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Abstract

This thesis is entitled “The Synthesis, Photophysical and Biological Evaluation of
Novel Bis(1,8-naphthalimides)” and is divided into six chapters.

Chapter One provides a review of 1,8-naphthalimide research and, in particular, the
exploration of such compounds as anti-cancer agents. Advances in anti-cancer therapeutics
and targeting of DNA are also discussed. A description of the recent developments in
bisnaphthalimide and naphthalene diimide structures as potential anti-tumour agents, DNA
binders and DNA probes is provided. The background for this research project is discussed
in detail. This project sought to design and create two novel families of bisnaphthalimides
along with the necessary monopeptide and dipeptide functionalised mononaphthalimides
and spacer systems en route. Conventional and new synthetic ideas and syntheses would be
employed. These systems are intended as DNA binders and potential anti-cancer agents.
The design and synthetic plan for the development of these novel families of naphthalene
diimide linked bisnaphthalimides is illustrated. A ‘tail-to-tail’ bisnaphthalimide family was
planned by tethering two compounds via the 4-position through a naphthalene diimide
spacer. A ‘head-to-head’ bisnaphthalimide family was designed by tethering two
compounds via a peptide functionalisation possessing a free terminal amine through a
naphthalene diimide spacer. All these bisnaphthalimides would be symmetrical. The aims
of this project are discussed and include the achievement of some degree of sequence
selectivity in DNA binding, the observation of the effect on binding of altering the length
of a spacer, the enhancement of binding over that of mononaphthalimides and the
demonstration of anti-cancer activity.

Chapter Two describes the initial syntheses of a panel of peptide functionalised
mononaphthalimides and (amino)alkyl functionalised naphthalene diimide spacer systems.
These compounds were then combined to provide three families of novel ‘tail-to-tail’
bisnaphthalimides — these employed PheAla, Cbz(Lys)Ala and LeuAla as the dipeptide
functionalities and spacers with (amino)propyl, (amino)pentyl and (amino)hexyl arms.
This provided nine novel bisnaphthalimides. Hydrolysis of two of the Cbz(Lys)Ala
systems provided two more examples of these systems. The synthesis of five compounds
incorporating monopeptide functionalised naphthalimides is detailed. Alternative synthetic
conditions and purification methods are discussed. The development of the ‘head-to-head’
bisnaphthalimide family by reacting lysine, ornithine and 2,4-diamino butyric acid
functionalised 4-nitro-1,8-naphthalimides with 1,4,5,8-tetracarboxylic naphthalene diimide

is also described. These three 4-nitro-1,8-naphthalimdes were also incorporated into



bisnaphthalimides with dicarboxyl bridges. In total, the successful synthesis of seventeen
novel bisnaphthalimides is illustrated.

Chapter Three details a series of photophysical investigations of these
bisnaphthalimides that were undertaken. A comprehensive solvent study of the ‘tail-to-tail’
bisnaphthalimides and their constituent units was conducted. The sensitivity of these
compounds to their solvent environment proposed that their spectroscopic behaviour in the
presence of DNA might be employed to probe any interactions that may occur. Each
analogue of each family of the ‘tail-to-tail’ bisnaphthalimides was then studied by titration
with c¢-DNA, poly(dA-dT)poly(dA-dT) and poly(dG-dC)poly(dG-dC). These titrations
were monitored by absorbance and emission spectroscopy. The intrinsic binding plots from
these studies and the calculation of intrinsic binding constants, K, are described. The
dipeptide functionality seems to dictate the sequence selectivity of the system (LeuAla K >
PheAla K > Cbz(Lys)Ala K) and the spacer length tunes the strength of the binding that
occurs (hexyl =pently > proypl). Similar studies for five of the six novel ‘head-to-head’
bisnaphthalimides are described and these systems appear to bind more weakly than the
‘tail-to-tail’ systems. This may be due to the retention of the 4-nitro substituents and the
use of dicarboxyl linkers. Circular dichroism, thermal denaturation and viscosity studies
are detailed although these did not provide definitive conclusions on the nature of the DNA
interactions. Possible modes of interaction are suggested in Chapter Three.

Chapter Four discusses the biological assays conducted on fifteen of the novel
bisnaphthalimides conducted by our collaborators in St James’ Hospital, Dublin. These
compounds were studied in HL-60 cell lines, an acute promyelocytic leukaemia, and K562
cell lines, a much more chemo-resistant chronic myeloid leukaemia cell line. These
compounds show promise as potential anti-cancer agents and some are active against both
these cancer cell lines.The results are detailed and reflect the trends in the binding
constants, K, calculated in Chapter Three. In comparison, the ‘head-to-head’
bisnaphthalimides are not as active. This chapter also describes some recent studies
conducted on a very active monopeptide bisnaphthalimide Preliminary fluorescent
microscopy studies suggest that the dipeptide functionalised bisnaphthalimides penetrate
the nuclei and thereby achieve their anti-cancer activity.

Chapter Five details the experimental techniques employed and presents the
synthesis and characterisation of the compounds discussed within the thesis. Chapter Six

cites the literature, articles and texts referenced.
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Chapter One

Introduction



1.1 Cancer

‘Cancer’ is derived from the Latin for canker or tumour. It is a term that
encompasses a multitude of diseases; e.g. carcinoma, sarcoma, lymphoma, leukaemia,
myeloma, brain tumour, cancer of the mouth, throat, oesophagus, stomach, gastrointestine,
breast, prostate, ovary, bladder, erc.' Recent statistics reveal that ca. seven thousand people
in Ireland die annually as a result of malignancies.” Of these deaths the most common
include lung, colorectal, breast and prostate cancer. Over the past three decades many
advances have been made, converting once fatal diseases into foes that we now better
understand and are better equipped to battle against. This quest, however, is far from over
since the need for still better treatments and drugs persists.

Cancer is a difficult disease to treat, due to its complexity.” Cancerous cells occur
when regulation of the cell life cycle fails and “immortal” cells are produced without
control, in an unregimented and mutinous fashion. Cells become cancerous when
fundamental mutations or changes occur in the genes that govern growth and necrosis
(natural cell death). These abnormal cells continue to divide creating a mass of tissue
known as a tumour. From a malignant tumour, cancerous cells can then invade and damage
local tissues and organs and spread into the bloodstream (leukaemia) and lymphatic system
(lymphoma). Such cells do not undergo natural cell death (necrosis) but continue to grow
until the tumour leads to illness and possible death. The aim of cancer treatments is to
artificially induce the death of these rampant cells.®

Essentially, cancer is a genetic disease. The mutations, including the failure of
oncogenes, tumour suppressor genes and mismatch-repair genes, that lead to tumours can
be due to a number of factors which may relate to environment, lifestyle or heredity.
Environmental causes include exposure to radiation, chemical carcinogens and asbestos.
Lifestyle habits such as high intake of alcohol, an unhealthy diet and tobacco consumption
(which leads to 85 % of all lung cancer deaths) are other major triggers of cancer. Certain
types of cancer are known to be inherent, particularly breast, colon, ovarian and prostate
cancers.

A variety of cancer treatments currently exist, including surgery, radiotherapy,
hormone therapy and biological therapy.”” Chemotherapy is the use of drugs to kill cancer
cells.” This kind of therapy can be used prior to surgery to shrink tumours, afterwards to
prevent the recurrence of the tumour or independent of any invasive measures. A
combination of anti-cancer drugs is frequently used. In general, such drugs affect all

rapidly dividing cells, so that, as well as targeting the cancer cells, other healthy cells



(such as blood cells, cells in the digestive tract, follicles etc.) are damaged. Current anti-
cancer agents attack the replication processes of the cells or interact with Deoxyribose
Nucleic Acid (DNA) in such a manner so as to disrupt the transcription and kill the cells.
This programmed death is known as apoptosis. These drugs may also target certain
pathways of proteins, receptors and anti-bodies that are responsible for the growth and
development of the tumour itself and thereby achieve apoptosis.

If not detected in ample time, two-thirds of advanced cancers are incurable and,
ultimately, fatal. Furthermore, these treatments can damage healthy cells and tissues
resulting in illness and side effects. There persists an overwhelming need to develop
discrete wonderdrugs to treat different cancers. A specific and targeted approach to cancer
seems to be the light at the end of a very long tunnel. This challenge is considerable,

ideally such a wonderdrug ought to:

e be capable of selectively targeting cancer cells and not damaging healthy
cells and tissue,

e destroy the tumour, the cancerous cells and the possibility of recurrence,

e block the pathways that the cancer exploits, i.e. block hormone and/or
enzymes used in transcription and translation,

e be viable at different stages of the cancer’s progression,

e be non-toxic and limit side-effects.

Therefore, this approach to cancer treatment involves choosing a target, such as
hormones, receptors, enzymes and DNA, for which the drug is then designed. Cancers that
are fuelled by hormones, such as breast and prostate cancers, can be treated by blocking
the action of oestrogen and aromatase, and androgen, respectively, The spread of the
tumour may be prevented by stopping the hormone from triggering the response which is
responsible for enhancing its growth. This can be achieved by blocking the receptors,
eliminating the receptors completely or suppressing the hormone production, so a drug
might be fashioned that targets the receptor, destroys the receptor completely or targets the
generation of the hormone. Equally, an enzyme, such as topoisomerases and those
involved in transcription and translation, might be targeted by the drug. This prevents the
reproduction of the cancerous DNA and causes the cells to die.

An elegant target is DNA. A cancerous mutation is characterised by a certain
genetic code, for example, the Philadelphia chromosome is responsible for Chronic

Myeloid Leukaemia (CML), so a drug that possesses a complimentary charge,
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functionality, topology etc., might effectively target cells that display that mutation and by
interacting with that region disrupt the replication processes of the DNA. The following
section details the structure of DNA and how it can be effectively targeted in the treatment

of cancer.

