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Abstract

This thesis entitled “Synthesis of Novel 1,8-Naphthalimide Derivatives: From 

the Development and Biological Evaluation of Anticancer Agents to Fluorescent and 

Colorimetric Anion Chemosensors” is divided into six chapters, and is in two parts. 

The first part, Chapters Two and Three, deals with the use of naphthalimide 

derivatives as anticancer drugs. The second part, Chapters Four and Five, deals with 

the use of related naphthalimide compounds and fluorescent and UV colorimetric 

chemosensors for anions.

Chapter One, the introduction, begins with a short examination of different 

types of cancers and some of the chemotherapeutic agents used today to overcome 

this disease. This is then followed by a brief description o f two different topics, both 

of which employ the 1,8-naphthalimide structure. The first of these deals with the use 

o f the naphthalimide skeleton as potential anticancer drugs. Previously, several 

research groups have focused on the development of structurally simple anticancer 

drugs where the naphthalimide structure was functionalised with simple alkyl amines 

etc. to achieve high cytotoxicity. These examples and the development of more 

complicated structures based on the use o f bis-functionalised naphthalimides and 

diimides are then discussed, but these molecules have been found to be bis, or multi- 

iniercalators where the diimide is able to thread through the structure o f DNA. The 

second part of the chapter deals with recent advances in the development of 

supramolecular optical devices, focusing mainly on the recent advances in fluorescent 

and colorimetric chemosensors for anions. Chapter Two deals with the synthesis of 

mono- and bis-naphthalimide derivatives as potential anticancer drugs. This work is 

based upon some earlier work carried out by Phelan in our research group. Here the 

main aim was to develop L-lysine based derivatives and explore the potential 

application o f such compounds as anticancer drugs. A large number o f both mono 

and bisnaphthalimides were synthesised in this part o f the work. This chapter also 

deals with the development of aldehyde derivatives of the mononaphthalimide, giving 

rise to pseudo di-amino-aldehydes. It was proposed that such a modification would 

be the stepping-stone for further functionalisation of these compounds and this was 

carried out by means of the Wittig reaction and the synthesis o f thiazole derivatives. 

In total, 50 new compounds were synthesised. In Chapter Three the biological 

evaluation o f these compounds were investigated. This was done by investigating the



cytotoxicity o f the compounds to HL-60, K562 (CML) and PC-3 (prostate cancer) 

cell lines. Two compounds were further studied by evaluating their ability to bind to 

DNA and to DNA homo-polymers using various spectroscopic techniques.

In Chapter Four, the focus o f current research was shifted to the development 

o f  novel fluorescent anion chemosensors. The first part o f  this work describes the 

synthesis and photophysical evaluation o f fluorescent sensors based on the use o f  

Photoinduced Electron Transfer models that had previously been employed for the 

detection o f cation and neutral molecules. Three sensors, designed on the model: 

fluorophore-spacer-receptor were developed with the aim o f enabling the recognition 

o f anions such as acetate and fluoride at low concentrations, by using the bis-aromatic 

thiourea receptor. This work was then followed by the synthesis o f hydrazine- 

thiourea based receptors as colorimetric sensors. During this it was discovered that 

simple naphthalimide derivatives, lacking the thiourea receptor could be employed as 

colorimetric receptors and these were investigated in Chapter Five. It was discovered 

that under certain conditions these compounds could fixate CO2 from the atmosphere 

as bicarbonate. The crystal structure evidence for this fixation was obtained. The 

final chapter. Chapter Six, is the experimental section where the procedures and 

methods used and discussed in Chapters Two, Three, Four and Five are presented.
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Chapter 1 - Introduction

1.1 Introduction to 1,8-Naphthalimides

Recognition, selectivity, and specificity are three basic concepts in both 

supramolecular chemistry and medicinal chemistry. The aims of this thesis lie in the 

maximisation of these features in two, quite different settings — both based on the use of 

1,8-naphthalimides. Derivatives of 1,8-naphthalimides (benz[i/e]isoquinolin-l,3-diones) 

are renowned for their many applications. Their use as solar energy collectors,' as electro- 

optically-sensitive materials,^ and for laser activity^'* is well established. Amino- 

substituted 1,8-naphthalimides are highly fluorescent and have been used as fluorescent 

dyes,^ protein cross-linking agents,^ and model compounds for photoinduced electron 

transfer.’’* 1,8-naphthalimides have also been studied in depth as DNA intercalators.^ '*̂ 

Phelan has previously undertaken work in this area in the Gunnlaugsson group." Herein, 

the synthesis o f 1,8-naphthalimides as potential site-specific DNA intercalators, and as 

diagnostic chemosensors for anions, is described. To begin with, an introduction to cancer, 

and the history o f naphthalimides as anti-cancer agents will be given, followed by a brief 

history of anion binding and recent advances in the area of fluorescent and colorimetric 

anion sensing.

1.2 Cancer

Cancer is one of the biggest killers in the world, with the four most fatal cancers 

being lung, colorectal, breast and prostate. These four accounted for 53 % of all cancer 

deaths in the US between 1995 and 1999.'^ Although the death rate from all types of 

cancers is decreasing due to better screening and treatments, the fight against cancer is far 

from over. The need for new treatments and drugs is incessant. So, what is it about cancer 

that makes it so difficult to treat?

Normal cells divide to produce new cells only when the body needs them. When a 

cell becomes cancerous it divides to produce new cells without control or order. When 

these abnormal cells keep dividing, the extra cells produced can form a mass of tissue 

usually known as a tumour. Cancer cells in a malignant tumour can invade and damage 

nearby tissues and organs, and furthermore can breakaway and enter the bloodstream or the 

lymphatic system. In this manner, the cancer can spread from the original site to form new 

tumours in other organs. Leukaemia and lymphoma are types of cancer that begin in 

blood-forming cells. These abnormal cells circulate in the bloodstream and lymphatic 

system, but can also invade organs and form tumours.

1



Chapter 1 - Introduction

The possible causes o f cancer are multiple and in any individual, it can be a result
13of a complex combination o f factors related to lifestyle, heredity, and environment. 

Some of the factors that increase the likelihood of cancer are as follows:

• Tobacco - smoking accounts for more than 85% of all lung cancer deaths.

• Ultraviolet (UV) radiation - this radiation from the sun causes premature aging 

of the skin and skin damage that can lead to skin cancer.

• Alcohol - heavy drinkers have an increased risk of cancers of the mouth, throat, 

oesophagus, larynx and liver.

• Ionising radiation - this radiation increases the risk of developing leukaemia 

and cancers of the breast, thyroid, lung, stomach, and other organs.

• Chemicals - substances such as asbestos, nickel, cadmium, uranium, radon, and 

benzene are well known carcinogens.

• Close relatives with certain types of cancer - some types of cancer tend to occur 

more often in some families than in the rest of the population (examples; 

cancers of the breast, ovary, prostate and colon).

Normal cells become cancerous when changes in the genes that control normal cell 

growth and cell death occur.*'* These changes are called mutations or alterations, and are 

generally the result of factors in lifestyle or environment such as those discussed above, 

however, some mutations are inherited. A person with an inherited gene alteration is not 

certain to develop cancer, but the risk of cancer is increased.

Once cancer has been diagnosed, the treatment depends on the type of cancer; the 

size, location and stage of the disease; the person’s general health; as well as other factors. 

The treatment used can be either local or systemic. Surgery and radiation therapy are types 

o f  local treatment as they only affect cancer cells in the tumour and the area around it. 

Chemotherapy, hormone therapy and biological therapy are methods of systemic treatment 

as they travel through the bloodstream, thereby reaching cancer cells all over the body. 

Unfortunately, the treatments used to kill or remove cancer cells also damage healthy cells 

and tissues, often leading to dramatic and unwanted side effects.

Chemotherapy is the use of drugs to kill cancer cells. This kind of therapy can be 

used before surgery to shrink a tumour, after surgery to prevent the cancer from recurring, 

or it can be used to simply relieve the symptoms o f the disease (on its own or along with

2



Chapter 1 - Introduction

other treatments). Often a combination o f anticancer drugs is used. Most anticancer drugs 

are given intravenously, while some are injected into a muscle or under the skin, and others
I  ^are given by mouth. The side effects of chemotherapy depend mostly on the type of 

drugs used and on the doses given. In general, anticancer drugs affect rapidly dividing 

cells. As a result, in addition to cancer cells, blood cells - which fight infection, help the 

blood to clot, and carry oxygen all over the body, can also be affected. Furthermore, cells 

in hair roots and cells that line the digestive tract may also be affected. All in all, side 

effects such as infections, hair loss, poor appetite, nausea and vomiting, as well as 

diarrhoea, are frequently encountered. Some anticancer drugs can also cause long-term 

side effects such as loss of fertility. This can be temporary or permanent, depending on the 

drugs used and on the patient’s age and sex.

Despite all the methods of treatment available, fatalities due to cancer are still 

common, and multi-drug resistance, the mechanism by which many cancers develop 

resistance to chemotherapy drugs, is a growing problem leading to the failure of many 

forms of chemotherapy.'^ This means that the search for new anticancer drugs is as 

important now as it ever was. With more insight into the actual processes at the molecular 

level being gained every day, the possibilities for finding new and better treatments are 

endless.

1.3 DNA as a Target

In 1944, deoxyribonucleic acid (DNA) was discovered as the major genetic 

material,'^ and in 1953, its physical structure was elucidated by Watson and Crick.'^ The 

discovery provided the basis for understanding molecular damage and repair, replication 

and the inheritance o f genetic material. Since then, it has become one of the most 

important targets for the treatment of disease. The molecular recognition o f DNA by small 

molecules is of great importance in the development of selective anticancer drugs. The 

location of DNA in the cell makes it a more difficult target than enzymes or receptors as a 

drug must traverse two membranes, the cell membrane and the nuclear membrane, in order 

to interact with DNA.

Although there are three main forms of DNA (A-form, B-form and Z-form), the 

major biologically active form is the B-form. DNA is made up of nucleotides joined 

together to form long chains. Each nucleotide is made up of a base, a sugar and a 

phosphate group. Unlike most proteins, which are made up from a pool o f 20 different 

amino acids, DNA contains just four bases - adenine, guanine, cytosine, and thymine

3



Chapter 1 -  Introduction

(Figure 1.1). Adenine and guanine are purines, while cytosine and thymine are 

pyrmidines. Two strands o f DNA coil into the double helix when they are complementary, 

with adenine pairing with thymine by two hydrogen bonds, and guanine pairing with 

cytosine by three hydrogen bonds. B-form DNA form twists in the form of a right handed, 

double-stranded helix, forming distinctive major and minor grooves on the exterior (Figure 

1.2). Each turn of the helix contains 10 base pairs. The distance between base pairs is 3.4 

A . While the bases are found inside the helix, the backbone is made up of an alternating 

sugar-phosphate series. A-form DNA is also right-handed double-stranded, but contains 

11 base pairs in each turn. Z-DNA is a left handed double-helix.

H

Sugar' N-

H

H -N

Sugar

Adenine (A) Thymine (T)

H
H -N

N -H
Sugar'

N -H Sugar
H

Guanine (G) Cytosine (C)

R1
I

0 = P - 0

B ase

5' position

O
o=p-o

B ase

3' position

O
\

R2

Figure 1.1: Structures and hydrogen bonding interactions o f  the four bases in DNA, and 

generalised structure o f  strand made up ofphosphate, sugar and base.

Unfortunately for the medicinal chemist, the fact that DNA contains only four 

different bases works against it in the development of new site-specific drugs. A span of 

about 15 or 16 bases is needed to define a unique DNA sequence in humans via base 

specificity.’* A molecule with high specificity for a sequence of DNA must be very large 

and have a shape unique enough to read many bases. Examples of this type of molecule 

include large proteins and complimentary strands of DNA or RNA.’̂  Small molecules can
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Chapter 1 - Introduction

interact easily, but have little specificity, and as a result can be highly toxic. It is due to 

this high toxicity that these small molecules are used only as a last resort, to treat serious 

and life threatening diseases where safer treatments are not available. As can be seen by
tthe various side effects that are seen with the use of chemotherapy for cancer patients, it 

is very difficult to use DNA as a target without the possibility of disrupting a normal 

function.

Major Groove 

Minor Groove

Figure 1.2: Stucture o f DNA.^^

1.3.1 Interaction with DNA

There are three main types of interaction that a molecule can have with DNA:

• Binding in the major or minor grooves by non-covalent interactions

• Intercalation between base pairs

• Formation of covalent bonds

These three types of binding are shown schematically in Figure 1.3. In our case, 

intercalation is the most significant type of interaction, as naphthalimides are already well
9 1 9 9  9 0

established as DNA intercalators. ’ ’ Intercalators are usually three or four ringed 

planar aromatic chromophores, often positively charged, which are able to insert 

themselves between adjacent base pairs. This causes the base pairs at the site of

5
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intercalation to become separated by 6.8 A instead of the usual 3.4 A. Intercalators 

stabilise the DNA by stacking interactions that are essentially van der Waals forces.

Intercalation Formation o f  Groove

covalent bonds binding

Figure 1.3: Modes o f interaction between drug and DNA.

Ethidium bromide, 1, is a well known DNA intercalator -  the planar aromatic ring 

system and postive charge make it ideal for intercalation between the base pairs. "̂* 

Intercalating agents such as 1, are cytotoxic to dividing cells. The mechanism of cell death 

can be by one of a number of methods including free radical form ation ,electron  transfer 

from oxidisable guanine, or hydrogen abstraction from thymine. Many intercalators 

can prevent replication o f the DNA strands by interacting with topoisomerase enzymes.

These enzymes are DNA binding enzymes, which control the topological state of DNA.^’
28When cells are dividing, the level of cellular topoisomerases increases rapidly. The 

enzjme forms a complex with DNA during replication. If a topoisomerase poison 

(intercalator drug) is present, a drug-enzyme-DNA complex is formed which leads to the 

inhibition of further replication, and consequently, cell death. Before discussing the use of 

1,8-napththalimides as DNA binders and topoisomerase inhibitors, a short introduction to 

some of those drugs already being used as chemotherapeutic agents must be given.

NHH2N

C,H,

1

6



Chapter 1 - Introduction

1.4 Common Chemotherapeutic Drugs

The search for an all-encompassing anti-cancer drug is like the search for the Holy 

Grail. It will probably never be found. However, there are many drugs now available. 

Unfortunately, many have limited uses and many side effects. The main difficulty when 

designing an anti-cancer drug is that the target cancer cells look a lot like the surrounding 

healthy cells. The rapid division and proliferation o f cancer cells differentiates them from 

the normal cells. As a result, a reasonably effective treatment could be based on stopping 

cell division. This type of tactic has three main approaches:

• Attack DNA

• Attack enzymes required for DNA synthesis

• Attack the mitotic apparatus

In the following section, some of the most common chemotherapeutic drugs and their 

mode of action will be examined.

1.4.1 Cisplatin -  An Alkylating Agent

Cisplatin or c/s-diaminedichloroplatinum, 2, was discovered in the early 1960s by 

Rosenberg. It was found to destroy cancer cells, but much research was needed to 

determine how the drug worked in the human body. It was eventually found that the drug
30irreversibly coordinates to DNA and inhibits replication of DNA. It also leads to 

programmed cell death. The drug is administered intravenously as a sterile saline solution. 

Once inside the cell, hydrolysis occurs as a water molecule replaces one of the chlorine 

ligands (Figure 1.4).^' The positively charged species can then interact with DNA. It does 

so by binding to regions rich in purines, but mainly guanine units. Covalent bond 

formation occurs through certain nitrogen atoms of the base, specifically the N7 atoms of 

the purine as it is not involved in hydrogen bonding with any other base. Many adducts 

can be formed, however, the most important are the ones in which the two chlorine ligands 

of the drug are replaced by purine nitrogen atoms on adjacent bases on the same strand of 

DNA, leading to double alkylation. This type of adduct is known as a 1,2-intrastrand 

aiduct. It causes the stacking of the bases to be disrupted and thereby the DNA helix 

becomes kinked.

7
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The DNA adducts formed by c/5-platin block the action o f DNA polymerase, an 

enzyme necessary for replication. The cytotoxic activity o f c/5-platin appears to be due to 

some interaction of the adduct with HMG-domain proteins (HMG = high mobility group). 

One hypothesis is that if  HMG-domain containing transcription factors bind preferentially 

to the c/5-platin-DNA adducts, the transcriptional machinery would be inhibited. 

Another hypothesis suggests that the binding of HMG-domain proteins to the adducts
• • * • 32would inhibit the DNA repair machinery. These two possible mechanisms would 

interfere with the normal functions of the cell and could lead to cell death.

NH

NH
3^p,-CI

Cl 

2

outside cell

NH

NH3 ^ H 2 0

inside cell

H -N

N - H
Sugar

N -H Sugar

Guanine G C Cytosine

Figure 1.4: Cisplatin, 2, and point o f  attack on N7 o f  guanine base.

1.4.2 Taxol -  A Microtubule Interfering Agent

In 1971, Wall and Wani published the structure of an extract from the bark of the 

Pacific Yew Tree {Taxus brevifolia), which had been found to show marked anti-tumour 

activity against a broad range of rodent tumours. This promising new lead compound, 3, 

known as Taxol®, was unfortunately, very difficult to extract in large quantities and the 

synthetic procedures developed are laborious to afford the molecule.^^ Fortunately, a 

closely related analogue of 3 called Baccatin III, 4, was discovered in the leaves o f the 

shrub Taxus baccata. The conversion of 4 to 3 was difficult, but possible, and allowed
33sufficient quantities o f Taxol such that clinical trials could be performed.

8
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The activity o f 3 lies in its ability to attack the mitotic apparatus of the cell. Mitosis 

is the process in which a parent nucleus divides to produce two daughter nuclei, each 

identical to the parent nucleus, and is therefore the basis of cell division and replication.^'* 

Microtubules are important structures involved in mitosis. They are small tubular 

organelles made up of protein tubulin dimers arranged in rows. Taxol was found to induce 

the assembly of tubulin into microtubules.^^ On the face of it, this would seem to enhance 

rather than inhibit cell division. However, the drug stabilises the microtubules to such an 

extent that mitosis is completely disrupted. To a normal cell this could be harmful, but to a 

cancer cell that is constantly dividing, it is fatal. The relatively non-toxic properties of 3 

have made it a leading light in the treatment of cancer. It is now used against ovarian 

cancer and breast cancer, while it is also active against malignant melanoma.^^

1.4.3 Anthracyclines - DNA Intercalators

The class of natural products known as anthracyclines was discovered from 

bacterial sources {Streptomyces). Anthracyclines are based on the anthraquinone ring 

system. The planarity of this chromophore allows intercalation between the base pairs of 

DNA. Adriamycin (Doxorubicin) 5,^* Daunomycin (Daunorubicin) 6,^  ̂ and Epirubicin 

(Epidoxorubicin) 7,'*° are some of the clinically used anthracycline, anti-tumour drugs.

When anthracyclines intercalate into DNA, the DNA base pairs buckle in order to 

accept the molecule."*' While the D-ring (blue) enters at the major groove, the substituted 

A-ring (red) is positioned in the minor groove. The amino sugar attached to the A-ring can 

form hydrogen bonds with the DNA molecule, including bonding via water molecules."*^ 

This hydrogen bonding, along with the Ti-bonding above and below the aromatic rings of 

the complex leads to a highly-stabilised interaction. Unlike cw-platin 2, anthracyclines do 

not appear to form covalent interactions with DNA, though in the presence o f oxygen, they 

can attack the DNA backbone by the release of free radicals.

9
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1.5 1,8-Naphthalimides as Anti-Cancer Agents

1.5.1 Mono-naphthalimides

In the late seventies, the first accounts of the use of 1,8-naphthalimides as anti

cancer agents were reported.'*^ In the search for new effective anti-tumour drugs, Brana et 

al. designed and synthesised a series o f imide derivatives of 3-nitro-l,8-naphthalic acid.'^  ̂

This new series o f compounds was designed by combining the known anti-tumour activity 

o f compounds containing a P-nitro-naphthalene moiety (as in aristolochic acid),'*'’ with 

other structural entities suspected to be potentially effective such as a glutarimide ring and 

a positively charged tertiary amine side chain. The compounds were synthesised by 

reaction o f the appropriate amine with 3-nitro-l,8-naphthalic anhydride.'*^ Two of the 

series, 8 (also known as M-4212 or Mitonafide) and 9 (M-12210) were found to be 

effective against mouse Ehrlich ascites and rat Yoshida carcinoma."^^ They also showed 

activity against HeLa and KB cells, in vitro.

