
conjugates 2a-c, in 65-77% yield.'™ All these compounds were purified through
recrystallization and characterized on the basis of spectral data and analytical
evidence. '"H NMR spectrum of the viologen linked tolylacridine 1a in DMSO-ds,

for example, showed a peak corresponding to the methylene group between the

phenyl and viologen moieties at § 6.3 as a singlet, while the aromatic protons

t'c!-)/ \
(CH,) CH,Br —8 BY (CH 2)
@ “@—@”
—————
9) n=0 2a)n=1
10)n=2 2b)n=3 [H='(CH2)3*CH3J
11)n=10 2c)n=11

Scheme 4.3

corresponding to the acridine and viologen moieties appeared as multiplets in the
region between & 7.5 and & 9.85. In the case of the viologen linked orrho-tolyl
derivative 1b, the methylene group between the phenyl and viologen moieties
appeared at 8 5.6. On the other hand, viologen linked acridine 1e showed peak
corresponding to the methylene group between biphenyl and acridine moieties at &
6.30, whereas aromatic protons corresponding to the acridine, biphenyl and
viologen moieties appeared as multiplets in the region between & 6.3 and & 9.85. In

the case of viologen linked acridine 2a, the methylene group appeared at § 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 8 7.79-9.37 (16H). 'HNMR spectra of 2b and
2c¢, in addition to the other peaks, showed peaks corresponding to the methylene
groups at & 4.60-4.90. The ">C spectrum of 1a showed five sp3 carbons appearing
at 8 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 & 124.2 and 6 149.2. The mass spectra of the derivatives la-c
and 2a-c gave a molecular ion peak in cach case comresponding to M'Br,
indicating that one of the bromide ions is closely associated with the organic

ligand (M™).
4.3.2. Photophysical Properties in Presence of §-Cyclodextrin

The viologen linked acridine conjugates exhibited high solubility in
aqueous medium and obeyed Beer's law under experimental conditions.'” We
observed no evidence for ground-state charge—transfer interaction between the
acridine and viologen moieties present in these compounds under these conditions.
Figure 4.2 shows the change in fluorescence spectra of la with the increase in
addition of P-CD. Upon increasing B-CD concentration, the fluorescence
emission spectra corresponding to the acridine chromophore showed a significant
quenching (ca. 2-fold). Similar observations were made with the dyad lc

containing biphenyl spacer (Figure 4.3). In contrast, with the addition of B—-CD,
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Figure 4.2. Effect of p—CD concentration on the fluorescence spectra of 1a
(4.1 x 10™ M) and [B-CD] a) 0, (b) 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-Hildebrand plot.

negligible changes were observed in the absorption spectra of dyads 1la (Figure
4.4) and also in the absorption (inset of Figure 4.4) and fluorescence spectra of the
dyad with ortho-tolyl spacer 1b (Figure 4.5). On the other hand, the donor-
acceptor dyads 2a—c, with the flexible spacer groups (methylene units of n= 1, 3
and 11; Figures 4.6-4.8), exhibited spacer-length dependent increase in
fluorescence intensity with increase in addition of p—CD. For example, in the case
of the viologen linked acridine conjugate 2¢, we observed ca. 15-fold

enhancement in the fluorescence intensity with increase in concentration of p-CD.
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Figure 4.3. Effect of B-CD concentration on the fluorescence spectra of 1¢
(9.1 x 10° M) and [B-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 B—CD and the dyads 1a, 1c and 2a—c. The 1a—B—CD complex showed an
association constant (K,,) of 239 M and the corresponding change in free energy
value of -13.7 kIM™ (Table 4.1). In the case of the dyad with biphenyl spacer,
1c- B-CD complex, we observed significantly higher association constant of 325
M and change in free ehergy of -14.3 kJM™. On the other hand, 2¢ with a flexible

spacer length of n = 11, exhibited nearly ca. 124—fold higher association constant

(Kuss = 29600 M™' and AG = -25.7 kIM™"), when compared to 1a (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
kIM™ respectively, when compared to 2c.

Table 4.1. Association constants (K,), free energy change (AG) and

fluorescence lifetimes (T) for the complexes formed between B—CD and the
donor-acceptor conjugates la—c and 2a—c.*

Compound Ku', M~ -AG, kIM™' T, ns Tp—cps» DS
1a 239+ 519 137101  54(100%) 5.4 (69 %)
0.9 (31%)
1b Nil Nil 10.6 (87 %) e
0.40 (13 %)
1c 325+6 143401  57(0100%) 5.7 (40%)
1.4 (60%)
2a 36+ 2 8.9+ 0.1 14.6 (100 %) 15.0 (100 %)

2b 219+ 6° 13.4+0.1 13.6 81 %) 15.5(82 %)
280(19%) 5.80(18 %)
2¢ 29600+ 100 25704 14.7 (82 %) 15.0 (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 = RTInK,. * "H NMR titrations gave Kass = 337 £ 9 and 224
+ 12 M for 1a and 2b, respectively.  Negligible changes were observed.

