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Summary

This thesis entitled ‘Design, Synthesis and Photophysical Evaluation of Novel 1,8- 
Naphthalimide Based Troger’s Bases’ is divided into five chapters. The first chapter provides 
a brief description of the structure of DNA and the different modes by which molecules may 
interact with it. In addition, an introduction is given to the discovery and development of 1,8- 
naphthalimides as anti-cancer agents. Such research represents an important contribution to 
the design of potent therapeutic agents, some of which have even entered clinical trials. The 
final section of Chapter 1 reviews the properties of synthetic Troger’s bases which have 
found use in several areas of research including supramolecular chemistry, molecular 
recognition and optoelectronics to name but a few, due to the inherent and unique rigid V- 
shaped structure of the Troger’s base motif. Examples of such applications are reviewed in 
this chapter which concludes with a description of the ongoing research within the 
Gunnlaugsson research group and also describes the aims of the research conducted in each 
of the subsequent chapters.

The second chapter details the design, synthesis and photophysical evaluation of five 
novel bis-l,8-naphthalimides incorporating the Troger’s base structural motif. These 
molecules were designed as potential C2-symmetric DNA binding agents and possess side 
chains that contain amino functionalities which can be protonated at physiological pH which 
promotes the aqueous solubility of these molecules as well as enhancing their affinity towards 
DNA by providing favourable electrostatic interactions with the anionic backbone of DNA. 
In this chapter, a determination of their pKa values and the existence of an ICT excited state 
will be presented. Following on from this, the affinity of these molecules towards DNA is 
investigated using absorption and emission techniques where binding constants in the range 
of 10^ M"' are determined, an order of magnitude higher than those of their corresponding 
precursors. The final section of this chapter details the results from linear and circular 
dichroism studies, which are carried out in order to evaluate the nature by which these 
molecules bind to DNA.

In chapter three the design and synthesis of amino acid based Troger’s base 
derivatives derived from both the 3-amino- and 4-amino-1,8-naphthalimide chromophores is 
presented. Several synthetic pathways are considered for the formation of such derivatives 
and are detailed in this chapter. Following on from this, the ICT excited state of these novel 
Troger’s bases is evaluated using absorption and fluorescence emission and excitation 
techniques providing a basis for their application as potential solvatochromic 
peptidomimetics.



In chapter four the design and synthesis of tetra-l,8-naphthalimide Troger’s bases is 
deseribed. The solvatochromic nature of these target compounds and their corresponding 
precursors is preliminarily investigated and described herein. In the final section of this 
chapter the preliminary spectroscopic studies investigating the potential of these Troger’s 
bases to act as hosts for fullerene €50 is explored.

Finally, in chapter five, general experimental techniques are outlined and the synthesis 
and characterisation of each of the compounds discussed is given. Subsequently, literature 
references are provided and are followed by the appendices which provide spectroscopic and 
titration data to support the work described in the main text.
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Chapter !: Introduction

1.1 Preface

The 1,8-naphthalimide structure is a very versatile building block due to its unique 

photophysical properties and has found application in many areas of chemistry, particularly in 
the fields of supramolecular and medicinal chemistry.'’^ The absorption and fluorescence 

emission spectra of the naphthalimide structure lie within the ultraviolet (UV) and visible 

(Vis) regions and the photophysical properties can be altered, modulated and fine tuned 

through facile structural design.' Synthetic modifications on either the aromatic 

“naphthalene” group or at the V-imide position are possible, allowing for a diverse range of 

functional groups and structural designs to be incorporated and because of this the 1,8- 
naphthalimide core has been extensively employed within the dye industry,^ in the 

construction of novel therapeutics^ and in the design of chemical probes,"' to name just a few 

applications. Furthermore, the versatility of the 1,8-naphthalimide chromophore extends to 

colorimetric and fluorescent anion sensing and in the last number of years many examples of 

naphthalimide based anion sensors have been developed, particularly by researchers such as 

Tian,'*’ Gunnlaugsson'’^ and Callan.^ Many others have also explored this field, for instance by 

conjugating the 1,8-naphthalimide chromophore to known anion recognition moieties either 
directly or via a short covalent spacer.*'^ In addition, the naphthalimide structure can be 

tailored to bind to DNA and has played a major role in anti-cancer research.^ However, this 

area has been hampered due to the excessive toxicities and lack of selectivity associated with 

the naphthalimide family.

In this thesis, three approaches have been undertaken to extend the utility of the 1,8- 

naphthalimide series. Firstly, in order to address the lack of selectivity in targeting specific 

regions within the DNA structure, a family of bis-1,8-naphthalimides incorporating a unique 

V-shaped Troger’s base structural motif was investigated. The second area of this thesis deals 

with incorporating additional chiral centres into the molecular design by developing amino 

acid based Troger’s bases as potential peptidomimetics. 7'o exploit the unique shape of the 

Troger’s base structural motif further, the final area of this thesis explored the preliminary 

design and photophysical investigation of tetra-naphthalimide based Troger’s base derivatives 

as fullerene Ceo sensors.

In this introductory chapter, the various topics to be discussed in this thesis will be 

introduced. Firstly, a description on the structure of DNA and the factors governing its 

recognition will be given. This will be followed by a discussion on the design and 

development of 1,8-naphthalimides as cytotoxic agents. The remainder of this chapter will
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then deal with a review on the properties and applications of synthetic Trdger’s base 

derivatives.

1.2 DNA Structure and Recognition

DNA is viewed as the central macro-molecule of molecular biology. It is a class of 

nucleic acid that is encoded with the information that programs all the cells activities, plays a 

vital role in the transmission, expression and conservation of genetic information and has 

proved to be essential in the understanding of the processes of mutation/carcinogenesis, drug 

action and therapeutics.'® The entire human genome contains 3.2 giga bases of information 

stored in such a way that it can be passed on from one generation to the next thereby, 
highlighting the intimate relationship between DNA structure and function."

DNA is a linear biopolymer, composed of two strands running in opposite directions 

coiled around a common axis to form a double stranded helix. This orientation gives rise to a 

chiral molecule with distinctive large and small grooves on its exterior surface, termed major 

and minor grooves, respectively. Each strand consists of a large number of chemical units 

called nucleotides linked together to form a chain. A nucleotide is composed of three units: a 

sugar molecule called deoxyribose, a negatively charged phosphate group and one of four 

different heterocyclic bases divided into two types: the purines - adenine (A) and guanine (G) 

and the pyrimidines — cytosine (G) and thymine (7). The nitrogen and oxygen atoms of each 

base act as hydrogen bond acceptors and donors which allows for two types of specific 

interaction. The first type is Watson-Crick base pairing which consists of hydrogen bonding 

between bases on different chains, guanine pairs with cytosine through three hydrogen bonds 

and adenine with thymine through two such bonds. This arrangement is essential to 

maintaining the specificity of base pairing in DNA as these base pairs provide all the genetic 

information needed to carry out the cells activities, including the replication of genetic 

material. These specific hydrogen bonds, although quite weak, collectively stabilise the 

double helix because of their large numbers in a DNA molecule. As the bases in a DNA 

molecule are stacked one on top of the other, this extensive stacking results in hydrophobic 

forces that are the primary means by which the helix is stabilised.'^

The second kind of specific interaction is Hoogsteen base pairing which occurs with 

the functional groups that protrude into the major groove, as depicted in Figure 1.1. This type 

of base pairing is significant for triple helices formation.'^
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Figure 1.1: Structures of the DNA bases showing the Watson-Crick and Hoogsteen base pairs 
and the position of the grooves.

The configuration of DNA remains constant, whereas, the conformation is dynamic 
and is highly dependent upon environmental factors such as temperature, pH, salt 
concentration and humidity.'"' The vast majority of naturally occurring DNA is in the B-fonn 
with the Na^ alkali metal counter ion at a relative humidity of 92%. The structure of B-DNA 
was elucidated by Watson and Crick to be right handed with the glycosidic bonds in the anti- 
confonuation.'"’ The ribose sugar units are C2’-endo puckered. This gives a structure with ten 
base pairs per helix turn, a pitch of 3.4 nm and the formation of a wide major groove and 
narrow minor groove, both of similar depth. When the relative humidity is reduced to 75%, 
B-DNA undergoes a reversible conformational change to the right handed A-form and its 
base pairs are more tilted than perpendicular to the helix axis, resulting in the structure being 
more compact. This results in the presence of a hole through the centre of the helix, a deep 
major groove and a very shallow minor groove.'^ The third conformation is Z-DNA which is 
a left-handed double helix held together by Watson-Crick base pairing. The double helix 
consists of sequences of alternating pyrimidines and purines with the phosphate backbone 
having a zigzag appearance. A high salt concentration is required to minimise electrostatic 
repulsion between the backbone phosphates which are in closer proximity to each other than 
in A- and B-DNA. The major groove is flat and inaccessible, whereas, the minor groove is 
deep and narrow.'^ Although the biological role of Z-DNA is still under investigation. Rich et 
al. have shown that the junction of a DNA segment stabilised in the Z-conformation at one 
end while the other end remains B-DNA containing extruded bases that may act as potential 
sites for DNA modification. The structural features discussed are depicted in Figure 1.2 and 
summarised in Table 1.1.
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Z-DNA

Figure 1.2: Structutes of A-, B- and Z-DNA. n

Table 1.1: Structural features ofA-, B- and Z-DNA conformations 17

A-DNA B-DNA Z-DNA
Helical sense Right-handed [ Right-handed Left-handed
Glycosidic Bund Anti Anti Anti for pyrimidines 

Syn for purines
Minor Groove Wide and shallow Narrow and deep Narrow and deep
Major Groove Narrow and deep Wide and deep Flat
Base pairs per
helical turn

11.6 10 12 (6 dimers)

Pitch per turn of 
helix

34 A 34 A 44 A

Base tilt to helix axis 20° 6° 7°
C2'endo

Sugar pucker C3'endo C2'endo (pyrimidines)
C3' endo (purines)

Helix diameter ~26 A ~20 A ~ 18 A
Rise per base pair 2.9 k 3.4 A 7.4 A (per dimer)

T 1 9° for pyrimidine-
Helical twist per 
base pair

31° 36° purine step
51 ° for purine-
pyrimidine step

The presence of DNA in living cells and its association with a vast amount of life 
processes has lead to DNA being recognised as a valuable target for the development of novel 
drug therapies. However, DNA is a complex drug design target. In humans, a unique DNA 
sequence consists of 15-16 bases which can only be read from the exterior of the helical 
structure, four from the major groove and two from the minor groove, thus, a reading 
molecule with high specificity must be large and have a unique shape to read the bases. Such 
molecules are large proteins and complimentary strands of DNA or RNA.'^ Smaller
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molecules with less complex shapes have dominated a considerable amount ot research, 
however, the drawback here is the lack of specificity and high toxicity, thus, the challenge of 
designing small specific DNA interactive molecules remains an integral part of current drug

20,21design.

Drug-DNA interactions can be categorised as the following; (a) minor groove 
binding, (b) major groove binding, (c) electrostatic binding, (d) covalent attachment and (e) 
intercalation. The grooves are a very important facet of DNA structure as the grooves expose 
the edges of bases providing sites where molecules can interact with DNA. Molecules may be 
designed to bind in either the minor or major groove, making use of the differences in 
electrostatic potential, hydrogen bonding characteristics, steric effects and hydration between 
the two.^^ Minor groove binders are positively charged molecules that contain linked rather 
than fused aromatic/hetero-aromatic rings that typically bind the A-T region displacing the 
‘spine of hydration’ and causing little distortion to the DNA backbone. Van der Waals and 
hydrophobic interactions with the grooves play a significant role in the overall stability upon 
ligand binding, whereas, directed hydrogen bonding is responsible for ensuring binding to 
particular sites and sequences, fheir crescent shape complements the convex surface of the 
minor groove in a process known as Asohelicity'. The combination of these features has given 
rise to the preferential binding of important minor groove binders such as the natural products 
netropsin 1 and distamycin A 2 which have been shown to interact with the groove through 
hydrogen bonding. Studies on this class of compound has lead to the development of 
synthetic polyamides containing pyrrole and imidazole groups that target DNA sequences 
with high affinity and specificity which can be directed through appropriate design.

© NH2
H2N=(

NH

Due to their smaller size synthetic molecules tend to bind in the minor groove of DNA 
and thus, there are few proven cases of major groove binding. One such molecule that targets 
the major groove is methyl green 3.^’* A more complex example of a major groove binder 
comes in the form of the phenothiazinium dye, methylene blue 4. At low binding ratios with

5
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[poly (dA-dT)]2 methylene blue binds via intercalation, whereas, in the case of [poly (dG- 

dC)]2and natural DNA a fraction of bound dye will occupy the major groove and this fraction 
grows with increasing ionic strength.^^’^^

N'

Proteins frequently accomplish DNA sequence recognition in the major groove by 

forming specific hydrogen bonds to the edges of the base pairs. T his sequence recognition is 

possible because of the size of the groove and the greater number and variation in pattern of 

hydrogen bond donor and acceptor units to which the protein can bind. Particular successes 

have been achieved with helix-turn-helix structures, zinc fingers and leucine zippers. 
Oligonucleotides and peptide nucleic acids are also capable of major groove recognition 

which is achieved through lloogsteen binding leading to the formation of triple stranded 

DNA, known as triplex DNA. Such recognition is sequence specific and triplex formation has 

been used to regulate gene expression.^^

The sugar phosphate backbone is another potential target on the DNA helix due to its 

hard oxygen rich poly-anion surface which has the ability to interact with group I and II alkali 

cations. Such electrostatic binding molecules include the natural polyamines spermine and 

spermidine. For instance, the interaction of a tri-nuclear Pt (II) compound with DNA was 

evaluated and found to form multiple hydrogen bonds with the phosphate oxygens. The 

complex can either track along the phosphate backbone or stretch across the minor groove 

making contacts with the phosphate backbones on either side.^*

Another important DNA binding mode is covalent attachment through nucleophillic 

reactions. The first DNA-interactive anti-cancer drugs to be developed were the alkylating 

nitrogen mustards which were highly toxic. Analogues such as chlorambucil (Leukeran®) 5, 

T-phenylalaninc mustard (Alkeran®) 6 and cyclophosphamide 7 were developed and still find
use against some cancers 22, 29
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Metal based anti-cancer drugs such as cisplatin 8 and its analogues also fall into this 

category. Cisplatin binds mostly to purines, the N1 position of guanine in particular and forms 
covalent strand cross links which interfere with the normal function of DNA within cells and 
ultimately lead to cell death.^^

Intercalators are molecules that insert perpendicularly into DNA without the 
fonnation of covalent bonds. The intercalation hypothesis was first proposed by Lerman,^' a 
process which results in the separation of base pairs with a lengthening and unwinding of the 
double helix. The forces involved that stabilise DNA-intercalator complexes are van der 
Waals, hydrogen bonding, hydrophobic and/or charge transfer forces. Intercalators appear to 
reach saturation at a maximum of one intercalator per two base pairs. This is known as the 
'neighbour exclusion principle'.Classical intercalators consist solely of an intercalating 
cliromophore which may carry a positive charge on the ring system, such as proflavine 9 and 
ethidium bromide 10.

H,N

More complex intercalators have attached groups such as side chains, sugar rings or 
peptide units, including actinomycin D 11 and DACA 12. In addition to intercalation, the 
cationic end of the dimethylaminoethyl side chain of 12 hydrogen bonds in the major groove , 
whereas in the case of 11 the peptide groups lie in the minor groove.^^
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12

Threading intercalators such as naphthalene-bisimide 13 and nogalamycin 14 insert 
between the base pairs and contain cationic substituents directed into both the major and
minor grooves of a duplex simultaneously?^

A further type of DNA intercalation appears through the sequence specific non- 
classical intercalator DAPI 15. For instance, DAPl binds very strongly to three or more 
consecutive A ■ T base pairs in a minor groove complex, however, when a lesser amount of 
/TTbase pairs are present and especially in pure G C regions, DAPl binds via intercalation
with binding constants comparable to well known DNA intercalators. 22

O
HO

13

Among these categories of DNA binders, intercalators such as the 1,8- 
naphthalimides are a very important class of compounds which exhibit strong cytotoxic 
activity and have the potential to act as chemotherapeutic agents.

1.3 Mono-naphthalimides as Anti-Cancer Agents

The development of the naphthalimide class of anti-cancer compounds was initiated 
by Brana et al?^ by combining structural components of several anti-tumour compounds into 
a single molecule: the P-nitronaphthalene of aristocholic acid, the glutarimide rings of 
cycloheximide and CG-603 and the basic side chain of tilorone and CG-603 as shown in 
Figure 1.3.
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Figure 1.3: (a) Cytotoxic compounds considered in the design of napthalimides. (b) Series of 
naphthalimides synthesised for possible anti-tumour activity.

In the beginning, Brana et al.^^ synthesised four different 3-nitronaphthalimides as 
shown in Figure 1.3, where the basic side chain was varied. These compounds were shown to 
possess strong cytotoxic activity and inhibit DNA synthesis. Waring et al.^^ further 
investigated the ability of compounds 16 and 17 to bind to double-helical DNA. The shifts 
observed in the absorption spectra, the magnitude of the binding constants, the removal and 
the reversal of the supercoiling of circular DNA and the increase in the length of sonicated 
DNA were all indicative characteristics of intercalation.

In view of the significant anti-tumour activity of these compounds, Brana et al.^'^ 
synthesised a larger series of naphthalimides varying both the basic side chain and the 
naphthalimide ring substituent and found the following criteria essential in achieving 
cytotoxic activity: (a) the presence of a basic terminal group in the side chain, (b) the 
nitrogen atom in the basic side chain should be separated from the ring nitrogen by two 
methylene groups, (c) the terminal nitrogen should not have many substituents and (d) 

substitution should occur at position 3 on the naphthalic ring. The latter was confirmed by 
Wilson et al.^^ who synthesised a series of naphthalimides containing a 3- 
{dimethylamino)propyl group on the imide nitrogen and varied substituents on the 
naphthalimide ring and analysed the interaction of such substituted naphthalene monoimides 
with DNA. It was found that the 3-nitro analogue interacted more strongly with DNA in 
comparison to the 4-nitro derivative. It is postulated that the difference is due to steric 
effects, whereby, the 4-nitro substituent is rotated out of the mono-imide plane resulting in 
perturbed stacking in the intercalated complex.

9
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In the Brana series, the two most aetive naphthalimides were found to be mitonafide 

16 and amonafide 20 which exhibit IC50 values (concentration of a drug needed to inhibit 

50% of cell growth) of 0.47 pM and 8.80 pM against HeLa cells, respectively.Their 

binding mechanism involves intercalation of the naphthalimide chromophore to DNA with 

the subsequent inhibition of Topoisomerase II activity. It is thought that the side chain 

interacts sterically with the enzyme active site in the ternary complex.Mitonafide 16 has 

been shown to inhibit DNA synthesis and induce strand breaks in Chinese Hamster Ovary 

(CHO) cells.^^ This mechanism of action is different to amonafide 20 which induces single 

and double strand breaks in addition to producing DNA protein crosslinks through a 

Topoisomerase II mediated reaction.Furthermore, 16 was studied in Phase I and II clinical 
trials but was associated with central nervous system (CNS) toxicity.^**’* Amonafide 20 has 

completed many clinical trials and at times its clinical development has been hampered by 

the unpredictable toxicity caused by the toxic A^-acetyi metabolite resulting from the 

polymorphic enzyme A-acetyl transferase 2 (NA'r2), which has been shown to demonstrate 
differential activity between individuals.^*'^*^ The clinical development of 20 was temporarily 

deferred, however, interest in this drug has re-emerged and new clinical trials are ongoing 

which include amonafide-T-malate in combination with c>4arabine for the treatment of acute 
myeloid leukaemia (AML) and secondary AML."*^ Moreover, 20 has been developed as an 

NAT2 specific probe as the dysfunction of NAT2 has been associated with many diseases 

such as breast and cervical cancers, bladder tumours, Parkinson’s disease, Behcet’s disease 

and diabetes mellitus. I’his probe can detect NAl’2 as low as 1 pg ml/' selectively over 
NATl.'*' Following the discovery of the excellent anti-tumour effects of 16 and 20 many 

different approaches were undertaken to improve the activity of the mono-naphthalimides.

Zee-Cheng and Cheng examined substitution on the naphthalimide ring and 

synthesised dinitro and diamine derivatives of They found that compounds with di- 

substituted naphthalimide rings had increased activity both in vitro and in vivo against 

leukaemia and melanoma cells in comparison to the mono-substituted naphthalimides. In 

view of these interesting results, Brana et synthesised 3-amino-6-nitronaphthalimides 

combining both the electron withdrawing effects of the nitro group which favours the 

formation of a charge transfer complex with the DNA bases and the electron donating ability 

of the amino group which tends to form hydrogen bonds with the sugar phosphate chain to 

yield compounds with higher cytotoxicity than both 16 and 20.

In order to circumvent the toxicity associated with 20, Kiss et synthesised a 

series of naphthalimides by modifying the aryl amino substituent of 20 to render it less
10
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susceptible to interaction with NAT2, by substituting it with functional groups such as 
amides, ureas, thioureas, imines and amines. This study showed that the lead compound 21, 
is a hydrolysis product formed irreversibly without the generation of 20. In addition, 21 
displays superior in vivo activity compared to 20 in leukaemia and pancreatic cancer models 
and enhances the activity of taxol when co-administered.**^ This compound displays a 
different mode of action in comparison to amonafide 20. It is a pan-antagonist of CXCL 
chemokine expression, can interfere in vivo with amino acid metabolism and has entered 
phase I clinical trials.^^'^’ "*'*'"'^

o
A

Several attempts have been made to enhance the potency of the mono- 
naphthalimides. An interesting approach was explored by Remers et in which the 
naphthalene chromophore was replaced by an anthracene nucleus to give azonalide 22. The 
rationale for this drug design is that formation of the toxic metabolite 7V-acetyl-amonafide 
will be avoided and the resulting larger chromophore will have increased affinity for DNA. 
This modification to the naphthalene chromophore proved to be successful as 22 was found 
to be more active than 20 against a panel of human colon cancer cells. In addition, the 
anthracene nucleus was replaced by tetrahydroanthracene, phenanthrene and 
azaphenanthrene moieties, but showed no improvement on the potencies of the anthracenes, 
highlighting that the linear chromophore is preferred for biological activity

In order to improve the binding affinity of their naphthalimides, Brana et 
fused aromatic heterocycles such as imidazole, pyrazine, thiophene and furan with the 
naphthalene core and observed generally higher in vitro cytotoxicity compared to 20 against 
human colon, cervical and prostate carcinoma cell lines. This synthetic approach has been 
taken a step further whereby, intercalating agents 23 and 24, consisting of a naphthalimide 
moiety fused to an imidazole ring containing an unfused aryl and heteroaryl ring 
respectively, have been devised to further extend the conjugated chromophore and reinforce 
DNA binding capacity. This alteration to the naphthalene core appeared successful as in

11
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general, these derivatives displayed an improved cytotoxicity over amonafide 20 under the 
same experimental conditions.^*

Inspired by the effect of fusing an aromatic ring to the naphthalimide skeleton Qian 
et also substituted the 3-amino of the naphthyl chromphore with the introduction of a
fused thiol group to yield 25, which proved to be more cytotoxic than the parent compound 
20 with reduced toxicity and equal efficacy in multi-drug resistant cell lines.

N'

26

fhis family also consists of the 6-menibered thio-analogue, which demonstrated 
superior cytotoxicty to 20 and also revealed highly efficient DNA photocleavage at a 
concentration of 50-100 pM on irradiation with visible light at 450 nm.^** Moreover, further 
series of heterocyclic fused naphthalimides have been synthesised such as phenazine, thiazole
and triazole derivatives which act as intercalativc DNA photocleaving agents. 56-61

OoN N

28

O' NO2

NO,

29

In view of the promising biological activity of such naphthalimides, Qian et al. 62

synthesised A-oxide derivatives such as 26 and 27 as prodrugs against hypoxic solid tumours.
12
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These studies showed that their binding abilities to C/-DNA and cytotoxic activities in oxic 
A3 75 cell cultures were lower than those of the corresponding amines. However, they proved 
to be more cytotoxic in hypoxic cell cultures and the results indicated that the N-O group 
could be bio-reduced to the corresponding amine and lead to the localisation of the active 
cytotoxins in hypoxic cells. In addition, the bio-reductive efficiency was low in cell and 
limited by solubility. Other fluorescent markers for hypoxic cells such as 28 and 29 were 
synthesised containing two 2-nitroimidazole side chains for bio-reductive binding and were 
found to exhibit high differential fluorescence between hypoxic and oxic V79 cells in vitro 
with 29 showing promising activity in CHO and 95D cells.

In the course of screening for novel anti-cancer compounds, a novel amonafide 
analogue was generated as a new anti-cancer candidate in the form of 30 which is capable of 
inducing cell cycle arrest and apoptosis in HL-60, HeLa and MCF-7 cell lines while having a 
lesser cytotoxic effect on normal cells.

O

31: = Rj = H

32: Ri = NO2, R2 = H 

33: Ri n H, R2 = NO2

Further endeavours to improve the biological activity of naphthalimides have 
involved incorporating amino acids and polyamines into the core structure. Saito et 
reported novel water soluble T-lysine derivatives 31-33 possessing a naphthalimide core 
responsible for inducing efficient and highly sequence selective cleavage of double stranded 
DNA upon photoirradiation at 320-380 nm. These compounds were investigated for their 
DNA cleaving properties using supercoiled pBR322 DNA. In each case upon 
photoirradiation at 0 °C for one hour, single strand and a small amount of double strand 
breaks were observed at 10 pM drug concentration. This study revealed that lysine 
derivative 31 induced highly specific DNA cleavage at the 5' side of 5'-GG-3' steps with a 
very weak cleavage at the 5 side of 5 -GA-3' steps after piperidine treatment. However, 
under the same experimental conditions, it was found that the 3-nitro derivative 32 

photonicked the double stranded DNA preferentially at T residues, whereas, in the case of 
the 4-nitro analogue 33, both 5 '-GG-3' and T cleavage occurred to an equal extent, thus, by

13
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simply changing the substitution pattern of the naphthalimide ring, the sequence selectivity 
of the DNA cleavage could be altered.

A further approach involved introducing leucine aryl amine side chains to the sulphur 
substituted naphthalimide scaffold generating compounds 34-36, which exhibited exclusive 
anti-tumour activity against the MCF-7 cell line.^**

34: R =HN NH,

In addition, naphthalimides conjugated to polyamines were designed to harness the 
active Poly Amine Transporter (PAT) for drug delivery, which has been shown to be 
beneficial for cancer cell selectivity.^*^ This study by Tian et showed that tri-amine 
conjugates such as 37 display selectivity for cancer cells over normal cells leading to the 
conclusion that the PAT mediated process is favourable as cancer cells are associated with 
increased levels of the transporter. Moreover, the chiral configuration of amino side chains 
has been revealed to be significant in determining DNA binding activities. For instance, 
racemic, R- and N-enantiomers of heterocyclic fused naphthalimides bearing jV-ethyl-2- 
(aminomethyl) pyrrolidine side chains were investigated and shown to behave quite
differently in terms of cytotoxicity against different cell lines. 71

HN'
H

,N.

'N

NH, 3HCI

14
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Another strategy that has proven successful in yielding systems that possess strong 
anti-proliferative effects is the synthesis of metallo-drugs such as gold (1) phosphine 
complexes containing a thio-naphthalimide ligand. For example, 38, displayed strong cell 
growth inhibiting potencies in MCF-7 and HT-29 cells, stronger uptake by tumour cells, as 
well as, enhanced accumulation of gold in the nuclei compared to the naphthalimide free 
analogue. Furthermore, 38, was shown to inhibit both angiogenesis in developing zebrafish 
embryos and tumour-cell induced angiogenesis as a consequence of the presence of the thio- 
naphthalimide ligand.

So far, the prime efforts have been directed at increasing the binding capacity to 
DNA, however, no attempts have been made to li:ik the naphthalimides with known minor 
groove binding agents, such as distamycin 2 or netropsin 1. On account of this, Gupta et alP 

synthesised and evaluated DNA-directed alkylating agents consisting of naphthalimide, 
nitrogen mustard and lexitropsin moieties. The results indicated that naphthalimide mustards 
lacking a lexitropsin group have greater alkylating potential than the lexitropsin bearing 
compounds. The presence of the lexitropsin group neither enhanced sequence specificity nor 
increased cytostatic activity.

Following on from this work, many hybrid molecules have been designed and 
synthesised, including coumarin based naphthalimdes which were evaluated against lung, 
breast, oral and prostate cancers, with 39 exhibiting cytotoxic activity with IC50 values 
ranging from 0.19 to 31 pM against a broad panel of tumour cell lines.

Cl
Cl

39 40

Other approaches include incorporating the naturally occurring anti-tumour antibiotic 
pyrrolo[2,l-c][l,4]benzodiazepine (PBD) family into the design as for molecule 40. These 
new conjugates bound DNA via intercalation and minor groove interactions. They displayed

15
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cytotoxic activity against a number of cell lines relative to the type of spacer employed to

link the two pharmacophores together/^'^^

80 8 iCholody et al. ' investigated a series of unsymmetrical bi-functional anti-tumour 

agents, accomplished by linking an imidazoacridone moiety to the naphthalimide core to 

give 41. This compound interacts with DNA via intercalation and minor groove binding and 

has been shown to induce apoptosis in sensitive cells in vitro at low nanomolar 

concentrations. Furthermore, substitution on the naphthalimide ring proved significant in 

terms of cytotoxicity as a nitro group in position 3 was more active than the corresponding

amino in addition to the nitro moiety in position 4 of the naphthalimide ring 82

N'

NO,

42

More recently, a further series of multi-target naphthalimide based anti-tumour 

agents were designed featuring lysosomotrophic detergents responsible for lysosomal 

membrane permeabilisation (I.MP), apoptosis and cell death. Such compounds potently 

inhibited the growth of multiple cancer cell lines. For example 42 was more active than 

Amonafide 20 in the anti-proliferative cell-based assays, induced apoptosis via a 
mitochondrial pathway and caused LMP.*'^

Furthennore, the effects 42 induces on human Burkitt’s lymphoma-derived Raji cells 

have been investigated. These studies have shown that 42 displays more specificity and 

sensitivity on Raji cells than normal peripheral blood mononuclear cells and induces 

apoptosis mediated by a free oxygen radical dependent mitochondrial pathway.*"'

It is evident that mono-naphthalimides as intercalators have been central in anti

cancer researeh. Over the last forty years improving their binding affinities has proven key in 

cancer chemotherapy drug design and one of the most important approaches has been the 

design of bis-naphthalimides and the next section will highlight some of the recent 
developments made in this area.

16
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1.4 Bis-Naphthalimides

The strategy of dimerising a DNA interealating agent joined by various eyclic and 
acyclic linkers was initiated in the late 1980s and is still of current interest for the 
development of potential anti-cancer drugs. Several series of bis-naphthalimides have been 
synthesised as a means of increasing their binding to DNA and designed to contain different 
aromatic substituents and bridges differing in length and the number of amine groups used 
with the presence of at least one amine group proving essential for significant biological 
activity, as in the mono-naphthalimide series.Many of the bis-naphthalimides showed 
superior biological activity compared to the parental compounds and certain aromatic 
substituents were found to increase cytotoxic activity in the following order: CH3CONH < 

NH2 < H < NO2 for compounds containing the same amino bridge.*^ Selected bis- 
naphthalimides were tested for efficacy in animal tumour models and in vivo with the most 
active compound being the derivative without any substituents on the naphthalene rings 
designated LU 795.53 as the free base and elinafide 43 as the dimethanesulfonate salt, which 
exhibited not only tumour inhibition but also tumour regression and tumour free survival 
against a broad spectrum of tumour types.*’

O

Several lines of evidence such as DNA footprinting and photocleaving studies 
indicate that this bis-naphthalimide intercalates bi-functionally into the double helix via the 
major groove so as to position the polyamine linker there, leaving the minor groove largely 
undisturbed. This interaction is sequence selective with a preference for the alternating 
purine-pyrimidine motifs particularly those containing GpT (ApC) and TpG (CpA) steps.** 
However, this interaction has proven to be of immense interest as Gallego et have found 
it to be more complex through the discovery of a ring flipping process between two bound 
drug conformations which may be as a result of the orientation of the linker. As the amines 
that constitute the linker hydrogen bond to the guanine of the hexanucleotide d{ATGCAT)2 

the electronegative imide side of the ligand chromophore is forced to stack above the 
electronegative guanine base and thus, this unfavourable electrostatic stacking interaction 
may play a role in the rotational flipping motion of the naphthalimide rings.^® Yet, using a
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combination of nuclear magnetic resonance (NMR) spectroscopy, surface plasmon resonance 
(SPR) and DNA thermal denaturation studies, it was demonstrated that sequences not making 
direct contact with elinatide 43 modulate the interaction between 43 and its preferred bis- 
intercalating sites on double stranded DNA. They have established that a two step binding 
process occurs, one step involving the ligand binding to the duplex DNA and the second step 
involving ring intercalation which is influenced by the indirect reading. The sequence of base 
pairs flanking the ligand binding sites have been shown to be important as the most 
unfavourable sequences oppose intercalation and such complexes exhibit weaker inter- and 
intra-molecular interactions and increased ring flipping rates.*^'

At the same time, Chen et were working independently on a series of bis-
naphthalimides as potential anti-cancer agents. Bisnafide (DMP 840) 44 a dinitrobis- 
naphthalimide was designed and synthesised and exhibited selectivity in vivo for human solid 
tumours over murine leukaemias. Potent anti-proliferative activity against human, murine and 
solid tumour cell lines was observed in vitro and bisnafide was active against three 
doxorubicin resistant cell lines at nano range growth inhibitory concentrations. Bisnafide 44, 

a topoisomerase II inhibitor, was also shown to induce DNA single strand breaks in a dose 
dependent manner as well as inhibit DNA and RNA biosynthesis in tumour cclls.'^'*

H
NH

The structure of bisnafide 44 differs to that of elinafide 43 due to the presence of 
nitro substituents on the naphthalene rings and the choice of linker between the two imide 
functions with the latter feature attributing to their different modes of binding. The amino 
linker chain of 43 separates the two chromophores by ca. 12.3 A and this inter-chromphore 
separation is adequate for bis-intercalative binding, whereas, the spacer group in 44 is shorter 
and insufficient to span two base pairs and subsequently results in mono-intercalation, with 
the second chromophore lying outside the DNA helix. - • ■ in general, bis-intercalation 
occurs in a molecule when the linker chain length is between 9-13 A, an inter-chromophore 
distance which permits two planar ring systems to sandwich two base pairs in the intercalated
complex. 97
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In view of the encouraging biological activity of these bis-naphthalimides, Perez et

al. designed and synthesised the first platinum bound bis-naphthalimide derivatives 45 and 

46 which were found to exhibit cytotoxic activity against tumour cell lines sensitive and 

resistant to cis-platin, an encouraging result for the discovery of novel platinum anti-tumour 

derivatives.

O

A further clue to extend the development of bis-naphthalimides was obtained from the 

greater activity of azonafide 22 over amonafide 20."^^ By replacing the naphthalene rings with 

larger anthracene rings and retaining the same spacer as elinafide 43, bibenoline 47 emerged. 

This compound was shown to bind to DNA and alter its gel mobility as well as inhibit 

Topoisomerases I and 11 at 5 pM and exhibit similar in vitro activity to LU 79553. However, 

in the M5076 murine tumour model in vivo, 47 produced a moderate increase in life span 

whereas, LU 79553 was inactive, suggesting that these two compounds have some 
differences in their anti-tumour profiles.

To broaden the scope of this kind of compound, bis-furonaphthalimide 48 was 

designed to incorporate a larger aromatic system in order to improve binding affinity and 

growth inhibitor potency. Compound 48 is not a topoisomerase inhibitor, yet it possesses the 

same linker group as 43. It has a preference for G C rich sequences and can bind ca. 1000 

times more strongly to DNA than the monomeric parent compound. Although the monomer 

can accumulate in the nuclei of cells, 48 is more cytotoxic against CEM leukemia cells.

Although the bis-naphthalimides have been reported as a potential class of anti-cancer 

agents and have entered clinical trials, their development has been hampered by side effects 

such as neuromuscular toxicity, neutropenia, stomatitis and myelosuppression.'®' '*^^ Another 

drawback for the development of bis-naphthalimides in particular, is their insolubility in
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aqueous solutions making their testing and potential progression into therapeutic agents
difficult.*^’ Yet, continuous efforts to develop bis-naphthalimide DNA-binding anti-tumour 
agents are ongoing.

To overcome the toxicity associated with many anti-cancer agents, Suzuki el 

attempted to develop compounds that preferentially bind to specific DNA sequences and 
control the expression of specific genes and thereby, inhibit tumour growth. For example, the 
strength of binding of 49 was approximately 350 times stronger to G C-repeats than to A T 

and zlvl-repeating oligomers. The interaction of 49 with a specific DNA sequence induced 
p300 gene expression and showed significant anti-cancer activity in human solid tumour 
xenografts, therefore, showing that DNA binding agents can be sequence specific and have 
the potential to control transcription of tumour related genes and inhibit tumour growth.

NO,

In an attempt to drive the development of bis-naphthalimides forward Lin et 

have designed and synthesised several series of novel bis-naphthalimidopropyl polyamine 
derivatives, incorporating natural amines such as spermine and spermidine to aid aqueous 
solubility. For instance, 50 and 51 were shown to have higher affinities for DNA compared to 
spermine and spermidine and localise in the nuclei of MCF-7 breast cancer cells with the 
cytotoxicity of such compounds decreasing with the presence of oxygen atoms in the linker
chain. 105,106

o
.3HBr

H
.N,

50
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Further studies on 50 have shown that this molecule binds to DNA through bis-intercalation 

via the major groove and shows higher cytotoxic activity against Caco-2 colon cancer cells

compared to HT-29 cells. 107.108

In order to develop more active DNA-binding anti-tumour agents and to clarify the 

influence of the aminoalkyl linker chain on their mode of action, bis-naphthalimides bearing 

cyclic and acyclic chains of varying length were synthesised. Compounds containing a linear 

carbon chain were found to be more potent than constrained analogues with the length of the 
linker chain playing a pivotal role in the ability of these compounds to bind to DNA.'*^^''‘*^ In 

fact, bis-quatemary bis-naphthalimide derivatives characterised by the presence of Cs-Nquat- 
C3-i2-Nquat-C3 linkers revealed no cytotoxic activity against different cell lines.'" However, 

the screening of bis-quaternary bis-naphthalimides against a variety of human pathogens has 

proved successful. Compounds of this class such as 52 and 53 have been shown to be active 

against the malaria parasite Plasmodium falciparum with anti-malarial activity of 0.66 pM (± 

0.03) and 0.40 pM (± 0.1 8), respectively, combined with no cytotoxicity and more than likely 

function by interfering with the phosphatidylcholine biosynthetic pathway."^

Moreover, in a recent study by Menzel et al. bis-quatemary bis-naphthalimide 52 

was found to exhibit strong inhibitory effects against gram positive bacteria Staphylococcus 

aureus (MRSA) and Staphylococcus pneumoniae by direct binding to bacterial DNA and 
thereby preventing DNA replication.

As depicted here, bis-naphthalimides have been reported as versatile compounds with 

promising results as potential anti-cancer or anti-infective agents. Over the past forty years, 

the design and development of the naphthalimide core has represented an important 

contribution from organic and medicinal chemistry, with immense interest still being 
acquired.
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1.5 Advances by Gunniaugsson et al.

Since the late 1990s the design and incorporation of nucleic acid recognition moieties 
into the naphthalimide structure has played an integral part in the research interests of the 
Gunniaugsson group. To date a large number of enantiomerically pure amino acid based 1,8- 
naphthalimide conjugates have been synthesised using solution phase chemistry in order to 
achieve a more site specific approach to DNA cleavage. The earliest compounds designed 
during this research consisted of a basic structure comprising of either a chloro, bromo, nitro 
or amino substituted naphthalimide core connected to a carbonyl linker prepared from various 
esters of glycine, T-alanine, T-leucine and L-phenylalanine such as 54. Such amino acid based 
naphthalimide derivatives were synthesised by Phelan""* and tested against the CML HL-60 
cell line with the 4-nitro substituted compounds showing the greatest cytotoxicty. For 
example, the IC50 value obtained for the L-phenylalanine methyl ester derivative 54 was 
found to be 1.95 pM, with only a ten-fold decrease in cytotoxicity compared to 16. Of the 
peptide derivatives, the most active compound was 55 with an IC50 value of 1.57 pM, 
however, when tested against a more resistant CMT cell line such as K562 cells, it remained 
relatively active with an IC50 of 3.49 pM (IC50 of 16 = 0.78 pM).

On comparing the activities of the peptide based naphthalimides, the following have 
been found to be influential in achieving the best anti-tumour activity: (a) a larger side chain 
resulted in a more active compound where for example, leucine and phenylalanine derivatives 
were more active than glycine and alanine derivatives, (b) in the case of the peptide 
conjugates, leucine should be positioned as the first amino acid when reading from the 1,8- 
naphthalimide terminus.

Building on this initial work, two approaches were undertaken by Phelan""* to 
construct novel bis-naphthalimide structures as anti-cancer compounds. The first approach 
involved the synthesis of "Head to Head" derivatives such as 56 which has an IC50 value of 
3.46 pM in HL-60 cells. However, when 56 was examined in K562 cells it was found to be
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less cytotoxic than both a leucine containing mono-naphthalimide and the peptide derivative
55.

0,N

The second family of bis-naphthalimides synthesised consisted of ''Head to Tail" 
derivatives including 57 which contains a propane linker from the 4-position of one 
chromophore to the imide position of the other, thus ruling out bis-intercalation as a mode of 
binding. The IC50 value obtained for 57 in HL-60 cells was 1.55 pM, which demonstrated 
greater activity in comparison to the reference compound mitonafide 16 after 24 hours in the
more resistant K562 cell line 114

As a direct extension of this work, Hussey"'^ developed various amino acid based 
naphthalimides incorporating L-lysine into the design as the lysine moiety can be positively 
charged at the A-imide site and thus, has the potential to mimic the positive nature of 16, 

where the most active molecule was the Boc-protected 4-nitro derivative 58 (IC50 = 2.0 pM), 
while the Cbz-terz-butyl analogue 59 was the least active (IC50 >100 pM). Of the peptide 
based derivatives, the 1,8-naphthalimide consisting of leucine and Boc-lysine amino acids 
(IC50 = 1.4 pM) was found to be more potent than the phenylalanine and lysine derivative 
(IC5o> 50 pM).

O
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Removal of the lysine protecting group to yield a family of charged peptides resulted 
in an approximate 10-fold decrease in activity in comparison to the protected derivatives. An 
inability to enter into the cell and cross the hydrophilic membrane was given as a rationale for 
these unexpected results. Families of bis-naphthalimides consisting of "Head to Head" and 
"Tail to Tail" Z-lysine based derivatives such as 60 and 61, respectively were also synthesised 
with IC50 values of 4.6 pM and >100 pM, respectively, in HL-60 cells.

61

To further evaluate the potential of the naphthalimide core, "Head to Head" and "Tail 
to Tail" naphthalene di-imide linked bis-naphthalimides were designed as potential anti
cancer compounds. This family was synthesised by Gillespie"^ and on comparing the activity 
of molecules such as 62 in HL-60 cells, the following proved influential in achieving optimal 
anti-tumour activity: (a) "Head to Head" naphthalene linked bis-naphthalimides are more 
active than the "Tail to Tail" derivatives, (b) in the case of the peptide derivatives, 
phenylalanine should be positioned as the first amino acid followed by alanine when reading 
from the 1,8-naphthalimide terminus, (c) the length of the linker chain played a role in the 
potency of these molecules with the general trend being; hexyl > pentyl > propyl. All of the 
peptide-based naphthalimide, bis-naphthalimide and the naphthaldiimide derivatives 
exhibited pM IC50 values and have also been shown to inhibit cell eycle arrest and induce 
apoptosis in HL-60 cells.
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118In the pursuit of enhanced selectivity and stronger binding affinity to DNA, Ryan 
developed an alternative approach to DNA targeting by the use of Ru(Il) polypyridyl-1,8- 
naphthalimide conjugates. Complexes 63-66 containing both rigidly and flexibly linked 1,8- 
naphthalimide chromophores were designed to study the effect of variations in substitution 
and connectivity on DNA binding ability. A meta arrangement around the connecting ring of 
the linker group demonstrated greater affinity for DNA, as well as greater changes in 
spectroscopic properties due to greater complementarity in the shape of the complex to that of 
the DNA. Furthermore, all four complexes exhibited highly efficient DNA photo-cleavage 
and were found to enter cervical cancer HeLa cells and localise within the nucleus.

Following this work, Elmes"'^ set out to modify the structures of 65 and 66 in order to 
incorporate the 7r-deficient ligand TAP (1,4,5,8 tetra-azaphenanthrene), to yield ji-deficient 
rigid Ru(II)-mono-l ,8-naphthalimide conjugates, 67 and 68. These molecules were designed 
on the premise that inclusion of two TAP ligands would serve to increase the DNA cleavage 
efficiency of these systems, the Ru(II) centre would provide interaction through electrostatic 
association with the double helix or insertion into the grooves of DNA while the 1,8- 
naphthalimide would contribute to high affinity binding through intercalation, as well as
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providing a known set of photophysical properties that could be used to monitor the binding 
process.

67 6X

Complexes 67 and 68 were shown to possess excellent DNA binding affinities having 
being evaluated as being of the order of 10* M'* and their ability to act as photocleavers was 
examined where both species were found to cleave supereoiled DNA with much increased 
efficiencies compared to the Ru(Il) polypyridyl-1,8-naphthalimide analogues 65 and 66. 
Furthermore, cellular uptake studies showed that both species accumulated in the cytoplasm 
and nucleus of HeLa cells. In addition, 68 has also been shown to function as a long 
wavelength emissive fluorescent anion sensor for several anions in organic solution. Fluoride 
gave rise to the largest changes in the emission spectra through quenching of the metal to 
ligand charge transfer (MLCT) emission of 68.**®'

Recently, the DNA binding ability of a novel cationic pyridinium based 4-amino-1,8- 
naphthalimide derivative was evaluated. Circular dichroism (CD) and linear dichroism (LD) 
studies revealed that the molecule binds to DNA via intercalation while UV-Vis, fluorescence 
and DNA thermal denaturation studies showed that the compound possesses a strong 
preference for A-T rich sequences demonstrated by the six times larger binding constant 
determined for poly(d/l-d7)2 than for poly(dG-dC)2, hence, this molecule may have a 
therapeutic role in targeting ^ F rich DNA.'^**

To develop upon the work already carried out in the Gunnlaugsson group, the aim of 
one of the projects discussed within this thesis is to modify the 1,8-naphthalimide
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chromophore by introduction of the Troger’s base structural unit in order to improve upon the 
biological activity of the naphthalimide family.

1.6 Troger’s Base

The Troger’s base 69 is a rigid V-shaped molecule which has played a considerable 
role in the field of supramolecular chemistry due to its unique structure featuring two 
aromatic rings fused to a methano-l,5-diazocine bridge formed from the condensation 
reaction between /7-toluidine and formaldehyde in acidic solution.’^' '"^ The X-ray structure 
of 69 as shown in Figure 1.4, was reported by Wilcox et al. demonstrating that the 
methano-l,5-diazocine bridge contains two tertiary stereogenic bridge head nitrogen atoms 
which provide the C2 symmetry of the structure. The chirality and blocked conformation of 
these nitrogen atoms makes 69 attractive for use in the area of enantiospecific recognition of 
molecules. The aromatic rings are orientated approximately perpendicular to each other with 
a dihedral angle of ca. 90°, thus, creating a twist in the molecule.

Figure 1.4: Optimised geometry (left) and structural formula (right) of 69. 124

Dihedral angles ranging from 79° to 104° have since been reported for a number of 
analogues indicating that the dihedral angle is dependent upon the nature of the substituents 
present on the aromatic rings.Hence, this rigid V-shaped building block offers the 
potential for unique molecular designs which have been strongly employed in the fields of 
molecular recognition and supramolecular chemistry.

1.6.1 Applications of Troger’s Base Analogues

The V-shape and conformationally restricted nature of the Troger’s base make it
useful as an armature for the construction of molecular torsional balances,water soluble
cyclophanes,'^** chiral solvating agents'^^ and molecular tweezers.The cleft like structure
of 69 has also been incorporated into macrocycles for the detection of cations.'^’ For instance,
the bis(crown-ether) analogue of Troger’s base 70 was designed and shown to recognise and
detect achiral and chiral primary bis-ammonium salts.Many other structural analogues
have also been used to bind biotin, urea, adenine, and amino acids.In particular, Goswami
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et constructed a family of fluorescent Troger’s base molecular scaffolds including 71
which was shown to selectively bind di-carboxylic acids of various chain lengths 
demonstrating that the rigidity of the host molecule plays a significant role m the selective 

binding of di-carboxylic acids.

Synthetic Troger’s base derivatives have also found use in the field of catalysis. Wu et 

alP^ have reported on the stereoselective one pot three component Mannich reaction of 
aldehydes, amines and ketones in aqueous media catalysed by Troger’s base derivative 72. 
This catalyst has shown a«//-selectivity, low catalyst loading and the formation of no by
products such as aldol or deamination products. A Trdger’s base functionalised organic 
nanoporous polymer was designed for heterogeneous catalysis by Wang et al. containing 
the bicovalently-bonded Troger’s base derivative 73 which showed catalytic activity m the 
addition reaction of diethylzinc to 4-chlorobenzaldehyde with the catalyst still being efficient 
after three cycles. The Troger’s base structure building motif was also used to generate
infinite co-ordination polymers (ICPs) with Zn^^ ions which exhibited highly selective Hi

-* 137uptake properties in the presenee of N2.

72

Recently, Wu et alP^ modified the Troger’s base scaffold to construct a probe for 
lysosomal imaging in living cells. Lysosomes were targeted due to their association with 
oncogenic activation and cancer progression, fhe two photon fluorescent Troger’s base 
derived probe 74 showed high specificity and selectivity for lysosomes in HeLa, MRC-5 
(normal cells) and NRK (infinite cells) cell lines, with the enantiomers demonstrating no
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significant difference in activity. Furthermore, A-shaped pyridinium Troger’s base salts have 
also found use as bio-probes in detecting proteins such as bovine serum albumin (BSA) due
to their aggregation induced emission properties. 139

N'

In summary, Troger’s base is a well known chiral molecule with a rigid concave 
shape that makes it highly applicable in several areas of research such as supramolecular 
chemistry, molecular recognition and optoelectronics.In the following section, the 
modifications to the structural design of 69 and application as novel DNA binding agents will 
be explored.

1.6.2 Troger’s Base Analogues Targeting DNA

7'he construction of DNA-binding motifs incorporating the Trdger’s base scaffold was 
initiated by Yashima et al}^'' with the preparation of a racemic bis-(l,10-phenanthroline) 
containing Troger’s base 75. Circular dichroism measurements showed that 75 interacted 
with DNA to a higher degree compared to the parent 1,10-phenanthroline. Moreover, it was 
demonstrated that the copper (1) complex of 75 could cleave DNA by conversion of the 
covalently closed circular pUC18 plasmid to open circular DNA.

In a similar manner, Demeunynck et synthesised the acridine substituted
Troger’s base derivative 76. The binding of 76 to DNA was evaluated by UV-Vis 
measurements and CD studies and shown to be enantiospecific, with the (-)-enantiomer 
binding preferentially to calf thymus DNA.

77
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In a later study, such binding was shown to be both enantio- and sequence specific. 
However, due to the symmetric nature of the molecule the exact mode of binding was not
elucidated. 143

In order to circumvent this problem and provide further insight into the binding mode 
of Troger’s bases to DNA, the asymmetric acridine-phenanthroline d rciger’s Base 77 was 
developed and evaluated using biochemical and biophysical methods.Electric linear 
dichroism (ELD) and CD measurements indicated a bi-modal binding process, implicating 
intercalation as the mode of binding for the acridine ring coupled with groove binding of the 
phenanthroline moiety. Furthermore, the sequence selectivity of 77 was investigated by 
DNase I footprinting using a ^^P-radiolabelled DNA restriction fragment of 117 base pairs 
and the footprint detected showed that the sequence selectivity of 77 is more similar to the 
symmetric phenanthroline analogue than to the acridine parent 77, with the triplet sequences 
5 '-GTC-5 'GAC providing an optimal binding site for I'roger’s base 77.

To further extend these advances, Kirsch-De Mesmaeker et a/.''**’ have shown that the 
phenanthroline Trdgef s base analogue 75 can act as a bridging ligand in the synthesis of bi- 
pyridyl containing mono- and bi-metallic ruthenium (II) species 78 and 79. The interaction of 
the bi-metallic species with DNA has not yet been reported, conversely, three stereoisomers 
of the mono-metallic complex 78 have been isolated through crystallography and their 
interaction with DNA has been explored.The luminescence data suggests that A-iS'-78 
possesses a higher binding affinity for DNA than its enantiomer A-/?-78 and diastereoisomer 
A-5’-78 due to a deeper insertion of the metallic unit of A-5'-78 in the DNA grooves. 
Moreover, the binding affinity was seen to be controlled by the absolute configuration of the 
metal centre as opposed to the chirality originating from the Troger’s base scaffold.

d© 4®

78 79
To further develop molecular probes to study DNA, Krai et al)^^ synthesised a series

of constrained bis-distamycin analogues 80 possessing the Troger’s base skeleton as
enantioselective bi-dentate minor groove binders. As discussed in section 1.3, distamycin A 2
is a naturally occurring antibiotic that binds to the minor groove of DNA with a preference
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for A-T rich sequences. Conversely, competitive ethidium bromide displacement assays 
showed that Troger’s base analogues such as 80 have an improved affinity for G C rich 
sequences. Moreover, the directionality in the binding to DNA is controlled by the 
stereochemistry of the linker, with the (4/?,9./?)-form of 80 displaying an enhanced affinity for 
DNA and higher discrimination for/I T rich sequences compared to the (45',95)-analogue.

-N

In summary, Troger’s base has the potential to be modified in several ways and has 
been seen to offer itselt as a unique building block for development in several areas of 
research. Hence, the overall theme of this thesis will be to incorporate such structures into the 
1,8-naphthalimide unit.

1.6.3 Design of 1,8-Naphthaliniides Incorporating the Troger’s Base Framework

The ability to specifically and selectively target nucleic acid structures using small 
and medium sized molecules has become a highly topical area of research within chemistry. 
With this in mind Veale et a/.,'"*® developed a series of organic based DNA targeting systems 
based on 4-amino-1,8-naphthalimide derived Troger’s bases 81-83, designed to be positively 
charged at physiological pH in order to promote strong electrostatic interactions or binding to 
the negatively charged phosphate backbone of DNA while the V-shaped geometry would 
facilitate binding of the naphthalimide units via the grooves and/or through intercalation. The 
interaction of 81-83, with ct-DNA was investigated using several techniques such as CD, 
DNA themial denaturation studies, ethidium bromide displacement assays and UV-Vis and 
fluorescence titrations at pH 7.4 in competitive media. Compounds 81 and 83 were found to 
bind strongly to DNA at pH 7.4 with electrostatic interactions playing a significant role, while 
82 which has a pKa of 6.0 was not expected to give rise to significant electrostatic 
interactions possessed a lower binding affinity for DNA. In addition, fluorescent confocal
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microscopy imaging studies in the K562 leukaemia cell lines have shown that these 
moleeules accumulate within the nucleus and give rise to apoptotic induced eell death.

R

81: R = N(CH3)2
82; R = N(CH2CH2)20
83: R = N(CH2CH2)2NCH3

The design of 81-83 was modified by Times et to incorporate a bi-pyridyl
portion that would allow for the formation of bi-metallic Ru(II)-l ,8-naphthalimide containing 

Troger’s bases 84 and 85.

As mentioned in Section 1.5, bi-metallic Ru(ll) complexes have been shown to 
interact with DNA quite strongly and have been applied in cellular imaging. The interaction 
of 84 and 85 with DNA was explored using UV-Vis absorption and fluorescence techniques 
with both 84 and 85 giving rise to relatively small spectral changes. For example, in the case
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of 84, a minor red shift coupled with 8% hypochromism at 400 nm and 6% hypochroism at 
460 nm was observed at high DNA concentrations. Conversely, thermal denaturation studies 
revealed large stabilisation of the DNA helix upon interaction with both 84 and 85, where 84 

was found to be bound more strongly. Furthermore, highly fluorescent compounds 84 and 85 

have been shown to undergo rapid cellular uptake within HeLa cells, being internalised after 
just two hours. Testing was conducted with a range of concentrations (0.5 to 15 pM) and no 
concentration dependent effects on cell viability including minimal cytotoxic or proliferative 
effects on the cell cultures was observed for 85, hence 85 exhibits promising behaviour as a 
cellular imaging agent. However, 84 was shown to give rise to membrane blebbing 
demonstrating its role in apoptosis and potential as a therapeutic agent.

1.7 Work Described Within This Thesis

This research project has been concerned with the modification ol the 1,8- 
naphthalimide chromophore, as it is known to possess unique photophysical properties that 
have the potential to be tweaked by facile synthetic modification. Building on from the work 
already carried out in the Gunnlaugsson group, the Troger’s base structural motif was 
incorporated into the design because of its unique chiral V-shaped structure. The overall aim 
of the work reported in this thesis is to exploit the versatility of each of these structures by 
combining the advantageous properties of the naphthalimide species with those of the 
Troger's base in order to improve binding to DNA, to develop biological probes for proteins 
and synthetic sensors for C(,o detection.

In Chapter 2, the design and synthesis of a novel family of naphthalimide based 
froger's base derivatives is described. Unlike the series synthesised by Veale''^* '^^ these 
naphthalimides are substituted with an amino group in the 3-position. It is anticipated that the 
resulting modified Troger’s base geometry would have the potential to alter and reinforce the 
binding capacity to DNA. The binding affinity for DNA was investigated using spectroscopic 
techniques such as UV-Vis and fluorescence spectroscopy, thermal denaturation studies and 
ethidium bromide displacement assays. Linear dichroism and circular dichroism studies were 
also employed to understand the nature of the DNA binding interactions.