10
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N N N

NO. NH,NO,

8 9 10

The cytotoxic and biochemical effects o f these two drugs exhibited reversibility 

and, thus, were presumed to not involve covalent binding to a cellular target. The two 

drugs proved to be DNA-intercalators as they caused unwinding of closed circular duplex 

DNA, and an enhancement of the viscosity of sonicated rod-like DNA fragments^' -  

characteristic properties of known intercalators, such as ethidium bromide. By the early 

1990’s, 8 and 10 (Amonafide) were in clinical trials due to their high anti-tumour activity. 

45,46 mode o f action o f 10 was found to involve intercalation with inhibition of

topoisomerase 11.'*̂  The 3-nitro derivative, 8, was unfortunately found to be toxic in the
48central nervous system when given on some schedules and showed low clinical activity. 

The amino-substituted naphthalimide 10 has been studied more extensively, but again the 

effects have been limited."^^

Benzisoquinilinedione 11 (also known as Nafidimide) was also synthesised by 

Brana et al. and was found to show considerable activity in a series of animal tumours both 

in vitro and in vivo.^^ Nafidimide’s pronounced activity in vivo against tumours in animal 

modes facilitated its entry into clinical Phase I trials. An investigation was undertaken by 

Andersson et al. to study its antileukemic activity in vitro, cellular drug transport, and 

molecular mechanism of action with DNA.^’

H
I

/ O

11
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Compound 11 was found to reduce the survival of human myeloid leukemia cells 

(KBM-3, HL-60) in vitro. The drug also reduced the survival of normal bone marrow cells 

GM-CFC. Agarose gel electrophoresis confirmed that 11 intercalates into DNA and it 

was also found to behave as a Topoisomerase II inhibitor.^’
C ’J

The similarity of the side chain characteristics o f 12 (Mitoxantrone) and those of 

the A^-substituted imides of 3-nitro-l,8-naphthalic acid, (for instance 8), such as:

(a) basic nitrogen in the side chain is vital to antineoplastic activity, and

(b) substitution of this nitrogen atom by carbon, sulfur or oxygen, leads to 

reduction in activity,

led Zee-Cheng and Cheng to study the A^-(aminoalkyl)-substituted derivatives of a variety 

of imides. The compounds synthesised were screened against P388 leukaemia and B16 

melanoma in vivo, and against L I210 leukaemia and human colon adenocarcinoma in 

vitroP  The results indicated that the [2-(substituted amino)-ethyl]amino fragment plays a 

prominent role in the cytotoxic activity when it is attached to certain polycyclic ring 

systems (anthraquinones and naphthalimides). Substitution o f the imides 13 at position C- 

3 (W) and/or C-6 (Z) with either electron-withdrawing groups such as NO2 , or electron- 

donating groups such as NH2 or OH, yielded compounds with increased activity. The 

dinitro- and diamino-substituted compounds also showed good inhibitory activity. 

Insertion o f an additional methylene unit in the side chain, between the two nitrogens,
53however, resulted in a reduction of activity.

Z

13

OHHN

OH

In an attempt to reinforce the DNA binding capacity o f 8 and 10, a series of 

analogues were designed and synthesised by Remers et Compound 14, which has

12
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an anthracene moiety substituted for the naphthalene unit, was found to be more cytotoxic 

than the parent compound 10.^  ̂ For example, against L12110 leukemia cells, 10 had an 

IC50 of 625 nM, while 14 had an IC50 of just 7 nM. (IC50 = inhibitory dose o f compound 

that reduces the number of treated cells to one half that of the number of control cells). 

The mode o f action was found to involve intercalation with inhibition of topoisomerase 

11.̂  ̂ Phenanthrene and azaphenanthrene analogues o f 14 showed little improvement in 

potencies, while the tetrahydroazonafides had activity intermediate between 10 and 14.^  ̂

Brana et al. have also synthesised chromophore-modified analogues o f 10, such as the 

pyrazine compound 15, which showed a pattern of activity similar to 10. It was also 

found to behave as a topoisomerase II poison.

' N ' N

Ov. /.O

14 15

All of the mono-naphthalimides discussed so far have been found to act as DNA

intercalators with cytotoxicity resulting from topoisomerase II inhibition. Qian et al.
22prepared 1,8-naphthalimide hydroperoxides as intercalating DNA cleavers. The two 

hydroperoxides 16 and 17 were found to interact with DNA in two steps. The first step

was in the dark and involved the compounds intercalating into DNA. Upon irradiation the
22intercalated hydroperoxides generated hydroxyl radicals which cleaved the DNA. 

Further studies were carried out on reagents with a larger conjugated planar heterocyclic
C O

fused naphthalene ring such as 18. These compounds showed higher cleaving abilities 

compared to 17, of supercoiled circular pBR322 DNA, on photoirradiation. The enhanced 

DNA intercalating capability of 18 was thought to contribute to this.

13
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Matsugo et al. synthesised and studied a series o f  sulfur-dioxygen forming 1,8- 

naphthalimides, such as 19, as photo-induced DN A cleavers.^^ It was found that 19 only 

caused cleavage o f  supercoiled circular (j)x 174 DN A after photoirradiation in aerobic 

conditions. It was proposed that 19, in its excited state, reacts with molecular oxygen, 

eventually leading to the formation o f  a persulfoxirane-type intermediate on reaction with 

singlet oxygen. This intermediate reacts with another equivalent o f  19 to produce two 

moles o f  20, but also acts as the reactive species in DNA cleavage.

(CH2)3SCH3
- O — -H

(C H ,)3 S -C H ,
OH

(CH2)3S0CH3

19 intermediate - reactive species  
in DNA cleavage

20

Another mode o f  action o f  cytotoxicity involving 1,8-naphthalimides has recently 

been investigated by Kamal et al.^  ̂ Pyrrolo[2,l-c]-[l,4]benzodiazepines (PBDs) are a 

group o f  naturally occurring antitumour compounds produced by various Streptom yces 

species. The mechanism o f  action o f  these compounds involves formation o f  a covalent 

adduct in the minor groove o f  DN A as the NH 2 at position 2 o f  a guanine base 

nucleophilically attacks the C -11 position o f  the PBD.^' It was thought that by attaching a 

PBD at C-8 to a naphthalimide moiety, and thus combining intercalating and groove
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binding in one molecule, the molecule might show profound antitumour activity. 

Compound 21 was one of a series of such molecules synthesised, which differed in the 

linker chain length.^® It was found that the four and five-carbon chain lengths were most 

suitable for the snug fit of these molecules in the minor groove of DNA. When tested in 

human cell lines the compounds showed significant cytotoxic activity with log LC50 values 

of between ^ . 0  and —4.57. Compound 21 was found to be the most potent for colon and 

renal cancers. The exact mode of action of these compounds has yet to be reported.

MeO

21

In this section the discovery and progression of the mono-naphthalimides as 

potential anticancer agents has been discussed. The mechanism of action of the 

naphthalimides generally involves intercalation, as the three-ringed planar aromatic system 

is ideal for fitting between base pairs of DNA. The interaction between naphthalimides 

such as 10 with DNA and topoisomerase II has been found to be the mechanism of cell 

death. Other mechanisms, such as causing DNA cleavage by free radical generation (16- 

18), or by singlet oxygen generation (19), have also been demonstrated. Covalent bond 

formation with guanine, with intercalation, is also a potential mechanism for cytotoxicity 

(21). Thus, it is clear that 1,8-naphthalimides are a well established class of derivatives 

with great potential as chemotherapeutic agents. The next section will show how the 

success of some of the mono-naphthalimides as anticancer drugs led to the discovery of 

some very potent bis-naphthalimides.
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1.5.2 Bis-naphthalimides

In the early 1990s another approach was taken by Brana et al. to improve the
f iJtherapeutic properties of the lead compounds 8  and 10. A series o f bis-naphthalimides 

were synthesised using structural features of the two monoimides, with the intention of

increasing the capacity to bind DNA. Two chromophore units were linked together with
62  • various bridges (Scheme 1.1). The bridge contained at least one amine group, as this had

already been proven necessary for cytotoxic activity. Different substituents were put in the

aromatic system (mainly nitro and amino), and bridges differing in length and the number

of amine groups were used. The compounds were initially tested for cytotoxicity against

the HT-29 cell line (human colon carcinoma). Many of the bisnaphthalimides had higher

cytotoxicity levels than the parental compounds. Certain aromatic substituents were found

to increase cytotoxic activity following the order -NO2 > -H > -NH2 > -NHCOCH3 for

compounds with the same bridge.

N —  Z  — N

Scheme 1.1: Synthesis o f  bis-naphthalimides by Brana.

One of the new bisnaphthalimides, compound 22, had an IC50 of 0.19 |j.M against

the human colon carcinoma cell line HT-29, while the IC50 values for the

mononaphthalimides 8 and 10 were 10.5 and 38.0 |iM, respectively. 22 was then tested
62against MX-1 and OVCAR-3 human xenografts growing in athymic nude mice. In the 

OVCAR-3 study, it caused an increase in median survival time from 46 to 74 days, after 

tumour injection (25 mg/kg over 2 weeks). It was found to inhibit MX-1 tumour growth

N
H

NO

O
O2N

22
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by more than 50%. A topoisomerase II activity experiment showed that 22 significantly 

inhibited the activity of the enzyme, thus providing evidence for the mechanism of 

cytotoxicity.

Meanwhile, Chen et al. were also working on a series of bisnaphthalimides as 

potential anti-cancer agents.^^ Compound 23 (also known as XB596), a representative 

compound, was found to be a potent growth inhibitor in vitro of several human and murine 

leukemic and solid tumour cell lines, with IC50 values ranging from 7.2 (mouse leukaemia)
r -3

to 147.5 nM (mouse melanoma). This compound differs from 22 only by the presence 

of the methylsulfonate salt. This potency of growth inhibition is similar to that of 

Doxorubicin 5, and Mitoxantrone 11, but at least 1-2 orders of magnitude more potent than 

1 0 . It exhibited good in vivo anti-tumour activity against the MX-1 human breast 

carcinoma and the DLD-2 human colon adenocarcinoma.

NO.

CH3SO3H

A possible mode of action o f 23 was also investigated. The effect of 23 and 

selected anti-cancer agents on inhibiting the incorporation of tritium-labelled 

uridine/thymidine into RNA/DNA was measured. Compound 23 was found to be 

considerably more inhibitory of RNA/DNA biosynthesis than 5, 10, and 9. Binding of the 

compound to DNA was demonstrated by an ethidium bromide displacement assay and by a 

spectrophotometric titration assay. Evidence of intercalation into DNA was provided by 

an unwinding assay using supercoiled DNA. Unlike 10, 23 did not appear to inhibit 

topoisomerase II.

Due to the poor solubility o f 23 (0.04 mg/ml), an extensive medicinal chemistry 

program was undertaken to optimise water solubility and efficacy against solid tumour 

xenografts. This lead to the synthesis o f 24 (also known as Bisnafide or DMP 840) by
23Chen et al., which has a solubility of 3.5 mg/ml in water, and which was found to 

demonstrate long-term curative activity against a number of human solid tumour
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xenografts implanted in athymic nude mice. However, it was relatively inactive against 

murine leukemias in vivo.

2 • CHoSOoH

24

The growth inhibitory activity in vitro against six tumour cell lines was tested. 

Compound 24 potently inhibited the growth of all mouse and human leukemia, and solid 

tumour cell lines with IC50 values ranging from 2.3 (Clone A, human colon) to 53 nM 

(B16, mouse melanoma). This in vitro activity is similar to that of 5, but is 6 to 100-fold 

more potent than 10. Studies on the mechanism of action in L1210 leukemia cells showed 

that 24 inhibited the incorporation of thymidine and uridine into DNA and RNA. The 

precise mechanism of action was later found by Nitiss et al. to cause cytotoxicity by its 

action against Eukaryotic Topoisomerase 11.̂ ^

After the excellent anti-tumour activity observed for 24 , Chemey, Behrens et al. 

directed their efforts to the synthesis of a second-generation bis-imide.^^ Once again they 

wished to improve the solubility and the potency o f the lead compound. Interestingly, the 

bisnaphthalimide, 24 was found in preliminary studies to act as a monointercalator.®^ This 

suggested that the two chromophore units had different ftinctions, and that an 

unsymmetrical bis-imide might be a more active anti-tumour agent. A series of 

compounds were then synthesised, differing in the type of chromophore at one end of the 

molecule, but leaving the other chromophore unchanged from that of 24.®̂  The compounds 

were evaluated in vitro for DNA binding (ethidium bromide displacement), and growth 

inhibition (L1210 murine leukaemia). The incorporation of a phenanthrene chromophore 

was found to deter efficient binding to DNA. Electron donating and withdrawing groups 

in position 6 of the phenanthrene neither helped DNA binding or inhibition. Compound 25 

(DMP 315) -  a 6-azaphenanthrene displayed excellent L1210 activity with an IC50 of 0.035 

I^M (24 IC50 = 0.034 nM).
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25

Some of the more active compounds in the series were selected for study in vivo. 

The compounds were tested against three human, solid tumours implanted in nude mice -  

MX-1 (breast), DLD-2 (colon) and LX-1 (lung). The most potent compound was 25 . It 

required about half the dose needed for 24 to obtain the same effect and caused 94 % 

inhibition o f LX-1 tumour at 6mg/kg. Compound 25 was also found to have a superior 

solubility than the lead compound.

The novel bisnaphthalimide 26 (Elinafide or LU 79553) was prepared and studied 

by Brana et al. and was found to be highly cytotoxic in vitro with EC50 (concentration 

required for 50 % inhibition of growth) values ranging from 2 x 10'^ to 5 x lO''^’ M (CEM,
r o

leukaemia cell line). It also showed dramatic antitumour activity in a range of xenograft 

models. Studies on the molecular recognition o f DNA are of great importance in the 

development of selective drugs. One such study was carried out by Bailly, Brana and 

Waring.^^ They concentrated on experiments aimed at determining what sequence 

selectivity, if any, is involved in binding, and what information on the molecular- 

recognition process could by gained. Compound 26 was chosen together with its nitro- 

substituted and amino-substituted analogues, and also the parent monomeric 

naphthalimides, for comparison.^^ Compound 26 was confirmed to act as a bis-intercalator. 

DNase I footprinting experiments revealed that this compound was selective for mixed 

nucleotide sequences characterised by an alternating purine-pyrimidine motif, particularly 

those containing GpT(ApC) and TpG(CpA) steps. The other compounds tested bound 

essentially at these same sites. Many o f the features o f the sequence selectivity observed, 

led to the proposal that the drug bis-intercalates into the DNA helix via the major groove.^^ 

This is in contrast to nearly all, common intercalating drugs, which approach via the minor 

g r o o v e . T h i s  proposed mechanism could help to explain the unique biological selectivity 

of the bisnaphthalimides. Compound 26 has been selected for Phase I and II clinical trials. 

Again, substitution of the naphthalimide units for anthracene 27 (Bibenoline), yielded a
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11compound with similar activity to 26. The IC50 values for HT-29 human colon cell line 

were 0.004 and 0.014 |j.M for 26 and 27, respectively. Compound 27 has been selected for 

preclinical development. More recently, fiirther modifications to the chromophore by
72Brana et al. have resulted in the ftironaphthalimide 28. This compound was found to 

intercalate preferentially at GC sites, but was found not to promote DNA cleavage by 

either topoisomerase I or II. The IC50 for 28 against CEM human leukaemia cells was 4.9 

nM, a value about 4 times inferior to 26. The cytotoxicity of 28 is attributed to its strong

capacity to bind to DNA and its ability to inhibit DNA synthesis. 72

2* CH3 SO3 H

H
N

26

2 ■ CH,SO,H

27

28

H
N
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This section has shown how the activity of the mononaphthalimides led to the 

design of some bisnaphthalimides with enhanced cytotoxic activity compared to the parent 

compounds. One o f the aims of the current work was to design sequence specific DNA 

binders. The next section will discuss some of the work undertaken by other researchers in 

the search for compounds that bind to DNA in a sequence specific manner.
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1.6 Cleavage of DNA by Sequence Selective Peptides

As discussed earlier, a small molecule can easily be designed to interact with DNA,

but it can take a much bigger molecule to achieve selectivity and specificity of binding.

Amino acids themselves are small, nevertheless, sequences of amino acids or peptides can 

be quite large and the inherent structure o f peptides make them ideal for interacting with 

DNA. The numerous nucleic acid binding proteins found in nature should be evidence 

enough o f the great potential of peptide-based ligands for sequence specific DNA binding.

While the series of naphthalimides were being studied for their activity and binding 

to DNA, Dervan et al. were designing a sequence specific DNA-cleaving protein
7 -7

consisting wholly o f naturally occurring a-amino acids. The tripeptide H-Gly-Gly-His- 

OH, was attached to the amino terminus of the DNA-binding domain o f His recombinase 

(residues 139-190), affording a new 55-residue protein 29, GGH(Hin 139-190). GGH is 

the copper-binding domain for serum albumin.^"* The two domains have distinct functions 

-  Hin 139-190 for binding DNA, and GGH to coordinate to a transition metal (Cu(II) or 

Ni(II)), thereby producing a metalloprotein. The protein is capable of binding to DNA at 

four 13 base pair sites (termed hixL and secondary).

HjN
N -H in  139 -190

NH

29

(H-Gly-Gly-His-Hin 139 -190)

The peptide 29 was synthesised by stepwise solid phase methods, and then analysed for 

DNA cleaving ability.’  ̂ The protein alone or in the presence o f Cu(II) was found not to 

cleave DNA. However, if both sodium ascorbate and hydrogen peroxide were added to the 

protein and less than 1 equivalent o f Cu(II) was used, the protein cleaved the DNA
' j ' i  ^

predominantly at one of the Hin half sites. In the presence of Ni(0Ac)2 and 

monoperoxyphthalic acid and subsequent treatment with «-butylamine, 29 cleaved DNA in 

minutes at the four binding sites.^^ The Ni(II) complex is believed to create a metal-bound 

oxidising equivalent.

Long et al. wished to design a peptide-based system that preserved the metal- 

binding, electronic, and catalytic properties of the GGH tripeptide while also permitting its
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incorporation at any site along a polypeptide chain. They synthesised two model peptides

30 and 31, which contain a carboxy-terminal and interior Cu(II) binding domain/^ The 

results and observations made by Long et al. showed that the incorporation o f (6)-0m-Gly- 

His sequence into a polypeptide structure provided a similar metal-ion binding 

environment to NH2-Gly-Gly-His. Preincubations o f the Cu(II) or Ni(II) complexes with 

OX 174RF plasmid, followed by activation with ascorbate/H202 or Oxone, respectively, 

did result in cleavage of DNA to nicked circular and/or linear forms.

HO

0  CH

NH2-Tyr-Ala-(5)-Orn-Gly-His-CONH2

HO

0 CH,

O

NH.,

31

o

CH,

NH

H 
N

0  CH
NH,

NH2-Tyr-Aia-(8)-Orn-GIy-His-AIa-Ala-CONH2

Long et al. then moved on to examine the DNA cleavage induced by a series of 

peptides o f the general form NHi-Xaa-Xaa-His (Xaa = a-amino acid) that contain 

positively-charged or amide-containing amino acids important in protein-nucleic acid 

interactions.^^ It was found that the positively charged Ni(II) complexes containing Arg or 

Lys residues produced more plasmid conversion than the neutral complex containing only 

glycine residues. The positively charged complexes displayed selectivity for mixed A/T- 

rich sites.’  ̂ However, the Ni(II)-Gly-Gly-His appeared to only “loosely” target similar 

DNA regions. The intitial studies indicated that the chemical nature, position in the
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tripeptide, and chirality of the substituent amino acid could be used to alter the site 

selectivity o f the metal complex for DNA.