To have a better understanding of fluorescence changes observed in

presence of B—CD, we have analyzed the interaction of B—CD 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 B-CD concentration on the absorption spectra of 1a
(4.1 x 10° M) in water. [B-CD] (a) 0, (b) 0.68, (c) 1.35, (d) 2.01, (e) 2.67,
(f) 3.31, (g) 3.94, (h) 4.57, (i) 5.19, (j) 5.80 and (k) 6.40 mM. Inset shows
the shows the effect of B-CD concentration on the absorption spectra of 1b
under same conditions.
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Figure 4.5. Effect of B-CD concentration on the fluorescence emission
spectra of 1b (4.1 X 10° M) in water. [B-CD] (a) 0, (b) 0.68, (c) 1.35, (d)

2.01, (e) 2.67, (f) 3.31, (g) 3.94, (h) 4.57, (i) 5.19, (j) 5.80 and (k) 6.40 mM.
Excitation wavelength 360 nm.
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Figure 4.6. Effect of f—CD concentration on the fluorescence spectra of 2¢

(4.1 x 10™ M) and [B-CD] (a) 0, (b) 0.02, (e) 0.07, (g) 0.09 mM. Insets

show their corresponding Benesi—Hildebrand plots.
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Figure 4.7. Effect of B-CD concentration on the fluorescence emission spectra of
2b (1.23 x 10°® M) in water. [B-CD] (a) 0, (b) 0.12, (c) 0.38, (d) 0.63, () 0.89
and (f) 6.3 mM. Excitation wavelength, 360 nm. Inset shows Benesi-
Hildebrand plot for the change in absorption for 2b with increasing
concentration of 3-CD.
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Figure 4.8. Effect of B-CD concentration on the fluorescence emission
spectra of 2a (1.73 x 10°® M) in water. [B-CD] (a) 0, (b) 0.12, (c) 0.38,
(d) 0.63, (e) 0.89 and (f) 6.3 mM. Excitation wavelength, 360 nm. Inset
shows Benesi-Hildebrand plot for the change in absorption for 2a with

increasing concentration of B-CD.
Figure 4.9, the para-isomer 1a exhibited monoexponential decay with lifetime of
5.4 ns. In the presence of B-CD, 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 1c containing the biphenyl spacer group. The dyad 1e¢, which

showed monoexponential decay with lifetime of 5.7 ns, exhibited biexponential
decay with lifetimes of 1.4 ns (60%) and 5.7 ns (40%) in the presence of B—CD.
On the other hand, negligible changes were observed in the presence of B—CD in

the case of the ortho-isomer 1b, which showed biexponential 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—¢
with the flexible spacer groups showed enhancement in lifetimes in the presence
of B—CD. For example, the dyad 2a showed monoexponential decay with a
lifetime of 14.6 ns, but when complexed with B-CD, it exhibited a marginal
enhancement in the lifetime (15 ns). The dyad 2b, on the other hand, exhibited

enhanced lifetimes of 15.5 and 5.8 ns in the presence of B—CD, as compared to its
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Figure 4.9. Fluorescence decay profiles of 1a (1.23 x 107° M) in water (a)
in the absence and (b) in the presence of —CD. [f—CD] 6.40 mM. Inset
shows the effect of B—CD concentration on the fluorescence decay profiles
of 1b (1.23 x 107 M) in water (a) in the absence and (b) in the presence of
B-CD. [B—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 B—CD. Similarly, the dyad 2¢ with a

long flexible spacer length of n = 11, showed biexponential decay with lifetimes of
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14.7 and 1.7 ns. In the presence of B~CD, 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 B—CD as compared to the long lived major
component.