In Chapter 3, the development of amino acid based Troger’s base derivatives is 
discussed. Firstly, the synthesis and characterisation of these molecules using CD 
spectroscopy is described followed by an in depth spectroscopic study of these molecules in 
solvents of varying polarity, using UV-Vis and fluorescence spectroscopic techniques.
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Chapter 4 deals with the design, synthesis and photophysical evaluation of tetra- 
naphthalimide based Troger’s bases. The first aim of this project was to study these 
molecules in solvents of varying polarity using UV-Vis and fluorescence techniques 
including quantum yields and lifetimes and to compare these to the corresponding bis- 
naphthalimide precursors. The second aim was to evaluate their potential as fullerene 
receptors. It is envisaged that the unique shape induced by the Troger’s base unit will impose 
a tweezer like design that will aid in the molecular recognition of the spherical fullerene.

Finally, in Chapter 5, the general experimental procedures used in this thesis and the 
synthesis and characterisation of novel compounds that will he described are given.
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Chapter 2: Design, Synthesis and Photophysical Evaluation of Novel 
1,8-NaphthaHmide Based Troger’s Bases as Novel C2-Syninietric DNA Binding Molecules

2.1 Introduction

The design and development of small molecules which exert their biological activity 

by interacting with DNA and exhibit photophysical properties that are sensitive to the binding 

event continue to be the focus of a significant amount of research within the field of

medicinal chemistry.20,60,83,120,148-157 As mentioned in Chapter 1, DNA exhibits many

attractive features and a considerable amount of research has focused on the development of 

small molecules that bind to DNA and interrupt its normal function. These DNA binding 

modes include (a) minor groove binding, (b) major groove binding, (c) intercalation, (d) 

electrostatic binding and (e) covalent attachment. Each mode has been extensively studied 
with the aim of developing new design principles for the specific recognition of DNA.^^' 

24.29.31 addition, several research groups, as discussed in Chapter 1, have investigated the 

effects of combining two binding motifs within the same molecule to develop new DNA 

targeting agents with enhanced selectivity and stronger binding affinity.In principle, such 

molecules are designed to possess two binding modes which can include intercalation, bis- 

intercalation, minor and major groove binding or electrostatic interactions depending on the 

nature of the chromophore and spacer groups present. For instance, the strategy of dimerising 

a DNA intercalating agent joined by various cyclic and acyclic linkers to give bis- 
naphthalimides was discussed in Chapter 1 and the length of the spacer was shown to 

significantly affect the mode of binding to DN.A.*^^'”^ The work described in this chapter will 

focus on the development of a series of bis-l,8-naphthalimide agents as potential DNA 

binders that incorporate the chiral Troger’s base structural motif which due to its V-shaped 

structure has found extensive use in the fields of molecular recognition and supramolecular 

chemistry. In order to build upon the work within the Gunnlaugsson group carried out by 

Veale, ’ the aim of this project was to construct several DNA targeting Troger’s bases 

derived from the 3-amino-1,8-naphthalimide chromophore and to investigate the effect the 

shape the Troger’s base structural unit has on DNA binding using various photophysical 

techniques including absorption and fluorescence spectroscopy, thermal denaturation studies 

as well as linear and circular dichroism spectroscopy. In addition, these results were 

compared to the 4-amino derived analogues 81-83 and are discussed in the upcoming 
sections.
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2.2 Design of Bis-1,8-Naphthalimide Troger’s Base Derivatives

In the Gunnlaugsson group, the Troger's base motif has been incorporated into the 4- 
amino-1,8-naphthalimide skeleton as a means of developing novel bis-1,8-naphthalimide 
molecules that bind to DNA, exhibiting photophysical properties sensitive to the binding 
event.These compounds were designed to contain basic terminal groups at the A-imide
sites which were positively charged at physiological pH enhancing the water solubility and 
interaction of these molecules with In fact, this design was originally put forward
by Brana et al?^ and the best anti-cancer activity achieved was observed when the basic 
terminal group was in the form of a tertiary amine separated from the 1,8-naphthalimide 
imide nitrogen by two methylene groups. Therefore, such hydrophilic cationic functionalities 
in the form of alkylaminoethyl side chains were incorporated into the 1,8-naphthalimide 
based Troger’s base structures, with the side chains differing in the nature of the aminoalkyl 
substituents. Another aspect which was considered in the design strategy was the fact that the 
d'rdger’s base unit is chiral and that the molecules are formed as racemic mixtures.

This work will focus on the design and development of another series of 
naphthalimide based Troger’s base stmctures 86-90 derived from the monomeric 3-amino- 
1,8-naphthalmide chromophore. These potential DNA binding agents are anticipated to be 
rigid chiral molecules in which the two naphthalimide moieties are held in a well defined 
position. In terms of an interaction with DNA, bis-intercalation is not anticipated as the 
Troger’s base unit is not long enough to span the length of two base pairs. Generally, for bis- 
intercalation to occur, an inter-chromophore distance of 9-13 A is required.*^^ Possible modes 
of binding envisaged may include a combination of intercalation, groove binding or 
electrostatic interactions.

-R
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. N N —
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This chapter deals with the synthesis of the target naphthalimide Trdger’s bases 86-90 
as racemic mixtures and an evaluation of their solvatochromic properties before their 
interaction with DNA is investigated. Firstly, the general synthesis of the Troger’s base and 
the mechanism for formation will be discussed in the following section.

2.3 General synthesis of the Troger’s Base 69

The mechanism for the formation of Troger’s base 69 was initially investigated by 
Wagner et and found to involve a series of electrophillic aromatic substitution reactions. 
The reaction proceeds via a number of intermediates shown in Scheme 2.1, which have been 
identified and characterised by Coelho et using direct infusion electrospray ionisation
mass and tandem mass spectrometric experiments (ESI-MS/MS). Interest still surrounds the 
Troger’s base mechanism of formation and recently. Wan et identified and isolated a
further two intermediates formed during the froger’s base reaction.

The first step in the reaction sequence as shown in Scheme 2.1, is a condensation 
reaction between the aromatic amine and formaldehyde which results in the formation of an 
imine intermediate, which upon protonation and nucleophillic attack by a second aromatic 
amine gives rise to the methylene-bis-amine 91.

OH H

HN^ H NH,

© 'N N' 
H H

91

. .© pHjOH X

©

Scheme 2.1: Reaction scheme for the formation ofTroger's base 69.

Subsequent conversion of the methylene-bis-amine 91 to the aminobenzylarylamine
92 is achieved through an acid induced rearrangement, which is shown in Scheme 2.2.
Wagner reported that this reaction is not an intramolecular reaction or isomerisation, but can
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be recognised as a proton induced cleavage reaction of 91 which yields the anionic and 
cationic species 97 and 98, respectively, which couple together and through the loss of a 
proton to form 92.’^*'“^’ According to the mechanism devised by Wagner et and
supported by Coelho et the aminobenzylarylamine 92 subsequently reacts with
formaldehyde in another condensation reaction to firstly form 93 which then undergoes 
further condensation to form 94. The elimination of water results in the formation of 69.

N N 
H H

91

H
,®

N 
H

NH2
92

Scheme 2.2: Conversion of melhylene-his-amine 91 to aminohenzylamine 92. ISS(d)

Another reaction pathway leading to the formation of 69 was investigated, as can be 
seen in Scheme 2.1, where Cooper and Partridge'^' demonstrated that Troger’s base 69 could 
be obtained via 95 which undergoes a condensation reaction to give 96 which upon 
protonation and the elimination of water generates the desired Troger’s base 69.

During the formation of 69, two side reactions are liable to occur: (i) conversion of 
tetrahydroquinazoline 93 to dihydroquinazoline 99 and (ii) irreversible conversion of 
aminobenzyarylamine to dihydroacridine via diaminophenylmethane. The formation of 
dihydroquinazoline has been depicted to form in two ways. The first pathway was devised by 
Wagner'and this is a hydrogenation-dehydrogenation reaction, the elucidation of which 
explained the presence of methylated amines among the products formed upon reaction of p- 
substituted amines with formaldehyde in the presence of acid as shown in Scheme 2.3.

N

H 93

'N'
H

H ©

Transfer of 2H

91

Scheme 2.3; Conversion of tetrahydroquinazoline 93 to dihydroquinazoline 99.

N'
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Recently, Wan et al}^^ proposed a pathway for the formation of 99 from 

tetrahydroquinazoline 93 as shown in Scheme 2.4. The first step involves a condensation 

reaction with formaldehyde to form 94 which subsequently undergoes an elimination reaction 

to generate 99.

93

O

N

CH2OH

-CHjOH, -H©

94

N

99

Scheme 2.4: Synthesis of tetrahydroquinazoline 99.'^^

fhe formation of dihydroacridine 100, shown in Scheme 2.5 involves an elimination 

of ammonia and a subsequent internal ring closure. This reaction is irreversible, slow and 

partial because the ortho hydrogen of the aromatic amine is not readily displaced.

Scheme 2.5: Conversion of aminohenzylarylamine 92 to dihydroacridine 100. 158(d)

fhc formation of the methano-1,5-diazocinc skeleton is based on an acid-induced 

reaction between an amine and formaldehyde source, with variations in both the acid and 

formaldehyde sources having been reported. Formaldehyde equivalents including
paraformaldehyde. 125(b), 162 hexamethylenetetram i ne. 128(c), 163 dimethoxymethane 164 and
dimethylsulphoxide'^^ have been reported affording varying yields of the Troger’s bases. In 

addition, varying the acid by using either acetic acid, HCl, trifluoroacetic acid (TFA) or 

methanesulfonic acid resulted in formation of the Troger’s bases with highly variable 
suecess.'^''’'’’’’'^**‘^*''*^ Altering reaction conditions such as temperature and length of 

reaction time also led to the yields of the reaction product differing.
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In general, the preparation of the methano-l,5-diazocine skeleton of the Troger’s base 
can be formed using aromatic amines that are fully substituted except in the ortho position 
which is required for the desired cyclisation reaction to occur. Due to their electronic and 
steric effects, substituents on the ring have been reported to influence the regiochemistry and 
yields of such reactions.In addition, to avoid polymerisation occurring, the para 
position on the starting amine must be blocked.

The bis-l,8-naphthalimide containing Troger’s base derivatives 86-90 were prepared 
as racemates in four steps, beginning with the 3-nitro-l,8-naphthalic anhydride 101. After 
preparing 101, the nitro group was reduced in a hydogenolysis reaction to yield 102, 
Subsequently, the A-substituted 3-amino-1,8-naphthalimides 20 and 103-106 were synthesised
using standard literature procedures which will be discussed in the following section.42

2.4. Synthesis of the 1,8-Naphthalie Anhydrides 101 and 102 and 1,8-Naphthalimides 20 

and 103-106

Originally, the synthetic pathway leading to the formation of 86-90 began with 3- 
nitro-1,8-naphthalic anhydride as the starting material. Although 3-nitro-l ,8-naphthalic 
anhydride is commercially available, it was found not to be of the highest purity according to 
'H NMR analysis. To establish the identity of the impurity present, the sample prepared for 
'H NMR spectroscopy was spiked with 4-nitro-l,8-naphthalic anhydride and the peaks 
pertaining to the impurity were enhanced. Purification attempts involved refluxing the 
sample in the presence of activated charcoal in EtOfI and filtering through celite, however, 
this did not lead to any improvement in the 'H NMR spectrum. The sample was 
recrystallised from toluene multiple times and each time resulted in a slightly improved 'h 
NMR spectrum as the peaks corresponding to the 4-nitro-l,8-naphthalimide impurity slowly 
diminished. It was evident that this was not feasible and consequently, the commercially 
available material was subjected to purification using silica column chromatography with a 
CH3OH: CH2CI2 (5: 95) gradient eluent system. Unfortunately, the sample was found to 
degrade upon the silica column, as deduced by ‘H NMR spectroscopy.

Having established that the commercially available material utilised was indeed 
impure, the nitration of the commercially available 1,8-naphthalic anhydride was attempted. 
This involved dissolving the anhydride in concentrated H2SO4 and stirring the reaction 
mixture in an ice bath. A solution of HNO3/ H2SO4 (1:10) was then added dropwise, after 
which the reaction mixture was brought to room temperature and allowed to stir for 90
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minutes. The reaction mixture was then poured over an ice/H20 mixture and filtered off to 
yield the crude product. Purification involved recrystallisation from glacial acetic acid and
gave 101 as beige needles in a 60% yield. 172

Having obtained 101 in pure form, the next step in the reaction sequence as show'n in 
Scheme 2.6 was the synthesis of 102. This was achieved by reducing the nitro group of 101 
by catalytic hydrogenation in jV,7V-dimethylformaamide (DMF) with 10% Pd/C at 3 atm H2 

after filtration through a celite plug and without the need for further purification.^'* The 
reaction was also attempted using ethyl acetate as the solvent, however, 50% starting 
material was recovered according to 'H NMR analysis.This may be due to the insolubility 
of 101 in ethyl acetate. Therefore, as 102 readily dissolves in DMF and the reaction can be 
carried out on a large scale (up to 5 g), it remained the solvent of choice for such reactions,

By treating 102 with the relevant alkylamine and refluxing the two components in 
anhydrous toluene overnight, five 3-amino-1,8-naphthalimides 20 and 103-106 were 
synthesised and their yields are listed in the Table 2.1.^*^

R

HNO3

H2SO4
NH,

101 102

Scheme 2.6: Synthesis of 1,8-naphthalic anhydrides lOl and 102 and 1,8-naphthalimides 20 
and 103-106.

Table 2.1: Methods ofpurification and the % yields for 20 and lOl - 106

Cpd.
101

Purification Method % Yield
Recrystallisation with glacial acetic acid 60

102
20 /

J\

No purification necessary 92
N Trituration with CHCI3 74

103
N O

Trituration with CH3OH 67

104
N N —

Trituration with EtOAc 76

105
N

Trituration with CH3OH 62

106 Recrystallisation with CH30n 67
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In general, the work-up involved filtering the reaction mixture hot through celite and 
removing the solvent under reduced pressure. The resulting residue was then dissolved in 
CH2CI2 and washed once with water, twice with sat. NaHCOs and twice with brine before the 
organic layer was dried over MgS04 and subsequently removed under reduced pressure. The 
purification of each intermediate is described in Table 2.1.

Single crystals suitable for X-ray diffraction analysis were obtained for 20 and 103- 
106 and were grown by slow evaporation of CH2CI2 solutions for 20 and 103-105, while in 
the case of 106, brown crystals were obtained after a recrystallisation from CH3OH. The X- 
ray diffraction analysis was carried out by Dr. T. McCabe in the School of Chemistry, Trinity 
College Dublin. The crystal structures were obtained from an analysis of the CIF files 
(Appendix 1) using Mercury 1.1© and are shown in Figure 2.1.

Figure 2.1: Crystal structures of 20 and 103-106.
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As can be seen in Figure 2.1, 20 contained two erystallographically independent molecules in 
the asymmetric unit, one of which contained a positional disorder in the A-imide group (see 
Appendix 1 for details). Compound 105 crystallised in the monoclinic space group P2|/c and 
contained one molecule in the asymmetric unit. The piperidine moiety adopts a chair like 
conformation and the dialkyl amino linker adopts a gauche conformation [N(l)-C(19)-C(18)- 
N(3) torsion angle = 61.9°] resulting in the piperidine moiety being orientated almost 
perpendicular to the plane of the naphthalimide. The orientation of the piperidine group 
results in the formation of a complementary hydrogen bonded dimer between the amino 
protons and the nitrogen atom of the piperidine on a neighbouring symmetry generated 
molecule [N(2)- -NCS) = 3.078 A and <(N(2)-H(2A)-••N(3)) = 153.6°]. The dimer is then 
linked into a more complex H-bonding array through interactions between the amino group 
and the carbonyl oxygen atoms on a neighbouring molecule [N(2) ' 0(2) = 3.018 A and 
<(N(2)-11(2B) 0(3)) = 156.5°] (Figure 2.2). Similar torsional angles and hydrogen bonding
patterns (Appendix 1) were observed for 20, 102-104 and 106 are summarised in Table 2.2.

Figure 2.2: Hydrogen bonding of 105.

Table 2.2: Selected torsional angles for 20, 103-104 and 106.

Cpd. Bond Torsional <
20 N(2)-C(13)-C(14)-N(3) -61.0°
103 N(l)-C(14)-C(15)-N(2) -68.0°
104 N(l)-C(19)-C(18)-N(3) 61.9°
106 N(2)-C(24)-C(23)-N(l) -63.0°

In the case of 103, the morpholine moiety does not adopt a gauche confonnation. The 
torsional angle for [N(5)-C(31 )-C(36)-N6] is -173.5° and this results in a different hydrogen 
bonding pattern being observed as shown in Figure 2.3. No dimers form and hydrogen
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bonding was observed between the morpholine oxygen atom and the amino group on an 
adjacent molecule. In addition hydrogen bonding was observed between the carbonyl oxygen 
of one molecule and an amino group on an adjacent naphthalimide molecule.

Figure 2.3: The hydrogen bonding and packing of 103.

Although the 3-aniino-l ,8-naphthalimides 20 and 103-106 were prepared by Brana et
al.^‘^ and have been shown to bind to DNA, they were characterised by conventional 
techniques such as 'H and '^C NMR spectroscopy, mass spectroscopy, infra-red (IR) analysis 
and melting point data as a means of verifying their purity, as these compounds are intended 
to be used as model compounds for the DNA binding analysis of the target Troger’s bases 86-
90. 61

2.5 Synthesis of the Troger’s Base Analogues 86-90

The synthetic method developed by Veale et for the synthesis of 81-83 was
initially employed for the synthesis of 86-90, as shown in Scheme 2.7. This method involved 
stirring the relevant 3-amino-1,8-naphthalimide precursor (1 eq.) in TFA in the presence of 
formaldehyde (1.5 eq.) at room temperature for twelve hours under an argon atmosphere. 
Subsequent, work-up involved initially neutralising the reaction mixture before basifying to 
pH 12 and multiple extractions with CH2CI2. The organic layer was then dried over MgS04 

before being removed under reduced pressure. This reaction was carried out using 
formaldehyde or paraformaldehyde, both of which yielded similar results.
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R

O

TFA

'NH2 
20, 103-106

20,86:r= N\

103, 87: R =  b

104, 88: R ^N-

105, 89: R =

106, 90: R =N,

Scheme 2.7: Synthetic scheme for the formation of86-90.

The first Troger’s base to be synthesised using this method was 86. Trituration as a 
method for purification of 86 was investigated using solvents such as EtOH, CII3OII and 
toluene, however, according to 'H NMR analysis, these purification attempts were 
unsuccessful as no improvements in the 'H NMR spectra were observed. Successful 
purification of 86 was achieved by triturating with CH3CN, yielding the desired product as a 
yellow solid in 41% yield.

Troger’s base 86 was fully characterised by H and NMR, HRMS, IR 
spectroscopy and elemental analysis. The 'H NMR spectrum (CDCI3, 400 MHz) of 86 is 
shown in Figure 2.4. fhe aromatic region is composed of four signals, a singlet, two doublets
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and an apparent {app.) triplet, with each integrating for two protons and pertaining to the 
aromatic naphthalimide protons. Such integration for the naphthalimide chromophore 
confirms the symmetric nature of 86. The methylene groups belonging to the diazocine ring 
(denoted as TB in spectra) appeared as two doublets and a singlet, respectively, between 4.59 
and 5.21 ppm reflecting the C2-symmetric nature of the molecule. The methylene protons 
pertaining to the A^-imide side chain appeared as triplets with coupling constants of 6.5 Hz. 
fhe final resonance, which corresponds to the methyl groups was a singlet which appeared at 
2.38 ppm, integrating for twelve protons. All of the signal resonances were assigned by 'H- 
’H-COSY and HMQC experiments. The symmetric nature of 86 was also observed in the 
NMR spectrum (CDCI3, 150 MHz) by having two more resonances in comparison to the 
precursor 20, which pertained to the carbons of the diazocine ring. The HRMS for 86 showed 
a peak at m/z = 603.2714 (M+H)" and the IR spectrum showed that the primary amine group 
which appeared at 3416 and 3323 cm"' for the precursor 20 was no longer present which 
complemented the assigned structure seen for 86 in Figure 2.4. In addition, 86 was 
successfully characterised by elemental analysis.

The second compound to be synthesised successfully as part of this 3-amino derived 
series was 87, which contains the 4-(2-aminoethyl)-morpholine side chain at the A-imide 
positions. Purification by automated column chromatography on flash silica with a 
CH30H:CH2Cl2 (0 to 10%) gradient elution system yielded 87 as a yellow solid in 44% yield.

As with 86, the aromatic region of the 'H NMR spectrum (CDCI?, 400 MHz) was 
composed of four signals pertaining to the naphthalimide protons, whilst the methylene 
protons belonging to the diazocine ring appeared between 4.61 and 5.21 ppm, with the 
doublets having geminal coupling constants of 17.0 Hz. The methylene protons belonging to 
the ethylamino side chains appeared as triplets at 4.32 and 2.70 ppm with each integrating for 
four protons and having coupling constants of 6.5 Hz. Lastly, two broad singlets integrating 
for eight protons were observed for the methylene protons pertaining to the morpholine 
functionalities, as can be seen in Figure 2.5. The symmetric nature of this molecule was also 
confirmed by '^C NMR spectroscopy with the appearance of nineteen signals, two more than 
that observed for the precursor 103. The HRMS for 87 showed a peak at m/z = 687.2931 
(M+H)^ confirming the molecular formula of the structure shown in Figure 2.5. The 
elemental analysis was also consistent with the assigned structure shown in Figure 2.5.
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Figure 2.5: ^HNMR spectrum (CDCI3, 400 MHz) of 87.

The synthesis of 88-90 was attempted by stirring the relevant naphthalimide (1 eq.) in 
neat TFA in the presence of paraformaldehyde (1.5 eq.) under an argon atmosphere 
overnight. After carrying out the usual basic work-up, the resulting molecules were analysed 
by 'H NMR spectroscopy, where product and the appearance of an unknown additional side 
product were detected in a 50:50 ratio. In each case, attempts to remove this side-product 
were carried out using several purification techniques such as trituration, recrystallisation and 
column chromatography. Unfortunately, it was not possible to remove or isolate this side 
product. In addition, the identity of this side product remains unknown as it could not be 
elucidated using NMR or mass spectroscopic techniques.

In order to circumvent this problem, the effects of varying the reaction time and 
paraformaldehyde equivalents were studied. Firstly, the length of the reaction time was 
reduced from twelve hours to three hours, however the appearance of this unknown side 
product was still detected. The reaction was attempted again using a reaction time of three 
hours and less equivalents of paraformaldehyde (1.1 eq.). These reaction conditions proved 
successful as this unknown side product was not detected.

As a means of optimising the reaction conditions, another reaction method was 
investigated which involved 88 (1 eq.) and parafromaldehyde (2 eq.) being added to TFA at 
-15 The resulting reaction mixture was brought to room temperature slowly and stirred
for twenty hours. Subsequently, the reaction mixture was added to ice and an excess of
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ammonia was added and extracted with CH2CI2. Unfortunately, the unknown side product 
was detected again by 'H NMR spectroscopy and therefore, the former method with the 
optimised reaction time and reduced paraformaldehyde equivalents was employed for the 
synthesis of 86-90.

As previously described, the synthesis of 86 and 87 has already been successfully 
achieved. Unfortunately, both 86 and 87 were obtained in low yields of 41% and 44%, 
respectively. In order to improve upon this, the optimised reaction conditions were employed 
and after basic work up, the crude 'H NMR spectra (CDCI3, 400 MHz) were obtained and 
showed a marked improvement over those obtained using the previous experimental 
conditions described. 4'rituration with CH3CN gave 86 as a yellow solid in 78%, almost 
twice that obtained eompared to the first method used. In the case of 87, these new reaction 
conditions proved successful as the desired product was obtained in 54% yield after 
dissolving the crude product in CH2CI2 and precipitating out of CH3OH.

Formation of 88 was achieved using these optimised conditions and after the basic 
work-up, 88 was dissolved in a minimal amount of CH2CI2 and precipitated out of diethyl 
ether to yield the desired product as an orange solid in 61% yield. As seen previously for 
both 86 and 87, the symmetric nature of this molecule was evident in the H and C NMR 
spectra. The ’ll NMR spectrum was similar to that obtained for 87 while also showing a 
sharp singlet at 2.24 ppm pertaining to the methyl protons of the piperazine ring. These 
signals were assigned using 'H-’H-COSY and long range 'H-’'^C-C()SY experiments. The 
‘^C NMR spectrum (CDCI3, 150MHz) of 88 also confirmed the identity and symmetric 
nature of this molecule by possessing an additional two carbons pertaining to the diazocine 
ring in comparison to the mono-naphthalimide precursor 104. The assigned structure was 
also complemented by the loss of the primary amine signals observed in the IR spectrum and 
by the HRMS analysis which exhibited a peak for 88 at m/z = 713.3568 (M-i-H)^ confirming 
the molecular formula of 88. The results obtained from elemental analysis provided further 
evidence complementing the assigned structure for 88.

With the latter success, the optimised reaction conditions were employed for the 
synthesis of 89, which was obtained in 36 % yield after a recrystallisation from ethyl acetate 
and fully characterised using standard techniques. The aromatic region of the 'H NMR 
spectrum (600 MHz, CDCI3) was similar to that observed for 86-88, with the aromatic 
protons resonating between 7.5-8.5 ppm. As is the case with each derivative, the differences
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in the A^-imide groups are relayed in the aliphatic portion of the spectra. In the case of 89, the 
methylene protons belonging to the dialkylamino side chains appeared as multiplets, each 
integrating for four protons at 2.62 and 4.31 ppm, whereas, the methylene protons pertaining 
to the piperidine moieties appeared as multiplets at 2.52, 1.56 and 1.41, with each integrating 
for eight, eight and four protons, respectively. These signals were assigned using 'H-'H- 
COSY and long range 'lI-''^C-COSY experiments. The '^C NMR spectrum confirmed the 
symmetric nature of the molecule. In addition, the IR spectral data complemented the 
assigned structure, as did the HRMS data with a peak at m/z = 683.3332 (M+H)^ confirming 
the molecular formula of 89.

The final molecule synthesised as part of this series was 90 which was obtained as a 
yellow solid in 54% yield after dissolving the crude product in a minimal amount of CH3OH 
and precipitating out of diethyl ether. The symmetric nature of this molecule was confirmed 
by 'll and '^C NMR analysis. The 'H and '^C NMR spectra obtained for 90 were similar to 
those observed for 89 with the only difference being that 89 contains an additional 
methylene group, pertaining to the piperidine functionalities. The identity of this molecule 
was also confirmed by HRMS with a peak being observed at m/z = 655.3010 (M+H)^ 
confimiing the molecular formula.

In summary, five new Troger’s bases 86-90 have been designed and synthesised as 
potential DNA binders. As part of the design strategy, these molecules were derived from 
the 3-amino-1,8-naphthalimide structure as the amino substituted 1,8-naphthalimide 
derivatives have been shown to possess an internal charge transfer (ICT) excited state which 
is sensitive to the polarity of the medium and therefore can be exploited to monitor binding 
of these ligands to macromolecules such as DNA and proteins, which can have different 
dielectrics depending on the binding sites.In order to ascertain whether or not 86-90 

possess this trait, their absorption and emission spectra were investigated in a range of 
solvents and are discussed in the next section.

2.6 Spectroscopic Evaluation in Solvents of Varying Polarity

The 1,8-napthalimides belong to a class of chromophores for which excited state 
properties can be significantly altered depending on the nature of the substituent present on 
the naphthalimide ring.'^^ In the case of the 4-amino-1,8-naphthalimide 107, an internal 
charge transfer excited state results due to the "push-pull" character of the chromophore 
caused by the electron donating group positioned on the naphthalimide ring and the electron
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withdrawing imide groups of the fluorophore, as shown in Figure 2.6. The energy of such an 
ICT excited state is determined by both the strength of the electron donor and acceptor 
moieties as well as the solvent polarity and its hydrogen bond donor and acceptor ability. 
Therefore, ICT is an important design feature as substantial changes can be observed in the 
absorption and emission spectra, the fluorescence quantum yields and lifetimes when the
solvent is varied or when binding to a substrate occurs. 175-180

N'

Figure 2.6: The effect of ICT upon the excited state of 107.

Trdger’s bases derived from 4-amino-1,8-naphthalimides have been shown to possess 
ICT character and fluorescence properties dependent on the polarity and hydrogen bonding 
ability of the medium.However, due to the incorporation of the rigid V-shaped 
Trdger’s base structural motif, the ability of the amine to participate in the ICT process is 
significantly reduced in comparison to the corresponding mono-naphthalimide 
precursors.In the case of the target Trdger’s bases 86-90, it is anticipated that the ICT 
character and fluorescence dependence will not be the same as these molecules are derived 
from the 3-amino-1,8-naphthalimide core which has been shown to have a lower tendency for
donating electrons, compared to the 4-amino core. 182,183 Thus, a means of investigating
whether 86-90 exhibit an ICT excited state and to what extent, the various spectroscopic 
properties of these compounds were investigated in protic and aprotic solvents of varying 
polarity.

The absorption and emission spectra were recorded in a range of solvents and all 
measurements were carried out at an optical density (OD) of 0.15 at the excitation 
wavelength which was chosen as the ?wtiax observed in the absorbance spectra. The solvents 
used in this study were CH2CI2, acetone, CH3OH, CH3CN, DMF and H2O.
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2.6.1 Ground State Studies of 86-90 in Solvents of Varying Polarity

I'he absorption spectrum of 90, when recorded in CH3OH. exhibited a high energy 
transition at ca. 238 nm, a lower energy transition at 347 nm with a shoulder with a A,niaxuv at 
cu. 390 nm. In general, the absorption spectrum was not significantly affected by the polarity 
and/or hydrogen bonding ability of the medium as can be seen in Figure 2.7. However, when 
the absorption spectrum was recorded in water, the shape of the shoulder was altered with the 
/^maxuv being blue shifted relative to the other solvents. A similar effect was reported by 
Brown et for 4-amino-1,8-naphthalimide systems as being due to strong hydrogen
bonding with water which resulted in the formation of hydrogen bonding solvated clusters 
which absorbed at a lower wavelength compared to the other solvents investigated. Similar 
events were observed for other donor-acceptor systems.’*'^'’**

Figure 2.7: Solvent effects on the absorption properties of 90 in CFfCh (-), CH3OH (-), 
H2O (-), CH3CN (-), Acetone (-) and DMF ( ) with a Xmaxuv = ca. 390 nm.

The absorption spectra of the 3-amino-1,8-naphthalimide 106, which was recorded for 
comparison purposes, is shown in Figure 2.8. The absorption spectrum of 106 in CH3OH is 
characterised by a high energy structural band at 245 nm, whereas, the region between 300 
and 500 nm consists of a less intense band at ca. 349 nm and a broad band centred at 426 nm. 
Upon changing the solvent from CH3OH to CH2CI2, a hypsochromic shift of 17 nm was 
observed and is characterised as being due to an ICT excited state of the fluorophore. 
However, when the solvent is changed from CH3OH to water, the ?tmaxuv is blue shifted by 18 
nm. 1 his effect is similar to that observed for 90, which has been reported for 4-amino-l,8-
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naphthalimides and other donor acceptor systems as being due to the formation and 
absorbance of water clusters.By comparing these changes with those recorded for 90, it is 
evident that incorporation of the Troger’s base structural unit has a significant effect on the 
ability of the bridgehead nitrogens to participate in the ICT process. Similar results were 
obtained for the other derivatives 86-89 (Appendix 1).

Figure 2.8: Solvent effects on the absorption properties of 106 in CH2CI2 (-), CHjOH (-), 
H2O (-), CH3CN (-), Acetone (-) and DMF ( ) where X,„axii\' = -109. 426. 408, 416, 422 and 
434 nm. respectively.

2.6.2 Excited State Studies of 86-90 in Solvents of Vary ing Polarity

fhe influence of solvent polarity on the emission behaviour of 90 and 106 was also 
studied, using the same solvents as for the absorbance studies above. When excited in 
CII2CI2, 90 exhibited a broad unsymmetrical band at ca. 480 nm that tailed off to longer 
wavelengths (Figure 2.9). This supports the characterisation of such a band as having 
contributions from ICT transitions.'^^

As can be seen in Figure 2.9, upon increasing the polarity of the medium, the position 
of this band was red shifted and the intensity decreased. The largest bathochromic shift, a 
shift of 67 nm was observed when changing the solvent from CH2CI2 to water. Such a shift 
was not observed in the absorption spectrum of 90, therefore, it is evident that the emitting 
state is more polar than the ground state. A similar effect was observ'ed for 83.

Following on from this, the emission spectra of 106 were investigated in the same 
range of solvents. When excited in CH2CI2, the emission spectrum of 106 also exhibited a 
structureless band that tailed off to longer wavelengths. Upon increasing the polarity of the
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medium this band was red shifted followed by the emission intensity decreasing, the extent of 
which depended on both the polarity and hydrogen bonding ability of the solvent. The largest 
bathochromic shift observed was 100 nm, which occurred when changing the solvent from 
CH2CI2 to H2O, as seen in Figure 2.10.

450

Wavelength (nm)

Figure2.9: Solvent effects on the emission properties of 90 (Xex =• 290 nm) in in CH2CI2 

(-), CH3OH (-), H2O (-), CHjCN (-), Acetone (-) and DMF () where XmaxFw = 980, 547, 
547*. 520, 518 and 524 nm, respectively. *Descrihes an approximate value due to the 
low emission intensity observed.

800

Figure 2.10: Solvent effects on the emission properties of 106 (ex. 390 nm) in CH2Cl2(-), 
CII3OII (-), II2O (-), CH3CN (-), Acetone (-) and DMF ( ) where kmaxFW = 481, 555, 591, 
505, 503 and 530 nm, respectively.
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The magnitude of this shift was much greater than that observed in the absorption 
spectrum of 106, highlighting that the emitting state is more polar than the ground state. 
Furthermore, the magnitude of such spectral shifts was not observed for 90, which shows that 
the inherent geometry of the Troger’s base significantly affects the ability of the bridgehead 
nitrogen atoms to participate in the ICT process. Similar effects were observed for all the 
Troger’s bases 86-89 (Appendix 1). The photophysicai properties of 90 and 106 are 
summarised in Table 2.3.

Table 2.3: The photophysicai properties of 90 and 106 in solvents of varying polarity.

Solvent 90!^nia\l A' 90:Xnia\i'i.r 106.}Mnia\r\' 106:)t.niaxl'l.l

(nm) (nm) (nm) (nm)
CH2CI2 390 480 409 481
CH3OH 390 547 426 555

II2O 385 547 408 591

CII3CN 390 520 416 505

Acetone 390 518 422 503"
DMF 390 524 434 530

Additional evidence for the presence of an ICT excited state in 90 was gathered by 
determining the fluorescence quantum efficiencies (4)f). which are a source of information that 
gives the probability of the excited state being deactivated by fluorescence rather than any 
other non-radiative mechanism. The fluorescence quantum efficiencies as shown in Table 2.4, 
are low and were also found to decrease when the polarity of the medium increased. This 
effect was first reported by Deprez et and is in agreement with the low fluorescent
quantum efficiencies obtained for the bis-naphthalimide based Troger’s base 83 synthesised
by Veale. 148. 149

Firstly, the fluorescence quantum yields of these systems were measured using 
quinine sulphate ((})f = 0.542 in O.IM H2SO4) as the reference standard and two comparative 
methods were employed.'*^ The first method involved using optically dilute solutions with an 
OD of 0.03 at the excitation wavelength of 368 nm, so that corrections for self-absorption and 
of incident and emitted light on the emission intensities were not required. An optically 
matched solution of the reference standard was used and excited at the same wavelength, so 
that both the test and reference samples could be considered to be absorbing the same number
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of photons. The (j)F were calculated by comparing the integrated areas underneath the emission 
bands of the spectra using equation 2.1,

Ox = Or . Ar/Ax . Fx/Fr . (llx)^/(Tlr)^ (2.1)

where, x, r. A, F and rj refer to the test sample, the reference standard, absorbance, integrated
area and the solvent refraction index, respectively. 188

Fhe second method involved acquiring data at a number of different concentrations, 
where the OD of the solutions ranged from 0.10 to 0.02. Optically matched solutions of both 
the reference and test samples were used and excited at 368 nm. For this method, the 
fluorescence quantum efficiencies were determined according to equation 2.2,

Ox = Or. mx/mr . (r|x)^/(T1r)^ (2.2)

where, x, r, and q refer to the test sample, the reference standard and the solvent refraction 
index, respectively. The m term corresponds to a gradient determined by plotting the 
integrated fluorescence area versus absorbance, where a straight line should be obtained for 
both the test and reference samples.'*^

The calculated quantum yields from both methods were repeated twice and compared, 
giving error values of 10 %. As can be seen in Table 2.4, the values determined for 90 were 
quite low with the (j)K being determined for CH2CI2 as being 0.009. In order to ensure the 
accuracy of these values, these measurements were repeated using 83 (^f = 0.025 in CH3CN) 
as the reference standard and employing both the methods discussed above. The average 
calculated quantum yields are summarised in Table 2.4.

Table 2.4: Fluorescence quantum efficiencies determined for 90, using quinine sulphate* and 
83** as reference standards.

Solvent (J»K *(± 10 %) 4)k** (± 10 %)
CH2CI2 0.009 0.009
CH3OH 0.003 0.002
H2O 0.001 0.001
CH3CN 0.003 0.003
Acetone 0.003 0.003
DMF 0.003 0.003
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As can be seen in Table 2.4, the fluorescence quantum yields determined for 90 were 

found to be quite low in all the solvents investigated as part of this study. However, a trend 

can be observed as it is evident that these values decrease upon increasing the polarity of the
1 4 fi I jdO I fi 1medium. This trend was also observed for 4-amino derived analogues.

It has been established that 90 exhibits an ICT excited state. This is a very important 

design element for molecules anticipated to interact with biological macromolecules such as 

DNA, as the changes in the ICT excited can be indicative of interactions taking place. The 

next design feature of these molecules to be investigated was the sensitivity of the A^-imide 

side chains towards pH and a determination of the pKa values of the terminal amines of the 

ethylamino functionality side chains which are anticipated to interact with DNA and thus, 

enhance the DNA binding capacity of such molecules.

2.7 Photophysical Studies of 86-90 as a function of pH

In order to ascertain whether the dialkylamino groups could ideally be protonated at 

physiological pH and thus, allow for the occurrence of electrostatic interactions with DNA, 

the spectroscopic properties of all the Troger’s bases 86-90 were investigated as a function of 

pH in water, using 100 mM NaCl as buffer to maintain a constant ionic strength using 

absorption and fluorescence techniques. For comparison purposes the 3-amino-1,8- 

naphthalimide precursors 20 and 103-106 were also investigated. Their relevant pA'a values 

were determined using the changes observed in the absorbance and/or the emission spectra by 

fitting the data according to equations 2.3 and 2.4, respectively, which have been derived 

from the Henderson-Hasselbalch equation.

pA:a(So) = pH - Log[(AbsAH-AbsA)/(AbsA-AbsA-)J 

pA:a(Sl) = pH - Log[(lfAH-IfA)/(IfA-IfA-)J

(2.3)

(2.4)

where, AbsAii and AbsA- are the absorbance values in acidic and basic solution and AbsA is the 
absorbance value at each pH determined in the pH versus A/Ao plot.'^® In the case of equation 

2.4, IiAH and IfA- are the emission intensities in acidic and basic solution and IfA is the emission 
intensity calculated at each pH in the pH versus I/Io plot.’^”*^'

Firstly, the effect of pH on the ground states of 86 and 20 was investigated and when 

recorded at acidic pH, 20 gave rise to a broad absorption band centred at 409 nm (820 = 4,870 

moF’ dm^ cm '), whereas, for 86 a broad band was observed at 347 nm (cso = 19,332 mol '
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dm^ cm’'). The absorption spectrum of 20 shown in Figure 2.11 exhibited an increase in 
absorbance between pH 2 and 4, which may be due to protonation of the aryl amino group. 
Protonation of the 3-amino functionality is possible due to the ICT process being weaker for 
these derivatives compared to their 4-amino-analogues.However, no accurate p/fa value 
could be determined from these changes. Furthermore, this ICT band exhibited pH 
independence from pH 4 to pH 11, as shown in Figure 2.11.

250 300 350 400 450

Wavelength (nm)
500 550
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Figure 2.11: The absorption spectra of 20 (15.5. pM) upon a gradual increase in pH. Inset; 
Changes in A/Ao v.v pH at 409 nm.

Upon titration with NaOH, the absorption spectrum of 86 exhibited a decrease in 
absorbance of ca. 60 % at ?tmaxuv = 347 nm, as can be seen in Figure 2.12.
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Figure 2.12; The absorption .spectra of 86 (11.2 pM) upon a gradual increase in pH. 
Inset: Changes in A/Ao V3- pH at 347 nm.
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A smooth sigmoidal curve was observed between pH 7 and pH 10 giving rise to a pA'a 
value of 8.3 (± 0.1). Such behaviour was observed for the 4-amino derived Troger’s base 81 
and was postulated as being due to the tendency of the tertiary amine of the 
dialkylaminoethyl side chain to donate a proton into the naphthalimide structure.'^' The 
ability of the tertiary amine to donate into the ring is made possible due to the effect of the V- 
shaped Troger’s base structure on the ICT process, which is weaker and thus, the charge 
repulsion in 86 is not as strong compared to the 3-amino-l,8-naphthalimides. This effect can 
also be seen in the pH studies of 20 as protonation of the aryl amino group could occur as the 
charge repulsion is not strong due to the weak ICT process. Furthermore, this process may be 
weaker in 86 due to the inherent rigid geometry of the diazocine ring and therefore, the 
donating of a proton into the naphthalimide structure may occur. Such trends were found to 
he fully reversible.

The emission of 20 was studied as a function of pH and found to be highly pH 
dependent. As can be seen in Figure 2.13, a fluorescence enhancement was observed for the 
ICT emission band at 581 nm between pH 2 and pH 4, perhaps relating to the protonation of 
the aryl amino group. Unfortunately, no accurate pAa value could be determined using 
equation 2.4. However, as is shown in Figure 2.13, a smooth sigmoidal curve was obtained in 
the region between pH 6 and 10, and a corresponding pAa of 9.03 (± 0.1) was determined for 
the excited state of 20.
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Figure 2.13: The normalised changes in the emission of 20 (*) at 581 nm and 86 (*)

In the case of 86, when excited at 347 nm, minimal emission changes were observed 
between pH 2 and 4, however, fluorescence enhaneement was observed between pH 4 and pH 
11, however, an accurate pAa for 86 could not be determined. The fluorescence enhancement 
observed in the spectra of both 20 and 86 may be attributed to the loss of the hydrogen bond
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that may have formed between the A^-imide earbonyl oxygen and the protonated amine of the
side chain. 192

The absorbance and emission spectra of 89 and 105 were also investigated as a 
function of pH. When recorded in acidic solution, 89 gave rise to an absorption spectrum 
similar to 86-88 and 90 with a ?tmaxuv at 347 nm (S89 = 13,412 mof' dm^ cm"'). Upon titration 

with base, the absorbance spectra of 89 was found to decrease by ca. 65 % and these changes 
were found to be fully reversible (Appendix 1). A plot of the changes in the absorbance with 
respect to pH showed a sigmoidal step occurring between pH 5 and 9. which has a pKa of 7.6 
(±0.1).

When excited at 347 nm, 89 gave rise to an emission spectrum with three bands with 
^maxFLU at 436 nm, 463 nm and 499 nm, as shown in Figure 2.14. Upon titration with NaOH, 
the emission spectra of 89 exhibited a decrease of 98 % at 436 nm and showed a sigmoidal 
step between pH 4 and 11 from which a pKa of 6.7 (± 0.1) was determined, fhe behaviour 
observed in the emission spectrum of 89 upon increasing pH is in contrast to that observed for 
86, where a fluorescence enhancement was observed at high pH. As a result of the ICT 
character being weak, electron transfer from the amine of the side chain may be allowed and 
upon deprotonation of the piperidine functionality, the fluorescence is quenched.

♦
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Figure 2.14.- Emission spectrum of 89 (9.9 pM) upon a gradual increase in pH with Xex 
347 nm. Inset: Changes in I/f v.v pH at 436 nm.

In the case of 105, the absorption spectrum exhibited results similar to those observed 
for the other naphthalimide precursors such as 20, with an increase in the absorbance between 
pH 2 and 4 and pH independence between pH 7 and 10 (Appendix 1). These changes were
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fully reversible. When excited at 407 nm, the emission spectrum of 105 consisted of a broad 

structureless band centred at 587 nm (Figure 2.15).

700

GOO 3.5

10

Figure 2.15. Emission spectrum of 105 (15.5 pM) upon a gradual increase in pH. Inset: 
Changes in I/f vs pH at 58 7 nm.

Upon the addition of acid, the emission spectrum exhibited a fluorescence 

enhancement between pH 2 and 4. At higher pH, a fluorescence enhancement was observed 

with a sigmoidal step betw'een pH 7 and 10 from which a pA'a value of 8.4 (± 0.1) was 

determined. The absorbance and emission properties of 87, 88 and 90 and their corresponding 

precursors 103, 104 and 106 were also examined as a function of pH. At acidic pH the 

absorption spectrum of 87, 88 and 90 were found to be similar to that obtained for 86 

(Appendix 1). Upon addition of base, the absorbance of each derivative was found to 

decrease at 347 nm. These changes were large enough to analyse using equation 2.3 and pKa 

values of 6.1 (± 0.1), 7.5 (± 0.1) and 8.1 (± 0.1) were determined for 87, 88 and 90, 

respectively. Again these changes were found to be fully reversible. In addition, the changes 

observed in the absorption spectra of 103, 104 and 106 upon the addition of NaOH were 

similar to those discussed for 20 as a function of pH. These changes are summarised in Table 

2.5.

When the emission spectra of 87, 88 and 90 were studied as a function of pH, similar results 

were observed as discussed above. Upon excitation at 347 nm, broad unsymmetrical emission 

bands were observed between 400 and 750 nm. with AmaxFLu of 546 nm, 545 nm and 548 nm 

for 87, 88 and 90, respectively. Upon titration with base, the emission spectra of 87, 88 and 90 

exhibited fluorescence enhancements of ca. 13 %, 36 % and 9 %. Again, these changes were 

fully reversible. Unfortunately, the changes in the emission spectra of 87 and 90 were not
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large enough to allow for an aceurate calculation of pKa values using equation 2.4. However, 
the pH versus I/h, profile for 88 exhibited changes between pH 4 and 11, giving a pA^a value of 
8.9 (±0.1) (Appendix 1). The emission spectra of 103 and 105-106 showed changes similar to 
those seen for 20 upon the addition of base (Appendix 1). The changes observed were large 
enough to determine pATa values which are listed in Table 2.5.

Table 2.5: Summary of properties determined for 86-90, 20 and 103-106 including pKa (in 
the ground state) andpKa* (in the excited state). Absorbance changes and emission 
changes were too small to permit a reliable determination ofpKa values.

Property 86 87 88 89 90 20 103 104 105 106
Cog SmaxpH 7.4 4.29 4.17 4.25 4.13 4.17 3.69 3.73 3.63 3.60 3.77

pA'a (±0.1) 8.3 6.1 7.5 7.7 8.1 — ~1^— IST Ja|

pAa*(±0.1) l»>l 8.9 6.7 8.6 9.0 6.2 8.2 8.8 9.1

The determination of these pA'a values were an essential means of ascertaining 
whether or not the side chain of the relevant bis-1,8-naphthalimide containing Troger’s base 
derivatives would be protonated at pH 7.4, so that binding of such derivatives to DNA would 
be facilitated by electrostatic interactions with the negatively charged phosphate backbone of 
the DNA helix. It was found that 86 and 88-90 will be protonated at physiological pH, 
whereas, 87 which has a pA'a of 6.1 (± 0.1) will not be protonated at pH 7.4. However, 87 can 
act as a model compound for analysing the interactions of 86 and 88-90 with DNA as it is not 
anticipated to give rise to significant electrostatic interactions with DNA. Having determined 
the pAfa values and established the existence of an ICT excited state for 86-90 will aid in the 
analysis of their DNA binding affinities using various spectroscopic techniques such as 
absorption and fluorescence spectroscopy, circular dichroism (CD) and linear dichroism 
(TD), which will be discussed in the following sections.

2.8 DNA Binding Interactions of 86-90

In the work presented herein, each of the frdger’s bases 86-90 were designed to 
interact with DNA through a combination of modes. Firstly, as discussed in the previous 
section, the A-imide group is protonated at physiological pH and thus, electrostatic 
interactions with the anionic DNA phosphate backbone were anticipated to take place.
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Secondly, binding of the 1,8-naphthalimides to DNA was envisaged to occur via intercalation 
or groove binding or a combination of both as shown in Figure 2.16.

fhe rationale for the design of the 1,8-naphthalimide containing d'rdger’s bases 86-90 
was similar to that seen for 81-83.'"’* '"'^ It was anticipated that the alteration in the shape of 
the Troger’s base structural unit as seen in Figure 2.17, by deriving these molecules from the 
3-amino-l,8-naphthalimide chromophore, would lead to different DNA binding affinities and 
binding modes compared to the 4-amino derivatives such as 81 which was found to bind to 
the grooves of ct-DNA (Appendix 2).

illlt'l t

^ [;ijor (;i oovt^ BliiiUiiQ

ICtecliostaUc
Intf^iactlon.s

Miiioi < ri <H>\ e Riudius

his iiitrirelation

Figure 2.16; Rationale in the design of 86 as a DNA binding agent and diagram representing 
the different modes of interaction with the DNA double helix (right).

With the aim of investigating the potential relationship between the shape of the 
Troger’s base and its DNA binding mode, the conformations of 81 and 86 were analysed 
using MM2 molecular mechanics studies in collaboration with Dr. C. Lincheneau (See 
Appendix 2 for details) and are shown in Figure 2.17. From these studies, dihedral angles of 
96° and 72° were determined for the Troger’s base structural units of both 81 and 86, 
respectively, and it was anticipated that this difference may play a pivotal role in determining 
the DNA affinity and DNA binding mode of these molecules.

.A.S a means of evaluating the DNA binding affinity of 86-90, absorption and 
fluorescence techniques were employed as interactions with DNA typically result in changes 
in the electronic spectra of DNA binding molecules. Additional spectroscopic techniques 
such as LD and CD were also carried out to investigate the nature of the binding of these 
molecules towards DNA and the results from these studies will be discussed in the following 
.sections.
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(a)

Figure 2.17 (a) Ball and stick (left) and space filled (right) models of 81. (h) Ball and stick 
(left ) and space filled (right) models of 86.

2.8.1 Photophysicai Evaluation of the DNA Binding Interaction

As shown in Section 2.6, the naphthalimide chromophores of 86-90 absorb in the 300- 
500 nm region of the electromagnetic spectrum. In contrast, the nucleobases of DNA absorb 
at ca. 250-260 nm and therefore, any changes in the absorption spectra of these DNA 
targeting molecules can be easily monitored. These changes may include a decrease in the 
absorbance of the molecule (hypochromism), a shift in the wavelength of the absorption 
maximum to a longer wavelength (bathochromic shift), or a shift to shorter wavelength 
(hypsochromic shift). Changes in the emission spectra of 86-90 upon the addition of DNA 
may involve an enhancement or quenching of the fluorescence intensity, a shift of the 
emission band to longer wavelengths (red shift) or to shorter wavelength (blue shift). When a 
plateau was reached, it was considered that all the compound was fully bound to DNA and 
this was regarded as the end point of the titration. All titrations were repeated three times to 
ensure reproducibility.

The absorption and fluorescence titrations were carried out with ct-DNA in aqueous 
10 mM phosphate buffer at pH 7.4. At this pH the terminal amine groups of 86 and 88-90
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were protonated, whereas, the DNA is largely negatively charged and thus, electrostatic 
interactions should be maximised between the two. As 87 has a pATa value of 6.1 and was not 
expected to be protonated at physiological pH, this molecule was used as the reference 
compound in order to evaluate the importance of the cationic side chain in the DNA binding 
event.

2.8.2 Methods for the Determination of Binding Constants

The absorption and fluorescence spectral changes observed upon the addition of ct- 

DNA to 86-90 were used to estimate their respective binding constants. In order to measure 
these binding constants, two binding models were considered: (i) the Bard modeland (ii) 

the McGhee and von Hippel model.Generally, absorbance spectral data may be fitted to 
the Bard model and/or the McGhee and von Hippel model, whereas, the luminescence data 
may only be fitted to the McGhee and von Hippel model.All titration measurements 
were conducted a number of times to ensure reprodueibility as stated above. The binding 
constant Kb, described by the Bard model was determined using equations 2.5 and 2.6, which 
are valid for the assumption of non-cooperative non-specific binding to DNA with the 
existence of one discreet binding site n.

£b — £f 2KbCt:

(2.5)

b^l + KbCt + Kb[DNA\/2n
(2.6)

where, Sa, Sf and Sb correspond to the apparent extinction coefficient, the extinction coefficient 
for the free compound and the extinction coefficient for the compound in its fully bound form, 
respectively.'^'* The concentration of DNA in base pairs is [DNA], C| is the total compound 
concentration and n is the number base pairs occupied by the bound molecule.

Kb was determined from the luminescence data in accordance to the McGhee and von 
Hippel model (equation 2.7). The concentration of the bound compound Cb and the free 
compound Cf at a given concentration were firstly determined using equations 2.8 and 2.9,
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C,
= nr')

/

nr
.1 — (n — l)r

(2.7)

 '/If - I

If ~ 4

Cf = c Cy,

(2.8)

(2.9)

whiere. If and Ib are the fluorescence intensities of the free and bound compound, I is the 
fluorescence response, C is the total dye concentration, n is the binding site size and r = 
Cb/[DNA] ([DNA] is the concentration of DNA in base pairs).The binding data were 
plotted in terms of r/Cf versus r and the binding constant and binding site size were 
determined from the non-linear fit to equation 2.7 using Origin Pro8.

2.8.3 Ground State Studies in Low Ionic Strength Medium (10 mM Phosphate Buffer)

The interaction of 86-90 with ct-DNA was first investigated using electronic 
absorption spectroscopy. Compound 86 was the first to be investigated and its absorption 
spectrum shown in Figure 2.18 was substantially affected by the successive addition of ct- 
DNA. The initial additions of cZ-DNA (0-12.4 pM) resulted in a significant hypochromism of 
ca. 34 % tor the 4iiaxuv at 347 nm, with an accompanying bathochromic shift of 2 nm. The 
significant hypochromism and the concomitant bathochromic shift are indicators of an 
interaction between 86 and the double stranded cZ-DNA.^^ '*^^ Upon further addition of ct- 
DNA (14.3-56.1 pM), the absorption spectrum of 86 exhibited a small enhancement of 14 % 
at 347 nm. Thereafter, no changes were observed upon the addition of cZ-DNA (42.2-89.0 
pM). The changes in the absorbance at 347 nm were plotted with respect to a nucleotide 
phosphate to dye ratio (P/D) and as can be seen in the insert in Figure 2.18, a bi-phasic DNA 
binding event was observed for 86. An initial decrease was observed between P/D 0-2.8 and 
this was followed by a subsequent absorbance enhancement, with a plateau being reached at a 
P/D of 12.
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♦ ♦ ♦ ♦ ♦

Figure 2.18; The absorption spectrum of 86 (5.2 pM) in 10 mM phosphate buffer (pH 
7.4) with increasing concentration ofct-DNA (0 - 89.0 pM). Inset: Plot of changes in the 
absorption spectrum of 86 at 347 nm in the presence ofct-DNA (0 — 89.0 pM).

Similar results were reported for 81 and 83 and the ruthenium systems 84 and 85 and 
the bi-phasic behaviour observed was attributed to a "template directed effect" where the 
initial decrease in absorbance was reported to be as a result of DNA induced aggregation of 
86, causing the molecule to stack on the DNA backbone, fhis was followed by an increase in 
absorbance due to a de-stacking event and the subsequent redistribution of the species over
the length of the DNA polyanion I 19.148,149 In addition, no clear isosbestic point was observed
during the course of the titration which is perhaps indicative of more than one mode of 
binding.

The bi-phasic binding behaviour observed for 86 was also observed for 88-90 upon 
the addition of cZ-DNA. No clear isosbestic points were observed during the course of the 
titrations, however, a bathochromic shift of 2 nm was observed for 88, whereas, for 89 and 90 

bathochromic shifts of 3 nm were detected for each. When such changes at ?imaxuv = 347 nm 
were plotted as a function of P/D, similar isotherms were observed for 88 and 90 (Figure 
2.19). For instance, 88 exhibits a hypochromism of 35 % between P/D 0-2.8 and upon further 
addition of cZ-DNA the absorbance was enhanced by 12 % between P/D 2.4-11.2 with a 
plateau being reached at a P/D = 14.
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Figure 2.19.- Plot of the changes in the absorption spectra of 88 (^) and 90 (^) at pH 7.4 at 
347 nm in the presence of ct-DNA.

In the case of 90, the absorption maximum exhibited a hypochromism of 39 % 
between P/D of 0-1.25 and a subsequent hyperchromic effect was observed between P/D 1.6 
and 8.8.

1 he largest changes in the absorbance spectra were observed for 89, where the 
absorbance maximum showed a hypochromism of 57 % from a P/D of 0-1.1, as shown in 
Figure 2.20. 7'he subsequent absorbance enhancement of 23 % was observed between P/D 1.1 
and 2.0. Thereafter, no changes were observed.
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Figure 2.20.- Plot of the changes in the absorption spectra of 89 at pH 7.4 at 347 nm in the 
presence of ct-DNA.
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So far, significant changes have been observed in the absorption spectra of the 
Troger’s bases 86 and 88-90 upon the addition of c7-DNA in 10 mM phosphate buffer at pH 
7.4. As already mentioned 86 and 88-90 can be protonated at physiological pH and are 
anticipated to interact with the anionic phosphate backbone through electrostatic interactions. 
In order to gain an insight as to whether or not the protonated side chains were a necessary 
feature for achieving stronger DNA binding, the DNA-binding affinity of 87 which has a pATa 
of 6.1 and is not expected to be protonated at physiological pH was investigated in 10 mM 
phosphate buffer at pH 7.4.