The results described above demonstrate the potential for combining a sequence 

specific DNA recognition unit, such as a peptide with a moiety known to cause cell death. 

In the next section, a brief discussion of some examples o f such molecules will be given, 

followed by a discussion of the work already carried out by Phelan in this area with regard 

to 1,8-naphthalimides.”

1.7 DNA Intercalators Attached to Peptides

The only previous connection between using amino acids or peptides and 

naphthalimides as DNA cleavers, was described by Saito et al. They reported novel water- 

soluble L-lysine derivatives possessing a naphthalimide chromophore that could induce 

efficient and highly sequence selective cleavage of double-stranded DNA upon
78photoirradiation at 320-380 nm. Compounds 32, 33 and 34 (Figure 1.5), were examined 

for their DNA-cleaving properties using supercoiled pBR322 DNA. In each case, upon 

photoirradiation at O °C for 1 hour, single-strand breaks, and a small amount of double

strand breaks were observed. Lysine derivative 32 was found to induce highly specific 

DNA cleavage at the 5' side of 5'-GG-3' steps, after treatment with piperidine. However, 

under the same conditions, 3-nitro derivative 33, photonicked the double-stranded DNA at 

T residues preferentially, while the 4-nitro derivative 34, cleaved at both 5'-GG-3' and T 

sites to an equal extent. Thus, by simply changing the substitution pattern of the 

naphthalimide, the sequence selectivity o f the DNA-cleavage could be changed.

COOCHCompound R| R:

Figure 1.5: Lysine based 1,8-naphthalimides

Leading on from the work carried out on the Gly-Gly-His metal chelating peptide, 

Dixon et al. have described the synthesis and DNA cleavage o f two Gly-Gly-His based
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naphthalene diimides, 35 a bis-conjugate, and 36 a mono-conjugate/^ Like the

naphthalimides, naphthalene diimides are known to act as DNA intercalators.**^

o, / = \  ,0

It was found that in the presence o f nickel (Ni(0Ac)2) and Oxone, both compounds 

induced single-strand cleavage of plasmid pBR322 DNA. The effect was 100-fold more 

efficient than the parent motif Ni(II)«GGH-C0NH2. This was attributed to a higher local 

concentration o f the metal-chelating conjugate in the grooves of the DNA due to 

intercalation of the naphthalene diimide/^

Iverson et al. screened a comprehensive library of 360 bis-intercalating naphthalene 

diimides containing various peptide linkers for sequence specificity using DNase I
Q 1

footprinting. The general structure o f the bis-intercalators is given by 37. A 231 base- 

pair (bp) restriction fragment was used in the footprinting experiments. It was found that

H3N* H3N*

HsN*

3 7  X = various peptide linl<ers
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most of the compounds showed similar footprints, binding within a 15 bp G+C rich
g I

repeat. However, one derivative 37a showed novel specificity, binding preferentially 

within a 19 bp palindrome. It can be concluded that simple changes in these compounds 

can lead to derivatives with novel sequence specificity.

Interested in preparing tailor-made drug-peptide conjugates to target specific base

pair arrangements, Palumbo et al. synthesised a number of chiral peptidyl-
82anthraquinones. As discussed earlier, the anthraquinone chromophore unit is common to 

many anti-tumour drugs such as mitoxantrone 11. The initial studies showed that 

compound 38 with side chains containing glycine and L-lysine, had a high affinity for 

DNA. It was found to have a binding constant of the same order of magnitude as many 

clinically used drugs such as the afore mentioned mitoxantrone. A more in-depth study
83was then carried out on 38, and 39, which contains D-lysine. On comparison of the two 

compounds, the binding of the D-enantiomer was 2-3 fold stronger than the L-enantiomer. 

Both compounds showed a substantial preference for DNA sequences rich in GC base 

pairs, and interacted with DNA by intercalation via a threading mode.

*  = chiral centre

O HN * NH

O HN

38 L-lysine

39 D-lysine

From these studies, it is clear that the combination of an aromatic intercalating 

moiety with one or more peptidyl side chains is an ideal method of achieving high 

sequence specificity in the targeting of DNA.
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1.8 Recent Advances by Gunnlaugsson et al.

While there has been lots o f research carried out on the cytotoxic effects of 1,8- 

naphthalimides, and on the sequence-selective cleavage of DNA by proteins, the design 

and incorporation of nucleic acid recognition moieties into the naphthalimide structure has 

not yet been investigated in any detail. The research of Gunnlaugsson et al. lies in this 

field. A programme to design 1,8-naphthalimide derivatives from a-amino acids is 

ongoing, with the hope of achieving a more site-specific approach to DNA cleavage. The 

work described in this section was carried out by Phelan" and also by Blais. '̂^ A large 

series of novel mono-, di-peptide based 1,8-naphthalimide conjugates, as well as some 

peptide-based bisnaphthalimides, have been synthesised using solution phase peptide 

chemistry. Most o f the compounds were investigated for their cytotoxicity in HL-60 cells 

(a chronic myeloid leukaemia cell line) in collaboration with Prof Mark Lawler, 

Department of Haematology, St. James Hospital, Dublin. Those compounds showing the 

greatest activity were then examined in the more resistant cell line K 562 (also a chronic 

myelogenous leukaemia cell line).

The initial mono-peptide based derivatives have the general structure 40, and were 

prepared from the various esters o f glycine, L-alanine, L-leucine, and L-phenylalanine 

(Figure 1.6). It was found that the 4-nitro substituted compounds showed the highest 

activity in HL-60 cells, with only a 10-fold decrease in cytotoxicity compared to the 

reference compound 8. For example, the IC50 value obtained for the L-phenylalanine 

methyl ester derivative was found to be just 1.95 |xM, while the value for 8 was 0.23 jxM.

Ri

40
R, = NO2, NH2 

R2 = NO2, NH2
R 3  =  H ,  C H 3 ,  C H 2C H ( C H 3) 2, C H z P h  

R j  =  H ,  C H 3 ,  (C H 3 )3  C H 2 P h  

Figure 1.6: Examples o f  some o f  the mono-peptide derivatives previously synthesised by 

Phelan.
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The fact that the 4-nitro substituted compounds showed higher cytoxicity than the 

corresponding 3-nitro compounds was in contradiction to the results obtained for the 

reference compounds. The results suggested that a larger side chain resulted in a more 

active compound i.e. leucine and phenylalanine derivatives were more active than glycine 

and alanine derivatives. The size o f the ester appeared to have little influence on the 

activity. These observations were supported in later investigations o f more complex 

derivatives.

The dipeptide-based derivatives were synthesised by reacting the free acid o f a 

mono-peptide 1,8-naphthalimide with another a-am ino acid by a simple peptide coupling 

reaction. These compounds all involved L-alanine and L-leucine, but differed in the 

substituents at the 3 and 4 positions o f  the naphthalimide, as well as the sequence o f the 

amino acids. Compound 41 showed the greatest activity in HL-60 cells with an IC50 o f 

1.57 |xM. Again, the 4-nitro compound was more active than any o f the others, and it was 

found that having the larger amino acid leucine in the position adjacent to the 

naphthalimide resulted in enhanced activity. When this compound was investigated in K 

562 cells, it remained relatively active with an IC50 o f 3.49 |o,M (IC50 o f 8 = 0.78 (xM).

The success o f  the bisnaphthalimides such as 26, led to the synthesis o f some 

peptide-based bisnapthalimides such as 42 and 43. The activity o f these compounds was 

expected to be greatly enhanced over the mono-naphthalimide equivalents. However, this 

was not the case. The IC50 value obtained for 42 was 3.46 |j,M, while the value obtained 

for the 3-nitro substituted analogue was 13.77 |j,M. The longer linker in 43 did not increase 

the activity (IC50 = 43.26 |xM). When 42 was examined in K 562 cells it showed lower 

activity than a leucine containing mono-naphthalimide and the dipeptide derivative 41.

OjN

41
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This result was unexpected, and it was proposed that the mechanism of cell death for 43 

was not the same as for the mono-naphthalimides.

NO,

NO,

'N '
H

0 - "  N ^ 0

42

Ô N

,0O, N

NO.

,N.
H

O

43

The final series of bisnaphthalimides synthesised by Phelan and Blais are the “top- 

to-tail” bisnaphthalimides. The first of these compounds was prepared quite 

serendipitously and led to the synthesis of some of the most active compounds to date. 

The two 1,8-naphthalimide chromophores are linked via an amine linker from the 4- 

position of one chromophore to the imide position of the other. Various lengths of linker 

were used but the optimum length appeared to be the propane linker, thus ruling out bis- 

intercalation. The amino acid was also a factor influencing the activity, with leucine and 

phenylalanine derivatives again showing greater activity than the glycine analogues. The 

ICsc values obtained for 44 and 45 in HL-60 cells were 1.55 and 1.2 |o,M, respectively. 

Interestingly, there appears to be little difference between the 4-nitro and 4-amino 

derivatives. Compound 44 showed greater activity in comparison to the reference 

compound 8, at 1 |xM and 10 concentrations after 24 hours in the more resistant K 562 

cells.
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HN HN

NO. NH

44 45

1.9 Aims of This Project — Anti-Cancer Agents

Unfortunately, the mechanism of action of these compounds has yet to be 

elucidated, but it is clear from the results obtained that peptide-based naphthalimides are a 

group o f very promising derivatives for further research. Utilising the information already 

gained to date, the series of mononaphthalimides and bisnaphthalimides has been 

extended. Described herein is the synthesis and biological evaluation o f these novel 

derivatives.

Chapter 2 will illustrate the synthesis and characterisation o f 50 1,8-naphthalimides 

using conventional organic and peptide synthesis. The mono- and di-peptide based 

compounds all involve the amino acid L-lysine, a basic amino acid not previously 

investigated. Most of these compounds were prepared from 4-nitro-l,8-naphthalic 

anhydride as the results already obtained demonstrated the enhanced activity of 4-nitro 

substituted naphthalimides over any other substitution pattern. Derivatisation using 

aldehydes is also described. The synthesis of the aldehydes was not straight forward, but 

was eventually solved. Transformations attempted include the formation of an olefin using 

the Wittig reaction, and formation of thiazolidine and thiazole derivatives.
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The compounds were investigated for their anti-cancer activity in collaboration 

with Prof. Mark Lawler (as above). The results o f these investigations is described in 

Chapter 3. The compounds were examined in HL-60 cell lines, with the more active 

compounds also being studied for their activity in the more resistant K 562 cells. Two of 

the water soluble compounds were investigated for their interactions with DNA using the 

following physical methods: UV-vis spectroscopy, thermal melting studies and circular 

dichroism spectroscopy.

The next part of this introduction will discuss the second part of the project, which 

involved the use o f 1,8-naphthalimides as fluorescent and colorimetric sensors for anions.

1.10 Diagnostic Sensing

The sensing and detection of cations is a very important area of research that has
85made, and continues to make, great advances and developments. The search for selective 

and sensitive anion receptors is a relatively new development. The importance of anions in
RA 87 88 80 QObiology, medicine, catalysis, molecular assembly, and the environment, cannot be 

underestimated, and has caused great interest in supramolecular laboratories. In 1967, 

Park and Simmons described the complexation o f a halide by bicyclic diammonium 

compounds such as 46.^' In the same year Pedersen described the first series of crown
Q9ethers, and described their ability to complex cations. Pedersen’s paper resulted in an 

almost immediate influx of papers on complexing crown-ethers, and a very active field of 

research emerged. However, over thirty years later the area o f anion coordination is only
• 93now being explored and developed in depth by supramolecular chemists. The problems 

of anion binding are being tackled with fervour, and many developments have been made. 

Anion sensing is only now emerging as a key research field. '̂*

46

The binding and transport of physiologically important anions such as phosphates 

and chloride is a large area of research.^^ Anionic phosphorylated entities are involved in a
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variety of processes, from gene replication to energy transduction,^^ while cystic fibrosis
97(the most common lethal genetic disorder in Caucasians ) is caused by an inability to 

produce working chloride channel proteins. Other anions also play critical roles in biology,
98such as fluoride (an essential nutrient which is involved in certain enzymatic systems ) 

and iodide (needed for proper functioning of the thyroid gland^^). In addition, fluoride 

anion is added to drinking water in many areas in order to prevent dental caries, but if the 

concentration is too high it can lead to dental f lu o ro s is .In d u s tr ie s  that use fluoride rich 

resources are now a major source of excess fluoride in water.

Another challenge for chemists in regards to the complexation of anions is the 

increasingly important problem of waste management and pollution of the environment. 

Anions such as nitrates and phosphates from agricultural products and detergents are often 

found in wastewater streams and in soil. When such anions are found in soil, food, and 

water, they can have a detrimental effect on both the health of the population as well as on 

the environment. The development of receptors to selectively measure the concentrations 

of these contaminants, and also to bind them to remove them, is of utmost importance

1.10.1 Factors Associated with Anion Sensing

Designing an anion receptor is particularly challenging, due to a number of factors. 

Some of the problems associated with the recognition of anions are as follows:

• They are larger than the isoelectronic cations, thereby having lower charge to 

radius ratios.

• They have higher free energies o f solvation than cations of similar size, thus 

must compete more effectively with the surrounding medium.

• They may be sensitive to pH.

• They have a wide range o f geometries (e.g. Cl' is spherical, AcO' is trigonal 

planar).

• They are usually coordinatively saturated, therefore bind only via weak forces 

such as hydrogen bonding and van der Waals interactions.

The solvent used plays a fimdamental role in determining the nature and strength of 

anion-receptor interaction. A protic solvent can often form strong hydrogen bonds with 

anions containing small atoms such as F, Cl, O, and N. A prospective anion receptor has
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then the predicament of having to compete with the solvent for anion recognition to occur. 

If the receptor is positively charged this is not a problem as it has the capacity to bind 

highly solvated anions in protic solvents. However, for a neutral receptor that relies on 

ion-dipole interactions to complex an anion, recognition will only take place in aprotic 

organic solvents.*'’’

1.10.2 Anion Geometries

It is clear that the main difference between anions and other guest species is their 

negative charge. Therefore, this property is of utmost importance when designing specific 

anion receptors. The majority o f anions are Lewis bases, due to the presence of lone pairs 

of electrons. This feature may be used in the construction of host species by taking into 

account the directionality that the lone pairs can introduce to the system. At the same time, 

the shape and geometries of the anions is a crucial factor to be considered. Anions exhibit 

a wide range of geometries and, therefore, the construction of complementary receptors 

necessitates a higher measure of design.

The variety of anion geometries is shown in Figure 1.7. The halides are all 

spherical in shape. The lone pairs on these anions introduce no directionality, which 

makes selectivity difficult. Nevertheless, the cavity size o f a halide receptor can be 

manipulated, as with the size of crown ethers for cations, to induce the required selectivity.

Spherical 
F-, C1-, Br, r

Linear 
CN-, OH-

Trigonal Planar 
COj -̂, NO32-

Tetrahedral 
P O 4 2 - ,  S O 4 2 - ,  M n 0 4 -

Octahedral 
Fe(CN)6 -̂, Co(CN),3-

Figure 1.7: Some anion geometries -  spherical, linear, trigonal planar, tetrahedral and 

octahedral.
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As discussed earlier, fluoride, chloride and iodide are all valuable targets for potential 

anion receptors. The oxyanions -  carboxylates, phosphates and sulphates, possess lone 

pairs which can induce directionality.

1.10.3 Sensors

It would be remiss to discuss particular examples of anion sensors before 

describing what a sensor actually is. A sensor is a device that can interact with certain 

chemical or biological analytes, and upon interaction, transform the chemical information
107obtained into an analytically usefiil signal. As such, it is generally made up of two main 

parts - the receptor (host), for the specific recognition of the analyte in question, and the 

transducer. Signal transduction is the mechanism by which the recognition process yields 

a measurable form of energy, which can be read and characterised, usually by various 

spectroscopic methods (such as UV-Vis, NMR, and fluorescence), or by electrochemical 

means.

In order to develop a good sensor, it must fulfill various criteria, such as:

•  sensitivity

• selectivity

• specificity

• short response time

• low detection limit.

In the design o f selective receptors for anions, it is necessary to take into account 

the geometry and basicity of the anion, as well as the solvent medium. The ideal host 

should be complementary to the guest anion, with the maximisation of all possible 

interactions between host and guest. The types o f non-covalent interactions used include 

electrostatic interactions, hydrogen bonding, hydrophobicity, metal or lewis acid 

coordination, and any combination of these.

Hydrogen bonds (2.5-50 kcalmol"') are o f utmost importance as they are 

directional. This allows the promotion of three-dimensional structure with specific cavity 

shape and size for selectively binding anions o f a particular geometry or hydrogen-bonding 

requirement. Hydrogen bond donors such as ureas, thioureas, amides and pyrrole NHs are 

commonly used for the recognition of anions. These are generally neutral anion receptors. 

Electron deficient Lewis acids such as boron, mercury and tin, are able to interact with
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anions by an orbital overlap. Positively charged anion receptors include ammonium
103derivatives, such as 47, studied by Lehn et al., and guanidiniums, such as the steroid 48, 

developed by D a v i s . T h e s e  types o f receptors combine electrostatic interactions and 

hydrogen bonds to bind anions. The octaazacryptand, 47, was found to bind F' with very 

high affinity and selectivity (log K = 8.8), attributed to a perfect match of cavity size and 

anion size.'*̂  ̂ The guanidinium group o f 48 was used for the enantioselective recognition 

of A -̂acetyl amino acids, and showed selectivity of 9:1 in the extraction of L over D 

isomers o f valine and pheny l a l an i ne . I t  is not possible to discuss all types of anion 

sensors, but excellent reviews have recently been published on all of them -  see 

Coordination Chemistry Reviews, 2003, 240.

&N H H N.

NH HN

OMePh.
NH

+

H

N
H

NH
I
Ph

47 48

The aim of the current work was the design and investigation of some fluorescent 

and colorimetric anion sensors based on the use a 1,8-naphthalimide chromophore and a 

thiourea binding motif In the following sections, the use of fluorescence for the detection 

of anion binding will be discussed, with a brief review of the use o f 1,8-naphthalimides as 

sensors, and the use of fluorescent compounds involving ureas and thioureas for anion 

binding. This will be followed by a short discussion of some of the colorimetric anion 

sensors that have recently been reported.

1.11 Fluorescence

In 1852, George Stokes was the first to report that emission o f light from a 

compound in solution occurs at longer wavelengths than the excitation, and hence the term 

“Stokes shift”. Why this is the case is explained by following the fate or transitions of 

excited electrons. When a beam of electromagnetic radiation is passed through a sample of
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an organic compound, the sample absorbs energy o f certain wavelengths, producing an 

electronic species that usually has a short-lived lifetime - the excited state. From this new 

electronic configuration, the excited state will deactivate, by means of several possible 

pathways. This is most easily explained by the use of a Jablonski diagram as in Figure 1.8.

The energy absorbed by an atom or molecule corresponds to the amount of energy 

required to promote an electron from one orbital to another. After a substance has 

absorbed radiation leading to the promotion of an electron from the ground state (So) or 

HOMO, to the LUMO (using ground state nomenclature), it is said to be in an 

electronically excited state. Associated with each electronic state is a set o f vibrational 

states, and in turn associated with these are sets of rotational states.

Luminescence or ‘a radiative decay process’, involves the loss o f the excitation 

energy as a photon. Fluorescence is an example o f radiative decay, which occurs in the 

nano-second (ns) time range. In solution, an excited state molecule relaxes to the lowest 

vibrational level of the lowest electronic state (Si). The vibrational energy released from 

this relaxation is discarded into the surroundings (radiationless decay). The energy stored 

in the excited state may then be released in a number of ways. The electron can return to 

the electronic ground state with only the release o f heat. This is known as radiationless 

relaxation. On the other hand, if the electron returns from Si to the So state with the 

emission of light, this is known as fluorescence. If there is a transition o f an excited 

molecule from Si to the triplet state Ti, termed intersystem crossing (ISC), the vibrational 

energy is also lost to the surroundings. Phosphorescence occurs when light is emitted due 

to a transition from the lowest vibrational energy level o f the Ti to So.