The values of kgr for the electron transfer!’ for the dyads have been
calculated using the fluorescence quantum yields and lifetimes. Unusually, kgt
increased from 1.17 x 10'%s7't0 2.03 x 10'°s™ for the dyad with para—tolyl spacer
1a in the presence of B—CD. Similarly, ca. 2-fold enhancement was observed with
the dyad containing biphenyl spacer group. In contrast to the dyads 1a and Ic, the
dyad with flexible spacer group such as 2¢ (n = 11) (kgr = 0.6 x 10° s™') exhibited
significantly reduced rate of electron transfer by one order, when bound to B—CD
(ker = 0.4 x 10® s7"). To understand the contrasting behavior of the dyads with
flexible and rigid spacer groups in the presence of B—CD, 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, 1a with rigid spacer and 2¢ with
fleixible spacer unit, exhibited enhancement in the fluorescence quantum yields
ca. 16 and 2 fold, respectively (Figure 4.10) in the presence of sodium dodecyl

sulphate micelles (SDS) as compared to the aqueous medium.



Chapter 4: Interactions of viologen linked acridines with -CD 149

4.3.3. Characterization of B-Cyclodextrin Inclusion Complexes

Evidence for the interaction of the donor-acceptor dyads la, lc¢ and 2a—c
with B—CD and formation of the stable inclusion complexes is obtained through
time-resolved fluorescence anisotropy, competitive ligand displacement,w 'H

NMR, circular dichroism (CD) and cyclic voltammetry (CV) techniques.
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Figure 4.10. Effect of SDS concentration on the fluorescence emission
spectra of 1a (1.21 X 10* M) in water. [SDS] (a) 0, (b) 1.09, (¢) 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 2¢. [SDS] (a)
0, (b) 2.13, (c) 4.55 and (d) 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 confirming the formation of stable inclusion complexes with
B-CD.* Figure 4.11 shows the time-resolved anisotropy studies of the para-
isomer 1a-B—-CD complex. We observed a monoexponential decay with rotational
correlation time of 0.37 ns and ry value of 0.03-0.05. As expected, the ortho-
isomer showed no anisotropic behavior under the same conditions, indicating its
negligible interactions with B—CD. The calculated value for hydrodynamic radius
of the 1:1 complex formed between 1a and B—CD 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 B~CD and the dyad 1a
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Figure 4.11. Time-resolved fluorescence anisotropy of 1a (1.23 uM) in the
presence of B—CD (6.40 mM). Inset shows the circular dichroic (CD)
spectra of derivative 1a (3.1 x 107 M) in the a) absence and b) presence of
B-CD (6.40 mM).
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having a diameter of 14.9 A. These observations furthermore rules out the
possibility of peripheral binding of B—CD with the dyad 1a, since the diameter
obtained from the anisotropy measurements is in good agreement with the
theoretically determined diameter for the dyad 1a.

Figure 4.12 shows the revival of the fluorescence intensity of the dyad la
through ligand displacement technique. The addition of B-CD results in the
decrease in fluorescence intensity of 1a followed by saturation at ca. 6.4 mM of
B—CD. When AD-COOH, a known B-CD binding agent (Kus = 1.14 x 10° M),
was gradually added to this 1a-B—CD complex, we observed the quantitative
revival of the fluorescence intensity of la, confirming thereby the effective

displacement of 1a by AD-COOH from the p—CD cavity. Figure 4.13 shows 'H
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Figure 4.12. Effect of B—CD concentration on emission spectra of 1a (4.1 X
10 M) in water. [B-CD] (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 mM.
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Figure 4.13. Effect of B—~CD concentration on proton chemical shift of

compound 1a (37.2 mM) in water. [B—CD] (a) 0, (b) 0.55, (c) 1.03, (d) 1.45,
(e) 1.84, (f) 2.49 mM.
NMR spectra of 1a with the gradual addition of B—CD. In presence of B—CD, the
dyad la showed significant changes in chemical shift (A8 = 0.3), 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 M~ for 1a, which is relatively higher than the value obtained by fluorescence
titrations (K, =239 £ 5 M™). However, the NMR spectrum of the ortho-isomer
1b, as expected showed negligible changes in the presence of B—CD (Figure 4.15).
Electrochemical studies of redox active ligands are highly useful in probing
the ligand-B-CD interactions.”' The complexation of a ligand within host molecule

such as B-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

H, of the dyad 1a (37.2 mM) with increasing in concentration of B-CD in
D,0.