1.2 Anti-Cancer Drugs & DNA Interaction

1.2.1 Deoxyribose Nucleic Acid

DNA is the chemical encryption of the code of life. This genetic material and its
structure was elucidated by Watson, Crick and Franklin in 1953. Their discovery began the
genetic age and we now possess an understanding of molecular damage and repair,
transcription and translation, replication and inheritance. The past twenty years has seen
researchers attempt to cure genetic diseases by targeting the responsible mutations in the
DNA.®

In vivo DNA exists primarily in the B-form and it consists of nucleotides linked
together into chains. Each nucleotide contains a base (a nucleoside), a sugar and a
phosphate group. There are four bases involved in any DNA sequence — Adenine (A) and
Guanine (G) (both purines), Cytosine (C) and Thymine (T) (both pyrmidines), Figure 1.1.°
Adenine pairs readily with Thymine through two hydrogen bonds, while Guanine and
Cytosine are also complimentary and pair through three such bonds. The sugar is 2’-
deoxyribose and together the base and the sugar compose a deoxyribonucleoside unit. Each
of these units is linked to the next through 3’- to 5’-phosphodiester bonds, providing the

strong and stable backbone of DNA. Two strands of complimentary base chains coil about

each other to give DNA its double helical structure.®

Figure 1.1: B-form DNA and its base pairs’



The B-form of DNA exists as a right-handed, double-stranded helix, with major
and minor grooves on the outer edge of the structure. Ten nucleosides occupy each turn of
the helix with distances of 3.4 A between adjacent base pairs. The bases point towards the
centre of the helix and the spine of the structure consists of an alternating sugar-phosphate
system. The A-form of DNA resembles the B-form in that it is a right-handed double helix,
however, it contains eleven base pairs in each turn of the helix. The Z-form of DNA is a
left-handed double helix with twelve base pairs per turn. Figure 1.2 depicts these three
forms.”

In all forms of DNA two glycosidic bonds connect the bases to the sugar rings.
These bonds are not parallel and this causes the sugar-phosphate skeleton to have
unequally sized grooves; i.e. the helix has both deep, major and shallow, minor grooves.
Different regions of the purines and pyrimidines are exposed depending on the type of
groove. This leads to substrates preferring to bind at one groove over the other since
different interactions are proffered by the exposed section of the bases. Thus, a compound
may selectively interact at the minor or major groove depending upon what electrostatic

and hydrogen bonding options are available and what bases are accessible.

Figure 1.2: A-, B- and Z-forms DNA,

profile and apex view’



1.2.2 Targeting DNA

All biological information is stored by DNA and is manifested by proteins, where
messenger RNA (mRNA) acts as the conduit of the genetic code. Developments in
selectively preventing this translation, and in particular preventing that of cancerous cells,
by hindering DNA hybridisation have lead to the successful design of potential tailor-made
anti-cancer agents. The strategy of targeting DNA as a basis for treating diseases has come
to prominence in the past twenty years. One can design a molecule that interacts with DNA
and also incorporates structural and electrostatic regions that are preferentially attracted to
certain base pairs sequences. However, since DNA is secreted within the nuclei of cells,
behind two membranes, it is a much more difficult target than receptors or enzymes.®

DNA contains four different bases but fifteen bases are needed to define a unique
DNA sequence in humans via base specificity.
One turn of a helix contains ten base pairs and the
possible combinations of A, T, C and G give rise
to 524,800 different permutations. For this reason,
the task of directly and specifically targeting
cancerous cell DNA is a challenge. If a molecule
is to be sequence specific it must have a span and
shape that permits it to read the fifteen bases that
define a certain sequence. A novel compound with
a unique, complimentary shape may be capable of
topological recognition. Thus by reading many
bases, it may interact with only certain DNA
sequences and provide a selective and efficient
means of dealing with cancer at a cellular level.
One may chose from large proteins and synthetic

strands of DNA and RNA that will interact with

Figure 1. 3: DNA - Drug Interaction;

the DNA helix in a complimentary fashion. _
Green = Covalent Bonding,

Simple molecules cannot achieve such specificity Pusils ~ Tleroalafion

though they interact easily, thus they can be very Red = Minor Groove Binding,
toxic since they bind and damage a variety of Yellow = Major Groove Binding '’
sites.”

Molecules typically interact with DNA in one, or a combination, of three modes
which are defined as; a) covalent binding, b) intercalation and ¢) groove binding, Figure

1.3." Covalent binding requires a region of the molecule to be electron rich or poor and to
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complimentarily bind to a region of an exposed base pair (e.g. a benzoheterocycle
triosmium cluster, 1)."" This causes disruption to the helix and consequently perturbs

transcription leading to cell death.

(CHYNCH,CH,0)PC00¢ og(co),

0s(CO),

1 2

Intercalation involves a planar, 7-deficient, aromatic molecule, of suitable size and
stereochemistry, often positively charged, which is capable of ‘slotting’ in between the
base pairs and interrupting their hydrogen bonding (e.g. ethidium bromide, 2). Intercalation
increases the distance between the paired bases and the distance between adjacent base
pairs. Van der Waals forces and w7 stacking also favour intercalation. Therefore, an
intercalator causes the overall architecture of the helix to kink and thus impairs translation
and transcription which ultimately leads to cell death. Intercalators can also interact with
topoisomerase enzymes, inhibiting their action and prevent replication in that way.

Groove binders entwine into a minor (e.g. Disamycin A, 3'%) or major groove (e.g.
methyl green, 4'%) because they possess a complimentary charge and shape to that exterior
wall of the helix. The presence of these molecules can further twist the conformation of the
DNA and disrupt the helix. These adduct structures interfere with the mRNA when
transcription is attempted and the cell cannot replicate, thus a groove binder can affect cell

death.

H,N
| |
NH NH,+ /N\©\ /©/N\
il HN A

/N/
E g = 2
oS i
~ /l\
N (6]
\
3 4



It is feasible to design a molecule that fulfils one, or more, of these binding criteria
in an effort to affect disruption of the helix’s conformation and hamper its replication. This
is a challenging and potentially efficient means of treating genetic diseases such as cancer.
It is therefore clear that if a molecule incorporates interaction with special sequence
preferences one might achieve a specific targeting of the desired region of DNA and leave
normal areas unaffected. This is a more efficient use of the drug and involves less side-
effects for the patient. An example of such an approach is the work of Dervan et al. into
the development of potential anti-cancer and anti-infective agents. His group has sought to
create ‘four chemical keys’ capable of differentiating between the Watson-Crick base pairs
AT, TeA, G+C, C-G. Linking such keys together might permit a particular strand sequence
to be selectively targeted, through H-bonding recognition at the minor and major
grooves.'* This strategy has lead to the development of small molecules, helical and,
especially, hairpin polyamides,"’ as sequence specific groove binders (e.g. 5). Such
compounds can inhibit and compete with transcription factor binding and interfere with
gene expression, typically at the minor groove, although their pharmacokinetics,

bioavailability and toxicity remain to be established."’
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1.2.3 Classic Anti-Cancer Drugs : History of Drug Design

An agent can target DNA as previously explained and upon interaction it may
cause further damage to the helix by alkylation, free radical production, electron transfer
etc. The molecule may indirectly destroy the cancerous cell DNA by inhibiting the
enzymes that are involved in DNA replication, such as: topoisomerase II, m-RNA, efc.
The mitotic, replication, processes of the cell may also be a target for the drug.

Cis-diaminedichloroplatinum  (Cisplatin®, 6), an early anti-cancer
chemotherapeutic, dates from the 1960’s although its action was elucidated long after."® It
acts by coordinating irreversibly with DNA, thus impeding its replication by blocking the

action of DNA polymerase and leads to apoptosis.* /n vitro one of the chlorine ligands is
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hydrolysed, Figure 1.4. This positively charged form binds readily to guanine units
through a covalent bond at the N7 atom. When both chlorine ligands are removed the
molecule can intrastrand bind to two adjacent bases. This adduct leads to double alkylation

which disrupts 7-7 stacking of the helix causing it to become kinked.*
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Figure 1.4: The biological hydrolyis of Cisplatin

Taxol®, 7, is another successful anti-cancer drug and was derived in the 1970’s
from a natural product of the bark of the Pacific Yew." This compound attacks the mitotic
operation of the cell. Mitosis is the basis of cell replication and is the process whereby a
parent nucleus divides to produce two identical daughter nuclei. Microtubules are small
tubular organelles constituted of protein tubulin dimers. Taxol® enhances the assembly of
these microtubules. It then stabilises the tubules to such a degree that the mitosis process is
totally hindered. To a normal, healthy cell this could be harmful, but to a rapidly dividing
cancer cell this is fatal. Taxol® is also relatively non-toxic and has limited side-effects

which are factors that contribute to its widespread use against breast and ovarian cancer.’




Anthracyclines are also natural product derivatives, from strains of Streptomyces,
and include the anti-tumour agents Adriamycin (Doxorubicin®), 8, Daunomycin
(Daunorubicin®), 9, and Epirubicin (Epidoxorubicin®), 10."7'® Their planar architecture
permits them to easily intercalate, causing the helix to buckle out of shape.'9 The ring of
the anthracycline slots in between the base pairs and the substituent slides into the minor
groove as well as forming hydrogen bonds with the nearby base.”’ These combined
interactions make for a very stable DNA-drug adduct and structure and replication of the
helix is damaged leading to cell death. These compounds are used in the treatment of

leukaemia.
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The origin, design and mode of action with DNA of a range of anti-cancer agents
has been discussed, a more specific family of anti-cancer compounds will now be

addressed, those with structures based upon 1,8-naphthalimides.

1.3 Naphthalimides

D
8
1.3.1 Introduction 7 OO 2 OO
1,8-Naphthalimide or benzo[de]isoquinolin-1,3- 6 3
5

dione, 11, is a planar molecule composed of two NO,
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which includes an azole dione functionality.  Derivatives such as 4-nitro-1,8-
naphthalimide, 12, have many practical applications. They are widely used as electro-
optically sensitive and laser activating materials,”’ as solar energy collectors,”” and when
amino-substituted at the 3- or 4-positions they have strong fluorescent properties making
excellent dyes because of their internal charge transfer abilities, protein cross-linking
agents and models for PET events.”