ISC

ISC

~o

s0

Figure 1.8: A Jablonski diagram showing the possible mechanisms by which a molecule 

can release the energy obtained on absorption o f light.
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The fluorescence spectrum generally resembles a mirror image of the absorption 

spectrum. The intensity of the fluorescence depends on the ability of the solvent molecules 

to accept energy from the excited state. For example, water can accept the large quanta of 

electronic energy, and so has the effect of extinguishing or ‘quenching’ the fluorescence.

1.11.1 Fluorescent Sensing Using 1,8-Naphthalimides

The use of fluorescence as a mechanism for signal transduction in sensing 

applications has stimulated an enormous amount of i n t e r e s t . T h e  main reason for this 

interest being that fluorescence is an extremely sensitive technique. Autofluorescence of 

biological samples can be avoided by using fluorophores that emit at longer wavelengths
• 102  107{i.e. near IR), and fluorescence is usually non-destructive. ’ There are several 

mechanisms by which fluorescence signal transduction may be stimulated. They include 

metal to ligand charge transfer (MLCT), electronic energy transfer (ET) and photo induced 

electron transfer (PET). PET is the mechanism by which photosynthesis occurs. As this 

must be a short review, only PET sensing will be discussed, as this is relevant to the 

current work described in Chapter 4.

Fluorescent sensing via the PET strategy requires distinct components to perform 

the necessary functions.'®^ A general model for a PET fluorescent sensor is shown in 

Figure 1.9. The fluorophore is the site of both the excitation and emission o f light. The 

receptor is responsible for the guest complexation. The function of the spacer is to hold 

the fluorophore and receptor close to, but separate from each other, thereby preventing any 

orbital overlap.

The binding o f an analyte by the receptor can affect the fluorescence intensity, 

either by increasing it (“switching on”) or by quenching it (“switching o ff’), depending on 

the oxidation potential of the fluorophore and receptor. If there is an increase in 

fluorescence, electron transfer from the receptor to the fluorphore has been prevented,

FluorophoreFluorophore ) Spacer Receptor

Analyte binding site

Figure 1.9: Classical fluorophore-spacer-receptor model developed by de Silva.^
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allowing the return of the excited electron of the fluorophore to the ground state with the 

release o f energy as fluorescence. If the fluorescence is “switched o ff’ on the binding of 

an analyte, the transfer of an electron from the receptor to fluorophore is more 

thermodynamically favourable than when no analyte is bound. The changes in intensity 

can then be used to determine the strength of the binding interaction between host and 

guest. For a sensor to show ideal PET behaviour, only the quantum yield (intensity) and 

lifetime o f the fluorescence should be altered upon ion recognition. This is due to changes 

in the free energy of electron transfer (AG PET) between the excited state o f the 

fluorophore and the receptor upon ion recognition. No changes in the absorption spectra of 

the fluorophore should be observed as the two are not coupled with %-n interactions. A 

more detailed discussion of the mechanism of PET will be given in Chapter 4.

The use o f 1,8-naphthalimides as sensors for cations is well established.'^^ The 

non-substituted 1,8-naphthalimide structure is a fluorescing unit that emits faint blue-violet 

fluorescence. When an electron-donating group such as an amino group is introduced at 

the 4-position the fluorescence is greatly increased. Over the last 15 years de Silva et al. 

have exploited this property by preparing a selection of 1,8-naphthalimides as proton or pH
7 Rsensors. ’ The sensors are all designed according to the fluorophore-spacer-receptor 

format (Figure 1.9) and show ideal PET behaviour. Some o f the compounds are shown in 

Figure 1.10.

51 52
a: R = Et, 
b; R = Me
c: R = (CH2)20(CH2)2

Figure 1.10: pH  sensors developed by de Silva.
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The fluorescence of 49a was strongly enhanced upon protonation.’ When the amine

is unprotonated PET occurs from the amine to the fluorophore and quenches the 

fluorescence. When the amine is protonated the PET process is prevented. However, 50a, 

which has the opposite configuration of the aliphatic amine with respect to the fluorophore 

showed much less quenching when the amine was unprotonated. This is because the 

transfer o f an electron from the unprotonated amine receptor to the fluorophore requires 

the electron to enter the fluorophore across the imide moiety. Due to the internal charge 

transfer character o f the naphthalimide, the imide part of the molecule is partially 

negatively charged. This causes a repulsive electric field between the imide and the 

electron, hindering the PEI' process.

A similar system persists in compounds 51 and 52. Although, two possible PET 

paths are available to these molecules, electron transfer was found to originate from the
o

dialkylamino unit attached to the 4-amino position. Even though the morpholino unit is a 

poorer PET donor than the diethylamino unit, this is the PET path selected by 52, due to 

the repulsive field o f the imide. On protonation of this morpholinoethyl unit the 

fluorescence of 52 was enhanced. Protonation of the diethylamino unit o f 51 caused a 

similar enhancement o f fluorescence.

Scheme 1.2: Reaction o f  53 with a thiol causes switching on o f  fluorescence due to 

inhibition o f  PET.

Another example of a PET reagent developed by de Silva et al. is compound 53,

53

PET on PET o ff

• I  O Rwhich was designed to react with thiols (Scheme 1.2). In the absence o f the thiol (2-

38



Chapter 1 - Introduction

mercaptoethanol, «-butanethiol, and L-cysteine), PET takes place from the 1,8- 

naphthalimide fluorophore to the alkene moiety. It was found that on reaction of a thiol by 

Michael addition, the PET process was suppressed. The succinimide derivative produced 

has a much higher reduction potential, which renders PET unfavourable, and leads to an 

increase in fluorescence.

Gunnlaugsson et al. have recently demonstrated the use of a simple 1,8-

naphthalimide as a sensor for metal ions.’*̂  ̂ Sensor 54 showed ideal PET behaviour on
^ I

binding of metal ions. It was found to be highly selective for Zn , over other ions such as
2^  2" "̂ ^  ICa , Hg and Mg . On binding Zn at the di-carboxylate receptor, the fluorescence of

54 was switched on. In this case, the binding process resulted in an increase in the

oxidation potential of the receptor and thus a decrease in the receptors ability to quench the 

fluorescence of the naphthalimide moiety via PET. This compound was also used to stain 

tissues which were high in Zn (II).

The examples o f 1,8-naphthalimide sensors discussed so far have been quite simple 

structures. Grabchev et al. have recently described the synthesis and use of 1,8- 

naphthalimide-labelled PAMAM (polyamidoamine) as PET sensors for protons and

was one of a series of compounds prepared from generation 0 PAMAM, which possesses 

four primary amine groups. The physical properties of the compounds were determined in 

DCM and in acetonitrile. The fluorescence intensity o f 59 was shown to depend strongly 

on pH. A large increase in fluorescence at low pH was ascribed to protonation o f the 

central amino groups and the terminal dimethylamino group o f the naphthalimide, leading 

to inhibition of PET. At high pH ~ 9-10, the fluorescence was almost completely 

quenched. The addition of Cû  ̂ ions to a solution of 59 also caused an increase in

54

transition metal ions.''° The PAMAM is a novel class of dendrimers.'" Compound 59
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fluorescence up to a concentration of 1.2 x 10"̂  M Cu^ ,̂ due to the inhibition of PET. At 

higher concentrations, the fluorescence decreased due to quenching by the high 

concentration of Cu cations. It is unlikely that the central amino groups were in any way 

responsible for the changes in fluorescence due to electron transfer. As for the simpler pH 

sensors described earlier, the repulsive nature of the imide would make electron transfer 

from the central amino groups very unfavourable. The preferred path for PET is much 

more likely to be from the terminal dimethylamino moiety.

— N
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/
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Nitrofurantoin is a chemotherapeutic drug used for the treatment of urinary tract

infections. Yu et al. have described the optical chemosensing of nitrofurantoin using a 1,8- 
112naphthalimide. Compound 60 was photo-copolymerised with 2-hydroxypropyl 

methacrylate on a modified glass surface. By covalently immobilising the sensor, leakage 

of the fluorescent dye from the sensor membrane was prevented and the lifetime of the 

optical sensor could be extended. The strong fluorescence of 60 was seen to be quenched 

on addition of nitrofurantoin. This was attributed to the formation of a complex between 

the sensor and the drug, formed by hydrogen bonding between the hydroxyl group of 60
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and a nitro group on the aromatic ring o f nitrofurantoin. The sensor showed selectivity for 

the drug when analysed with a series o f interferents (pharmaceuticals and inorganic salts), 

and concentrations in the range 1.00 x 10' and 1.00 x 10' M could be detected.

B(0H)2

B(0H)2

60 61 62

Boronic acids have attracted much interest due to their ability to interact with
113sugars. Lakowicz et al. have developed A^-phenylbororonic acid derivatives o f 1,8- 

naphthalimide, 61 and 62, as fluorescent chemosensors for monosaccharides.*''* The effect 

of pH on the sensors was investigated and it was found that when the pH was raised from 

3.0 to 12.0, the fluorescence intensity o f both compounds was reduced by ~ 90 %. It was 

proposed that the formation of the anionic form of the boronic acid (on addition of 0 H ‘) 

causes quenching of the fluorescence due to enhanced PET from the boronic acid to the 

fluorophore. On titration with various sugars (D-fhictose, D-galactose, and D-glucose) at 

pH 7.5 significant quenching of fluorescence was observed for both compounds, with Kd 

values o f 57 ± 3, 17.9 ± 0.9 and 1.6 ± 0.1 obtained for 62 with D-glucose, D-galactose and 

D-fructose, respectively. A similar mechanism of quenching was proposed involving the 

anionic form of the boronic acid.

In conclusion, 1,8-naphthalimides have also been used by He et al. for the 

fluorescent sensing of potassium in water using a cryptand as receptor 63."^ The green 

fluorescence of 63 was found to increase significantly upon addition o f increasing 

concentrations of potassium ion. The binding of the ion in the cryptand prevents the 

electron transfer from the donor anisidene to the 1,8-naphthalimide from occurring, and 

thus the quenching of the fluorescence by PET is prevented, similar to that o f 54. It was 

found that the addition of calcium (clinical concentrations) and altering of pH had no
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interfering effect on the binding of potassium, while the interference from sodium was 

minor. The sensor is now being used in a commercially available blood analyser.

^ P o ly m e r  support

In light of this brief overview o f sensors derived from 1,8-naphthalimides, it is 

clear that great advances have been made in this area, and the possibilities for 1,8- 

naphthalimide-based diagnostic sensors are endless.

1.11.2 Fluorescent Anion Sensors Using Ureas and Thioureas

Ureas and thioureas, as mentioned earlier, are especially good at binding anions, as 

they are strong hydrogen-bond donors in non-protic solvents. Here, a short review of some 

of the fluorescent anion sensors using these binding motifs will be given. Often, 'H NMR 

spectroscopy is also used to quantify the binding o f these compounds to anions. The 

changes in positions of the urea/thiourea protons are easily followed by this method as the 

binding o f an anion alters the electron density, and therefore the chemical shift, of these 

protons.

Hong et al. have synthesised the thiourea-based sensor 64 as a potential fluoride 

chemosensor using a biaryl fluorophore."^ The effect o f various anions (as their 

tetrabutylammonium salts) on the fluorescence o f 64 was investigated in chloroform. The 

addition o f F' resulted in an enhancement of the fluorescence at 356 nm, induced by the 

formation o f a 1:1 host-guest complex (K = 1.08x10"* M'*). Adding more than 2.5 

equivalents of F' to 64 caused a decrease in the fluorescence intensity. It was suggested 

that this was due to a loss of conformational restriction as a 1:2 host-guest complex was
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7  1formed (K = 2.28x10 M' ). There were no spectral changes at 356 nm on the addition of 

H2P0 4 ', Cr, AcO', HS0 4 ' and B f to 64.

,n-Bu

n-Bu’

S ^ N H  

,NH n-Bu' HN

n-Bu

HN

64

Scheme 1.3: Proposed mechanism for complexation o f 64 with F.

Gunnlaugsson et al. have developed charge neutral chemosensors for the sensing of 

anions by fluorescent photoinduced electron transfer (PET)."’ The three molecules, 65, 66 

and 67, differed in the isothiocyanate used in the preparation of these anthracene based 

sensors. The aim of using different isothiocyanates was to modulate the acidity o f the 

thiourea receptor moiety, and thereby achieve different receptor-analyte stability and 

different binding constants.

S

N
H

N
H

65 66 67

Compound 65 was initially assessed for its anion binding ability to AcO', by a 'H 

NMR titration with the tetrabutylammonium salt in DMSO-c/e- The two signals pertaining 

to the thiourea protons shifted considerably upon the addition of the anion, and gave 

evidence for the formation of a 1:1 binding complex through hydrogen bonding. The 

anion binding ability of 65 was then examined by fluorescence. When titrated with various
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TBA-salts in DMSO it showed ideal PET behaviour, with a decrease in intensity of the 

three bands of the anthracenes fluorescence emission. F' was found to bind to 65 most 

strongly, followed by A c0‘, and then H2 PO4 '. Only minor quenching was seen on titration 

with Cr and Br‘. Similar results were found for 6 6 , but with smaller binding constants due 

to the lesser acidity of the receptor. Compound 67, showed a slightly different order of 

selectivity, (with H2 P0 4 ’ being selectively detected over AcO’), and a different sensitivity 

as it lacks the aromatic thiourea system.

Following on from their previous work Gunnlaugsson et al. prepared the
118fluorescent PET sensors 6 8  and 69. These chemosensors were designed for the 

recognition of anions that possess two binding sites such as dicarboxylates and 

pyrophosphate. Compounds 6 8  and 69 have two thiourea moieties allowing for the 

formation of hydrogen bonds with both ends of the bis-anion (Figure 1.11). The selectivity 

and sensitivity of these two compounds to various mono- and bis-anions was investigated 

using fluorescence spectroscopy (in DMSO) and by 'H NMR spectroscopy (in DMSO-i/g). 

The addition of AcO' and H2PO4’ to 6 8  quenched the fluorescence emission by between 75 

and 90%, due to the formation of an anion-receptor complex. Similar results were 

obtained for 69. The two compounds showed typical PET behaviour with little or no 

changes being observed in the absorption spectra on formation of the anion-receptor 

complex. The addition of Cl’ and Br' did not bring about quenching of the fluorescence.

6 8 : R = CF3 : 69; R = H 

Figure 1.11: Sensors 68 and 69 showing the binding mode o f bis-anions.

Fluoride caused almost complete quenching of the emission due to its small size 

and high charge density. From the titration curves, possible 2:1 binding was indicated. 

This was confirmed by the 'H NMR titration on observation of the thiourea protons. When 

titrated with the TBA salts of the bis-anions glutarate, malonate and pyrophosphate similar
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quenching of the fluorescence intensity of 68 and 69 was observed. The sigmoidal titration 

curves indicated 1:1 binding. Again, this was confirmed by 'H NMR titrations. In order to 

achieve 1:1 binding the anion would have to bridge the anthracene moiety as shown in 

Figure 1.11. The binding of the bis-anion allows electron transfer from the two receptors 

to the anthracene to occur leading to quenching of the fluorescence.

Kim and Yoon prepared anthracene derivative 70 bearing two phenylurea groups, 

one at position 1, and one at position 8, as a fluorescent PET chemosensor.'*^ The anion 

binding ability of 70 in DMSO-c/e with a series of tetraethylammonium salts was first 

examined using 'H NMR. It was found that the urea NH protons were shifted downfield 

on the addition of Cl', while on the addition of Br' and I' (up to 6 equivalents) there was no 

observable shift. The addition of F' to 70 caused the signals for the NH protons to 

disappear.

NH HN 
0= ( >=0

NH HN

70

As it was not possible to determine an association constant for the F' case using the 

NMR method, a fluorescence study (in MeCN-DMSO, 9:1, v/v) was also carried out. It 

was found that 70 displayed a selective fluorescence quenching effect for F' only. Only 

relatively small chelation enhanced quenching effects were displayed with Cl' and Br'. 

From the fluorescence titrations the association constants for F', Cl" and Br' were found to 

be 71270 M'*, 614 M'* and 121 M'*, respectively. The selectivity for F' was almost 120 

fold greater than that of Cl'.

Before the use of anthracenes as fluorophores for anion receptors had been reported 

Teramae et al. described the use of a pyrene moiety as an electron acceptor for PET from a
1 9 0thiourea. Compound 71 was investigated for its binding ability with AcO' in 

acetonitrile. The *H NMR of 71 in CD3CN on addition of two equivalents of AcO' showed 

a large downfield shift of the two thiourea protons. The fluorescence of 71 was 

substantially quenched on addition of the anion, while the absorption spectrum showed
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3 1little change. A binding constant K, o f 5.7 x 10 M' was obtained for the binding process, 

which showed 1; 1 binding. The binding o f the anion lowers the oxidation potential o f the 

donor thiourea, allowing for more effective quenching o f the pyrene fluorescence. This 

quenching was found to be followed by intramolecular exciplex emission, as evidenced by 

the formation o f a long-wavelength emission.

CH,
I  ^

NH

NH

71

Sessler et al. designed three fluorescent anion sensors, 72-74 containing a

calixpyrrole, a sulfonamide 72 and 73, or thiorurea 74 spacer unit, and a fluorescent 
121signaling moiety. The linker moiety was hoped to increase the overall binding affinities 

by acting in unison with the NH protons o f the calixpyrrole. The fluorescent moieties used 

were dansyl (72), Lissamine-rhodamine B (73), and fluorescein (74). These labels show 

significant fluorescence intensity in aqueous solutions even at very low concentrations. 

The solvent used in the analyses was acetonitrile (0.01% v/v water) for 72 and 73, and 

acetonitrile-water (96:4, pH 7.0 ± 0 . 1 )  for 74, and the anions tested were used as their 

tetrabutylammonium salts.

Binding studies using 'H NMR established 1:1 binding stoichiometries between all 

the compounds with F', Cl', H2PO4 ' and HP2 O7 '. The anion affinities were then assessed 

using fluorescence titrations. While F' gave the largest response with most quenching for 

72 and 73, H2PO4 ' and HP2 0 7 '̂ were found to be extremely selective over Cl'. This 

selectivity was explained by the presence o f the multiple hydrogen bonding interactions.
■7

For 74, the association constant for HP2O7 ' was ten times higher than that for F’, (K = >2 x 

1 0  ̂mol'* for HP2 0 7 ’̂, > 2  x 10  ̂mol'* for F'), probably due to the favourable position o f the 

thiourea, which allows for the coordination o f  the second anionic centre o f the 

pyrophosphate.
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From this discussion o f fluorescent sensors, it is obvious that the range of structures 

that can be used for the detection o f anions is wide and varied. A change in fluorescence is 

a valuable method of detection. Another highly useful method of detection is visible 

changes in colour and the next section will give a short discussion on the current use of 

colorimetric sensors for anions.

1.12 Colorimetric Anion Sensors

Colorimetric sensors are generally based on the same model as fluorescent sensors,

but can be more advantageous as the use of a spectrometer is often unnecessary as visual
122detection “naked eye” can give immediate qualitative information. The basic concept

I  9 ^involved in colorimetric sensing of anions is shown in Figure 1.12. As with fluorescent 

anion sensors, colorimetric sensors for anions are usually made up of two main parts, with 

two distinct fiinctions -  the receptor and the chromophore. The receptor can be neutral or 

positively charged, and the same types o f binding motifs used in fluorescent anion sensors 

can be used. Thus, for a neutral anion receptor, hydrogen bond donors such as pyrroles, 

amides and ureas/thioureas can be employed, while ammonium and guanidinium

47



Chapter 1 - Introduction

derivatives can be used for positive-charge receptors. The chromophore part of the sensor 

converts the binding or recognition event to an optical signal. The two parts o f the sensor 

can be directly linked by covalent attachment or appropriately associated in a non-covalent
124manner.