Figure 4.15. Effect of B-CD concentration on proton chemical shift of
compound 1c¢ (35.6 mM) in water. [B-CD] (a) 0, (b) 2.49 mM.

exhibit significant changes in their redox properties when complexed with 3-CD,
depending on the nature of interactions involved. In this context, we examined the

redox properties of the viologen linked acridines in presence of B-CD to
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understand the nature of their complexation. Figure 4.16 shows the cyclic
voltammograms of 1a, which exhibited two reversible one-electron reduction
processes centered at ~0.44 and —0.73 V, characteristic of the viologen moiety.”!
With increase in addition of B-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 pA (61%), respectively. The viologen linked acridine derivative

2b, on the other hand, is found to have one reversible one—electron reduction
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Figure 4.16. Cyclic voltammograms of 1a (0.24 mM) in 24 mM NaCl with
increasing concentrations of B—CD a) 0, b) 0.045, c) 0.09 and d) 0.18 mM.
Scan rate, 100 mV/s. Inset shows cyclic voltammograms of 2b (0.17 mM)
in 17 mM NaCl with increasing concentrations of B—CD a) 0, b) 0.09 and
c) 0.18 mM. Scan rate, 100 mV/s.

process centered at —0.54 V.2 When B-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 B-CD and the importance of the spacer
group on the current intensity of such complexes.

Circular dichroism studies are useful in understanding the complex formation
of organic ligands with B-CD.? Binding of an achiral molecule within a chiral
environment, such as $-CD, can lead to the induced optical activity of the bound
species. Inset of Figure 4.11 shows the CD spectral changes of 1a in the presence
of B-CD. As shown in the inset of Figure 4.11, we observed induced CD signal
corresponding to the acridine moiety of the dyad l1a at higher concentrations of
B—CD. In contrast, the CD studies of the ortho-isomer 1b in the presence of -CD,
showed no induced CD signa1,24 confirming its negligible interactions with B-CD.

Understanding the interaction of molecules at the atomic level is gaining
much attention in the recent years.” 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 B-CD, we have carried out tapping mode atomic force microscopic
studies (TM AFM) of B-CD in the presence and absence of various representative
ligands. B—Cyclodextrin alone showed a flaky, crystalline like structure with a

height of 5 + 1 nm, whereas in the presence of derivative 1a, we observed drastic
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changes in the in the morphology of B-CD resulting in the loss of crystalline
structure (Figure 4.17). As expected. we observed negligible changes in the
morphology of the B-CD in the presence of the ortho-isomer 1b. which exhibits

insigniticant interactions with -CD.

Figure 4.17. AFM images; A: B-CD (0.11 mM) alone. B: p-CD (0.11
mM) in the presence of la (0.11 mM) and C: B-CD (0.11 mM) in the
presence of 1b (0.11 mM).

4.3.4. Molecular Modeling Studies

With a view to understand various photophysical properties of the viologen
linked acridine derivatives in the presence and absence of B-CD, we have carried
out semi—empirical AMI1 calculations to find out the possible stable conformers
for the dyads 1la—c and 2a—c. All the calculations have been carried out at AMI
level using a suite of Gaussian 03W programs. We obtained minimum energy
conformers for the dyads la—¢ and 2a—c¢ by geometry optimization of several
conformers. Figure 4.18 shows structures of the energy—minimized conformations

of the viologen linked acridine conjugates la—c and 2a—¢. AM calculations show
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that the viologen linked acridine derivatives 1a, 1¢ and 2a exist in one extended
form as the minimum energy conformer, while, the dyads 1b, 2b and 2¢ have two
minimum energy conformers. In agreement with the observation of various

conformers through AMI1 calculations, we obtained monoexponential fluorescence

1b (Extended)

1b (Folded)

2b (ExTended 2¢ (Extended)
A g s gee el
2b (Folded) 2¢ (Folded)

Figure 4.18. Minimum energy conformers of the viologen linked acridine
derivatives 1la—c and 2a—¢, obtained through AM1 calculations.
decay in the case of the dyads 1a, 1c¢ and 2a whereas the biexponential decay was
observed for the dyads 1b, 2b and 2¢. From the orientation of the donor acridine
chromophore with respect to the acceptor viologen 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 lived species as that of
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the lolded conformer. However, in all these cases. the difference in the enthalpy of
formation ol these two conformations 1s marginal. Thus, the extended form is
found to be slightly more stable than the folded one by 0.18-0.2 kcal mol™

To understand the nature of the encapsulation of the viologen linked acridine
containing para—tolyl spacer 1a with B-CD. AM1 calculations have been cartied
out. Figure 4.19 shows the encrgy—minimized space-lilling representation of the
dyad la-P=CD inclusion complex. It is apparent [rom this figure that the B~CD

cavity fits neatly over the phenyl spacer group and should greatly restrict the

39~

B-Cyclodextrin

D IB D)
oll e
N~ 2Br
CH; (CHy)s

[1a~B-CD]