In the 1990’s Grabchev et al. investigated the impact that 1,8-naphthalimide dyes
had on copolymerisation when the imide nitrogen was bound to different polymerising
groups or when different amino groups were placed at the 4-position.”*** They found that
photophysical properties, polymerisation rate and viscosity of the polymers were all
effected by the nature of the amino group in the dye. More recently they have studied a
range of poly(amidoamine) dendrimers which elegantly incorporate 1,8-naphthalimdes at
the peripheral amines.”®*’ The nature of these 1,8-naphthalimides influence the
photostability and photophysical characteristics of the dendrimers, typically enhancing the
fluorescence and these macromolecules hold promise as sensors for metal cations and
protons. Whilst Konstantinova et al. have examined the photostablity of a range of 1,8-
naphthalimides which entail a heteroaromatic ring connected to the imide nitrogen and
how these dyes might be commercially used for the mass colouration of wool and

polyamide fibres.***?

1.3.2 Mononaphthalimides as Anti-Cancer Agents

Naphthalimides have also been employed in medicinal chemistry and medicine.
Substituted 1,8-naphthalimides have demonstrated dramatic anti-cancer activity and are in
clinical trials.”> The extended planarity and aromatic character of derivatives of 1,8-

2933 The degree of

naphthalimide potentially makes them powerful intercalators.
intercalation is a result of the substituent electronic effects, the hydrogen bonding and the
steric effects of the compounds. A nitro group at the four position is thought to rotate
significantly into the mono-imide plane, perturbing the stacking and leading to greater
viscosity and stronger binding. However, there may be many other mechanisms by which
these compounds might achieve apoptosis in cancerous cells. The naphthalimides may also
be capable of inducing cell death by free radical generation,®® photogeneration of
carbocations,”® electron transfer from oxidisable guanine or proton abstraction from
thymine.” It is also possible that the plane of the naphthalimide might intercalate whilst

an imide or 4-position substituent may itself wind around and groove bind.>*33
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The application of 1,8-naphthalimide derivatives as anti-cancer agents was
pioneered by Brafia er al. in the 1970°s.**** Since aristolochic acid, 13, was known to
exhibit anti-cancer effects, most likely due to its $-nitro naphthalene moiety, a range of
imide derivatives of 3-nitro-1,8-naphthalic anhydride were designed and synthesised.
Brania et al incorporated other structural motifs to assist intercalation including
glutarimide rings and positively charged amine substituient chains.”’ Initial derivatives
such as mitonafide, 14, showed activity against HeLa and KB cells in vitro as well as
against murine Ehrlich ascites and rat Yoshida carcinoma.”® Since the cytotoxicity of this
compound was found to be reversible it was deduced that no covalent cellular binding was
involved in its mode of action.”® Mitonafide causes both the unwinding of closed circular
DNA and increased DNA viscosity, these are indicative of intercalative behaviour.”’
Further investigations showed that this DNA interaction was accompanied by an inhibition
of topoisomerase I1.%° Mitonafide and its amino analogue, amonafide, 15, entered clinical
trials in the 1990’s. Unfortunately, mitonafide damaged the central nervous system and

caused memory loss and both it and amonafide showed low clinical anti-tumour activity.
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Nafidimide, 16, was also synthesised, this lacks any functionalisation at the 4-

position and is the simplest 1,8-naphthalimide.**>*

This displayed considerable activity in
animal tumours, both in vitro and in vivo, and entered clinical testing. Andersson et al.
studied its antileukaemic viability, interaction with DNA and its cellular transport.” This
was also a powerful intercalating agent and topoisomerase II inhibitor. The drug was found
to be successful against myeloid leukaemia cells (KBM-3, HL-60), but unfortunately
destroyed healthy bone marrow cells.

Other naphthalimide derivatives from the Brana group have also entered clinical
trials and his group has built an impressive body of work including the development of

37,38

acridine based anti-cancer motifs,’® anti-tumour dendritic  imides and
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bisnaphthalimides.”> Brafia er al. remain the authority on the design, synthesis and

biological investigation of derivatives of 1,8-naphthalimides. >°>% ¢373

1.3.3 Second Generation Mononaphthalimides

Gupta et al. have developed a range of 1,8-naphthalimide derivatives with nitrogen
mustard functionalities at the imine position in an effort to combine their individual anti-
tumour activities, e.g. 17.>° These compounds were found to achieve sequence specific
alkylation at the guanine N7 position and show considerable anti-cancer activities. This is
a prime example of how it is possible to manipulate 1,8-naphthalimide moieties by

incorporating other structural motifs to enhance their activities and specificities.
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\N

A range of imide functionalised naphthalimides, e.g. 18, have been developed by
Kamal et al., these were based on a group of pyrrolobenzodiazepines (PBDs) which are
anti-tumour natural products produced by Streptomyces.** These compounds form covalent
adducts in the minor groove of DNA, the amine at position 2 of guanine nucleophilically
(Sn2) attacks the C-11 position of the PBD. Attaching a naphthalimide at the C-8 position
of the PBD could combine the groove binding of the latter and the intercalative properties
of the former. Thus, these PBD-naphthalimide hybrids are double-edged swords in their
interaction with DNA. Compound 18 is an example of such a compound. A linker chain
length of four or five carbons achieved the optimum fit in the minor groove. These
compounds have displayed promising activity against leukaemia, colon, prostate and

. y 4
ovarian cancers cell lines.*
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Sami ef al. have developed a range of amonafide analogues using the anthracence
moeity instead of the naphthalene moeity.*'™* A family of nineteen compounds, including
compounds 19 and 19 a-i, was designed and synthesised with a variety of substituents, on
the imide nitrogen, containing a basic nitrogen. These substituents ranged from aliphatic
amino alkanes to aliphatic chains with amine ring systems at the termini. These
compounds exhibited greater potency against murine and human tumours than amonafide
itself. The 2-(dimethylamino)ethyl side chain, compound 19, was most promising and this
was further examined against colon cancer, leukaemia and melanoma cell lines and

4143

exhibited a high degree of cytotoxicity. These compounds are DNA intercalating

agents and topoisomerase II inhibitors. Structure-activity correlations have suggested that
the basicity, length, steric hindrance and rigidity of the side chain may influence the

ultimate efficacy of the compound.*'*
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Zee-Cheng and Cheng launched a systematic study of N—(aminoalkyl)—substituted
derivatives of a variety of imides, 20 and its derivatives.**** They investigated the type of
ring system, the modification of the side chain and the ring substituents. These compounds
were tested against leukaemia (P388) and melanoma (B16) in vivo and against leukaemia
(L1210) and colon adenocarcinoma in vitro. They found that a prominent cytotoxic role is
played by the [2-(substituted amino)-ethyllamino fragment when attached to
naphthalimides or anthraquinones.**** Substitution at the 3 position or the 6 position with
electron-withdrawing groups like NO, or with electron-donating groups like NH, or OH
was found to enhance the potency of the compounds. Dinitro and diamino substituted
derivatives also displayed viable anti-cancer activities, whilst the introduction of an extra

methylene unit in the side chain reduced the anti-cancer activities.
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Novel naphthalimidobenzamide derivatives were synthesised and studied by
Suzukiet al., e.g. 21.% These compounds were found to intercalate with DNA and showed
a preference for GC and AA sequences. Compound 21 was found to inhibit melanoma and

gastric cancer cell lines at nanomolar concentrations.
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Qian et al. have designed a series of 1,8-naphthalimide hydroperoxides, e.g. 22, as
intercalating DNA cleavers. These compounds interact with DNA in a two step process.?’
Firstly by intercalation, then upon irradiation the hydroperoxides generate hydroxyl
radicals which affect the cleavage of DNA.*” When a second ring was conjugated to the
naphthalene ring, as in 23, greater cleavage was achieved. It was surmised that the larger
planar system enhances the intercalation and that this contributes to the effective

cleaving.’

22 23

The range of 1,8-naphthalimides developed during the 1970’s and 1980’s provided
a spectrum of derivatives and conjugates that produced varying degrees of anti-cancer
activity. The past two decades have seen the probing of the various possible modes of
action employed by such compounds in vivo and in vitro. The following passages highlight

the work of some groups in investigating these mechanisms.

1.3.4 Modes of Action of Naphthalimides

In the late 1990’s Aveline et al. conducted a comprehensive investigation into the
photochemical mechanisms available to naphthalimides and their derivatives.** Several N-
substituted 1,8-naphthalimides, e.g. 24, and 1,4,5,8-naphthalene diimides, e.g. 25, were
photophysically studied and found to be capable of undergoing intramolecular y hydrogen
abstraction, oxygen-centred radical formation, hydroxyl radical release (provided by the O-
OH functionalisation), singlet oxygen formation, and electron transfer (to give the radical
anion and the radical cation of the corresponding naphthalenic derivative) upon
excitation.”* For these compounds hydroxyl radical formation and electron-transfer from
guanine sites have been proposed and 5’G and 5’-GG-3’ selective cleavage has been

observed.** Singlet oxygen formation may cause Type II biological damage in the presence
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of suitable substrates and electron transfer reactions are known to cause Type I biological
damage.** These mechanisms may be part of the versatile arsenal employed by
naphthalimides under physiological conditions against cancer and give one an idea of how

complicated the mechanisms of such species are.
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Sami et al. have investigated the structure-activity relationships of amonafide and
azonifide derivatives to elucidate their behaviour with cancerous cell DNA.*'* They
found that the in vitro anti-tumour activity showed a significant dependence on the position
of substitution. Nitro and amino substituents at 4-position of the amonifides and 5-position
of the azonafides endow the compounds with added potency over similar substitution at
other positions and substitution in any position with the less effective acetylamino and
aliphatic groups. This structure-activity correlation is indicative of intercalation being
enhanced or hampered by the pendant groups on the planar ring system of the molecules.
Thus, it seems that ring substitutions of small, rigid, basic nitrogen groups, which can
orientate themselves to facilitate maximum intercalation, result in significant anti-tumour
potency.