In terms of the schematic model in Figure 1.12, when the complementary anion fits 

into the receptor, the electronic part o f the light bulb is perturbed, causing it to give a 

different colour. This change in colour can simply be due to an interaction between the 

anion and the receptor, or it can be due to a reaction between the anion and the 

chromogenic host. A colorimetric anion sensor which reacts with its guest anion is called a 

“chromoreactand”. On reaction of the host and guest, there will undoubtedly be a change 

in the electronic properties of the host, which can lead to an observable colour change. 

The changes in colour observed on binding of an anion to a colorimetric sensor are 

followed quantitatively by UV-vis spectroscopy.

Chromophon

Anion

Anion

Anion Receptor

Figure 1.12: Model for colorimetric sensor.

1.12.1 Hydrogen-Bonding Colorimetric Anion Sensors

Colorimetric anion sensors can be divided into two main groups -  metal, and non- 

metal hosts. In this brief review, only examples o f non-metal hosts will be given, with 

emphasis on those hosts involving hydrogen bonding receptors. The chromophores used in 

such sensors are mainly organic dyes such as azobenzene, nitro-benzene, and indoaniline,
* 123and conjugated aromatic compounds such as quinoxaline, oxadiazole and porphyrin.

As mentioned in the last section on fluorescence, the use of thioureas as receptors is 

of greatest interest in this context as this is the type of receptor used in the current work.
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125Teramae et al. prepared a simple thiourea 75, conjugated with one />-nitrophenyl unit.

This compound was found to bind anions exclusively via formation of hydrogen bonds in

acetonitrile. In order to increase the binding strength, selectivity and optical strength

observed, another thiourea-based chromoionophore conjugated with a />-nitrophenyl group
126at each end of the thiourea moiety, compound 76, was synthesised. This compound was 

investigated for its complexation properties in water-containing medium (1% water-99% 

acetonitrile (v/v)), instead of 1 0 0 % organic solvent.

Compound 76 has a UV-vis spectrum with ^max at 343 nm. On the addition of AcO' 

(TBA-salt), significant changes in the absorption spectrum were seen, with the 

disappearance o f the band at 343 nm, and appearance of a new band at 392 nm with a 

shoulder absorption at around 450 nm. The colour of the solution also changed from 

colourless to yellow. There was good evidence of 1:1 binding, and when a 1:1 mixture of 

76 with AcO' was diluted, there was a decrease in the extinction coefficient s at 450 nm, 

indicating complex formation through hydrogen bonding was responsible for the change in 

the UV-vis spectrum. There was no significant change in the UV-vis spectrum on the 

addition of 1 equivalent of Cl', Br', SCN', NO3 ', HS0 4 ' and CIO4 ’ to 76, while the addition 

o f 1 equivalent o f H2PO4' only induced a slight response. The concentration o f acetic acid 

in vinegar was successfully determined by the complexation-induced chromogenic 

response of 76.

Teramae et al. have also reported positioning dependent anion recognition by 

thiourea-based chromoionophores via hydrogen bonding in aqueous vesicle solutions 

(Figure 1.13).*^^ The main problem with anion sensing in aqueous solution is anion 

hydration. In nature, this is often overcome by the presence o f hydrophobic 

microenvironments in receptors that are used for anion recognition. A simple means of 

achieving recognition in water is therefore to incorporate a chromoionophore into vesicle 

media, and in doing so shield the binding site from water.
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A series o f thiourea-based chromoionophores (77) differing only in the length of 

the alkyl chain, Cn-TU (n = 1-8), were synthesised and films of C„-TU/DDAB 

(didodecyldimethylammonium bromide - a cationic amphiphile which forms single 

lamellae vesicles in water) were prepared. Using changes in pKa and ’H NMR resonances, 

it was determined that for Ci-TU the chromoionophore was positioned deep within the 

vesicle, while for Cs-TU it was positioned on the surface of the vesicle.

© ®  ©
OjN w /

77

\  H

*^n^2n+1

Figure 1.13: Positioning dependent anion recognition by C„-TU 77 in DDAB.

The spectral changes of the complexes in water upon addition of various anions 

were examined at pH 7.5. It was found that addition of increasing concentrations of anion 

caused a bathochromic shift in A,max, with a greater molar absorptivity. No response was 

found for any of the complexes on addition of AcO". This was contrary to the response 

recorded in acetonitrile, but can possibly be explained by the fact that AcO' is strongly 

hydrated in water. The selectivity series found for the Ci-TU/DDAB complex was: Br' > 

H2PO4' > Cr > HCO3', AcO’. However, no real selectivity was found for the Cg- 

TU/DDAB complex. For the complexes with chain lengths n = 2-7, an intermediate 

response was observed. It was therefore clear that the response selectivity was strongly 

affected by the positioning of the Cn-TU in the DDAB vesicles.

Jurczak and Piatek have recently developed a selective colorimetric anion sensor
129 • • • •using the amide containing macrocycle, 78. Colorimetric anion sensors containing 

amides had not previously been reported. Compound 78 contains two aromatic rings 

connected by an amide. One of the aromatic groups is electron rich, while the other has 

two electron withdrawing nitro groups. Such a system was expected to act as a hydrogen 

donor while also acting as an optical indicator of anion binding. It was hoped that the 

aliphatic amides would also act as binding sites.
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0,N

78

The association of 78 with various anionic guests (used as their 

tetrabutylammonium saUs) was investigated by the *H NMR titration method. When 

carried out in D M S 0 -t 6̂ the following selectivity trend was found: F' »  AcO' > H 2PO 4' >  

HS0 4 ‘ > C r ~ Br’. All of the guests were fitted to a 1:1 binding model, except for fluoride 

which appeared to have a 1:2, ligandianion binding stoichiometry. Significant colour 

changes were observed when F’, AcO' and H 2PO 4' ions were added to a solution of 

receptor 78 in DMSO. The colourless solution o f 78 turned dark blue (X = 593, 708 nm) 

on addition of F', yellow (k = 375 nm) on addition of H 2PO 4’, and again yellow (A, = 384 

rmi) on addition of AcO'. No colour changes were observed on addition of Cl', Br' or 

H S O 4 '. Colour changes were also seen when acetonitrile was used as solvent. F' turned 

the colourless solution turquoise (X, = 408, 700 rmi), H 2 P O 4 'turned it purple (A, = 537, 393 

nm), and AcO' turned the solution yellow {X = 378 nm). The colour changes were 

consistent with the association constants obtained.

Quinoxaline-based anion sensors have been studied in some detail by Sessler et
1 " ^ 0  1 ^ 1  I ̂ 9al. ' and also by Kruger et al. The protonated quinoxaline 79 was reported by Kruger 

to have anion binding abilities with the following order o f binding: H 2PO 4' =  F’ > Cl" »  

Br' > r  > PF6 . The binding was observed by a quenching o f the fluorescence of 79 in 

acetonitrile. Sessler et al. prepared dipyrrolylquinoxalines 80 and 81 as colorimetric anion 

sensors. While compound 80 has been known since 1911, it had not previously been 

investigated as a possible colorimetric anion sensor. The two NH groups o f the pyrrole 

were intended to act as the anion binding moieties while the quinoxaline might serve as a 

colorimetric reporter of any binding.
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NO,

HN

79 80 81

The binding affinities for 80 and 81 with F', Cl', and H2PO4' (as their 

tetrabutylammonium sahs), were investigated by UV-vis spectroscopy and fluorescence in 

dichloromethane. The analyses confirmed that 1:1 binding stoichiometry was involved in 

all cases. The fluorescence of 80 and 81 was completely quenched in the presence of F'. 

Compound 81 was found to undergo a colour change from yellow to purple on addition of 

F'. This colour change also occurred in DMSO, and on addition o f water the yellow colour 

retumed (in both DCM and DMSO). This was presumed to be due to the water competing 

with the F‘ for the hydrogen binding sites of the pyrrolic NHs. Sensor 81 was found to 

have a binding constant K for F' o f 118000 M '', while K for 80 was 18200 M ''. This 

difference was attributed to the increased hydrogen bond-donating character o f 81 due to 

the presence of the electron withdrawing nitro group. The selectivity of 81 for F’ was 

substantial, with binding constants of just 80 M* for Cl', and 65 M '' for H2PO4’.

Sessler et al. also prepared fiised dipyrrolylquinoxaline phenanthroline derivative 

82, and its metal containing equivalents, 83 (ruthenium (II)) and 84 (cobalt (III)) as F'
1 Isensors. The reason for making 83 and 84 was that the pyrrole NH protons would be 

made more acidic due to the electron-withdrawing nature of the metal centres. This would 

enhance the anion binding affinity of the moiety. The binding properties o f F', Cl', and 

H2PO4' with 83 and 84 were studied by UV-Vis spectroscopy in DMSO using the 

tetrabutylammonium salts of the anions. In the case of compound 84 with F', the peaks at 

323 and 525 nm decreased upon the addition of the anion and a new peak at 652 nm 

appeared. The colour of the solution changed from red-pink to pale purple. From Jobs- 

plot analyses, the spectral changes pertained to the formation of a 1:1 binding complex.
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From the derived binding constants, it was found that the free phenanthroline 82 

displayed a low binding affinity for F' (Ka = 440 M'’), while the Ru(II) complex 83 had an 

affinity 30 times higher (Ka = 12000 M’'), and the Co(III) complex 84, was even greater 

still (Ka = 54000 M"'). Electrochemical studies on 84 confirmed that very strong 

complexes were being formed between 84 and F", resulting in redox inactivity. Upon 

addition of water, the redox activity was restored, thereby suggesting that the complexation 

between 84 and F‘ is reversible.

Hong et al. described the use of azophenol dyes as an optical-signalling 

chromophoric unit for the selective detection of F‘ by a colour c h a n g e . A l t h o u g h  

selective complexation and colouration of azophenol hosts with cations and amines had 

been reported before, the complexation of anions had not been seen previously. The 

control system, 85, and three azophenols, 86, 87, and 88, were prepared and their binding 

abilities with various anions was investigated by UV-vis spectroscopy. The OH moiety 

was expected to fiinction as an anion-binding site and the alkyl groups on 87 and 88 were 

hoped to exert anion selectivity by introducing a steric factor.
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From the derived binding constants the following selectivity trend was obtained 

for 87 in chloroform: F' »  H2 PO4 ’ > AcO' > N 3' >H S0 4 ' > Cl' > Br' > I'. The binding 

constant for 87 with F' was found to be 1x10^ M''. The very tight binding o f  8 6 , 87 and 8 8  

to F' was found to be due to the formation o f  the salt complex. This was demonstrated by 

*̂ F NMR, which showed that the phenolic proton o f  87 was completely transferred to the 

F'. When 1 equiv. o f  F‘ was added, an increase in absorbance at 562 nm for 8 6 , 615 nm for 

87 and 632 nm for 8 8  was observed respectively. Once 1 equivalent had been added there 

was no further increase. The change in the absorbance was reflected in colour changes. 

Compound 8 6  changed from yellow  to bluish purple, and compounds 87 and 8 8  both 

turned from yellow  to blue upon the addition o f  1 equiv. o f  TBA-F. Addition o f  excess 

H2 PO4 ', AcO' and Na' to 8 6 , 87 and 8 8  caused a change in colour from yellow  to yellow- 

green. Receptor 8 8  did not show greater selectivity than 87, possibly due to a hydrazone- 

azophenol equilibrium.

Another approach employed by Hong et al. was to use an indoaniline chromophore 

with thiourea binding motifs 89, for the selective binding o f  tetrahedral a n i o n s . T h e  

structure o f  89 allows for intramolecular hydrogen bonding between the thiourea protons 

and the oxygen o f  the indoaniline C = 0  group. The addition o f  anions was predicted to 

decrease this intramolecular hydrogen bonding, as the thiourea protons would be involved  

in hydrogen bonding with the anions. This would lead to induced spectral absorption 

changes. Upon addition o f  H2 PO4 ' or HSO4 ', the colour o f  a solution o f  89 in chloroform  

changed from blue-green (A-max 678 nm) to deep blue (A-max 632 nm for H2 PO4 ’). The 

addition o f  AcO- and F- brought about a less intense change in colour. The addition o f  C1‘, 

Br’ and I' had no effect on the colour. The binding ratio was determined to be 1:1 from
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Job’s plots. UV-vis titrations yielded association constants K of 1.1 x 10'*, 2.5 x 10'*, and 

3.0 X 10  ̂M '' for H2PO4 ', HSO4 ' and F‘, respectively.

S ^ N H  O H N ^ S

.NH HN.
n-Bu n-Bu

89
James et al. have also designed azo dyes as colorimetric anion s e n s o r s . T h e  

design used is based on the interaction between boron and anions. The hybridisation

changes from sp to sp when boron binds to certain anions. 136,137 The formation of a

tetrahedral boronate anion can result in a colour change. Compound 90 was found to act as 

a molecular receptor for F’. Compound 91 was used as a model compound. It was found 

that upon addition of potassium fluoride to 90 in methanol, the orange colour of the dye 

changed to claret. The UV-vis spectral changes for the titration showed a decrease in 

intensity of the initial absorption band at 450 nm with a new band appearing at 563 nm.

NO.

NO,
HO^ \

OH

90
On addition of potassium chloride, bromide and iodide, no change in colour was 

observed, although the orange absorbance increased in intensity. A similar increase in 

intensity of the orange band was seen upon addition o f potassium fluoride to 91. These 

increases in intensity were attributed to an increase in the dielectric constant of the
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solutions. The binding constant for the binding of 90 with F' was determined to lie 

between 130 ± 10 M"' (increase at 563 nm) and 190 ± 20 M'' (decrease at 450 nm).

Earlier work by Sessler et al. demonstrated that it was possible to generate 

calix[4]pyrroles as anion sensors, but they were unable to prepare inherently coloured 

calix[4]pyrrole derivatives that would work as naked-eye anion sensors. They have since 

discovered that by attaching an anthraquinone to the calix[4]pyrrole skeleton through a
19”?triple bond, facile colorimetric detection of certain anions can be achieved. With this 

design in mind, three compounds were prepared - 92, 93 and 94, differing only in the 

chromophore unit.

The absorption spectrum of 92 in DCM is characterised by two peaks A-max at 357 

nm and 467 nm. Upon the addition of F‘ (as its tetrabutylammonium salt) the peak at 467 

nm decreased while a new peak at 518 nm appeared. This had the effect of changing the 

colour of the solution from yellow to red. The addition of Cl' and H2 PO4 ' also caused a 

colour change from yellow to reddish-orange, but required a much greater amount of anion 

- F’ required 6  equivalents, while Cl' needed 100 equivalents. The addition of other anions 

such as Br', F and HSO4 ' did not lead to any noticeable change in colour.

As regards compound 93, colour changes from red to blue or purple were observed, 

with fluoride having again the most dramatic effect. The Xmax at 526 nm was seen to shift 

to 613 nm on addition of F', resulting in the solution turning blue in colour (20 

equivalents). The addition of Cl’ and H2 PO4 ' induced a less pronounced bathochromic shift 

(to 567 nm for Cl', and 549 nm for H2 PO4 '), leading to the solutions turning purple and 

dark purple respectively. The binding constants obtained yielded the following selectivity

O
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trend for 93: F' > Cl' > H2PO4' »  Br' ~  I' > HSO4 ’. Compound 94 was found to be an 

efficient receptor for F', Cl' and H2? 0 4 ' ('H NMR and fluorescence analyses), but it did not 

act as a naked-eye detectable anion sensor.

Gale et al. have carried out research on the anion coordination ability o f 2,5-
1 TO i TQ

diamidopyrrole derivatives. ’ Compounds 95 and 96 were investigated for anion 

binding using 'H NMR and UV-vis spectroscopy.'^^ The *H NMR titrations o f 95 with 

various anions in DMSO-c/6-0.5 % water solution, gave the following association 

constants: Ka = 1245, 39 and 4150 M'*, for F', Cl' and CeHsCOO', respectively. The 

addition o f  F' and CeHsCOO' to 96 had no significant effect on the position o f the chemical 

shift o f  the pyrrole NH, although the resonance disappeared at higher anion concentrations.

NO. NO,
0,N NO,

NH HN NH HN NO,

95 96

By following the chemical shift o f  the CH protons on the nitro-aromatic ring it 

appeared that a three-stage process was occurring in the case o f  F'. It was proposed that 

deprotonation o f  the sensor by F' was taking place and this was supported by 

crystallographic evidence. The two compounds were studied as potential colorimetric 

sensors in acetonitrile. On addition o f  F', CeHsCOO' and H2PO4’ to 95, a yellow colour 

appeared. In the case o f 96, an intense blue colour was observed on addition o f F'. This 

was attributed to the deprotonation process. No other colour changes were observed.

This short review o f colorimetric sensors shows that there are a variety o f  structures 

that can be used for the detection o f anions and which can translate or relate the 

recognition process into a visible colour change.
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1.13 Aims of This Project — Anion Sensors

The main aim of this part of the project was the design, synthesis and evaluation of 

a novel series of fluorescent and colorimetric anion sensors. The 4-amino-substituted 1,8- 

naphthalimide chromophore was used for the transduction of the anion binding process 

into either a change in fluorescence or a change in colour. The anion binding itself was to 

take place by hydrogen bonding to a thiourea moiety, which was covalently linked to the 

chromophore. In Chapter 4, the synthesis and investigation of several fluorescent sensors 

will be described. Anion binding is examined by both fluorescence spectroscopy and by 

the *H NMR titration method. This will be followed by the evaluation of a set o f 1,8- 

naphthalimides that act as colorimetric, rather than fluorescent, sensors for anions. 

Chapter 5, discusses the use of simple 1-8-naphthalimides which act as colorimetric 

sensors for F', by means of an interaction with the 4-amino proton. It was hoped that the 

development of such systems might lead to new types of sensors, which exceed the 

potency and selectivity of anion sensors such as those described in the last two sections. 

The ultimate goal was to design efficient selective anion sensors that might prove to be of 

biological or commercial benefit.
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Chapter 2 -  Synthesis o f Peptide-Based 1,8-Naphthalimides

2.1 Introduction

The aim o f this project was to synthesise nucleic acid-binding peptide-based 1,8- 

naphthalimides as potential anti-cancer agents. It is well known that some enzymes and 

proteins have appropriate structural motifs for precise binding to defined DNA 

s e q u e n c e s .T h e re fo re , the objective was to generate some drug specificity by linking 

various peptide sequences (generally involving L-lysine) to a 1,8-naphthalimide 

chromophore. One of the major shortcomings o f current DNA-directed anti-cancer drugs 

is the lack of selective targeting of the cancer cells. A great advance would be the 

introduction of specific recognition elements into the drugs for the mutated cells alone. As 

the compounds synthesised are chiral and DNA itself is chiral, this might encourage even 

more specificity o f binding. By varying the substituents o f the naphthalimide, as well as 

using different esters and protecting groups, an activity profile for the compounds could be 

developed.

2.2 Synthesis of Mono-Peptide 1,8-Naphthalimides

As discussed in Chapter 1, the first step taken in work carried out by Phelan," was 

the synthesis of 21 novel, mono-peptide based 1,8-naphthalimide derivatives. These 

compounds were nitro and amino substituted naphthalimides and were all found to retain 

their chirality. Although, initially these compounds were viewed simply as intermediates 

in the synthesis o f more complex di- and tri-peptide derivatives, some o f the 4-nitro 

substituted compounds showed very promising results when examined in HL-60 and K562 

cell lines. The compounds synthesised by Phelan, involved the amino acids glycine, 

alanine, leucine and phenylalanine. The size of the amino acid had a great effect on 

activity, with derivatives involving leucine and phenylalanine showing greater activity in 

cells than the glycine or alanine analogues. These amino acids are all neutral. As a direct 

extension of this work, the next step was to use yet another amino acid, in this case lysine, 

which is basic, to see if  the activity of the mono-peptide based naphthalimides could be 

improved further, as the lysine moiety can be positive, mimicking the nature o f Mitonafide 

8 .

2.2.1 Amino Acids and Peptides

The term peptide refers to a chain o f amino acids. Amino acids are the components 

o f proteins. As the name suggests, they have both an amino function and a carboxylic acid 

function. Their value as biological building blocks lies in the fact that they can join
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together in long chains by forming amide bonds (peptide bonds), which are quite 

chemically inert. There are 20 naturally occurring amino acids that are generally used in 

protein synthesis, called DNA encoding amino acids. They differ in the nature of the side 

chain substituents. Depending on the structure of this side chain, the amino acid can be 

neutral, basic or acidic. With 20 amino acids to choose from the scope for this work is 

endless -  the great variety in proteins found in nature is proof o f this.