Figure 4.19. Minimum energy conformation for the complex la-p-CD.
obtained by the AMI calculations.
rotational motions of the tolyl moiety. Evidence for such a complexation is
obtained from the {luorescence anisotropy and 'H NMR experiments. where we
observed significant changes in chemical shifts of the spacer phenyl group when

complexed with B-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
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 la and lc, the observed decrease in
fluorescence quantum yields (Fluorescence ‘OFF’, Figure 4.20) and the lifetimes
in the presence of B—CD could be attributed to the increase in the rate of electron
transfer from the excited state of the acridine chromophore to viologen moiety.
This is evident, from the negligible changes in fluorescence quantum yields and

the lifetimes observed for the dyad 1b, which showed negligible interactions with

7.80 A°
5.48 A° ——

(A)

(B)

Fluorescence 'OFF’ Fluorescence 'ON'

Figure 4.20. Schematic illustration of interactions between B—CD and (A)
the dyad 1a having rigid aromatic spacer and (B) the dyad 2c consisting of
flexible methylene spacer group (n = 11).
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B—CD. On the other hand, the spacer length dependent enhancement in the
fluorescence quantum yields and the lifetimes of the dyads 2a—c was observed
when complexed with B—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 1a-c and 2a-c exhibited similar fluorescence enhancement in the presence
of micelles. These results demonstrate that microencapsulation of all these
derivatives occurs in micelles, whereas unusual planarization of the rigid spacer
takes place in the B—CD cavity, particularly in the case of the dyads 1a and lc.
Further support for such planarization was obtained through electrochemical
studies. We observed increase in the reduction potentials of the dyad 1la
corresponding to the viologen moiety in the presence of —CD, whereas decreased
values were observed for the dyad 2b under similar conditions. This indicates the
enhanced interactions between the donor and the acceptor moieties in the former
case through planarization of the rigid spacer when complexed with B—CD.

As evident from the photophysical, electrochemical and chiroptical studies,
all the dyads 1a and 1c (rigid), and 2a-c (flexible), spacer groups undergo stable
1:1 complex formation with B-CD. Our results clearly demonstrate that the dyads
1a and 1c form tight complexes with B~CD through the inclusion of aryl spacer
groups in the hydrophobic B—CD cavity, while the dyads 2a-c through

involvement of polymethylene spacer groups. This is based on the following facts:
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i) 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 1a from the
1a—3-CD complex by AD-COOH, iv) change in chemical shift of the phenyl
spacer group when complexed with B—CD, and v) observation of distinct AFM
morphological changes of B—CD, when complexed with the dyad 1a.

Inclusion of the para—tolyl moiety of the dyad 1a in —CD cavity obtained
through AMI1 calculations can be further understood as follows. Though the
acridine unit can undergo interactions with B—CD?° along the long molecular axis
(radius = 9.19 A), the substitution at the 9" position in the dyads 1a, 1c and 2a—c,
prevents it from such interactions due to steric reasons (Figure 4.20). Therefore,
B-CD binds to the dyads through the viologen unit leading to a less stable
transition state’' and then finally the complexed state, where B—CD is located on
the spacer group. The para—tolyl moiety in 1a with a length of 5.84 A and width
of 4.30 A undergoes an effective encapsulation while 1b with the ortho-tolyl
spacer fails to interact with B—CD (Figure 4.20) due to steric constraints. This
hypothesis is confirmed by the fact that the derivative 1c¢ with biphenyl moiety as
a spacer unit has a length of 9.49 A and width of 4.30 A. As expected, the dyad 1c
is found to undergo an effective interaction with B—CD compared to 1a, resulting
in the formation of relatively a stable complex. Free energy changes observed

during the B—CD complexation are found to be favorable for 1a and 1c, while in
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the case of 2a—c, 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 B—CD 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 B-CD confirm the involvement of the flexible

methylene groups in the formation of stable inclusion complexes from these cases.

4.5. Conclusions

In conclusion, the viologen 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 B—CD. Upon p—CD
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 B—CD, 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. In 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 p—CD cavity. The results
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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 B—CD 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 semi-empirical level by
using AM1 method as implemented in the Gaussian 03W suite of programs. All
melting points are uncorrected and were determined on a Mel-Temp II melting
point apparatus.’*>> An Elico pH meter was used for pH measurements. The
electronic absorption spectra were recorded on a Shimadzu UV-VIS-NIR
spectrophotometer. Fluorescence spectra were recorded on a SPEX-Fluorolog
F112X spectrofluorimeter. The fluorescence quantum yields were determined by
using optically matching solutions. 9-Aminoacridine in methanol (& = 0.99) was
used as the standard.®® The quantum yields of fluorescence were calculated using

the equation 4.1, where, A; and A, are the absorbance of standard and unknown,

2
AFyn
D, = _122_ D, 4.1
A, F ng

respectively. F; 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
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solvents, respectively. @, and &, 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 ¥* values of the fit to
1 £ 0.1. The quenching rate constant k, was calculated by employing Equations
(4.2) and (4.3), where I; and I are the fluorescence intensities in the absence and
presence of quencher (Q), K, the Stern—Volmer constant, and T, the singlet lifetime

of para—tolylacridine in the absence of quencher.