The changes in the absorption spectrum of 87 (10.5 pM) in 10 mM phosphate buffer 
(pH 7.4) upon the successive addition of ct-DNA (0-98.6 pM) were minor and are shown in 
Figure 2.21. Upon increasing concentration of ct-DNA, the absorption maximum at 347 nm 
exhibited a hypochromism of 7 % between P/D 0-1.1. In addition, no isosbestic point or 
bathochromic shift was observed. According to a plot of the changes in the absorbance of 87 
shown in the inset of Figure 2.21, a bi-phasic binding mode was not observed.
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Figure 2.21: The absorption spectrum of 87 (10.5 pM) in 10 mM phosphate buffer (pH 7.4) 
with increasing concentration of ct-DNA (0-98.6 pM). Inset: Plot of changes in the absorption 
spectrum of 86 at 347 nm in the presence of ct-DNA (0-98.6 pM).

fhe changes observed in the absorbance spectra of 86-90 are summarised in fable 
2.6. The bathochromic shifts and the hypochromic and hyperchromic effects observed in the 
absorbance spectra for 86 and 88-90 suggest that these molecules bind more strongly to ct-
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DNA in comparison to 87 implying that the protonated side chain may be a necessary feature 

in achieving stronger DNA binding. Similar results were also observed for 81-83.''’**''^*^

Table 2.6: Photophysical properties of 86-90 (10 mM phosphate buffer, pH 7.4) in the
iu!presence of ct-DNA. Cfis the extinction coefficient of the free compound. fnaxF A the

n absorbance for the fn 
maximum absorbance for the bound compound.
wavelength of maximum absorbance for the free compound. T^maxB is the wavelength of

Property' 86 87 88 89 90

Ef (M'' diV cm 19332 14934 16762 13412 14825

A.maxF (nm) 347 347 347 347 347

^inaxB(nm) ^ ^ 349 347 349 350 350

llathochromic shift (nm) 2 0 2 3 3

Hypochromism (%)
^

34
___________

7 35 57 39

1 lyperchromism (%) 14 0% 12
L

23 16

In summary, the affinity of 86-90 towards cY-DNA has been investigated by 

absorption spectroscopy. Analysis of the data in Table 2.6 shows that significant changes 

occur in the absorption spectra of 86 and 88-90 upon successive addition of ct-DNA, 

whereas, only minor changes oceurred for 87. This was anticipated because the A-imide side 

chains remain unprotonated at physiological pH and no electrostatic interactions can take 

place. Similar results were reported by Veale et for 81-83 with 82 exhibiting only
minor changes upon the addition of ct-DNA at pH 7.4.

For comparison purposes, the changes in the absorbance spectra of the 3-amino-l,8- 

naphthalimide precursors 20 and 103-106 in the presence of ct-DNA were also investigated in 

10 mM phosphate buffer (pH 7.4). The interaction of ct-DNA with 20 is shown in Figure 

2.22, where a bathochromic shift of 22 nm of the absorption maxima coupled to a 47 % 

hypochromism at 408 nm was observed. In addition, an isosbestic point was observed during 

the course of the titration at 443 nm, indicating the presence of two spectroscopically distinct 

tree and ct-DNA bound chromophores. Similar decreases in the absorption speetra have been 

observed for unsubstituted and 3- and 4-substituted naphthalimides.'^^'^*' ’^'’ '^' '^'’ '^^ ''’'’
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The changes observed in the absorbance spectra of 20 were plotted as a function of P/D and 
as can be seen in the inset in Figure 2.22, no bi-phasic behaviour was observed for 20 upon 
the addition of ct-DNA, showing that there is a significant difference in the binding 
interactions of 20 and 86 with ct-DNA due to the incorporation of the Troger’s base structural 
unit. Furthermore, this plot shows that 20 is binding to ct-DNA at a P/D of 12, whereas, in the 
case of 86, the initial binding interaction exhibited by 86 occurred at a much lower P/D of 
2.4.
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Figure 2.22: The absorption spectrum of 20 (9.3 pM) in 10 mMphosphate buffer (pH 7.4) 
with increasing concentration of ct-DNA (0-228.2 pM). Inset: Plot of changes in the 
absorption spectrum of 20 at 408 nm in the presence of ct-DNA (0-228.2 pM).

In a similar manner, the absorption spectrum of 103 shown in Figure 2.23, a 
hypochromic effect of 35 % at A.„,axuv = 406 nm was observed accompanied by a 
bathochromic shift of 17 nm. In addition, an isosbestic point was observed at 437 nm. These 
changes are plotted as a function of P/D in the inset in Figure 2.23 and are more significant 
than those observed for the Troger’s base derivative 87. These spectral changes show the 
impact of the shape of the Troger’s base unit on the ability of the naphthalimide chromophore 
to bind to DNA. As only minor changes were observed in the absorption spectra of 87 upon 
the addition of ct-DNA, this suggests that the mode of binding has been altered due to the 
incorporation of the Troger’s base moiety and that the electrostatic interactions are required 
for strong DNA binding.
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Figure 2.23: The absorption spectrum of 103 (10.5 pM) in 10 mMphosphate buffer (pH 
7.4) with increasing concentration ofcl-DNA (0 — 457.7 pM). Inset: Plot of changes in the 
absorption spectrum of 103 at 408 nm in the presence ofct-DNA (0-457. 7 pM).

A plot of A/Ao versus P/D for the changes observed in the absorption spectra of 104- 
106 is shown in Figure 2.24. Upon the addition of ct-DNA to 104-106, significant decreases 
in absorbance and shifts to longer wavelengths were observed, in addition to the presence of 
isosbestic points. Such photophysical behaviour is summarised in Table 2.7.
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Figure 2.24.- Plot of the changes in the absorption spectra of 104 (^), 105 (^) and 106 (^) 
at pH 7.4 in the presence of ct-DNA at 405, 407 and 406 nm, respectively.
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Table 2.7: Photophysical properties of 20 and 103-106 (10 mM phosphate buffer, pH 
7.4) in the presence of ct-DNA. Cpis the extinction coefficient of the free compound.

7ma.xF is the wavelength of maximum absorbance for the free compound. X,„a.xB is the
wavelength of maximum absorbance for the bound compound.

Property 20 103 104 105 106

ep (M"' dm^ cm ')
|a|

i 4670
1
1

1 5290 4224 ' 3944 5879

>^maxp (nm) 408 406 405 407 406

^maxB(nni) ^ ^ ' 430 423 421 421 429

Bathochromic shift 
(nm)

22

1

17

!

16

1

' 14

1

* 23

1

I lypochromism 
(%)

47 ' 35 39 52 42

Isosbestic point 
(nm)

433 437 ’ 434 ' 438 438

In summary, the ground state investigations have shown that the novel Trdger’s bases 
86 and 88-90 interact with ct-DNA in a bi-phasic binding event, similar to that seen for the 4- 
amino derived analogues 81 and 83. Only one mode of binding was observed for the 
precursors 20 and 103-106 showing that incorporation of the Troger’s base unit impacts on 
the mode of binding of the naphthalimide chromophore. In order to evaluate the DNA 
binding interactions, the binding constants were determined and are discussed in the 
following section.

2.8.4 Binding Constants Determined from the Absorbance Data

The data from the initial changes in the absorption spectra of 86-90 were analysed in 
order to obtain their binding affinities for c7-DNA. Due to the bi-phasic behaviour observed it 
was not possible to analyse the absorbance data using the Me Ghee and von Hippel binding 
model''^'^ which requires the data from the DNA titrations to be represented as a Scatchard 
plot which results in the omission of data from the beginning and the end of the titrations. The 
data points from the first interaction were used to determine the binding parameters for the 
Bard modeland a description of this binding model was previously discussed in Section
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2.8.2. However, the errors assoeiated with the binding constants were high and this may be 
due to the limited number of data points in the plateau region of the first binding interaction.
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Figure 2.25: Plot of (Ka-Cf)/(8b-8f) versus ct-[DNA] for 86 (a), 88 (b), 89 (c) and 90 (d) and 
the corresponding non-linear fits to the Bard model (equation 2.5).

Binding constants Kb and binding site sizes n were determined for 86 and 88-90 and 
the representative curves are shown in Figure 2.25. The changes observed in the absorbance 
spectra of 87 upon the addition of c7-DNA were minor and thus, Kb could not be determined. 
Binding constants Kb and binding site sizes n, using the Bard binding model are summarised
in Table 2.8. 194

The binding constants determined for 86 and 88-90 were targe being in the range of 
10^ NT'. Similar binding affinities were observed for the 4-amino derivatives 81-83. .48,149 

binding constant values determined for these derivatives were significantly higher than 
several commonly used anti-tumour agents such as 9-amino acridine (5.3 xlO^ and
9-anilinoacridine derivatives.^®'*'’’ For 87, the changes in absorbance were relatively small 
compared to 86, 88-90 and thus, upon analysis of the data a reasonably good fit using the 
Bard parameters could not be obtained.'®'' The binding site sizes determined as shown in
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Table 2.8 were less than unity and this is not in accordanee with the "neighbour exclusion
principle

Table 2.8: Binding constants Kh and binding site sizes n determined where possible for 
86-90 bound to ct-DNA in 10 mM phosphate buffer at pH 7.4, using the Bard binding 
model. Changes were too .small to determine Kt.

Compound Kb( xIO^^'M ') n (bp)

86 8.51 (±5.34) ' 0.22 (± 0.01) 0.99

87 [a] 1 !al ' |ai

88 6.59 (± 2.35) 0.27 (±0.01) 0.99

89 9.69 (± 3.96) 0.17 (± 0.10) 0.99

90 9.68 (± 4.80) 0.23 (± 0.10) 0.99

Similar binding site sizes were observed for 81-83 which were postulated as being due 
to the binding interactions of the Troger’s bases occurring in the grooves of the DNA helix. 
Consequently, investigations were undertaken to elucidate the mode(s) of binding for these 
compounds using circular and linear dichroism techniques, and the results from these studies 
will be discussed in Sections 2.8.11 and 2.8.12, respectively.

Quantitative analysis of the absorbance changes for 20 and 103-106 was conducted 
using both the Bard and McGhee and von Hippel binding models, as shown in fable 
2 9 194,195 binding constants determined arc in the range of 10^ M''-10^ M"' . For instance, 
the binding constants of 104-106 were found to be an order of magnitude lower than those 
determined for 87-90 indicating that the incorporation of the Troger’s base structural unit into 
the design was well founded as the DNA binding affinity of these novel compounds was 
enhanced.
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Table 2,9; Binding constants Kh and binding site sizes n determined where possible for 20 
and 103-106 bound to ct-DNA in 10 mM phosphate buffer at pH 7.4, using the Bard and 
Me Ghee and von Hippel models. l“l An accurate Kb coidd not he determined.

Compound Bard ]McGhee and von Hippel

Kb( xlO^ M'') n(bp) K:b ( xio^ M"‘) n(bp)

20 1.22 (± 0.30) 1.24 ( ±0.07) 0.37 (± 0.02) 1.82 (±0.06)

103 0.11 (±0.05) 1.27 (± 0.09) 0.06 (±0.003) 2.69 (±0.08)

104 0.25 (±0.07) 0.90 (± 0.13) 0.14 (± 0.01) 2.21 (±0.01)

105 0.57 (±0.11) 0.78 (± 0. 05) 0.35 (± 0.01) 1.58 (±0.03)

106 l<i| |a| 0.30 (± 0.03) 2.46 (± 0.08)

2.8.5 Excited State Studies in Low Ionic Strength Medium (10 mM Phosphate Buffer)

The interaction of 86-90 with cf-DNA was investigated using fluorescence emission 
and excitation spectroscopy in 10 mM phosphate buffer at pH 7.4. The titrations were 

performed by exciting the absorbance maximum ?^maxuv as no isosbestic points were observed 

in the absorbance spectra. The fluorescence emission and excitation spectra of 88 and 89 are 
shown in Figure 2.26.
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Figure 2.26: The overlaid excitation (Xe,,, = 500 nm) and emission spectra (Xex = 347 nm) of 
89 (left) and 88 (right) in 10 mM phosphate buffer (pH 7.4) upon increasing ct-DNA (0-47.9 
pM)
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Upon successive addition of ct-DNA, the emission spectrum of 89 was fully quenched 
and there was no shift in the band position (X^naxhLu)- In the case of 88, a bi-phasic binding 
phenomenon was observed, as initially there was a dramatic increase in the fluorescence 
intensity between P/D of 0-0.8, followed by a sharp decrease in the intensity with a plateau 
being reached at a P/D of 8. However, no shifts in the emission maximum to longer or shorter 
wavelengths were detected. The changes in the emission spectra of 86 and 88-90 as a function 
of P/D are shown in Figure 2.27.
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Figure 2.21: Plot of changes in intensity of 86 /♦/, 88 89 ( ) and 90 /♦/ v.v. P/D in
10 mM phosphate buffer at pH 7.4 at kEm = 538, 545, 464 and 545 nm, respectively.

When the emission spectrum of 87 in 10 mM phosphate buffer at pH 7.4 was 
investigated as a function of increasing cZ-DNA concentration, larger changes were observed 
in the excited state compared to the ground state as shown in Figure 2.28. In the absence of 
cZ-DNA, upon excitation at 347 nm, compound 87 exhibited a broad emission band centred at 
A-maxFLu at 543 nm. The intensity of this band was significantly quenched by ca. 70 % in the 
presence of increasing concentration of cZ-DNA.

The substantial fluorescence quenching observed for 86-90 may be attributed to an 
efficient photo-induced electron transfer (PET) from the DNA bases to the excited state of the 
naphthalimide chromophore. Similar fluorescence quenching was also observed for the 4- 
amino derived Troger’s bases 81 and 83.'^'
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Figure 2.28. Fluorescence emission spectrum of 87 (10.5 pM) (aex = 347 nm) upon 
increasing ct-DNA concentaration (0-98.6 pM) in 10 mMphosphate buffer at pH 7.4.

For comparison purposes, the interactions of 20 and 103-106 with ct-DNA were 
investigated using fluorescence emission and excitation spectroscopy in 10 mM phosphate 
buffer at pH 7.4. The fluorescence emission spectrum of 20 is shown in Figure 2.29. Upon 
excitation at 408 nm, a broad emission band was observed centred at 582 nm. The intensity of 
this band was quenched substantially upon increasing concentration of c7-DNA (from a P/D 
ot 0 to 20) in addition to a hypsochromic shift of ca. 24 nm being observed. Similar changes 
were observed tor 103-106 and these changes are summarised in Table 2.10.

Table 2.10.' Summary of emission properties observed for 20 and 103-106 upon the 
addition of ct-DNA in 10 mM pho.sphate buffer (pH 7.4). fnaxF is the wavelength of 
maximum intensity for the free compound. )~maxB is the wavelength of maximum intensity 
for the hound compound.

Property' 20 103 104 105 106

(nm) 582 587 581 583 585

>tniaxB (nm) '''* 558 574 552 564 559

Hypochromism (%) 70 64 35 51 56

Hypsochromic Shift 24 13 29 19 26
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Figure 2.29. Fluorescence emission spectrum (Iex = -108 nm) of 20 (9.3 pM) in 10 mM 
phosphate buffer (pH 7.4) upon successive addition ofct-DNA (0 - 228.2 pM). Inset: Plot of 
changes in emission spectrum of 20 as a function of P/D at 582 nm.

2.8.6 Binding Constants Determined from the Emission Data

Binding constants Kb and binding site sizes n were determined where possible for 86- 
9(i utilising the McGhee and von Hippel binding model and are summarised in Table 2.11. 
The binding curves and corresponding fits for the interactions between 87 and 90 and f/-DNA 
are shown in Figure 2.30.

Table 2.11; Binding constants determined for 86-90 where possible using the McGhee 
and von Hippel binding model. Using the data obtained no accurate binding constant 
could be determined.

Compound Kb (X 10* M ') n(bp)

86 TTal fal TaT

HI 0.22 (±0.01) 1.15 (± 0.04) 0.88

88 |a| 1 |a| 1^1
^ . ..

89 5.64 (± 0.24) 0.42 (± 0.01) 0.76

90 0.78 (± 0.02) 1.19 (± 0.03) 0.95
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As can be seen in I'able 2.11, the values for the fits for the Scatchard plots were 
not near unity except for 90 which highlights that the binding constants obtained are not very 
reliable. This may be because these compounds are binding quite strongly to cr-DNA and 
these changes are happening very quickly. In order to quantify the DNA binding interaction 
these molecules will be studied in high ionic strength as the strength at which the drug binds 
is expected to decrease due to a shrinking of the DNA helix.
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Figure 2.30: Scatchard plots and best fits (-) of the emission data for 87 (left) and 90 
(right) in 10 niMphosphate buffer at pH 7.4.

The binding constants were determined for the precursors for comparison purposes 
using the McGhee and von Hippel model and are summarised in Table 2.12. These values are 
in the range of lO’’ M'', an order of magnitude lower than that observed for 90 (best fit) 
showing that the design of these molecules was well founded.

Table 2.12. Binding constants determined for 20 and 103-106 M’here possible using the 
McGhee-von Hippel binding model. Using the data obtained no accurate binding 
constant could be determined.

Compound Kh (X 10‘' IM ') n(bp)

20 0.22 (± 0.01) 2.41 (±0.01) 0.98

103 [31---- lal 0.88

104 0.14 (± 0.01) 2.21 (± 0.10) 0.89

105 0.25 (± 0.01) 1.75 (±0.05) 0.94

106 0.86 (± 0.03) 0.65 (± 0.01) 0.92
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Moreover, the binding site size for the 3-amino-1,8-naphthalimide derivatives 20 and 
103-106 were found to close to 2 bp, which is usually observed for intercalating molecules
such as pro flavin according to the "Neighbour Exclusion Principle- 200

In summary, the newly formed Trdger’s bases have been shown to bind to C/-DNA 
with a high affinity and with comparable affinity to the 4-amino derived analogues 81-83. In 
addition, 86-90 demonstrate a higher affinity towards cY-DNA in comparison to their 
monomeric counterparts highlighting that the design of these molecules was well founded. In 
order to further evaluate their binding to cADNA, these molecules were studied in 
competitive media and these results are discussed in the following section.

2.8.7 Ground State Studies in High Ionic Strength Medium (10 mM Phosphate buffer + 
NaCl)

Ligands that bind to double helical DNA through an intercalativc mode and/or 
association with the grooves typically lose their binding affinity as the ionic strength is 
increased due to a decrease in the phosphate-phosphate repulsion which results in the 
contraction of the DNA helix.According to the polyelectrolyte theory by Manning,^^"* 
sodium and potassium cations interact with DNA through condensation effects that stabilise 
the polyanionic duplex. As a consequence of this, positively charged DNA binders which 
would otherwise contribute to charge neutralisation may be displaced by a competitive salt 
effect in which high concentrations of sodium and potassium cations effectively compete for 
the negatively charged binding sites.

The Trdger’s bases 86-90 studied above contain A-imide side chains that are expected 
to bind to DNA via electrostatic interactions, but also contain two 1,8-naphthalimides that are 
anticipated to either bind in the DNA grooves or via intercalative stacking interactions or 
possibly both. In order to investigate the effect of NaCI on the DNA binding ability of these 
molecules, their binding affinities were investigated in the presence of 50 mM and 160 mM 
NaCl. Concentrations of 50 and 160 mM were chosen for NaCl as they mimic the 
concentrations found within the cell nucleus and standard in vitro concentrations, 
respectively.^^^

The changes in the absorption spectra for the titration of 86 with cADNA in 50 mM 
and 160 mM NaCl at pH 7.4 are shown respectively, in Figure 2.31(a) and (b). As can be seen 
in Figure 2.31(a), the changes observed in the absorption spectrum of 86 (10 mM phosphate
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buffer + 50 mM NaCl) upon increasing cf-DNA concentration were similar to those observed 
in the absence of NaCl. A hypochromic effect of 24 % was observed between P/D 0-8, in 
addition to an absorbance enhancement of 5 % between P/D 8-15 and a slight bathochromic 
shift of 2 nm was observed for the absorbance maximum at 347 nm.

Figure 2.31: The absorption spectra of 86 (5.3 pM) in (a) 10 mM phosphate buffer + 50 mM 
NaCl and (b) 10 mM phosphate buffer + 160 mM NaCl upon titration with ct-DNA (0 -272 
pM).

Such bi-phasic behaviour was not observed upon the addition of c7-DNA at higher 
ionic strength (10 mM phosphate buffer + 160 mM NaCl), a hypochromism of 28 % was 
observed between a P/D of 0 to 17. Further additions of ct-DNA only produced a negligible 
effect. A plot of these changes as a function of P/D is shown in Figure 2.32.
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Figure 2.32. Plot of changes in the absorbance ofHb in 10 mM phosphate buffer (♦), 10 
mM phosphate bufter+ 50 mM NaCl (♦/ and in 10 mM phosphate buffer + 160 mM NaCl 
f*) versus P/D at 347 nm.
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The results observed here indicated that at high ionic strength (10 mM phosphate 
buffer +160 mM NaCl) a single binding interaction prevailed which implied that electrostatic 
interactions no longer played a major role in the DNA binding event which is unlike that 
observed for 86 at lower ionic strength (10 mM phosphate buffer + 50 mM NaCl).

The Kb values were determined from the absorbance data using the Bard binding 
model and are summarised in Table 2.13. Upon comparing these binding constants to that 
obtained in the absence of NaCl, it is evident that the presence of NaCl has a significant effect 
on the DNA binding ability of 86. A similar effect was observed for the 4-amino derived 
Troger’s base 81.

Table 2.13: Binding constants determined for 86 hound to ct-DNA in 10 mM phosphate 
buffer and competitive media using the Bard binding model.

NaCl
(mM)

Kb (lO'^ M ') n (bp)

0 8.51 (±5.34) 0.22 (±0.01) 0.99

5(7 ^ 2^4 (± i.09) 0.21 (±().()2) 0.98

160 0.41 (±0.12) 0.63 (± 0.10) 0.98

Tbe absorbance spectra of 88-90 were also recorded in competitive media 
(corresponding changes in absorbance and the binding isotherms are shown in Appendix 2).

2.8.8 Excited State Studies in High Ionic Strength Medium (10 mM Phosphate buffer + 
NaCl)

The binding of 86 to cZ-DNA was evaluated in phosphate buffer at pH 7.4 in the 
presence of both 50 mM and 160 mM NaCl using fluorescence emission spectroscopy and the 
representative spectra are shown in Figure 2.33. In 50 mM NaCl, when excited at 347 nm an 
unsymmetrical band with a A-maxFLu at ca. 543 nm was observed and the intensity of this band 
decreased by ca 45 % upon the successive addition of cZ-DNA and was accompanied by a 
bathochromic shift of 7 nm as can be seen in Figure 2.33(a). A plateau was reached at a P/D 
of 20. In the presence of 160 mM NaCl, a XmaxFLU at ca. 543 nm was observed when excited at 
347 nm. Upon the addition of cZ-DNA in 160 mM NaCl, a decrease in intensity up to 35 % 
was observed with a bathochromic shift of 7 nm.
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Figure 2.33; Fluorescence emission spectrum of 86 (5.0 pM) (Xex = 547 nm) upon 
increasing ct-DNA concentaration (0-260 pM) in (a) 10 mMphosphate buffer 50 mM 
NaCl and (h) 10 mM phosphate buffer + 160 mM NaCl, at pH 7.4.

In the absence of salt, a hypochromism of 70 % was observed and a plateau was 
reached at a P/D ot 10, showing that the presence of salt clearly affects the binding affinity of 
86 towards c7-DNA as upon an increase in salt concentration (50 mM NaCl), a 
hypochromism of ca. 45 % was observed for 86 as a function of c7-DNA concentration, 
where a plateau was reached at a P/D of 40, as can be seen in Figure 2.34. Similar behaviour 
was observed for 88-90 (Appendix 2).
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Figure 2.34; Plot of changes in the emission intensity of 86 in 10 mM phosphate buffer (♦), 
10 mM phosphate buffer+ 50 mM NaCl (♦; and in 10 mM phosphate buffer + 160 mM NaCl 
(^) versus P/D at 543 nm.
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As before the emission data was used to determine Kb values for 86 and 88-90 using 
the McGhee and von Hippel model and the binding constants are summarised in Table
2.14 195

Table 2.14; Kt, and n determined for 86 and 88-90 using the McGhee and von Hippel 
binding modelJ^^^"^Accurate value could not he determined.

Compound 50 mM NaCI 160mMNaCl

Kb(10'’M'‘) n(bp) KbdO^’M-y n(bp)

86 0.15 (± 0.01) 2.50 (± 0.21) 0.12 (±0.01) 1.23 (± 0.12)

88 Ui| |a| lal lal

89 lal |a| 0.034 (±0.007) 0.70 (±0.03)

90 0.67 (± 0.03) 1.79 (±0.05) 0.21 (± 0.004) 1.73 (± 0.04)

In the case of 90, there was not a considerable difference in the DNA binding affinity 
when investigated in the presence (Kb = 0.67 (± 0.03) xlO^ M"') and absence (Kb = 0.78 (± 
0.02) xlO^ M'') of 50 mM NaCl. However, upon increasing the salt concentration to 160 mM, 
the affinity for cADNA was significantly reduced highlighting the involvement of 
electrostatic interactions in the DNA binding affinity of 86 and 88-90.

In summary, these spectroscopic investigations have shown that 86 and 88-90 have 
high C/-DNA binding affinities that are comparable to the 4-amino derived analogues 81 and 

148,149 addition they have enhanced DNA binding affinities compared to their mono
meric counterparts and this indicates that the Troger’s base unit leads to significant changes 
in the manner in which the naphthalimde chromophore binds to DNA. The next section will 
further discuss and compare the binding affinities of these molecules, which were analysed 
from displacement assays using ethidium bromide.

2.8.9 Ethidium Bomide Displacement Assays

The DNA binding affinity of 86-90 was investigated further by carrying out 
competitive ethidium bromide displacement assays, a technique first introduced by LePecq
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and Paoletti^*^^ that can be used to evaluate the binding seleetivity and affinity of both 
intercalative and non-interealative drugs.Moreover, the assay is not limited to small 
molecule assessments and has been used with a variety of ligands ineluding proteins and 
triplex-forming oligonucleotides.^^^ As mentioned in Chapter 1, ethidium bromide is a DNA 
binder that interealates between the DNA base pairs and eleetrostatieally interacts with the 
anionie phosphate groups of the DNA helix. Ethidium bromide is weakly emissive, however, 
when bound to DNA it beeomes highly emissive, as shown in Figure 2.33. Subsequent 
addition of a DNA binding eompound results in a deerease in fluoreseence due to 
displaeement of the bound ethidium bromide, where the pereentage fluorescenee deerease is 
direetly related to the extent of DNA binding providing relative binding affinities.^°^ The 
apparent binding constant ¥^pp was calculated aceording to a eompetitive model deseribed by 
Boger ei cd}^^ using equation 2.9,

K.app K,EB
[EB]

C,

(2.9)

50

where, C50 is the eoneentration of the potential DNA binder being tested at 50% reduetion in 
thg emission intensity of ethidium bromide, fEB] is the ethidium bromide concentration and 
K-eb is the binding eonstant for ethidium bromide. The binding eonstant for ethidium bromide 
bound to ft-DNA is 10 x 10^ M"

The emission speetrum of ethidium bromide when free and bound to et-DNA in 10 
niM phosphate buffer upon titration of 90 is shown in Figure 2.35.

560

EB bound to c7-l)N.\

50% fluorescence decrease

610 760660 710
Wavelength (nm)

Figure 2.35:The emission spectra of ethidium bromide (EB) when free and hound to ct- 
DNA (4.4 pM\ 8.8 pM) in 10 mMphosphate buffer upon the addition of 90 (0 to 9.1 pM) 
with Xex = 545 nm at pH7.4.
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For compounds 86-90 and the precursors 20 and 103-106 which were evaluated for 
comparison purposes, the spectral data is given in Appendix 2.

I'he analysis of the emission data from each titration allowed for a determination of 
the Cso values. The plots of the relative decrease in fluorescence intensity (IFrel%) of 
ethidium bromide/c/-DNA against the concentration of 86-90, 20 and 103-106 added are 
shown in Figure 2.36.

As can be seen in Figure 2.36, the naphthalimide precursors 20 and 103-106 did not 
induce fluorescence quenching of ethidium bromide/ct-DNA to a large extent, compared to 
85 and 88-90, showing that the V-shaped bis-naphthalimide compounds 86 and 88-90 were 
more effective at displacing ethidium bromide. The maximum fluorescence quenching 
induced by the model compound 87 was 16%, compared to 57%, 52?/o, 40% and 54% 
determined for 86, 88, 89 and 90, respectively, highlighting the importance of protonation of 
the terminal amine in improving DNA binding at pH 7.4. For Troger's bases the displacement 
capability is in the order of 86 > 90 > 88 > 89 > 87 and the C50 values and binding constants 
for 86-90 are listed in Table 2.15. A binding constant could not be determined for 87 using 
equation 2.9 as the required 50% emission quenching was not reached over the concentration 
range investigated.
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Figure 2.36: The fluorescence decrease observed for ethidium hromide/ct-DNA (4.4 pM: 8.8 
pM) in 10 mMphosphate buffer at 595 nm upon the addition ofTroger 's bases 86-90 and 3- 
amino-naphthalimides 20 and 103-106.
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Table 2.15: Cso values and binding constants determined for 86-90. Changes were minor 
and Cjo values and binding constants could not be determined.

Compound Cso (liM) K„;,/,(X lO")

In summary, the bis-naphthalimide Troger's base derivatives 86 and 88-90 induce 

significant emission quenching compared to their mono-naphthalimide derivatives 20 and 

104-106. As can be seen from the binding constants listed in Table 2.15, this is in the order of 

86 > 90 > 88 > 89 > 87, where both 89 and 87 have lower ct-DNA binding affinities 

compared to ethidium bromide. Conversely, 86 displayed higher affinity for ct-DNA, the 

overall affinity being approximately one and a half times that of ethidium bromide. These 

results show that the A-imide side chain plays a role in determining the binding affinities of 

these molecules for cV-DNA. Although no C50 values or binding constants were determined 

for the mono-naphthalimides 20 and 103-106 over the concentration range examined here, it 
is evident from Figure 2.34 that 86 and 88-90 induce significantly more emission quenching 

compared to 20 and 103-106 and thus, displace ethidium bromide more efficiently, indicating 

that the design of these molecules was well founded.

The results from a series of thermal denaturation experiments as well as circular 

dichroism and linear dichroism studies will be discussed in the following sections. Thermal 
denaturation experiments were conducted as a means to further compare the binding 

interactions of 86 and 88-90 with their corresponding precursors 20 and 104-106. The circular 

and linear dichroism studies were performed in order to determine the mode of binding of 86 

and 88-90 with cZ-DNA.
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2.8.10 Thermal Denaturation Experiments

A thermal denaturation experiment is performed to determine the stability of the DNA 
structure in the absence and presence of DNA modifying agents. If the temperature of a 
solution containing double stranded DNA is raised sufficiently, strand separation or 
"melting" can occur. The temperature that marks the midpoint of the transition is called 
the melting temperature (Tm), as depicted in Figure 2.37. This occurs when half of the nucleic 
acid exists in the helical state while the other half exists in the single stranded state and the 
two species are in equilibrium with each other. The melting transitions can be detected by 
UV-Vis absorbance, circular dichroism, NMR. viscosity, electrophoresis or calorimetry, with
UV-Vis spectroscopy being the most commonly used.208

Nucleic acids absorb in the UV region with a maximum absorbance at approximately 
260 nm. The absorbance increases upon increasing temperature as the double stranded DNA 
melts into the denatured form. By monitoring this hyperchromicity, a melting curve can be 
obtained which is sigmoidal in shape and indicative of a co-operative process. The inflection 
point in this curve is the The hyperchromic effeet is observed because of a reduction of 
electronic interactions in the stacked form. The absorbance of the single strand approaches
that of the nueleie aeid taken as monomers where no interactions between the bases occur.208

Figure 2.37; Representative melting curve of DNA showing the changes in the 
absorbance at ^maxuv= 260 nm as a function of increasing temperature.^’’^
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In general, drugs that bind to DNA tend to have a stronger affinity for double stranded 
DNA over single stranded DNA due to the uniform structural features that favour complex 
formation. This leads to stabilisation of the double stranded form of DNA and shifting of the 
equilibrium between the double and single stranded forms with a preference for the former 
and thus, more energy is required to separate the strands. Stacked bases provide an 
environment for intercalation of a drug which stabilises the double helix and leads to an 
increase in the Tm of the double stranded form of DNA. Minor groove binders have also been 
shown to stabilise structures and cause increases in the

The thermal denaturation studies of ct-DNA (150 pM) alone and in the presence of 86 
and 88-90 at a P/D ratio of 10 were carried out in 10 mM phosphate buffer at pH 7.4. In the 
absence of compound, the Tm value for ct-DNA was determined to be 68 °C. This value was 
found to change significantly in the presence of 86 and 88-90, as shown in Figure 2.38. For 
comparison purposes the thermal denaturation studies were conducted for cZ-DNA (150 pM) 
alone and in the presence of 86 and 88-90 at a P/D ratio of 10 in 10 mM phosphate buffer at 
pH 7.4.

50 60 70 80
Temperature (°C)

90

Compound Tm (°C)

CZ-DNA 68

86 >75

88 >75

89 >75

90 >75

Figure 2.38: Thermal denaturation curves and T„, values of ct-DNA (150 pM) in 10 mM 
phosphate buffer at pi I 7.4, in the absence (-) and presence of86 (-), 88 (f, 89 (-) and 90 (-), 
all at a P/D ratio of 10.

In general all the molecules stabilised the double stranded DNA structure. However, 
the Tm values for 86 and 88-90 did not correlate with the midpoint of the transition curves, as 
the melting of cZ-DNA had not finished at 90 °C. The temperature of the sample could not be
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increased further due to evaporation and boiling of the buffer. From the results obtained it 
appears that 86 and 88-90 stabilised the cr-DNA structure to a large extent indicating that the 
design of these molecules was well founded. Similar results were also observed for the 4-
amino derived Troger’s bases 81 and 83. 148-149

For comparison purposes DNA thermal denaturation studies were carried out for the 
3-amino-l,8-naphthalimide precursors 20 and 104-106 and are shown in Figure 2.39, where it 
can be seen that all the derivatives stabilised the double helix resulting in increases in the Tm 
values. In the case of 104, an increase in the Tm value of 5 °C was determined whereas, for 
the remainder of the derivatives the Tm values did not coiTelate with the midpoint of the 
transition curves, as the melting of c?-DNA had not finished at 90 °C. fhese studies show that 
all the derivatives investigated have a high affinity for ct-DNA. This was expected as in 
Sections 2.8.3-2.8.8 their binding constants were determined and were high being in the range 
of 10'*’-10^ M ' for the 1,8-naphthalimide derivatives 20 and 104-106 and 10^ M 'for the 
Troger’s bases 86 and 88-90.

1.2

Figure 2.39: Thermal denaluralion curves and Tm values ofcl-DNA (150 pM) in 10 mM 
phosphate buffer at pH 7.4 in the absence (^) and presence of 20 (^), 104 (^), 105 (^) 
and 106 (all at a P/D ratio of 10.
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2.8.11 Circular Dichroism Studies

Circular dichroism is a spectroscopic technique that probes the asymmetry of a system 
based on the difference in absorption of incident left and right circularly polarised light?" 
This technique has been applied to the conformational and configurational analysis, chiral 
discrimination and identification of molecules?'^ Moreover, CD can be used as a tool for the 
study of the structure of DNA and for probing the interactions of DNA with small molecules 
in solution. The heterocyclie bases of DNA are achiral, however, they become ehiral when 
placed within the framework of the chiral sugar-phosphate backbone.^" Charaeteristic CD 
spectra are observed depending on the sequences and the conformations of the nucleic acids. 
For instance, the CD spectrum of B-DNA consists of a positive band between 275 and 285 
nm due to the base stacking and a negative band between 235-240 nm due to the right 
handedness of the double helix, whereas, in the case of A-DNA the CD speetrum consists of a 
strong positive band at 270 nm and a weaker negative band at 240 nm.^'^ The B-DNA spectra 
are distinguishable from the A-DNA spectra in that the 270 nm band is less intense and the 
240 nm band is more intensely negative, as depicted in Figure 2.40.^'^'^'"*

Wavelength (nm)

Figure 2.40: Represenatative CD spectrum of A-DNA and B-DNA.^'"*

Many DNA binding ligands are achiral and thus, optically inactive. However, upon 
interaction with DNA. a ligand can acquire an induced CD signal through coupling of the 
electric transition moments of the ligand and the DNA bases. The observation of an induced 
CD signal within the absorption bands of the achiral ligand is indicative of a ligand-DNA
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binding interaction. Equally the interaction of chiral molecules with DNA may cause changes
211in the CD signal intrinsic to the molecule.

Circular dichroism can be used to determine the binding mode of ligand-DNA
interactions where the exact position and orientation of a ligand and the environment within
its binding site greatly affect the induced CD signal of a bound ligand. For an intercalator
orientated parallel to the base pair long axis a negative induced CD signal is observed while a
positive signal would indicate a perpendicular orientation.^" A strong positive induced CD
signal is observed when a molecule is bound to the minor groove, whereas, the sign and
magnitude of the induced CD signal for a ligand bound in the major groove is more variable
due to the greater number of orientations possible which are facilitated by the width of the
major groove. Although assigning of a binding mode from the changes observed in the CD
spectrum of a DNA binding event are not definitive, in general, small changes of < 10 M '

imply intercalation, whereas, larger changes are indicative of groove binding. In addition,
only those bands which lie outside the absorption region of DNA are considered when
proposing a DNA binding mode as the changes in the DNA region of the spectrum may be
due to the induced CD of the ligand as well as the structural changes in the DNA itself

211resulting from the ligand binding.

Circular dichroism measurements were carried out using 86 and 88-90, in which the 
concentration of the ct-DNA was kept constant and that of the Troger’s bases 86 and 88-90 
was varied to give a range of P/D ratios. The CD spectra resulting from the addition of 90 to 
C/-DNA are shown in Figure 2.41.

From examination of these spectra, it is clear that positive and negative induced 
signals occur outside the region of absorption of DNA confirming the strong nature of the 
interaction of 90 with ct-DNA. These results also suggest that both intercalation and groove 
binding take place. Induced CD signals were also observed for 86, 88 and 89 (Appendix 2), 
however, no induced signals were observed for the naphthalimide precursors 20 and 104-106 
suggesting that the Troger’s bases interact with DNA more strongly compared to their mono- 
naphthalimide counterparts. Furthermore, the 4-amino-derived Troger’s base analogues 81 
and 83 did not exhibit any induced signals outside the absorption region of the DNA at the 
same P/D ratios, which suggested that the interaction of the 3-amino derived Troger’s bases 
with DNA was stronger compared to 81 and 83.'^’
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Figure 2.41: CD spectra of ct-DNA (150 pM) in 10 mMphosphate buffer in the absence (-) 
and presence of 90 at P/D ratios of 2.5 (-), 5 (-), 10 (-) and 20 (-).

In summary, the CD analysis has shown that this new series of Troger’s bases 
interacts with ct-DNA and interacts quite strongly as the induced signals lying outside the ct- 
DNA absorption region show. Furthermore, the appearance of positive and negative induced 
signals indicated that two binding modes were observed, such as intercalation and groove 
binding, further confirming that the design of these molecules was well founded. In order to 
lurther analyse the interaction of N6 and SS-9(1 with ct-DNA, linear dichroism measurements 
were performed.

2.8.12 Linear Dichroism Studies

Linear dichroism (LD) is a spectroscopic technique defined as the differential 
absorption of light polarised parallel and perpendicular to the orientation direction at a 
particular wavelength.^LD can be observed only provided at least partial alignment of the 
molecules to be studied can be achieved.The most common applications of LD relate to 
structural studies of bio-macromolecules such as DNA and probing the interactions of DNA 
with DNA binding ligands. The observation of an LD signal within the absorption bands of 
the ligand is indicative of a ligand-DNA binding interaction. From such studies it can be 
shown that when ligands bind to DNA, they may (a) intercalate between the base pairs, (b) 

bind along the minor groove and/or (c) associate non-specifically along the DNA 
backbone. 1 he LD spectrum of B-DNA is negative at 260 nm as the bases are oriented 
perpendicular to the DNA helical axis and this signal is of the same shape as the absorption 
spectrum, as shown in Figure 2.42
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Figure 2.42: Normalised absorption (-) and LD (-) spectra ofB-DNA.

When the aligned DNA is treated with a DNA binding ligand, the ligand should 
become oriented in space and be observed to absorb in either the perpendicular or parallel 
planes as a result of the electronic transitions within the molecule itself. For ligands that 
intercalate between the DNA bases, their ti-ti* transitions are parallel to those of the DNA 
bases. Their LD signals are negative like those of the local bases except the magnitude of the 
signal is larger than that of the average base. This is as a result of the stiffening of the DNA 
induced by the intercalating ligands."'^ The binding of ligands along the minor groove gives 
rise to positive signals in the absorption region of the ligands as these molecules are 
absorbing light parallel to the helical axis.^'^ For the final binding mode, the LD signal will 
be very small or equal to zero as the ligands associate non-specifically with the DNA 
backbone. This is because LD as a characterisation technique requires that the ligands in a 
ligand-DNA complex are actually bound to DNA. This is one of the major advantages of
using such a spectroscopic technique.^

Linear dichroism measurements were carried out using 86-90, in which the 
concentration of ct-DNA was kept constant and that of the TrogerN bases was varied to give 
a range of P/D ratios. The LD spectra resulting from the addition of 90 to cZ-DNA is shown in 
Figure 2.43. As can be seen in Figure 2.43, the LD spectra show both a positive signal and 
negative signal in the absorption region of the Troger’s base 90. Firstly, this confirms that a 
DNA binding interaction occurs between DNA and 90 which further supports the DNA 
binding studies discussed in Section 2.8.3. In particular, the data collected in the LD study 
complements that of the CD study, as both a positive and negative signal was observed in the 
absorption region of 90 in the CD spectra indicating strong DNA ligand interactions via two 
modes of binding.
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Figure 2.43: LD spectra of ct-DNA (378 pM) in 10 mMphosphate buffer in the absence 
(-) and presence of 90 at P/D ratios of 2.5 (-), 5 (-), 10 (-) and 20 (-) at pH 7.4.

Similar results were observed for 86-89 (Appendix 2). For comparison purposes, 
mono-naphthalimide 106 was studied using LD spectroscopy, as shown in Figure 2.44.

0.001

Wavelength (nm)

Figure 2.44: LD .spectrum of 106 at a P/D ratio of 2.5 in 10 mM phosphate buffer at pH 7.4.

The negative signal highlights that 106 binds to DNA and does so by intercalating 
between the DNA base pairs. No other mode of binding for 106 was detected which shows 
that incorporating the Troger’s base structural unit into the naphthalimide skeleton has a 
significant effect on the mode of binding of these derivatives.

The most important conclusion that may be drawn from the LD studies carried out
here is that incorporation of the Troger’s base motif plays a vital role in determining the mode
of binding of these derivatives and in doing so results in both intercalative and groove
binding modes being observed. Combining the results obtained here with those collected in
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the other DNA binding studies, it is evident that the V-shaped structure of these molecules 
resulted in enhanced DNA binding compared to their planar monomeric counterparts.

2.9 Conclusion

In this chapter five novel DNA targeting Troger’s base derivatives 86-90 were 
successfully prepared as racemic mixtures in reasonable yields after efficient optimisation of 
reaction conditions. These molecules were shown to exhibit interesting solvatochromic 
behaviour due to the presence of an ICT excited state. This photophysical behaviour was 
studied in a range of solvents and compared to the 3-amino-1,8-naphthalimide precursors 
using both ground state and excited state spectroscopy. These investigations have shown that 
in the ground state 86-90 were insensitive to the solvent parameters in comparison to their 
corresponding precursors. Conversely, the fluorescence quantum yields and the positions of 
the emission bands of 86-90 were found to be strongly dependent on the polarity and the H- 
bonding abilities of the solvents indicating that the excited states of these compounds were 
more polar than their ground states.

These molecules were designed to be protonated at physiological pH in order to 
enhance their binding to DNA and thus, their p/fa values were determined using 
spectroscopic techniques, where, 86 and 88-90 were found to have pKa values of 8.3, 7.5, 7.7 
and 8.1 (±0.1) leading to protonation of the alkyl side chains at physiological pH. However, 
as a pA'a value of 6.1 was determined for 87, it would not be protonated at pH 7.4 and would 
be unable to participate in electrostatic interactions and thus, became the model compound for 
investigating DNA binding interactions.

The ground state and excited state interactions of 86-90 with c/-DNA were initially 
evaluated in 10 mM phosphate buffer at pH 7.4. Upon successive addition of c7-DNA, 
distinct bi-phasic changes were observed in the ground states of 86 and 88-90 where the bi- 
phasic behaviour was attributed to a "template directed effect". The ab.sorbance initially 
decreased as a result of DNA induced aggregation of the compound causing the compound to 
stack on the DNA backbone. This was followed by a subsequent increase in absorbance due 
to a de-stacking event allowing a redistribution of the compound over the length of the DNA 
backbone. Only minor changes were observed for 87 and this was attributed to the weak 
affinity of 87 for ct-DNA due to the lack of electrostatic interactions. To further evaluate the 
changes observed in the case of each derivative, binding constants were determined using 
both the Bard and McGhee and von Hippel binding models.The binding constants
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obtained were eomparable with the 4-amino-derived Troger’s bases and in some eases were 
an order of magnitude higher than those determined for the 3-amino-preeursors as well as 
several known acridine based DNA binders.

To investigate the importance of the electrostatic interactions, the binding of 86 and 
88-90 to ct-DNA was evaluated in the presence of NaCl. In the presence of 50 mM NaCl, 
compounds 86 and 88-90 were found to bind quite .strongly (~ 10^ M’’) to ct-DNA and the 
resulting binding isotherms exhibited similar bi-phasic behaviour to that observed in the 
absence of salt. Conversely, in the presence of 160 mM NaCl, the binding affinity of 86-90 
was significantly reduced highlighting the importance of the electrostatic interactions in the 
overall affinity of these molecules towards ct-DNA.

In order to gain insights into the mode of binding, the interactions of 86-90 with ct- 
DNA were also studied by circular and linear dichroism techniques. CD studies revealed that 
in the presence of C/-DNA, all of the derivatives exhibited bisignate CD signals with a 
positive band ca. 400 nm and a negative band at ca. 350 nm, corresponding to the absorption 
bands of these chromophores in aqueous buffered medium. Such bisignate behaviour is 
characteristic ot bi-modal binding, with one naphthalimide chromophore binding via 
intercalation while the second naphthalimide interacts with the grooves. This dual mode of 
binding of 86-90 with ct-DNA was also observed in the linear dichroism studies. Moreover, 
86 and 88-90 were found to stabilise ct-DNA to large extents and were comparable with their 
3-amino precursors. Such findings were consistent with their high affinity for c?-DNA.

Overall, the DNA binding interactions of 86-90 indicated that the rationale for the 
design of these compounds was well founded. They exhibited a similar affinity for ct-DNA in 
comparison to the 4-amino derived compounds 81-83 and a higher affinity for DNA 
compared to their naphthalimide precursors. The results obtained here are highly encouraging 
and indicate that the development of such molecules may find use as potential anti-cancer 
agents.
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Chapter 3: Design, Synthesis and Photophysical 
Evaluation of Amino Acid Based Bis-1,8-Naphthalimide Troger’s Base Derivatives

3.1 Introduction

The 1,8-naphthalimide structure which consists of a flat planar 7t-deficient hetero
aromatic system is known to demonstrate a wide range of applications in medicinal and 
supramolecular chemistry having found extensive use within the dye industry, in the fields of 
anion and cation sensing and recognition, in the construction of novel cancer therapeutics and 
the design and development of chemical probes.'"^ The naphthalimide chromophore possesses 
unique photophysical properties and one of the main advantages for the use ot such a 
fluorophore is that the absorption and fluorescence spectra which lie within the UV and 
visible regions can be fine tuned through facile structural design.' Synthetic modifications 
can be easily accommodated on either the aromatic naphthalene moiety or at the jV-imide site 
allowing for varieties of structural motifs and functional groups to be incorporated, 
demonstrating the versatility of the naphthalimide structure. Gunnlaugsson et ' 
have played a pivotal role in the design and development of the naphthalimide chromophore 
with the incorporation of anion recognition moieties such as ureas, thioureas and amides, 
modifications which can be facilitated at both the A^-imide site and on the aromatic moiety. In 
addition to being a highly pliable building block for the construction of anion and cation 
sensors, the 1,8-naphthalimide structure can be derivatised at the A^-imide site with amino 
acids and to date several hundred amino acid based 1,8-naphthalimides have been synthesised 
as potential anti-cancer agents using solution phase peptide chemistry and have been shown 
to possess significant cytotoxic activity.Furthermore, over the past few years, 
naphthalimides incorporating a variety of functional groups including amino acids have been 
developed as solvatochromic probes for a wide range of biomolecular interactions. 
Therefore, the amino acid based 1,8-naphthalimide derivatives synthesised within the 
Gunnlaugsson group by Phelan,""* Hussey"^ and Veale'^' act as an excellent starting point to 
further develop the Troger’s base scaffold, which is the main theme ot this chapter.

The first part of this chapter deals with the synthesis of amino acid based 1,8- 
naphthalimides and their corresponding Troger’s base derivatives containing optically active 
a-amino acids. The synthetic strategy for the design and development of the 1,8- 
naphthalimide derivatives was initially devised by Phelan""* and further modified by 
Hussey."^ For the formation of Troger’s base naphthalimides incorporating one amino acid 
residue, the synthetic strategy developed by Veale'**' was utilised. In the case of the peptide 
based Troger’s bases, two synthetic approaches were considered. The first path explored 
involved the synthesis of the Troger’s base directly from the peptide based 1,8-naphthalimide
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precursor. The second synthetic approach would be to prepare Troger’s base molecules 
incorporating one amino acid at the A^-imide terminus and subsequently derivatise the 
carboxylic acid terminus further with additional amino acids. As a means of achieving this, 
several coupling agents were investigated and will be discussed in Section 3.3.9.

The second section of this chapter examines the photophysical nature of the novel target 
molecules which are studied in several solvents by UV-Vis spectroscopy and fluorescence 
emission and excitation techniques showing that incorporation of the Troger’s base moiety 
into the skeleton of the 1 ,-8-naphthalimide unit yields supramolecules that exhibit 
solvatochromic ICT excited states providing a basis for their use as potential peptide mimics.

3.2 Amino Acids and Peptides
Peptides possess the biocompatibility and chemical diversity found in proteins, 

however, they are more stable and robust and can be synthesised on a large scale.The 
fundamental building blocks of polypeptides are the a-amino acids which consist of a central 
carbon atom known as the a-carbon which has both an amino and carboxylic acid 
functionality attached. This a-centre also bears a hydrogen atom and a side chain which can 
be classified as being non-polar, polar or electrically charged. In all, twenty naturally 
occurring amino acid side chains exist which are responsible for conferring functionality onto 
polypeptides.^^^ With the obvious exception of glycine, a amino acids are chiral, as can be 
seen with the several examples shown in Figure 3.1.

o
H,N

GIv

OH O

NH,
©

Thr

O

HS'
NH,
©

Cvs Phe Lvs

O

V-NHp
©

Pro

Figure 3.1: The structures of several S-amino acids including glycine (Gly), threonine (Thr), 
cysteine (Cys), phenylalanine (Phe), lysine (Lys) and proline (Pro).

The absolute configuration at the a-carbon is designated by D (dextrorotatory) and L
(laevoratory) notations, using the compound glyceraldehyde as a standard for defining such
configurations, where D and L are applied to the enantiomers that rotate plane polarised light
in clockwise and anti-clockwise directions, respectively. This notation is only used for certain
well known natural molecules, where their use is established by tradition, for example, the L-
amino acids and the Z)-sugars. Using a more modem notation involves applying the Cahn,
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Ingold and Prelog (CIP) rules which designates the configuration at a stereocentre as being 

either rectus R or sinister S. With the exception of cysteine, all Z-amino acids have an S- 
configuration at a chiral centre.^^'’

The Z-amino acids are ubiquitous in nature and are the only constituents of proteins. 

Proteins contain a precisely defined amino acid sequence and serve crucial functions in 

biological processes. For instance, they can function as catalysts and transporter molecules, 

they can store molecules such as oxygen, provide mechanical support and immune protection 

and control growth and differentiation processes.Therefore, to mimic a process that occurs 

naturally in the human body, Z-amino acids have been incoiporated into the design of novel 

bio-molecules and structures to facilitate biological recognition. In recent years, many drug- 
amino acid conjugates have been reported including anthraquinone 108,^^^ doxorubicin,^^^ 

vinblastin.^^^ nitrosurea/nitrogen mustard,^^* hydroxymethylacylfulvene 109,^^“^ benzothiazole 

110, imidazotetrazines 111, methionine-enkephalin. camptothecins 112 233

hydroxyellipticinium 113^^"* and metal complexes.235

O NHoHCI 

NH H

O /=N

Cl'
N=N hn

111 O'^O

In addition, fullerene peptides have also been designed and synthesised and have 
shown potential anti-microbial and anti-HIV activity.^^^ Peptide nanostructures have been 

applied in the fields of nanoelectronics, tissue and neurological regeneration, diagnostics and 
bio-sensing.^^^ Peptides engineered with appropriate cysteines and histidines have been 

employed as ligands for producing water soluble quantum dots and for tagging protein 

ligands and biosensors to quantum dot surfaces. Combining amino acids and quantum dots 

has also resulted in such structures being transported into cells for intracellular imaging 

applications.So far, it has been shown that amino acids play a vital role in many different 

areas of research. To build upon this work, the design and incorporation of amino acid
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moieties into the naphthalimide chromophore and their development as potential bio

chemical probes will be discussed.

3.3 Synthesis of Amino Acid and Peptide Based Bis-1,8-Naphthaiimide Troger’s Base 
Derivatives

Troger’s base derivatives incorporating amino acid based 1,8-naphthalimides were 

prepared starting from the commercially available 3-nitro- and 4-nitro-l,8-naphthalic 

anhydrides. The synthetic strategy employed involved firstly preparing the A-substituted 

nitro- and amino-1,8-naphthalimide precursors using standard literature procedures, similar to 

those used and discussed in Chapter 2.“^^ During the course of this work, a-amino acid derived 

Troger’s bases were designed and synthesised as potential peptidomimetics. Exploiting the 

perpendicular nature of the Troger’s base structural unit, target molecules 114 and 115 were 

designed with the ability to direct their appended peptides within a 90-100° range potentially
238mimicking small peptide chains that have been identified to contain 90-100° bends.

NH,

114 15

3.3.1 Synthesis of a-Amino Acid Based 4-Amino-l,8-Naphthalimides 120, 121 and 124- 
132

The synthetic strategy employed for the synthesis of ./?-amino acid based 4-amino-1,8- 

naphthalimides involved four steps as shown in Scheme 3.1, a methodology developed by 

Phelan."^ The first step in the reaction sequence involved a condensation reaction between 

the commercially available 4-nitro-l,8-naphthalic anhydride and the hydrochloric salt of the 

relevant amino acid which was protected at the carbonyl terminus by either a tert-butyl ester 

or benzyl ester. The reaction was carried out by refluxing the two reagents in anhydrous 

toluene overnight in the presence of 1.4 equivalents of TEA (a method discussed in Chapter
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2) to give 116 as a brown solid and 117-119 as yellow powders in high yields (Table 3.1) 
without the need for further purification.

o o

CH3OH Pd/C (10%) 
H2, 3 atm

Scheme 3.1.' Synthesis of R-4-nitro and R-4-amino 1,8-naphthaIimide derivatives 116-125. 

Table 3.1: Synthesis of naphthalimide derivatives using Scheme 3.1.

Cpd. R. R2 % Yield Cpd. Ri R2 % Yield

116 CH2Ph CH3 78% 121 H CH(CH3)2 97%
117 CH2Ph CH(CH3)2 91% 122 C(CH3)3 CH2Ph 88%

118 C(CH3)3 CH2Ph 65% 123 C(CH3)3 CH2CH(CH3)2 93%
119 C(CH3)3 CH2CH(CH3)2 98% 124 -.....- - - CH2Ph 98%
120 FI CH3 77% 125 — CH2CH(CH3)2 98%

The next step in the reaction pathway involved a hydrogenolysis reaction in CH3OH
in the presence of a palladium catalyst (Pd/C (10 %)). For the benzyl derivatives, this reaction
served two purposes as the benzyl group in this reaction was removed in addition to the nitro
group being reduced. The work-up involved filtering the reaction mixture through celite and
subsequent removal of solvent gave both 120 and 121 as yellow solids. For the tert-hutyl
derivatives, the hydrogenolysis reaction was followed by ester hydrolysis using a
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CH2Cl2:TFA (2:1) mixture which resulted in the formation of the corresponding acids 124 

and 125 without the need for any purification and in high yields as summarised in Table 3.1. 
Each of the intermediates was characterised by 'H and '^C NMR studies, mass spectral 
analysis as well as infra-red spectroscopy. As an example, the 'H NMR spectrum ((€03)280, 
600 MHz) of 120 is shown in Figure 3.2, where the aromatic region between 6.86 and 8.66 
ppm is composed of six signals, made up of four doublets and an apparent triplet, all of 
which integrate for one proton and a broad singlet pertaining to the amino group which 
integrated for two protons. The a-proton appears as a quartet at 5.56 ppm while the methyl 
group next to the chiral centre appears as a doublet at 1.50 ppm.

|cn| lo| Iml |o||o>| 
Oi' V' pI -EO.

u,o

C l)j),.SO

(II,

[ppm]

Figure 3.2: ‘H NMR spectrum ((€03)280, 600 MHz) of 120.

The '^C spectrum consisted of fifteen resonances which corresponded to 120. In 
addition, the molecular formula was confirmed by mass spectral analysis exhibiting a peak at 
m/z = 283.0724 in the negative electrospray mode. The IR spectrum also complemented the 
assigned structure observed in Figure 3.2 with signals at 3438 and 3363 cm ' corresponding 
to the amine group. The glycine derivative 126 as well as the T-amino acid derivatives 127- 
130 were also synthesised and characterised in a similar manner to that discussed for the 
preparation of 120-121 and 124-125 above.
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126 127 128 129 130

As discussed in Chapter 1, a large number of a-amino acid based 1,8-naphthalimide 
derivatives were synthesised by both Phelan""* and Hussey'" and it was found that all of 
these molecules retained their chirality. In order to analyse the chirality of the R- 120, 121, 

124 and 125 and S- 126-130 analogues, CD measurements were performed in CH3OH. As 
can be seen in Figure 3.3, the optical activity of the amino acid naphthalimides 124 and 128 

exhibited a distinctive profile for the R and 5-amino acid based naphthalimides, exhibiting a 
positive signal for the /?-amino acid based derivative while displaying a negative signal for 
the 5-analogue at ca. 220 nm.

20

-20
Wavelength (nm)

Figure 3.3: The CD spectra of the 124 (red) and 128 (blue) in CH3OH.