The synthetic strategy for this work involved reacting the amino group of an amino 

acid with a 1,8-naphthalic anhydride to form a mono-peptide based 1,8-naphthalimide. 

This could then be followed by extension of the chain o f amino acids to form dipeptide 

derivatives. The compounds synthesised are referred to as di-peptides if they contain two 

amino acids and mono-peptides if they contain only one amino acid. Phelan investigated 

two approaches - i) an anchored approach, where each amino acid was linked separately to 

the 1,8-naphthalimide moiety, and ii) a stepwise approach, where the amino acids were 

linked together before reaction with the 1,8-naphthalic anhydride. It was found that the 

anchored method was more successful, giving both higher yields and purity of the desired 

molecules. The amino acids used are shown in Figure 2.1. They are all a-amino acids, 

meaning that the amino group in each is a substituent on the a-carbon atom. The first four 

are naturally occurring a-amino acids, and are termed L-amino acids due to their 

stereochemical similarity to L-glyceraldehyde. L-Omithine (om) is an amino acid derived 

from L-arginine, as a precursor in the urea cycle,''*' while L-2,4-diaminobutyric acid is a 

synthetic amino acid.

NHj
Ala

NH,
Leu

NH,
OH

NH^
Cys Phe

'2

NH,'2 NH,'2 NH2
2,4-diaminobutyric acidLys Om

Figure 2.1: L-amino acids used in the current synthesis.
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2.2.2 Use of Protecting groups

Most of the compounds selected for synthesis incorporated the amino acid L-lysine. 

This residue was chosen owing to the presence o f a second amino group on its side chain. 

This makes L-lysine one of the few basic amino acids. It allows for further chemical 

derivatisation, and would hopefully, lead to specific binding through increased hydrogen 

bonding or electrostatic interactions. As mentioned above, L-Lysine is one of the naturally 

occurring, DNA encoding, amino acids. In order to react the a-amino group, this second 

amino group (s-amino group) must be protected in order to prevent it from interfering in 

the reaction with the anhydride. Once the 8-amino group has been protected the L-lysine 

can be reacted with a naphthalic anhydride. In choosing a protecting group the reaction 

conditions under which the group must be stable, as well as the conditions that can be 

tolerated for the removal of the group must be considered. The /er/-butoxycarbonyl (Boc) 

amino-protecting group was initially chosen in this case as it is not affected by 

hydrogenation (in order that the nitro group of the naphthalimide can be converted to an 

amino group), is easily introduced in good yield, and can be removed by treatment with 

trifluoroacetic acid (TFA) and other strong acids to yield the amine, as a salt.

The Boc group is, in general, easily introduced by reaction o f an amino acid with 

di-?er?-butyl dicarbonate in a nucleophilic acyl substitution reaction resulting in the pure 

derivative in high yield. The by-products of the reaction, /-butanol and carbon dioxide are 

easily removed. In the case of lysine, in order to effect a selective protection using di-/er/- 

butyl dicarbonate it was initially necessary to form the copper complex, as shown in 

Scheme 2.1, by reacting L-lysine with copper carbonate.''*^

Scheme 2.1: Synthesis o f N^-Boc-L-lysine, 97, N^-Boc-L-ornithine, 98, and I\P'-Boc-L-2,4- 

diaminobutyric acid, 99.

o

HCI. h

NaHCO.CuCO.
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When a-amino acids are reacted with certain metal ions, chelation complexes can 

be formed between the a-amine, the acid, and the metal, forming a 2:1 complex. The 

copper complex de-activates and protects the a-amino and a-carboxylic groups, thereby 

allowing the side-chain to be reacted in a selective manner. Once the 8-amino group had 

been protected the copper was removed by passing hydrogen sulfide gas (generated in situe 

from Fe(II)S and dilute HCl*'* )̂ through an aqueous solution of the complex, to yield the 

desired selectively protected amino acid 97 in a moderate yield of 75 %.

This method was also used for the protection of the side chain amino groups of L- 

omithine (A'®) and L-2,4-diaminobutyric acid (A^) to yield 98 and 99, in yields of 87 and 82 

%, respectively. These compounds differ from L-lysine in the number of carbons in the 

alkyl chain. It was hoped that the different chain lengths might show varying activity in 

testing, and possibly give some information about the mechanism of interaction (if any) 

between the compounds and DNA. Due to problems associated with the reaction of 97, 98 

and 99 with 1,8-naphthalic anhydrides, (discussed in section 2.2.3), other protected L- 

lysine derivatives were required. It was found necessary to protect the carboxyl group as 

ester and there was a need for an alternative s-amino protecting group.

The protection of the carboxyl group of 97 with a methyl ester is normally carried 

out using diazomethane. The use of simple esterification was not applicable due to the 

acidic conditions necessary. Due to the hazards associated with diazomethane and the 

special glassware needed for the reaction, this reaction was not carried out. Instead, the 

selective Boc protection of the s-amino group was attempted using the already protected 

lysine ethyl ester as starting material. A procedure generally used for tryptophan was 

e m p l o y e d . I t  involved cooling a solution of the ethyl ester in dichloromethane to -78 °C 

and adding di-rer/-butyl dicarbonate dropwise over 30 minutes. It was hoped that the more 

reactive of the amino groups would be the s-amino group. Unfortunately, the reaction did 

not appear to work, although a small amount of a soft opaque substance was obtained. The 

nature of this substance made it difficult to analyse so in the end A^-Boc-L-lysine methyl 

ester was purchased from NovaBiochem. The Gurmlaugsson group has more recently 

successfully used a method o f esterification of 97 using trimethylsilyl diazomethane. 

All other protected amino acids used in the synthesis o f the 1,8-naphthalimide derivatives 

were purchased from NovaBiochem and will be discussed in the following sections.
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2.2.3 Coupling of Amino Acids with 1,8-Naphthalic Anhydrides

The procedure used for the coupUng of amino acids with 1,8-naphthalic anhydrides 

was developed by Phelan.'' The method involves refluxing the two components in 

anhydrous toluene overnight, in the presence of a dehydrating agent -  molecular sieves 

(Scheme 2.2). Excess triethylamine was used in some cases, to generate the free amine of 

the a-amino acid, which had been purchased as the HCl salt. The mechanism for the 

reaction is shown in Scheme 2.2. The nitrogen of the free amino group acts as nucleophile 

and attacks one of the carbonyl groups o f the naphthalic anhydride generating a dipolar 

tetrahedral intermediate. A second nucleophilic attack occurs to yield the final product 

with the exclusion of water. As the naphthalic anhydrides themselves are sensitive to 

water, molecular sieves are included in the reaction mixture to remove the water produced.

iNHoR?

H,0

R2

©r

Scheme 2.2: General mechanism for the condensation reaction between an amine and a 

1,8-naphthalic anhydride. The product imide has been numbered for future reference.
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EtjN

H^N 0 - R ^  Toluene,
molecular sieves 

120 OC

100 N O 2 H (C H 2)4N H B oc H

101 H N O 2 (C H 2)4N H B oc H

102 N O 2 H (C H 2)3N H B oc H

103 H N O 2 (C H 2)3N H B oc H

104 N O 2 H (C H 2)2N H B oc H

105 H N O 2 (C H 2)2N H B oc H

Scheme 2.3: General scheme for the coupling o f an amino acid with a 1,8-naphthalic 

anhydride. EtsN is only used i f  the amino acid used is a HCl salt. The table shows some o f  

the initial compounds whose synthesis was attempted using this method.

The first reaction carried out in this manner was the coupling of 97, with 4-nitro- 

1,8-naphthalic anhydride to give 100, (5)-6-/er/-butoxycarbonylamino-2-(6-nitro-l,3- 

dioxo-l//,3//-benzo[i/e]isoquinolin-2-yl)-hexanoic acid (Scheme 2.3). Unfortunately, it 

was found that this reaction did not proceed efficiently and a mixture of both the desired 

product and starting anhydride were obtained. Modifications to the procedure, such as 

changing the ratios o f reactants and length o f reaction time, as well as changing the solvent

1 1 1 Toluene 18h 20%

2 1 1 THF 18h 18%

3 1.4 1 Toluene 18h 22%

4 1.5 1 Toluene 24h 24%

Table 2.1: Changes in procedure for synthesis o f 100.
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(Table 2.1), resulted in little or no improvement. The bulk of the anhydride could be 

removed by heating the mixture in methanol, cooling, and then filtration to remove the 

solid obtained. However, ultimately the product had to be isolated using flash column 

chromatography on neutral silica (ethyl acetate: hexane, 70:30 or DCM: methanol, 95:5). 

This also caused problems, as the product tended to decompose on silica. Aflter 

purification, it was found that the signals in the *H NMR broadened quite significantly. 

Changing the solvent from CDCI3 to DMSO-c/^, had no effect.

The reaction was also carried out using the 3-nitro-l,8-naphthalic anhydride to 

give compound 101, (5)-6-/er/-butoxycarbonylamino-2-(5-nitro-l,3-dioxo-l//,3//- 

benzo[t/e]isoquinolin-2-yl)-hexanoic acid, but similar difficulties were encountered. 

Yields were very low and broadening of the peaks in the 'H NMR occurred after flash 

silica column. Similar reactions were carried out with the shorter chain amino acids 98 and

99 with the 4- and 3-nitro-l,8-naphthalic anhydrides, to prepare 102, 103, 104 and 105 

respectively. Again, the condensation reactions were not terribly successful, with very 

poor yields even before purification. Interestingly, the L-2,4-diaminobutyric acid 

derivatives did not show broadening in the 'H NMR after silica column. Only compounds

100 and 101 were pure enough for elemental analysis or high resolution mass spectroscopy 

(HRMS). None of the other compounds could be purified to a satisfactory extent for 

elemental analysis or high-resolution mass spectroscopy.

Phelan" also encountered such problems for other amino acids such as alanine and 

leucine. In order to solve this problem, Phelan found that by reacting an ester (/eA•^butyl or 

methyl) of the amino acid with the naphthalic anhydride, very good yields of 

naphthalimide could be obtained. Subsequent removal of the ester by hydrolysis to give 

the free carboxylic acid could then be carried out. The free carboxylic acid is necessary for 

the synthesis of the di-peptide naphthalimide conjugates (Section 2.2.4). It should be 

pointed out at this point that the biological testing on compounds synthesised by Phelan, 

had shown at this stage that 4-nitro compounds were the most active. Therefore, this work 

was primarily carried out using 4-nitro substituted derivatives.

Accordingly, A^-Boc-L-lysine methyl ester hydrochloride was purchased and 

reacted with 4-nitro-1,8-naphthalic anhydride to give 106, (S)-6-tert-

Butoxycarbonylamino-2-(6-nitro-1,3 -dioxo-1 //,3//-benzo [i/e] isoquinoli-2-yl)-hexanoic 

acid methyl ester, in an extremely good 94 % yield, with no need for purification by 

chromatography. In order to determine whether the ester affects the activity, 107, (S)-6-
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^eA■^Butoxyca^bonylamino-2-(6-nitro-l,3-dioxo-l//,3//-benzo[Je]isoquinoli-2-yl)- 

hexanoic acid /er/-butyl ester, was also synthesised using the tert-b\xt)/\ ester instead o f the 

methyl ester. This reaction also proceeded well, and after purification by a short silica 

plug (CHCI3 : acetone, 90:10) the product was obtained in 92 % yield.

Crystals o f 107 were obtained by crystallisation from methanol and, fortunately, 

were suitable for X-ray crystal structure analyses. These were carried out in the School of 

Chemistry, Queen’s University of Belfast, by Dr. Mark Nieuwenhuyzen. The crystal 

structure is shown in Figure 2.2. It confirms that there was no loss of chirality in the 

coupling o f the naphthalimide with the protected L-lysine.

Figure 2.2: Crystal structure o f  107, grey represents carbon atoms, red oxygen atoms, 

blue nitrogen atoms and white hydrogen atoms.
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Both 106 and 107 were characterised fully by 'H NM R, '^C NM R, mass 

spectroscopy, IR and either elemental analysis or high-resolution mass analysis. The 'H 

NM R spectrum o f  107 is shown in Figure 2.3. The aromatic regions o f  all the 4-nitro-l,8- 

naphthalimides include four doublets and one double-doublet (~7-9 ppm). The double

doublet usually gives the appearance o f  a triplet, so the coupling constants determined are 

not always accurate. The proton at the chiral centre o f  lysine is observed at approximately 

5.59 ppm. This appears unusual at first glance, as in a simple lysine compound where the 

a-am ino group is free, this signal is more upfield at about 3.4 ppm. The area o f  the 

spectrum from 5 -  6.5 ppm is usually associated with vinylic protons due to the 

deshielding effect caused by the neighbouring Ti-bond. The presence o f  the naphthalimide 

ring system has a similar deshielding effect on the adjacent chiral proton.

The chiral proton signal appears as a double-doublet as the protons o f  the CH2 

directly beside it are not equivalent. This gives an ABX system. The vicinal coupling 

gives coupling constants o f  about 5.0 and 9.5 Hz, which are consistent with this type o f  

system.'"*^ The chiral centre induces chemical non-equivalence in all the CH2 S o f  the 

lysine, but the effect decreases with distance. The CH2  next to the CH appears as two 

distinct multiplets at 2.19 ppm and 2.35 ppm respectively. The next two CH 2 S appear at 

1.30 ppm and 1.54 ppm as multiplets, and the CH2  adjacent to the NH is shifted downfield  

to 3.08 ppm due to the electron-withdrawing nitrogen atom.

Compounds 106 and 107 showed very similar 'H NM R spectra with only one 

major difference -  the position o f  the ester. The methyl ester o f  106 appeared as a singlet, 

integrating for three protons at 3.8 ppm, while the /er/-butyl ester o f  107 appeared again as 

a singlet, integrating for nine protons, much fiirther upfield at 1.4 ppm. This difference 

between the compounds was also noted in the '^C NM R. The 1,8-naphthalimides generally 

show two signals around 162 ppm, assigned to the two imide C = 0  m oieties. The two 

compounds both had a signal at 155.9 ppm, which was assigned to the Boc C = 0 . The 

carbonyl peak o f  the methyl ester was found at 170.0 ppm, while that o f  the ^er^butyl ester 

showed up at 168 ppm. The complete analysis is given in Chapter 6.
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As an alternative to the Boc protecting group, the benzyloxycarbonyl (Cbz or Z) 

group was also considered. The Cbz group is stable towards mild acid hydrolysis, but can 

normally be cleaved by catalytic hydrogenation, a very mild method. It can also be 

cleaved by the much harsher use of HBr in acetic acid. Thus, compounds 108, (S)-6- 

Benzyloxycarbonylamino-2-(6-nitro-1,3 -dioxo-1 //,3//-benzo[i/e] isoquinolin-2-yl)- 

hexanoic acid methyl ester, and 109, (5^-6-Benzyloxycarbonylamino-2-(6-nitro-l,3-dioxo- 

l//,3//-benzo[Je]isoquinolin-2-yl)-hexanoic acid tert-h\xXy\ ester, were synthesised from 

A^-Cbz-L-lysine methyl ester, and A^-Cbz-L-lysine /-butyl ester respectively. Again, 

yields o f over 90 % were obtained after general workup involving acid wash. It was 

possible to obtain crystals o f 109 by crystallisation from methanol. These were again 

analysed by X-ray diffraction by Dr. M. Nieuwenhuyzen at Queen’s University, Belfast. 

The crystal structure is shown in Figure 2.4. Again, there was no loss of chirality.

Figure 2.4: Crystal structure o f  87, showing kstacking interactions.

69



1,8-naphthalimide 5 aromatic protons /-butyl ester
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Figure 2.5: ‘HNMR o f 109 (CDCh, 400 MHz).
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Both 108 and 109 were fully characterised by conventional methods —  *H NMR, 

’^C NMR, mass spectroscopy, IR and elemental analysis. The 'H  NM R o f 87 in CDCI3 is 

shown in Figure 2.5, with some o f the common features highlighted. The amino protecting 

group has a distinct pattern o f signals. The phenyl group o f the Cbz moiety appears as a 

series o f  overlapping resonances at 7.32 ppm, while the CH2 appears as a singlet at 5.00 

ppm. Like 106 and 107, compounds 108 and 109 differed only in the position o f the ester 

protons.

The signals in the '^C NM R o f 109 could be assigned with the aid o f  a 2-D HMQC 

experiment. The four methylene carbons o f the lysine were found at 23.7, 28.5 (CH2 next 

to chiral centre), 29.5 and 40.8 (CH2 next to NH) ppm. The carbon at the chiral centre was 

at 54.5 ppm, while the CH2 o f the benzyl moiety appeared at 66.5 ppm. The carbons o f  the 

aromatic parts o f the molecule were not assigned completely as 12 o f the 14 signals were 

positioned between 122 and 133 ppm, with much overlapping. This was often found to be 

the case for these molecules.

The /-butyl esters o f the amino acids L-alanine, L-leucine, and L-phenylalanine 

were also reacted with 4-nitro-l,8-naphthalic anhydride by refluxing in toluene, to yield 

110, fS])-2-(6-N itro -l,3-d ioxo-l//,3//-benzo[(5fe]isoquinolin-2-yl)-propionic acid tert-huXy\ 

ester. 111, f'iSj-4-Methyl-2-(6-nitro-1,3-dioxo-1 //,3 //-benzo[ Je]isoquinolin-2-yl)-

pentanoic acid tert-h\xXy\ ester, and 112, fiS^-2-(6-Nitro-l,3-dioxo-l//,3//-

benzo[Je]isoquinolin-2-yl)-3-phenyl-propionic acid tert-hwty\ ester, respectively. These 

compounds were made previously by Phelan, and a full activity profile for various esters o f 

these amino acids had already been carried ou t."  These three compounds were prepared in 

order to synthesise the dipeptide derivatives involving L-lysine (Section 2.2.5). Although 

these compounds had been prepared previously by Phelan, they were completely analysed 

by the usual methods to gain a fiill understanding o f the nature o f such compounds. The 

'H  NMR spectra o f  the three compounds are shown in Figure 2.6. It can be seen from this 

that the naphthalimide region o f the spectrum, i.e. the 5 aromatic protons, is not greatly 

affected by the amino acid attached. A very similar pattern is seen for all three. The 

position o f the a-proton is also quite consistent, being found between 5.5 and 6.0 ppm, and 

the tert-hnX)f\ ester is found between 1.44 and 1.48 ppm. 110 shows the simplest spectrum, 

as would be expected, with a doublet at 1.69 ppm pertaining to the CH3 o f the alanine. The 

chiral proton o f 110 appears as a quartet, while that o f 111 and 112 appears as a double-
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a  proton - q

NO, 110

5.70

1.75

9.0 8.5 8.0 7,5 7.0 6,0 5,5 5.0 4.0 3.5 3.0 2.0

(CH3)2 -  2 X d
CH

|a proton - dd 2.25 2.20 2.15 2.10 2.05 2.00
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NO.
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9,0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 4.5 4.0 3 5 3.0 2.5 2.0 1.5

Phenyl CH, -  2 X dd

a  proton - dd

NO.

Figure 2.6: NMR spectra o f  110, 111 and 112 (CDCI3, 400 MHz), showing important 

features.
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doublet. The side chain o f 111 contains two CH3S, which appear as doublets at 0.94 and 

1.02 ppm. The adjacent CH yields a complex multiplet at 1.55 ppm, while the methylene 

unit next to the chiral centre, with two non-equivalent protons, shows two double-double- 

doublets at 2.08 and 2.21 ppm respectively. These appear as septets, but this is due to 

overlapping o f the peaks. Each proton is coupled with the two CH protons as well as the 

other proton o f the methylene. 112 shows yet another pattern, with two double-doublets 

denoting the methylene protons, while the phenyl moiety appears as a complex 

overlapping signal from 7.07-7.18 ppm. These same patterns will be seen in all the 

compounds involving these amino acids.