Iyl1
Kgy

1 + Ksv[Q] (4.2)
Kq X % (4.3)

From the relative fluorescence quantum yields of the viologen-linked
acridine derivatives and fluorescence lifetime of the model derivative para-
tolylacridine, an estimate of the rate constant of electron transfer process kgr can
be made by using Equation 4.4, where &, and & are the relative fluorescence
quantum yields of the model derivative para—tolylacridine and the viologen linked
acridine derivative, respectively,

kpr = [(Pres/ D) — 1] Tt (4.4)
and % is the fluorescence lifetime of the model compound para-tolylacridine.
Cyclic voltammetry was performed on a BAS CV50W Cyclic Voltammeter 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 Ag/AgCl (3 M NaCl) reference electrode. The potentials
were calibrated against the standard calomel electrode (SCE). 'H and *C NMR
were measured on a 300 MHz Bruker advanced DPX spectrometer. Circular
dichroism spectra were recorded on Jasco Corporation, J-810 spectropolarimeter.
NMR studies were performed with a Bruker 300 MHz system in D,0O at 298 + 1
K. Association constants were determined using Benesi—Hildebrand equation for a
1:1 stoichiometric complex using equation 4.5, where K, is the association
constant, &is the quantum yield of emission of a free viologen linked acridine,
1/(Pr - Pop )= 1/ (Py - Pop) + 1/ Kass( Py - Py )[B-CD] (4.5)

@, is the observed quantum yield in the presence of B—CD and @ is the quantum
yield of emission of B—CD complex. The linear dependence of 1 / (& — &,,) on the
reciprocal of B-CD concentration indicates the formation of 1:1 molecular
complex between B—CD and viologen linked acridine. Change in free energy (AG)

associated with the complexation between viologen linked acridine derivatives and

27
6,

B-CD, was determined using the equation 4. where K, is the

AG = -RT InK (4.6)

binding constant. Doubly distilled water was used in all the studies. All experiments
were carried out at room temperature (25 + 1 °C), unless otherwise mentioned.

Hydrodynamic radius (r,) of the complex is related to rotational correlation time
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(Tr) as in the equation 4.7, where 1) is the viscosity of water, K is Bolktzmann’s
constant and T is the temperature.

= 3 3KT'Z'R
477]

4.7

Atomic force microscopy (AFM). Samples for the imaging were prepared
by drop casting the f—CD 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. Micro—fabricated
silicon cantilever tips (MPP-11100-10) with a resonance frequency of 299 kHz

and a spring constant of 20-80 Nm™" were used. The scan rate varied from 0.5 to

1.5 Hz. AFM section analysis was done offline.
4.6.2. Spectrophotometric and Spectrofluorimetric Titrations

The linearity of absorbance vs. concentrations was determined in the
concentration range of (107-10° M) for all the derivatives. The sample
concentrations were taken between 0.1-10 x 10° 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 absorbance of the excitation wavelength was
maintained lower than 0.15. Titrations of f—cyclodextrin 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 10° M. Subsequently, a 0.090 M
stock solution of PB—cyclodextrin were added in 20 pl — 200 pl 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 solution of B—yclodextrin to 0.75 mL of dyads.
4.6.3. Materials

Diphenylamine, B—cyclodextrin (B—CD) and 1-adamantanecarboxylic acid
(AD-COOH) were purchased from Aldrich and were used without further
purification. The synthesis of 9-(4-methylphenyl)acridine (3a), mp 188-189 °C (lit.
mp 189 °C) and 9-(2-methylphenyl)acridine (3b), mp 212-213 °C (lit. mp 214 °C
)'7* was achieved as per reported procedures. 4-Methyl-4’—biphenylcarboxylic acid
(6) mp 168-189 °C (lit. mp 169 °C)*® was prepared by modification of the reported
procedures. The starting materials, 9-bromomethylacridine (9), mp 162-163 °C
(lit. mp 160-161 °C ), 3-(acridin-9-yl)-1-bromopropane (10), mp 104-105 °C (lit.
mp 103-104 °C ), 11-(acridin-9-yl)-1-bromoundecane (11), 58-59 °C (lit. mp 58-59
°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 acetonitrile.'”