In the 1990’s Saito, Takayama and Matsuura investigated the photochemical
hydroxyl radical generation of phthalimide hydroperoxides and photoactivated cleaving
ability of lysine derivatives of naphthalimides.**** Long wavelength irraditation of
hydroperoxide derivatives of phthalimides, 26, 27 and 28, lead to the unimolecular
generation of radicals which in turn can cleave DNA. More recently, these compounds
have been tethered to DNA binding components in order to combine cleavage with

sequence specificity. N-Lysine derivatives of 1,8-naphthalimide, e.g. 29, have been shown
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to permit the selective cleavage at the 5’ side of 5°-GG-3".* A nitro group at the 3-position
alters this preference to thymine residues at 5’-GT-3" steps. Thus, substituents can be used
to tune the selectivity of naphthalimides. This process it thought to involve the oxidative
transformation of the thymine’s methyl to a formyl group, caused by the initial abstraction
of a hydrogen from the methyl group by the photoexcited nitro group. The naphthalimide
that lacks a nitro group obviously cannot achieve this and it has been proposed that it
displays GG preference due to electron transfer from the electron rich GG residue to the

naphthalimide moeity.*’
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The screening programme that led to the development of mitonafide, 14, and
amonafide, 15, provided Brana et al. with valuable insights into the action of these
naphthalimide derivatives.’> They found that a basic terminal group on the N-position side
chain is necessary for the cytotoxic activity. In this regard, a nitrogen is the most effective
heteroatom and substitution of this by a carbon, sulphur or oxygen atom results in inactive
compounds. If the basicity of the nitrogen is reduced, by acetylation or quaternisation, the
potency also decreases. As for mitonafide and amonafide, the optimum structure for
activity was a dimethyl terminal nitrogen, the activity decreases with a decrease in the
number of substituents (e.g. mitonafide ICso = 0.47 uM, monomethylamine analogue 1Cs
= 13 uM, an ICs value quantifies the anti-cancer activity of an agent by quoting the
concentration required to reduce the number of cells by 50 %). When the nitrogen atom in
the basic side chain is separated from the naphthalene imide nitrogen by two methylene

units the activity was also optimised.
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A range of aromatic substituents were also investigated such as nitro, amino,
chloride, hydroxyl, methoxy, bromide and sulphoxide groups.zg'3 2 Substitution at the 2.3
and 4-positions were all studied. Placing the ring substituent nitro group at the 3-position
was more effective than at the 2 or 4 positions and nitro substituted compounds are more
potent than their amino analogues. Mitonafide possesses an electron-withdrawing nitro
group, whilst amonafide has an electron-donating amino group. It has been suggested that
the nitro group in mitonafide encourages the formation of a charge-transfer complex with
DNA base pairs.””>* In the case of amonafide the amino substituent may favour hydrogen
bonding with the DN A backbone and thus stabilise the drug-DNA complex.

Amonafide and mitonafide were both studied at the National Cancer Institute and
found to be very active in vitro and in vivo against murine and human tumour cell lines.
They both bind with DNA by intercalation and Waring et al. discovered that they cause
unwinding of closed circular supercoiled DNA and increase the viscosity of rod-like DNA
fragments.’’ These compounds show a preference for GC rich regions.

Nishio and Uyeki noted that mitonafide inhibits DNA synthesis and induces strand

' Amonafide produces single and double strand

breakage in Hamster ovarian cells.’
breakage and DNA-protein cross-links in CML cell lines.” These compounds are
topoisomerase inhibitors and poisons and are known to form ternary complexes with DNA
and topoisomerase II. This stable complex hinders DNA replication and it is thought that
the side chain sterically interacts with the enzyme active site. In this way specific cleavage
is achieved at nucleotide number 1830 on pBR322 DNA.** The Capranico and Liu groups
have both studied the complicated specificity behaviour of these compounds and have

. : 2
found inverted repeat sequences and GC rich areas are commonly favoured.””

1.4 Bisnaphthalimides

1.4.1 Development from Mononaphthalimides

Since one naphthalimide is capable of anti-cancer activity incorporating two
naphthalimides into one larger structure might possibly enhance the potency. The binding
behaviour of such a molecule may involve bisintercalation or intercalation by one moiety
and groove binding by the other. This was the fundamental concept that spurred the work
of many groups in the 1980’s and 1990’s. e

The first report of a bisintercalator was by Waring et al. in the mid 1970s.° The
natural product antibiotic echinomycin, 30, possesses two chromophores, capable of
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simultaneous intercalation, linked by a cyclic octapeptide bridge which winds into the
minor groove between the two intercalation sites.”® This bridge hydrogen bonds to the
exposed base pairs in the groove and in this way achieve a selectivity for poly(dG-dC)

sites.*®

FACArLS

30

Brana et al. sought to improve the therapeutic properties of their lead compounds,
mitonifide and amonifide, by designing novel bisnaphthalimide intercalating agen’(s.”'”‘32
A series of compounds, all with the general structure of 31, with amine and nitro groups as
ring substituents (since these were the most effective in the mononaphthalimides), were
designed and synthesised. A variety of bridges were employed and these all contained at
least one amine functionality in an effort to enhance interaction between the bridge and the
grooves of the DNA helix. These compounds are are linked via their imide nitrogens. In
general, this series was found to have higher cytotoxic activities than their parent
mononaphthalimides compounds. Certain aromatic substituents increase this activity and
the order CH;CONH < NH; < H < NO, was found for analogues with the same bridge. The
length and nature of the bridge itself was also effected the activity, the optimum being
(CH2),NH(CH;);NH(CHa»),. Elinafide, 32, has progressed to clinical trials and is curative
against breast cancer and melanoma and shows promising potency against lung, colon and
ovarian cancers.”

Bailly et al. have studied elinafide, 32, and its 4-nitro and 4-amino substituted
analogues.®® All these compounds bisintercalate with DNA, increasing the overall length of
linear DNA, elinafide causes a steep rise, and subsequent fall, in the viscosity of closed
circular DNA. DNA-footprinting experiments have shown that elinafide has a sequence

specific interaction with alternating purine-pyrimidine regions that occurs via the major
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groove.”’ Gallego et al. have further elucidated this binding using 'H NMR and molecular
dynamics simulations.’ They suggest that the molecule binds with the hexanucleotide
d(ATGCAT), whereby the two naphthalimide cores intercalate at the TpG and CpA steps,

stacking primarily with G and A bases. The linker most likely lies in the major groove and
this would appear to be the main governing influence over the groove recognition and

specificity of the molecule.

Rl
° oy
e N CO
(0) (0)
R, (¢ ’/r ¢

o

31

NH

R, or R, = NO,, NH,, NHCOCH,,
H, Br, OH, 2MeSO,H

R, = (CH,),NH(CH,),,
(CH,),NH(CH,)NH(CH,),

Brana et al. have also investigated the complexation of bisnaphthalimides with
platinum, 33, and novel bisnaphthalimides with anthracence rings instead of
naphthalimides. The platinum complexes are potential anti-cancer agents since they show
promising activity and are capable of circumventing resistance to cisplatin.*> The
anthracence derivatives inhibit topoisomerases I and II and are active against colon

carcinoma. Bibenoline, 34, is currently in clinical testing."z‘32
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More recently, Braia ef al. have designed a series of bisfuronaphthalimides. This
fusing of the naphthalimide ring to a furan ring works in the same way as the previously
demonstrated anthracence motif i.e. extending the planar surface enhances its potential to
stack with other planar molecules such as nucleotides.” Compound 35 binds more strongly
than its parent monofuronaphthalimide and has a greater affinity for intercalation at GC
rich sequences. This compound is active against CEM leukaemia cell lines and is three
times more potent (ICsp = 4.9 nM) than elinafide (ICso = 16.5 nM).** A further
development of this construction was a series of pyrazinonaphthalimides, e.g. 36. These
have considerable antiproliferative activities against colon (HT-29), cervical (HeLa) and
prostate (PC-3) carcinomas showing ICsy values of 0.02, 0.20 and 0.53 pM, respectively,
compared to 0.02, 0.07 and 0.32 uM for elinafide.’* This series of compounds also
bisintercalate, although they do not inhibit topoisomerase II. Further in vivo investigations

and exploration of the selectivity for the colon strain are currently being conducted.

2 0)
Vet PU PN
O L W
|

3Dy o \

0O
0

35
0
0
o, o 1 ¢ )
7 N\ h .2 CH,SOH O N
_ 0 M)
4 36 N=

2]



1.4.2 Second Generation Bisnaphthalimides

In the wake of initial advances by Brarna, Bailly, Waring and Gallego many other
investigators developed their own bisnaphthalimides. McRipley ef al. designed DMP 840,
37.%° This compound was effective against several human tumour xenographs in mice and
went on to Phase II clinical trials. It was found to be a monointercalator with a preference
for GC rich fragments. Nitiss et al. studied the mode of action of this compound in detail
and found that it acts against eukaryotic topoisomerase II (but not topoisomerase I) and
kills cells by converting this enzyme into a poison.