2.2.4 Removal of Esters o f 106,109-112

In order to prepare the dipeptide derivatives, it was necessary to deprotect the 

carboxy group o f the monopeptide conjugate. Initial studies were carried out on 106. The 

removal o f  a methyl ester protecting group is usually carried out by base-hydrolysis or 

saponification. The hydrolysis involves the nucleophilic addition o f hydroxide ion to the 

ester carbonyl group, followed by the loss o f methoxide ion, and deprotonation, to yield a 

carboxylate ion.'"*  ̂ The addition o f  aqueous HCl then gives the free acid. When the 

hydrolysis o f the methyl ester o f 106 was attempted with lithium hydroxide in methanol.

Scheme 2.4: Synthesis o f 114 instead o f 113 using lithium hydroxide and methanol.

LiOH

Methanol

Reflux

114

113

o
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the desired free acid 113, was not obtained. Instead, from the NMR results ('H  and '^C) it 

appeared that the 4-nitro moiety of the naphthalimide had been replaced by an OMe group 

to give 114, (S)-6-tert- Butoxycarbonylamino-2-(6-methoxy-l,3-dioxo-l//,3//-

benzo[flfe]isoquinolin-2-yl)hexanoic acid methyl ester, (Scheme 2.4). The electrospray 

mass spectrum showed a peak at 471 mass units, but this was inconclusive evidence as the 

mass of the desired product and the mass o f the actual product differ only by one mass 

unit. No ester hydrolysis was observed by *H NMR. 114 was purified using flash column 

chromatography on neutral silica (Ethyl acetate.Hexane, 60:40).

The 'H  NMR and NOE of 114 are shown in Figure 2.7. The evidence for the nitro 

group replacement can be seen in the aromatic region as well as between 3.0 and 4.5 ppm 

of the 'H  NMR. One of the aromatic protons has shifted upfield to 7.09 ppm. This signal 

is assigned to the proton at position 3 on the naphthalimide. Only when there is an 

electron-donating resonance effect from position 4 does the chemical shift o f this proton 

become shifted upfield. Amino groups, as well as alkoxyl substituents have electron- 

donating resonance effects, while nitro groups have electron-withdrawing resonance 

effects.

I I

i

NO^

OMe
(4-position)

A , .

114

OMe (ester)

I i i I I I
8 0 7,5 7.0 6 5 6 0 5.5 5 0 4 5 4.0 3.5 3.0 2.5 2 0 1 5

Figure 2.7: 'H  NMR o f  114 (DMSO-de, 400 MHz), with NOE as inset.
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The presence o f the second methoxy signal at 4.17 ppm also pointed to the 

proposed structure, with the DEPT 135° confirming the presence o f the extra CH3. An 

NOE experiment in which the proton at 7.09 ppm was irradiated, showed a direct link 

between it and the signal at 4.17 ppm. Finally, elemental analysis confirmed the structure 

o f l l 4 .

A similar transformation was reported by Phelan after treating 115 with gaseous 

ammonia in methanol, yielding 116 (Scheme 2.5)." The nucleophilic displacement o f
148aromatic nitro groups by methoxy ion was discussed in a review by Beck in 1978. One 

o f the examples mentioned in this review was the synthesis o f  117 by treatment o f 118 

with potassium hydroxide in methanol (Scheme 2.6).''*  ̂ This therefore, supports the 

evidence for the formation o f 114.

Methanol

115 116

Scheme 2.5: Nitro displacement observed by Phelan on reaction o f  115 with gaseous 

ammonia in methanol.

Methanol S

117 118

Scheme 2.6: Nitro group displacement observed by Munno et al. on reaction o f  117 with 

potassium hydroxide in methanol.

Phelan attempted the hydrolysis o f  naphthalimide methyl esters such as that o f  115 

using various conditions and reagents. The procedures attempted included refluxing with 1 

equivalent NaOH in methanol, refluxing with 10 equivalents o f NaOH in methanol and 

finally the method used in the synthesis o f  114, i.e. refluxing with 1 equivalent o f  LiOH in
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methanol. None o f these procedures were successful for the hydrolysis o f the methyl ester 

o f a 4-nitro derivative to yield the desired free acid."

In light o f these results, it was necessary to use one of the /-butyl esters to obtain 

the acid necessary for the synthesis of the dipeptide derivatives. This ester is hydrolysed 

easily using TFA by an S/ l̂ mechanism to yield the desired carboxylic acid. 

Unfortunately, as already discussed, TFA is also used to remove Boc groups. 

Consequently, the Cbz-protected compound 109 was used, as this group is stable towards 

TFA. The deprotection simply involved stirring 109 in TFA at room temperature for 

approximately 45 minutes (monitored by TLC), removing excess acid by evaporation 

under reduced pressure, and finally triturating with ether to yield the yellow solid product 

119, f5^-6-Benzyloxycarbonylamino-2-(6-nitro-1,4-dioxo-1 //,3//-benzo [c/e] isoquinolin-2- 

yl)-hexanoic acid (Scheme 2.7). The alanine, leucine and phenylalanine based compounds 

110, 111 and 112, were also treated with TFA to remove the /-butyl ester, yielding 120, 

fS^-2-(6-Nitro-l,3-dioxo-l//,3//-benzo[£/e]isoquinolin-2-yl)-propionic acid, 121, (S)-4- 

Methyl-2-(6-nitro-l,3-dioxo-l//,3//-benzo[<ie]isoquinolin-2-yl)-pentanoic acid, and 122, 

fS^-2-(6-Nitro-l,3-dioxo-l//,3//-benzo[Je]isoquinolin-2-yl)-3-phenyl-propionic acid, 

respectively. While 120 was triturated successfully with ether, 121 and 122 were too 

soluble and were simply evaporated to dryness. All products were obtained in quantitative 

yields and were analysed fiilly by 'H NMR, '^C NMR, mass spectroscopy, IR and either 

elemental analysis or high-resolution mass spectroscopy.

TFA

45 min.

109 (CH2)4NH-Cbz 119 98

110 CH3 120 97

111 CH2CH(CH3)2 121 97

112 CH2(C6H5) 122 97

Scheme 2.7: Deprotection o f  t-butyl esters using TFA.
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2.2.5 Synthesis of Dipeptide-Based Derivatives

In order to determine whether the sequence of the amino acids had any effect on the 

activity o f the dipeptide derivatives a series o f compounds involving lysine, alanine, 

leucine and phenylalanine were synthesised. Phelan prepared and investigated a series of 

dipeptides involving alanine and leucine. The order of the amino acids was changed, as 

well as the substituents at the 3- and 4-positions. It was found that having the larger amino 

acid leucine attached directly to the naphthalimide, followed by alanine, the activity of the 

derivatives was enhanced, compared to the compounds that had alanine in the first 

position. The 4-nitro derivatives showed IC50 values of 1.57 jxM (leu-ala) and 3.18 |o,M 

(ala-leu) after incubation in HL-60 cells for 24 h. The 3-nitro, 3-amino and 4-amino 

analogues had much lower activity. Therefore, it was of great interest to see if dipeptide 

derivatives involving lysine might show even better activity due to the sheer size o f the 

amino acid, and whether the sequence of these amino acids had any effect on the activity 

o f the compounds.

When carboxylic acids react with amines at ambient temperature salts are formed. 

In order to convert these salts directly to amides severe heating is required which can be 

detrimental to the structural subtlety o f the c o m p o u n d . T o  avoid this, chemical 

activation of the carboxy component is necessary. The attachment o f a good leaving group 

(activator) to the acyl carbon allows nucleophilic attack by the amine to o c c u r . T h e r e  

are various groups that could be used for this activation, including acid chlorides, azides, 

anhydrides, and esters such as hydroxy succinimide esters.'^'' Activation would then be 

followed by coupling.

Initially, the use of dicyclohexylcarbodiimide (DCC) as a coupling agent was 

explored. In order for the second amino acid to be reacted without undesired side reactions 

occurring, the carboxy group was used as a methyl ester. The first reaction attempted is 

shown in Scheme 2.8. jV®-Boc-L-lysine methyl ester and 120 in THF were cooled to 0 °C 

and DCC was added. The carboxy group of 120 rapidly adds to the carbodiimide to give 

an O-acylisourea, which is a potent acylating agent. Nucleophilic attack by the amine 

produces a tetrahedral intermediate, which loses dicyclohexylurea (DCU) to yield the 

desired amide. The formation of DCU is a driving force for the reaction, and as it is 

generally insoluble in THF, it can be removed by filtration. Unfortunately, due to the 

reactivity of the O-acylisourea the possibilities o f racemisation and formation of the 

undesired A^-acylurea detract from this seemingly straightforward reaction.
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O
/
Boc H „ 

N— Boc

+

HCI.H,N 0 —

HN

0

Method 1

Method 2

Ô N

120 123

Method 1 :D C C ,T H F ,0 °C

Method 2: EDCI.HCI, HOBt, EtjN,
THF, 0 °C

Scheme 2.8: Synthesis o f  dipeptide derivative 123.

Problems were encountered involving the solubility o f the DCU formed in the 

reaction. It was found that some of it did dissolve in the THF, and then proceeded to come 

out of solution at various times during the work-up of the reaction. A yield of 53 % of 

123, fS,iS^-6-/er^Butoxycarbonylamino-2-[2-(6-nitro-l,3-dioxo-l//,3//-

benzo[<ie]isoquinolin-2-yl)-propionylamino]-hexanoic acid methyl ester, was obtained. 

This poor yield is possibly due to the occurrence o f the side reaction described above. The 

difficulties with the DCU and the disappointing yield, led to a different method being
I  ^ 9adopted. This time EDCI was used as the coupling reagent. It too is a carbodiimide, 

however, the urea formed in the coupling reaction is water soluble, and so is removed 

easily in the work-up by washing with NaHCOs solution (10 %). 1-Hydroxybenzotriazole 

(HOBt) was also used in the reaction (Scheme 2.9). The role o f HOBt is to intercept the 

activated ester (formed by the carboxylic acid and EDCI), and form a new ester. The new
1 S '?intermediate formed does not racemise. The second amino acid then attacks the HOBt 

ester and yields the dipeptide in a very fast reaction. Although, purfication by flash 

column chromatography was necessary, 123 was obtained in 74 % yield using this method.

Mono-peptide derivatives 121 and 122 were reacted in the same way with A/®-Boc- 

L-lysine methyl ester to yield 124, (5',5^-6-/er?-Butoxycarbonylamino-2-[4-methyl-2-(6- 

nitro-1,3 -dioxo-1 //,3//-benzo [<ie] isoquinolin-2-yl)-pentanoylamino] -hexanoic acid methyl 

ester, and 125, fS',S^-6-Benzyloxycarbonylamino-2-[2-(6-nitro-l,3-dioxo-l//,3//- 

benzo[i/e]isoquinolin-2-yl)-3-phenyl-propionylamino]-hexanoic acid methyl ester, 

respectively, with yields of 91 and 81 %, respectively. The 'H NMR of 124 is shown in
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Ri

naph' n 'Hc
R2N=C=NR2

N—N

naph

\

,N ^ C = N R 2

naph

Ri O
H II H H

Oo R3

Dipeptide Urea

Scheme 2.9: Mechanism for coupling reaction using EDCI and HOBt.

Figure 2.8. The most important point to note is the chemical shift o f  the chiral proton o f  

the lysine. It is found at 4.66 ppm (overlapping with the NH signal). This is more in 

keeping with what would be expected for a proton o f this sort, as discussed in section 

2.2.3. The positions o f the NHs at 4.6 and 6.5 ppm, were confirmed by carrying out a D2O 

shake. The exchange o f the NH protons was very slow and so the solution had to be left 

for some time for the exchange to occur.

N— Boc H
N— Boc

OjN

124 125
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As discussed earlier, the retention of chirality is of utmost importance in the 

synthesis o f these derivatives. Using 124 as a representative compound, the retention of 

chirality was investigated by a europium shift experiment. This experiment involved the 

addition o f the shift reagent, europium tris[3-(heptafluoropropylhydroxymethylene)-[+]- 

camphorate (Eu(hfc)3), to a solution of 124 in deuterated chloroform. The 'H NMR 

spectra of 124 before and after the addition of the shift reagent were then compared. The 

theory behind this experiment involves the preferential binding of the europium to one 

enantiomer over the other {via the imide carbonyl or the carbonyls o f the peptide). It was 

found that the shift reagent had no effect at all on the spectrum of 124, providing 

convincing evidence that only one enantiomer was present and chirality had not been lost.

The mono-peptide derivative 109 was coupled with the methyl esters o f L-alanine, 

L-leucine, L-phenylalanine, as well as A^-Boc-L-lysine methyl ester. The products 126, 

fS',5j-2-[6-Benzyloxycarbonylamino-2-(6-nitro-l,3-dioxo-l//,3//-benzo[flfe]isoquinolin-2- 

yl)-hexanoylamino]-propionic acid methyl ester, 127, f5',5^-2-[6-Benzyloxycarbonylamino- 

2-(6-nitro-1,3 -dioxo-1 //,3//-benzo [de\isoquinolin-2-yl)-hexanoylamino] -4-methyl- 

pentanoic acid methyl ester, 128, fS',5^-2-[6-Benzyloxycarbonylamino-2-(6-nitro-l,3- 

dioxo-l//,3//-benzo[c/e]isoquinolin-2-yl)-hexanoylamino]-3-phenyl-propionic acid methyl 

ester, and 129, fS',5^-2-[6-Benzyloxycarbonylamino-2-(6-nitro-l,3-dioxo-l//,3//- 

benzo[c/e]isoquinolin-2-yl)-hexanoylamino]-6-tert-butoxycarbonylamino-hexanoic acid 

methyl ester, were formed using the same procedure and were all purified by flash column 

chromatography on neutral silica (Figure 2.9). All o f these compounds were analysed fully 

by 'H  NMR, '^C NMR, IR, mass spectroscopy and either elemental analysis or high- 

resolution mass spectroscopy.

Up to this point, 8 novel mono-peptide L-lysine 1,8-naphthalimides have been 

synthesised. In addition, 7 novel dipeptide based 1,8-naphthalimides have been prepared 

from monopeptide derivatives, with the use of L-lysine, L-alanine, L-leucine and L- 

phenylalanine. These compounds were synthesised using general solution phase peptide 

chemistry, and were tested in HL-60 cells for their cytotoxic activity (Chapter 3). All of 

the compounds synthesised are the 4-nitro substituted naphthalimides (except 101). In the 

following sections, a discussion of further modifications to these compounds, including 

deprotection of amines (Section 2.2.6), and reduction of the nitro group (Section 2.2.7) will 

be presented.
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H
Cbz— N

O

O2N

H
Cbz— N

O
\

O2N

126 127

126 EtOAc: Hexane 
70:30

65%

127 DCM:Methanol
98:2

64%

128 DCM:Methanol
96:4

70%

129 CHCl3 :Methanol
95:5

82%

Cbz— N Cbz— N

128 129

Figure 2.9: Structures o f dipeptides 126-129, and solvents used in their purification by 

flash column chromatography.

2.2.6 Removal of Amine Protecting Groups

The presence o f the second amino group on lysine had been central to the use of 

this amino acid in the 1,8-naphthalimide derivatives. It was thought that this moiety could 

improve the binding ability of the amino acid based compounds, by increasing the 

hydrogen bonding and/or electrostatic interactions between the compounds and DNA. 

Thus, by removing the protecting group from the s-amino group o f the various mono- and 

di-peptide derivatives, this amino group would be free to interact with the DNA as just 

described.

The Boc protected compounds 123, 124 and 125, as well as the mono- 

naphthalimide 106, were all treated with TFA/dichloromethane (1:1) for approximately 40
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minutes (followed by TLC) at room temperature to remove the amino protecting group 

(Scheme 2.10). The excess acid and solvent were removed under reduced pressure, and 

after trituration with ether, the amino compounds 130, (S,S)- 5-methoxycarbonyl-5-[2-(6- 

nitro-1,3 -dioxo-1 //,3//-benzo [c/e] isoquinolin-2-yl)-propionylamino] -pentyl-ammonium 

trifluoro-acetate, 131, (S,S)- 5-methoxycarbonyl-5-[4-methyl-2-(6-nitro-l,3-dioxo-l//,3//- 

benzo[Je]isoquinolin-2-yl)-pentanoylamino]-pentyl-ammonium trifluoro-acetate, 132, 

(5',iS)-5-methyoxycarbonyl-5-[2-(6-nitro-l,3-dioxo-l//,3//-benzo[c/e]isoquinolin-2-yl)-3- 

phenyl-propionylamino]-pentyl-ammonium trifluoro-acetate, and 133, (S)-5-

methoxycarbonyl-5-(6-nitro-l,3-dioxo-l//,3//-benzo[i/e]isoquinolin-2-yl)-pentyl- 

ammonium trifluoro-acetate, were obtained as their corresponding trifluoroacetic acid 

salts.

TFA/CH2CI2

NH3 CF3C00-

0 2 N

.0O, N

NO2

123 CH3 130 83

124 CH2CH(CH3)2 131 99

125 CH2(C6H5) 132 95

106 — 133 78

133

Scheme 2.10: Removal o f Boc-protecting groups from 123, 124, 125 and 106.

The Cbz-protecting groups were removed from di-peptide compounds 126, 127 and 

128, and from the mono-peptide 108 (Scheme 2.11), to yield the bromide salts 134, (S,S)-
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5-(l-methoxycarbonyl-ethylcarbamoyl)-5-(6-nitro-l,3-dioxo-l//,3//-benzo[Je]isoquinolin- 

2-yl)-pentyl-ammonium bromide, 135, fS',5^-5-(l-methoxycarbonyl-3-methyl- 

butylcarbamoyl)-5-(6-nitro-l,3-dioxo-l//,3//-benzo[c/e]isoquinoiin-2-yl)-pentyl- 

ammonium bromide, 136, fS,5^-5-(l-methoxycarbonyl-2-phenyl-ethylcarbamoyl)-5-(6- 

nitro-l,3-dioxo-l//,3//-benzo[(ie]isoquinolin-2-yl)-pentyl-ammonium bromide, and 137, 

fS^-5-methoxycarbonyl-5-(6-nitro-l,3-dioxo-l//,3//-benzo[Je]isoquinolin-2-yl)-pentyl- 

ammonium bromide, respectively. This was done by adding the compounds to 30% HBr 

in acetic acid and leaving for 30 minutes stirring at room temperature. The desired 

deprotected products were then precipitated out as the hydrobromide salts by adding a 

large quantity o f ether (-100 mL). The mechanism of cleavage by HBr/AcOH is 

essentially an Sâ 2 mechanism -  Scheme 2.12, involving an attack of Br' at the benzylic 

position, followed by the formation of benzyl bromide and carbonic acid, which 

decomposes to give CO2 and the ammonium salt. All o f the salts were analysed 

completely using the usual methods.

N
H0

OjN

30 % HBr/AcOH 
-----------------

N
HO

OjN

\

.0O , N

NO.2

126 CH3 134 93

U 1 CH2CH(CH3)2 135 96

128 CH2(C6H5) 136 94

108 — 137 92

137

Scheme 2.11: Removal o f  Cbz-protecting groups from  126, 127, 128 and 108.
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+

H

NH
I
R

Br

OH

R - N H 3 + OANH
R

Scheme 2.12: Mechanism for removal o f Cbz group using HBr/AcOH.

Thus, 8 more novel compounds were prepared by simply removing the protecting 

group from the s-amino group o f the lysine. The testing o f all these compounds in HL-60 

cells was carried out, as will be discussed in Chapter 3.

2.2.7 Reduction of Nitro Substituent
A Q

As nitro substituents are often found to be too toxic, as for 8, discussed in Chapter 

1, the amino substituted equivalents o f some o f the mono- and dipeptide derivatives were 

synthesised. As Phelan carried out a rather extensive review o f which substituents were 

most active, it did not seem necessary to synthesise all the amino equivalents. This turned 

out to be sufficient to compare and confirm the findings already made by Phelan. The 

amino substituted compounds have the added advantage o f  being highly fluorescent due to 

the internal charge transfer nature o f the excited state. A fluorescent molecule is o f  great 

use for determining the method by which these compounds act in the cell. Generally, an 

interaction with DNA will have the effect o f  quenching the fluorescence, but enhancement 

is also known.