4.6.4. Synthesis of the viologen linked tolylacridines (1a and 1b)

A solution of 9-(4-methylphenyl)acridine (3a, 1 mmol), N-bromosuccini-

mide (NBS, 1 mmol) and benzoyl peroxide (20 mg) in dry CCl, (20 mL) was
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refluxed for 8 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 9-(4-bromomethylphenyl)acridine 4a in 60% yield, mp 203-204 °C; 'H
NMR (CDCl;, 300 MHz) & 4.7 (2H, s), 7.3-8.05 (8H, m), 8.25-8.50 (4H, m); °C
NMR (CDCl;, 75 MHz) § 148.60, 146.28, 137.95, 136.04, 130.85, 129.96, 129.54,
129.06, 126.52, 125.69, 125.69, 124.92, 32.88; (HRMS-ESI) Calcd for CyoH,sNBr
348.0388. Found 348.0384.

Similar reaction of 9-(2-methylphenyl)acridine (3b) with NBS in dry CCl,
in presence of benzoyl peroxide yielded 9-(2-bromomethylphenyl)acridine 4b in 56%
yield, mp 136-137 °C; "H NMR (CDCl;, 300 MHz) § 4.05 (2H, s), 7.10-7.90 (10H,
m), 8.15-8.45 (2H, m); °C NMR (CDCl;, 75 MHz) & 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;
(HRMS-ESI) Calcd for C,oH,sNBr 348.0388. Found 348.0394.

A solution of 9-(4-bromomethylphenyl)acridine (42, 1 mmol) and 1-butyl-4,4'-
bipyridinium bromide (2 mmol) in dry acetonitrile (30 mL) was stirred at 30 °C for
12 h. The precipitated solid was filtered, washed with dry acetonitrile and
dichloromethane to remove the unreacted starting materials. The solid was further
purified by Soxhlet extraction with dichloromethane and recrystallization from a
mixture (4:1) of ethyl acetate and acetonitrile to give 77% of 1a, mp 268-269 °C;

'H NMR (DMSO-ds, 300 MHz) 8 0.85-1.05 (3H, t, J = 2.89 Hz), 1.15-1.55 (2H,



Chapter 4. Interactions of viologen linked acridines with -CD 169

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 (12H,
m), 8.75-9.05 (4H, m), 9.42-9.60 (2H, m), 9.70-9.85 (2H, m); >C NMR (DMSO-
de, 75 MHz) & 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; MS m/z 561 (M'Br’, 5), 481 (M*, 100), 424 (10); Anal.
Calcd for Cy4Ha Br,Na: C, 63.66; H, 4.87; N, 6.55. Found: C, 63.81; H, 5.09; N,
6.42.

Similar reaction of 9-(2-bromomethylphenyl)acridine (4b, 1 mmol) with 1-
butyl-4,4'-bipyridinium bromide (2 mmol) in dry acetonitrile and purification as in
the earlier case gave 75% of 1b, mp 224-225 °C; 'H NMR (DMSO-d;, 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, I = 2.85 Hz), 5.60 (2H, s), 7.15-8.70 (16H, m), 9.30-9.55 (4H, m); "*C
NMR (DMSO-ds, 75 MHz) & 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 m/z 561 (M'Br’, 7),
481 (M*, 100), 424 (7); Anal. Calcd for C34Hs BroNj: 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 Ilinked 9-(biphenylyl—-4-

methyl)acridine (1c)

A mixture of 4-methyl-4’-biphenylcarboxylic acid (1.42 mmol),

diphenylamine (1.42 mmol) and anhydrous ZnCl, (14 mmol) was heated at 230 °C



Chapter 4: Interactions of viologen linked acridines with f-CD 170

for 24 h. To the reaction mixture 20% H,SO, (20 mL) was added and refluxed for
4 h. It was then cooled and neutralized with 25% aqueous NHj; solution and the
solid product thus obtained was chromatographed over silica gel. Elution of the
column with a mixture of (1:1) of ethyl acetate and hexane gave 9—(biphenylyl 4—
methyl)acridine (10%), mp 267-269 °C: '"H NMR (CDCls, 300 MHz) §2.42 (3H,
s), 7.31-8.17 (16H, m); '>’C NMR (CDCl;, 75 MHz) 621.1, 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 C,¢H,gN: 345.4358. Found: 345.4367.