Similar results were obtained for derivatives 120, 121 and 125-130 highlighting that all of 
these molecules retained their chirality during the synthetic procedures employed.

This previously discussed synthetic route was also employed for the synthesis of the 
amino acid 1,8-naphthalimide derivatives which are protected at the C-terminus by methyl
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esters such as 131 and 132 in 98% and 99% yields, respectively. Both 131 and 132 were 
characterised by 'H NMR and '^C NMR experiments, mass spectroscopy and IR analysis. As 
an example, the 'H NMR spectrum ((€03)280, 600 MHz) of 131 was similar to its carboxylic 
acid derivative 129 except for the appearance of a singlet pertaining to the methoxy group at 
3.58 ppm. Analysis of the '^C spectrum showed that 131 possessed an additional carbon in 
comparison to 129, pertaining to the methoxy carbon.

NH2 NH2
131 132

The stereochemistry of these 5-amino acid-l,8-naphthalimide derivatives were 
examined in CH3OH by CD spectroscopy, as can be seen in Figure 3.4 for 132.

-25
Wavelength (nm)

Figure 3.4: The CD spectrum of 132 in CH3OH. Inset: Highlighted region of the CD 
spectrum displaying the observed induced CD signal.

As expected distinct negative signals were observed at ca. 220 nm, confirming once 
again that the chirality of the amino acids incorporated into these structures was retained. 
Interestingly, in the case of 132 a very weak induced negative CD signal was observed at ca. 
430 nm (Figure 3.4) pertaining to the naphthalimide nucleus, demonstrating that attachment
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ot an achiral aromatic chromophore to a chiral substituent can lead to an induced CD of the 
ehromophore transition. However, in the case of 131, only a negative signal representing the 
amino aeid moiety was observed.

3.3.2 Synthesis of Peptide Based 4-Aniino-l,8-Naphthalimides 138-140

In the previous section, the synthesis of a series of 4-aniino-l ,8-naphthalimide 
derivatives incorporating a single amino acid residue in high yields with the retention of 
chirality was discussed. The next step in the reaction sequence involved modifying these 
derivatives by fLinetionalising the earboxylie terminus to yield peptide 1,8-naphthalimide 
conjugates, work pioneered by Phelan""^ which involved considering two synthetic strategies, 
the stepwise and the anchored approaches, as depicted in Scheme 3.2.

(a) Stepwise Approach

BzCHN OH
N,H O

BzCHN'

(b) Anchored Approach

N,H
O

Scheme 3.2; Two possible routes for the synthesis of the peptide 4-mtro-l ,8-naphthalimide 
conjugates: (a) the stepwise approach and (b) the anchored approach.

1 he stepwise method involved the initial formation of the peptide species, followed 
by condensation of the free peptide with the 1,8-naphthalic anhydride starting material. This 
was achieved by coupling an A-protected amino acid with a carbonyl protected amino acid, 
subsequent deprotection followed by generation of the free amine whieh was condensed with 
the 4-nitro-l,8-naphthalie anhydride starting material forming the earbonyl proteeted peptide 
1,8-naphthahmide conjugates. The alternative synthetic route explored involved eoupling a 
second a-amino ester directly to an amino acid based 1,8-naphthalimide derivative. The
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anchored approach was the preferred route of choice since it enabled the derivatives already 
synthesised in Section 3.3.1 to be used as the building blocks for the peptide derivatives. 
Furthermore, by using this method, the cyclisation of a Cbz-potected peptide to a 
acyldiketopiperazine intermediate is inhibited, in addition to the possible formation of a 
hydantoin intermediate during the ammonolysis step of the peptide.^^^’^"*^

The peptide 4-nitro-conjugates developed by Phelan'and incorporated into this 
project were synthesised using the anchored approach. Two coupling reagents were 
investigated for use in the formation of peptide functionalised naphthalimides; N, N'- 
dicyclohexylcarbodiimide (DCC) 133 and A^-(3-dimethylaminopropyl)-A^'-ethylcarbodiimide 
hydrochloride (EDCI.HCl) 134.

N=C=N

133

N.
HCI

134

N
"n

n'
OH

135

Both 133 and 134 are carbodiimide based coupling reagents that exert their mode of 
action by forming activated esters, fhis activation process consists of replacing the hydroxyl 
group of the carboxylic acid with a leaving group, as the acid would otherwise form salts with 
the incoming amine. One of the main drawbacks associated with the use of these coupling 
reagents is the tendency for racemisation to occur. To overcome this additives are employed 
which also have the potential to enhance the reactivity of the coupling reagents. Additives 
such as 1-hydroxybenzatriazole (HOBt) 135 works by capturing the active species formed 
between the carboxylic acid and carbodiimide coupling reagent to give the corresponding 
active ester as depicted in Figure 3.5. As can be seen in Figure 3.5, a water soluble urea is 
generated as a side product which can be separated by extraction in an acidic aqueous work
up. However, in the case of 133 the dicyclohexyl urea generated is only sparingly soluble and 
may precipitate incompletely from the reaction mixture, where separation from the desired 
product in the past has proven difficult.Therefore, utilisation of 134 as a coupling reagent 
resulted in peptide derivatives of higher yields and greater purity and thus became the agent 
of choice. To demonstrate the efficiency of the anchored approach, derivative 137 was 
synthesised from 136 using 134 and 135 in 95% yield.
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N=C = N

HCI

136
NO2 NO2

Figure 3.5: The reaction mechanism of an EDCl.HCl/HOBt mediated coupling yielding 137. 

The 'H NMR (CDCI3, 600 MHz) spectrum of 137 is shown in Figure 3.6.

oooooocooooocooor^h-h-h-r*-t^r^r-r*-r^r>-^-co<D<jo«>toa)a)tDa)tD<D<D»f>'»^oooor>r>r>r>or>r>or>r>or>or>r>
1- ■ -H

Figure 3.6: 'HNMR (CDCI3, 600 MHz) spectrum of 137.
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The aromatic region is composed of six separate resonances, five of which each 
integrate for one proton and correspond to the naphthalimide protons and a multiplet which 
integrates for ten protons pertaining to the two phenyl groups. The amido proton resonates as 
a doublet at 6.24 ppm with a coupling constant of 6.8 Hz. The presence of the amido proton is 
significant as it shows that this reaction was successful and a new peptide bond formed.

The remainder of the spectrum is composed of seven signals, which were assigned 
using HMQC and HMBC experiments. The a-proton belonging to the phenylalanine residue 
directly attached to the A''-imide terminus appears at 6.02 ppm, whilst the second a-proton 
appears at 4.95 ppm. The methoxy group can be seen at 3.76 ppm whilst each of the protons 
belonging to the methylene groups attached to the a-centres appear as four separate entities, 
each integrating for one proton. As can be seen in Figure 3.7, assigning these protons was 
achieved with the aid of a CH-COSY. The appearance of an amide carbonyl stretch at 1666 
cm ' in the IR spectrum complemented the assigned structure whereas, mass spectral results 
confimied the molecular formula of the assigned structure.
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Figure 3.7.- CH-COSY Spectrum (CDCh) of 137.
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The peptide 4-amino-1,8-naphthalimide conjugates 138-140 were synthesised by 
hydrogenolysis in EtOH in the presence of Pd/C (10%) at 3 atm H2 in high yields of 96%, 
99% and 98%, respectively, without the need for purification.

-f

The formation of the desired peptide naphthalimides 138-140 was confirmed by 'H
and NMR spectroscopy, whereby the resulting spectra showed the absence of any side- 
products or starting materials. As can be seen in Figure 3.8, the aromatic region of the 'H 
NMR ((CD3)2S0, 600 MHz) spectrum of 140 is defined by seven signals, five of which 
represent the naphthalimide aromatic protons, fhe amido proton was found to appear at 8.15 
ppm, whereas the amino peak which integrates for two protons and shows that this reaction 
has been successful appeared as a broad singlet at 7.41 ppm. The remainder of the spectrum 
consists of nine resonances, two of which represent the a-protons. The N-leucine a-proton 
appears at 5.48 ppm and is followed by the N-alanine a-proton at 4.33 ppm and a broad 
singlet at 3.62 correlating to the methoxy group. In a similar fashion to that seen for 137, the 
protons belonging to the methylene group attached to the a-centre of the amino acid residue 
appear as complex multiplets at 2.08 and 1.94 ppm, each integrating for one proton. These 
were assigned with the aid of a CH-COSY experiment. Utilising H-H-COSY and long range 
CH-COSY experiments the methine proton attached to the methyl groups of the Y-leucine 
moiety was also assigned and found to appear at 1.33 ppm as a multiplet. These experiments 
were also used to assign the Y-alanine methyl group which resides at 1.13 ppm and the methyl 
groups belonging to the S -leucine residue which appeared at 0.89 and 0.80 ppm. Similar 
methodology was used to characterise derivatives 138 and 139. In addition, the HRMS and IR 
spectral analysis also confirmed the assigned structure in Figure 3.8.

The stereochemistry ot compounds 138-140 were investigated by CD spectroscopy in 
CH3OH, where the characteristic signal for the amino acid moiety was observed confirming 
that the stereochemistry was retained.

110



Chapter 3: Design, Synthesis and Photophysical 
Evaluation of Amino Acid Based Bis-1,8-Naphthalimide Troger's Base Derivatives

Figure 3.8; 'H NMR spectrum of 140.

3.3.3 Synthesis of a-Amino Acid based 3-Amino-l,8-Naphthalimide Precursors 141-143

A series ofa-amino aeid based 3-amino-1.8-naphthalimides 141-143 were synthesised 
in an analogous fashion to those discussed in Section 3.3.1. Once again, the 3-nitro-l,8- 
naphthalimide derivatives were synthesised by Phelan."'* As part of this project, the next step 
in the reaction sequence involved reducing the nitro group, d’his was achieved by carrying out 
hydrogenolysis reactions in CH3OH in the presence of a palladium catalyst at 3 atm H2, 
which gave compounds, 141, 142 and 143 in yields of 98%, 72% and 99%, respectively.

O O

O'

NH,

Compounds 141-143 were characterised using conventional methods, such as 'H and
13C NMR experiments, mass spectroscopy and IR analysis. For example, the 'H NMR 
((CD3)2S0, 600 MHz), spectrum of 143 is shown in Figure 3.9. Due to the naphthalimide 
moiety being derivatised with an amino group in the 3-position which appears as a broad
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singlet at 6.02 ppm, the naphthalimide protons resonate as four doublets at 8.06, 8.03, 7.84 
and 7.30 ppm pertaining to 115, 117, H2 and H4, respectively and an apparent triplet at 7.62 
ppm belonging to H6. The coupling constants derived for the doublets at 8.06 and 8.03 are 
8.3 and 7.1 Hz. respectively, indicating that the protons that are coupling are in close 
proximity to each other. Conversely the coupling constants calculated for the doublets at 7.84 
and 7.30 ppm are 2.1 and 2.3 Hz, respectively, indicating that these protons H2 and H4 are 
separated by a greater distance compared to H5, H6 and H7. The phenylic protons emerge as 
a multiplet spanning a 7.04-7.14 ppm range followed by the a-proton which can be found at 
5.98 ppm. A distinctive broad singlet at 3.65 ppm correlates to the methoxy group and the 
protons belonging to the methylene unit appear as two separate multiplets, each integrating 
for a single proton assigned using a CH-COSY spectrum. The structure assigned here was 
further supported by '^C NMR with the appearance of twenty resonances. IR analysis 
confirmed that the amine had formed with signals at 3461 and 3368 cm''. In addition, mass 
spectral analysis confirmed the molecular formula of the assigned structure.

Figure 3.9: ‘H NMR ((C03)280, 600 MHz) spectrum of 143.

Compounds 142 and 143 were further analysed by carrying out CD experiments in 
CH3OH. Negative signals were observed in a 200-240 nm range showing that these molecules 
retain their chirality during synthesis. No positive or negative induced signals were detected. 
Conversely, this was not the case for 132, which is quite similar in structure to 143, the only
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difference being the position of the amino group, which showed a very weak negative 
induced band.

In summary, seventeen enantiomerically pure amino acid based 1,8-naphthalimide 
structures with an amino group on either the 3 or 4 positions of the naphthalene ring were 
synthesised in high yields. With the view of exploring the potential of these enantiomerically 
pure molecules further, modifications to the naphthalimide aryl ring and/or incorporation of 
additional synthetic moieties at the Wimide site were investigated and are described in the 
following sections.

3.3.4. Synthesis of Troger’s Base Analogues from 4-Amino-l,8-Naphthalimide 
Precursors

Formation of the Troger’s base naphthalimides was attempted using the methodology 
explored by Veale,'"'* ''*"^ as shown in Scheme 3.3.

O

NH2

120,121, 124-130

TFA

144-152

Cpd. Cpd. R % Yield
126 144 H 76%
127 145 CH3(5) 91%
120 146 CH3 (/?) 91%
128 147 CH2Ph (5) 64%
124 148 CH2Ph {K) 65%
130 149 CH(CH3)2(S) 71%
121 150 CH(CH3)2(/?) 41%
129 151 CH2CH(CH3)2 fS) 50%
125 152 CH2CH(CH3)2 (/?) 50%

Scheme 3.3: Synthesis of 144-152.
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This involved treating the 4-amino-1,8-naphthalimide derivatives with 
paraformaldehyde (1.5 equivalents) in neat TFA over 12 hours at room temperature. The 
work-up involved neutralising and further basifying the reaction mixture to pH 12 by the 
addition of 6M NaOH and extracting the product with CH2CI2. This synthetic protocol was 
followed however modifications to the work-up procedure were devised depending on the 
nature of the amino acid present. The synthesis of the Troger’s base derivatives is sub-divided 
into three sections, starting with the synthesis and characterisation of amino acid conjugates 
144-152, which possess unprotected C-temiini and will be discussed in the following section.

3,3.5. Synthesis and Characterisation of Troger’s Base Analogues 144-152

The synthesis of 144-152 in moderate to high yields was achieved following Scheme 
3.3. The simplest Troger’s base analogue in this series, 144 containing the achiral amino acid 
glycine, was firstly synthesised as a racemic mixture using the procedure outlined above. The 
work-up involved removing the TFA by evaporation under reduced pressure in the presence of 
copious amounts of CH2CI2. Once the crude product was dry, it was subjected to purification 
by refluxing in CH3OH in the presence of activated charcoal overnight. The reaction mixture 
was then filtered while hot through celite and washed with copious amounts of CH3OH. The 
filtrate and washings were removed under reduced pressure and the residue was re-dissolved 
in ethyl acetate and the organic layer was dried over MgS04 and reduced to dryness to yield 
the desired product as a yellow powder in 76% yield.

Compound 144 was characterised by standard techniques and Figure 3.10 shows the 
'H NMR spectrum ((€03)280, 400 MHz) of 144. As can be seen, the aromatic region is 
defined by four resonances between 8.80 and 8.17 ppm including two doublets, a singlet and 
an apparent triplet, each integrating for two protons. Such integration for the naphthalimide 
chromophore confirms the symmetric nature of 144. The C2 plane of symmetry is confirmed 
by the presence of the methylene protons of the diazocine ring which appear between 5.22 
and 4.71 ppm as a doublet integrating for two protons and a multiplet integrating for four 
protons. The methylene protons belonging to the glycine moiety appear as a singlet at 4.66 
ppm.

The '^C NMR spectrum ((€03)280, 150 MHz) of 144 also showed the symmetric 
nature of the molecule by having two additional signals compared to the naphthalimide 
precursor 126, pertaining to the carbons of the diazocine ring. The IR spectrum showed the
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loss of the amino group belonging to the precursor at 3364 and 3259 cm'' suggesting that the 
reaction has taken place. In addition, the molecular formula for 144 was determined by 
positive electrospray ionisation providing further evidence for the assigned structure.
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Figure 3.10: The ’HNMR ((CDiijSO, 400 MHz) spectrum of 144.

Formation of 145 and 146 from .S-alanine and /?-alanine, respectively, was also 
achieved in high yields using a similar synthetic procedure as for 144 and purified by 
refluxing in CH3OH in the presence of activated charcoal. The 'H NMR ((€03)280, 600 
MHz) spectra of 145 and 146 confirmed the formation of the desired bis-l,8-naphthalimide 
containing Troger’s bases, without the presence of any impurities or starting materials, as 
shown in Figure 3.11.

The '^C NMR ((€03)280, 150 MHz) spectra of 145 and 146, showed that the two 
methylene carbons of the diazocine ring come into resonance at 66.3 and 57.1 ppm. 
Interestingly, the doubling of carbon peaks pertaining to the carbonyl, aromatic and aliphatic 
signals were observed for the diastereoisomers of 145 and 146 formed. For example, the 
carbon peak pertaining to the methyl group directly bonded to the a-proton is doubled, giving 
rise to two resonances at 14.8 and 14.7 ppm. According to €H-€08Y analysis, these two
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resonances correspond to methyl groups, highlighting the effect of combining the chiral u- 
centre with the chiral Troger’s base structural unit, as no such splitting was observed for the 
glycine derivative 144.

Figure 3.11: The 'H NMR ((CD3)2S(). 600 MHz) spectrum of 145.

The synthesis of the phenylalanine based molecules 147 and 148 of this series was 
successfully achieved according to the aforementioned protocol after purification by refluxing 
in CH3OH in the presence of activated charcoal. As before, the structure of this compound 
was confirmed using techniques such as 'll and '^C NMR spectroscopy accompanied by IR 
and HRMS analysis. In comparison to 144-146, the 'H NMR ((€03)280, 600 MHz) spectrum 
of 147 shown in Figure 3.12 proved to be more complex. Firstly, the aromatic region did not 
consist solely of two doublets, a singlet and an apparent triplet as was the case for the glycine 
and alanine derivatives, but was composed of what appeared as a triplet, two broad singlets 
and a doublet of doublets all of which belonged to the naphthalimide moiety. The ten protons 
belonging to the phenyl rings appeared as a multiplet between 6.91-7.04 ppm. The a-proton 
appeared at 5.84 integrating for two protons while the remainder of the aliphatic region of the 
spectrum consisted of the characteristic diazocine ring resonances at 5.14 and 4.68 ppm with 
the methylene protons situated beside the a-proton resonating as a multiplet at 3.52 ppm. fhe 
'■^C NMR ((€03)280, 150 MHz) spectrum of 147, was also shown to be more complex with
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the appearance of multiple signals for carbonyl, aromatic and aliphatic resonances, which 
indicated the presence of diastereoisomers.

00 00 CD 00

I
00 h- h-

I' '
i I

h- CO

I i

If) ^ r> ^ 
00 00 00 00 
If) in If) If)

t. i i ,1

r> o) ^ p
in in

h- o ^ CO U) ^ O 00in ^ p p p cvj 
r> c> o o o n

I I t I I I

[ppm]

Figure 3.12: WINMR ((CD3):SO, 400 MHz) of 147.

Applying the same synthetic procedure lead to the formation of 149 and 150 

functionalised with 5'-valine and ^-valine amino acids, respectively, after refluxing in CH3OH 
in the presence of activated charcoal. Formation of 149 and 150 was confirmed by and 
NMR spectroscopy, HRMS and IR analysis. In comparison to 144-147, the 'H NMR 
((CD3)2S0, 600 MHz) spectrum of 150 also proved to be more complex suggesting the 
formation of diastereoisomers. The aromatic region of the 'H NMR ((CD3)2SO, 600 MHz) 
spectrum was defined by four resonances belonging to the naphthalimide chromophore 
composed of a doublet, what appeared as a triplet, two singlets in close proximity and a 
doublet of triplets. The aliphatic region of the spectrum consisted of a doublet pertaining to 
the Troger’s base unit with a coupling constant of 17.8 Hz, a doublet representing the a- 
proton at 5.09 ppm and a multiplet integrating for four protons corresponding to the 
remainder of the Troger’s base structural unit. In addition, the methine and methyl protons 
belonging to the valine moiety were represented as a multiplet and two doublets at 2.61, 1.17 
and 0.60 ppm, respectively. In a similar way to that seen for the phenylalanine analogues 147 

and 148, the NMR ((C03)280, 150 MHz) spectrum of 150 was also shown to be more
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complex with the appearance of multiple signals, such as carbonyl, aromatic and aliphatic 
resonances, as seen in Figure 3.13.
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Figure 3.13; NMR spectrum ((CDj)2S()) of ISO.

The final compounds in this series, the leucine based molecules 151 and 152, were 
synthesised using the same protocol as for 144-150 and demonstrated a complex splitting 
pattern in the aromatic region of the 'll NMR ((CD3)2SO, 600 MHz) spectrum similar to that 
observed for the phenylalanine and valine analogues 147-148 and 149-150, respectively. In 
addition, the aliphatic region of this spectrum particularly the area pertaining to the methyl 
groups belonging to the leucine moiety showed a more intricate splitting pattern. In this 
spectrum, the methyl groups appeared as multiplets at 0.87 and 0.77 ppm, whereas, in the 
case of the precursor 129 they appeared as well defined doublets with coupling constants of 
6.5 Hz, further highlighting the effect of combining the enantiomerically pure a-centres with 
the racemic Troger’s base unit.

In order to confirm that the amino acid Troger’s bases 145-152 synthesised retained 
their chirality, CD spectroscopy measurements in CH3OH were earried out as previously 
described. As can be seen in Figure 3.14, the CD speetrum showed that the phenylalanine 
amino acid derivatives 147 and 148 retained their chirality, as a negative signal was observed 
for the S-analogue 147 while a positive signal was observed for the /^-analogue 147. 
Furthermore, very weak positive and negative induced signals were observed at longer
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wavelengths for 147 and 148, respectively, which were also observed for their corresponding 
precursors 128 and 124. Similar results with the exception of ICD signals were observed for 
the remainder of amino acid Troger’s bases 145-152 synthesised.

30

Figure 3.14: The CD spectra of 148 (red) and 147 (blue) in CHsOH.

3.3.6. Synthesis and Characterisation of Troger’s Base Analogues 153 and 154

The synthesis of Troger’s base derivatives 153 and 154 incorporating .S-leucine 
methyl esters and S’-phenylalanine methyl esters, respectively, was achieved by stirring the 
relevant mono-naphthalimide in TFA in the presence of formaldehyde overnight. After basic 
work-up, 153 was purified by automated column chromatography using silica and 
hexanerethyl acetate (0 to 100%) as eluent followed by trituration from CH3OH to yield the 
desired compound as an orange solid in 63% yield. Compound 153 was characterised using 
conventional methods.

O
153 R = CH2CH(CH3)2 
154: R = CH2Ph

The H NMR (CDCI3, 600 MHz) spectrum of 153 shown in Figure 3.15 shows the 
presence of the two expected diastereoisomers. The aromatic region of the spectrum consists
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of two doublets which are in very close proximity to each other starting at 8.74 ppm 
pertaining to H5 which integrated for two protons, followed by another pair of doublets 
integrating for two protons which resonated quite close together at 8.63 ppm belonging to H7. 
At 8.13 ppm, a resonance consisting of two singlets appeared representing H2. The final 
resonance in the aromatic region of the spectrum appeared as a doublet of triplets integrating 
for two protons pertaining to H6. The a-proton appeared as a doublet of doublets at 5.74 ppm 
with coupling constants of 4.8 and 9.4 Hz. The Troger’s base peaks appeared between 5.18 
and 4.63 ppm, where a doublet of doublets appeared at 5.18 ppm which integrated for two 
protons and had a coupling constant of 4.7 Hz and the characteristic geminal coupling 
constant of 17.0 Hz. Two singlets in close proximity to one another resonating at 4.72 ppm 
also belonged to the Troger’s base structural unit in addition to another doublet of doublets at 
4.63 ppm with coupling constants of 4.7 Hz and 17.0 Hz. Each methoxy functional group 
appeared as a separate resonance integrating for three protons at 3.67 and 3.66 ppm. In 
addition, the methylene groups which are directly attached to the a-centre appeared as two 
separate resonaces as multiplets between 2.14-2.17 and 2.06-2.09 ppm. Subsequently, the 
methine protons attached to these methylene protons appeared as one resonance at 1.47 which 
was followed by the methyl groups which appeared as multiplets between 0.94-0.97 and 0.85- 
0.87 ppm.

Figure 3.15: ^HNMR (CDClj, 600 MHz) spectrum of 153.
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Upon comparing the 'H NMR spectra of 153 and its precursor 131, it was evident that 
the resonance for the a-proton was not altered upon incorporation of the chiral Trdger’s base 
structural motif, however, those representing the methyl groups were. In the case of its 
corresponding precursor 131 which is a single enantiomer, the methyl groups appear as well 
defined doublets with coupling constants of 6.5 Hz. Incorporating the chiral Troger’s base 
motif led to these signals appearing as multiplets which suggested more complex coupling 
patterns, such as those that would be seen for a mixture of diastereoisomers.

Additional evidence for the appearance of diastereoisomers was obtained from the C 
NMR (CDCI3, 150 MHz) spectrum of 153 which showed that additional carbon peaks 
appeared representing carbonyl groups, aromatic and aliphatic carbons.

The CD spectrum of 153 was recorded in CH3OH and is shown in Figure 3.16. As can 
be seen, a negative signal at ca. 230 nm was observed and can be attributed to the amino acid 
moiety. At longer wavelengths, a positive induced signal centred at ca. 392 nm was detected 
pertaining to the naphthalimide chromophores. No induced signal was observed for 131.

-10
Wavelength (nm)

Figure 3.16: The CD spectrum of the 153 in CH3OH.

Compound 154 was synthesised using the same method employed in the synthesis of 
153. Several purification attempts were made and are summarised in Table 3.2. Trituration 
with several solvents proved unsuccessful as no improvement in the 'H NMR spectra was 
observed. Other purification techniques were investigated including automated column 
chromatography using neutral silica as the stationary phase. Two solvent systems were
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investigated for the mobile phase (Table 3.2), however, due to poor separation on each of the 
columns, employing column chromatography as a method for purifying 154 proved 
unsuccessful. Further attempts included refluxing 154 in either CHCI3 or CH3OH in the 
presence of activated charcoal and looking to the data summarised in Table 3.2, it is evident 
that attempt 8 was the most efficient method investigated for the purification of 154, which 
was obtained in 76% yield.

Table 3.2: Methods investigated for the purification of 154.

Attempt Puriflcation Method Result
1 Trituration with CH3OH Unsuccessful
2 Trituration with ethyl acetate Unsuccessful

3 Trituration with EtOH Unsuccessful
4 Trituration with CH3CN Unsuccessful
5 Column chromatography

Silica:(CH2Cl2:CH30H, 0-10%)
Unsuccessful

6 Column chromatography
Silica: (hexane: ethyl acetate,
0-100%)

Unsuccessful

7 Reflux in CHCI3 with charcoal Unsuccessful
8 Reflux in CH3OH with charcoal Improved 'H

NMR

The successful formation of 154 was confirmed using 'H and '^C NMR spectroscopy 
in conjunction with mass spectroscopy and IR analysis. The aromatic region of the 'H NMR 
(CDCI3, 600 MHz) spectrum of 154 pertaining to the naphthalimide protons displayed a 
splitting pattern similar to that described for 154, as can be seen in Figure 3.17. The phenyl 
protons belonging to the amino acid residue integrated for ten protons between 7.02 and 7.17 
ppm. The a-proton appeared as a doublet of doublets followed by the Troger’s base signals 
emerging between 4.55-5.15 ppm. As can be seen, the methoxy groups appeared as two 
separate resonances, as singlets at 3.71 and 3.69 ppm, which was similar to that seen for 149. 
Moreover, like 149, the methylene groups directly attached to the a-centre appeared 
separately as multiplets between 3.47 and 3.68 ppm. Once again, it was clear that 
diastereoisomers were present and this was further supported by the data attained from the 

NMR (CDCI3, 150 MHz) spectrum which is shown in Figure 3.18. For instance, doubling
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of carbonyl peaks belonging to the naphthalimide chromophore were observed in addition to 

the doubling of aromatic and aliphatic signals.

[ppm]

Figure 3.17: fiNMR (CDClj, 600 MHz) spectrum of 154.

3.3.7. Synthesis and Characterisation of Peptide based Naphthalimide Troger’s Base 

Analogues 155-157

The peptide based naphthalimide Troger’s bases were synthesised using the 
methodology developed by Veale,'"^* ''^^ which involved stirring the naphthalimide precursors 

138-140 and paraformaldehyde in neat TFA overnight. Upon completion of the reaction, the
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reaction mixture was initially neutralised and subsequently basified allowing for the crude 
products to be extracted with CII2CI2 before being dried over magnesium sulphate. 
Purification was carried out where necessary.

O

R2

O ° O'^O

155: Ri= CH3, R2= CH2CH(CH3)2

0 T

Ri 0

0
156: Ri= CH2CH(CH3)2, R2=CH3 
157 Ri = CH2Ph, R2=CH2Ph

The first peptide Trdger’s base 155 was derived from the 4-amino-1,8-naphthalimide 
138, which bears a peptide moiety consisting of ^-alanine and .S-leucine residues with the S- 
alanine residue being directly attached to the A^-imide terminus. Purification was achieved by 
a recrystallisation from CH3OH, yielding the molecule as a yellow solid in 33%. The 'H 
NMR (CDCI3, 600 MHz) spectrum of 155 is shown in Figure 3.19.

Figure 3.19: 'H NMR (CDCI3. 600 MHz) spectrum of 155.
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As can be seen, the aromatic region between 7.19 and 8.72 ppm was composed of five 
signals, each integrating for two protons. The naphthalimide protons H5 and H7 appear as 
doublets, H2 as a singlet and H6 as a triplet. The fifth signal in the aromatic region pertains to 
the amide protons and appeared at 6.19 ppm and had a coupling constant of 7.7 Hz. The a- 
proton appeared at 5.70 ppm and was followed by the Troger’s base signals emerging as a 
doublet at 5.16 with a geminal coupling constant of 17.0 Hz, a singlet at 4.70 and another 
doublet at 4.61 ppm. The methine proton that connects the amide to the ester appeared as a 
multiplet and the adjacent methoxy group resonated as a singlet at 3.65 ppm. The aliphatic 
region between 0.84 and 1.67 was composed of five signals. The methyl group belonging to 
the alanine residue can be found at 1.67 ppm, whereas, the methyl groups belonging to the 
leucine residues appear as doublets at 0.90 and 0.85 ppm. These methyl groups belonging to 
each of the amino acid residues were distinguished using HMBC and HMQC experiments.

The '^C NMR (CDCI3, 150 MHz) spectrum of 154 is shown in Figure 3.20 and 
comprised of twenty-four carbons spanning the spectrum from 10-1 80 ppm.

In comparison to the precursor 139, 155 contains two additional peaks corresponding 
to the diazocine moiety and highlights the symmetric nature of the Troger’s base. Compound 
155 was further analysed by CD spectroscopy in CH3OH as seen in Figure 3.21 and was 
found to exhibit a negative signal pertaining to the amino acid residues and a positive induced
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signal centred at ca. 390 nm which has been attributed to the chiral ainino acids inducing 
chirality into the achiral naphthalimide nucleus, as this effect was also observed for the 
corresponding precursor 139, as discussed in Section 3.3.2.

F'igure 3.21: CD spectrum of 155 in ClfOH.

1 he next peptide Troger’s bases to be synthesised were 156 and 157. The peptide 
moiety of 156 is similar to 155 as they arc both comprise of T-alanine and /.-leucine residues. 
I lowever, in the case of 156, it is the /-leucine residue that is directly attached to the //-imide 
terminus and this was shown to have a significant effect on the NMR spectra. Unlike that 
seen for 155, the aromatic region of the 'h NMR (CDCI3, 600 MHz) spectrum in relation to 
the naphthalimide protons is composed of five signals appearing as a doublet, a triplet, two 
singlets in very close proximity and a multiplet as shown in Figure 3.22. The Troger’s base 
signals appeared between 4.60 and 5.17 ppm and the methyl groups belonging to the /- 
leucine moiety emerged as multiplets further upfield. The '^C NMR spectrum also shows the 
presence of multiple signals in the downfield and upfield areas of the spectrum further 
supporting the formation of diastereoisomers. All of the resonances were assigned using H-H- 
COSY, CH-COSY and long range CH-COSY techniques. The overall structure of 156 was 
confirmed by IR analysis and mass spectroscopy.
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Figure 3.22: 'H NMR (CDCI3, 400 MHz) spectrum of 156.

Compound 156 was also analysed by CD spectroscopy and in addition to exhibiting a 
negative signal at ca. 228 nm showing that chirality was retained during synthesis, an induced 
positive band centred at 395 nm was observed suggesting that the chiral moieties of this 
structure can induce chirality into the achiral counter-parts (Figure 3.23).

50

Figure 3.23: CD Spectrum of 156 in CH3OH.

Compound 157 contains a peptide containing two /.-phenylalanine residues and was 
purified by recrystallisation from CH3CN giving the desired product in 79% yield and 157 
was fully characterised by conventional techniques. Unlike that seen for 155. an additional 
peak was observed in the aromatic region of the ’H NMR (CDCI3, 400 MHz) spectrum
(Figure 3.24) which resonated as two doublets in close proximity appearing at 8.70 and 8.54
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ppm. Then two singlets at 8.03 and 8.01 pertaining to H2 appeared and together they 
integrated for two protons. The remaining naphthalimide proton appeared as an apparent 
triplet at 7.87 ppm, before the phenylic protons resonated as a large multiplet between 6.76 
and 7.15 ppm integrating for twenty protons. Additional peaks were also observed in the 
Troger’s base area of the spectrum between 4.58 and 5.14 ppm. The methylene protons 
directly attached to the a-centres were assigned using H-H COSY, CH-COSY and long range 
CH-COSY techniques. As a consequence of the formation of diastereoisomers, the '^C NMR 
(CDCI3, 150 MHz) spectrum showed doubling of carbonyl, aromatic and aliphatic signals. 
1 he assigned structure was also confirmed by IR and mass spectral analysis.

9 8 7 6 5 4 [PPtn]

Figure 3.24: 'H NMR spectrum (CDCI3, 400 MHz) of 157.

Compound 157 was also analysed by carrying out CD measurements in CH3OH and 
as can be seen in Figure 3.25, a negatively induced signal was observed in the longer 
wavelength region of the spectrum. However, no induced signals were observed for the 
naphthalimide precursor 137. fhis suggested that perhaps the resulting chirality possessed by 
the Troger’s base unit after incorporation of the enantiomerically pure a-amino acids can 
contribute to inducing chirality into the naphthalimide nucleus.
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In summary, naphthalimide based Troger’s bases incorporating amino acids derived 
from their 4-amino-counterparts have been synthesised. At the beginning of the synthesis, the 
amino acids were enantiomerically pure and when combined with a racemic moiety such as 
the Troger’s Base structural motif, diastereoisomers formed. This is evident from the NMR 
data discussed. In order to try and separate the diastereoisomers by normal phase column 
chromatography using silica or reverse phase chromatography using sephadex, many solvent 
systems were investigated. Unfortunately, separation of the distereoisomers proved 
unsuccessful. Several of the diastereomeric systems were purified by trituration and 
recrystallisation. However, differences in the solubilities of the diastereoismers were not 
observed and thus, the diastereoisomers were not separated via these means. Due to time 
constraints no other methods for separation were investigated.

3.3.8 Synthesis and Characterisation of Troger’s Base Derivatives 158-160 derived from 

the 3-amino-l,8-naphthalimide chromophore

The synthesis of Troger’s base derivatives 158-160 was achieved using the 
methodology optimised and discussed in Chapter 2, which involved using shorter reaction 
times of three hours and only 1.1 equivalents of paraformaldehyde, as shown in Scheme 3.4. 
The simplest Troger’s base derivative synthesised as part of this family was 158, which 
contained glycine methyl ester residues. Upon completion of the Troger’s base reaction, the 
TFA was removed in the presence of copious amounts of CH2CI2 under vacuum.
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Cpd. R % Yield
141/158 H 158:47 %
142/159 CH3 (S) 159:51 %
143/160 CH2Ph (S) 160:47 %

Scheme 3.4: Synthesis of158-160.

Initial purification attempts involved recrystallisation from solvents such as EtOH and 
CH3CN. These attempts were unsuccessful according to 'H NMR spectroscopy. Manual 
chromatography using neutral alumina and a CH2Cl2:CH30H (95:5) solvent system was 
attempted and proved to be fruitless as no improvement could be seen in the *H NMR 
spectrum. The purification of 158 was achieved through recrystallisation from CH3OH which 
was carried out twice to yield 158 as an orange solid in 47 % yield.

I 1 TThe identity of 158 was elucidated using conventional techniques such as H and C 
NMR spectroscopy as well as IR and mass spectral analysis. The 'H NMR spectrum of 158 
consisted of nine signals, four in the aromatic region and five in the aliphatic region of the 
spectrum as can be seen in Figure 3.26. The aromatic region is composed of a singlet, two 
doublets and an apparent triplet where each signal integrates for two protons pertaining to the 
naphthalimide protons. The characteristic Troger’s base peaks appear as two doublets at 5.31 
and 5.02 ppm with germinal coupling constants of 17.3 Flz and a singlet at 4.72 ppm. The 
glycine methylene and methoxy protons resonate at 4.94 and 3.77 ppm, respectively. The 
symmetry of the molecule is evident in the 'H NMR spectrum and is further confirmed in the 
'^C NMR spectrum which contained two additional signals compared to the precursor 141, 
which con-esponded to the diazocine ring.

130



Chapter 3: Design, Synthesis and Photophysical 
Evaluation of Amino Acid Based Bis-1,8-Naphthaliniide Troger's Base Derivatives

Figure 3.26: ‘H NMR spectrum (CDCh, 400 MHz) of 158.

The second compound to be synthesised as part of this family was the L-alanine 
derivative 159, which was purified by refluxing in CHCI3 in the presence of activated 
charcoal. Unlike that seen in the 'H NMR spectrum of 158, which contains the achiral amino 
acid glycine, overlapping peaks were observed in the 'H NMR spectrum (CDCI3, 600 MHz) 
of 159. The aromatic region does not consist of a singlet, two doublets and an apparent triplet 
but a multiplet between 8.48 and 8.50 which integrates for four protons followed by what 
appears as a triplet and another multiplet, each integrating for two protons. This overlapping 
of peaks suggests that diastereoisomers have formed and thus the amino acids retain their 
chirality during synthesis. Phis overlapping of signals can also be seen for the a-proton which 
appears as a multiplet, whereas, if diastereoisomers did not form this signal would appear as a 
quartet, like that seen for the precursor 142. This overlapping of signals extends to the 
Troger’s base area of the spectrum with the methylene protons appearing as a doublet at 5.23, 
a doublet of doublets at 4.98 and two singlets at 4.61 and 4.62 ppm with overlapping signals 
for the methoxy groups appearing at 3.71 ppm. The overlapping of signals was also observed 
in the '^C NMR spectrum highlighting that diastereoisomers have been formed. The structure 
assigned here was further supported by IR and mass spectral analysis. Compound 159 was 
also studied by CD spectroscopy in CH3OH and apart from a negative band appearing 
between 200-240 nm, no other signals were observed.
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The final compound in this study was 160 which was synthesised in 47 % yield after 
purification involving refluxing in Ctl30H in the presence of activated charcoal was carried 
out. The overlapping of signals was observed in both the ‘H and '^C NMR spectra indicating 
that diastereoisomers formed during the course of this reaction. Similar to that seen for 159, 

the overlapping of signals was observed in the aromatic region of the 'H NMR spectrum of 
160, as well as for the a-proton and Trdger’s base signals. The methoxy protons appear as 
two separate signals at 3.52 and 3.72 ppm, while the methylene protons bonded to the a- 
centre were found resonating at 3.47 ppm.

In addition, the overlapping of carbon peaks representing carbonyl, aromatic and 
aliphatic signals were also observed. The IR and mass spectral data also complemented the 
assigned structure. Analysis of 160 using CD spectroscopy showed that no induced signals 
were observed in the naphthalimide region of the spectrum. However, a negative band was 
detected between 200-240 nm pertaining to the optically active amino acid moiety 
highlighting that chirality was retained during the course of the reaction.

3.3.9. Synthesis of Peptide Based Trdger’s Base Derivatives By Derivatising the A^-lmide 

Core Post Trdger’s Base Formation

Peptide synthesis relies heavily on reliable and efficient coupling reagents, with a key 
requirement being inhibition of the racemisation process. A plethora of methods have been 
reported for the carbon-nitrogen bond forming reactions involved in peptide synthesis, where 
fast and quantitative reactions are required without side reactions or with easily separated side
products.241-243

In the work described within this thesis, the synthesis of peptide based Trdger’s base 
derivatives from their corresponding 1,8-naphthalimide precursors was successful with the 
generation of three novel compounds 155-157. In order to expand on the synthetic 
methodology employed here, an alternative route to yield such derivatives was explored 
which involved coupling a Trdger’s base derivative bearing one amino acid at each N- 

terminus with an additional amino acid. As already discussed in Section 3.3.2, one of the 
most suecessful amide bond forming approaches has involved activated ester formation.

The coupling of Trdger’s base derivative 144 to a second amino acid moiety as 
depicted in Scheme 3.5 was investigated using several coupling reagents. Using the 
methodology explored within the Gunnlaugsson group, coupling of the 144 to an additional
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amino acid was attempted using EDCI.HCl and HOBt and a slightly varied procedure.”'* To a 
reaction mixture containing 144 (1 eq.), S-leucine methyl ester hydrochloride (2.1 eq.), HOBt 
(2 eq.) and TEA (2 eq.) in CH2CI2, EDCI.HCl (2.2 eq.) in CH2CI2 was added at 0 °C. The 
reaction mixture was allowed to stir at 0 °C for 30 minutes, before stirring at room 
temperature overnight. The work-up involved washing the organic layer with water and sat. 
NallCOs and drying over MgS04. Removal of solvent and purification involving 
recystallisation from CH3OH yielded the desired compound as a yellow solid in 65% yield. In 
order to improve upon this yield the use of other coupling agents was investigated.

HO

Scheme 3.5: Synthesis 0/ 161.

The second coupling agent to be investigated was ethyl chloroformate, which requires 
separate activation and aminolysis steps as depicted in Figure 3.27.^“*^ In the presence of a 
base such as TEA, a mixed carbonic anhydride is fonned in the activation step between the 
carboxylate and ethyl chloroformate. The resulting activated species is used in its crude form 
and reacted with the desired amine to give the required amide bond.^'*^’^'*'* Unfortunately, 161 
was synthesised using this reagent in an unimproved yield of 65% after recrystallisation from 
CH3OH.

Activation Step:

Aminolysis Step

O

O
A-

" &
+ "OH + CO2

Figure 3.27: Representative peptide coupling mechanism using ethyl chloroformate. 243



Chapter 3: Design, Synthesis and Photophysicai 
Evaluation of Amino Acid Based Bis-1,8-Naphthalimide Trdger’s Base Derivatives

The next eoupling agent to be considered belongs to the aminium family which 

incorporates the benzotriazole structure, where the most active reagent is 0-{l- 

azabenzotriazol-l-yl)-l,l,3,3-tetramethyluronium hexafluorophosphate 

Notably, the use of this reagent is limited due to its vast expense.An alternative to this 

reagent is 0-(benzotriazole-l-yl)-l,l ,3,3-tetramethyluronium tetrafluoroborate (TBTU) 
which has found use in the coupling of hindered peptides giving minimum racemisation.^""’^'*^ 

In solution, TBTU can exist in two forms, as the aminium salt 162a and the A-oxide 
guanidinium derivative 162b, as shown in Figure 3.28.^"^^

N
"n ^N V,®V N-~- 

N~-/
162a

©
BF4
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Figure 3.28: The aminium salt form 162a and N-oxide guanidinium form 162b of TBTU. 243

The first step in the reaction mechanism involves deprotonation of the carboxylic acid 

which subsequently interacts with TBTU generating oxybenzotriazole which is free to 

interact with the newly formed intermediate producing an activated ester. Nucleophillic attack 

on the activated ester by the incoming amine leads to the formation of the desired amide

bond, which is depicted in Figure 3.29 

soluble by-product.

245 As can be seen. FlOBt is generated which is a water
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Figure 3.29: Representative mechanism o f TBTU mediated peptide coupling. 245

It was found that the synthesis of 161 using TBTU in CH3CN generated the desired 

product in 37 % yield. A possible explanation for such a poor yield could be the insolubility 

of the reagents which occurred during the course of the reaction.
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In the quest to obtain the desired peptide based Troger’s base 161 in higher yield, the 
reaction was attempted using a HOBt based phosphonium coupling reagent known as 
benzotriazolyoxy-tris(dimethylamino)hexafluorophosphate (BOP), which was designed by 
Castro^'*^ in an attempt to avoid the occurrence of racemisation and the unwanted side 
reactions associated with carbodiimide reagents. However, one of the major downfalls 
associated with the use of BOP is the generation of the carcinogenic agent 
hexamethylphosphoramide (HMPA).^"*^ The coupling mechanism involving BOP requires a 
tertiary amine to generate the carboxylate anion of the amino acid, which subsequently 
attacks the BOP coupling reagent in one of two ways, as shown in Figure 3.30. The first 
mode involved direct nucleophillic attack on the oxybenzotriazole unit which led to the 
release of HMPA. This is followed by amide formation with the desired amino acid. The 
second approach comprised of the carboxylate anion attacking the positively charged 
phosphorus atom on the BOP molecule and releasing the anionic oxybenzotriazole moiety 
which is free to attack the newly formed intermediate, generating a more active ester and 
releasing HMPA. Subsequent attack by the incoming amino acid produced the desired amide 
bond.^"*'^ The synthesis of 161 was successfully achieved by adding BOP to a reaction mixture 
containing 144, the required amino acid and DIEA at 0 °C. Following the addition of BOP the 
reaction mixture was allowed to stir at room temperature ovemight.^'*^ Upon completion of 
the reaction, ethyl acetate was added to the reaction mixture which was washed successively 
with 1 M HCl, sat. NaHC03 and brine before, being dried over MgS04.
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Figure 3.30: Possible modes of nucleophillic attack on BOP 243
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Removal of solvents by evaporation under reduced pressure yielded the desired 
product in a much improved yield of 96 % after a recrystallisation from CHsOH. Compound 
161 was characterised using ‘H and NMR, mass spectroscopy and IR analysis. The 'H 
NMR spectrum ((CD3)2SO, 400 MHz) of 161 is shown in Figure 3.31. In the 'H NMR 
spectrum ((CD3)2SO, 400 MHz) of 161, the formation of the peptide bond was confirmed by 
the presence of amido hydrogens at 8.53 ppm. The remainder of the aromatic region of the 
spectrum consisted of four peaks representing the naphthalimide protons, which showed 
overlapping signals highlighting that incorporation of the enantiomerically pure .S'-leucine 
amino acid into the racemic glycine based naphthalimide Troger’s base skeleton resulted in 
the formation of diastereoisomers. The rest of the spectrum contained the Troger’s base peaks 
which appeared as a doublet at 5.20 ppm and as part of a multiplet at 4.59-4.74 ppm, which 
integrated for eight protons.

Figure 3,31: 'H NMR spectrum ((CD3)2S(), 400 MHz) of 161.

According to a CH-COSY experiment, the methylene group pertaining to the glycine 
moiety also constituted part of this multiplet. fhe leucine component of this molecule was 
assigned with the aid of HMBC and HMQC experiments, where it was deduced that the a— 
proton appeared at 4.30 ppm, the methoxy groups and methylene protons adjacent to the a- 
centre at 3.60 and 1.47-1.55 ppm, respectively, whereas the methine and methyl protons
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showed up at 1.59-1.64 and 0.82-0.88 ppm. respectively. The IR and mass spectral data were 
also consistent with the assigned structure.

Due to the success of the peptide coupling reactions, the next step in the reaction 
sequence involved hydrolysis of the methyl ester to give the free carboxylic acid which could 
potentially be incorporated into the construction of larger peptide Troger's base derivatives.

The first attempt at cleaving the methyl esters involved refluxing 161 (1 eq.) in the 
presence of KOH (2.1 eq.) for 48 hours.^"*** After washing the reaction mixture with di-ethyl 
ether, the pH of the solution was slowly adjusted to pH one and extracted with EtOAc. 
According to 'H NMR analysis, the reaction was unsuccessful as a resonance representing the 
methoxy groups was present. Conversely, the mass spectroscopy data indicated formation of 
the desired product. This suggested that only a trace amount of the hydrolysis product 
formed, as there was no sign of mixtures present by 'H NMR analysis.

The second approach carried out involved attempting to hydrolyse the methyl esters in 
non-aqueous conditions using CH2Cl2;CH30H (9:1) as the solvent system and a 2 M 
methanolic solution of NaOH as the base.^"*^ The work-up involved removal of the solvents 
under reduced pressure and re-dissolving the crude residue in H2O followed by acidifying the 
solution to pH one and extracting with EtOAc. Disappointingly, both 'H NMR and mass 
spectroscopy indicated that both starting material and product in a 70:30 ratio were present.

Traditional amino acid methyl ester deprotection using basic conditions has been 
proven to be difficult, an effect observed by both Phelan""* and Veale.’^' Therefore, due to 
the difficulty ensued in attempting to generate the carboxylic acid derivative of 161 by ester 
hydrolysis, the tert~buXy\ derivative 163 was synthesised using the BOP coupling procedure.

o H R N. T

O ° 0^0

Scheme 3.6: Synthesis of 163-166.
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Compound 163 was generated in 78% yield after triturating with CH3OH and 
cleavage of the tert-hnXyX group was successfully achieved in quantitative yield to give 164 by 
stirring 163 in TFA:CH2Cl2 (1:2) for 3 hours as shown in Scheme 3.6.

For comparison purposes, the ./^-analogues 165 and 166 were also synthesised. 
Compounds 163-166 were analysed using conventional methods, whereby, ‘H NMR and '^C 
NMR, HRMS and IR analysis confirmed their identity. The ’H NMR spectra of both 163 and 
165 were similar to that of 161, except for the presence of a resonance pertaining to the tert 
butyl ester at 1.36 ppm. The fonnation of 163 and 165 was also verified in the '^C NMR 
spectra which contained an additional aliphatic quaternary carbon signal at 27.8 ppm 
compared to 161, pertaining to the tert butyl moiety. The IR spectra of 163 and 165 exhibited 
a band at 1595 cm'' confirming that an amide bond had formed and the mass spectral 
analyses were consistent with the assigned structures.

The disappearance of the tert butyl group in the 'H NMR spectra of 164 and 166 
confirmed that the ester hydrolysis reactions were successful. In addition, the aliphatic 
regions of the '^C NMR spectra did not show any signals correlating to the tert butyl group. 
According to the IR spectral data, the carbonyl stretch for the tert butyl ester appeared at 
1732 cm"', whereas for the free carboxylic acid it was found at 1701 cm"'. A strong broad 
band was also observed for the hydroxyl group at 2891 cm"'. Mass spectral analyses also 
confirmed the identity of the assigned structures. Compounds 164 and 166 were analysed 
using CD spectroscopy, where a positive signal was observed for 164 and a negative signal 
for 166 in the 200-240 nm region of the spectrum, showing that racemisation did not occur 
upon coupling of the leucine amino acids to 144, using the outlined BOP mediated coupling 
procedure.

In summary, it is evident from the synthetic methodology employed here that the 
synthesis of peptide frdger’s base derivatives can be achieved by derivatising the A-imide 
core post Troger’s base formation, without the occurrence of racemisation. In addition, the 
amino acid C-termini can be deprotected yielding the free carboxylic acid with the potential 
for further modification.

3.4 Summary

The synthesis of amino acid based Troger’s bases has proven to be a versatile one 
where additional amino acids can be incorporated onto the A-imide terminus before or after
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the formation of the Troger’s base structural unit. This has resulted in the synthesis of twenty- 
two novel Troger’s bases derived from both the 3- and 4-amino-1,8-naphthalimide 
chromophores in moderate to high yields, with the potential for many more to be designed 
and synthesised. In addition, removal of the protecting groups at the C-termini generates the 
free carboxylic acids which can be further derivatised and modified in several ways leaving 
these molecules with ample synthetic possibilities.

3.5 Spectroscopic Evaluation of Solvent Dependent Fluorophores

Fluorescence spectroscopy has become one of the most valuable tools for the 
development of new innovative probes for biochemical research, having found extensive use
in the monitoring of ions, small molecules and biological processes.251-254 Organic
fluorophores such as naphthalimides belong to a class of chromophores for which the excited 
state properties can be drastically altered by the addition of a substituent present on the 
aromatic ring.As already mentioned in Section 2.6, the introduction of electron 
withdrawing or donating substituents induces an internal charge transfer excited state, where 
substantial changes in the fluorescence spectrum, quantum yield and lifetime are observed as 
the solvent is varied.Environment-sensitive fluorophores exhibit low quantum yields in 
aqueous solution and become highly fluorescent in non-polar solvents and based on these 
changes, they have been used for the selective sensing of nucleoside polyphosphates, 
studying membrane micro-environments and hydrophobic domains on proteins as well as the 
dynamics and conformational changes of macromolecules.For instance, Hamilton et 

synthesised and developed solvatochromic molecules 167 and 168 and studied the 
influence of solvent polarity on their photophysicai behaviour using UV-visible and 
fluorescence spectroscopy. Both 167 and 168 exhibited solvent dependence where their 
absorbance and fluorescent spectra were shifted to shorter wavelengths upon decreasing the 
polarity of the medium. Equipped with these findings, the interaction between 167 and 168 
with human serum albumin (HSA) was investigated and the fluorescence spectra of both 167 
and 168 were blue shifted upon binding to HSA.

169



Chapter 3: Design, Synthesis and Photophysical 
Evaluation of Amino Acid Based Bis-l,8-Naphthalimide Troger’s Base Derivatives

Amino acids that possess solvatochromic fluorophores as the side chain group have 
been developed and investigated for the study of protein interactions.^^' Imperiali et al?^^ 
have contributed greatly to this field with the development of several environment sensitive 
probes. A 4-A,A-dimethylamino-l,8-naphthalimide 169 incorporating an unnatural amino 
acid was developed bearing the same "switch like" fluoreseent properties that are 
characteristic to the 4-amino-1,8 naphthalimide structure. Introduction of this molecule into a 
peptide such as Ml3 was achieved and binding to calcium-activated calmodulin resulted in a 
greater than 900 fold enhancement in the fluorescence emission, demonstrating the potential 
of this molecule as a probe for the study of dynamic protein interactions.^'^'®

In a similar manner, 1,8-naphthalimide based Troger’s base derivatives 144-158 and
160-166 were designed, synthesised and analysed using absorption and fluorescenee emission
and excitation techniques in addition to determining the fluorescence quantum efficiencies
and measuring the fluorescent lifetimes. It was anticipated that such compounds would
exhibit solvent dependence in their fluorescence spectra indicating that these molecules may
have the potential to be used as fluorescent probes. During the course of this work, A-shaped
Troger’s base pyridinium salts 170-172 which exhibit aggregation induced emission
behaviour, where they are non-emissive in solution but highly luminescent in the aggregate
state were synthesised as fluorescent probes for the tum-on detection and quantification of
proteins.Large spectral shifts were observed when these compounds were found to bind to
BSA. Moreover, the plots of luminescence intensity versus BSA concentration exhibited a
linear relationship which indicated that quantitative fluorimetric protein detection could be
achieved.^

170: R = NO3

171; R = I©

172:R = —\ /
©

SO3

R

3.6 Photophysical Evaluation of Amino-Acid based Troger’s Base Derivatives in Solvents 
of Varying Polarity

i'o determine the excited state character of the naphthalimide based derivatives 
synthesised and discussed in this chapter, a detailed spectroscopic study was carried out 
which involved recording the absorption and fluorescence emission and excitation spectra of
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Troger’s base derivatives 154, 155 and 159 and their analogous 1,8-naphthalimide precursors 
132, 139 and 142 in a range of solvents which varied in terms of their polarity and hydrogen 
bond donor and acceptor capacity. All measurements were carried out using an optical 
density of 0.15 at the excitation wavelength, which was chosen as the A-maxuv observed in the 
UV-visible absorption spectrum. The solvents used in this study were toluene, 
dichloromethane, tetrahydrofuran, chloroform, ethyl acetate, acetone, methanol, ethanol, 
acetonitrile, dimethylformamide, dimethyl sulphoxide and water and the results from these 
studies will be discussed in the following sections.

3.6.1 Spectroscopic Evaluation of Amino-Acid based Troger’s Base Derivatives in 

Solvents of Varj ing Polarity

As a means of investigating whether the amino acid based bis-l,8-naphthalimide 
containing Troger’s base derivatives exhibit an ICT excited state and to what extent, the 
absorption and fluorescence emission and excitation spectra of these derivatives were 
recorded in protic and aprotic solvents of varying polarity. Derivatives 144-152 which 
possess free carboxylic acid functional groups were omitted from this study due to their 
limited solubility. As can be seen in Figure 3.32, when recorded in CHCI3, the absorption 
spectrum of Troger’s base derivative 156 derived from the 4-amino-1.8-naphthalimide 
precursor 140 was composed of a broad absorption band in the region between 280-450 nm 
with maxima at ca. 346 and 386 nm. Upon excitation of ^^maxuv, a broad emission band was 
exhibited centred at 479 nm for 156. The fluorescence excitation spectra were also recorded 
and were identical to the corresponding absorption spectra.

In order to examine the effect of a polar protic solvent, the absorption and 
fluorescence emission and excitation spectra of 156 were recorded in CFfaOH. No significant 
changes were observed in the absorption spectra, however, a bathochromic shift of 41 nm was 
observed in the emission spectrum of 140. Subsequently, the fluorescence excitation 
spectrum in CU3OH was recorded and found not to be identical to the corresponding 
absorbance spectrum. Instead, the fluorescence excitation spectrum was characterised by two 
bands appearing at 354 and 420 nm and when compared to the absorbance spectral data they 
were shown to be shifted to longer wavelengths by 9 and 20 nm, respectively, as seen in 
Figure 3.33.
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Figure 3.32: Normalised absorption, fluorescence emission (ex. 385 nm) and excitation (exc. 
nm) spectra of 156 recorded in CHCf.

•absorption 

•emissiion 

■ excitation

Figure 3.33: Normalised absorption, fluorescence emission (ex. 385 nm) and excitation (exc. 
493 nm) spectra of 156 recorded in ClfOH.