Cherney et al. hypothesised that since only one chromophore intercalated these two
units serve different functions when the molecule interacts with DNA and a new series of
unsymmetrical bisnaphthalimides was designed.®* DMP 315, 38, came from this synthetic
programme and was water soluble. It had considerable potency against murine leukaemia
with an in vitro 1Csp = 0.035 uM compared to the ICsy value of the parent DMP 840 of
0.034 puM. It was surmised that the cytotoxic effects of DMP 840 are not dependant on its

symmetry and altering the nature of one chromophore can tune the activity of the
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Since the late 1990’s Lin et al. have developed a series of bisnaphthalimides based
on the structure of elinafide with polyamino alkyl chains to improve the solubility of the

6566 By synthesising aliphatic polyamino bridges based on putrescine, oxa-

compounds.
putrescine, spermidine and spermine they hoped to counter the insolubility of the two
naphthalimide units. Whilst the former two derivatives showed excellent growth inhibition
of a panel of cancer cell lines they were not very soluble. The spermidine, 39, and
spermine, 40, bridged analogues were much more soluble due to their respective one and
two extra nitrogens. These compounds also retained high growth inhibition and as such are

6566 More recent examination has found that these

promising anti-cancer agents.
compounds bisintercalate and the compounds were found to increase the melting
temperature of calf thymus DNA (c¢-DNA) and ICsy values of 13.50 and 13.32 pM
respectively were found for breast cancer (MCF) cell lines. These derivatives were
discovered to have migrated inside the cell nucleus after 6 h. of drug exposure and this rate

of uptake is related to their cytotoxic effects.
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Spicer and Gamage et al. have combined many of these concepts in a synthetic
programme developing bis(acridine-4-carboxamides) with tertiary nitrogen containing
bridges, e.g. 41 and 42.°”® They were designed as combined bisintercalators and possible
topoisomerase Il inhibitors and with the view of avoiding the central nervous system
toxicity exhibited by bis(acridine). These novel compounds have shown promising
activity, with nanomolar ICsy values against murine Lewis lung carcinoma and human
Jurkat leukaemia and inhibited topoisomerase I and are currently being examined as
topoisomerase targeted anti-cancer drugs. Structure-activity relationship studies implied
that large substituents at any position on the ring decreased the potency and small
lipophilic substituents peri to the ring nitrogen enhanced the potency. They then went on to

develop phenazine derivatives with similar features.”” These behaved in the same fashion
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and were dual topoisomerase I and II inhibitors and poisons. These compounds showed
considerable growth inhibition of human colon tumour lines and overall an improvement

of the inhibition achieved by the bis(acridine) analogues.
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The advances and anti-tumour success of naphthalimide synthesis has been
discussed. Naphthalene diimides are well known intercalators. Whilst most examples to
date have detailed linearly linking two naphthalimides, such diimides were considered
interesting as potential spacer scaffolds for the development of novel bisnaphthalimides
within the Gunnlaugsson group. The following passages introduce naphthalene diimides

and their uses in various fields of research.

1.5 Naphthalene Diimides

1.5.1 Introduction

Derivatives of naphthalene tetracarboxylic dianhydride, 43, known as naphthalene
diimides, such as 43a, are employed in many branches of science and technology. They are
commonly used as optical brighteners,”' laser dyes,”' fluorescent labelling systems,””

374 and, importantly, are widely reported as intercalators of DNA."

conducting materials
The extended planar, aromatic nature of naphthalene diimides means they can readily slot
between base pairs and partake in 77 interactions with the nucleotides above and below.
The fact that naphthalene diimides may be derivatised to offer novel intercalating species,
which also happen to display interesting photophysical characteristics, makes these

candidates for incorporation into DNA probes and possibly DNA targeting drugs. For
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example, Takenaka et al. have developed a naphthalene diimide derivative bound to a gold
electrode, 44.”° When this is washed with solutions of cz-DNA interaction of the diiimide
produces an electrochemical signal and in this way the system allows subpicomolar

detection of DNA.
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1.5.2 DNA Stabilisers

McLaughlin et al. have spent the past decade developing naphthalene diimide
systems as DNA stabilisers.”” ™ A series of naphthalene and perylene based diimide
derivatives were designed as spacers to bridge the terminal base triplet of a DNA triplex
and provide base-stacking.”” ™ Compound 45 is an example of such a compound which is
capable of targeting single-stranded nucleic acids with the formation of hairpin triplexes.
The desired stabilisation was evident from the enhancement of the melting temperature
(Tm) of the DNA by a significant 28 °C and from the hypochromicity in the fluorescence
emission. This stabilisation of the triplex structure may be advantageous in that it increases
the lifetime of the ‘antisense complex’ of the triplex and the linker, which interfers with
replication and other biological processes. They have also shown that naphthalene diimide
intercalators, e.g. 46 and 47 are very efficient long-range DNA photooxidants.®' When
covalently tethered to a triplex-forming oligonucleotide it was observed that charges can
migrate over 25-34 base pairs in both directions along the helix and along both duplex
strands generating base lesions. This long-range oxidation process results in specific

damage to the 5’ guanine of 5’-GG-3” sites.

23



()<
0/\/0\/\N ———Residue

Residue

1.5.3 Threading Intercalators

Wilson et al. studied a series of naphthalimides and corresponding naphthalene
diimides as probes for groove interactions and intercalation, e.g. 48, 49 and 50.”° They
found that naphthalene diimides ‘thread’ into DNA, that is, the aromatic core slots into the
helix and intercalates whilst the bulky substituents wind into opposite grooves of the DNA
at the intercalation site. Thus, the aromatic core threads the whole, larger molecule through
the DNA with pendant arms extending into the grooves. This added factor of groove
binding is thought to enhance the binding affinity and ‘lock’ the molecule into the helix
leading to added disruption of the DNA and of replication processes. Changes evident in
viscometric studies, circular dichroism and absorption spectroscopy all supported
intercalation and docking modelling together with kinetics experiments implied major
groove binding. This was one of the earliest reports of major groove binding molecules
since most DNA intercalators were found to exhibit only minor groove binding. It is
possible that the intercalation of the large extended area of the diimide core is optimised
when one side chain is positioned in the major groove and the other is positioned in the
minor groove, whilst for smaller intercalators positioning of both in the minor groove is
sufficient. More recently they found that such compounds bind preferentially to GC
sequences and that the association and dissocation of the diimide-DNA complex is much
slower than that of classical intercalators and this supports the threading intercalation

model.*?
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Steullet and Dixon designed a Ni(II) chelating system by attaching the peptide to a
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Gly-Gly-His bis-substituted naphthalene diimide, 51.% It was hoped that the metal
complex might thread into DNA and affect oxidative cleavage. It was found to
successfully convert supercoiled DNA into nicked and linear forms. The naphthalene
diimide derivative was a hundred times more effective in cleaving DNA than solely the
Ni(I) complex of the GGH peptide. They also studied a variety of anthraquinone and
naphthalene diimide intercalating derivatives with amine-containing side chains such as 52
and its naphthalene diimide derivative 53.** These cleaved plasmid DNA at abasic sites
more effectively than the amine would itself. It was proposed that the threading of these
molecules positions the amino functionalities in the grooves and thus they can achieve
cleavage more readily than they would alone. Those intercalators with two amine moieties

were more successful than those with only one amine.
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1.5.4 Naphthalene Diimides as Polyintercalators and Anti-
Microbials

Iverson et al. at the University of Texas have developed elegant threading
polyintercalators.85 9 Compound 54, which incorporates the amino acids lysine, alanine
and glycine, was designed as a molecular scaffold for exploring sequence specific DNA
recognition, using four naphthalene diimide units linked by flexible peptide bridges. This
molecule was found to tetraintercalate with the linkers positioning themselves alternately
in the minor and major grooves, a topology which Iverson et al. has compared with a snake
winding its way along a ladder.*® There are possible advantages to a polyintercalating
scheme over that of simple naphthalene diimides such as 51. The interactions with
functional groups in both grooves would confer enhanced sequence specificity and
increased disruption to protein-DNA interactions since both grooves are obscured.®’
Moreover, slow dissociation of the intercalator-helix complex and such a long architecture
may permit recognition of relatively long DNA patterns. They have since developed
octakisintercalators with a motif similar to that of 54.*° Iverson hypothesised that the lack
of functionality of this molecule combined with its flexibility would limit the sequence
selectivity and therefore a new generation of polyintercalators are currently in development

with more rigid linkers and more potential hydrogen bonding sites.?>*’
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Before exploiting naphthalene diimides as polyintercaltors Iverson et al.
investigated their application in antimicrobial systems.” Sequences of amino acids,
particularly L-lysine and glycine, were attached to the 1,4,5,8-naphthalene tetracarboxylic
diimide. Structure-activity studies showed that increasing number of positively charged
lysine motifs (at least seven such residues), such as in 55, provided the optimum activity
against Gram-negative (e.g. E. coli) and Gram-positive (e.g. B. subtilis) bacteria. One
naphthalene diimide unit (which is hydrophobic and electron deficient) was sufficient to
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confer this activity, even though its position in the sequence of peptides did not seem
important to the anti-bacterial activity.”’ It is thought that since these molecules are
unlikely to penetrate into the interior of bacterial cells the mode of action probably
involves disruption of the bacterial membrane. D-lysine was found to be as effective as L-
lysine and this negates a specific receptor mediated process and instead the physical

properties of the molecule are more crucial.

NH,+ NH,+ NH,+ NH,+

0 (6]
 Ca i Ca oS ay
H H H -
HZN\)J\NJ?“\)J\N/QC‘J\)J\N N_~—N O N\/U\g 0
s H = H 2 H

FAL AL ALMA,

55

1.5.5 Photophysics of Naphthalene Diimides

Kelly et al. have spent much of the past decade investigating the interesting

' For example, they have

photophysics associated with naphthalene diimides.’
demonstrated that compounds such as 56 and 57 can undergo photoinduced electron
transfer from guanosine 5’-monophosphate to the lowest electronically excited triplet
state.”' These compounds can be said to achieve the photooxidation of the nucleic acids via
their triplet state and as such may be termed redox-active photonucleases. Although the
site of base oxidation depends upon the thermodynamic properties of the diimide
employed, a general kinetic trend has been observed, mostly likely due to the planar extent
of the structures. Diimide electron acceptors can be used to conduct selective and guanine-
specific oxidative damage or non-selective single-electron oxidation. The correlation
between the extent of diimide-calf thymus DNA complexation and the triplet state and
radical production after pulse photolysis has also been investigated.” It was found that
yield of the long-lived triplet state decreased linearly as the degree of complexation

increased.”” The radical anion observed by transient absorption spectroscopy can be

accounted for by self-quenching interactions. The fact that no additional radical anions
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were produced by the DNA-bound molecules is consistent with very rapid electron transfer
and charge recombination processes initiated by the electronically excited singlet state. By
comparison, when water soluble carboxyl-substituted naphthalene diimides such as 58,
were examined, it was found that the one-electron-reduced naphthalimide is produced,
after pulsed excitation at 355 nm, possibly via intramolecular electron transfer from the
covalently attached carboxylate group.” These intermediates therefore react with electron
acceptors as opposed to electron donors as previously seen. Kelly et al. suggest that rapid
homolytic bond cleavage occurs yielding a reactive carbon-centred radical.”> Such
carboxyl functionalised naphthalene diimides are known to display anti-tumour activity

and interact readily with DN A and proteins.
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1.5.6 Supramolecular Uses of Diimides

Wasielewski et al. have studied the photophysics of extended aromatic diimides in
detail and in the 1990’s incorporated a derivative into a molecular system for probing an
electric field, 59.°* The electron deficient pyromellitic diimide (A) acts as an electron
acceptor when attached to naphthalene-1,8-dicarboximide (an electron donor, D) and to an
indacene derivative (a molecular probe, P). Excitation of D leads to an electron transfer
from D* to A in 59 and this subsequently generates an effective electric field at P of 6 + 1
MV/cm. The magnitude of this field implies the possibility for the creation of a molecular
switch in which the photogenerated electric field is utilised to switch ‘on’ or ‘off’ a

secondary electron transfer reaction.”
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Tomasulo ef al. have recently developed self-assembling naphthalene diimides with
two terminal carboxylic acids, e.g. 60.”> Aggregation in aqueous solution spontaneously
forms cylindrical, rod-like microstructures on a solid surface. In these supramolecular
arrays the chromophoric cores allow examination of the structure by absorption and
fluorescence spectroscopy. However, the mechanism that results in this elegant self-

assembly has yet to be understood.