A mixture of 9-(biphenylyl-4-methyl)acridine (0.1 mmol), N-bromosuc-
cinimide (0.1 mmol) and AIBN in 10 mL dry CCl, 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 bromo
derivative 8 (54%), mp 285-286 °C: 'H NMR (CDCls;, 300 MHz) 6 4.56 (2H, s),
7.52-8.05 (16H, m); '*C NMR (CDCls, 75 MHz) § 33.7, 126.7, 127.4, 128.5,
129.9, 130.5, 131.1, 134.9, 135.9, 138.2, 139.9, 142.1, 144.2, 145.8; HRMS (ESI)
Calcd for CH;sBrN: 424.3319. Found: 424.3337.

To a solution of 9—(4-bromomethylbiphenyl)acridine (0.1 mmol) in dry
acetonitrile (50 mL), 1-butyl4,4’-bipyridinium bromide (0.1 mmol) was added
and stirred at room temperature for 12 h. Precipitated product was filtered and

dried to give 1c, which was recrystallised from a mixture (7:3) of methanol and
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ethylacetate. 35% yield, mp 291-293 °C: 'H NMR (DMSO—-d,, 300 MHz) §0.93-
0.97 (3H, t, J = 7.4Hz), 1.35-1.38 (2H, m), 1.99-2.02 (2H, m), 4.79 2H, t, J =
7.1Hz), 6.30 (2H, s), 7.37-8.27 (9H, m), 8.93-9.85 (8H, m); *C NMR (DMSO-
de, 75 MHz) 6 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, 136.2, 145.8, 146.0, 147.9, 148.6,
149.2; HRMS (ESI) Calcd for C4oHasBrN;3: 637.6301. Found: 637.6301. Anal.
Calcd for C4;0H35BroN3: 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 ®-(acridin-9-yl)-a-bromoalkanes (1 mmol) and 1-alkyl-4,4'-
bipyridinium bromide (1 mmol) in dry acetonitrile (30 mL) was stirred at 30 °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 I-alkyl-4,4'-bipyridinium
bromide, was recrystallized from a mixture (1:4) of methanol-acetonitrile): mp
260-261 °C; '"H NMR (DMSO-dg) § 0.94 (3H, t, J = 2.9 Hz), 1.30-1.37 (2H, m),
1.93-1.98 (2H, m), 4.70 (2H, t, ] = 2.8 Hz), 7.16 (2H, s), 7.79-8.36 (4H, m), 8.51-

8.72 (8H, m), 9.20-9.37 (4H, m); °C NMR (DMSO-d;) & 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 C,sN3;H,;Br: 484.1388.
Found: 484.1372. Anal. Calcd for C23H»;Br;Ns: C, 59.49; H, 4.81; N, 7.43. Found:
C,59.28; H, 4.98; N, 7.31.
2b (71%; obtained by the reaction of 10 with 1-alkyl-4,4'-bipyridinium
bromide, was purified by washing several times with a mixture (1:4) of methanol-
acetonitrile): mp 253-254 °C; '"H NMR (DMSO-dg) 8 0.90 (3H, t, ] = 2.7 Hz),
1.10-1.60 (2H, m), 1.70-2.20 (2H, m), 2.20-2.70 (2H, m), 4.75 (4H, t, ] = 3.6 Hz),
7.60-8.30 (6H, m), 8.50-9.00 (6H, m), 9.30-9.75 (4H, m); '*C NMR (DMSO-d;) &
149.45, 149.35, 146.18, 145.40, 133.29, 127.49, 127.19, 12591, 124,96, 61.12,
60.73, 33.21, 33.05, 24.89, 19.28, 13.85; MS (FAB): m/z (%) 433 (M", 10), 408
(1), 376 (3), 347 (1). Anal. Calcd for C30H3,Br;N;: C, 60.72; H, 5.27; N, 7.08.
Found: C, 60.51; H, 5.21; N, 7.27.
2¢ (65%; obtained by the reaction of 11 with 1-alkyl-4,4"-bipyridinium
bromide, was recrystallised from acetonitrile): mp 248 -249 °C; IR V. (KBr)
3032, 2933, 2859 (C-H), 1648 (C=N), 1559 (C=C) cm™; '"H NMR (DMSO-d;) &
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), 8.70-9.30 (2H, m), 9.20- 9.30 (2H, m); °C NMR (DMSO-ds) 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) m/z (%) 545 (M7, 10), 488 (2), 429 (1), 323 (2), 270 (6). Anal. Calcd for

CssH47BraN3: C, 64.68; H, 6.71; N, 5.98. Found: C, 64.42;: H, 6.44; N, 5.72.
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