In an attempt to understand this behaviour exhibited in CH3OH, the absorption and 
fluorescence emission and excitation spectra of 156 were recorded in solvents of varying 
polarity and hydrogen bonding ability. In Figure 3.34, it can be seen that the excitation 
spectra were not identical to the absorption spectra when recorded in highly polar solvents 
such as CH3CN and DMF. However, in non-polar solvents such as toluene, this was not the 
case. This behaviour was seen for other Troger’s bases such as 153, 158 and 160 and not for 
their corresponding counterparts, 131, 141 and 143, respectively.
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1.4

-DMF

-MeCN

-Toluene

Figure 3.34: Normalised fluorescence excitation spectra of 156 in DMF (exc. 488 nm), 
CHjCN (exc. 485 nm) and toluene (exc. 473 nm).

Upon further examination of these solvents it was found that the excitation spectra did 
not match the absorption spectral data in solvents where the fluorescence quantum 
efficiencies were at their lowest, which suggested that what was giving rise to these excitation 
spectra was more fluorescent than the Troger’s base compounds and present in very dilute 
and minute quantities. As a consequence of the dilute nature of the excited species present, 
removal and isolation of this fluorescent entity was unattainable in certain cases using 
chromatography, recrystallisation and precipitation techniques. However, successful removal 
without isolation of this fluorescent species was achieved for a number of compounds and the 
photophysical evaluation of these compounds in a range of solvents is discussed in the 
following sections.

3.6.2 Spectroscopic Evaluation of 154 in Solvents of Varying Polarity

The first comprehensive spectroscopic solvent study was carried out for Troger’s base 
derivative 154 which incorporates S-phenylalanine methyl ester residues at the A-imide 
termini. A typical UV-Vis absorption spectrum of 154 consists of two bands at ca. 230 nm 
and 265 nm, whilst the region between 280 and 450 nm is composed of a broad absorption 
band with maxima at ca. 346 and 386 nm. The high energy band at ca. 230 nm is 
characteristic of the n-n* transition belonging to the naphthalimide chromophore whereas, the 
band at 265 nm represents the phenylalanine moiety, while the less intense region between 
280 and 450 nm is attributed to the ICT transitions of the naphthalimide fluorophores. The 
latter regions of the absorption spectra were significantly affected upon changing the polarity
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or the hydrogen-bonding ability of the medium. For instanee, the absorption spectrum of 154 

when recorded in CH2CI2, exhibited an intense broad band between 280 and 450 nm centred 

at ca. 387 nm, as shown in Figure 3.35. A change of the solvent from CH2CI2 to DMSO 

resulted in a 9 nm bathochromic shift of the absorption maximum and this is unlike that seen 

for the 4-amino-1,8-naphthalimides, which, in general, show a much greater bathochromic 

shift when the polarity or the hydrogen bonding ability of the medium is increased which is 

indicative of a positive solvatochromic effect. Nevertheless, the magnitude of the shift in the 

absorbance spectrum to longer wavelengths observed for 154 indicates that the polar solvents 

are strongly hydrogen-bonded causing a decrease in the energy gap between the ground state 

and the excited state. Therefore, the bathochromic shift observed for 154 with increasing 

solvent polarity is characteristic of an ICT band. An exception in this trend was observed 

when the 7,maxuv in DMF and DMSO was compared to the hydrogen-bonding solvent water, 

where the absorption maximum is located at 389 nm, displaying hypsochromic shifts of 4 nm 

and 7 nm compared to DMF and DMSO, respectively. Water is a strong hydrogen bonding 

solvent and may form hydrogen-bonded solvated clusters which may absorb at —389 
nm.'^*^,'*^ Similar observations have been reported in the literature for several donor-acceptor 

systems.'*^

Wavelength (nm)

Figure 3.35: Solvent effects on the absorption properties of 154 and 132.

The absorption spectra of the 4-amino-1,8-naphthalimide precursor 132 was recorded 

in several solvents for comparison purposes, where the longest wavelength absorption of this 

system is depicted by an intense broad band with the maximum appearing between 325 and 

525 nm and can be well characterised as being due to the ICT excited state of the fluorophore. 

As an example, in CII3OII, the absorption spectrum of 132 featured a broad band centred at
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435 nm and upon a decrease in the polarity and the hydrogen bond donor ability of the 
medium, the ICT absorption band exhibited a hypsochromic shift of 28 nm when the solvent 
was changed to toluene. By comparing the changes observed in the absorption spectra of 132 

and 154, it was evident that smaller shifts in X,n,axuv were recorded for 154 and it is postulated 
that this may be due to the inherent geometry of the Troger’s base derived from the V-shaped 
structure of the methano-l,5-diazocine ring which may have the potential to effect the ability 
of the amine to donate electrons into the naphthalimide chromophore and thus, participates in 
ICl' to a lesser extent, compared to its 4-amino-1,8-naphthalimide precursor.

The influence of solvent polarity on the photophysical behaviour of 132 and 154 was 
also examined using fluorescence emission and excitation spectroscopy, as shown in Figure 
3.36.

(c) Wavelength (nm) (d) Wavelength (nm)

Wavelength (nm)

Figure 3.36: The fluorescence emission spectra of 154 (a) and 132 (c) and the excitation 
spectra of 154 (b) and 132 (d) in solvents of varying polarity. The excitation and emission 
wavelengths are summarised in Table 3.3.

When recorded in EtOH, 154 and 132 were excited at A,maxuv 387 and 437 nm, 
respectively, where they both exhibited maximums at 534 and 524 nm, respectively. Each 
band was not particularly symmetrical and tailed off to longer wavelengths, which supports
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the characterisation of the excitation bands of 154 and 132 as having contributions from ICT 
transitions. As can be seen in Figure 3.36, upon increasing the solvent polarity, from CFI2CI2 

to DMF, the fluorescence maximum of 154 exhibited a decrease in the emission intensity and 
a bathochromic shift of 46 nm. The magnitude of this spectral shift was over seven times 
greater in the fluorescence spectrum compared to the absorption spectrum which indicates 
that the excited state is more polar than the ground state. Similarly, the emission spectrum of 
132 also displayed a decrease in the emission intensity and a clear bathochromic shift upon an 
increase in the hydrogen bond donor ability and polarity of the medium highlighting that the 
excited state of 132 is significantly polar and supporting the characterisation of the emission 
as ICT. Similar behaviour has previously been reported for related 4-amino-1,8- 
naphthalimides which suggest that the excited states possess significant ICT 
character.In addition, the sensitivity of X,niaxFLU to the polarity of the medium was 
also investigated by fluorescence excitation spectroscopy. As can be seen in Figure 3.36, the 
intensity of the ICT band increased and hypsochromic shifts were observed when the polarity 
of the medium decreased providing further evidence that 154 possesses an ICT excited state 
character. Furthermore, the excitation spectra highlight that 154 is spectroscopically pure in a 
vast range of solvents. All of the relevant spectral parameters recorded are summarised in 
Table 3.3.

The fluorescence quantum efficiencies ((J)f) were calculated to provide further 
evidence for the presence of an ICl' excited state in 154 using optically dilute solutions and 
quinine sulphate ((J)f = 0.542 in O.IM H2SO4) as the primary reference standard as described 
m section 2.6. As can be seen in Table 3.4, the (j)F are low and were found to decrease 
upon increasing the polarity of the medium. This trend has previously been reported and is in 
agreement with the low (j)F of the alkyl based Troger’s base naphthalimide derivatives 
reported by Deprez et al., as well as the low (j)F depicted for the A-substituted 1,8- 
naphthalimide series synthesised by Veale.'"^^’’'^^ In addition, the ({)f of 132 were determined 
using fluorescein (^f= 0.9 in O.IM NaOH) as the reference standard and although the ^irwere 
larger for 132 in comparison to 154, an overall trend was observed similar to that seen for
154. 262
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Table 3.3: Absorption and emission spectral data for 154 and 132 recorded in a range of 
solvents.
Solvent 154rA,niaxFI.l 132rX.ni}|\i'v 132:XiiiiixFi.r

(nm) (nm) (nm) (nm)
Toluene 385 470 407 479

DCM 387 496 410 487
IHF 385 499 423 502
Chloroform 385 481 409 479
Ethyl 384 504 419 498
Acetate
Acetone 387 528 423 510
MeOH 386 530 435 530
EtOH 387 534 437 524
MeCN 388 542 421 513
DMF 393 542 437 522
DMSO 396 543 443 528
Water 389 516 437 546

Table 3.4: The fluorescence quantum efficiencies and lifetimes measured for 154 and 132.

Solvent I54:®^(±10%) 154:t(x^) 132: ®k(±10%) 132: T (x')

Toluene 0.374 6.43 ns (1.2) 0.744 9.5 ns (1.2)
DCM 0.170 5.78 ns(1.1) 0.854 11.1 ns(1.2)
THF 0.126 4.72 ns(1.3) 0.684 10.5 ns (1.2)
Chloroform 0.292 6.41 ns (1.2) 0.896 10.2 ns (1.2)
Ethyl Acetate 0.066 4.12 ns (1.5) 0.665 10.6 ns (1.2)
Acetone 0.025 n/a* 0.598 10.2 ns (1.2)
MeOH 0.003 n/a* 0.330 7.5 ns (1.0)
EtOH 0.007 n/a* 0.452 8.9 ns (1.2)
MeCN 0.011 n/a* 0.643 11.2 ns (1.1)
DMF 0.011 n/a* 0.580 10.17ns(1.2)
DMSO 0.008 n/a* 0.519 10.1 ns (1.2)
Water 0.022 n/a* 0.115 3.3 ns (1.2)

n/a*-T was too short and could not be measured accurately.
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In order to study the photophysieal properties of 154 in more detail, singlet excited 
state lifetime (x) measurements were carried out in several solvents using the time correlated 
single photon counting (TCSPC) technique and the decays were fitted to a single exponential 
decay model. The luminescence lifetime is defined as the time required by a population of 
excited fluorophores for their intensity to decrease exponentially via the loss of energy 
through fluorescence and other non-radiative processes.^®^ The lifetime of photophysieal 
processes vary significantly from tens of femtoseconds for internal conversion, to 
nanoseconds for fiuorescence and microseconds or seconds for phosphorescence. The effect 
of polarity on the fluorescence lifetime is very similar to what is observed for the 
fluorescence quantum yields, where an increase in the polarity of the medium resulted in a 
shortening of the lifetime as shown in Table 3.4.*^^''’^ As can be seen, the longest lifetime 
calculated for 154 was in toluene, the least polar solvent examined as part of this study and 
was shorter in comparison to the 4-amino-1,8-naphthalimide precursor. Upon increasing the 
polarity of the medium the lifetime was found to decrease. However, in polar solvents the 
fiuorescence decay could not be fitted to a single exponential function very accurately and 
precise determination of the fluorescence lifetimes could not be achieved, which is 
presumably due to poor quantum yields of emission in these solvents and the lifetimes were 
below the limit of detection of the excitation source (~1.2 ns). This was highlighted when the 
lifetimes were measured in THF and ethyl acetate, where the chi squared values (x ) were 
found to lie outside the accepted range of 0.8 and 1.2.'^’’’^'^ Furthermore, due to the tact that 
the fluorescence quantum yields recorded in more polar solvents such as DMSO and water 
were extremely low and following this trend, fluorescence lifetimes for 154 could not be 
determined in such media. The same decreasing pattern was observed for the naphthalimide 
precursor 132 however, 132 had longer lifetimes and could be measured in all the solvents 
used as part of this study. From the results shown in Table 3.4, it is evident that the 
fluorescent lifetimes decrease upon increasing the polarity and hydrogen bond donor ability 
of the medium, a trend well characterised as being due to the ICT excited state of the

fluorophore. 177-179

In summary, this study has shown that changing the polarity of various solvents has a 
significant effect on the photophysieal characteristics of the 4-amino-1,8-naphthalimide 
derived Troger’s base 154 and its analogous precursor 132, where both the absorption and 
fluorescence emission spectra of each compound exhibited positive solvatochromic effects as 
observed with the considerable bathochromic shifts recorded when increasing the polarity and
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hydrogen bond donor ability of the medium. In addition, the fluorescence quantum yields 
followed the trends reported in the literature for molecules that possess ICT excited state 
character.^^ '"'*''"*^ Owing to the fact that the lifetime values that could be measured for 154 

were very short in the solvents examined and were accompanied by high values, no 
luminescent lifetimes were measured for the other molecules which make up part of this 
study. Furthermore, it has been highlighted that the luminescent lifetimes for Troger’s base 
154 are very short in polar solvents and may lie in the picosecond range. Unfortunately, the 
available apparatus was not suitable to measure such luminescent lifetimes.

3.6.3. Spectroscopic Evaluation of 159 in Solvents of Varying Polarity

The second molecule to be spectroscopically analysed in several solvents was 159, 
which is derived from the 3-amino-1,8-naphthalimide precursor 142 incorporating an S- 

alanine methyl ester residue at the A^-imide terminus. A typical UV-Vis absorption spectrum 
of 159 is defined by a high energy band centred at ca. 235 nm pertaining to the naphthalimide 
chromophore. The region between 300 and 500 nm is composed of a band centred at ca. 340 
nm with an adjoining shoulder that absorbs at ca. 390 nm and is assigned to the ICT 
transitions of the naphthalimide chromophores as can be seen for 159 in CH3CN as shown in 
Figure 3.37.

0.35

200 250 300 350 400
Wavelength (nm)

450 500

Figure 3.37; Absorption spectrum of 159 in CH3CN.

The absorption spectrum of 159 in CH2CI2 exhibited maxima at ca. 347 nm and 385 
nm. Upon changing the solvent to DMF and therefore increasing the polarity of the medium, 
the maxima appeared at ca. 348 nm and 389 nm. In general, the absorption spectrum was not
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significantly altered by the polarity and or the hydrogen bond donor ability of the medium 
and these results are summarised in Table 3.5. However, the ICT nature of 159 is evident due 
to the peak position being slightly affected by the polarity of the medium. Conversely, large 
changes were observed in the absorption spectra of 142 indicating that polarity and or the 
hydrogen bond donor ability of the solvent significantly affects peak position. For instance, 
the longer wavelength region of the absorption spectrum of 142 in toluene is composed of a 
broad band centred at 411 nm. Upon increasing the polarity of the medium by changing the 
solvent to DMF, a bathochromic shift of 33 nm is observed. The magnitude of this shift is 
much greater than any shift recorded for the Troger’s base derivative 159 further highlighting 
the effect the rigid V-shaped structure imposes on the ability of the amine to donate electrons 
into the naphthalimide ring and its capacity to participate in the ICT process. In addition, the 
spectral changes recorded for 142 are smaller than those observed for a 4-amino-1,8- 
naphthalimide derivative such as 132, highlighting the difference in the electronic donor 
ability of the 3- versus 4-amino moiety in such structures.'*^ Subsequent incorporation of the 
froger’s base structural motif is expected to further affect such electronic donor abilities.

Table 3.5; The photophysical characteristics of !59 and 142.

Solvent 159rkiiiaxi \
(nm)

^ .1

(nm)
159;®,

(±10%)

1 \
(nm)

142:k,
(nm)

max FI.1

(±10%).
Toluene 348/388 481 0.061 411 470 0.617
DCM 347/387 517 0.031 412 475 0.642
THF 346/386 499 0.025 427 503 0.609
Chloroform 347/387 498 0.043 410 468 0.603
Ethyl 345/385 508 0.015 422 497 0.543
Acetate
Acetone 345/385 448 0.013 426 512 0.520
MeOH 346/386 455 0.007 429 544 0.175
EtOH 346/386 448 0.010 432 550 0.283
MeCN 346/386 450 0.011 421 513 0.486
DMF 348/386 452 0.010 438 534 0.434
DMSO 349/386 484 0.005 444 546 0.392
Water 348/386 511 0.011 409 584 0.025

150



Chapter 3: Design, Synthesis and Photophysical 
Evaluation of Amino Acid Based Bis-J ,8-Naphthalimide Trdger's Base Derivatives

Additional evidence for the presence of an ICT excited state in 159 was obtained by 
studying the influence of solvent polarity using fluorescence emission and excitation 
spectroscopy studies. As an example, the fluorescence emission spectrum of 159 was 
recorded in CH2CI2 and consisted of a broad unsymmetrical band that tailed off to longer 
wavelengths and had a A-maxPi u at 517 nm, as shown in Figure 3.38. The emission intensity 
decreased and a hypsochromic shift of 69 nm was measured when the solvent was changed to 
CH3OH, whereas, a smaller hypsochromic shift of 8 nm was observed when recorded in 
water. The emission spectra were recorded by exciting at various wavelengths and they each 
yielded identical results which indicated that the molecule was spectroscopically pure. 
Furthermore, the fluorescence excitation spectra were identical to the absorption spectra in 
each of the solvents studied showing that the molecule alone is responsible for the negative 
fluorosolvatochromism observed.

Wavelength (nm)

Figure 3.38: Fluorescence emission spectrum of 159 in solvents of varying polarity. 
Excitation wavelengths are summarised in Table 3.5.

Negative solvatochromism and fluorosolvatochromism have been reported for many 
systems where the sign of the solvatochromism depends on the difference in the dipole

264-266 Bathochromic shiftsmoment between the ground and excited states of the fluorophore. 
have been reported in non-polar solvents for cationic dyes which exhibit instant stabilisation 
attributed to the fast rearrangement of polarisable electrons during excitation or emission. 

Conversely, the corresponding precursor 142 exhibited bathochromic shifts upon
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increasing the polarity of the medium which are well eharaeterised as being due to the ICT 
excited state.

In order to study the spectral properties of 159 in more detail, (j)F were calculated to 
provide further evidence for the presence of an ICT exeited state in 159. For comparison 
purposes the 4>f were also measured for the precursor 142 and are summarised in Table 3.5. 
The (j)F determined were low and followed a trend similar to that seen for 154 and for similar 
systems previously reported.

3.6.4. Spectroscopic Evaluation of 155 in Solvents of Varying Polarity

The influence of solvent polarity and hydrogen bond donor ability on the 
photophysical behaviour of the peptide froger’s base 155 was evaluated using absoiption and 
Iluoreseence emission and excitation spectroscopy. The peptide moiety eonsists of S'-alanine 
and .S-leucine residues with the 5-alanine residue being directly attached to the iV-imide 
termini. The absorption spectrum of 155 was similar to that described for 154. consisting of a 
high energy band centred at ca. 230 nm pertaining to the naphthalimide chromophores while 
the longer wavelength region between 280 and 450 nm can be defined by a broad absorption 
band with maxima at ca. 346 and 386 nm. A look to the data in Table 3.6 shows that in the 
case of 155 positive solvatochromism was observed when the polarity of the medium was 
increased. For instance, a bathochromic shift of 9 nm was recorded when changing the 
solvent from ethyl aeetate to DMSO and this is well eharaeterised as being due to an ICT 
excited state of the fluorophore. Comparing the spectral data collected for 155 with that of its 
precursor 139, shows that larger shifts in peak positions were observed for 139 when 
parameters sueh as the polarity and hydrogen bond donor ability of the medium was altered. 
This behaviour is similar to that described for 154 and its corresponding precursor 132 and 
may be due to the presenee of the Troger’s base structural unit which affects the ability of the 
nitrogen atom to donate eleetrons into the naphthalimide ring and thus, its contribution in the 
ICT proeess. The were calculated for 155 and provide further evidence for the presenee of 
an ICT excited state in 155, as they were found to be low and to decrease upon increasing the 
polarity of the solvent. These results are in accordance with the low fluoreseent quantum 
yields previously reported for A'-substituted 1,8-naphthalimide derivatives. All the relevant 
spectral data collected is summarised in Table 3.6.
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Table 3.6: The photophysical characteristics measured for 155 and 139.

Solvent 155!^niaxl'\'
(nm)

155:Xniaxri.i

(nm)
155:fl.K

(±10%)

139iX,||iaxrv)

(nm)
139;Xniaxi'i.r

(nm)
139:®|.

(±10%).
Toluene 384 476 0.373 404 483 0.621

DCM 386 497 0.182 403 488 0.810
THF 384 499 0.133 418 502 0.560

Chloroform 384 482 0.259 402 481 0.725
Ethyl
Acetate

381 502 0.085 412 501 0.586

Acetone 384 530 0.023 415 510 0.478
MeOH 384 520 0.003 429 531 0.252
EtOH 385 530 0.007 436 526 0.319
MeCN 385 535 0.012 414 514 0.655
DMF 387 535 0.013 430 520 0.466
DMSO 390 543 0.009 435 526 0.389
Water 389 520 0.035 427 545 0.091

3.7 Summary

As already mentioned, many examples have been reported whereby systems 
incorporating naphthalimides because of their solvatochromic response have been designed to 
study protein interactions.^^’ The amino acid Troger’s bases 154, 155 and 159 synthesised as 
part of this project have been shown to exhibit positive and negative solvatochromism 
providing a basis for their use as potential peptidomimetics. In addition, this response may 
have the potential to be fine tuned as the quantum efficiencies of these compounds vary 
depending on the solvent parameters but also on the type of naphthalimide present. For 
instance, froger’s bases derived from 4-amino-1,8-naphthalimides have been shown above to 
have higher quantum efficiencies compared to their 3-amino-1,8-naphthalimide derivatives.

3.8 Conclusion

The first section of this chapter dealt with the synthesis of twenty-two novel bis-1,8- 
naphthalimide based Troger’s bases incorporating amino acids at the A-imide termini in 
moderate to high yields. This involved investigating two main synthetic strategies. The first
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approach dealt with the synthesis of 3- or 4-amino-1,8-naphthalimides incorporating either 
one or two amino acids at the A^-imide terminus. This was achieved by carrying out 
condensation reactions between the 3- or 4-nitro-l,8-naphthalic anhydride and the relevant 
amino acid. The synthesis of 4-nitro-l,8-naphthalimides incorporating two amino acids was 
carried out using the anchored approach using carbodiimide coupling reagents EDCI.HCl and 
HOBt. These coupling and condensation reactions were achieved using enatiomerically pure 
amino acids which retained their chirality during synthesis. Subsequently, the nitro groups 
were reduced to their amino counter-parts and the Troger’s base reaction followed.

The second strategy involved the initial formation of Troger’s bases incorporating one 
amino acid at each A^-imide terminus, followed by peptide bond formation generating 
derivatives incorporating two amino acids at the A^-termini post Troger’s base formation. This 
reaction was investigated using several coupling reagents such as TBTU, ethyl chlorofonuate, 
EDCI.HCl and BOP with the latter yielding the desired product in the highest yield. All 
twenty two molecules were fully characterised using conventional techniques. From analysing 
the 'H and '^C NMR spectra, it was evident that two species existed in solution. As a 
consequence of the achiral 1.8-naphthalimide chromophore incorporating both 
enantiomerically pure amino acids at one end and a chiral racemic centre at the other, 
diastereoisomers were formed. The ‘H and '^C NMR spectra can be described as having 
overlapping signals or multiple signals due to the presence of the diastereoisomers. 
Unfortunately, the diastereoisomers could not be separated by column chi-omatography or 
recrystallisation techniques, fhe froger’s bases and their corresponding amino precursors 
were analysed using CD spectroscopy in CH3OH. In the case of the Troger’s bases derived 
Irom their 4-amino-1.8-naphthalimide precursors as seen above, induced CD signals were 
observed in the long wavelength range of the spectra in certain cases highlighting that 
chirality can be induced into the achiral naphthalimide core. This effect was not observed for 
the 3-amino-1,8-naphthalimide derivatives investigated as part of this study.

The second section of this chapter dealt with the photophysical evaluation of these 
novel Troger’s bases which was determined in a range of solvents of varying polarity and 
hydrogen-bonding ability and compared to their corresponding precursors, using both ground 
state and excited state spectroscopy. This photophysical evaluation started with an initial 
screening ot the molecules by recording their absorption and fluorescence emission and 
excitation spectra in CH3OH and CHCI3 where soluble. No significant changes were observed 
in the absorption spectra when changing the solvent form CHCI3 to CH3OH. However larger
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changes were measured in the emission spectra when increasing the solvent polarity of the 
medium. Subsequently, the excitation spectra were measured and found to be identical to the 
absorption spectrum when measured in CHCI3 However, in the case of CH3OH the absorption 
and excitation spectra did not match. By carrying out these studies in more solvents, it was 
observed that the excitation spectra deviated from that of the absorption spectra when 
measured in polar solvents such as CH3OH and DMF, in the solvents where the fluorescence 
quantum efficiencies are at their lowest. It was predicted that what would give rise to the 
excitation spectrum in these polar solvents was present in a very minute amount, as it was 
only observed for solvents at the higher end of the polarity table. Unfortunately, removal and 
isolation of this fluorescence impurity in each case was not accomplished due to the dilute 
nature of this unknown entity. Therefore, the identity of this species was not elucidated, 
however, according to mass spectral analysis and the 'H and '^C NMR experiments 
conducted, this fluorescence species was not the 3- or 4-amino-1,8-naphthalimide precursor.

Compounds that were optically pure in polar solvents were synthesised and evaluated 
using a range of twelve solvents of varying polarity and hydrogen bond donor and acceptor 
ability. It was found that incorporation of the Troger’s base moiety into the skeleton of the 3- 
and 4-amino-1,8-naphthalimide skeleton altered the ICT excited state of the naphthalimide 
fluorophore. Compared to their naphthalimide precursors the Troger’s bases analysed did not 
exhibit large changes when the polarity of the medium was altered. Nevertheless, the 
magnitude of the bathochromic shifts observed when increasing the polarity of the solvent are 
indicative and characteristic of an ICT excited state. However, from these studies it is evident 
that the ICT excited state character is weaker for the Troger’s bases compared to their 
precursors and this is attributed to the rigid V-shaped geometry imposed on the naphthalimide 
upon incorporation of the Troger’s base structural unit which affects the ability of the amine 
to donate electrons into the naphthalimide core and thus, participates in the ICT process to a 
lesser extent. Furthermore, this effect was found to be more pronounced for the Troger’s 
bases derived from the 3-aniino-1,8-naphthalimide chromphore.

The influence of solvent polarity on the fluorescence emission behaviour was 
investigated using the same solvents. In the case of the 4-amino-1,8-naphthalimide derived 
Troger’s bases, increasing the solvent polarity resulted in large red shifts, the magnitude of 
which were not observed in their absorption spectra. This is typical of solvent stabilisation of 
more polar excited states and the greater comparable shifts supports the characterisation of the 
emission as being due to the ICT process. Conversely, in the case of 159, a Troger’s base
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derived from the 3-amino-1-8-naphthalimide 142, a laige blue shift with a decrease in the 
emission intensity was recorded when changing the solvent from CH2CI2 to CM3OH. These 
results clearly show that the naphthalimide based Troger’s bases incorporating amino acids 
possess ICT character and are capable of generating either positive or negative solvatochromic 
effects in response to changes in polarity and or the hydrogen bonding capabilities of the 
medium, which provides a basis for their use as potential peptidomimetics.

Overall, the functionalisation of the Troger’s base skeleton which was the purpose of 
this work was achieved using facile and versatile synthetic approaches and generated twenty- 
two new Troger’s base derivatives. Deprotection at the C-termini can be achieved yielding 
the free carboxylic acids which have the potential to be further derivatised and modified in a 
number of ways. Furthermore, exploitation of their photophysicai properties may lend these 
molecules to the fields of fluorescent bio-sensing and protein detection.
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Chapter 4: Design, Syntheisis and Photophysical Evaluation of Tetra- 
l ,8-Naphthalimide Troger's Base Derivatives as Potential Receptors for Fullerene C(,o

4.1 Introduction

I'he fullerenes are a family of molecules that are completely composed of carbon and 

arc in the forms of spheres, ellipsoids or tubes.^'’’ As fullerenes lack any functionality other 

than carbon, this in combination with their geometry makes them hard neutral polarised 

species.^^* The parent of the fullerenes is the buckminster fullerene Ceo, also known as the 

"bucky ball" and represents a third form of crystalline carbon, the other two being graphite 

and diamond. C6o is in the form of a truncated icosahedron, a molecular "soccer ball" with 

sixty vertices and thirty-two faces consisting of twelve pentagons and twenty hexagons.A 

diagrammatic representation of C6o is shown in Figure 4.1.

Figure 4.1: Diagrammatic representation of

Since the discovery of fullerenes, a new field of synthesis has emerged where 

fullerenes have been applied extensively in many areas of research as superconducting 
devices,^^® non-linear optical materials^^’ and pharmaceutical agents.^^^*'**’^^^ For instance, a 

fullerene Ceo based fluorescent probe was developed by Tang et al?’’^ as a probe for trypsin. 

1 he probe consisted of two moieties, one moiety being fluorescein which performed as the 

fluorophore and electron donor with the other being C^o which acted as the electron acceptor. 

In the presence of trypsin, a fluorescence enhancement was induced as the photoinduced 

electron transfer process from fluorescein to fullerene was blocked. This probe was highly 

selective for trypsin over other enzymes and proteins including lipase and bovine serum 

albumin.

Fullerenes have also played a role in the field of supramolecular chemistry as many 

host molecules for the inclusion of fullerenes have been developed.^’"*’^^^ Research into the 

non-covalent binding of fullerenes is driven by the interest in finding and developing new and
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simpler methods for the purification of a specific fullerene from fullerene soot or a mixture of 
fullerenes. In addition, research into fullerenes is topical due to the growing interest in the
control of the nanometric organisation of electroactive materials for organic solar cells 268

A class of efficient receptors for spherical guests are rigid molecular tweezers which
“yif. 077are able to employ their two jaws to bind to the desired target. For example Li et al. 

designed and synthesised zinc porphyrin based tweezers such as 173 for the complexation of 
fullerene Cgo. as shown in Figure 4.2.

Me Me

277Figure 4.2: The binding mode for US.C^o.

Wammark et have incorporated the Troger’s base unit to construct the metallo- 
macrocycle 174 as a potential fluorescent sensor for the detection of C6o. Techniques such as 
NMR. absorption and fluorescence spectroscopy were utilised to study the interaction 
between the host and guest molecules. The NMR data obtained suggested that the C6o was 
bound weakly to 174 as no changes in the proton or phosphorus resonances were observed 
relative to 174 alone, although a slight shift in the ''^C carbon spectrum of C6o was observed 
compared to C6o alone. The spectra were dominated by C6o and uncomplexed 174 indicating 
that either the cavity was too small to host C6o or the methyl arms at the rim impeded the 
binding process. In addition, no changes were observed in the absorption spectrum however, 
the fluorescence intensity of 174 was quenched in the presence of C6o. although no shifts to 
shorter or longer wavelengths were observed. When the luminescence data was further 
analysed, a static component in the dynamic quenching of the fluorescence was observed and 
this supported the picture with the main interaction being with the outside of the cavity.
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In order to build upon this work, 1,8-naphthalimide based Troger’s base derivatives 
175 and 176 were developed as potential molecular tweezers for binding to C6o- As discussed 
in Chapter 1, the presence of the Troger’s base moiety results in a cleft like structure, which 
has been widely explored in the field of supramolecular chemistry.Moreover, as discussed 
in Chapters 2 and 3, the photophysical properties of the bis-l,8-naphthalimide derivatives 
incorporating the froger’s base moiety are largely dependent on the polarity and H-bonding 
ability of the medium. Therefore, these derivatives can have potential application in the field 
of sensor development, where the binding of the “guest” molecules can be conveniently 
monitored by the changes in the photophysical properties of these “hosts”. The design, 
synthesis and interaction of these molecules with C6o are discussed in the following sections.
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4.2 Design and Synthesis of Tetra-1,8-Naphthaiiniide Troger’s Bases 175 and 176

Before the design strategy for 175 and 176 was developed the potential of a bis-1,8- 

naphthalimide Troger’s base as a C6o receptor was evaluated. For this preliminary study, 153 

was chosen as a representative of the bis-l,8-naphthalimide family containing the Troger’s 

base unit. The effect of successive additions of Ceo in chlorobenzene (0-473 pM) on 153 in 

DMF (8.7 pM) was monitored using absorption and fluorescence techniques. The absorption 

spectrum of C6o in chlorobenzene is shown in Figure 4.3 and as can be seen, it encompasses a 

large range of the electromagnetic spectrum, whereas, in the case of 153 the band to be 

monitored can be found in the 300 to 450 nm region of the spectrum. In Figure 4.3, there is an 

overlap in the absorbance between 153 and C6o and upon increasing the concentration of Cfio, 

the ICT band of 153 at 381 nm cannot be monitored. It has been reported that when Ceo is 

detected significant changes are observed in the absorbance spectrum such as a decrease in 
the absorbance of the ligand coupled to the formation of a new band.^^*^"^*' If such changes 

were to occur for 153 they would not be detectable due to the strong absorbance of C^o in the 

bis-l,8-naphthalimide spectral range.
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Figure 4.3: Absorption spectra of Cfo (-), 153 (-) and the possible absorbance window 
showing the absorbance band of 175 (-) with the potential to he monitored upon increasing 
C^o concentration.

After studying the absorption spectrum shown in Figure 4.3, it became apparent that it 

may he possible to monitor the absorption spectrum upon the addition of C6o by constructing 

a sensor that absorbs at higher wavelength, perhaps in the range of 425-460 nm. In an attempt
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to achieve this, the tetra-l,8-naphthalimides 175 and 176 were designed. It was anticipated 
that the 1,8-naphthalimide not directly bound to the Troger’s base moiety would absorb at 
longer wavelength in the desired window. This new series of Troger’s bases were synthesised 
aceording to Scheme 4.1 shown below. The first step in the synthetic scheme involved a 
condensation reaction between the 4-chloro-l ,8-naphthalic anhydride (1 eq.) 177 and the 
desired amine (1.4 eq.). This was performed by refluxing the two components in toluene in 
the presence of TEA overnight. The work-up involved filtering the reaction mixture whilst 
hot through celite and upon cooling the organic layer was removed under redueed pressure. 
The crude residue was dissolved in CH2CI2 and washed once with water, brine and sat. 
NaHC03. The organie layer was subsequently dried over MgS04 and removed under reduced 
pressure to yield the desired products 178 and 179 without the need for further purification, in 
99 and 89 % yield, respeetively. These compounds were characterised using 'H and ’^C NMR 
spectroscopy, IR and mass spectral analysis.

177

r'

180,181

R =
N(CH2)4

%
Yield

R =
N(CH2)5

%
Yield

178 99 179 89
180 84 181 82
182 65 183 71
184 96 185 99
175 56 176 70

NO2
182. 183

NH2
184, 185

175,
176

Scheme 4.1.■ Synthesis of Triiger 's bases 175 and 176. Reagents and conditions: (i) l-(2- 
aminoethyl)-pyrrolidine to yield 178 and l-(2-aminoethyl)-piperidine to yield 179 toluene, 
TEA, reflux, (ii) diaminopropane, reflux (Hi) 4-nitro-1,8-naphthalic anhydride, toluene, 
TEA, reflux (iv) Pd/C (10 %), Hi, 3 atm, CHiCT, CHjOH (v) paraformaldehyde, TEA. Table 
in Scheme 4.1 showing the % yields obtained.

The next step in the synthetic pathway involved a nucleophillie aromatie substitution
reaction achieved by refluxing both 178 and 179 separately in neat 1,3-diaminopropane
overnight generating 180 and 181, respectively. Upon cooling, CH2CI2 was added to the
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reaction mixtures and the newly formed organic layers were washed twice with water and 
dried over ]VlgS04 before being removed by evaporation under reduced pressure to yield the 
desired products without the need for purification. Again, these intermediates were 
characterised using conventional methods.

Another condensation reaction followed, as 180 and 181 were both treated with 4- 
nitro-l,8-naphthalic anhydride using the experimental conditions described above. An 
analogous work-up was also utilised, however, upon cooling both the desired products 182 

and 183 precipitated out of their respective toluene solutions and were collected by filtration. 
In order to ensure that all the TEA was removed each residue was dissolved in CH2CI2 and 
washed once with water, brine and sat. NaHCOs and dried over MgS04. Removal of the 
organic layer yielded the desired products 182 and 183 as brown powders in 65 and 71 % 
yield, respectively. The identity of each derivative was confirmed using 'H and '^C NMR 
spectroscopy. As an example, the 'H NMR spectrum {CDCI3, 600 MHz) of 183 is shown in 
Figure 4.4.

a

O

Figure 4.4: ‘H NMR spectrum (CDCf, 600 MHz) of 183.

The aromatic region of the 'H NMR spectrum (CDCI3, 600 MFIz) of 183 is composed 
of eleven resonances, ten of which pertain to the methine protons belonging to the two 1,8- 
naphthalimide chromophores. The eleventh aromatic peak belongs to the amido proton which 
appeared at 6.35 ppm. The aliphatic region of the spectrum is made up of eight resonances,
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whereby, the methylene protons of the propane chain appeared at 2.28, 3.56 and 4.43 ppm as 
two triplets and a multiplet, respectively. The protons belonging to the A^-imide ethyl linker 
resonated at 4.37 and 2.70 ppm as triplets. Lastly, the piperidine signals appeared as 
multiplets at 1.47, 1.63 and 2.61 ppm. The ‘^C spectrum (CDCI3, 150 MHz) of 183 consisted 
of thirty-two peaks as expected, highlighting the symmetry of the piperidine functional group. 
The HRMS data complemented this assigned structure as a peak at m/z = 606.2355 was found 
and corresponded to the molecular formula of this compound with an additional proton in the 
positive electrospray mode. Similar spectral data was also used to identify the structure of 
182.

The final step before Troger’s base formation involved reducing the nitro group to the 
corresponding amino group in a hydrogenolysis reaction. This reduction was carried out 
using a Parr hydrogen shaker apparatus at 3 atm pressure in the presence of 10 % Pd/C 
catalyst until no more hydrogen gas was consumed. Using this experimental technique 
generated 184 and 185 in high yields of 88 and 99 %, respectively. The 'H NMR spectrum of 
185 (CDCI3, 150 MHz) is shown in Figure 4.5.

m

8
~~r
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Figure 4.5: ‘h NMR spectrum (CDCh, 600 MHz) of 185.

As can be seen in Figure 4.5, the 'h NMR spectrum (CDCI3, 600 MHz) of 185 is 
comprised of twenty resonances, twelve in the aromatic region and eight in the aliphatic 
portion of the spectrum. There are ten signals that correlated to the aromatic methine protons 
of the two naphthalimide chromophores. In addition, the primary and secondary amines
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appeared at 7.51 and 7.95 ppm, respeetively. The protons pertaining to the piperidine group 
appeared as multiplets at 1.41, 1.76 and 3.64 ppm, whereas, those belonging to the ethyl side 
chain appeared as triplets with coupling constants of 6.5 Hz. The propane linker protons 
resonated at 2.09, 3.50 and 4.19 ppm as triplets and a multiplet, respectively. This structural 
assignment was similar to that conducted for 184, as 184 and 185 only differ by a methylene 
group. The *^C spectrum (CDCI3, 150 MHz) of 185 was composed of thirty-two signals as 
was seen for 183 due to the reaction taking place on the nitro functional group. The loss of 
signals at 1515 cm"' and 1388 cm"' in the IR spectrum of 183 pertaining to the nitro moiety 
complemented the structure assigned using NMR spectroscopy, as signals corresponding to 
the newly formed amino group emerged. In addition, this assignment was further supported 
by the HRMS data collected which confirmed the molecular formula as being C34H33N5O4.

The remaining step in the reaction pathway is the synthesis of Troger’s bases 175 and 
176, which were achieved using the methodology described in Chapter 3, which involved 
stirring the 4-amino-1,8-naphthalimide derivative (1 eq.) in neat TFA in the presence of 
paraformaldehyde overnight (shown in Scheme 4.1). Upon completion of the reaction, the 
reaction mixture was initially neutralised and subsequently basified before extracting with 
CH2CI2. After drying over MgS04 and removing the solvent under reduced pressure, the 
crude solids were collected. Trituration with CH3OH yielded both 175 and 176 as orange 
solids in good yields of 56 and 70 % respectively. The ‘H NMR spectrum of 175 is shown in 
Figure 4.6.
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Figure 4.6: ‘H NMR spectrum (CDCI3, 600 MHz) of 175.
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The symmetric nature of 175 is evident from the 'H NMR spectrum (CDCI3, 600 
MHz) of 175 shown in Figure 4.6. The aromatic region consisted of ten resonances which 
pertained to the naphthalimide protons and the amide proton. These were assigned with the 
aid ot CH-COSY, FIH-COSY and long range CFl-COSY experiments. The characteristic 
Troger s base peaks appeared as a singlet and two doublets with geminal coupling constants 
of 17.0 Hz. The remainder of the aliphatic region was composed of the methylene protons 
belonging to pyrrolidine and di ami nopropane moieties. The ‘^C NMR spectrum also 
confirmed the CVsymmetric nature of 175 and the molecular formula of this structure was 
determined by mass spectroscopy. The elemental analysis was also consistent with the 
assigned structure. The structure of 176 was assigned using similar methodology.

4.3 Spectroscopic Studies In Solvents of Varying Polarity

In order to evaluate the nature of the ground and excited states of the newly formed 
bis- and tctra-1,8-naphthalimide derivatives (182-185 and 175-176) they were studied in a 
range of solvents that varied by polarity in addition to their hydrogen bonding ability in a 
manner similar to that previously described for the Troger’s base derivatives in Chapters 2 
and 3. firstly, the 4-nitro-l,8-naphthalimides 182 and 183 were investigated. As can be seen 
in Figure 4.7, the absorption spectrum of 183, when recorded in CH2CI2 exhibited a high 
energy band at 228 nm, two minor bands at 260 and 285 nm, in addition to two broad bands 
centred at 352 and 430 nm. The broad band at 352 nm can be assigned to the 4-nitro-],8- 
naphthalimide chromophore, while the band at 430 nm is characteristic of a 1,8- 
naphthalimide with an electron donating substituent such as an amine at the 4-position.

0.6

Figure 4.7: Absorption spectra of 183 in CH3OH (-) and CH2CI2 (-).
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Upon changing the solvent to CH3OH, a bathochromic shift of 12 nm was observed 
for the band at 430 nm, whereas the band at 352 nm did not show any significant shift with 
varying solvent polarity. The largest bathochromic shift of 30 nm was observed for the 
absorption band at 430 nm, when changing the solvent from chlorobenzene to water. This 
positive solvatochromism observed when increasing the polarity of the media for the 430 nm 
absorption band indicated the involvement of a solvent dependent ICT ground state 
characteristic of 4-amino-1,8-naphthalimides.'^^ These changes are summarised in Table 4.1.

After establishing the presence of the ICT state in the ground state, 183 was 
investigated using fluorescence emission, excitation and lifetime techniques. In CH2CI2, when 
excited at 430 nm, the emission spectrum of 183 displayed a broad structureless band that 
tailed off to longer wavelengths with a A.maxFLU = 500 nm. Upon changing the solvent to 
Eton, a bathochromic shift of 24 nm was observed, as can be seen in Figure 4.8 with the 
corresponding excitation spectra. Larger changes were observed in the emission spectra 
highlighting that the excited state is stabilised to a greater extent with respect to the ground 
state. The photophysical properties are summarised in Table 4.1. Importantly, when 183 was 
excited at 350 nm (the absorption band of the 4-nitro-l,8-naphthalimide), a broad 
structureless emission centred at 530 nm characteristic ot 4-amino-1.8-naphthalimide was 
observed indicating efficient intramolecular energy transfer occurring from the 4-nitro-l,8- 
naphthalimide chromophore to the 4-amino-1,8-naphthalimide moiety.

250

Figure 4,8.' Fluorescence emission spectra of 183 in CHCI3 (-) and EtOH (-) excited at 430 
and 440 nm, respectively, and excitation spectra in CFICI3 ( ) and EtOH (-) recorded at 
excitation wavelengths of500 and 524 nm, respectively.
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Table 4.1: Summary of the photophysical properties of 183. Lifetimes were determined using 
a 458 nm nanoled. Fluorescein 01 M NaOH at 436 nm) was used as the quantum
yield reference standard.''‘ Accurate lifetime value could not he determined.

Solvent ^nia\l A'

(nm) (nm)

Ok

(± 10%) T2 (%)
Toluene 419 490 0.033 0.61 (25) 5.87(75)
THF 428 500 0.033 0.98 (19) 7.69 (81)
Chlorobenzene 427 500 0.038 1.39(20) 7.16 (80)
Ethylacetate 428 502 0.036 1.03 (14) 9.72 (86)
Chloroform 430 500 0.016 0.78 (22) 7.68 (78)
DCM 430 502 0.056 0.42 (42) 8.41 (58)
Acetone 431 511 0.042 1.27(14) 8.15 (26)
DIVIF 439 521 0.073 2.45 (70) 8.49 (30)
Acetonitrile 432 517 0.034 1.02 (18) 8.21 (82)
Methanol 442 530 0.054 0.59 (21) 6.59 (79)
Ethanol 440 524 0.03 0.95 (18) 6.95 (82)
DMSO 444 525 0.06 2.56 (20) 8,50 (80)
Water 457 544 0.02 ....Id----------- n------

As can be seen in Table 4.1, compound 183 exhibited bi-exponential lifetimes in all 
the solvents studied, with the short lived component presumably representing the 4-nitro-1.8- 
naphthalimide chromophore while the long lived major component may arise due to the 
luminescent 4-amino-1,8-naphthalimide moiety.Interestingly, the quantum yields were 
higher in polar protic solvents such as CH3OH and DMSO in comparison to CHCI3 and 
toluene. However, no general trend eould be established with varying the solvent polarity. 
I his is in contrast with the IC1 nature ot the excited state observed previously for various 4- 
amino-l,8-naphthalimide and Troger's base derivatives as described in Chapters 2 and 3. In 
addition, the lifetime measurements did not exhibit a clear eorrelation with solvent polarity 
either. In regards to the quantum yields a similar effect was observed by Chang et al?^^ for a 
1,8-naphthalimide based system which showed higher quantum efficiencies in polar solvents 
compared to non-polar solvents, however, no clear conclusions were drawn from this work in 
relation to this interesting behaviour except for sueh compounds exhibiting aggregation
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induced emission properties. Similar behaviour was also observed in the case of 182 

(Appendix 3).

In an attempt to try and understand this behaviour better, the amino derivative 185 

was studied as a function of solvent polarity to compare to 182 and 183. Compound 185 

exhibited a broad structureless absolution band centred at 410 nm in CH2CI2 which is 
characteristic of 4-amino-1,8-naphthalimide derivatives.'^^ Positive solvatochromism was 
observed for this absorption band when the polarity of the solvent was increased (Figure 
4.9(b)). For instance, a bathochromic shift of 24 nm for 185 was recorded when changing the 
solvent from CFI2C12 to EtOH, establishing the presence of the ICT character. These changes 
are summarised in fable 4.2.

Wavelength (nm) Wavelength (nm)

Figure 4.9: (a) Absorption spectra of 13 in CH2CI2 and CH3OH (b) Fluorescence emission spectra 
of 185 in CH2CI2 (-), DMF (-),acetone ( ), THF (-), CHCI3 ( ) with excitations at 433, 410, 422, 
422 and 407 nm, respectively.

Analysing the data in Table 4.2, it can be seen that the quantum yields and lifetimes of 
185 vary as a function of the solvent polarity. For instance, when changing the solvent from 
CHCI3 to DMSO the quantum yield was reduced from 0.481 to 0.184. In all the solvents 
studied, compound 185 showed bi-exponential decay, where the short lived lifetime 
presumably corresponds to the 4-A^-propyl substituted naphthalimide and the long lived 
component represents the 4-amino substituted 1,8-naphthalimide.'^^ Upon changing the 
solvent from CHCI3 to DMSO, both of these lifetimes were shortened. This behaviour is 
characteristic of the ICT nature of the singlet excited state. This behaviour is unlike that 
observed for the nitro derivatives 182-183.
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Table 4.2: Summary of (he photophysical properties of 184. Fluorescein fOp = 0.9, 0.1 M 
NaOH at 436 nm) was used as the quantum yield reference standard. Lifetimes M’ere 
determined using a 458 nm nanoled.

Solvent ^maxl V' (nni) ^maxHu

(nm)

Op

(± 10%)'’" Ti (%)
Toluene 406 481 0.317 0.64 (20) 8.13 (80)
THF 422 500 0.251 1.84 (31) 8.47 (69)
Chlorobenzene 410 489 0.449 4.41 (29) 9.57 (71)
Ethylacetate 418 502 0.250 2.80 (39) 9.22 (61)
Chloroform 407 487 0.481 3.96 (27) 9.59 (73)
DCM 410 494 0.369 3.53 (34) 10.37(66)
Acetone 422 512 0.184 2.37(48) 8.88 (52)
DMF 433 521 0.179 2.22 (42) 8.66 (58)
Acetonitrile 418 516 0.158 2.41 (50) 9.12 (50)
Methanol 434 532 0.121 2.40 (55) 6.84 (45)
Ethanol 436 527 0.171 2.93 (54) 7.19 (46)
DMSO 439 527 0.184 2.28 (41) 8,59(59)
Water 439 546 0.015 2.42 (57) 4.66 (43)

The Troger s base 176 was also studied in several solvents using ground and excited 
state techniques. The absorption spectrum of 176 in Cl^Cbas shown in Figure 4.10 consisted 
of a high energy band at ca. 242 nm and two small undefined broad like bands at ca. 252 and 
282 nm. At longer wavelength a broad band was observed between 330-530 nm, centred at 
428 nm. Increasing the polarity of the solvent resulted in bathochromic shifts as shown in 
Figure 4.10 and summarised in Table 4.3. Once again, such positive solvatochromism 
exhibited upon changing the polarity of the medium indicated the presence of ICT character, 
although smaller shifts were observed in comparison to the free amine 185, highlighting the 
effect of incorporating the Troger's base moiety.
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Figure 4.10: Absorption spectrum of 176 in CHCI3 (~) and DMSO (-).

The fluorescence and excitation spectra were subsequently analysed as a function of 
solvent. Behaviour similar to the nitro derivative 176 was observed where red shifts occurred 
when increasing the polarity and hydrogen bonding ability of the solvent. In addition, 176 
was found to be more emissive in polar solvents such as DMF compared to toluene. This can 
be seen in Figure 4.11, with the corresponding excitation spectra.

Figure 4.11: Fluorescence emission spectra of 176 in DMF (-) and toluene (-) excited at X^ax 
= 430 and 424 nm, respectively and fluorescence excitation spectra in DMF (-) and toluene 
(-) with excitation wavelengths at 522 and 496 nm, respectively.
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The lluorescence quantum efficiencies were shown to be greater in polar solvents 
such as CH3OH and EtOIl in comparison to non-polar solvents such as CII2CI2, toluene and 
chlorobenzene as summarised in l able 4.3. Fluorescence lifetime measurements showed that, 
the lifetimes of 176 were longer in polar solvents compared to non-polar solvents. Similar 
effects were also observed for 175 (Appendix 3).

Table 4.3: Summary of the photophysical properties of 176. Fluorescein (Op = 0.9, O.l 
M NaOH at 436 nm) was used as the quantum yield reference standard. Lifetimes were 
determined using a 458 nm nanoled. ''^An accurate value could not be determined utilising 
these experimental conditions.

Solvent ?^niaxi \ (nm) ^maxKlu

(nm) (± 10%)'“' T, (%)
Toluene 424 496 0.02 0.99 (49) 6.94 (51)
THF 422 506 0.059 1.32(56) 7.78 (44)
Chlorobenzene 416 502 0.027 1.28 (44) 7.41 (56)
Ethylacetate 423 512 0.049 1.98 (32) 9.90 (68)
Chloroform 429 507 0.034 1.35 (46) 8.14 (55)
IKM 428 514 0.038 1.72 (45) 5.37 (55)
Aeetone 429 516 0.06 1.36(56) 8.37 (44)
DMF 430 522 0.102 2.34 (68) 8.02 (32)
Acetonitrile 427 522 0.06 1.37(45) 8.90(55)
Methanol 436 534 0.079 2.24 (32) 6.72 (68)
Ethanol 432 528 0.069 2.79 (33) 7.73 (67)
DMSO 434 528 0.118 2.48 (60) 7.74 (40)
Water 436 548 0.003 rsi------- n—

In summary, the bis- and tetra 1,8-naphthalimide derivatives exhibit very interesting 
solvatochromic behaviour. Shifts to longer wavelengths are observed in both the absorption 
and emission spectra when the polarity of the solvent is increased indicating the involvement 
of solvent polarity dependent ICT states. Evidence for the ICT nature of the excited state is 
usually obtained when carrying out fluorescent lifetime and quantum efficiency 
measurements, where short lifetimes and low quantum efficiencies are expected in polar 
solvents such as CH3OH and water. For four of the six naphthalimide derivatives investigated
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here this was not the case as no clear relationship between lifetime or quantum efficiency and 
solvent dependence could be determined.

4.4 Spectroscopic Titrations of 175 and 176 with Fullerene C6o

In order to evaluate the potential of 174 and 175 as C(,o hosts, their interaction with 
Cfio was preliminarily investigated using absorption and fluorescence emission, excitation and 
lifetime techniques. As discussed earlier in Section 4.2, 174 and 175 were designed to absorb 
at higher wavelengths with respect to 152, in an attempt to investigate the ground state 
interactions of 1 ,-8-naphthalimide Troger’s bases with C6o- As can be seen in Figure 4.12, C6o 
spans the absorption spectrum from 200-680 nm and thus overlaps with the fluorescence 
spectra of many luminescent molecules. However, the singlet and triplet electronically
excited states of C6o lie below the emitting levels of these compounds on the energy scale.28.3
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Figure 4.12: Absorption spectrum of C6o (80.6 pM) in chlorobenzene.

The interaction between 175 (5 pM) in PhChDMF (86 %: 14%) and C6o (0-728 pM) 
in PhCl was the first to be preliminarily investigated by absorption spectroscopy. PhCl was 
chosen as the medium according to previous studies.DMF was used for solubility 
purposes. Upon initial addition of Ceo (0-26.6 pM) as shown in Figure 4.13(a), no significant 
decrease in absorbance was observed for the ICT band at 429 nm. Moreover, in the presence 
of increasing concentration of C6o, no new band appeared at the lower energy end of the 
spectrum lea. 480 nm), which has been reported for several €50 host systems and assigned to
the 1.1 complex of fullerene with the host.279.280 Further addition of C6oto the solution of 175
resulted in the absorption spectrum being dominated by C60 absorption bands (Figure 
4.13(b)). Consequently, it was not possible to monitor and follow the absorption spectra as a
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function of C6o concentration. The same effect was also observed for 176 (4.9 |aM) in 
PhChDMF (98 %: 2 %).

300 400 500 600

Wavelength (nm)

Figure 4.13: Absorption spectra of 175 (5 pM) in (a) the presence ofC^,, (0-26.6 pM) at low 
concentration and (b) the presence of Cm (0-728 pM) at high concentration.

The molar extinction coefficients of 175 and 176 are large with respect to Ceo and this 
renders it possible to excite the tluorophores 175 and 176 preferentially, keeping the 
eoncentration of 175 and 176 at a mueh lower level in eomparison to C6o.^*"' The steady state 
fluorescence emission and exeitation speetra of 175 and 176 were studied as a function of Cfto 
concentration and these spectra are shown in Figure 4.14 and Figure 4.15, respectively. As 
ean be seen, in the case of 175, when excited at ?Ln,axuv = 429 nm (the ICT absorption band) a 
broad structureless emission band centred at 518 nm formed. Suceessive addition of C6o 
resulted in fluorescence quenching and this was accompanied by a blue shift of ca. 3 nm. The 
excitation spectra showed a decrease in intensity upon addition of C6o as well as a blue shift 
of 4 nm.

When 176 was exeited at the absorption maximum of 427 nm, a band eentred at 515 
nm formed. Similar to that observed for 175, the intensity of this band decreased signifieantly 
upon the addition of C(,o and this was accompanied by a blue shift of 7 nm, as seen in Figure 
4.15. The changes in the fluorescence excitation spectra were also similar to that seen for 175, 
with a decrease in intensity and a shift to shorter wavelengths. The fluorescence quenching 
and the blue shifts in the presenee of increasing concentration of Ceo indicated that an 
interaction had taken place between Ceo and the derivatives 175-176.
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Figure 4.14 Fluorescence Spectrum of 175 (5 pM) upon successive addition ofC'eo- (0-728

pM). Xex = 429 nm. Inset: Plot of changes in emission v’x [Caf
0.9

Figure 4.15: Fluorescence Spectrum of 176 (4.9 pM) upon successive addition ofCoo- (0- 

567 pM). lex = 427 nm. Inset: Plot of changes in emission vs. [C^o].
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To account for this quenching, several mechanisms were considered including (i) static 
quenching through the formation of a non-fluorescent ground state complex, (ii) "Sphere of 
Action static quenching, (iii) dynamic quenching or (iv) Forster Resonance Energy Transfer 
(FRET).

In order to investigate the mechanism of quenching, single state lifetime measurements 
were conducted because static and dynamic quenching effect the average lifetime differently. 
For instance, if static quenching occurs, the decay time will not be shortened because only the 
uncomplexed fluorophores are excited.^**’ Flowever, dynamic quenching results from the 
collisional encounter between the fluorophore and the quencher and acts on the entire excited 
state population resulting in the decrease of the mean decay time upon the addition of the 
quencher. In the presence of increasing concentration of C6o the average lifetime of both 
175 and 176 remain unchanged (Table 4.4) and thus, the possibility of dynamic quenching as 
a prevailing quenching mechanism can be ruled out.

Table 4.4: Fluorescence Lifetime of 176 as a function of [C^nJ. Lifetimes were determined 
using a 458 nm nanoled.

|C6«| Ti(ns) (%) T2 (ns) (%)

0 1.36(70) 5.76(30)

3.331 X 10'^ M 1.28 (68) 5.47 (32)

9.980 X 10'^ M 1.28 (68) 5.53 (32)

3.311 X 10’^ M 1.31 (69) 5.51 (31)

6.579 X 10'^ M 1.33 (68) 5.51 (32)

1.613 X 10"* M 1.30 (66) 5.47 (34)

4.545 X 10"*M 1.41 (62) 5.51 (38)

The possibility of FRET between the Troger’s base derivatives 175-176 and C6o was 
also considered as a possible mechanism of fluorescence quenching. For FRET to occur, the 
fluorescence spectrum of the fluorophore and the absorption spectrum of the quencher must 
overlap adequately. Moreover, the efficiency of FRET is also governed by the extinction 
coefficient of the acceptor and the quantum yield of emission of the donor as described below 
(equation 4.1).^*^^ Even though the absorption spectra of 0,0 and the fluorophores 175-176
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overlap, C6o has very small extinction coefficients ot 912 and 798 mol cm at 515 and 570
nm, respectively and thus the efficiency of FRET is considered to be quite low?*^’^*^In 

addition, these measurements were carried out in PhCl where both 175 and 176 were found to 
have quantum efficiencies of 0.027 and 0.012, respectively. Therefore, the efficiency ot FRET 
should be low and cannot account for the observed fluorescence quenching. However, at very 
high concentration of C6O5 the absorbance at wavelengths > 500 nm becomes quite high {ca. 
0.4), therefore the possibility of FRET cannot be completely ruled out at such high 

concentrations.