S
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The work of Lichelli’s group has used diimides, such as 61, as bischelating
ligands.96 In the presence of stoiciometric amounts of Zn (II), Cu (I) and Cd (II), in
chloroform (CHCl3) and acetonitrile (CH3CN), these ligands form nonhelical [2 + 2]
adducts. This metal induced self-assembly is signalled by excimer-type emissions due to
the intramolecular interaction of the two naphthalene diimide subunits. When an excess of
the metal ion is used a disassembling occurs and a 2:1 metal:ligand complex is formed.
The excimer can no longer form since the interaction between the diimides has been lost.
This means that the assembly/disassembly process can be monitored be the appearance and

disappearance of the excimer band in the emission spectrum.
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1.6 Selectivity and Peptides

1.6.1 Sequence Selectivity

A compound is sequence selective if it seeks out certain patterns in DNA over
others and should recognise and efficiently bind such patterns. Examples of such
selectivity include the preference for AT regions over GC or AA over GG and a preference

for a certain gene code such as binding the Philadelphia chromosome (which results from
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the reciprocal translocation between a chromosome 9 and a chromosome 22 and is
involved in leukaemia) over all others. Selectivity is related to bulk, steric arrangement,
electrostatic configuration or stereochemistry leading to preferred binding modes with
specific regions of the DNA helix.

Interaction with this sequence will lead to disruption of the replication process and
damage the cell. Therefore, one can see that the mere interaction with DNA is not the end
of the story and one can further enhance and attenuate the binding by redesigning the
molecule itself so that it seeks out particular patterns and sequences and does not simply
and randomly attack all rapidly dividing cells.

The challenge is therefore to specifically and efficiently target a particular sequence
of DNA. While derivatives of 1,8-naphthalimide readily bind DNA, incorporating
recognition moieties will combine specificity with anti-tumour activity.

Small molecules, such as naphthalimides e.g. 14, 15 and 16, readily interact with
DNA, but in a promiscuous manner. A larger molecule can be designed to achieve
selective interaction because of its size, steric hindrance, stereochemistry and, importantly,
its preferred binding modes. While amino acids are small structures they can easily be
incorporated into larger sequences of amino acids or peptides. Such molecules have
inherent shapes and have hydrogen binding possibilities, this imbues them with great
potential for selective interaction with certain, targeted patterns of base pairs. The

following section will discuss how other groups have achieved site discernment.

1.6.2 DNA Binders attached to Amino Acids and Peptides

Iverson et al. have focused on the design of polyamides and naphthalene diimides
in search of sequence selective DNA-binding agents.”” The polyamides developed by his
group achieve a one-to-one correspondence, recognising DNA base pairs via specific
hydrogen bonding patterns in the minor groove. They have developed over three hundred
polyintercalating molecules employing the 1,4,5,8-naphthalene tetracarboxylic diimide
structure which is known to thread and groove bind. Most intercalators have a simple,
inbuilt preference for certain base pair steps (e.g. 5’-Py-Pu-3") but such specificity can be
overridden with noncovalent contacts with the helix.”” These can be achieved by complex,
rigid sidechains. Iverson et al. hypothesised that the inclusion of amino acid linkers
between naphthalene diimide cores might render the polyintercalator pattern selective.’’
The resulting combinatorially synthesised molecules contain naphthalene diimides, amides

and lysine motifs, such as in 62.”” These compounds were screened for sequence
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selectivity using DNase I footprinting with a 231 base-pair restriction fragment and were
found to exhibit preference within a 15 base pair GC rich repeat. In particular, a lysine-tris-
B-alanine derivative was found to preferentially bind within a 19 base pair palindrome.”’
Thus, subtle changes in the amino acids employed can tune the binding of naphthalene
diimides.

NH,+ NH,+

62

Steullet and Dixon have developed two Gly-Gly-His based naphthalene diimides,
63 and 64.”® Both of these compounds demonstrated single-strand cleavage of pBR322
DNA in the presence of nickel acetate and oxone. This effect was thought to be a result of
the high concentration of the metal chelating conjugate in the groove enhanced by the

intercalation of the naphthalene diimide unit.
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A range of novel peptide functionalised anthraquinones, such as 65 and 66, have
been synthesised by Palumbo et al® A strong DNA binding constant (comparable with
that of the anti-cancer agent mitoxantrone) was witnessed for compounds containing
glycine and L-lysine side chains. These compounds were threading binders and preferred

GC sequences. The enantiomer containing D-lysine had a stronger binding constant.'"
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Dervan et al. have employed amino acids in the design of sequence selective DNA-
cleaving proteins.m"m2 The tripeptide H-Gly-Gly-His-OH was bound to the amine
functionality of the DNA-binding domain of histadine recombinase. This provided a new
protein, Gly-Gly-His(Hin 139-190), 67, synthesised by solid phase methods. Gly-Gly-His
is the copper or nickel binding domain for human serum albumin and Hin 139-190 binds
DNA. This novel protein can bind to DNA at four sites comprised of thirteen base pairs. In
the presence of sodium ascorbate, hydrogen peroxide along with less than one equivalent

of Cu (II) the protein was found to cleave predominantly at one of the Hin sites.
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1.7 Naphthalimide Advances in the Gunnlaugsson Group

Over the past eight years, the Gunnlaugsson group has been interested in
derivatives of 1,8-naphthalimides. This research has focused on the incorporation of amino
acid, ester and peptide moieties into the naphthalimide structure with a view to
accomplishing nucleic acid recognition. This project was developed with the intention of
achieving a targeted treatment for cancers such as chronic myeloid leukaemia and prostate
cancer. To date, this programme has amassed ca. three hundred novel monopeptide,
dipeptide and bis-system conjugates of 1,8-naphthalimide, in collaboration with Prof Mark
Lawler, Department of Haematology, St. James’ Hospital, Dublin, the anti-tumour activity
of this library against several cell lines has been investigated.

The synthetic strategies developed for the functionalisation of the naphthalimide
nitrogen is shown in Scheme 1.1. In this way, tertiary butyl esters of a range of amino
acids were added to the naphthalimide scaffold. These could then be converted to their
corresponding acids and subsequently coupled to other amino methyl esters produced
peptide functionalised naphthalimides using standard peptide chemistry. Phelan focused on
dipeptides involving L-alanine and L-leucine and varied the substituents at the 3 and 4

positions and the order of the amino acids themselves in the dipeptide chain.
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The earliest compounds designed during this research were monopeptide
derivatives of 3- and 4-nitro and 3- and 4-amino 1,8-naphthalimides. These involved the
methyl and tertiary butyl esters of glycine, L-alanine, L-leucine and L-phenylalanine. Of
these, the 4-nitro substituted variations exhibited the highest activity against HL-60, a
CML cell line. ICsy values such as 1.95 uM for 68 were obtained compared with that of
mitonafide of 0.23 uM.'” Of Phelan’s families of compounds 69 was the most potent
against HL-60 cell lines with an ICsy of 1.57 uM and against K562, a more chemoresistant
CML cell line, with an ICsq of 3.49 pM.'®

This early research helped to establish that for the monopeptide derivatives the
larger the N-substituted amino acid function, i.e. L-leucine and L-phenylalanine, were
more effective than the smaller glycine and L-alanine and that the size of the ester at the
second position, methyl or tertiary butyl, seemed to have little impact on the potency of the
compound. The biological studies of the Gunnlaugsson compounds have consistently
found the 4-nitro compounds to be more active than the 3-nitro, this is in contradiction of
observations made by Brana et al.