=

9000(/nl0)K2QD
128n^Nn''

(4.1)

where, Qd is the quantum yield of the donor in the absence of acceptor, n is the refractive 
index of the medium, N is Avogadro’s number, r is the distance between the donor and the 
acceptor and Fd(>^) is the corrected fluorescence intensity of the donor in the wavelength 
region A. to ?i+dA, with the total intensity normalised to unity. The extinction coefficient of the 
acceptor is sa(5^) and is the relative orientation of the transition dipoles of the donor and

• 285acceptor in space and is usually assumed to be 2/3 considering random dynamic averaging.

As the average fluorescence lifetime of 175 and 176 remained essentially unchanged 
over the entire concentration range of Ceo this suggested that static quenching was responsible 
for the quenching observed upon the addition of C60 to fluorophores 175 and 176. However, as 
mentioned before, there was no evidence of ground state complexation from the absorption 
spectra at lower concentrations of C60 (0-26.6 pM), suggesting that either C60 interacts very 
weakly with the hosts 175 and 176 or there is no ground state interaction at all. However, at 
higher concentrations of €50 the interaction between 175 (or 176) and C60 could not be 
followed by absorption spectroscopy due to strong absorbance of €50 at wavelengths > 450 
nm, and therefore, no conclusion could be drawn on this type of quenching from the 
absorbance data. Similar behaviour has been previously observed for the "molecular box" 
174 containing Pt (II) coordinated to the Troger’s base containing ligands by Warnmark and 
co-workers.^’* Such weak interactions between 174 and €50 were reported to be due to the 
inability of the "molecular box" 174 to cage Ceo efficiently. As discussed earlier, this may be 
due to the size of the cavity not being large enough to host C60 or due to the presence of the 
methyl arms which may impede the binding process. However, the fluorescence intensity of
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174 was significantly quenched in the presence of C6o in a manner similar to that observed for 
the interaction of 175 (and 176) with C6o (cf. Figures 4.14 and 4.15). The fluorescence 
quenching of 174 was thought to be due to the weak interaction of Ceo with the outer surfaee 
of the cage, which may also be the possible mode of interaction between the bis- 
naphthalimides 175-176 described herein. In order to gain further insight into the mechanism 
of quenching the fluorescence data was analysed in terms of the Stern Volmer equation 
(equation 4.2),

lo/I = 1 + KslQ] (4.2)

where, Iq is the intensity of the free tluorophore, I is the intensity of the fluorophore in 
the presence of the quencher, fQ] denotes quencher concentration and Ks refers to the 
association constant. The curves obtained for 175 and 176 in accordance to equation 4.2 are 
shown in Figure 4.16 (a) and 4.16 (b), respectively.

4.4- 

4.0

3.6- 

3.2- 

2.8-

2.4- 

2.0

1.6- 

1.2

2.0x10"* 4.0x10"* 6.0x10"*

[Cgol M
8.0x10

Figure 4.16: Plot ofl/lovs [Ceojfor 175 (left) and 176 (right).

Figure 4.16 reveals that for both of the hosts 175 and 176, the plots of I/Io versus [Cfto] 
exhibited positive deviations from linearity at higher concentrations of €50. This deviation was 
found to be more pronounced for 176. Such upward curvature in the Stern Volmer plot is 
indicative of a combination of static and dynamic quenching. The static component was also 
reflected in the singlet state lifetime measurements, where the mean fluorescence lifetime was 
essentially unaflected in the presence of increasing concentration of Ceo- The dynamic 
component observed at higher concentration of C60 can result from the collisional encounter of
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C60 With the outer surfaces of the hosts 175 and 176. Alternatively, the fluorescence 
quenching can also result from the "Sphere of Activation" mechanism^'"’ if the Cso molecules 
are located adjacent to the fluorophore at the moment of excitation and will quench the

278fluorescence without forming a ground state complex.

4.5 Conclusion

The work in this chapter has demonstrated that the tetra-l,8-naphthahmide Troger s 
bases 175 and 176 synthesised display varying spectroscopic responses towards solvent 
polarity and hydrogen bonding ability. However, no specific trend could be established for 
the variation of the photophysicai properties with respect to solvent polarity and the H- 
bonding properties. The interaction of 175 and 176 with C6o has been investigated using 
absorption and fluorescence spectroscopy. The absorption spectra of 175 and 176 remained 
unchanged at low concentrations of C60 and no new band was observed to indicate the 
formation of a hostiguest complex. Unfortunately, the interaction could not monitored at 
higher concentrations of C6o due to the strong absorbance of the molecule at wavelengths > 
450 nm. Preliminary studies suggested that the singlet excited states of 175 and 176 were 
significantly quenched in the presence of C„o. Analysis of the fluorescence data in terms of a 
Stem-Volmer plot showed that the quenching involves a combination of static and dynamic 
mechanisms. The static component was also reflected in the fluorescence lifetime 
measurements of 175 and 176 in the presence of varying concentrations of Cm, which 
remained largely unchanged over the entire concentration range of the quencher. Several 
possibilities have been postulated to account for the dynamic component, which can result 
from the collisional encounter of the quencher with the outer surface of the cleft shaped host 
molecules. Alternatively, the close proximity of C6o molecules to the fluorophore at the 
moment of excitation can also result in the quenching of the fluorescence without forming a 
ground state complex through the "Sphere of Activation" mechanism. Moreover, the 
efficiency of FRET from the singlet state of 175 or 176 to Ceo seems to be very low due to the 
low extinction coefficients of Cm at wavelengths > 500 nm. However, at the very high 
concentrations of Cm, due to strong absorbance of C6o at wavelengths > 500 nm, the 
possibility of FRET cannot be completely ruled out. These preliminary titration studies 
suggest that 175-176 posses potential as sensors for C6o and the efficient fluorescence 
quenching can be utilised (for e.g linear region of the Stern-Volmer plots in Figure 4.16(a) 
and (b)) for the quantitative detection of C^o. Therefore, these interactions need to be further 
evaluated by other physical measurements such as 'll NMR spectroscopy, mass spectroscopy,
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dynamic light scattering etc. Moreover, the initial studies suggested that 175-176 interact very 
weakly with the outer surface of the hosts instead of binding to the "cleft" of these molecules. 
This needs to be further evaluated and quantitative estimations of these interactions will be 
carried out in the future.

4.6 Overall Conclusions and Future Perspectives

The overall theme of this thesis was to derivatise the 1,8-naphthalimide chromophore. 
This was achieved through the incorporation of the racemic Troger’s base structural unit at 
the 3 and 4 positions on the naphthalimide rings and by modifying the A^-imide termini. In 
Chapter 2, Troger’s base derivatives 86-90 were developed as C^-symmetric DNA binders 
and were derived from the 3-amino-1,8-naphthalimide chromophore. These molecules as 
racemic mixtures were shown to bind to ct-DNA quite strongly and possess two modes of 
binding. In view of these encouraging results, the next step will be to separate the 
enantiomers through chiral resolution and to evaluate their affinity for DNA as single 
enantiomers. In addition, it is known that these molecules bind to the grooves of DNA, 
however, it is unknown if these molecules bind to the major or minor grooves of DNA. In 
order to gain further insight into the DNA binding abilities of these molecules this mode of 
binding needs to fully elucidated. This will also provide more infomiation on the design of 
these molecules which may contribute to the future construction and development of 1,8- 
naphthalimide based Troger’s base derivatives as potential DNA binders. In order to compare 
86-90 with the 4-amino derived analogues to the fullest extent the cytotoxic activities of these 
molecules will be determined in both 1IL-60 and K562 cell lines. Future work will include 
conducting Alamar Blue assays in order to study cell proliferation as well as further studies 
using eonfocal microscopy.

Chapter 3 dealt with the synthesis of amino acid based Troger’s base derivatives.
I hese molecules were shown to exhibit solvent dependence due to the presence of an internal 
charge transfer excited state and it was concluded that such molecules may have potential to 
behave as peptide mimics. In order to evaluate these molecules as potential peptidomimetics, 
their interaction with proteins such as HSA and BSA will be investigated. Furthermore, the 
corresponding mono-1,8-naphthalimide precursors were originally designed and evaluated as 
DNA binders with the premise being that specificity may be achieved by incorporating amino 
acid and peptide sequences. By incorporating the Troger’s base motif the DNA binding 
affinities of these molecules may be enhanced as was the case in Chapter 2, thus the
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interactions of these molecules with DNA will be investigated using absorption and 
fluorescence techniques. Moreover, these molecules were formed as diastereoisomers and 
separation of these will be attempted using high performance liquid chromatography.

The final chapter detailed the design, synthesis and preliminary photophysical 
investigations of tetra-l,8-naphthalimide Troger’s base derivatives using absorption and 
fluorescence techniques. In order to gain a better understanding of the interactions discussed 
in Chapter 4, techniques such as NMR and mass spectroscopy will be employed. In addition, 
dynamic light scattering may also provide further information on the behaviour exhibited 
during the course of the titrations.
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5.1 General Experimental Techniques

All NMR spectra were recorded using a Briiker DPX-400 Avance spectrometer, 
operating at 400.1 MHz for 'll NMR and 100.6 MHz for '■"C NMR, or a Briiker AV-600 
spectrometer operating at 600.1 MHz for ‘H NMR and 150.2 MHz for '^C NMR. Shifts are 
referenced relative to internal solvent signals. Electrospray mass spectra were recorded on a 
Micromass LCT spectrometer, running Mass Lynx NT V 3.4 on a Waters 600 controller 
connected to a 996 photodiode array detector with HPLC grade methanol or chloroform. High 
resolution mass spectra were detenuined by a peak matching method, using leucine 
Enkephalin, (Tyr-Gly-Gly-Phe-Leu) as the standard reference {m/z = 556.2771). Melting 
points were determined using an IA9000 digital melting point apparatus. Infrared spectra 
were recorded on a Perkin Elmer Spectrum One FT-IR spectrometer fitted with a Universal 
ATR Sampling Accessory. Elemental analysis was conducted at the Microanalytical 
Laboratory, School of Chemistry and Chemical Biology, University College Dublin. X-Ray 
diffraction studies were carried out by Dr. Thomas McCabe (School of Chemistry, Trinity 
College Dublin) using a Briiker SMART APEX single crystal CD diffractometer.

UV-visible absorption spectra were recorded on a Varian Cary 50 spectrometer. 
Emission spectra were recorded on a Cary Eclipse Luminescence spectrometer. Solutions 
were measured in 3 cm (10 mm x 10 mm) cuvettes. Linear and circular dichroism spectra 
were recorded at concentrations corresponding to optical densities of approximately 2.5 and 
1.0, respectively, on a J-815 Circular Dichroism Spectropolarimeter equipped with a Linear 
Dichroism Accessory (LD) or a .lasco J-810-150S CD spectropolarimeter (CD). Ethidium 
bromide displacement assays were performed in 10 mM phosphate buffer solution (pH 7.4) 
according to the procedure ot Boger et I he fluorescence of ethidium bromide was
initially measured at = 545 nm and normalised to 0 % relative fluorescence. An 
appropriate amount of ct-DNA was then added at a ratio of ethidium bromide to ct-DNA 
(base pairs) of 2:1. At this ratio it could be estimated that all interaction sites were occupied 
and the fluorescence was measured again and normalised to 100 % relative fluorescence. The 
changes in the emission spectra of ethidium bromide to c7-DNA were then monitored upon 
successive additions of the appropriate DNA binding molecule. The titrations were continued 
until the decrease in the emission reached saturation and remained constant. Thermal 
denaturation experiments were performed on a thermoelectrically coupled Perkin Elmer 
LAMBDA 25 UV/Vis Spectrophotometer.The temperature in the cell was ramped from 30 to 
90 °C at a rate of 1 °C per minute and the absorbance at 260 nm was measured every 0.2 °C. 
For these studies, semi-micro UV-Vis cuvettes were used (path length of 1 cm and window
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width of 4 mm). All solutions were thoroughly degassed before the experiment. Fluorescence 
lifetime experiments were carried out on a Iloriba Scientific Fluorolog - Modular 
Spectrofluorimeter equipped with Time Correlated Single Photon Counting (TCSPC) 
capability. A nanoled with A,ex= 458 nm was used as the excitation source. Emission decays 

were recorded at A,Eni depending on the solvent using a slit width of 2 nm. Alt the decay traces 
were corrected for using a dilute solution of colloidal silica.

Titrations were carried out by monitoring changes in the absorption and emission 
spectra of the dye at pFI 7.4 in 10 mM phosphate buffer upon successive additions of aliquots 
of ct-DNA. The results are quoted using the concentration of ct-DNA expressed as a 
nucleotide phosphate to dye ratio (P/D ratio).

5.2 Materials

All reagents and solvents were purchased commercially from Sigma-Aldrich, Fluka, 
TCI and Apollo Ltd. and unless specified, were used without the need for further purification. 
Anhydrous solvents were prepared using standard procedures according to Vogel, with 
distillation under argon prior to each use.^** Chromatographic columns were run using Silica 
gel 60 (230-400 mesh ATSM). Analytical TLC was performed using Merck Kieselgel 60 F254 

silica gel plates. Solutions of c/-DNA in 10 mM phosphate buffer pH 7.4 gave a ratio of UV 
absorbance at 260 and 280 nm of 1.85:1, indicating that the ct-DNA was sufficiently free of 
protein. The concentration of the ct-DNA was determined spectrophotometrically using the 
molar extinction coefficient of 6600 M"' cm ' at 260 nm.

5.3 General Experimental Techniques For Chapter 2.

5.3.1 Procedure 1: Formation of the 3-Amino-l,8-Naphthalimide Derivatives'*^

3-Amino-1,8-naphthalic anhydride (1 eq.), the appropriate dialkylaminoethylamine 
(1.4 eq.) and triethylamine (2 eq.) in toluene were stirred at reflux for 24 hours under an 
argon atmosphere. Upon completion of the reaction the reaction mixture was immediately 
filtered while hot through celite, washing several times with toluene. The filtrate and 
washings were removed under reduced pressure and the residue dissolved in CH2CI2. The 
organic solution was washed twice with sat. NaHCOa, twice with H2O and once with brine. 
The organic layer was dried over MgS04 and evaporated under reduced pressure to dryness. 
Purification was carried out where necessary.
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5.3.2 Procedure 2: Formation of the Bis-1,8-Naphthalimide Troger’s Base Derivatives

A mixture of the relevant 3-amino-1,8-naphthalimide (1 eq.) and paraformaldehyde 

(1.1 eq.) in neat TFA were stirred at room temperature for 3 hours under an argon 

atmosphere. The reaction was initially neutralised and further basified using 6 M NaOH. The 

aqueous solution was extracted several times with CH2CI2. The organic extracts were 

combined and the solvent was removed under reduced pressure. The crude product was 
purified and dried under vacuum.

3-Nitro-l,8-Naphthalic Anhydride 101 172

NO2

1,8-Naphthalic anhydride (2.50 g, 12.6 mmol) was dissolved in sulphuric 

acid (10 mL) and cooled in an ice bath. A solution of nitric acid (0.5 mL) 

in sulphuric acid (5 mL) was added slowly to the cooled naphthalic 

anhydride solution with stirring. After completion of the addition, the ice 

bath was removed and the reaction mixture was allowed to warm to room temperature and stir 

for 90 min. The reaction mixture was poured into ice water and the solid was collected by 

suction filtration. The crude residue was recrystallised from glacial acetic acid to yield beige 

needles (1.84 g. 60 %). m.p. 251-253 °C (ref249° C); d'n (400 MHz, (CD^jSO), 9.54 (IH, 

d, J = 2.0 Hz, H2), 8.93 (1H, d,./ = 2.5 Hz, H4), 8.84 (1H, d,./ = 8.0 Hz, H5), 8.72 (1H, d,./ = 

7.5 Hz, H7), 8.11 (IH, app. t, H6); dV (150 MHz, (CD3)2SO), 159.8 (C=0), 159.6 (C=0), 

145.8 (C), 137.2 (Ar-CH), 135.3 (Ar-CH), 131.7 (C), 130.9 (C), 130.6 (Ar-CH), 129.5 (Ar- 

CH), 124.1 (Ar-CH), 121.4 (C), 119.9 (C); Vmax (neat sample)/cm'' 1776, 1733, 1541, 1455, 
1341.

3-Amino-1,8-Naphthalic Anhydride 102^^

Compound 101 (1.70 g, 6.9 mmol) was shaken with 10 % palladium on 

carbon in DMF (100 mL) in the presence of hydrogen at 3 atm for 2 hr at 

'NH2 temperature in a Parr shaker. The reaction mixture was filtered
through celite and washed with DMF/toluene. The solvent was removed 

azeotropically with toluene under reduced pressure to yield the product as an orange solid 
(1.35 g, 92 %). m.p. 304-306°C (ref'^'* > 300°C); HRMS: 214.0504 ([M+H]^. C12H7NO3 

requires 214.0496); d'n (600 MHz, (CD3)2SO), 8.14 (IH, d, ./= 8.3 Hz, H5), 8.11 (IH, d, ./ = 

7.2 Hz, H7), 7.97 (IH, d, J = 2.2 Hz, H2), 7.68 (IH, app t, H6), 7.37 (IH, d, ,7=2.3 Hz, H4), 

6.10 (2H, br. s, NFL); 4-(150 MHz, (CD3)2SO), 161.0 (C=0), 160.9 (C=0), 148.1 (C), 133.6 

(C), 132.6 (Ar-CH), 127.3 (Ar-CH), 127.1 (Ar-CH), 123.1 (Ar-CH), 122.9 (C), 119.2 (C),
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118.5 (C), 112.6 (Ar-CH); d'w (60.8 MHz, (€03)280), 66.3 (NH2); Vm^x (neat sample)/cm' 
3465, 3365, 1750, 1717, 1515.

A^-[l-Dimethylamino-ethyl]-3-amino-l,8-naphthaIiiiiide 20

Compound 20 was synthesised by reacting A'.A-dimethylethylenediamine 
(210 mg, 0.32 mL, 2.98 mmol), 102 (455 mg, 2.13 mmol ) and TEA (431 
mg, 0.60 mL, 4.26 mmol) in toluene (100 mL) according to Procedure 1, 
to yield the product as yellow needles (448 mg, 74 %) after triturating with 
CHCI3. m.p. 171 °C (ref.^^ 169-171 °C); HRMS: 284.1400 ([M+H]^. 
C16H18N3O2 requires 284.1399); <5h (600 MHz, (€03)280), 8.08 (IH, d, J 

= 7.2, H7), 8.04 (1H, d, J = 7.9, 115), 7.97 (1H, d, J = 2.3 1 Iz, 112), 7.63 (1H, app.t, H6), 7.29 
(IH, d, ./= 2.3, H4), 5.98 (2H, br. s, NH2), 4.14 (2H, X,J= 6.8, N€H2€H2N(€H3)2), 2.49 (2H, 
t, J = 7.2, N€H2€H2N(€H3)2), 2.09 (6H, s, N€H2€H2N(€H3}2); (150 MHz, (€03)280),
163.6 (€=0), 163.5 (€=0), 147.8 (€), 133.5 (€), 131.4 (Ar-€H), 126.9 (Ar-€H) 125.4 (Ar- 
CH), 122.5 (Ar-CH), 122.5 (€), 121.7 (€), 120.5 (€), 11 1.7 (Ar-CH), 56.5 (CIL), 45.3 (CIH), 
38.0 (CH2); <5n (60.8 MHz, (€03)280), 65.4 (NH2); Vmax (neat sample)/cm ' 3415, 3322, 1692, 
1656, 1445.

A^-| 1 -Morpholino-ethyl|-3-amino-l ,8-naphthalimide 103

,0^ Compound 103 was synthesised by reacting 4-(2-aminoethyl)-morpholine
(119 mg, 0.12 mL, 0.20 mmol) with 102 (140 mg, 0.65 mmol) and TEA 
(132 mg, 018 mL, 1.30 mmol) in toluene (100 mL) according to 
Procedure 1, to yield the product as yellow solid (143 mg, 67 %) after 
triturating with CH3OH. m.p. 230 °C (ref.^‘^ 228 °C); HRM8: 326.1520 
([M+H]^ C18H20N3O3 requires 326.1505); Sh (600 MHz, (€03)280), 8.08 
(IH, d,J=7.14 Hz, H7), 8.04 (IH, d, J=7.9 Hz, H5), 7.97 (1 H, d, 7 = 2.3 

Hz, H2), 7.62 (IH, app. t, H6), 7.29 (IH, d, J = 2.3 Hz, H4), 5.98 (2H, br. s, NH2), 4.17 (2H, 
t, J = 7.1, NCH2CH2N(CH2)2(CH2)20), 3.54 (4H, s, NCH2CH2N(CH2)2(CH7TO). 2.56 (2H, s, 
NCH2CH2N(CH2)2(CH2)20), 2.47 (4H, s, NCH2CH2N(CH2)2(CH2}20); Sc (150 MHz, 
(€03)280), 163.7 (€=0), 163.5 (€=0), 147.8 (€), 133.5 (€), 131.4 (Ar-CH), 126.9 (Ar-CH), 
125.4 (Ar-CH), 122.5 (C), 121.7 (Ar-CH), 121.7 (C) 120.5 (C), 111.7 (Ar-CH), 66.2 (CH2),
55.6 (CH2), 53.4 (CH2), 36.7 (CH2); <5n (60.8 MHz, (€03)280), 65.5 (NH2); Vmax (neat 
.sample)/cm'‘ 3455, 3355, 1689, 1653, 1446, 1110.

NH2
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A'-ll-Methyl-piperazino-ethyl]-3-ainino-l,8-naphthalimide 104

NH,

Compound 104 was synthesised by reacting 1-(2-aminoethyl)-4-methylpiperazine (480 mg, 

0.50 mL, 3.35 mmol) with 102 (511 mg, 2.39 mmol) and TEA (484 mg, 

0.68 mL, 4.79 mmol) in toluene (180 mL) according to Procedure 1, to 

yield the desired product as a yellow powder (616 mg, 76 %) after 

triturating with ethyl acetate, m.p. 187-189 °C; HRMS: 339.1814 

([M+H]^. C19H23N4O2 requires 339.1821); Sh (600 MHz, (CD3)2SO), 8.08 

(1H, d, J = 7.5, H7), 8.04 (1H, d, J = 7.9, H5), 7.97 (1H, d, J = 2.3 H2), 

7.63 (IH, app. t, H6) 7.29 (IH, d,./ = 2.2, H4), 5.98 (2H, hr. s, NH2), 4.15 

(2H, t, J= 7.1 Hz, NCH2CH2N(CH2)2(CH2)NCH3), 2.54 (2H, t, J = 7.1 

Hz, NCH2CH2N(CH2)2(CH2)NCH3), 2.47 (411, br s, NCH2CH2N(CH2}2(CH2)NCH3), 2.28 

(4H, br s, NCH2CH2N(CH2)2(CH2}2NCH3), 2.13 (3H, s, NCH2CH2N(CH2)2(CH2)NCH3); Sc 

(150 MHz, (CD3)2S0), 163.7 (C=()), 163.5 (C=0), 147.8 (C), 133.5 (C), 131.9 (Ar-CH),

127.4 (Ar-CH), 125.9 (Ar-CH), 122.5 (C), 122.2 (Ar-CH), 121.7 (C), 120.6 (C), 112.2 (Ar- 

CH), 55.1 (CH2), 54.7 (CH2), 52.7 (CIL), 45.7 (CH3), 37.0 (CH2); d'w (60.8 MHz, (CD3)2SO),

65.1 (NH2); Vmax (neat sample)/cm'' 3408,3314, 1693, 1653, 1449.

A^-|l-Piperidino-ethyl|-3-amino-l,8-naphthaliiiiide 105

Compound 105 was synthesised using l-(2-aminoethyl)-piperidine (155 

mg, 0.17 mL, 1.21 mmol) according to Procedure 1 and was yielded as a 

bright yellow solid (173 mg, 62 %) after trituration with CH3OH. m.p. 

184-186 °C (ref.^"* 180-182 °C); HRMS: 324.1710 LM+H]"". C,9H22N302 

requires 324.1710); Sh (600 MHz, (CD3)2SO), 8.08 (IH, d, .7= 7.1 Hz, 

117), 8.04 (HI, d,./= 8.3 Hz, 115), 7.97 (HI, d,./= 2.3 Hz, H2), 7.63 (IH, 

app. t, Ar-H6), 7.29 (IH, d, T= 2.3 Hz, H4), 5.98 (2H, br. s, NH2), 4.16 

(2H, t, .7 = 7.1 Hz, NCH2CH2N(CH2)2(CH2)2CH2), 2.53 (2H, t, J =7.1 Hz, 

NCH2CH2N(CH2)2(CH2)2CH2), 2.45 (4H, s, NCH^CH^NICH^LICH^TCHA, 1.47 (4H, s, 

NCH?CILN(CHA7(CH2TCHA, 1.37 (2H, s, NCH2CH2N(CH2)2(CH2)2CH2); Sc (150 MHz, 

(CD3)2S0), 163.7 (C=0), 163.5 (C=0), 147.8 (C), 133.5 (C), 131.5 (Ar-CH), 126.9 (Ar-CH),

125.4 (Ar-CH), 122.5 (C), 121.7 (C), 121.7 (Ar-CH), 120.5 (C), 111.7 (Ar-CH), 55.7 (CH2),

54.2 (CH2), 37.0 (CH2), 25.6 (CH2), 23.9 (CH2); Sh (60.8 MHz, (CD3)2SO), 65.4 (NH2). Vn,ax 
(neat sample)/cm'' 3406, 3314, 1692, 1654, 1460.
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.V-[ 1-Py rrondino-ethy!|-3-amino-l,8-naphthalimide 106

__ Compound 106 was synthesised using l-(2-aminoethyl)-pyiTolidine (153
mg, 0.17 mL, 1.3 mmol) according to Procedure 1 and was yielded as a 

yellow solid (198 mg, 67 %) after trituration with CH3OH. m.p. 191-193 

°C (ref.^" 195 - 197 °C); HRMS: 310.1557 ([M+H]^. CigH2oN302 requires 

310.1556); ^'h (600 MHz, (CD3)2SO), 8.08 (IH, d, J = 7.1 Hz, H7), 8.04 

(IH, d, J = 8.3 Hz, H5), 7.97 (IH, d, J= 2.3 Hz, H2), 7.62 (IH, app. t, 

H6), 7.29 (IH, d, 2.2 Hz, H4), 5.98 (2H, hr. s, NH2), 4.17 (2H, t, J = 

7.1 Hz, NCH2CH2N(CH2)2(CH2)2), 2.67 (2H, t, J= 7.1 Hz, NCH2CH2N(CH2)2(CH2)2), 2.54 

(4H, s, NCH2CH2N(CH2}2(CH2)2), 1.66 (4H, s, NCH2CH2N(CH2)2(CH2}2); i>c (150 MHz, 

(CD3)2SO), 163.7 (C=0), 163.5 (C=0), 147.8 (C), 133.5 (C), 131.4 (Ar-CH), 126.9 (Ar-CH), 

125.4 (Ar-CH), 122.5 (C), 121.7 (Ar-CH), 121.7 (C), 120.5 (C), 111.7 (Ar-CH), 53.7 (CH2), 

53.0 (CH2), 38.5 (CH2), 23.1 (CH2); r>N (60.8 MHz, (CD3)2SO), 65.6 (NHo); Vmax (neat sample) 

/cm' 3406, 3314, 1693, 1653, 1451.

Bis-{N-|l-Dimethylamino-ethyl|}-9,18,-methano-l,8-naphthaliinido|b,fl|l,5|-diazocine

86

-N

Compound 86 was synthesised by reacting 20 

(650 mg, 2.29 mmol) with paraformaldehyde 

(73 mg, 2.42 mmol) in TFA (4 mL) in 

accordance to Procedure 2, to yield the 

desired product as an orange solid after

trituration with CH3CN (548 mg, 79 %). m.p.

219-221°C; Calculated for

C35H34N6O4.I.5.CH2CI2; C, 60.05; H, 5.11; N, 

11.51. Found C, 59.36; H, 4.84; N, 11.54; HRMS: 603.2714 ([M+H]^C35H35N604 requires 

603.2720); (600 MHz, CDCI3), 8.47 (2H, d, J = 8.0 Hz, H7, H7'), 8.46 (2H, s, H2, H2' ),

8.04 (2H, d, J= 8.0 Hz, H5, H5’), 7.74 (2H, app. t, H6, H6'), 5.21 (2H, d, J= 17.0 Hz, TB), 

4.97 (2H, d,J= 17.0 Hz, TB), 4.59 (2H, s, TB), 4.36 (4H, t, T= 6.5 Hz, NCH2CH2N(CH3)2), 

2.67 (4H, t, .1=6.5 Hz, NCH2CH2N(CH3)2), 2.38 (12H, s, NCH2CH2N(CH3}2); ^'c (150 MHz, 

CDCI3), 164.0 (C=0), 163.9 (C=0), 146.5 (C), 130.1 (C), 129.8 (Ar-CH), 129.6 (Ar-CH),

128.8 (C), 127.6 (Ar-CH), 127.4 (Ar-CH), 125.6 (C), 123.0 (C), 122.7 (Ar-CH), 66.5 (CH2),

56.8 (CH2), 56.2 (CH2), 45.7 (CH3), 38.0 (CH2); Vmax (neat sample)/cm'' 2947, 2770, 1697,

1653, 1338.

186



Experimental

Bis-{N-[l-Morpholino-ethyl]}-9,18,-methano-l,8-naphthalimido[b,fl|l,51-diazocine 87

~N O
Compound 87 was synthesised by 
reacting 103 (273 mg, 1.64 mmol) 
with paraformaldehyde (28 mg, 0.84 
mmol) in TF'A (3.5 mL) in 
accordance to Procedure 2, to yield 
the product as a yellow solid (154 
mg, 54 %) after trituration with 

CH3OH. m.p. 189-190 °C; Calculated for C39H38N6O6.O.75.CH2CI2: C, 63.62; H, 5.31; N, 
11.20. Found C, 64.02; H, 5.01; N, 11.28; HRMS: 687.2931 ([M+H]^ C39H39N6O6 requires 
687.2906); Sh (600 MHz, CDCI3), 8.48 (2H, d, J = 8.0 Hz, H7, H7'), 8.45 (2H, s, H2, H2'), 
8.07 (2H, d, J = 8 .0 Hz, H5, H5')- 7.76 (2H, app. t, H6, H6'), 5.21 (2H, d, J= 17.0 Hz, TB), 
4.69 (2H, d, J = 17.0 Hz, TB), 4.61 (2H, s, TB), 4.32 (4H, t, J = 6.5 Hz, 
NCH2CH2N(CH2)2(CH2)20), 3.08 (8H, br s, NCH9CH2N(CH7)7(CH2)201. 2.70 (4H, t, ./= 6.5 
Hz. NCH2CH2N(CH2)2(CH2)20), 2.60 (8H, br s, NCH7CH7N(CH7)7(CH7)70): b'c (150 MHz. 
CDCI3), 163.4 (C=0), 163.2 (C=0), 145.8 (C), 129.7 (Ar-CH), 129.6 (C), 129.5 (Ar-CH), 
128.3 (C), 127.7 (Ar-CH), 127.4 (Ar-CH), 125.2 (C), 122.6 (C), 122.1 (C), 67.0 (CH2), 66.6 

(CH2), 56.1 (CH2), 55.8 (CH2), 37.0 (CH2); v^ax (neat sample)/cm'' 2955, 2850, 1698, 1655, 
1339.

Bis-{N-|l-Methyl-pyperazino-ethyl|}-9,18,-methano-l,8-naphthaliinido[b,f||l,5|- 

diazocine 88

According to Procedure 2 88
—^ — was synthesised by stirring both

104 (1.32 g, 3.90 mM) and
paraformaldehtde (152 mg 5.07

fvj_ mM) in 3’FA (4 mL) to yield the
desired product as an orange
solid (852 mg, 61 %) after

dissolving in CH2CI2 (2 mL) and precipitating from diethyl ether (50 mL). m.p. 191-192°C;
Calculated for C41H44N8O4.O.8.CH2CI2: C, 64.30; H, 5.89; N, 14.35. Found C, 63.95; H, 5.77;
N, 14.73; HRMS: 713.3568 ([M+H]TC4iH45N804 requires 713.3564); d'n (600 MHz, CDCI3),
8.44 (2H, d, J = 7.3 Hz, H7, H7'), 8.42 (2H, s, H2, H2'), 8.02 (2H, d, J = 8.5 Hz, H5, H5'),
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7.73 (2H, app. t, H6, H6'), 5.18 (2H, d, J= 17.4 Hz, TB), 4.93 (2H, d, J = 17.4 Hz. TB), 4.57 
(2H, s, TB), 4.29 (4H, m, NCH2CH2N(CH2)2(CH2)2NCH3), 2.68 (12H, m, 
NCH2CH2N(CH2)2(CH2)2NCH3, NCH2CH2N(CH2)2(CH2)2NCH3), 2.40 (8H, br. s,
NCH2CH2N(CH2)2(CH2}2NCH3), 2.24 (6H, s, NCH2CH2N(CH2)2(CH2)2NCH3); d'c(150 MHz, 
CDCI3), 163.9 (C-O), 163.7 (C=0), 146.4 (C), 130.1 (C), 129.7 (Ar-CH), 129.5 (Ar-CH), 
128.7 (C), 127.7 (Ar-CH), 127.3 (Ar-CH), 125.6 (C), 123.1 (C), 122.7 (C), 66.5 (CH2), 56.1 
(CH2), 55.5 (CH2), 55.1 (CH2), 53.2 (CH2), 45.9 (CH3), 37.5 (CH2); v^ax (neat sample)/cm-' 
2935,2794, 1699, 1598, 1336.

Bis-{N-(l-Piperidino-ethyll}-9,18,-methano-l,8-naphthaIiinido|b,f][l,51-diazocine 89

o-

N
Compound 89 was synthesised by 
reacting 105 (670 mg, 2.07 mmol) 
with paraformaldehyde (68 mg, 2.28 
mmol) in TFA (4 mL) in accordance to 
Procedure 2, to yield the product as a 
yellow solid (254 mg, 36 %) after 
purification from trituration with ethyl 

acetate, m.p. 234-235°C; HRMS: 683.3332 ([M+HP.C41H43N6O4 requires 683.3346); <5h (600 
MHz, CDCI3), 8.45 (2H, d, J= 8.1 Hz, H7, H7'), 8.43 (2H, s, H2, H2'), 8.03 (2H, d, J= 9.3 
Hz, H5, H5'), 7.73 (2H, app. t, H6, H6’), 5.18 (2H, d, 17.3 Hz, TB), 4.94 (2H, d, J= 17.3 
Hz, TB), 4.58 (2H, s, TB), 4.31 (4H, m, NCH2CH2N(CH2)2(CH2)2CH2), 2.62 (4H, m, 
NCH2CH2N(CH2)2(CH2)2CH2), 2.52 (8H, br.s, NCH7CH7N(CH7)2(CH2)7CH7), 1.56 (8H, m, 
NCH7CH7N(CH7)7(CH7)7CH7), 1.41 (4H, m, NCH2CH2N(CH2)2(CH2)2CH2); d'c (150 MHz, 
CDCI3), 163.9 (C=0), 163.7 (C=0), 146.4 (C), 130.1 (C), 129.7 (Ar-CH), 129.5 (Ar-CH), 
128.7 (C), 127.7 (Ar-CH), 127.3 (Ar-CH), 125.6 (C), 123.1 (C), 122.7 (C), 66.6 (CHj), 56.3 
(CH2), 56.1 (CH2), 54.7 (CH2), 37.6 (CH2), 25.9 (CH2), 24.3 (CH2); Vmax (neat sample)/cm'’ 
2866, 2717, 1658, 1618, 1347.

Bis-{N-|l-Pyrrolidino-ethyIJ}-9,18,-methano-l,8-naphthalimido[b,fl|l,5]-diazocine 90

o According to Procedure 2 90 was
synthesised by stirring both 106 (630 mg, 
2.04 mmol) and paraformaldehyde (67 
mg, 2.23 mmol) in TFA (4 mL) to yield 
90 as a red solid (359 mg, 54 %) after
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dissolving the crude residue in CH3OH (0.5 mL) and precipitating from diethyl ether (25 mL). 
m.p. 210-211°C; HRMS: 655.3010 ([M+H]^. C39H38N6O4 requires 655.3033); Sh (600 MHz, 
CDCI3), 8.49 (2H, d, ./= 7.3 Hz, H7, H7'), 8.47 (2H, s, H2, H2'), 8.06 (2H, d,./ = 8.8 Hz, H5, 
H5'), 7.76 (2H, app. t, H6, H6'), 5.21 (2H, d, J= 17.6 Hz, TB), 4.97 (2H, d, J= 16.9 Hz, TB), 
4.61 (2H, s, TB), 4.35 (4H, t, J = 7.3 Hz, NCH2CH2N(CH2)2(CH2)2), 2.78 (4H, m, 
NCH2CH2N(CH2)2(CH2)2), 1.79 (8H, m, NCH2CH2N(CH2)2(CH2}2); d'c (150 MHz. CDCI3), 
163.9 (C=0), 163.8 (C=0), 146.4 (C), 130.1 (C), 129.7 (Ar-CH), 129.5 (Ar-CH), 128.7 (C), 
127.7 (Ar-CH), 127.3 (Ar-CH), 125.6 (C), 123.1 (C), 122.7 (C), 66.6 (CH2), 56.1 (CH2), 54.3 
(CH2), 53.6 (CH2), 39.3 (CH2), 23.6 (CIH); Vmax (neat sample)/cm'' 2970, 2707, 1695, 1617, 
1342.

5.4 General Experimental Techniques For Chapter 3.

5.4.1 Procedure 1: Formation of the 4-Nitro-l,8-Naphthalimide Derivatives^^

4-nitro-l,8-naphthalic anhydride (1 eq.), the appropriate amino acid (1.4 eq.) and 
triethylamine (2 eq.) in toluene were stirred at reflux for 24 hours under an argon atmosphere. 
Upon completion the reaction mixture was immediately filtered while hot through celite, 
washing several times with toluene. The filtrate and washings were removed under reduced 
pressure and the residue dissolved in CH2CI2. fhe organic solution was washed twice with 
sat. NaHC03, twice with H2O and once with 1 M HCl. fhe organic layer was dried over 
MgS04 and evaporated under reduced pressure to dryness. Purification was carried out where 
necessary.

5.4.2 Procedure 2: Formation of the 3- and 4-Amino-l,8-Naphthalimide Derivatives

The reduction reaction of the relevant 3- or 4-nitro-l,8-naphthalimide in CH3OH or 
EtOH was carried out using a Parr hydrogen shaker apparatus at 3 atm pressure, in the 
presence of 10 % Pd/C catalyst until no more hydrogen gas was consumed. The reaction 
mixture was filtered through celite. washing with either CH3OH or EtOH. The filtrate and 
washings were evaporated under reduced pressure and further dried under vacuum.

5.4.3 Procedure 3: Formation of the Bis-1,8-Naphthalimide Trdger’s Base Derivatives 

Synthesised from the 4-amino-l,8-naphthalimidc precursors'"*

A mixture ot the relevant 4-amino-1,8-naphthalimide (1. eq) and paraformaldehyde 
(1.5 eq.) in neat TEA were stirred at room temperature overnight. The subsequent work-up 
depended on the /V-imide group present. Purification was carried out where necessary.
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5.4.4 Procedure 4: Formation of the Bis-1,8-Naphthalimide Troger’s Base Derivatives 

Synthesised from the 3-amino-l,8-naphthaIimide precursors

A mixture of the relevant 3-amino-l,8-naphthalimide (1.0 eq.) and paraformaldehyde 
(1.1 eq.) in neat TFA were stirred at room temperature for 3 hours under an argon 
atmosphere. The reaetion was then initially neutralised and subsequently basified using 6 M 
NaOH. The aqueous solution was extraeted several times with CH2CI2. The organie extraets 
were combined and the solvent was removed under reduced pressure. The crude product was 
purified and dried under vacuum.

5.4.5 Procedure 5: Coupling of amino acid Troger’s Base with second amino acid using 

the BOP coupling reagent

To a solution containing the Troger’s base (1 eq.) and relevant amino acid (2.1 eq), 
DIEA (8 eq.) was added at 0 °C. This was followed by the addition of BOP (3 eq.). The 
reaction mixture was allowed to stir at 0 °C for 30 minutes and then at room temperature 
overnight. Upon completion of the reaction, ethyl acetate was added and the reaction mixture 
was washed twice with 1 M HCl, twice with sat. NaHCOj and once with brine before being 
dried over MgS04. The organic layer was removed by evaporation under reduced pressure. 
Purification was carried out where necessary.

The Troger’s base derivatives synthesised using Procedures 3 and 5 were in the form 
of diastereoisomers. As a consequence of the mixtures present, the overlapping of resonances 
was observed in the 'H NMR spectra and thus coupling constants were not determined for 
such resonances.

A^-[(17f)-Benzyloxycarbonyl-ethyll-4-nitro-t,8-naphthalimide 116

O
116 was synthesised by reacting /^-alanine benzyl ester hydrochloride
(639 mg, 1.819 mmol) and 4-nitro-l,8-naphthalic anhydride (316
mg, 1.230 mmol) in toluene (100 mL) according to Procedure 1, to
yield the product as a yellow solid (412 mg, 78%). No further
purification was necessary, m.p. 88-90 °C; HRMS: 427.0891
([M+Na)^. C22Hi6N206Na requires 427.0906); Sh ((€03)280, 600

MHz), 8.75 (IH, d, J= 7.9 Hz, H5), 8.67 (IH, d, J = 7.5 Hz, H7), 8.65 (IH, d, J = 8.1 Hz,
112), 8.58 (IH, d, J= 8.1 Hz, H3), 8.14 (IH, app. t, H6), 7.26 (5H, s, OCHzPh), 5.76 (IH, q, J
= 6.9 Hz, CH), 5.16 (2H, s, OCH2Ph), 1.61 (3H, d, J = 7.0 Hz, CH3); Sc ((003)280, 150
MHz), 169.9 (COOCH2Ph), 162.8 (0=0), 162.0 (0=0), 149.8 (0), 136.0 (O), 132.6 (Ar-OH),
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130.6 (Ar-CH), 130.6 (Ar-CH), 129,7 (Ar-CH), 128.7 (C), 128.6 (Ph), 128.3 (Ph), 128.0 (Ph), 
126.3 (C), 124.7 (Ar-CH), 123.1 (C), 122.5 (C), 66.6 (CH2), 49.4 (CH), 14.5 (CH3); rw (neat 
sample)/cm'‘2958, 1742, 1665, 1530.

A^-|(l/f)-/i?/-/-Butoxycarbonyl-2-ethylphenyl|-4-nitro-l,8-naphthalimide 118

118 was synthesised by refluxing /^-phenylalanine /erZ-butyl ester 
hydrochloride (499 mg, 1.934 mmol) with 4-nitro-l,8-naphthalic anhydride 
(336 mg, 1.381 mmol) and TEA (279 mg, 0.385 mL, 2.762 mmol) 
according to Procedure 1 in toluene (100 mL) to yield the product as a 
yellow solid (402 mg, 65%) after refluxing in CH3OH in the presence of 
activated charcoal, m.p. 137-139 °C (ref "" 137-139 °C); HRMS; 
469.1361 ([M-f-Na]^. C25H22N206Na requires 469.1376); d'w (CDCI3, 600 

MHz), 8.84 (IH, d,T= 8.8 Hz, H7), 8.68 (1H, d../= 6.8 Hz, H5), 8.63 (IH, d, J= 8.0 Hz, 
H2), 8.39 (IH, d, ./= 8.2 Hz. H3), 7.99 (IH, app. t. H6), 7.08-7.19 (5H, m. Ph), 5.97 (IH, dd. 
J = 5.7, 10.2 Hz, CH), 3.68-3.71 (IH, m, CH2), 3.49-3.53 (IH, m, CH2), 1.48 (9H, s, 
C(CH3)3); Sc ((CD3CI, 150 MHz), 167.9 (COOC(CH3)2), 162.6 (C=0), 161.8 (C=0), 149.5 
(C), 137.2 (C), 132.5 (Ar-CH), 129.8 (Ar-CH), 129.8 (Ar-CH), 129.4 (Ar-CH), 129.3 (C), 
128.9 (Ph), 128.4 (Ph), 128.2 (Ph), 126.9 (Ph), 126.4 (Ph), 126.3 (C), 123.7 (Ar-CH), 123.5 
(C), 122.4 (C), 82.3 (C), 55.4 (CH), 34.7 (CH2), 27.8 (CH3); Vmax (neat sample)/cm ’ 2978, 
2934, 1732, 1670, 1497.

A^-|(l/f)-/erCButoxycarbonyI-3-methylbutyl|-4-nitro-l,8-naphthalimide 119

O 1^ * * ^ synthesised by refluxing /?-leucine tert-huXy\ ester hydrochloride
(543 mg, 2.427 mmol) with 4-nitro-l ,8-naphthalic anhydride (422 mg, 
1.735 mmol) and TEA (351 mg, 0.484 mL, 3.470 mmol) according to 
Procedure 1 in toluene (100 mL) to yield the product as a brown solid

6.0 Hz, H2), 8.44 (IH, d, J- 6.0 Hz, H3), 8.04 (IH, app. t, H6), 5.69 (IH, dd, J= 5.0, 9.2 
Hz, CH), 2.19-2.24 (HI, m, CIE), 2.07-2.12 (HI, m, CH2), 1.53-1.59 (HI, m, CH(CH3)2) 1.44 
(9H, m, C(CH3)3), 1.03 (3H, d,./= 6.0 Hz, CH(CH3)2), 0.95 (3H, d, J= 6.0 Hz, CH(CH3)2); Sc 

((CD3CI, 150 MHz), 168.8 (COOC(CH3)2), 163.0 (C=0), 162.2 (C=0), 149.7 (C), 132.7 (Ar- 
CH), 130.1 (Ar-CH), 130.0 (Ar-CH), 129.5 (Ar-CH), 129.2 (C), 126.8 (C), 123.9 (Ar-CH),
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123.7 (C), 122.8 (C), 82.0 (C), 53.3 (CH), 38.0 (GHj), 27.9 (CH3), 25.6 (CH), 23.1 (CH3), 
22.0 (CH3); Vmax (neat sample)/cm‘' 3030, 1735, 1668, 1527.

A^-[('7/f,l-Carboxy-ethyl)-4-amino-l,8-naphthaliinide 120

O 120 was synthesised from 116 (121 mg, 0.299 mmol) and 10% Pd/C in
^OH CH3OH aceording to Procedure 2, to yield the product as an orange solid (66

mg, 78%). No further purification was necessary. Decomposed at 305-307 °C; 
HRMS; 283.0724 ([M-H)'. Ci5H,|N204 requires 283.0719); dn ((CD3)2SO, 
600 MHz), 8.66 (IH, d,.7= 8.6 Hz, H5), 8.45 (IH, d../= 7.5, H7), 8.21 (IH, 

>^^2 d, J= 8.3, H2), 7.69 (IH, app. f H6), 7.52 (2H, hr. s, NH2), 6.88 (IH, d, J = 
8.3, H3), 5.55 (IH, q, J= 6.8 Hz, CH), 1.50 (3H, d, .7= 6.8, CH3); c)c ((CD3)2SO, 150 MHz), 
172.1 (COOH), 163.6 (C=0), 162.7 (C=0), 153.4 (C), 134.6 (Ar-CH), 131.6 (Ar-CH), 130.1 
(C), 129.9 (Ar-CH), 124.4 (Ar-CH), 121.9 (C), 119.7 (C), 108.6 (Ar-CH), 107.5 (C), 48.3 
(CH), 15.0 (CH3); Vmax (neat sample)/cm'' 3438, 3363, 3262, 1653, 1308.

A-|f//f)-Carboxy-3-methyI)-4-amino-l,8-naphthalimide 121

O 121 was synthesised from 117 (397 mg, 0.918 mmol) and 10% Pd/C in
'OH CH3OH according to Procedure 2. 3'he crude product was purified by

refluxing in CH3OH in the presence of charcoal. The resulting solution was 
filtered through celite, washing with CH3OH. The filtrate and washings were 
evaporated under reduced pressure and further dried under vacuum to yield 
the product as an orange solid (281 mg, 98%). m.p. 277-279 ”C; HRMS; 

311.1044 ([M-H)-. C17H15N2O4 requires 311.1032); Sh ((CD3)2S0, 600 MHz), 8.65 (IH, d, J 

= 9.9 Hz, H5), 8.46 (IH, d, J= 8.3 Hz, H7), 8.21 (HI, d, J = 8.3 Hz, H2), 7.69 (IH, app. t, 
H5), 7.53 (2H, s, NH2), 6.89 (IH, d,J= 8.3 Hz, H3), 5.12 (IH, d, 8.8 Hz, CH), 2.66 (IH, 
m, CH(CH3)2), 1.19 (3H, d, J = 6.6 Hz, CH(CH3)2), 0.65 (3H, d, ,/ = 6.6 Hz, CH(CH3)2; Sc 

((CD3)2S0, 150 MHz), 171.5 (COOH), 164.1 (C=0), 163.1 (C=0), 153.5 (C), 134.8 (Ar-CH), 
131.9 (Ar-CH), 130.2 (C), 130.1 (Ar-CH), 124.6 (Ar-CH), 121.5 (C), 119.6 (C), 108.7 (Ar-
CH), 107.1 (C), 57.8 (CH), 27.1 (CH), 22.5 (CH3), 19.2 (CH3); Vn 
1630, 1717, 1479, 1306.

(neat sample)/cm' 3360,

/V-|(l/?)-/e/'CButoxycarbonyl-3-methylbutyl]-4-amino-l,8-naphthalimide 123

123 was synthesised from 119 (628 mg, 1.523 mmol) and 10% Pd/C in CH3OH according to
Procedure 2. The crude product was purified by refluxing in CH3OH in the presence of
charcoal. The resulting solution was filtered through eelite, washing with CH3OH. The filtrate
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and washings were evaporated under reduced pressure and further dried 
under vacuum to yield the product as a brown solid (578 mg, 94%). 
HRMS: 381.1820 ([M-H)’. C22H25N2O4 requires 381.1814); ((€03)280,
600 MHz), 8.67 (IH, d,J= 8.3 Hz, H5), 8.47 (IH, d, J= 7.2 Hz, H7), 8.23 
(IH, d, J= 8.4 Hz, H2), 7.70 (IH, app. t, H6), 7.55 (2H, hr. s, NH2), 6.88 

(IH, d,J= 8.4 Hz, H3), 5.55 (IH, dd. ./= 5.5, 8.4 Hz, CH), 1.94-2.00 (2H, 
m, CH2), 1.36-1.43 (IH, m, CH(CH3)2), 1.32 (9H, s, CfCHjJh), 0.93 (3H, d, J = 6.5 Hz, 
CH(CH3)2), 0.85 (3H, d, J = 6.5 Hz, CH(CH3)2); Sc ((003)280, 150 MHz), 169.5 
(C00C(CH3)3), 164.0 (0=0). 163.0 (0=0), 153.4 (O), 134.7 (Ar-OH), 131.8 (Ar-OH), 130.1 
(O), 130.0 (Ar-OH), 124.5 (Ar-OH), 121.6(0), 119.6 (O), 108.7 (Ar-OH), 107.2 (O), 80.9 (O), 
51.9 (OH), 38.1 (OH2), 27.9 (OH3), 27.8 (OH), 23.5 (OH3), 22.5 (OH3); v^ax (neat sample)/ 
cm-‘ 3358, 3250, 2932, 1728, 1685, 1636, 1463, 1367.

A^-((l/f)-Carboxy-2-ethylphenyll-4-aiiiino-l,8-naphthalimide 123

123 was prepared using 121 (480 mg, 1.153 mmol), TFA (1 mL) and OH2OI2 

(3 mL) according to Procedure 2, to yield the product as an orange solid (407 
98%). HRM8: 383.1027 ([M-Na)\ 02iHi(,N204Na requires 383.1008); 

((003)280, 600 MHz), 8.62 (HI, d,J= 8.3 Hz, H5), 8.37 (HI, d, 6.8, H7), 
8.13 (IH, d, J= 8.3, H2), 7.63 (IH, app. t, H6), 7.49 (2H, hr. s, NH2), 7.1 1 
(5H, m, Ph), 6.83 (IH, d, 8.3, H3), 5.87 (IH, dd, 7 = 5.3, 10.0 Hz, OH), 

NH2 3.50 (IH, m, OH2), 3.38 (IH, m, OH2); Sc ((€03)280, 150 MHz), 171.8 
(OOOH), 163.5 (0=0) 162.5 (0=0), 153.0 (0), 138.2 (Ar-OH), 134.2 (Ar-OH), 131.3 (Ar- 
OH), 129.7 (Ar-OH), 129.6 (O), 129.0 (Ph), 128 (Ph), 126.1 (Ph), 124.1 (Ar-OH), 121.3 (0), 
119.3 (O), 108.3 (Ar-OH), 106.9 (O), 53.3 (OH), 34.4 (OH2); Vmax (neat sample)/cm'’ 3363, 
2500, 1497, 1631, 1246.

/V-|('//?>Carboxy-3-methylbutyl|-4-amino-l,8-naphthaIimide 125

O 125 was synthesised by stirring A^-[(//?)-/ert-butoxycarbonyl-3-methylbutyl]-
I^^OH 4-amino-1,8-naphthalimide 123 (519 mg, 1.357 mmol) in TFA:0H20l2 (1:3)

for 3 hours. The resulting solution was reduced to dryness under vacuum to
yield the product as an orange solid (362 mg, 82%). m.p. 156-157 °0; HRM8:
325.1181 ([M-H)". O18H17N2O4 requires 325.1188); ^'h ((€03)280, 400 MHz),
8.67 (1H, d, J = 8.3 Hz, H5), 8.47 (1H, d, J = 8.3 Hz, H7), 8.23 (1H, d, J = 8.4

Hz, H2), 7.70 (IH, app. t, H6), 7.55 (2H, br. s, NH2), 6.88 (IH, d, J= 8.4 Hz, H3), 5.55 (IH,
dd, J= 5.5, 8.4 Hz, OH), 2.00 (2H, m, OH2), 1.41-1.47 (IH, m, OH(OH4)A. 1.32 (9H, s,

193



Experimental

C(CH3}3), 0.93 (3H, d, J = 6.5 Hz, CWCHO^). 0.85 (3H, d, J = 6.5 Hz, CH(CH3)2) ); 6c 
((CD3)2S0, 150 MHz) 171.8 (COOH), 163.6 (C=0), 162.7 (C=0), 153.1 (C), 134.4 (Ar-CH), 
131.5 (Ar-CH), 129.9 (C), 129.7 (Ar-CH), 124.1 (Ar-CH), 121.4 (C), 119.3 (C), 108.4 (Ar- 
CH), 107.0 (C), 50.8 (CH), 37.7 (CHj), 25.0 (CH), 23.1 (CH3), 22.0 (CH3); v^ax (neat 
sample)/cm ' 3366, 3251, 2923, 1630, 1463, 1371.

A^-(l-Carboxy-niethyl)-4-amino-l,8-naphthalimide 126

O 126 was synthesised from A-(benzyloxycarbonyl-methyl)-4-nitro-1,8-
^OH naphthalimide (293 mg, 0.751 mmol) and 10% Pd/C in CH3OH under 3 atm 

of pressure according to Procedure 2, to yield the product as an orange 
powder (193 mg, 95%). No further purification was necessary. Decomposed 
at 308-310 °C; HRMS: 269.0558 ([M-H]‘. C14H9N2O4 requires 269.0562); Sh 
((CD3)2S0, 600 MHz), 8.67 (IH, d,./= 7.9 Hz, H5), 8.46 (IH, d, J= 6.4, H7), 

8.22 (HI, d, J= 8.3, H2), 7.70 (IH, app. t, H6), 7.51 (211, br. s, NHj), 6.88 (HI, d, J= 8.3, 
H3), 4.66 (2H, s, CH2); Sc ((CD3)2SO, 150 MHz), 169.8 (COOH), 163.6 (C=0) 162.6 (C=0),
153.1 (C), 134.2 (Ar-CH), 131.3 (Ar-CH), 129.9 (Ar-CH), 129.7 (C), 124.1 (Ar-CH), 121.5 
(C), 119.4 (C), 108.3 (Ar-CH), 107.1 (C), 41.1 (CH2): v^ax (neat sample)/cm'‘ 3364, 3259, 
1637, 1571, 1376.

A-[f/5>-Carboxy-ethyI)-4-aniino-l,8-naphthalimide 127

O 127 was synthesised from A-[(/6’)-Benzyloxycarbonyl-ethyl)-4-nitro-l,8-
^OH naphthalimide (110 mg, 0.273 mmol) and 10% Pd/C in CH3OH under 3 atm 

of pressure according to Procedure 2, to yield the product as an orange solid 
(75 mg, 97%). No further purification was necessary. Decomposed at 305-307 
°C; HRMS: 283.0719 ([M-H)". C1SH11N2O4 requires 283.0719); /)h 

NH2 ((CD3)2S0, 600 MHz), 8.66 (IH, d, .7 = 8.6 Hz, H5), 8.45 (IH, d, J = 7.5, 
H7), 8.21 (HI, d. J= 8.3, H2), 7.69 (HI, app. t, 116), 7.52 (2H, br. s, NH2), 6.88 (IH, d, J = 
8.3, H3), 5.55 (IH, q, J= 6.8 Hz, CH), 1.50 (3H, d, 6.8, CH3); Sc ((CD3)2SO, 150 MHz),
172.1 (COOH), 163.6 (C=0), 162.7 (C=0), 153.4 (C), 134.6 (Ar-CH), 131.6 (Ar-CH), 130.1 
(C), 129.9 (Ar-CH), 124.4 (Ar-CH), 121.9 (C), 119.7 (C), 108.6 (Ar-CH), 107.5 (C), 48.3 
(CH), 15.0 (CH3): Vmax (neat sample)/cm ' 3438, 3362, 3262, 1653, 1479, 1308.
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A^-[('/5^-Carboxy-ethylphenyl)-4-amino-l,8-naphthaliinide 128

128 was synthesised from A^-[(^/iS^-carboxy-2-ethylphenyl)-4-nitro-] ,8-
naphthalimide (405 mg, 1.040 mmol) and 10% Pd/C in MeOH under 3 atm of 
pressure according to Procedure 2, to yield the product as a yellow solid after 
refluxing in CH3OH in the presence of activated charcoal (309 mg, 82%). 
HRMS: 383.1130 ([M+Na]". C2iHi6N204Na requires 383.1134); d'n
((CD3)2S0, 600 MHz), 8.62 (IH, d, J= 8.3 Hz, H5), 8.37 (IH, d, J= 6.8, H7), 
8.13 (IH, d,J= 8.3, H2), 7.63 (IH, app. t, H6), 7.49 (2H, br. s, NH2), 7.04-

7.11 (5H, m, Ph), 6.83 (IH, d, ./= 8.3, H3), 5.87 (IH, dd, .7= 5.3, 10.0 Hz, CH), 3.50-3.53 
(IH, m, CH2), 3.38 (IH, m, CH2); O'c ((€03)280, 150 MHz), 171.8 (COOH), 163.5 (C=0)
162.5 (C=0), 153.0 (C), 138.2 (Ar-CH), 134.2 (Ar-CH), 131.3 (Ar-CH), 129.7 (Ar-CH),
129.6 (C), 129.0 (Ph), 128 (Ph), 126.1 (Ph), 124.1 (Ar-CH), 121.3 (C), 119.3 (C), 108.3 (Ar- 
CH), 106.9 (C), 53.3 (CH), 34.4 (CH2); v^ax (neat sample)/cm ' 3363, 2500, 1497, 1631,1246.

A^-(f/57-Carboxy-3-methylbutyl]-4-amino-l,8-naphthalimide 129

129 was synthesised from A^-[(/5')-carboxy-3-methylbutyl)-4-nitro-l,8- 
naphthalimide (606 mg, 0.863 mmol) and 10% Pd/C in CH3OH under 3 atm 
of pressure according to Procedure 2, to yield the product as an orange solid 
after refluxing in CH3OH in the presence of activated charcoal (484 mg, 
87%). m.p. 266-267 °C (Ref"'* 266-267 °C); HRMS: 349.1155 (fM+Naf. 
Ci8Hi8N204Na requires 349.1164); f)',, ((€03)280, 600 MHz) 8.66 (IH, d, J =

8.2 Hz, H5), 8.45 (1 H, d,./ = 7.2 Hz. H7), 8.22 (1 H, d. .7 = 8.5 Hz, H2), 7.69 (1 H, app. t, H6), 
7.54 (2H,br. s. NH2), 6.88 (IH, d, J = 8.5 Hz, H3), 5.62 (IH, t, J= 7.1 Hz, CH), 2.03 (2H, app. 

t, CH2), 1.44 (IH, m, CH(CH3)2), 0.92 (311, d..7=6.6 Hz, CHtCIH)?). 0.84 (3H, d, J= 6.6 Hz, 
CH(CH3)2): Sc ((€03)280, 150 MHz) 171.8 (COOH), 163.6 (C=0), 162.7 (C=0), 153.1 (C), 
134.4 (Ar-CH), 131.5 (Ar-CH), 129.9 (C), 129.7 (Ar-CH), 124.1 (Ar-CH), 121.4 (C), 119.3 
(C), 108.4 (Ar-CH), 107.0 (C), 50.8 (CH), 37.7 (CH2), 25.0 (CH), 23.1 (CH3), 22.0 (CH3); 
Vmax (neat sample)/cm'' 3360, 3248, 2955, 1684, 1631, 1466, 1367.

/V-[("75^-Carboxy-3-methyl)-4-amino-l,8-naphthalimide 130

130 was synthesised from A-[/7iS')-/er/-butoxycarbonyl-3-methyl)-4-nitro-l,8- 
naphthalimide (344 mg, 1.701 mmol) and 10% Pd/C in CH3OH under 3 atm 
of pressure according to Procedure 2. The crude product was dissolved in 
CH3OH and refluxed in the presence of activated charcoal. The reaction
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mixture was filtered through celite and washed with CH3OH. The filtrate and washings were 
evaporated under reduced pressure and further dried under vacuum. The crude product was 
dissolved in TFA:CH2Cl2 (1:3) and stirred at room temperature for 3 hrs. The resulting 
solution was reduced to dryness under reduced pressure to yield the product as an orange solid 
(265 mg, 98%). No further purification was necessary, m.p. 277-279 °C; HRMS: 335.1006 
([M+Na]^. Ci7H,6N204Na requires 335.1008); Su ((CD3)2SO, 600 MHz), 8.67 (IH, d, J= 7.6 
Hz, H5), 8.46 (IH, d, J = 6.8 Hz, H7), 8.22 (IH, d,./= 8.4 Hz, H2), 7.70 (IH, app. t, H5), 
7.55 (2H, s, NH2), 6.88 (IH, d, J= 8.4 Hz, H3), 5.14 (IH, d, J=9.4 Hz, CH), 2.62-2.70 (IH, 
m, CH(CH3)2), 1.21 (3H, d, J = 6.6 Hz, CH(CH3)2), 0.67 (3H, d, J = 6.6 Hz, CH(CH3)2; 6c 
((CD3)2S0, 150 MHz), 171.1 (COOH), 163.8 (C=0), 162.8 (C=0), 153.2 (C), 134.5 (Ar-CH), 
131.6 (Ar-CH), 129.9 (C), 129.8 (Ar-CH), 124.2 (Ar-CH), 121.3 (C), 119.7 (C), 108.4 (Ar- 
CH), 106.8 (C), 57.5 (CH), 26.9 (CH), 22.3 (CH3), 19.0 (CH3); Vn,ax (neat sample)/cm'' 3356, 
3248, 2977, 1718, 1625, 1717, 1479, 1374, 1308.

N-|f'75')-Methoxycarbonyl-3-methylbutyl|-4-ainino-l,8-naphthaliinide 131

131 was .synthesised using N-[('/.S)-methoxycarbonyl-3-methylbutylJ-4-nitro-l ,8- 
naphthalimide (601 mg, 1.623 mmol) in EtOH according to Procedure 2 and 
was yielded as an orange solid (541 mg, 98%). No further purification was 
necessary, m.p. 110-112 °C (Ref."'’ 110-112 °C); (HRMS: 363.1337 
(LM+Na)'". C|9H2oN204Na requires 363.1321); 6,, ((CD3)2SO, 600 MHz), 8.66 

(IH, d, J= 8.3 Hz, H5), 8.46 (IH, d, J= 7.2 Hz, H7), 8.21 (IH, d,./= 8.4 Hz. 
H2), 7.69 (IH, app. t, H6), 7.67 (2H, br. s, NH2), 6.88 (IH, d, J= 8.4 Hz,

H3), 5.66 (IH, dd,./= 5.0, 9.1 Hz. CH), 3.58 (3H, s, OCH3), 1.96 (2H, m, CH2), 1.45 (IH, m, 
CH(CH3)2), 0.92 (3H, d, y = 6.5 Hz, CH(CH3)2), 0.84 (3H, d, J = 6.5 Hz, CH(CH3)2); Sc 

((CD3)2S0, 150 MHz), 170.9 (COOCH3), 163.7 (C=0), 162.7 (C=0), 153.4 (C), 134.7 (Ar- 
CH), 131.8 (Ar-CH), 130.0 (C), 129.9 (Ar-CH), 124.3 (Ar-CH), 121.3 (C), 119.4 (C), 108.6 
(Ar-CH), 106.8 (C), 52.2 (OCH3), 50.8 (CH), 37.8 (CH2), 24.9 (CH), 23.1 (CH3), 22.1 (CH3); 
Vniax (neat sample)/cm'' 3362, 3252, 2954, 1731, 1685, 1632, 1462, 1367.

A^-[(75])-IVIethoxycarbonyl -etbylpbenyl)-4-ainino-l,8-napbtbalimide 132

132 was synthesised from N-[(IS)- methoxycarbonyl-ethylphenyl)-4-nitro-l,8-naphthalimide
(516 mg, 1.276 mmol) and 10% Pd/C in EtOH under 3 atm of pressure according to
Procedure 2, to yield the product as an brown powder (473 mg, 99%). No further purification
was necessary, m.p. 117-118 °C (Ref'"* 117-118 °C); HRMS: 397.1161 ([M+Na)^
C22Hi8N204Na requires 397.1164); d'n ((CD3)2SO, 600 MHz), 8.63 (IH, d, J = 8.0 Hz, H5),
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8.36 (IH, d, ./= 8.0 Hz, H7), 8.12 (IH, d, J= 8.1 Hz, H2), 7.65 (IH, app. t, 

H6), 7.51 (2H, s, NH2), 7.05-7.13 (5H, m, Ph), 6.83 (IH, d, 8.1 Hz, H3), 

5.96 (IH, dd, ./= 6.0, 10.0 Hz, CH), 3.64 (3H, s, OCH3), 3.56 (IH, dd, ./= 

6.0, 14.0 Hz, CH2), 3.36 (IH, dd,J= 10.0, 14.0 Hz, CH2); d'c ((CD3)2SO, 150 

MHz), 170.6 (COOCH3), 163.8 (C=0), 163.5 (C=0), 153.5 (C), 138.0 (C), 

134.7 (Ar-CH), 131.8 (Ar-CH), 130.2 (Ar-CH), 130.2 (C), 128.9 (Ph), 128.1 

(Ph), 126.7 (Ph), 124.4 (Ar-CH), 121.4 (C), 119.0 (C), 108.6 (Ar-CH), 106.9 

(C), 53.5 (CH), 52.4 (CH3), 34.6 (CH2); v,nax (neat sample)/cm'' 3359, 3247, 1739, 1631, 

1572, 1526, 1479, 1368, 1305.

A^-[(15')-l(25)-Methyl-3-phenylpropanamido-3-phenyIpropanoate]-4-nitro-l,8-

naphthaliniide 137 114

137 was synthesised by stirring (5}-phenylalanine methyl ester
^ hydrochloride (306 mg, 1.420 mmol), HOBt (174 mg, 1. >91

mmol), TEA (143 mg, 0.197 mL, 1.420 mmol), N-[(1S)- 

carboxy-ethylphenyl)-4-nitro-l ,8-naphthalimide (504 mg, 

1.291 mmol) in THF (50 mL) at -10°C before EDCl.HCl (272 

mg, 1.420 mmol) was added. The reaction mixture was left to 

stir at -10 °C for 30 mins and at room temperature overnight. 

I'he reaction mixture was filtered through celite and the solvent was removed under reduced 

pressure. The resulting residue was re-dissolved in CH2CI2 and washed twice with 1 M HCl, 

sat. NaHC03 and once with H2O. The organic layer was dried over MgS04 and reduced to 

dryness under vacuum to yield the product as a yellow solid (674 mg, 95%). No further 

purification was necessary, m.p 90-92°C (Ref"'’ 90-92 °C); HRMS: 574.1595 ([M-HNa)^ 

C3iH25N307Na requires 574.1590); 0',, (CDCI3, 600 MHz), 8.87 (IH, d, J= 8.7 Hz, H5), 8.68 

(IH, d, J= 7.1 Hz, H7), 8.62 (IH, d, 8.0 Hz, H2), 8.41 (IH, d, J= 8.0 Hz, H3), 8.01 (IH, 

app. t, H6), 7.22 (lOH, m, Ph), 6.24 (1H, d, ./= 6.8 Hz, NH), 6.02 (IH, m, NCHCH^Ph), 4.95 

(IH, m, CHCOOCH3), 3.76 (3H, d, J= 2.8 Hz, OCH3), 3.70 (IH, m, NCHCHjPh), 3.56 (IH, 

m, NCHCTbPh), 3.16 (IH, m, NHCHClEPh), 3.07 (HI, m, NHCHCIEPh): Sc (CDCI3, 150 

MHz), 171.7 (COOCH3), 168.0 (CONH), 163.0 (C=0), 162.1 (C=0), 149.7 (C), 136.7 (C), 

135.6 (C), 132.8 (Ar-CH), 130.2 (Ar-CH), 129.9 (Ar-CH), 129.6 (Ar-CH), 129.1 (Ar-CH), 

129.0 (Ph), 128.7 (Ph), 128.3 (Ph), 127.0 (Ph), 126.8 (Ph), 126.4 (C), 123.8 (Ph), 123.6 (C), 

122.4 (C), 55.9 (CH), 53.4 (OCH3), 52.4 (CH), 37.7 (CIb), 34.6 (CIb); v^ax (neat sample)/ 

cm" 3372, 2947, 1735, 1711, 1666, 1584, 1526, 1455, 1340.
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A^-l(15)-|(25)-Methyl-3-phenylpropanamido-3-phenylpropanoate]-4-ainino-l,8- 

naphthalimide 138

138 was synthesised from 137 (420 mg, 0.763 mmol) and 
10% Pd/C in CH3OH under 3 atm of pressure aceording to 
Procedure 2, to yield the product as an orange solid (381 mg, 
96%). No further purification was necessary, m.p. 191-193 
°C; HRMS: 544.1853 ([M+Na)^. C3iH27N305Na requires 
544.1848); Sh (CDCI3, 600 MHz), 8.56 (IH, d, J= 8.1 Hz, 
H5), 8.30 (IH, d, ./= 7.2 Hz, H7), 8.24 (IH, d, 7= 7.4 Hz, 
NH), 8.08 (IH, d, J= 8.1 Hz, H2), 7.64 (IH, app. t, H6), 7.35 

(2H, s, NH2), 7.00-7.12 (lOH, m, Ph), 6.84 (IH, d,J= 8.3 Hz, H3), 5.73 (IH, dd, J= 5.3, 10.0 
Hz, NCHCH2Ph), 4.45 (IH, q, J= 7.3 Hz, NHCH), 3.64 (3H, s, OCH3), 3.23-3.27 (2H, m, 
NCHCHsPh), 2.85-2.87 (2H, m, NCHCliPh); Sc (CDCI3, 150 MHz), 172.6 (COOCH3), 
169.8 NHCO, 164.2 (C=0), 163.2 (C=0), 152.9 (C), 138.5 (C), 137.7 (C), 134.4 (Ar-CH), 
131.5 (Ar-CH), 130.2 (C), 129.5 (Ar-CH), 129.4 (Ph), 129.2 (Ph), 128.5 (Ph), 128.3 (Ph), 
126.7 (Ph), 126.5 (Ph), 124.4 (Ar-CH), 122.3 (C), 119.6 (C), 108.4 (Ar-CH), 108.2 (C), 54.6
(CH), 54.5 (CH), 52.3 (OCH3), 36.4 (CH2), 34.3 (CH2); Vn 
1631,1576, 1454,1368, 1306.

(neat sample)/cm' 3358, 1745,

/V-(/iS-[(25^-4-Methyl-pentanoic acid methyl ester|carboxamido-ethyll-4-amino-l,8- 

naphthaiimide 139

139 was synthesised using A-[/5'-[(257-4-methyl-pentanoic acid methyl 
esterJcarboxamido-ethylJ-4-nitro-l ,8-naphthalimide (245 mg, 0.555 
mmol) in EtOH according to Procedure 2 and was yielded as a light 
brown solid (228 mg, 100%). m.p. 231-232 °C; HRMS; 434.1711 
([M+Na)^. C22H25N305Na requires 434.1692); (5h ((CD3)2S0, 600 MHz), 
8.58 (IH, d, J- 8.3Hz, H5), 8.40 (IH, d, 7.3 Hz, H7), 8.17 (IH, d, J 
= 7.0 Hz, NH), 8.16 (IH, d, J = 8.5 Hz, H2), 7.67 (IH, app.U H6), 7.37 
(2H, br. s, NH2), 6.84 (IH, d, J = 8.5 Hz, H3), 5.42 (IH, q, ./= 6.8 Hz, 

CHCH3), 4.28 (IH, m, NHCHCH2CH(CH3)2), 3.67 (3H, s, OCH3), 2.54 (2H, m, 
NHCHCH2CH(CH3)2), 1.46 (HI, m, NHCHCH2Cn(CH3)2), 1.43 (3H, d, J= 6.8 Hz, CHCH3), 
0.78 (3H, d, J = 6.4 Hz, NHCHCH2CH(CH3)2), 0.68 (3H, d, J = 6.4 Hz, 
NHCHCH2CH(CH3)2); 5c ((CD3)2S0, 150 MHz), 174.0 (COOCH3), 170.5 (CONH), 164.1 
(C=0), 163.2 (C=0), 153.0 (C), 134.2 (Ar-CH), 131.4 (Ar-CH), 130.3 (C), 129.5 (Ar-CH),
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124.6 (Ar-CH), 122.8 (C), 119.8 (C), 108.6 (C) 108.5 (Ar-CH), 52.3 (OCH3), 51.0 (CH), 49.2
(CHX 33.7 (CH2), 24.2 (CH), 23.2 (CH3), 21.3 (CH3), 14.8 (CH3); Vn 
3331,2953, 1730, 1629, 1575, 1462, 1367.

(neat sample)/cm'

A-[75-l(25'^-Propionic acid methyl ester]carboxamido-3-methylbutyl]-4-amino-l,8- 
naphthalimidc 140

140 was synthesised using jV-[7.S'-[(25))-propionic acid methyl 
ester]carboxamido-3-methylbutyl]-4-nitro-l,8-naphthalimide (127 mg, 
0.288 mmol) in F40H according to Procedure 2 and was yielded as a 
light brown solid (116 mg, 98%). m.p. 226-227°C (Ref.'"* 226 -227 °C); 
HRMS: 434.1697 ([M+Na)"^. C22H25N305Na requires 434.1692); d'n 
((CD3)2S0, 600 MHz), 8.61 (IH, d, ./= 8.0 Hz, H5), 8.43 (IH, d, J = 
7.20 Hz, H7), 8.19 (IH, d,./= 8.4 Hz, H2), 8.15 (IH, d, J = 7.0 Hz, NH), 

7.67 (IH, app. t, H6), 7.41 (2H, br. s, NH2), 6.87 (IH, d, J= 8.40, H3), 5.48 (IH, dd, 4.6,
9.6 Hz, CH), 4.33 (IH, m, NHCHCH3COOCH3), 3.62 (3H, s, NHCHCH3COOCH3), 2.08 
(IH, m, NCHCH2CH(CH3)2), 1.94 (IH, m, NCHCH2CH(CH3)2), 1.33 (IH, m, 
NCHCH2CH(CH3)2), 1.13 (3H, d, J=7.3 Hz, NHCHCH3COOCH3), 0.89 (3H, d, J=6.7Hz, 
NCHCH2CH(CH3)2), 0.80 (3H, d,./= 6.7 Hz, NCHCH?CH(CH3)2): Sq ((CD3)2S0, 150 MHz),
173.6 (COOCH3), 170.0 (CONH), 164.4 (C=0), 163.5 (C=0), 152.9 (C), 134.3 (Ar-CH), 
131.4 (Ar-CH), 130.3 (C), 129.4 (Ar-CH), 124.4 (Ar-CH), 122.6 (C), 1 19.6 (C), 108.4 (Ar- 
CH), 108.3 (C), 52.1 (OCH3), 51.9 (CH), 48.1 (CH), 37.5 (CH2), 25.1 (CH3), 23.5 (CH3), 22.2 
(CH3), 17.0 (CH3): vmax (neat sample)/cm ' 3354, 3330, 2954, 2849, 1730, 1690, 1651, 1576, 
1364,1341.

A^-(/-Methoxycarbonyl-methyl)-4-amino-l,8-naphthalimide 141

O 141 was synthesised using N-(7-methoxycarbonyl-methyl)-3-nitro-l,8-
naphthalic anhydride (302 mg, 0.961 mmol) in EtOH according to 
Procedure 2 and was yielded as an orange solid (268 mg, 98%). m.p. 229- 
230°C (Ref."^ 229-230 °C); HRMS: 307.0695 ([M+NaJ^ C,.3H,2N204Na 
requires 307.0695); (5h ((CD3)2S0, 400 MHz), 8.11 (IH, d, J = 7.5 Hz, 

J= 9.6 Hz, 117), 7.80 (111, d, J= 2.0 Hz, H2), 7.67 (HI, appX, H6), 7.34 
(IH, d, J = 2.0 Hz, H4), 6.06 (2H, br. s, NH2), 4.81 (2H, s, CH2), 2.51 (3H, s, OCH3); Sc 

((CD3)2S0, 150 MHz), 168.8 (C(30CH3), 163.5 (C=0), 163.4 (C=0), 148.0 (C), 133.7 (C), 
132.2 (Ar-CH), 127.2 (Ar-CH), 126.0 (Ar-CH), 122.0 (Ar-CH), 122.0 (C), 121.2 (C), 120.7
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(C), 112.4 (Ar-CH), 52.3 (OCH3), 41.2 (CH); v,, 
1697, 1656, 1451, 1380, 1323.

(neat sample)/cm' 3460, 3368, 2959, 1741,

A^-|('/5)-Methoxycarbonyl-ethyl)l-3-nitro-l,8-naphthalimide 142

O 142 was synthesised using N-[('/5'>methoxycarbonyl-ethyl)]-3-nitro-l,8-
naphthalimide (222 mg, 0.676 mmol) in CH3OH according to Procedure 2 

and was yielded as an orange solid (145 mg, 72%). m.p. 194-195 °C; 
HRMS: 321.0854 ([M+Na)^ Ci6Hi4N204Na requires 321.0851); 
((CD3)2S0, 400 MHz), 8.12 (IH, d, ./= 7.0 Hz, H7), 8.11 (IH, d, J= 8.3 

Hz, H5), 7.99 (IH, d, J = 2.0 Hz, H2), 7.67 (IH, app. t, H6), 7.34 (IH, A, J = 2.2 Hz, H4), 
6.06 (2H, br. s, NH2), 5.69 (HI, q, J= 7.0 Hz, CH), 3.61 (3H, s, OCH3), 1.54 (3H, d, J = 7.0 
Hz, CH3); Sc ((CD3)2S0, 150 MHz), 170.6 (COOCH3), 163.2 (C=0), 163.0 (C=0), 148.0 (C), 
133.6 (C), 132.0 (Ar-CH), 127.1 (Ar-CH), 125.9 (Ar-CH), 122.1 (C), 122.0 (Ar-CH), 121.3 
(C), 120.5 (C), 112.2 (Ar-CH), 52.1 (OCH3), 48.2 (CH), 14.5 (CH3): vw (neat sample)/cm'' 
3446, 3365, 1739, 1699, 1655, 1598, 1375, 1305.

A^-[("/5>-Methoxycarbonyl-2-ethylphenyI)|-4-n!tro-l,8-naphthaliinide 143

143 was synthesised using A-[(/6')-Methoxycarbonyl-2-ethylphenyl)]-4- 
nitro-1,8-naphthalimidc (430 mg, 1.063 mmol) in CH3CH2OH according 
to Procedure 2 and was yielded as an orange solid (395 mg, 99%). m.p. 
95 -96 °C (Ref."'* 95-96 °C); HRMS: 397.1172 ([M+Na)". C22Hi8N204Na 
requires 397.1164); rJn ((CD3)2SO, 600 MHz), 8.06 (IH, d, ./ = 8.3 Hz, 
H5), 8.03 (IH, d, J= 7.1 Hz, H7), 7.89 (IH, d,./= 2.1 Hz, H2), 7.62 (IH, 
app. t, H6), 7.30 (HI, d, J= 2.3 Hz, H4), 7.14 (511, m, Ph), 6.02 (2H, br. s, 

NH2), 5.98 (IH, dd, J= 5.5, 10.0 Hz, CH), 3.65 (3H, s, OCH3), 3.58 (IH, d, J = 5.40 Hz. 
CH2), 3.56 (IH, d, J= 5.4 Hz, CH2); 6c ((CD3)2SO, 150 MHz), 169.9 (COOCH3), 163.3 
(C=0), 163.1 (C=0), 148.0 (C), 137.4 (C), 133.5 (C), 132.1 (Ar-CH), 129.0 (Ph), 128.1 (Ph), 
127.1 (Ar-CH), 126.4 (Ph), 126.0 (Ar-CH), 122.1 (Ar-CH), 121.6 (C), 120.9 (C), 120.4 (C),
112.3 (Ar-CH), 53.5 (CH), 52.3 (OCH3), 34.1 (CH2); Vn 

2952, 1740, 1696,1657, 1377.
(neat sample)/cm' 3461, 3368,

Bis-{7V-(l-Carboxy-methyl)}-9,18-methano-l,8-naphthalimido[b,fl[l,5J-diazocine 144

144 was synthesised by reacting 126 (236 mg, 0.873 mmol) with paraformaldehyde (39 mg,
1.299 mmol) in TFA (2 mL) according to Procedure 3. The crude product was dissolved in
CH3OH and refluxed in the presence of activated charcoal. The reaction mixture was filtered
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through celite, washing with CH3OH. The filtrate and 
washings were evaporated under reduced pressure 
and the residue was dissolved in ethyl acetate and the 
organic layer was dried over MgS04 and evaporated 
under reduced pressure and further dried under 
vacuum to yield the product as a yellow powder (192 
mg, 76%). Decomposed at 300-301 °C; HRMS: 
599.1179 ([M+Na)*. C3|H2oN40gNa requires

599.1193); d'„ ((CD3)2SO, 400 MHz), 8.80 (2H, d,J= 8.4 Hz, H5, H5'), 8.53 (2H, d, 7.3 
Hz, H7, H7'), 8.17 (2H, s, H2, H2'), 8.02 (2H, app. t. H6, H6'), 5.22 (2H, d, J = 15.9, TB), 
4.74 (4H, m, TB), 4.67 (2H, s, NCHH: Sc ((€03)280, 150 MHz), 169.2 (COOH), 163.2 
(C=0), 162.5 (C=0), 149.6 (C), 131.1 (Ar-CH), 130.5 (Ar-CH), 129.6 (Ar-CH), 127.5 (C),
127.3 (Ar-CH), 126.9 (C), 126.4 (C), 121.9 (C), 117.1 (C), 65.9 (CH2), 56.7 (CH2), 41.0 
(CH2); Vn,ax (neat sample)/cnf‘ 2925,1697,1656, 1597, 1459.

Bis-{7V-(75)-|Carboxy-ethyl)}- 9,18-methano-l ,8-naphthaliinido|b,f] [ 1,5]-diazocine 145

145 was synthesised according to Procedure 3 from 
OH 127 (414 mg, 1.456 mmol) and paraformaldehyde (66 

mg, 2.198 mmol) in TFA (3 mL) to yield the product 
as a hrown powder (400 mg, 91%). Decomposed at 
300-301 °C; Calculated for C33H24N4O8.O. 5CH2CI2: C, 
62.19; 11, 3.89; N, 8.66. Found C, 62.63; H, 4.33; N, 
8.08; HRMS: 627.1502 ([M+Na)"". C33H24N408Na 
requires 627.1492); ((CD3)2SO, 600 MHz), 8.79
(2H, d, 8.6 Hz, H5, H5'), 8.52 (2H, d, J= 6.4 Hz, 

H7, 117'), 8.14 (2H, s, H2, H2'), 8.01 (2H, app. t, F16, H6'), 5.53 (2H, q, 6.8 Hz, CH), 5.21 
(2H, d, ./= 17.3 Hz, TB), 4.74 (IH, s, TB), 4.74 (IH, s, TB), 4.71 (2H, d, 17.3 Hz, FB), 
1.47 (6H, dd, 3.2, 7.0 Hz, CH3); Sq ((CD3)2S0, 150 MHz), 171.4 (COOH), 163.0 (C=0),
162.3 (C=0), 149.5 (C), 131.2 (Ar-CH), 130.6 (Ar-CH), 129.6 (Ar-CH), 127.5 (Ar-CH),
127.3 (C), 126.8 (C), 126.4 (C), 122.1 (C), 117.3 (C), 66.0 (CH2), 56.8 (CH2), 48.3 (CH), 
14.5/14.5 (CH3); Vmax (neat sample)/cm'' 2500, 1655, 1594, 1371.
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Bis-{A^-('7^^-[Carboxy-ethyl)}- 9,18-methano-l,8-naphthalimido[b,f|[l,5]-diazocine 146

O - 146 was synthesised by reacting 120 (50 mg, 0.176
mmol) with paraformaldehyde (7.9 mg, 0.263 mmol)OH

in TFA (1 mL) according to Procedure 3. The 
resulting solution was reduced to dryness and dried 
further under vacuum to yield the product as a yellow 
powder (48 mg, 91%). Decomposed at 300 °C. 
Calculated for C33II24N4O8.O.75CH2CI2: C, 60.66; H, 
3.85; N, 8.38. Found C, 60.90; H, 3.49; N, 7.86; 

HRMS: 603.1507 ([M-H)'. C33H23N4O8 requires 603.1516); Sh ((€03)280, 600 MHz), 8.79 
(2H, d,J= 8.3 Hz, H5, H5'), 8.51 (2H, d, J= 7.3 Hz, H7, H7'), 8.13 (2H, s, H2, H2'), 8.00 
(2H, app.U H6, H6'), 5.52 (2H, q, 6.8 Hz, CH), 5.20 (2H, d,./= 17.0 Hz, TB), 4.73 (2H, s, 
TB), 4.69 (2H, d, J = 17.0 Hz, TB), 2.52 (6H, s, CH3); Sq ((€03)280, 150 MHz), 
171.7(€OOH), 163.3 (€=0), 162.7 (€=0), 149.8 (€), 131.4 (Ar-€H), 131.0(Ar-€H), 129.9 
(Ar-€H), 127.8 (Ar-€H), 127.7 (€), 127.1 (€), 126.6 (€), 122.4 (€), 117.6 (€), 66.3 (€H2), 
57.1 (€H2), 48.6 (€H), 14.8/14.7 (€H3); v^ax (neat sample)/cm"' 2968, 1655, 1596, 1374.

Bis-{A^-|(15)-Carboxy-2-ethylphenyl|}-9,t8-methano-l,8-naphthaliinido|b,fl|l,51- 
diazocine 147

147 was synthesised by reacting 128 (292 mg, 0.810 
mmol) with paraformaldehyde (36 mg, 1.215 mmol) 
in TFA (2 mL) according to Procedure 3. The crude 
product was purified by refluxing in CH30H in the 
presence of charcoal. The resulting solution was 
filtered through celite, washing with CH30H. The 
filtrate and washings were evaporated under reduced 
pressure and the residue was dissolved in ethyl 
acetate and the organic layer was dried over Mg804 

and evaporated under reduced pressure and further 
dried under vacuum to yield the product as an orange 

solid (247 mg, 81%). Decomposed at 207-208 °€; HRM8: 779.2082 ([M-Na)'. €45H3iN408 

requires 755.2142); Sh ((€03)280, 600 MHz), 8.72 (2H, t, 115, H5'), 8.42 (2H, br. s, H7, H7'), 
8.06 (2H, br.s, H2, H2'), 7.93 (2H, dd, J= 7.3, 12.5 Hz, H6, H6'), 7.07 (lOH, m, Ph), 5.84 
(2H, dd, 4.0, 8.0 Hz, €H), 5.14 (2H, d, ./= 17.1 Hz, TB), 4.69 (4H, m, TB), 3.52 (2H, m,
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CH2), 3.36 (2H. m, CH2); Sq ((CD3)2S0, 150 MHz), 170.6/170.6 (COOH), 163.0 (C=0), 

162.4/162.4 (C=0), 149.9 (C), 137.7/137.7 (C), 131.2 (Ar-CH), 130.6 (Ar-CH), 129.5 (Ar- 

CH), 128.8/128.8 (Ph), 128.0/128.0 (C), 127.2/127.2 (Ar-CH), 127.0 (C), 126.8 (Ph), 

126.3/126.3 (Ph), 126.2/126.1 (C), 121.6 (C), 116.8 (C), 65.8 (CH2), 56.4 (CH2), 53.8 (CH), 

34.2/34.1 (CH2); Vmax (neat sample)/cm'‘ 2956, 2929, 2830, 1723, 1660, 1258.

Bis-{A^-[(l/?)-Carboxy-2-ethylphenyl]}-9,18-methano-l,8-naphthalimido[b,f||l,51- 
diazocine 148

148 was synthesised by reacting 124 (403 mg, 0.968 mmol) with paraformaldehyde (43.5 mg,

1.449 mmol) in TFA (2.5 mL) according to 

Procedure 3. The crude product was purified by 

refluxing in CH3OH in the presence of charcoal. The 

resulting solution was filtered through celite, 

washing with CH3OH. The filtrate and washings 

were evaporated under reduced pressure and the 

residue was dissolved in ethyl acetate and the 

organic layer was dried over MgS04 and evaporated 

under reduced pressure and further dried under 

vacuum to yield the product as an orange solid (237 

mg, 65%). Decomposed at 207-208 °C; HRMS;

779.2082 ([M+Na)^ C45H32N408Na requires 779.2118); ((CD3)2S0, 600 MHz), 8.74 (2H,

t, 115, 115'), 8.42 (2H, m, H7, H7'), 8.05 (211, s, 112, H2'), 7.95 (2H, m, 116, 116'), 7.35 (lOH, 

m, Ph), 5.83 (2H, dd, J= 4.0, 8.0 Hz, CH), 5.15 (2H, d, .7= 18.0 Hz, TB), 4.68 (4H, m, TB), 

3.52 (2H, m, CH2), 3.36 (2H, m, Cfb); 6c ((CD3)2SO, 150 MHz), 170.6/170.6 (COOH), 163.0 

(C=0), 162.4/162.4 (C=0), 149.9 (C), 137.7/137.7 (C), 131.2 (Ar-CH), 130.6 (Ar-CH), 129.5 

(Ar-CH), 128.8/128.8 (Ph), 128.0/128.0 (C), 127.2/127.2 (Ar-CH), 127.0 (C), 126.8 (Ph), 

126.3/126.3 (Ph), 126.2/126.1 (C), 121.6 (C), 116.8 (C), 67.1 (CH2), 57.0 (CH2), 54.1 (CH), 
34.2/34.1 (CH2); Vma,x (neat sample)/cm'' 2956, 2929, 2830, 1723, 1660, 1258.

Bis-{A^-((15)-Carboxy-3-methyl|}-9,18-methano-l,8-naphthalimido[b,f]|l,5]-diazocine
149

149 was synthesised by reacting 130 (266 mg, 0.852 mmol) with paraformaldehyde (38 mg,

1.265 mmol) in TFA (2.5 mL) according to Procedure 3. The crude product was purified by

refluxing in CH3OH in the presence of charcoal, fhe resulting solution was filtered through

celite, washing with CH3OH. The filtrate and washings were evaporated under reduced
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pressure and the residue was dissolved in CH2CI2 and 

the organic layer was dried over MgS04 and 

evaporated under reduced pressure and further dried 

under vacuum to yield the product as a yellow solid 

(115 mg, 41%). Decomposed at 224-225 °C; HRMS: 

683.2117 ([M+Na)^. C37H32N408Na requires

683.2118); ()'h ((€03)280, 600 MHz), 8.78 (2H, d, J = 

8.3 Hz, H5, H5'), 8.53 (2H, t, H7, H7'), 8.15 (IH, s, 

H2), 8.15 (IH, s, H2') 8.00 (2H, t. H6, H6'), 5.20 (2H, 

d, J= 17.8 Hz, TB), 5.09 (2H, d, J= 9.4 Hz, CH), 4.73-4.75 (4H, m, TB), 2.59-2.61 (2H, m, 

CHICHHO. 1.15-117 (6H, d, ./ = 5.6 Hz, CH(CH3)2), 0.58-0.60 (6H, d, J = 5.6 Hz, 

CHtCHHO: 6c ((003)280, 150 MHz), 170.8/170.8 (COOH), 163.6/163.5 (0=0), 163.0/162.9 

(0=0), 149.9/149.9 (O), 131.7/131.6 (Ar-OH), 131.1/131.1 (Ar-OH), 130.0 (Ar-OH), 

127.7/127.7 (Ar-OH), 127.6/127.6 (O) 127.0 (O), 126.6 (O), 121.8(0), 117.0 (O), 66.1 (OH2), 

58.0/58.0 (OH), 56.9 (OH2), 27.0/27.0 (OH), 22.3/22.3 (OH3), 18.9/18.9 (OH3); vw (neat 
sample)/cm''2924, 1659, 1596, 1459, 1373, 1340.

Bis-{A^-((l/?)-Carboxy-3-methyl|}-9,18-methano-l,8-naphthaliinido|b,f]|l,51-diazocine
150

150 was synthesised by reacting 121 (266 mg, 0.852 mmol) with paraformaldehyde (38 mg,

^ 1.265 mmol) in TFA (2.5 mL) according to

OH Procedure 3. The crude product was purified by 

refluxing in OH3OH in the presence of charcoal. The 

resulting solution was filtered through celite, washing 

with OH3OH. The filtrate and washings were 

evaporated under reduced pressure and the residue 

was dissolved in OH2OI2 and the organic layer was 

dried over MgS04 and evaporated under reduced 

pressure and further dried under vacuum to yield the 
product as a yellow solid (115 mg, 41%). Decomposed at 224-225 °0; HRMS: 683.2117 

([M+Na)f 037H32N4O8Na requires 683.2118); 6h ((€03)280, 600 MHz), 8.78 (2H, d, J = 8.3 

Hz. H5, H5'), 8.53 (2H, t, H7, H7'), 8.15 (IH, s,, H2), 8.15 (IH, s, H2') 8.00 (2H, app. t, H6, 

H6'), 5.20 (2H, d, y = 17.8 Hz. TB), 5.09 (2H, d, J = 9.4 Hz. OH), 4.75 (4H, m, TB), 2.61 

(2H, m, CH(0H3)2), 1.17 (6H, d, J = 5.6 Hz, OH(OH3)2), 0.60 (6H, d, J = 5.6 Hz, OH(OH3)2);
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4- ((CD3)2S0, 150 MHz), 170.8/170.8 (COOH), 163.6/163.5 (C=0), 163.0/162.9 (C=0), 
149.9/149.9 (C), 131.7/131.6 (Ar-CH), 131.1/131.1 (Ar-CH), 130.0 (Ar-CH), 127.7/127.7 
(Ar-CH), 127.6/127.6 (C) 127.0 (C), 126.6 (C), 121.8 (C), 117.0 (C), 66.1 (CH2), 58.0/58.0 
(CH), 56.9 (CH2), 27.0/27.0 (CH), 22.3/22.3 (CH3), 18.9/18.9 (CH3); v^ax (neat sample)/cm'' 

2927, 1697, 1655, 1595, 1404, 1374.

Bis-/A^-|(75;-Carboxy-3-methylbutyl|}-9,18-methano-l,8-naphthalimido[b,fl[l,51-

diazocine 151

151 was synthesised by reacting 129 (281 mg, 0.861 
mmol) with paraformaldehyde (39 mg, 1.299 mmol) 
in TFA (2 mL) according to Procedure 3. The crude 
product was dissolved in CH2CI2 and refluxed in the 
presence of activated charcoal. The solution was 
filtered through celite, washing with CH2C12. The 
filtrate and washings were evaporated under reduced 
pre.ssure yielding the product as a yellow solid (142 
mg, 50%). Decomposed at 232-233 °C; HRMS: 
711.2419 ([M-tNa)"^. C39H36N408Na requires

711.2431); c)h ((€03)280, 600 MHz), 8.80 (2H, dd, ./= 6.3, 8.3 Hz. H5, H5'), 8.54 (2H, app. 
t. H7, H7'), 8.17 (IH, s, H2), 8.17 (IH, s, H2'), 8.01 (2H, m, H6, H6'), 5.53 (2H, dd, ./= 5.7, 
8.3 Hz, CH), 5.21 (2H, d, J = 17.0 Hz, TB), 4.74 (4H, m, TB), 2.00 (4H, m, CHCH7). 1.35 
(211, m, CH(CH3)2), 0.87 (611, m, CHtCIHTl. 0.77 (611, m, CH(CH3)2); dc ((€03)280, 150 
MHz), 171.3 (COOH), 163.3/163.2 (€=0), 162.7/162.6 (€=0), 149.5 (€), 131.4/131.3 (Ar- 
CH), 130.8/130.7 (Ar-CH), 129.6 (Ar-CH), 127.5 (C), 127.3 (Ar-CH), 126.7 (C), 126.4 (C), 
121.9/121.8 (C), 117.1/117.0 (C), 66.0 (CH2), 56.7 (CH2), 51.1 (CH), 37.4/37.3 (CH2), 24.8 
(CH), 23.0 (CH3), 21.7 (CH3): Vmax (neat sample)/cnT' 2924, 1698, 1655, 1595, 137, 1354.

Bis-{A^-|('//f)-Carboxy-3-methylbutyl]}-9,18-methano-l,8-naphthaIimido[b,f|fl,51- 

diazocine 152

152 was synthesised according to Procedure 3 by stirring 125 (349 mg, 1.07 mmol) and
paraformaldehyde (48 mg, 1.60 mmol) in TFA (2.5 mL). The crude product was dissolved in
CH2CI2 and refluxed in the presence of activated charcoal. The solution was filtered through
celite, washing with CH2CI2. The filtrate and washings were evaporated under reduced
pressure yielding the product as a yellow solid (184 mg, 50%). Decomposed at 232-233 ° C;
HRM8: 711.2416 ([M-HNa)"^. C3qH36N408Na requires 711.2431); d'n ((€03)280, 600 MHz),
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8.78 (2H, d, ./ = 8.3 Hz, H5, H5'), 8.53 (IH, t. H7, 
H7'), 8.15 (HI, d, H2, H2'), 8.00 (2H, t, H6, H6'), 5.52 
(2H, dd, J = 6.0, 8.5 Hz, CH), 5.20 (2H, d, J = 17.8 Hz, 
Ha), 4.74 (4H, m, TB), 1.98 (4H, m, CHCH2), 1.35 
(2H, m, CH(CH3)2), 0.85 (6H, m, CHICHH^l. 0.76 (6H, 
m, CHICHHH: Sc ((003)280, 150 MHz), 171.2 
(COOH), 163.3 (C=0), 162.6 (C=0), 149.5 (C), 134.4 
(Ar-CH), 130.8 (Ar-CH), 129.8 (Ar-CH), 129.6 (C), 
127.5 (C), 127.3 (Ar-CH), 126.8 (C), 126.4 (C), 124.0 
(C), 66.1 (CH2), 56.9 (CH2), 51.2 (CH), 37.5 (CH2), 

24.9 (CH) 23.0 (CH3), 21.7 (CH3); v^ax (neat sample)/cm'' 2925, 1698, 1658, 1595, 1373.

Bis-{7V-[("/5)-Methoxycarbonyl-3-methylbutyl]}-9,18-meihano-l,8-naphthalimido 
|b,f||l,5|-diazocine 153

153 was synthesised by reacting 131 (104 mg, 0.306 mmol) with paraformaldehyde (13.7 mg,
0.456 mmol) in TFA (1 mL) according to Procedure 
3. Upon completion the reaction mixture was 
basified to pH 14 and extracted with CH2CI2. The 
crude product was purified using automated column 
chromatography using flash silica and ethyl acetate; 
hexane (0 - 100%) to yield the product as an orange 
solid after trituration with CH3OH (69 mg, 63%). 
HRMS; 739.2759 ([M+Na)"^. C4iH4oN408Na requires 
739.2744); ^'h (CDCI3, 600 MHz), 8.74 (2H, dd, ./ = 
1.9, 8.4 Hz, H5, H5’), 8.63 (2H, dd, J= 3.9 Hz, 6.5 
, s, H2'), 7.92 (2H, app. m, H6, 116 ), 5.74 (2H, dd, J 

= 4.8 Hz, 9.4 Hz, CH), 5.18 (2H, dd, J= 4.7 Hz, 17.0 Hz, TB), 4.72 (2H, d, 2.8 Hz, TB), 
4.63 (2H, dd, J=4.7 Hz, 17.0 Hz, TB), 3.67 (3H, s, OCH3), 3.66 (3H, s, OCH3), 2.17 (2H, m, 
CH2), 2.09 (2H, m, CH2), 1.47 (2H, m, CH), 0.97 (6H, m CH3), 0.87 (6H, t, CH3); Sc (CDCI3, 
150 MHz), 171.0 (COOCH3), 164.0/163.9 (C=0), 163.5/163.4 (C=0), 149.5 (C), 131.6/131.6 
(Ar-CH), 131.1/131.0 (Ar-CH), 129.2/129.2 (C), 128.7 (Ar-CH), 127.5/127.5 (C), 127.4/127.4 
(Ar-CH), 125.5/125.5 (C), 123.1/123.0 (C), 118.8/118.7 (C), 67.3/67.3 (CHj), 57.4/57.4 
(CH2), 52.5 (OCH3), 52.0 (CH), 38.1/38.0 (CH2), 25.4 (CH), 23.3 (CH3), 22.2 (CH3); Vn,ax 
(neat sample)/cm ‘2930, 1698, 1660, 1458, 1374, 1256.
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Bis-{A^-[^/5'^-Methoxycarbonyl-ethylphenyll}-9,18-!tiethano-l,8-naphthaliinido[b,f|[l,5]' 
diazocine 154

154 was synthesised by reacting 132 (248 mg, 0.662 mmol) with paraformaldehyde (30 mg,

' 0.999 mmol) in TFA (1.5 mL) according to Procedure 3. The crude

product was dissolved in CH3OH and refluxed in the presence of 

activated charcoal. I'he reaction mixture was filtered through celite, 

washing with CH3OH. The filtrate and washings were evaporated 

under reduced pressure to yield the product as an orange solid (191 

mg, 76%). m.p. 210-211 °C; Calculated for C47H36N4O8.: C, 71.93; 

H, 4.62; N, 7.14. Found C, 71.10; H, 4.67; N, 6.65; HRMS: 807.2410 

([M+Na)^ C47ll36N408Na requires 807.2431); d'n (CDCI3, 600 MHz), 

8.70 (2H, m, H5, H5 ), 8.55 (2H, t, H7, H7'), 8.05 (IH, s, H2), 8.05 

(1H, s, H2'), 7.88 (2H,m, H6, H6'), 7.17 (lOH, m, Ph), 5.99 (2H, dd, 

J= 5.4, 9.7 Hz, CH), 5.15 (2H, d, 17.2 Hz, TB), 4.67 (2H, app. d, 

TB), 4.58 (211, d, J= 17.2 Hz, TB), 3.71 (311, s, OCH3), 3.69 (311, s, 

OCH3), 3.68 (2H, m, CH2), 3.47(2H, m, CH2); dc (CDCI3, 150 MHz), 
170.1 (COOCTl,), 163.6/163.5 (C=0), 163.0/163.0 (C=0), 149.2 (C), 

137.4/137.3 (C), 131.3 (Ar-CH), 130.8/130.7 (Ar-CH), 129.2/129.2 (Ar-CH), 129.0/129.0 

(Ph), 128.4 (Ph), 128.2 (C), 127.3/127.2 (Ar-CH), 126.5 (C), 126.4 (Ph), 125.2/125.2 (C), 

122.6 (C), 118.4 (C), 67.0 (CH2), 57.0 (CH2), 54.2/54.2 (CH), 52.4 (OCH3), 34.9/34.8 (CH2); 
v,„ax (neat sample)/cm'‘ 2949, 1742, 1662, 1597, 1198.

Bis-{/V-|(/,S>-4-IVIethyl-pentanoic acid methyl cster|carboxamido-ethylI}-9,18-methano- 
1,8-naphthalimido|b,f] (1,5J-diazocine 155

155 was synthesised by reacting 139 (92 mg, 0.224 mmol) with paraformaldehyde (10 mg,

0.333 mmol) in TFA (1 mL) according

the crude residue was recrystallised 

from CH3OH yielding the product as a 

yellow solid (35 mg, 33%). Calculated 

for C47H5oN60,o: C, 62.83; H, 5.67; N, 

9.24. Found C, 62.99; H, 5.08; N, 8.82; 

HRMS; 881.3471 ([M+Na)^.

C47H5oN60ioNa requires 881.3486); /)h
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(CDCI3, 600 MHz), 8.72 (2H, d, J= 8.3 Hz. H5, H5'), 8.60 (2H, d,./= 7.1 Hz, H7, H7'), 8.11 

(211, s, H2, H2'), 7.89 (2H, app. t. 116, H6'), 6.19 (2H, d,J=lJ Hz, NH), 5.70 (2H, q, J= 6.8 

Hz, CHCH3), 5.16 (2H, d, J= 17.0 Hz, TB), 4.70 (2H, s, TB), 4.67 (2H, m, NHCH), 4.61 (2H, 

d, ./ = 17.0 Hz, TB), 3.65 (6H, s, OCH3), 1.67 (6H, d, J = 6.8 Hz, CHCH3), 1.58 (2H, m, 

CH(CH3)2), 1.44 (4H, m, NHCHCH2), 0.90 (6H, d, J = 5.7 Hz, CH(CH3)2), 0.85 (6H, d, J = 

5.7 Hz, CH(CH3)2); <5c (CDCI3, 600 MHz). 173.5 (COOCH3), 169.4 (CONH), 163.5 (C=0), 

163.0 (C=0), 149.4 (C), 131.3 (Ar-CH), 130.8 (Ar-CH), 129.0 (Ar-CH), 128.4 (Ar-CH), 

127.2 (C), 127.1 (C) 125.3 (C), 123.0 (C), 118.7 (C), 67.0 (CH2), 57.1 (CH2), 52.2 (OCH3), 

50.8 (CH), 50.1 (CH), 41.8(CH2), 24.6 (CH), 22.7 (CH3), 22.0 (CH3), 14.3 (CH3); v^ax (neat 

sample)/cm''2953, 1731, 1703, 1662, 1597, 1459, 1369, 1256.

Bis-{A^-|(^/5>-Propionic acid methyl ester|carboxamido-3-methylbutyl|}-9,18-methano- 

1,8-naphthalimido[b,fl 11,5]-diazocine 156

156 was synthesised according to Procedure 3 using 140 (234 mg, 0.57 mmol) and
parat'ormaldehyde (26 mg, 0.85 mmol) in TFA (2 mL). 

Upon completion of the reaction, the reaction mixture 

was hasilled and extracted with CH2CI2. Removal of the 

organic layer and subsequent automated Hash 

chromatography using a CH2CI2: CH3OH (0-10 %) eluent 

system yielded the desired product as a yellow solid (165 
mg, 68 %). m.p. 167-168 °C; HRMS: 859.3585 ([M+H)'. 

C47H51N6O10 requires 859.3667); (5h (CDCI3, 600 MHz), 

8.71 (2H, t, H5, H5'), 8.62 (2H, t, H7, H7'), 8.12 (IH, s, 

H2), 8.12 (IH, s, H2'), 7.85-7.89 (2H, m, H6, H6'), 6.41 

-6.46 (2H, m, NH), 5.70-5.72 (2H, m,

NHCHCH2CH(CH3)2), 5.16 (211, d, J = 16.8 Hz, TB), 

4.70 (2H, s, TB), 4.58-4.61 (4H, m, NHCHCH3, TB), 3.69 (6H, s, OCH3), 2.19-2.25 (2H, m, 

NCHCH2CH(CH3)2), 1.98-2.03 (2H, m, NCHCH2CH(CH3)2), 1.41-1.45 (2H, m, 

NCHCH2CH(CH3)2), 1.28-1.35 (6H, m, NHCHCH3COOCH3), 0.85-0.95 (12H, m, 

NCHCH2CH(CH3)2); d'H(CDCl3, 600 MHz), 173.7 (COOCH3), 169.4 (CONH), 164.2/164.1 

(C=0), 163.7/163.6 (C=0), 149.5 (C), 131.7 (C), 131.5 (Ar-CH), 131.2/131.1 (Ar-CH), 

129.2/129.2 (Ar-CH), 128.7 (C), 127.4/127.3 (Ar-CH), 125.5/125.5 (C), 123.0/123.0 (C), 

118.7/118.7 (C), 67.2 (CH2), 57.3 (CH2), 53.4/53.3 (CH), 52.5 (OCH3), 48.4 (CH), 37.5/37.4 
(CH2), 25.6 (CH), 23.4 (CH3), 22.1 (CH3), 18.5 (CH3); Vn,a.x (neat sample)/cnT' 2925, 2855, 

1701, 1659, 1571, 1458, 1170.
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Bis-{A^-(75-/(-2*5^-lVIethyl-3-phenylpropanainido-3-phenylpropanoatel-9,18-methano-l,8-

naphthaliinido|b,f]|l,5|-diazocine 157

157 was synthesised by reacting 138 

(169 mg, 0.324 mmol) with 

paraformaldehyde (15 mg, 0.486 mmol) 

in TFA (2 mL) according to Procedure 3 

After basic work-up, a recrystallisation 

from CH3CN gave the product as a 

yellow powder (138 mg, 79%). m.p. 170- 

171 °C; HRMS: 1101.3779 ([M-t-Na)*. 

C65H54N60ioNa requires 1101.3799; <)'h 

(CDCI3, 400 MHz), 8.73 (2H, d, J= 8.2 

Hz, H5, H5’), 8.56 (2H, d, 7 = 7.2 Hz, 
H7, H7'), 8.06 (IH, s, H2,), 8.03 (IH. s, H2’) 7.90 (2H, app. t. H6, H6’), 6.11-1 M (20H, m, 

Ph), 6.16 (211, d, 7= 4.0, 7.2 Hz, Nil), 5.91- 5.96 (2H, m, NCHCIHPh), 5.17 (2H, d, 7= 17.7 

Hz, TB), 4.87-4.91 (2H, m, NHCHCH2Ph), 4.69 (2H, s, TB), 4.61 (2H, d, 7= 17.7 Hz, TB), 

3.67 (3H, s, OCH3), 3.66 (3H, s. OCH3), 3.62-3.64 (2H, m, NCHCIHPh), 3.41-3.47 (2H, ni, 

NCHClHPh), 2.98-3.05 (4H, m, NHCHCIHPh)): <)'h (CDCI3, 150 MHz), 171.7/171.7 

(COOCH3), 168.5 (CONH), 163.7/163.7 (C=0), 163.2/163.2 (C=0), 149.4/149.4 (C), 137.3 

(C), 135.6 (C), 131.4/131.4 (Ar-CH). 130.9 (Ar-CH), 129.1 (Ph), 129.0 (Ph), 129.0 (Ph), 

129.0 (Ar-CH), 128.4/128.4 (Ph), 128.2/128.1 (Ph), 127.2/127.2 (Ar-CH), 126.7 (C), 126.5 

(Ph), 126.6/126.5 (C), 125.3/125.3 (C) 122.7/122.6 (C), 118.4/118.3 (C), 67.0 (CH2), 57.1 

(CH2), 55.5/55.5 (CH), 53.3 (CH), 52.2/52.2 (OCH3), 37.7/37.7 (CH2), 34.6/34.5 (CH2); vwx 
(neat saniple)/cm'‘2951, 1735, 1703, 1661, 1597, 1457.

Bis-{A/-(l-Methoxycarbonyl-methyl|-9,18-methano-l,8-naphthalimido|b,f||l,5|-diazocine

158

158 was synthesised by reacting 141 (111 mg, 0.391 

mmol) with paraformaldehyde (13 mg, 0.433 mmol) 

in TFA (1 mL) according to Procedure 4. 

Recrystallisation from CH3OH yielded the product 

'b as an orange solid (56 mg, 47%). Decomposed at 
204 °C; HRMS: 627.1487 ([M+Na)^. C33H24N408Na requires 627.1492); P'h (CDCI3, 400 

MHz), 8.57 (2H, s, H2, H2’), 8.55 (2H, d, J= 7.3 Hz, H7, H7’), 8.12 (2H, d, J= 8.3 Hz, H5,
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H5’), 7.83 (2H, app. t, H6, H6’), 5.32 (2H, d, J= 17.3 Hz, TB), 5.03 (6H, m, TB, CH2), 4.71 
(2H, s, TB), 3.77, (6II, s, OCH3); d'c (CDCI3, 150 MHz), 167.7 (COOCH3), 163.4 (C=0),
162.7 (C=0), 146.3 (C), 130.2 (Ar-CH), 129.8 (Ar-CH), 129.3 (C), 128.9 (C), 127.6 (Ar-CH), 
127.5 (Ar-CH), 127.1 (C), 125.3 (C), 121.8 (C), 66.3 (CH2), 55.9 (CH2), 52.2 (OCH3), 40.8 
(CH2); Vmax (neat sample)/cm'' 2956, 1747, 1660, 1618, 1598, 1354, 1324.

Bis-{A^-[(75>-Methoxycarbonyl-ethyl]}-9,18-methano-l,8-naphthalimido|b,f][l,51- 

diazocine 159

159 was synthesised by reacting 142 (121 mg, 0.406 mmol) with 
paraformaldehyde (13 mg, 0.433 mmol) in TFA (2 mL) according 
to Procedure 4. The crude product was refluxed in CHCI3 in the 
presence of activated charcoal. The reaction mixture was filtered 
through celite, washing with CHCI3 The filtrate and washings 
were evaporated under reduced pressure and the residue was 
further purified by trituration with CH3OH to yield the product as 
a yellow solid (66 mg, 51%). Decomposed at 235 °C; Calculated 
for C35H28N4O8: C, 63.73; H, 4.74; N, 8.49. Found C, 63.59; H, 
4.34; N, 8.09; HRMS: 655.1794 (|M+Na)". C35H28N408Na 

requires 655.1805); Sh (CDCI3, 600 MHz), 8.50 (4H, m, H2, H2', H7, H7'), 8.10 (2H, t, H5, 
H5'), 7.79 (2H, m, H6, H6'), 5.74 (2H, m, CH), 5.23 (2H, d, J= 17.6 Hz, TB), 4.98 (2H, dd, J 
= 11.0 Hz, 17.6 Hz, TB), 4.62 (IH, s, TB), 4.62 (IH, s, TB), 3.71 (3H, s, OCH3), 3.71 (3H, s, 
OCH3), 1.68 (3H, s, CH3), 1.67 (3H, s, CH3); d'c (CDCI3, 150 MHz), 170.8 (COOCH3), 163.3 
(C=0), 163.1(C=0), 146.3 (C), 130.1/130.1 (Ar-CH), 129.8/129.8 (Ar-CH), 129.1/129.1 (C),
127.8 (Ar-CH), 127.7 (C), 127.7 (Ar-CH), 125.7 (C), 122.8/122.8 (C), 122.5 (C), 66.6/66.5 
(CH2), 56.2/56.1 (CH2), 52.4/52.4 (OCH3), 49.1/49.1 (CH), 14.7/14.7 (CH3); Vn,a.x (neat 
sample)/cm''2947, 1743, 1660, 1617, 1597, 1342.