This work was further developed by Blais by the incorporation of functionalised
derivatives into ‘head-to-tail’ bisnaphthalimides (so-called since the units are linked from
the 4-position of one unit to the imide position of the other) by reacting the 4-amino
derivative with 4-nitro-1,8-naphthalic anhydride.104 The activities for these compounds
were improvements on the mononaphthalimide molecules, e.g. 70 has an ICs, value of 0.81
uM compared with a value > 100 pM for the parent molecule. Some ‘tail-to-tail’
bisnaphthalimides (so-called since the units are linked from the 4-position of both
naphthalimides) with aliphatic aminoalkane linkers were also synthesised as part of this

programme, e.g. 71 which has an ICs, value

of 2.70 uM. A family of ‘head-to-head’ (so-

called since the units are linked through the [ 3

imide position of both naphthalimides) \q/ﬁ\ /'\[(o,
bisnaphthalimides were also produced such as X

o o
72. These involved the condensation of
aliphatic aminoalkanes with an amino acid OO
functionalised naphthalimide. These were

interesting compounds and the spermidine

linked derivative was very active in HL-60

cell lines with an ICsy of 3.46 uM.
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This work was further extended by Hussey who developed various dipeptide
naphthalimides along with naphthalimide based colorimetric sensors, exploiting the
photochemical potential of these compounds. As potential anti-cancer agents a series of 4-
nitro derivatives that included L-phenylalanine and L-lysine, again varying the sequence
of the amino acid motifs and peptide functionalised aldehyde, thiazolidine and thiazole
derivatives of 1,8-naphthalimides were also developed.'” These naphthalimide families
synthesised by Hussey highlighted some interesting trends. It was observed that
monopeptide methyl esters are more cytotoxic than their tertiary butyl esters which in turn
are more cytotoxic than the corresponding acids. Also, the introduction of aldehydes (e.g.
73, 1Cso = 4.50 pM), acetals (e.g. 74, ICsyp = 2.00 pM) and olefins at the B-amino
functionality showed promising activity.'” Hussey made some ‘head-to-head’ L-lysine
(e.g. 75, ICso = 3.20 pM) and L-ornithine based bisnaphthalimides as well as some
examples of ‘tail-to-tail’ and ‘head-to-tail’ systems. In the latter stages of the project a
novel bisnaphthalimide, 76, was synthesised that involved the ‘head-to-head’ linkage of
two lysine functionalised naphthalimides via a 1,4,5,8-naphthalene tetracarboxylic
dianhydride core.'” Although this compound was not biologically tested due to solubility
issues it did inspire an interest in the use of naphthalene diimide cores in Gunnlaugsson

bisnaphthalimides.
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This collection of work combines to provide an overview of the general trends
exhibited by the 1,8-naphthalimide derivatives designed by the Gunnlaugsson group which
can be summarised as follows;

e methyl esters are typically more potent than tertiary butyl esters

e esters are more potent than their corresponding acids

e nitrogen containing substituents on the aromatic ring are more active than less

basic oxygen or sulphur containing groups

e 4-substituted naphthalimides are more active than their 3-substituted analogues

e 4-nitro substituted naphthalimides are more cytotoxic than the 4-amino

analogues

e bulkier amino ester functionalisation at the first position leads to more potent

compounds

e dipeptide conjugates are more cytotoxic than monopeptides

e Dbisnaphthalimides tend to be more cytotoxic than their mononaphthalimide

parent compounds

This research programme has, therefore, successfully produced a range of potent
naphthalimides with various functionalities and motifs. Many of these compounds have

promising activities in HL-60 and K562 cell lines and are potential anti-cancer agents. The
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breadth of possible application and the mode of action of these families have yet to be fully
elucidated. The ongoing nature of this project proves how such versatile and interesting
naphthalimides provide an intriguing challenge and endless possibilities for further
diversification and adaptation.

This chapter has introduced 1,8-naphthalimide derivatives and discussed their
merits as anti-cancer agents. The possibilities of developing novel naphthalimides and
bisnaphthalimides and tuning their potency to target cancerous DNA has also been
described. The many directions available to an organic chemist in the design and
development of original naphthalimides make this a challenging and interesting field of
synthesis and design. To this end, the research detailed within this thesis sought to
incorporate the DNA binding prowess of naphthalene diimides with the well documented
anti-tumour activity of 1,8-napthalimides. It was hypothesised that the melding of two such
motifs might result in a dually active molecule with enhanced potency, this will be detailed

in the following section.

1.8 Project Objectives

1.8.1 Rationale Towards Novel Bisnaphthalimides

The ability to render a naphthalimide derivative sequence selective by the
introduction of amino acids functionalities has been explained in this introductory chapter.
The possibility that bisnaphthalimides may interact with the macromolecule in a number of
different ways, including one terminal intercalating while the other binds in the major or
minor groove has also been highlighted. The interaction of naphthalene diimides with
DNA by intercalation or a ‘threading’ mode is widely reported in the literature.

If these three motifs and their characteristics were combined in one larger molecule
a novel bisnaphthalimide with the potential for greater binding affinity and selectivity
might result. This fundamental rationale developed into the basis for this research project,
the design and synthesis of families of novel bisnaphthalimides using the potent dipeptide
naphthalimide conjugates developed in the Gunnlaugsson laboratory and incorporating
naphthalene diimide cores as linkers. Using this strategy ‘tail-to-tail’ and ‘head-to-head’
bisnaphthalimides could both be constructed according to this general template via
different synthetic routes. Each of these routes would involve the construction and

subsequent incorporation of two different structural motifs.
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1.8.2 ‘Tail-to-Tail’ Bisnaphthalimides

Two principal building blocks would be used to construct these novel ‘tail-to-tail’
bisnaphthalimides, dipeptide functionalised naphthalimides and diimide spacer moieties,
Scheme 1.2.

It was decided to build on the earlier success within the Gunnlaugsson group by
focussing on a group of amino acids that previously showed promise in biological assays
in other dipeptide mono and bisnaphthalimides. L-phenylalanine, L-lysine, L-leucine and
L-alanine would be the candidates of choice. The 4-nitro-1,8-naphthalimides with L-
phenylalanine, L-lysine (protected and unprotected) and L-leucine at the first position with
L-alanine methyl ester at the second would be synthesised for use in ‘tail-to-tail’
bisnaphthalimides

1,4,5,8-Napthalene tetracarboxylic dianhydride would be used as the skeleton from
which to form the ‘spacer’ moiety to bridge two naphthalimide units. This planar aromatic
core has great potential for slotting in between the base pairs in DNA and for 77 stacking.
By itself intercalating, this core would ‘thread’ the larger bisnaphthalimides molecule
through the DNA. In order to connect the core with the naphthalimides a diamino alkane
would be used. Reacting this with the dianhydride would produce a naphthalene diimide
with two aliphatic amine chains extending from both imide nitrogens. These amines could
then each substitute the 4-nitro group on each naphthalimide moiety and ultimately give
the desired bisnaphthalimide.

By using different diamino alkanes the length of the spacer unit could be readily
altered. It can be reasoned that the binding of such a bisnapthalimide would involve the
intercalation of the diimide and the groove binding of the naphthalimides or the groove
binding of the diimide and the intercalation of both naphthalimides or the intercalation or
groove binding of all three units. Whichever of these modes of interaction is dominant the
length of the spacer could be expected to impact on the ease and degree of binding and
there is most likely an optimum distance between the three extended aromatic regions.
Thus, there would be merit in varying the length of the linker itself as well as changing the

dipeptide functionalities.
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Scheme 1.2: The proposed synthetic route to ‘tail-to-tail” bisnaphthalimides

1.8.3 ‘Head-to-Head’ Bisnaphthalimides

Similarly, two building blocks would be used to construct a new family of ‘head-
to-head’ bisnaphthalimides, dipeptide functionalised naphthalimides with pendant amines
and the spacer core moiety, Scheme 1.3.

The 4-nitro-1,8-naphthalimides with L-phenylanine at the first position and L-
lysine, L-ornithine and L-2,4-diamino butyric methyl esters at the second position would
be synthesised for use in a series of ‘head-to-head’ bisnaphthalimides.

Since these naphthalimides contain free terminal amines no amine functionalised
naphthalene diimides would be necessary. It would simply be a matter of reacting the
naphthalimide with 1,4,5,8-naphthalene tetracarboxylic dianhydride to produce the desired
bisnaphthalimides. A dicarboxyl linker motif would also be explored using oxalyl chloride.

Such bisnaphthalimides could probably operate in the same fashion as the ‘tail-to-
tail’ family although since the 4-nitro group is maintained the cytotoxic effect of this could
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be examined. By employing L-lysine, L-ornithine and L-2,4-diamino butyric methyl esters
in this family the length of the linker chain would be varied and the effect of so doing

could also be investigated.
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Therefore, the design and synthesis of two families of bisnaphthalimides was |

originally planned and would involve several synthetic steps. Firstly, the naphthalimide |

monopeptides, acids and dipeptides were to be synthesised. The construction of the |

naphthalene linkers would then be addressed, the propyl, pentyl and hexyl analogues were
all to be synthesised and optimised. These would be employed in the formation of some
twenty ‘tail-to-tail’ bisnaphthalimides. Six ‘head-to-head’ bisnaphthalimides would be
constructed from the phenylalanine-lysine dipeptide and its analogues reacting with the
naphthalic dianhydride and an alternative dicarboxyl linker motif. This design and

synthesis programme is discussed in detail in Chapter Two.

1.8.4 Investigating Novel Bisnaphthalimides

A selection of these ‘tail-to-tail’ bisnaphthalimides and ‘head-to-head’
bisnaphthalimides would be chosen for a series of photophysical and physical
investigations in an effort to probe their interactions with DNA.

The effect of successive additions of c¢~-DNA to a cuvette solution of the

compound would be monitored by absorption (ultraviolet-visible, UV-visible) and
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fluorescence spectroscopy. Changes in the spectra would suggest interaction and possible
binding between the compound and the c--DNA, these changes could take the form of red
or blue shifts and increases or decreases in band intensity. Such studies, involving
titrations against the homopolymers poly(dG-dC) and poly(dA-dT), would hopefully
provide insight into the degree of sequence selectivity, if any, achieved by these
bisnaphthalimides.

Circular dichroism (CD) is the difference in absorption of left and right circularly
polarised light. Measuring the difference over the UV-visible spectrum yields a plot
characteristic of the chiral nature of a compound. CD is very sensitive to structural changes
and is convenient when examining interactions that might alter the conformational
environment. When the CD spectrum of c¢-DNA is measured an induced CD signal results
from the transitions of the purine bases (negative, minimum at 240 nm) and pyrimidine
bases (positive, maximium at 275 nm). When another moiety intercalates or binds with the
helix the CD spectrum is disrupted, just as the helix is perturbed. Titrating a solution of the
bisnaphthalimide against ¢-DNA would be monitored by CD. The resulting spectrum
would be examined for any changes in the characteristic signal of c-DNA and any
indication of binding between the helix and the molecule.

Thermal denaturation studies would also be conducted. When a compound binds to
DNA it typically affects the melting point of the macromolecule by either stabilising (and
so increasing the melting point) or destabilising (and so decreasing the melting point). The
melting point can be observed by UV spectroscopy. A significant change in the melting
point or T,, could be correlated to an interaction with the bisnaphthalimide. Viscosity
investigations would also be performed. Intercalation results in an unwinding of the double
helix and this perturbation leads to an increase in the viscosity of the macromolecule. So
the viscosity of a solution of cz-DNA in a buffered solution could be compared with that of
a solution of c--DNA with the bisnaphthalimide. All of these studies were conducted for
nine ‘tail-to-tail’ bisnaphthalimides and six ‘head-to-head’ bisnaphthalimides and are
detailed in Chapter Three.