Bis-{A^-[('/5])-Methoxycarbonyl-2-ethylphenyl]}-9,18-methano-l,8- 

naphthalimido[b,f| [ l,5|-diazocine 160

160 was synthesised by reacting 143 (105 mg, 0.281 mmol) with paraformaldehyde (9 mg,
0.300 mmol) in TFA (2 mL) according to Procedure 4. The crude product was dissolved in
CH3OH and refluxed in the presence of activated charcoal. The reaction mixture was filtered
through celite, washing with CH2CI2. The filtrate and washings were evaporated under
reduced pressure to yield the product as a yellow solid (52 mg, 47%). m.p. 210-211 °C;
Calculated for C47H36N4O8.: C, 71.93; H, 4.62; N, 7.14. Found C, 71.23; H, 4.74; N, 6.85;
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HRMS; 807.2416 ([M+Naf. C47H36N408Na requires 807.2431); 
<5h (CDCI3, 600 MHz), 8.43 (2H, m, H7), 8.39 (2H, s, H2), 8.06 
(2H, d, ./= 7.9 Hz, H5), 7.76 (2H, app. t. H6), 7.08-7.19 (lOH, m, 
Ph), 6.02 (2H, m, CH), 5.20 (2H, d, J= 17.3 Hz, TB), 4.95 (2H, 
dd, J= 12.2, 17.3 Hz, TB), 4.59 (HI, s, TB), 4.59 (IH, s, TB), 
3.75 (4H, m, CH2), 3.72 (3H, m, OCH3), 3.52 (3H, m, OCH3); d'c 
(CDCI3, 150 MHz), 170.0/170.0 (CO()CH3), 163.3/163.3 (C=0), 
163.2 (C=0), 14.8/145.8 (C), 137.3/137.3 (C), 130.3/130.2 (Ar- 
CH), 130.0 (C), 129.7 (Ar-CH), 129.2 (Ph), 129.9/128.9 (C), 
128.3/128.3 (Ph), 127.8 (Ar-CH), 127.7/127.6 (Ar-CH),
126.5/126.5 (Ph), 125.8/1225.7 (C), 122.6/122.6 (C), 122.3/122.3 
(C), 66.4 (CH2), 56.0/56.0 (CHj), 54.4/54.3 (CH), 52.5/52.5 
(CH2), 34.9/34.9 (OCH3); Vmax (neat sample)/cm ' 2948, 1742,

Bis-{A^-[(/A)-4-IVIethyl-pentanoic acid methyl esterlcarboxamido-methyl|}-9,18-methano- 
l,8-naphthalimido[b,f][l,5]-diazocine 161

161 was synthesised by stirring 144 (60 mg, 0.104 mmol)

mL, 0.832 mmol) was subsequently added followed by the 
slow addition of BOP (138 mg. 0.312 mmol) according to 
Procedure 5 where a recrystallisation from CH3OH 
yielded the desired product as a yellow solid (82 mg, 95 
%). Decomposed at 254 °C; HRMS: 853.3193 ([M-HNa)^ 
C45H46N60ioNa requires 853.3173; Su ((CD3)2SO, 400 
MHz), 8.78 (2H, d, ./= 8.0 Hz, H5, H5 '), 8.57 (2H, d, ./ = 
8.0 Hz, NH), 8.50 (2H, d, J = 8.0 Hz, H7, H7'), 8.13 (2H, 

s, 112, 112'), 8.01 (2H, app. t. H6, 116 ), 5.21 (211, d,./= 17.0 Hz, TB), 4.61-4.73 (811, m. TB. 
CH2), 4.28 (2H, m, NHCH). 3.60 (6H, s, OCH3), 1.60 (2H, m, CH(CH3)2), 1.52 (4H, m, 
CHCH2), 0.87 (6H, d, J = 6.5 Hz, CHCH2CH(CH3T). 0.82 (6H, d, J = 6.5 Hz, 
CHCH7CH(CH3)2); Sc ((CD3)2S0, 150 MHz), 172.8 (COOCH3), 166.6 (CONH), 163.1 
(C=0), 162.6 (C=0), 149.2 (C), 131.2 (Ar-CH), 130.6 (Ar-CH), 130.3 (C), 129.8 (Ar-CH), 
127.6 (Ar-CH), 126.7 (C), 126.2 (C), 122.2 (C), 107.0 (C), 66.4 (CH2), 57.1 (CH2), 52.2
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(OCH3), 50.0 (CH), 42.6 (CH2), 40.2 (CH2), 24.5 (CH), 23.0 (CH3), 21.8 (CH3); Vn,ax (neat 
sample)/cm''2953, 1731, 1703, 1662, 1597, 1571, 1459.

Bis-{A^-[('/5[>-4-Methyl-pentanoic acid tert butyl ester]carboxainido-methyl]}-9,18-
methano-1,8-naphthaIiinido[b,f] [ 1,5|-diazocine 16.3,247

163 was synthesised according to Procedure 5 by stirring 144 (99 mg, 0.172 mmol) and S- 
leucine tert-hu\y\ ester hydrochloride in anhydrous CH2CI2 (10 mL) at 0 °C. DIEA (137 mg,

0.24 mL, 1.374 mmol) was added followed by 
BOP (229 mg, 0.518 mmol) at 0 °C. I'he reaction 
mixture was left to stir at room temperature 

O O overnight and the product was yielded as an
orange solid (122 mg, 77 %) after trituration with 
CH3OH. Decomposed at 281-283 °C; HRMS: 
915.4293 ([M+H)‘. C5|H59N60ioNa requires
915.4293; Sh ((003)280, 400 Mfiz), 8.76 (2II, d, 
J = 8.6 Hz, H5, H5'), 8.45 (2H, d, ./ = 7.1 Hz, 
NH), 8.41 (2H, d,J= 7.1 Hz. H7, H7'), 8.12 (2H, 
s, H2, H2'), 7.99 (2H, app. t, H6, H6'), 5.18 (2H, 
d, J= 17.0 Hz, TB), 4.55-4.75 (8H, m, TB, CH2), 

4.10-4.17 (2H, m, NHCH), 1.34 (9H, br.s, OC(CH3)3), 0.78-0.87 (12H, m,
NHCHCH^CHtCHO^): Sc ((€03)280, 150 MHz), 172.2 (COOC(CH3)3), 166.2 (CONH), 
163.9 (0=0), 163.3 (0=0), 149.6 (O), 131.3 (Ar-OH), 130.9 (Ar-OH), 129.0 (Ar-OH), 128.5 
(0), 127.4 (0), 127.1 (Ar-OH), 125.3 (O), 122.9 (O), 118.8 (O), 82.2 (0), 67.1 (OH2), 42.8 
(OH2), 51.9 (OH2), 51.7 (OH), 42.3 (OH2), 28.0 (OH3), 24.5 (OH), 22.8 (OH3), 22.3 (OH3); 
v„,ax (neat sample)/cm'‘ 3356, 2958, 1732, 1706, 1664, 1597, 1571, 1458, 1369.

Bis-{7V-[('/5V-4-Methyl-pentanoic acid] carboxamido-methyl|}-9,18- methano-1,8- 
naphthaIiniido[b,f] [ 1,5]-diazocine 164^"*^

164 was synthesised by stirring 163 (252 mg, 0.275 mmol) in TFA:0H20l2 (2;1) for three
hours and removing the solvents by evaporation under reduced pressure to yield 163 as an
orange solid. No purification was necessary. HRM8: 825.2855 ([M+Na)"^. 043H42N60ioNa
requires 825.2860; d'n ((€03)280, 600 MHz), 8.73 (2H, d, J = 8.0, H5, H5'), 8.62 (2H, d, J =
8.0, H7, H7'), 8.15 (2H, s, H2, H2'), 7.88 (2H, d, J= 8.0, H6, H6'), 5.18 (2H, d,./= 17.0 Hz,
TB), 4.71 (2H, s, TB), 4.61 (2H, d, J= 17.0 Hz, TB), 4.52 (2H, m, NHCH), 4.28 (4H, s, CH2),
1.69 (2H, m, NHCHCH2CH(CH3)2), 1.54 (4H, NHCHCILCIftCIDA. 0.93 (6H, m,
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NHCHCH2CH(CHih), 0.92 (6H, m,

NHCHCH2CH(CH3}2); Sc ((CD3)2S0, 150

MHz), 171.8 (COOCH3), 166.2 (CONH), 163.6 

(C=0), 162.6 (C=0), 153.0 (C), 131.3 (Ar-CH),

130.8 (Ar-CH), 129.0 (Ar-CH), 128.5 (C), 

127.4 (C), 127.1 (Ar-CH), 125.3 (C), 122.9 (C),

106.9 (C),67.1 (CH2), 57.0 (CH2), 51.5 (CH), 

42.7 (CH2), 42.1 (CH2), 24.7 (CH), 22.8 (CH3),

(neat sample)/cm''2980, 1702, 1655, 1595, 1459.

„42

5.5 General Synthetic Procedures for Chapter 4

5.5.1 Procedure 1: Formation of the 4-Chloro-l,8-Naphthalimide Derivatives'*

4-Chloro-l,8-naphthalic anhydride (1 eq.), the appropriate dialkylaminoethylamine 

(1.4 eq.) and triethylamine (2 eq.) in toluene were stirred at reflux for 24 hours under an 

argon atmosphere. After completion of the reaction the solution mixture was immediately 

filtered while hot through celite, washing several times with toluene. The filtrate and 

washings were removed under reduced pressure and the residue dissolved in CH2CI2. The 

organic solution was washed twice with sat. NaHC03, twice with H2O and once with brine. 

The organic layer was dried over MgS()4 and evaporated under reduced pressure to dryness.

5.5.2 Procedure 2: Formation of the 4-Amino Functionalised 1,8-Naphthalimide 

Derivatives

The relevant 4-chloro-l,8-naphthalimide derivative was refluxed in an excess of 1,3- 

diamino-propane. Upon cooling CH2CI2 was added to the reaction mixture. The organic layer 

was washed twice with H2O, dried over MgS04 and evaporated under reduced pressure to 

dryness, to yield the desired product.

5.5.3 Procedure 3: Formation of the 4-Nitro-Bis-l,8-Naphthalimide Derivatives

The relevant 4-amino functionalised 1,8-naphthalimide derivative (1.05 eq.), 4-nitro- 

1,8-naphthalic anhydride (1.0 eq.) and triethylamine (2.0 eq.) were stirred at reflux in toluene 

overnight. Upon completion of the reaction, the reaction mixture was filtered hot through 

celite and washed with copious amounts of toluene. Upon cooling of the filtrate and 

washings, the residue precipitated out of solution and was subsequently collected by suction 

filtration. The residue was re-dissolved in CH2CI2 and washed once with H2O, sat. NaHCOi
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and brine. The organic layer was dried over MgS04 before being removed by evaporation 

under reduced pressure.

5.5.4 Procedure 4: Formation of the 4-Amino-Bis-l,8-Naphthalimide Derivatives

Reduction of the relevant 4-nitro-bis-l ,8-naphthalimide in CH2Cl2:CH30H was 

carried out in the presence of a 10 % palladium on carbon catalyst using a Parr hydrogen 

shaker apparatus at 3 atm pressure until no more hydrogen gas was consumed. The reaction 

mixture was filtered through celite and washed with copious amounts of CH2CI2 and CH3OH. 

The filtrate and washings were removed under reduced pressure and further dried under 

vacuum.

5.5.5 Procedure 5: Formation of the Tetra-1,8-Naphthalimide Troger’s Base

Derivatives 148,149

A mixture of the relevant 4-amino-bis-1.8-naphthalimide (1.0 eq.) and 

paraformaldehyde (1.5 eq.) in neat TFA were stirred at room temperature overnight. The 

reaction mixture was initially neutralised and further basified by the slow addition of aqueous 

NaOH (6 M). The aqueous solution was extracted several times with CH2CI2. The organic 

extracts were combined and the solvent was removed under reduced pressure, fhe crude 

product was purified and dried under vacuum.

A-|l-Pyrrolidino-ethyl|-4-chloro-l,8-naphthalimide 178

178 was synthesised by condensing 4-chloro-l,8-naphthalic anhydride (623 

mg, 2.70 mmol) with l-(2-aminoethyl)-pyrrolidine (428 mg, 0.472 mL, 3.7 

mmol) in toluene (100 mL) in the presence of TEA according to Procedure 1, 

yielding the desired product as a light brown solid (887 mg, 99 %). No 

purification was necessary. Decomposed at 214-215 °C; HRMS: 329.1052 

([M+H]^.C|8H|8N202C1 requires 329.1057); Sh ((CD3)2S0, 600 MHz), 8.67 

(IH, d, J=8.3 Hz, H5), 8.63 (IH, d, J= 7.1 Hz, H7), 8.48 (IH, d, J= 7.9 Hz, 

H2), 8.09 (IH, d, 7.9 Hz, H3), 8.07 (IH, dd. J= 7.5, 8.6 Hz, H6), 4.41 (2H, t, 6.0 Hz, 

NCH2CH2N(CH2)2(CH2)2), 3.65 (2H, m, NCH2CH2N(CH2)2(CH2)2), 3.54 (2H, t, 6.0 Hz, 

NCH2CH2N(CH2)2(CH2)2), 3.15 (2H, m, NCH2CH2N(CH7T(CH,TT 2.02 (2H, m,

NCH2CH2N(CH2)2(CH2)2), 1.88 (2H, t, J= 6.0 Hz, NCH2CH2N(CH2)2(CH2)2); Sc ((003)380, 

150 MHz), 163.6 (C=0), 163.3 (C=0), 137.6 (C), 131.7 (Ar-CH), 131.0 (Ar-CH), 130.2 (Ar- 

CH), 128.7(Ar-CH), 128.6 (C), 128.5 (C), 127.7 (Ar-CH), 123.0 (C), 121.7 (C), 53.5 (CH2),

51.6 (CH2), 36.3 (CH2), 22.7 (CH2); Vmax (neat sample)/cm'' 2952, 1655, 1460, 786.
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A^-[l-Piperidino-ethyl]-4-chioro-l,8-naphthaliniide 179

179 was synthesised according to Procedure 1 by reacting 4-nitro-1.8- 

naphthalic anhydride (875 mg, 3.76 mmol) with 1-(2-aniinoethyl)-piperidine 

(675 mg, 0.750 mL, 5.27 mmol) in toluene (100 mL) in the presence of TEA 

(761 mg, 1.0 mL, 7.52 mmol) to yield the product as a beige solid (1.157 g, 89 

%). No purification was necessary. Decomposed at 240-241 °C; HRMS: 

343.1223 ([M+H]^.Ci9H2()N202C1 requires 343.1213); Sh ((CD3)2S0, 600 

MHz), 8.65 (IH, d, J= 8.4 Hz, H5), 8.61 (IH, d, J= 6.8 Hz, H7), 8.47 (IH, d, J 

= 7.9 Hz. H2), 8.08 (IH, d, ./= 7.9 Hz, H3), 8.05 (IH, app. t, H6), 4.40 (2H, t, ./= 5.7 Hz, 

NCH2CH2N(CH2)2(CH2)2CH2), 3.34 (2H, m, NCH2CH2N(CH2)2(CH2)2CH2), 3.02 (2H, m, 

NCH2CH2N(CH2)2(CH2)2CH2), 2.74 (2H, m, NCH2CH2N(CH2)2(CH2)2CH2), 1.74 (4H, m, 

NCH2CH9N(CH2)2(CH?)2CH2). 1.54 (2H, m, NCH2CH2N(CH2)2(CH2)2CH2); Sc ((CD3)2SO, 
150 MHz), 163.6 (C=0), 163.3 (C=0), 137.8 (C), 131.8 (Ar-CH), 131.1 (Ar-CH), 130.4 (Ar- 

CH), 128.8 (Ar-CH), 128.7 (Ar-CH), 128.6 (C), 127.9 (C), 123.0 (C), 121.7 (C), 53.7 (CH2), 

52.7 (CH2), 34.8 (CH2),22.6 (CH2). 21.5 (Clb); v^ax (neat sample)/cnT' 2951, 1655, 1459, 

781.

A-[l-Pyrrolidino-ethyl|-4-diaminopropane-l,8-naphthaliinide 180

180 was synthesised by refluxing 178 (753 mg, 2.29 mmol) in excess 

diaminopropane (5.942 g, 6.7 mL) according to Procedure 2, yielding the 

product as a brown solid ( 696 mg, 83 %). No purification was necessary. 

Decomposed at 205 °C; HRMS: 367.2131 ([M+HJ^.C2iH27N402 requires 

367.2134); d'n ((CD3)2SO, 400 MHz), 8.64 (IH, d, J= 8.5 Hz, H5), 8.42 (IH, 

d, 7.04 Hz, H7), 8.25 (IH, d, 8.5 Hz, 112), 7.68 (HI, app. t, 116), 6.77 

(IH, d, J= 8.5 Hz, H3), 4.15 (2H, t, 7.0 Hz, NCH2CH2N(CH2)2(CH2)2), 

3.45 (2H, t, J = 6.8 Hz, NHCH2CH2CH2NH2), 2.74 (2H,t. J = 6.2 Hz, 

NHCH2CH2CH2NH2), 2.64 (2H, t, J = 7.0 Hz, NCH2CH2N(CH2)2(CH2)2), 

2.51 (4H, m, NCH2CH2N(CH2}2(CH2)2), 1.81 (2H, quin, J = 6.5 Hz, NHCH2CH2CH2NH2), 

1.65 (2H, m, NCH2CH2N(CH2)2(CH2)2); d'e ((CD3)2SO, 100 MHz), 163.7 (C=0), 162.8 

(C=0), 150.8 (C), 134.3 (Ar-CH), 130.7 (Ar-CH), 129.4 (C), 128.5 (Ar-CH), 124.2 (Ar-CH), 

121.8 (C), 120.1 (C), 107.3 (C), 103.7 (Ar-CH), 53.7 (CH2), 53.3 (CH2), 41.2 (CH2), 38.9 

(CH2), 38.3 (CH2), 31.1 (CH2), 23.2 (CHj); v^ax (neat sample)/cm'' 3372, 3296, 2951, 2794, 

1677, 1645.
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A^-[l-Piperidino-ethyl]-4-diaminopropane-l,8-naphthaIiinide 181

181 was synthesised according to Procedure 2 by refluxing 179 (301 mg, 0.88 

mmol) in excess diaminopropane (2.278 g, 2.6 mL), to yield the desired product 

as an orange solid (274 mg, 82 %). Decomposed at 223 °C; HRMS: 379.2134 

cO ([M-H]'.C22H27N402 requires 379.2134); d',, ((€03)280, 400 MHz), 8.67 (IH, d, 

8.3 Hz, H5), 8.45 (IH, d, J= 7.3 Hz, H7), 8.28 (IH, d, J= 8.5 Hz, H2), 7.71 

(IH, dd, J= 7.5, 8.5 Hz, H5), 6.81 (IH, d, J= 8.5 Hz, H3), 4.16 (2H, t, J= 7.3 

Hz, NCH2CH2N(CH2)2(CH2)2CH2), 3.47 (2H, t, J = 6.9 Hz,

NHCH2CH2CH2NH2), 2.74 (2H, t, J= 6.4 Hz, NHCH2CH2CH2NH2), 2.49 (2H, 

m, NCH2CH2N(CH2)2(CH2)2CH2), 2.47 (4H, m, NCH2CH2NrCH7UCH9)7CH7'). 

1.82 (2H, m, NHCH2CH2CH2NH2), 1.49 (4H, m, NCH7CH7N(CH7l7(CH7)7CH7l. 1.39 (2H, m, 

NCH2CH2N(CH2)2(CH2)2CH2); Sc ((€03)280, 100 MHz), 163.7 (€=0), 162.9 (€=0), 150.8 

(€), 134.3 (Ar-€H), 130.6 (Ar-€H), 129.5 (€), 128.5 (Ar-€H), 124.3 (Ar-€H), 121.9 (€), 

120.1 (€), 107.3 (€), 103.7 (Ar-€H), 56.0 (€H2), 54.2 (€H2), 41.3 (€H2), 39.6 (€H2), 36.8

NH,

(€H2), 31.2 (€H2), 25.6 (€H2), 24.0 (€H2); Vn 

1454.

(neat sample)/cm' 3343, 3296, 2939, 1639,

A'-|l-Pyrrolidino-ethyl|-l,8-naphthalimide-4A^-propyl-4-niitro-l,8-naphthalimide 182

According to Procedure 3, 182 was synthesised by condensing 180 (1.472 

g, 4.02 mmol) with 4-nitro-l,8-naphthalic anhydride (930 mg, 3.83 mmol) 

in toluene (150 mL) in the presence of triethylamine (774 mg, 1.060 mL, 

7.65 mmol) to give a light brown solid (1.460 g, 65 %). No purification 

was necessary. Decomposed at 166 °€; HRM8: 592.2193

([M+H]^€33H3oN506 requires 592.2196); d'n ((€03)280, 600 MHz), 8.61 

(IH, d, J= 8.6 Hz, H5’), 8.51 (IH, d, J= 8.0 Hz, H7’), 8.48 (3H, m, H2’, 

H5, H3’), 8.33 (IH, d, ./= 7.3 Hz, H7), 8.16 (IH, d, J = 8.6 Hz, H2), 8.01 

(IH, app. t, H6’), 7.71 (IH, t, J= 5.4 Hz, NH), 7.51 (IH, app. t, H6), 6.74 

(IH, d, J= 8.6 Hz, H3), 4.26 (2H, U J = 6.1 Hz, NH€H2€H2€H2N), 4.15 

(2H, m, N€H2€H2N(€H2)2(€H2)2), 3.55 (2H, m, NH€H2€H2€H2N), 2.66 

(2H, m, N€H2€H2N(€H2)2(€H2)2), 2.55 (4H, t, m,

N€H7€H7N(€H7)7(€H7)7L 2.20 (2H, m, NH€H2€H2€H2N), 1.68 (4H, m,

N€H2€H2N(€H7)7(€H7)7); Sc ((€03)280, 150 MHz), 163.9 (€=0), 163.4 (€=0), 163.1 

(€=0), 162.6 (€=0), 150.6 (€), 149.2 (€), 134.4 (Ar-€H), 131.8 (Ar-€H), 130.8 (Ar-€H), 

130.2 (Ar-€H), 129.7 (Ar-€H), 129.4 (€), 128.8 (Ar-€H), 128.5 (Ar-€H), 128.5 (€), 126.9
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(C), 124.4 (Ar-CH), 124.4 (Ar-CH), 123.0 (C), 122.8 (C), 121.9 (C), 120.3 (C), 107.8 (C), 
104.3 (Ar-CH), 54.1 (CHa), 53.5 (CHj), 41.2 (CH2), 38.7 (CH2), 38.5 (CH2), 26.1 (CH2), 23.5 
(CH2); Vmax (neat sample)/cm'' 3077, 2981, 1664, 1623, 1530, 1437.

A^-[l-Pyperidino-ethyl]-l,8-naphthalimide-47V-propyl-4-nitro-l,8-naphthalimide 183

183 was synthesised by refluxing 181 ( 2.218 g, 5.83 mmol), 4-nitro-l,8- 
naphthalic anhydride (1.350 g, 5.55 mmol) and triethylamine (1.120 g, 1.5 
mL, 1.11 mmol) in toluene (150 mL) according to Procedure 3, yielding the 
desired product as a brown solid (2.374 g, 71 %). No purification was 
necessary. Decomposed at 214 °C; HRMS; 606.2350 ([M-hH]^.C34H32N506 

requires 606.2353); Sh ((003)280, 600 MHz), 8.81 (2H, d, J= 8.6 Hz, H7’),
8.76 (2H, d, J= 8.0 Hz. H2’), 8.60 (2H, d, ./= 8.0 Hz, H7’), 8.58 (2H, d, J = 
8.0 Hz, H5’),8.45 (2H, d, J = 8.0 Hz, H2), 8.44 (2H, d, J = 8.0 Hz, H3’), 
8.38 (2H, d. ./= 8.0 Hz, H5), 8.04 (2H, app. t, H6’), 7.69 (2H, app. t, H6),
6.76 (2H, d,J= 8.0 Hz. H3), 6.35 (IH, d, J= 5.4 Hz, NH), 4.43 (2H, t, J = 
6.7 Hz, NHCH2CH2CH2N), 4.37 (2H, m, NCH2CH2N(CH2)2(CH2)2), 3.56 
(2H, m, NHCH2CH2CH2N), 2.70 (2H, m, NCH2CH2N(CH2)2(CH2)2), 2.28 
(211, m, NHCibClbCIhN), 2.01 (4H, m, N(CH2}2(CH2)2CH2), 1.63 (4H, m,

N(CH2)2(CH2j|2CH2), 1.47 (2H, m, N(CH2)2(CH2)2CH2); d'e ((003)280, 150 MHz), 164.6 
(0=0), 164.0 (0=0), 164.0 (0=0), 163.2 (0=0), 149.9 (0), 149.3 (O), 134.4 (Ar-OH), 132.9 
(Ar-OH), 131.1 (Ar-CH), 130.3 (Ar-CH), 130.0 (0), 130.0 (Ar-CH), 129.8 (Ar-CH), 129.1 (0),
126.5 (0), 126.2 (Ar-CH), 124.9 (Ar-CH), 123.9 (Ar-CH), 123.7 (C), 123.1 (C), 122.6 (C),
120.5 (C), 110.4 (C), 104.1 (Ar-CH), 56.5 (CH2), 54.7 (CH2), 40.2 (CH2), 38.0 (CH2), 37.3 
(CH2), 26.7 (CH2), 26.0 (CH2), 24.4 (CH2); Vmax (neat sample)/cm'' 3356, 2961, 1698, 1655, 
1575, 1529, 1437.

A^-(l-Pyrrolidino-ethyl]-l,8-naphthalimide-47V-propyI-4-amino-l,8-naphthaliinide 184

184 was synthesised using 182 (105 mg, 0.18 mmol) according to Procedure 4 and gave the
product as an orange solid (96 mg, 95 %). Decomposed at 205 °C; HRMS: 562.2454
([M+H]".C33H32N504 requires 562.2454); ()'h ((003)280, 600 MHz), 8.69 (IH, d, J = 8.4 Hz,
H5), 8.63 (IH, d, J=8.4 Hz, H5’), 8.41 (HI, d, J= 7.3 Hz, H7), 8.38 (IH, d,./= 7.4 Hz, H7’),
8.22 (IH, d, J= 8.5 Hz, H2), 8.16 (IH, d, J= 8.4 Hz, H2’), 7.93 (IH, t, 7= 5.4 Hz NH),7.69
(IH, dd, J= 7.5, 8.1 Hz, H6), 7.62 (IH, dd, J= 7.5, 8.2 Hz, H6’), 7.50 (2H, s, NH2), 6.83 (IH,
d, J = 8.4 Hz, H3’), 6.76 (IH, d, J = 8.7 Hz, H3), 4.35 (2H, t, J = 5.9 Hz,
NCH2CH2N(CH2)2(CH2)2), 4.19 (2H, t, J = 6.9 Hz, NHCH2CH2CH2N), 3.49 (2H, m,
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NHCH2CH2CH2N), 3.42 
NCH2CH2N(CH2)2(CIl2)2), 3.41
NCH2CH2N(CH2)2(CH2)2), 2.09

Experimental

(2H, m,
(411, m,
(2H, m.

NHCH2CH2CH2N), 1.92 (4H, m,
NCM2CIl2N(CH2)2(CH2}2); Sc ((003)280, 150 
MHz), 164.2 (C=0), 164.0 (C=0), 163.1 (C=0), 
163.0 (C=0), 152.8 (C), 150.7 (C), 134.5 (Ar-CH), 
134.0 (Ar-CH), 131.0 (Ar-CH), 130.8 (Ar-CH), 
129.8 (C), 129.7 (C), 129.3 (Ar-CH), 128.6 (Ar- 

CH), 124.7 (C), 124.3 (Ar-CH), 123.9 (Ar-CH), 121.8 (C), 120.2 (C), 119.9 (C), 108.1 (Ar- 
CH), 107.5 (C), 107.4 (C), 103.7 (Ar-CH), 53.7 (CH2), 52.0 (CH2), 40.9 (CH2), 37.4 (CH2),
35.9 (CH2), 26.7 (CH2), 22.8 (CH2); Vn 
1436.

(neat sample)/cm' 3657, 3443, 3251, 1700, 1646,

7V-[l-Piperidino-ethyIl-l,8-naphthalimide-4A-propyl-4-amino-l,8-naphthaliinide 185

185 was synthesised using 183 (548 mg, 0.91 mmol) according to Procedure 

1^' 4 and gave the product as a red solid (519 mg, 99 %). Decomposed at 223
^ °C; HRMS: 576.2609 ((M+H]CC34H34N?04 requires 576.2611); <5,,

((CD3)2S0, 600 MHz), 8.71 (IH, d,./= 8.4 Hz, H5), 8.63 (IH, d, J= 8.4 Hz, 
H5’), 8.42 (IH, d, J= 7.3 Hz, H7), 8.39 (IH, d, J = 7A Hz, H7’), 8.23 (IH, 
d, J = 8.5 Hz, H2), 8.16 (1H, d, J = 8.4 Hz, H2’), 7.95 (1H, t, J = 5.4 Hz, 
NH), 7.65 (IH, dd,./= 7.5, 8.1 Hz, H6), 7.62 (IH, dd,J= 7.5, 8.2 Hz, H6’), 
7.51 (2H, s, NH2), 6.84 (IH, d, ./ = 8.4 Hz, H3’), 6.77 (IH, d, J = 8.7 Hz, 
H3), 4.39 (2H, t, ./= 5.9 Hz, NCH2CH2N(CH2)2(CH2)2CH2), 4.19 (2H, t, ./ = 
6.9 Hz, NHCH2CH2CH2N), 3.64 (2H, m, NCH2CH2N(CH2)2(CH2)2CH2), 
3.50 (2H, m, NHCH2CH2CH2N), 3.35 (2H, m,
NCH2CH2N(CH2)2(CH2)2CH2), 2.96 (2H, m, NCH2CH2N(CH2)2(CH2)2CH2), 

2.09 (2H, m, NHCH2CH2CH2N), 1.81 (2H, m, NCH2CH2N(CH2)2(CH2)2CH2), 1.76 (2H, m, 
NCH2CH2N(CH2)2(CH2)2CH2), 1.41 (2H, m, NCH2CH2N(CH2)2(CH2)2CH2); Sc ((CD3)2SO, 
150 MHz), 164.2 (C=0), 164.0 (C=0), 163.1 (C=0), 163.0 (C=0), 152.8 (C), 150.8 (C),
134.4 (Ar-CH), 134.0 (Ar-CH), 131.0 (Ar-CH), 130.8 (Ar-CH), 129.7 (C), 129.6 (C), 129.4 
(Ar-CH), 129.7 (C), 128.8 (Ar-CH), 124.2 (Ar-CH), 123.9 (Ar-CH), 121.7 (C), 121.7 (C),
119.4 (C), 108.2 (Ar-CH), 107.4 (C), 107.3 (C), 103.8 (Ar-CH), 55.9 (CH2), 52.5 (CH2), 40.9 
(CH2), 37.5 (CH2), 34.2 (CH2), 26.9 (CH2), 22.5 (CH2), 21.3 (CH2): v^ax (neat sample)/cm'' 
3443, 3356, 3249, 1698, 1655, 1437.
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Tetra-1,8-Naphthalimide based Troger’s Base 175

o/
iT II

N'' O

%

175 was synthesised according to 
Procedure 5, by stirring 184 (200 mg, 
0.37 mmol) and paraformaldehyde (16 
mg, 0.55 mmol) in TFA (2 mL) at room 
temperature overnight. Trituration with 
CH3OH gave 175 as an orange solid 
(119 mg, 56 %). Decomposed at 232 
°C; Calculated for C7iH66NioOg.

CH2CI2.CH3OH: C, 66.82; H, 5.37; N, 10.97. Found C, 66.28; H, 4.95; N, 10.60; HRMS: 
1159.4821 ([M+Hf.C69H63Nio08 requires 1159.4830); d'n (COND(CD3)2, 600 MHz), 8.67 
(2H, d,J= 8.0 Hz, H5'), 8.61 (2H, d, 8.0 Hz, H7), 8.54 (2H, d, 7 = 8.0 Hz, H7'), 8.36 (2H, 
d,./= 8.0 Hz, H5), 8.26 (2H, d../= 8.0 Hz, H2), 8.06 (2H, s, H2'), 7.91 (2H, app. t, H6'), 7.50 
(2H, app. t, H6), 6.60 (2H, d, 8.0 Hz, H3), 5.11 (2H, d, J= 17.0 Hz, TB), 4.69 (2H, s, TB), 
4.53 (2H, d, .7 = 17.0 Hz, TB), 4.48 (411, m, NCH2CH7N(C1TT(CIHTT 4.23 (4H, m, 
NHCH2CH2CH2N), 3.88 (4H, m, NCH^CH^NtCH^TtCHHA. 3.39 (4H, m,
NHCH2CH2CH2N), 3.38 (8H, m, NCH7CH2N(CH7)^(CHH7l. 2.10 (8H, m,
NCH^CH^NtClTl^tCFHTT 2.09 (4H, m, NHCH2CH2CH2N); Sc (COND(CD3)2, 150 MHz), 
164.0 (C=0), 164.0 (C=0), 163.8 (C=0), 163.7 (C=0), 149.2 (C), 149.0 (C), 135.0 (Ar-CH), 
131.1 (Ar-CH), 131.0 (Ar-CH), 130.7 (Ar-CH), 129.2 (Ar-CH), 129.0 (Ar-CH), 127.4 (Ar- 
CH), 124.5 (Ar-CH), 119.5 (C), 107.7 (C), 103.8 (Ar-CH), 66.0 (CH2), 57.0 (CH2), 54.5
(CH2), 52.0 (CH2), 40.4 (CH2), 37.6 (CH2), 35.6 (CH2), 26.9 (CH2), 23.0 (CH2); v^ax (neat
sample)/cm'‘ 3657, 3355, 3077, 2897, 1697, 1648, 1576, 1435, 1347.

Tetra-1,8-Naphthaliinide based Troger’s Base 176

176 was synthesised by stirring 185 
(233 mg, 0.41 mmol) and 
paraformaldehyde (18 mg, 0.61 mmol) 
in TF’A (2 niL) overnight according to 
Procedure 5 as an orange solid (168 
mg, 70 %) after trituration from 
CH3OH. Decomposed at 229-230 °C; 
Calculated for CviHfjfjNioOg. CH2CI2: 
C, 77.97; H, 5.42; N, 10.65. Found C,
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68.27; H, 5.42; N, 10.65; HRMS: 1187.5088 ([M+Hj^.CyiHeTNioOg requires 1187.5143); ^'h 
(C0ND(CD3)2, 600 MHz), 8.96 (2H, d, 8.0 Hz, H7'), 8.82 (2H, d, J= 8.0 Hz, H7), 8.68 
(2H, d, J = 8.0 Hz, H5'), 8.58 (2H, d, J = 8.0 Hz, H5), 8.42 (2H, d, J = 8.0 Hz, H2), 8.31 (2H, 
s, H2'), 8.16 (2H, appX, H6'), 7.74 (2H, app. t, Hz, 116), 7.00 (2H, d, J = 8.0 Hz, H3), 5.42 
(2H, d, J = 17.0 Hz, TB), 4.99 (2H, s, TB), 4.92 (2H, d, J = 17.0 Hz, TB), 4.48 (4H, m, 
NCH2CH2N(CH2)2(CH2)2CH2), 4.46 (4H, m, NHCH2CH2CH2N), 3.77 (4H, m,
NHCH2CH2CH2N), 3.77 (8H, m, NCH2CH2N(CH2)2(CH7)7CH2). 3.67 (4H, m,
NCH2CH2N(CH2)2(CH2)2), 2.38 (4H, m, NHCH7CH7CH7NI. 1.79 (8H, m,
NCH2CH2N(CH2)2(CH2}2CH2), 1.65 (4H, m, NCH7CH7NrCH2)2(CH7)7CH7); Sc
(C0ND(CD3)2, 164.5 (C=0), 164.3 {C=0), 164.0 (C=0), 163.4 (C=0), 150.9 (C), 134.3 (Ar- 
CH), 130.8 (Ar-CH), 130.4 (Ar-CH), 129.6 (Ar-CH), 129.3 (Ar-CH), 128.4 (Ar-CH), 127.1 
(Ar-CH), 124.3 (Ar-CH), 121.4 (C), 120.0 (C), 108.3 (C), 104 (Ar-CH), 85.3 (C), 67.4 (CH2), 
56.9 (CH2), 53.8 (CH2), 42.0 (CH2), 41.5 (CH2), 38.2 (CH2), 36.6 (CH2), 26.8 (CH2), 25.2 
(CH2), 23.8 (CH2); Vmax (neat sample)/cm'‘ 3664, 2981, 2896, 1698, 1654, 1575, 1436.
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Appendix 1

Crystal data and structure refinement
Empirical fomiula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions

Volume
Z
Density (calculated) 
Absorption coefficient 
F(OOO)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption eorrection
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

a= 71.59(3)°. 
|3= 87.71(3)°. 
Y = 82.95(3)°.

for 20.
C64 H68N,2 08 
133.30 
153(2) K 
0.71073 A 
Triclinic 
P-1
a = 5.7449(11) A 
b= 13.716(3) A 
c= 18.608(4) A 
1380.7(5) A3 
4
1.296 Mg/m3 
0.089 mm-i 
568
0.30 X 0.20 X 0.10 mm3 
2.31 to 25.00°.
-6<=h<=6, -16<=k<=16, -22<=1<=22 
21388
4840 [R(int) = 0.0505]
99.6 %
Semi-empirical from equivalents 
0.9912 and 0.9739 
Full-matrix least-squares on F^
4840 / 0 / 408 
1.982
R1 =0.1515, wR2 = 0.4779 
R1 =0.1701, wR2 = 0.4863 
0.717 and -0.723 e.A-3

Hydrogen bonds [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)

N(1)-H(1B)...N(3)#1 0.88 2.31 3.122(7) 154.4
N(1)-H(1A)...0(2)#2 0.88 2.14 2.997(7) 163.9
N(21)-II(21A)...N(23)#3 0.88 2.14 2.981(8) 160.4
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N(21)-H(21B)...0(22)#4 0.88 2.10 2.950(8) 161.6

Single, X-ray quality crystals of 20 were obtained as yellow blocks by the slow 
evaporation of CH2CI2 and the low temperature (108K) structure determined. Compound 20 

crystallised in the triclinic spacegroup P-1 and contained two molecules in the asymmetric 
unit. The two components differ only in the orientation of the R-group where it is oriented 
towards a different face of the naphthalimide ring. One of the two crystallographically 
independent molecules of 20 contains a disordered ethylene diamine group where the two 
methyl carbon atoms and one of the ethylene carbon atoms are disordered over two sites with 
relative occupancies of 0.65 and 0.35 for the two parts (Figure A.l). Hydrogen bonding 
interactions are again similar to those of 104, 105 and 106 where dimers form through 
complementary H-bonding interactions between the amino protons H(1B) and H(21A) and 
the symmetry generated dimethyl amino nitrogen atoms N(3) and N(23) on neighbouring 
molecules [N(l )• • •N(3)’ = 3.122(7) A and <(N(n-H(]B)-• •N(3)’) = 154.4°; N(21 )• • ■N(23)’ = 
2.981(8) A and <(N(21)-H(21A)-• •N(23)’) = 160.4°]. These dimers then link through further 
H-bonding interactions between the amino protons HI A and H21B and the carbonyl oxygen 
atoms 0(2) and 0(22) on neighbouring molecules [N(l)•••0(2)’ = 2.997(7) A and <(N(1)- 
H(lA) - 0(2)’) = 163.9°; N(21 )• • 0(22)’ = 2.950(8) A and <(N(21 )-H(21 B)-• 0(22)') = 
161.6°].

N(21)

Figure Al.l: Model of 20 representing disorder of ethylene di-amine group.
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Crystal data and structure refinement
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient 
F(OOO)
Crystal size
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 25.00° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
(joodness-of-fit on F^
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

a = 90°.
p= 102.769(4)°. 
Y = 90°.

for 103.
C.gHigNsOj 
1224.84 
150(2) K 
0.71075 A 
Monoclinic 
P2(l)/c
a = 5.5440(18) A 
b = 23.166(8) A 
c= 12.365(4) A 
1548.8(9) A3 
1
1.313 Mg/m3 
0.094 mm"^
612
0.20 X 0.20 X 0.10 mm3 

2.44 to 25.00°.
-6<=h<=6. -27<=k<=27, -14<=1<=14 
7067
2638 [R(int) = 0.0437]
96.5 %
Semi-empirical from equivalents 
1.0000 and 0.7933 
Full-matrix least-squares on F^ 
2638/0/217 
1.123
R1 =0.0599, wR2 = 0.1700 
R1 = 0.0907, wR2 = 0.2225 
0.423 and -0.373 e.A-3

Crystal data and structure refinement for 104.
Empirical formula C72FI0N12O2
Formula weight 676.81
Temperature 150(2)K
Wavelength 0.71075 A
Crystal system Triclinic
Space group P-1
Unit cell dimensions a = 6.851 (7) A a = 73.30(4)°.
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Volume
Z
Density (calculated)
Absorption coefficient 
F(OOO)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 24.99°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on
Final R indices [l>2sigma(l)]
R indices (all data)
Largest diff. peak and holeO.759 and

b= 11.056(12) A 
c= 12.484(13) A 
876.3(16) A3 
1

p = 76.74(5)°. 
Y = 80.35(5)°.

1.283 Mg/m3 
0.086 mm'l 
360
0.35 X 0.20 X 0.06 mm^
1.74 to 24.99°.
-7<=h<=8, -13<=k<=13, -14<=1<=14 
13762
3078 [R(int) = 0.2060]
99.8 %
Semi-empirical from equivalents 
1.0000 and 0.4474 
Full-matrix least-squares on F^ 
3078/0/228 
1.304
R1 =0.1915, wR2 = 0.4022 
R1 =0.3090, wR2 = 0.5288 

■0.875 e.A-3

Crystal data and structure refinement for 105.
Empirical formula C76 Ho N,2 08
Formula weight 1208.88
Temperature 150(2)K
Wavelength 0.71075 A
Crystal system Monoclinic
Space group P2(l)/c
Unit cell dimensions a = 6.962(2) A a = 90°.

b= 14.046(5) A p = 95.843(4)°
c= 16.346(6) A Y = 90°.

Volume 1590.1(9) A3
Z 1
Density (calculated) 1.262 Mg/m3
Absorption coefficient 0.086 mm'l
F(OOO) 604
Crystal size 0.20 X 0.10 X 0.10 mm3
Theta range for data collection 2.51 to 24.99°.
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Index ranges
Reflections collected
Independent reflections
Completeness to theta = 24.99'^
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on
Final R indices [I>2sigma(I)]
R indices (all data)
I .argest diff. peak and hole

-7<=h<=8, -16<=k<=15, -19<=1<=19 
12869
2792 [R(int) = 0.0406]
99.6 %
Semi-empirical from equivalents 
1.0000 and 0.7695 
Full-matrix least-squares on 
2792/0/217 
1.202
R1 =0.0588, wR2 = 0.1140 
R1 =0.0697, wR2 = 0.1191 
0.287 and -0.354 e.A'^

Crystal data and structure refinement
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions

Volume
Z
Density (calculated) 
Absorption coefficient 
F(OOO)
Crystal size
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 25.00° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on

a = 90°.
P = 99.174(4)°. 
y = 90°.

for 106.
C72 FI76 Ni2 Og 
1237.45 
150(2)K 
0.71075 A 
Monoclinic 
P2(l)/c
a = 6.6599(17) A 
b = 21.310(5) A 
c= 11.054(3) A 
1548.7(7) A3 
1
1.327 Mg/m3 
0.088 mm-1 
656
0.20 X 0.10 X 0.10 mm3 

1.91 to 25.00°.
-7<=h<=7, -24<=k<=25, -13<=I<=12 
12422
2692 [R(int) = 0.0456]
98.8 %
Semi-empirical from equivalents 
1.0000 and 0.7695 
Full-matrix least-squares on F^
2692 / 0 / 208 
1.169
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Final R indices [I>2sigma(I)] 
R indices (all data)
Largest diff. peak and hole

R1 =0.0583, wR2 = 0.1641 
R1 =0.0845, wR2 = 0.1973 
0.438 and -0.460 e.A'-^
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Figure A 1.2: Hydrogen bonding of 20.

\

Figure A1.3: Hydrogen bonding of 104.
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Figure Al. 4: Hydrogen bonding of 105.

OOO n.M.aii.'k
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Figure A1.5; 'HNMR spectrum (CDCIS, 600 MHz) of 88.

i
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Figure A1.6: 'H NMR spectrum (CDC13, 600 MHz) of 89.

Figure A1.7: H NMR spectrum (CDC13, 600 MHz) of 90.
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500
Wavelength (nm)

Figure A1.8: Absorption spectra of 86 in solvents of varying polarity.
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•Water

•MeOH
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Figure Al,9: Emission spectra of 86 in solvents of varying polarity (excitation at 347 
nm).
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Figure Al.lO; Absorption spectra of 87 in solvents of varying polarity.
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Figure Al.l 1: Emission spectra of 87 in solvents of varying polarity (excitation at 347 
nm).
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Figure A1.12: Absorption spectra of 88 in solvents ofvaryintipolarity.
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Figure A1.13: Emission spectra of 88 in solvents of varying polarity (excitation at 347 nm).

Figure A1.14: Absorption spectra of 89 in solvents of varying polarity.
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Figure A1.15: Emission spectra of 89 in solvents of varying polarity (excitation at 347 
nm).
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Figure A1.16: Absorption spectra of 89 as a function of pH. Inset: Plot of changes in 
absorbance as a function of pH.
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Wavelength (nm)

Figure A 1.17; Absorption spectra of 105 as a function ofpH. Inset: Plot of changes in 
aborbance as a function of pH.
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Figure A1.18: Absorption spectrum of 90 as a function of pH. Inset: Plot of changes as a 
function of pH.
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Figure A1.19: Absorption spectrum of 87 as a function of pH. Inset: Plot of changes as a 
function of pH.
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Figure A1.20: Absorption spectrum of 88 as a function of pH. Inset: Plot of changes 
as a function of pH.
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Figure A 1.21: Absorption spectrum of 103 as a function of pH. Inset: Plot of changes as a 
function of pi I.

Wavelength (nm)

Figure A 1.22: Absorption spectrum of 104 as a function ofpH. Inset: Plot of changes as a 
function of pH.
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Wavelength (nm)

Figure A1.23; Absorption spectrum of 105 as a function ofpll. Inset: Plot of changes as a 
function of pH.

550 600

Figure A1.24: Absorption spectrum of 106 as a function of pH.

252



Appendix I

500

Figure Al,25: Emission spectrum of 87 as a function of pH (excitation at 347 nm).
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Figure A1.26; Plot of changes in the emission spectrum of 87 as a function of pH.

Figure A 1.27: Emission spectrum of 88 as a function of pH (excitation at 347 nm).
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l/lo vs pH at 545 nm

2
1.9 - 
1.8 - 

1.7 - 
1.6 - 

5 1.5
" 1.4

1.3 
1.2 
1.1 

1 ^

♦ ♦ ♦ ♦

♦ ♦♦♦ ♦♦

6 7 8 9 10 11 12

pH

Figure A1.28: Plot of changes in the emission spectrum of 88 as a function of pH.

Figure A1.29: Emission spectrum of 90 as a function of pH (excitation at 347 nm).
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Figure A1.30; Changes in the emission spectrum of 90 as a function of pH.
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Figure A1.31; Emission spectrum of 103 as a function of pH (excitation at 408 nm).
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Figure A1.32: Changes in the emission spectrum of 103 as a function of pH.
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Figure A1.33; Emission spectrum of 104 as a function of pH (excitation at 407 nm).
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Figure A1.34: Plot of changes in the emission spectrum of 104 as a function of pH.
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Figure A1.35: Emission spectrum of 106 as a function of pH (excitation at 405 nm).
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Figure 1 A.36: Plot of changes in the emission spectrum of 106 as a function of pH.
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Figure A2.1; Linear dichroism spectra of ct-DNA in the absence and presence o f 81 at a 
variety of P/D ratios.

Molecular Mechanics Modelling

Molecular mechanics (also called MM2-3 calculation) is a mathematical method, 
which models molecular geometries and their energies by adjusting bond lengths and, bond 
and torsion angles to an equilibrium, dependent on the hybridisation of the atoms and their 
bonding capacities.^^*^ This method relies on the laws of classical Newtonian physics and 
experimental parameters, manually introduced into the calculation, in order to predict the 
geometry of the molecules as a function of its steric energy?*^ The resulting set of equations 
and empirical parameters taken into account for these calculations is called field force and the 
MM2 and MM3 field forces are expressed in equation (1), in which Ep corresponds to the 
potential energy of the molecule is defined as the difference between the molecule and the 
ideal molecule.

(1)

Consequently, the building of the molecular model consists of the minimisation of Ep, 

monitored by its gradient, via the adjustment of the (bonding energy), (dihedral angle 
energy), E,or (molecular torsion energy), Ebend (bending energy) and (energy of weak 
interactions such as Van der Waals interactions, rra-stacking and H-bonding). Consequently, 
the molecular mechanics approach, which in contrast to semi-empirical methods such as the 
quantum mechanics and ah-initio methods, does not take into account any electronic effects 
and offers an efficient method in order to predict the shape of supramolecules.^^^ These 
calculations were performed in the MM2 force field using Chem3D version 11.

257



Appendix 2

Wavelength (nm)

Figure A2.2: Absorption spectrum of 88 upon increasing [ct-DNA] IN ID mM phosphate 
buffer at pH 7.4.
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Figure A2.3: Plot of changes in the absorption spectrum of 88 as a function of P/D.
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0.16

Figure A2.4; Absorption spectrum of 89 upon increasing [ct-DNAJ in 10 mM phosphate 
buffer at pH 7.4.
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Figure A2.5: Changes in the absorption spectrum of 89 as a function of P/D.
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Figure A2.6: Absorption spectrum of 90 upon increasing [ct-DNA],
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10
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Figure A2.7: Changes in the absorption spectrum of 90 as a function of P/D.
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Figure A2.8.' Scatchard plot(*) and best fit(~) for the emission data for 87 in 10 mM 
phosphate buffer (pH 7.4) according to the McGhee and von Hippel binding model.’’̂^
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Figure A2.9: Scatchard plof(^) and best fit(-) for the emission data for 89 in 10 mM 
phosphate buffer (pH 7.4) accordinfi to the McGhee and von Hippel binding model.' ^

Figure A2.10: Scatchard plot(^) and best fit(-) for the emission data for 90 in 10 mM 
phosphate buffer (pH 7.4) according to the McGhee and von Hippel binding model.
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Figure A2.11; Changes in the absorption spectrum of 88 as a function of P/D in the 
absence ofNaCI /♦/, the presence of 50 mM Nad (^) and the presence of 160 mM NaCl
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Figure A2.12: Plot of (Ca -^f)f versus [ct-DNA] in base pairs (♦/ and the best fit
for the data (-) for 88 in 10 mM phosphate buffer + 50 mM NaCl according to the Bard 
binding model.
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Figure A2.13: Plot oj (e.a -~p-f)^( f-a “f-zi versus [ct-DNAJ in base pairs (^) and the best fit for the 
data (-) for 88 in 10 mMphosphate buffer + 160 mM NaCl according to the Bard binding
model. 194

30

Figure A2.14: Changes in the absorption spectrum of 89 as a function of P/D in the absence 
of NaCl (^), the presence of 50 mM NaCl (^) and the presence of 160 mM NaCl (^).
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Figure A2.15: Plot of (Ca -pff f-a versus [ct-DNA ] in base pairs ( and the best fit for 
the data (-) for 89 in 10 mMphosphate buffer v 50 mM NaCl according to the Bard binding
model. 194
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Figure A2.16; Plot of(Sa -ef)/(-sf) versus fct-DNA] in base pairs (and the best fit 
for the data (-) for 89 in 10 mM phosphate buffer f 160 mM NaCl according to the Bard 
binding model.

264



Appendix 2

0.9 ^

0.8 ♦ ♦ A A A « ♦
0^^ * * * *

^^:tf^^^****** *** ^ * ♦
0.6 ^

I 0.8
r>«a-
” 0.7
fo O < ♦ ♦ ♦

0.5

0.4
10 15

P/D

20 25 30

Figure A2.17; Changes in the absorption spectrum of 90 as a function of P/D in the 
absence ofNaCl /♦/, the presence of 50 niM NaCl (^) and the presence of 160 mMNaCl
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Figure A2.18: Plot of (Ca -£/)/( r.a -t:/) versus [ct-DNA] in base pears (^) and the best fit 
for the data (-) for 90 in 10 mM phosphate buffer + 50 mM NaCl according to the Bard 
binding model.
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Figure A2.19: Plot of (ea -£[)/( —£f) versus [ct-DNAJ in base pairs (*) and the best fit for
the data (-) for 90 in 10 mMphosphate buffer +160 mM NaCl according to the Bard 
binding model.'
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Figure A2.20: Changes in the absorption spectrum of 88 as a function of P/D in the absence of 
NaCl (4), the presence of 50 mMNaCl (4) and the presence of 160 mM NaCl (4).

266



Appendix 2

1 ♦
0.9 i 
0.8 ^

♦ ♦

40 50 60

Figure A2.21: Changes in the absorption spectrum of 89 as a function of P/D in the 
absence of NaCl (^), the presence of 50 mM NaCl (^) and the presence of 160 mM 
NaCI (^).
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Figure A2.22: Changes in the absorption spectrum of 90 as a function of P/D in the 
absence of NaCl /♦/, the presence of 50 mM NaCl /♦/ and the presence of 160 mM 
NaCl /♦/.
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Figure A2.23: The emission spectra of ethidium bromide, free and hound to ct-DNA (0.44 
pM: 0.88 pM) in 10 mMphosphate buffer (pH 7.4) upon the addition of 86 with an 
excitation at 545 nm
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Figure A2.24: The emission spectra of ethidium bromide, free and hound to ct-DNA (0.44 
pM: 0.88 pM) in 10 mM phosphate buffer (pH 7.4) upon the addition of 87 with an 
excitation at 545 nm
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Figure A2.25: The emission spectra of ethidium bromide, free and hound to ct-DNA (0.44 
pM: 0.88 pM) in 10 mM phosphate buffer (pH 7.4) upon the addition of 88 with an 
excitation at 545 nm
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Figure A2.26; The emission spectra of ethidium bromide, free and bound to ct-DNA (0.44 
pM: 0.88 pM) in 10 mM phosphate buffer (pH 7.4) upon the addition of 89 with an 
excitation at 545 nm
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Figure A2.27: The emission spectra of ethidium bromide, free and bound to ct-DNA (0.44 
pM: 0.88 pM) in 10 mMphosphate buffer (pH 7.4) upon the addition of 90 with an 
excitation at 545 nm
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Figure A2.28: The emission spectra of ethidium bromide, free and bound to ct-DNA (0.44 
pM: 0.88 pM) in 10 mM phosphate buffer (pi I 7.4) upon the addition of 20 with an excitation 
at 545 nm

Figure A2.29: The emission spectra of ethidium bromide, free and bound to ct-DNA (0.44 
pM: 0.88 pM) in 10 mM phosphate buffer (pH 7.4) upon the addition of 103 with an 
excitation at 545 nm
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Figure A2.30: The emission spectra of ethidium bromide, free and hound to ct-DNA (0.44 
pM: 0.88 pM) in 10 mMphosphate buffer (pH 7.4) upon the addition of 104 with an 
excitation at 545 nm
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Figure A2.31; The emission spectra of ethidium bromide, free and bound to ct-DNA (0.44 
pM: 0.88 pM) in 10 mM phosphate buffer (pH 7.4) upon the addition o f 105 wdth an 
excitation at 545 nm

Figure A2.32: The emission spectra of ethidium bromide, free and hound to ct-DNA (0.44 
pM: 0.88 pM) in 10 mM phosphate buffer (pH 7.4) upon the addition of 106 with an 
excitation at 545 nm
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Figure 2A.33: CD spectra of ct-DNA (150 pM) (-) in the presence of 86 at P D ratios of 
2.5 (-). 5 ( ). lO(-) and 20 (-).
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Figure 2A.34: CD spectra of ct-DNA (150 pM) (-) in the presence of 88 at P/D ratios 
of 2.5 (-), 5 ( ), lO(-) and 20 (-).
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Figure 2A.35: CD spectra of ct-DNA (150 pM) (-) in the presence of 89 at P/D ratios 
of 2.5 (-), 5 ( ). lO(-) and 20 (-) in phosphate buffer (pH 7.4)

0.001

Figure 2A.36: LD spectra of ct-DN A (379 pM) (^) in the presence of 86 at P/D ratios 
of 2.5 (^), 5 ( ), 10(A) and 20 (A) in phosphate buffer (pH 7.4).
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Figure 2A.37: LD spectra of ct-DNA (379 pM) (^) in the presence of S9 at P/D ratios of 
2.5 (^), 5 ( ), and 20 (in phosphate buffer (pH 7.4).
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UV-Vis Spectrum of 182 in Solvents of Varying Polarity
• DMF

• DCM 

-MeOH

• Acetone

■ Chloroform 

•EtOH

• MeCN 

-THE

• Ethyl 
Acetate

• Tol

■ DMSO 

- Water

Figure A3.1: Absorption spectra of 182 in solvents of varying polarity.

Fluorescence Emission Spectrum of 182 in Solvents of Varying
Polarity
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Figure A3.2: Emission spectra of 182 in solvents of varying polarity. Excitation 
wavelengths can be foimd in the legend.
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Excitation Spectra of 182 in Solvents of Varying Polarity
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Figure A3.3: Excitation spectra of 182 in solvents of varying polarity.
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Figure A3.4: Absorption spectra of 175 in solvents of varying polarity’.

Fluorescence Emission Spectra of 175 in Solvents of 
Varying Polarity
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Figure A3.5: Emission spectra of 175 in solvents of varying polarity. Excitation 
wavelengths can he found in the legend.
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Table 3.A.1: Summary of the photophysical properties of 175.

Solvent I max FLU (nm) T(ns)

DMF 434 524 2.07, 6.22

MeOH 438 535 2.19, 5.97

DCM 431 513 No accurate
determination
was achieved.

Chlorobenzene 418 503 No accurate
determination
was achieved.

Acetone 424 515 1.22, 8.22

Chloroform 430 511 No accurate
determination
was achieved.

DMSO 440 530 2.52, 6.87

Water 441 554 No accurate
determination
was achieved.

EtOH 438 529 2.24, 5.97

MeCN 435 521 1.55, 8.40

Tol 409 496 0.96, 7.95

THE 416 507 1.30, 6.93

Ethyl Acetate 428 513 0.74, 9.24
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Figure A3.6: Absorption spectrum of 175 upon the addition ofC 60-
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