The MTT assay is an indicative cell viability test often quoted in literature to
establish how potent a potential anti-cancer agent might be. The assay quantifies cell death
by the ICs value, this is the concentration of compound required to induce apoptosis in
half the cells. The activity of the compounds may best be depicted by dose vs. response
curves, and the ICsy values (after twenty-four or forty-eight hours of incubation) are
typically recorded as lying in the micromolar (uM) range. Such assays would be conducted

in collaboration with Prof. Mark Lawler, Dr. Tony McElligott and Daniel Frimmansson,
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Department of Haematology, St. James’ Hospital. The cytotoxicity of the two families of
bisnaphthalimides against HL-60, K562 and PC-3 cell lines would be established. The

findings of these assays are presented in Chapter Four.

1.9 Conclusion

This project sought to design and create two novel families of bisnaphthalimides
along with the necessary monopeptide and dipeptide mononaphthalimides and naphthalene
and alternative linker systems en route. Conventional and new synthetic ideas and
syntheses were employed. Fifteen of these novel bisnaphthalimides, which were the
principal products of this synthetic programme, were selected for examination in detail
wherein their photophysical, physical and biological behaviours were investigated. These
bisnaphthalimides have proven themselves interesting, elegant macromolecules as well as
potent potential anti-cancer agents. This thesis discusses all the facets of this research.
Chapter Two is concerned with the design and synthetic strategy that allowed these
bisnaphthalimides to be constructed. Chapter Three deals with the photophysical and
physical studies and Chapter Four with the biological investigations. Chapter Five details
the experimental techniques employed and Chapter Six cites the literature, articles and

texts referenced.
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Chapter Two

Synthesis of Novel
Bisnaphthalimides



1°Cl

2.1 Introduction

The principal aim of this project was the synthesis of novel bisnaphthalimides.
These were designed as potential nucleic acid binders, incorporating amino acid
functionalities in an effort to achieve sequence selectivity, which could function as
potential anti-cancer agents. Since one major failing of many chemotherapeutic agents is
the lack of specificity, leading to debilitating side effects, a more targeted approach would
be of considerable value.” It was hoped that a novel design would achieve this objective,
thus these naphthalimides incorporate several distinct structural motifs. Two
naphthalimides, which themselves are functionalised with amino acids or dipeptides,
would each be tethered to a core moiety via a ‘bridge’. This core and bridge together
would form the linker or ‘spacer’ moiety. An amine functionalised planar, aromatic
moiety, a naphthalene diimide, was chosen to link the two terminal naphthalimide
chromophores. This spacer is itself capable of interacting with DNA, most likely by
intercalating and thereby enhancing the binding (intercalation or groove binding) of the
naphthalimide units. It was hoped that this dual action might result in very efficient
binding with DNA and subsequently hinder its replication and damage a cancerous cell.
The structures of the proposed ‘tail-to-tail’ and ‘head-to-head’ bisnaphthalimides are
depicted in Figure 2.1 and Figure 2.2, respectively.

tide Functionality Linker = Core + Bridge

- /’\
—0)
R"s—
I

N O H Core
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& Bridge —XL\ ‘8:2
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Bridge

L § = ¢
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Figure 2.1: The general architecture of a ‘tail-to-tail’ bisnaphthalimide,
highlighting the different structural motifs
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Figure 2.2: The general architecture of a ‘head-to-head’ bisnaphthalimide, |

highlighting the different structural motifs

Each of these functionalities and their individual syntheses had to be considered
when originally designing the target bisnaphthalimides. Whilst the contribution of each
component to the overall photophysical and biological behaviour of the larger
bisnaphthalimide structure could not be envisaged, the results would themselves be as |
interesting and challenging as the synthesis. The results of these investigations will be
discussed in Chapter Three and Chapter Four, respectively.

The initial architecture, Figure 2.1 and Figure 2.2, has features and functionalities
that can be manipulated. The effects of altering different areas of this design would be of |
great interest during this research. For example, by varying the length or nature of the |
bridge between the aromatic core and the naphthalimides one might attain an optimum
span for DNA interaction. The amino acid functionality (be it ester, acid or dipeptide, the |
presence of protecting groups, efc.) itself is also available for modification. By
systematically examining the differing behaviour and activity resulting from such |
modifications, it was hoped that some structure : activity relationships and trends would '
emerge. ;

This chapter seeks to introduce the synthetic methodologies already employed in
the Gunnlaugsson laboratory in peptide and naphthalimide chemistry, to detail the
synthesis of naphthalene diimide spacers and, finally, to describe the task of combining
these facets into novel bisnaphthalimides. This involved various synthetic steps and

different approaches, conditions and procedures were explored and evaluated during this

endeavour, and these will also be discussed.
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2.2 Functionalising Naphthalimides with Monopeptides

2.2.1 Amino Acids and Peptides

Amino acids are fundamental biological .

building blocks. These residues are the components HzN/'\n/OH
of proteins and they possess amino and carboxylic Q

functional groups, hence the term amino acids, " - "
Figure 2.3.'% 197 There are twenty naturally i /'\H/H\)I\N /'\n/ﬂ \_)Lou
occurring a-amino acids, which can be neutral, acidic g R T R

or basic depending upon the nature of the substituent

side chain. They can assemble into long chains R\n/Nﬂz

. . . mr o
known as peptides linked by amide bonds, this is a
Figure 2.3: General structures of

very inert bond and explains why it is ubiquitous in T
Nature. A compound involving two linked amino and (iii) an amide bond

acids can be referred to as a dipeptide and one with only one amino acid as a monopeptide.
106, 107

Since all amino acids, other than glycine, are chiral at their a-carbons two enantiomers of
each are possible, these are L (levorotatory, clockwise optical rotation) and a D
(dextrorotatory, anticlockwise optical rotation). Nature employs L enantiomers exclusively
when building protein efc., so as to mimic biological systems this research focussed on -
o-amino acids.

Phelan used glycine (Gly), alanine (Ala), leucine (Leu), phenylalanine (Phe),
cysteine (Cys) and histidine (His) during her postgraduate work which concentrated on
peptide derivatives of 3- and 4-nitro-1,8-naphthalimide, Figure 2.4.'” Hussey also
employed Ala, Leu, Phe and Cys in her research and extended this pool to include lysine
(Lys) and the synthetic amino acids ornithine (Orn, which is derived from arginine) and
2,4-diamino butyric acid.'”® These were incorporated into ‘monopeptides’, dipeptides and
linearly linked bisnaphthalimides. This project builds on the biological results of the
compounds developed during these projects. This would permit direct comparisons to be
drawn from the biological and physical behaviour of the intended bisnaphthalimides with
the mononaphthalimides and simple bisnaphthalimides already developed within the
Gunnlaugsson group.

It was noted that dipeptides were usually more potent in cancer cell lines than the
monopeptides and so this project focuses on dipeptides. In these functionalities it was

found that a bulky amino acid at the first position achieved anti-cancer activity and that
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varying the second amino acid had little effect. Thus, for this project Phe, Lys and Leu
were chosen at the first position and Ala and Lys analogues at the second position. Orn and
2,4-diamino butyric acid also provide useful analogues to Lys since the number of
methylene groups between the two amine groups are stepped four, three, two within this
family of amino acids. These amino acids, with their free e-amines, were selected for use

in the ‘head-to-head’ bisnaphthalimide architectures.

NH,
OH
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N
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Om 2, 4-diamino butyric

Figure 2.4: The pool of amino acids employed in current

bisnaphthalimide synthesis

The initial synthetic strategy in the Gunnlaugsson naphthalimide projects was the |
reaction of the amino group of an amino acid with 1,8-naphthalic anhydride to form a
‘monopeptide’ naphthalimide, this could then be extended to a dipeptide. This extension

can be achieved in two different ways. A stepwise approach whereby the amino acids were

linked together before finally reacting with the 1,8-naphthalic anhydride was originally
attempted by Phelan. However, an anchored technique, involving reacting the chosen
amino acid with the anhydride and then conducting any peptide reactions on the
naphthalimide derivative as a whole, was more successful. This method gave the desired
products in higher yields and greater purity than the stepwise process and has been the
procedure of choice since and was exclusively used during this project. However, because
three of the intended amino acids, Lys, Orn and 2,4-diaminobutyric acid, each possess an

a-amine and g-amine this project would also rely on those stalwarts of peptide chemistry,

protecting groups.
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2.2.2 Protecting Groups in Peptide Chemistry

Lysine, Ornithine and 2,4-diaminobutyric acid were selected for use in the
synthesis of bisnaphthalimides because they offer a second amine, the distal amine, which
is available for further functionalisation. These amino acids are basic and may favour
enhanced electrostatic interaction with DNA due to protonation of the side chain. When
reacting such an amino acid at the a-amino group, protection of the distal amine is
necessary. Many protecting groups are available, when choosing from these the conditions
under which it is required to be stable as well as the deprotection methods needed (which
should not affect any other region of the molecule) must be considered.'”” '® Two
commercially available amine protecting groups were deemed suitable for the compounds
and reactions involved in this synthetic strategy, carboxybenzyl (Cbz, Scheme 2.1) and
tert-butoxycarbonyl (Boc, Scheme 2.2).

When using Lys in the synthesis of the proposed ‘tail-to-tail’ bisnaphthalimides,
the g-amino group needed to be protected during reactions with 4-nitro-1,8-naphthalic
anhydride, coupling reactions and, finally, reactions with the spacer species. Since Cbz-N-
Lys tert-butyl ester is commercially available and the protecting group is stable to
trifluoroacetic acid (TFA) and base this seemed a logical choice. If desired, this protecting
group could be cleaved using hydrobromic (HBr) acid in acetic acid (2M solution) to yield
the HBr salt of the bisnaphthalimide, this will be detailed in Section 2.5.3.
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