The first amino substituted compound was made somewhat unintentionally. While 

attempting to selectively remove the Cbz group from 109 by catalytic hydrogenation, 

(without affecting the /-butyl ester, which is sensitive to acid), the nitro group o f  the 

naphthalimide was reduced to the amine, at 3 atm H2 , in the presence o f 10 % Pd/C 

catalyst, in ethanol. This o f course was expected, yet even after carrying out the reaction 

for 48 h at 3 atm o f pressure o f H2 , the hydrogenation was unsuccessful at removing the
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Cbz group to any great extent (< 10 %). Therefore, the main product isolated (by silica 

preparatory plate, ethyl acetate: hexane, 70:30) from the reaction was 138, fS)-2-(6-amino- 

l,3-dioxo-l//,3//-benzo[c/e]isoquinolin-2-yl)-6-benzyloxycarbonylamino-hexanoic acid 

tert-hwty\ ester (Scheme 2.13). The aromatic region of the 'H NMR of 138 is shown in 

Figure 2.10.

N

,0O, N

NOj

109

HjN

3 atm  Hj, 
1 0 %  Pd/C

N .0O,

Ethanol 
48  h

NH,'2

N

O , N ,0

+

position 3

NH,'2

139 138

Major product

Scheme 2.13: Reduction o f  nitro group o f  109 to amino group by catalytic hydrogenation.

Minor product 
< 1 0 %

NH Cbz- phenyl

4 X CH-naph CH -  position 3

NH

 i__

0.1 8,0 7,8 7.7
(ppm)

7,6 7.5 7,4 7,3 7,2 7.0

Figure 2.10: Aromatic region o f  ‘H  NMR ((CD3) 2 8 0 , 400 MHz) spectrum o f  138.
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The reduction o f the nitro group is confirmed by both the presence o f  the broad 

singlet integrating for two at 7.54 ppm -  the NH 2, and the upfield shift o f  the adjacent (i.e. 

position 3) aromatic proton at 6.87 ppm. The overlapping phenyl signals at around 7.27 

ppm confirm the enduring presence o f the Cbz protecting group. The ^er/-butyl ester was 

not affected by the reaction, as proved by the singlet observed at 1.30 ppm (not shown). 

Full characterisation o f 138 was carried out using the usual methods.

Mono-peptide derivative 137 and di-peptide derivative 132 were reduced to their 

amino equivalents at 1 atm pressure o f hydrogen, in methanol with 10 % Pd/C catalyst to 

yield 140, (S,S)-5- [2-(6-amino-1,3 -dioxo-1 //,3 //-benzo  isoquinolin-2-yl)-3 -phenyl-

propionylamino]-5-methoxycarbonyl-pentyl-ammonium trifluoro-acetate, and 141, (S,S)-5- 

[2-(6-amino-l,3-dioxo-l//,3//-benzo[<ie]isoquinolin-2-yl)-3-phenyl-propionylamino]-5- 

methoxycarbonyl-pentyl-ammonium trifluoroacetate, respectively in quantitative yields. 

These two compounds were analysed by 'H  NMR, '^C NMR, IR and high resolution mass 

spectroscopy.

HBr. H^N

NH2 .CF3COOH

H2N

140 141

The leucine containing dipeptide 124 was reduced to the amino compound 142, 

f5',iSj-2-[2-(6-Amino-1,3-dioxo-l//,3//-benzo[i5?e]isoquinolin-2-yl)-4-methyl- 

pentanoylamino]-6-/ert-butoxycarbonylamino-hexanoic acid methyl ester, in quantitative 

yield, at 3 atm hydrogen, again in methanol with 10 % palladium charcoal as catalyst. The 

Boc protecting group was then removed from 142 using TFA (as discussed in section 

2.2.6) to yield 143, fS',5^-5-[2-(6-amino-l,3-dioxo-l//,3//-benzo[i/e]isoquinolin-2-yl)-4- 

methyl-pentanoylamino]-5-methoxycarbonyl-pentyl-ammonium trifluoro-acetate, with a 

yield o f 91 %. (Scheme 2.14) No fiirther purification was required for these derivatives, 

and they were analysed by the usual methods.
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NH,.CFXOOH

142 143

Scheme 2.14: Compound 142, prepared by the hydrogenation o f 124, was treated with 

TFA to yield 143.

2.2.8 Spectroscopic Evaluation

Figure 2.11 shows a photo of solutions of 124 and 142 in DCM. From this photo, it 

is clear that the 4-amino substituted derivative, 142, is substantially more fluorescent than 

the 4-nitro compound, 124, due to the internal charge transfer character of 142 (Scheme 

2.15). 124 emits in the blue region (A,fiuor ~ 380 nm), while 142 emits in the green region 

( f̂iuor ~ 530 nm). The absorption properties of compounds 124 and 142 were compared in 

DCM and ethanol and the results are shown in Figure 2.12.

Figure 2.11: Photos o f solutions o f 124 and 142 in DCM, taken under UV light.
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N— H

©

N— H

R2

Scheme 2.15: Internal charge transfer structure o f 4-amino derivatives, such as 142. The 

negative charge is delocalised over the imide.

Dichloromethane Ethanol

0.30
124
142Voc

(0n
0.20

oi/> ̂ 0.10

0.00
220 320 420 520

0.30
124
142

0)
« 0.20
ra.Q
O
(0 ̂ 0.10

0.00
220 320 420 520

Wavelength (nm) Wavelength (nm)

Dichloromethane 124 351 10050

142 410 13720

Ethanol 124 348 10800

142 437 12160

Figure 2.12: Differences in the absorption spectra o f the 4-nitro substituted compound, 

124, and its 4-amino equivalent 142, measured in DCM (left spectrum) and ethanol (right 

spectrum).
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The position of the characteristic absorption bands of these compounds will aid in 

examining the interactions between such compounds and DNA, or other homo-polymers, 

by UV-vis spectroscopy. The chirality of these compounds can also be examined 

spectroscopically by circular dichroism. Investigations o f these types were carried out on 

two of the compounds, a mono-peptide derivative 137, and a dipeptide derivative 132, and 

the results will be discussed in detail in Chapter 3.

2.3 Synthesis of Bis-Naphthalimides Containing L-Lysine

2.3.1 “Symmetric” and “Asymmetric” Bis-naphthalimides

Owing to the success of bis-naphthalimides such as 23, 24 and 26, as anti-cancer 

agents, some lysine-containing bis-naphthalimides were synthesised. The exploitation of 

the 8-amino group of lysine seemed like an obvious start for the design of bis- 

naphthalimides. The linker chain between the two naphthalimides would most certainly 

not be long enough for bis-intercalation, but the possibility of a different mechanism of 

action made the synthesis worthwhile. Hence, a series of bis-naphthalimides were 

synthesised, where the second naphthalimide moiety was placed on the second nitrogen, 

specifically the s-7V, of the lysine mono-naphthalimide.

Initially, this work stemmed from the synthesis of 133. The removal of the Boc- 

protecting group left the side chain amino group free to react with another equivalent o f 4- 

nitro-l,8-naphthalic anhydride to yield 144, (S^-2,6-bis-(6-nitro-l,3-dioxo-l/f,3//- 

benzo[t/e]isoquinolin-2-yl)-hexanoic acid methyl ester. The coupling of the second 

naphthalic anhydride was carried out in the normal way, refluxing in toluene overnight 

with excess triethylamine -  Method A, Scheme 2.11. The product was purified by 

precipitation from ethyl acetate and hexane. Subsequently, 144, was prepared in one step 

by simply refluxing 1 equivalent o f L-lysine methyl ester with 2 equivalents of 4-nitro-l,8- 

naphthalic anhydride in anhydrous toluene for 18 h, followed by analogous work-up - 

Method B.

Both methods gave yields of over 90 %. While the first method involved three 

synthetic steps in total, it allows for the preparation of “asymmetric” bis-naphthalimides. 

The term “asymmetric” is used here to refer to the substitution pattern on the rings o f the 

naphthalimides. The second method allows for the preparation of “symmetric” bis- 

naphthalimides. By reducing the nitro groups o f 144 by catalytic hydrogenation using 10 %
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Pd/C at 3 atm H2, 145, (^5^-2,6-bis-(6-amino-l,3-dioxo-l//,3//-benzo[i/e]isoquinolin-2-yl)- 

hexanoic acid methyl ester, was obtained. Two other “symmetric” bis-naphthalimides 

were synthesised from L-lysine methyl ester -  146 (3-nitro substituents), (^S)-2,6-bis-(5- 

nitro-l,3-dioxo-l//,3//-benzo[Je]isoquinolin-2-yl)-hexanoic acid methyl ester, and 147 (no 

substituents), (S)-2,6-his-{ 1,3 -dioxo-1 //,3//-benzo [c/e] isoquinolin-2yl)hexanoic acid

methyl ester.

H ,N . C F X O O H

NOj

133

Method A

+

B3N
NO2 toluene (anhyd.)

O.

NO.

OjN
144

+

,0

^  EtjN 
toluene (anhyd.)

NO2

Method B

ĤN
145

NH,

Scheme 2.11: Synthesis o f  bis-naphthalimides 144 and 145.

Bis-napthalimide 146 was prepared in the usual way and the product was 

crystallised from methanol, with a yield of 81 %. The synthesis o f 147 was more 

problematic. When reacted in the way described above, the reaction did not proceed, with 

the 1,8-naphthalic anhydride being recovered. This was most likely due to the fact that
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without a nitro-substituent the 1,8-naphthaHc anhydride is a lot less electrophilic. As a 

result, the reaction was repeated using dimethylamino pyridine (DMAP) as a base instead 

of triethylamine. This ensured that the amino groups of the lysine were sufficiently 

nucleophilic to attack the anhydride. This modification successfully produced 147, which 

was purified by precipitation from ethyl acetate and hexane, in 88 % yield.

NO,

NOj
146 147

The *H NMR spectra of 144 and 146 are shown in Figure 2.13 (a and b, 

respectively). Between 1 and 6 ppm the spectra are almost identical, but the more 

interesting area to note is the aromatic region. First of all, the two naphthalimide moieties 

o f 144 and 146, are in different environments yielding 10 different signals. This would be 

expected, as the molecules do not have a plane of symmetry. The differences in the 

position of the nitro group alter the pattern o f the signals. In the spectrum of 144, there are 

eight doublets and two double-doublets, whereas for 146, four singlets (2 overlapping at 

9.11 ppm), four doublets and two double-doublets are observed. The singlets are assigned 

to the protons at positions 2 and 4 on the naphthalimide respectively.

It was hypothesised that the chain length between the two naphthalimides might 

affect the activity o f the compound. In order to test this theory, the L-omithine equivalent 

of 118 was synthesised. L-Omithine is an amino acid that naturally occurs in some birds 

instead of L-lysine, and has three methylene units instead of four. The amino acid was 

purchased as the unprotected hydrochloride salt. The methyl ester dihydrochloride 148, 

was synthesised in 84 % yield, using 2,2-dimethyoxypropane and conc. HCl*'*  ̂ (Scheme 

2.16). It was then reacted with two equivalents o f 4-nitro-l,8-naphthalic anhydride. This 

reaction did not proceed in high yield under the normal conditions (4 equivalents of 

triethylamine, refluxed in toluene overnight), perhaps due to 148 not being nucleophilic 

enough, but the desired clean product 149, fiSj-2,6-bis-(6-nitro-l,3-dioxo-l//,3//- 

benzo[(ie]isoquinolin-2-yl)-pentanoic acid methyl ester, was eventually isolated in 18 %
I 1

yield. 149 was fully characterised by H NMR, C NMR, mass spectroscopy, IR and 

elemental analysis.
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Figure 2.13: ‘ H NMR  spectra (CDCI3, 400 MHz) o f  (a) 144 and (b) 146.
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NH

OH
HCI.NH'2

MeO^ ^  

MeO ^

HCI

HCI. NK

HCI. NK'2

148
O '

149

Toluene

NO.NO.

Scheme 2.16: Synthesis o f L-ornithine methyl ester 147, and bisnaphthalimide o f L- 

ornithine, 148.

As noted above, the first or longer method used to obtain the bis-naphthalimides 

allows for the preparation of “asymmetric” bis-naphthalimides. The introduction of a 

second naphthalimide moiety that is chloro- or bromo- substituted, would allow for further 

functionalisation of the compound. Thus, compound 150, fS)-6-(6-Chloro-l,3-dioxo- 

1 //,3//-benzo [Je] isoquinolin-2-yl)-2-(6-nitro-1,3 -dioxo-benzo [i/e] isoquinolin-2-yl)- 

hexanoic acid methyl ester, was synthesised by refluxing 137 and 4-chloro-l,8- 

naphthalimide in anhydrous toluene, in the presence of triethylamine. On crystallisation 

from methanol, 150 was obtained in 79 % yield, and analysed by the usual methods.

NO,

150
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It was later found that the 4-nitro group o f the 1,8-naphthalimides could be 

substituted with an amine. Therefore, rather than using 150 to extend this series of 

compounds, an attempt to derivatise 144 using several amines, was made. The first amine 

used was 151, 1,3-propanediamine. The reaction (Scheme 2.17) was carried out by 

refluxing 144 with 4 equivalents of 151 in THF for 72 hours (followed by TLC). The large 

excess was used to prevent any dimer formation. The product was highly visible by TLC 

(100 % MeOH) due to the fluorscent ICT character o f the new compound. After simple 

work-up involving washing with water to remove the excess diamine, 152 was obtained as 

an orange solid in 91 % yield. The 'H NMR (CD3OD) proved the formation o f 152, as the 

H3 protons of both naphthalimides were shifted upfield to 6.55 ppm and 6.60 ppm 

respectively. The methylene protons of the amines were also obvious in the aliphatic 

region. Compound 152 was fully characterised by 'H NMR, '^C NMR, IR, and HRMS.

144

THF 

72 h 151
(4 eq.)

152

Scheme 2.17: Synthesis o f  diamine substitutued bis-naphthalimide 152.

Due to the success of the formation of 152, the reaction was repeated using N,N- 

dimethylethylenediamine 153, as used in the synthesis of Mitonafide, 8 and Amonafide,
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10. The same conditions were used, however after 72 hours there was no sign of any 

product being formed by TLC. This was possibly due to the less nucleophilic nature of 

this amine. Thus, the reaction was repeated, this time using DMAP as a base to activate 

the amine (Scheme 2.18). After 72 hours, the TLC showed the presence of two fluorescent 

products. Following the usual work-up, these were separated by preparatory plate (silica, 

DCM:MeOH, 9:1). The 'H NMR (CDCI3) spectra of the two products suggested the 

formation of a mono-substituted product 154, and the di-substituted product 155.

NO,

THF 153
72 h

DMAP

144

155

154 or 154

154' : R1 = NO 2 , R2 = NH(CH2)2N(CH3)2 

154" : R1 = NH(CH2)2N(CHj, R2 = NO 2  

Scheme 2.18: Synthesis o f di-substituted bis-naphthalimide 155, and mono-substituted 

bis-naphthalimide 154 - either 154’ or 154”.
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Again, the chemical shifts o f  the protons at position 3 identified the products. 

Compound 154, had only one upfield shifted aromatic resonance, while 155 had two. O f  

course, the integration also provided evidence for 154 and 155, as did the mass spectra. 

W hile many NM R experiments (HMBC, HMQC, NOE, ROE) were carried out on 154 to 

determine which naphthalimide ring had been substituted it was not clear cut, and could 

not be identified with any certainty. Further studies are being carried out by Blais to 

investigate this further. Both compounds synthesised were analysed by 'H NM R, '^C 

NMR, IR and HRMS.

2.3.2 Synthesis of “Head-to-Head” Bisnaphthalimides

The bisnaphthalimides just described were not intended to bisintercalate as the 

linker was definitely not long enough. The required length o f  a linker, for bisintercalation 

is 9-13 A . Nonetheless, the idea o f  utilising the s-am ino group o f  lysine could be applied 

elsevhere -  such as in the dipeptide derivatives. The linker between the two naphthalimide 

units would then be much longer and could possibly be envisioned wrapping around the 

DNA backbone from one site o f  intercalation to another. Dipeptide 131 was chosen as 

starting material for the synthesis o f  two “head-to-head” bisnaphthalimides, 156 and 157 

(Scheme 2.19). A third compound 158 was to be synthesised from amino-substituted 

dipeftide 143 (Scheme 2.20).

The synthesis o f  156, (S',iS^-2-[4-methyl-2-(6-nitro-l,3-dioxo-l//,3//-

benzo [i/e] isoquinolin-2-yl)-pentanoylamino] -6-(6-nitro-1,3 -d ioxo-1 H,3H- 

bemz)[i/e]isoquinolin-2-yl)-hexanoic acid methyl ester, and 158, (S',5j-2-[2-(6-amino-l,3- 

dioxo-1 //,3 //-b en zo  [c/e] isoquinolin-2-yl)-4-methyl-pentanoylamino] -6-(6-am ino-1,3- 

dioxo-l//,3//-benzo[i/e]isoquinolin-2-yl)-hexanoic acid methyl ester, were carried out in 

the isual way, by refluxing the starting materials in toluene with triethylamine overnight. 

Both compounds were purified by crystallisation from methanol in yields o f  39 % and 34 

% respectively.

The preparation o f  157 was more complicated as it involved reacting 4-am ino-1,8- 

naiphhalic anhydride 159, which is much less reactive than 4-nitro-l,8-naphthalic 

anihylride. Compound 159 can be purchased fi*om Aldrich, but instead it was synthesised 

by b/drogenating 4-nitro-l,8-naphthalic anhydride in acetone with 10 % Pd/C catalyst 

(Sich;me 2.21). M gS04  was also added to the reaction mixture, as a dehydrating reagent.
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131

159

NO, NH,
NO, NHj

156 157O^N

Scheme 2.19: Proposed synthesis o f dipeptide bisnaphthalimides, 156 and 157.

NO,

143 NO,

158

H,N

Scheme 2.20: Synthesis o f bisnaphthalimide 158 from 143.
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The yield of 159 obtained using this method was only 47 %. Unfortunately, the 

product was only partially soluble in acetone thus leading to the low yield. The formation 

of the product was confirmed by *H NMR, with the distinctive upfield aromatic signal at 

6.89 ppm, assigned to the proton at position 3, as well as by mass spectroscopy (peak at 

214 mass units (M+H)^).

Acetone

NO2 NH2

Scheme 2.21: Synthesis o f 4-amino-1,8-naphthalic anhydride, 159.

Most reactions involving 159 are carried out in ethanol and so this was the solvent 

used for the coupling of 131 and 159. Unfortunately, after refluxing for 3 days in the 

presence o f triethylamine, no noticeable product was observed. The reaction was thus 

repeated using anhydrous THF. Although, the TFA salt o f the starting material 131 did 

appear to have been removed from the amino group, no product was observed. The same 

unreactivity had been encountered when 159 was refluxed with A'®-Boc-L-lysine methyl 

ester hydrochloride in toluene. Once again, the salt was removed from the amino group, 

but there was no nucleophilic attack on the anhydride. The two starting materials were 

recovered from the reaction mixture. The synthesis of 131 was not attempted again.

2.3.3 Synthesis of “Tail-to-Tail” Bis-naphthalimide

Some of the work carried out by Blais involved the synthesis of bis-naphthalimides 

that were linked together by a spacer from the 4 position o f one chromophore to the 4
153position of the other. The linkers were generally poly-amines such as spermine and 

spermidine, and the imide part of the naphthalimide was attached to either leucine methyl 

ester or phenylalanine methyl ester. The compounds were termed “tail-to-tail”, and some 

showed promising results in testing (IC50 in the range o f 2.7-4.7 |xM). For this reason, a 

“tail-to-tail” bisnaphthalimide containing L-lysine was synthesised. The linker used was 

spermidine and it was refluxed with two equivalents of 108 in THF for 5 days (Scheme 

2.22). This method of substitution of a nitro group for an amine is not a straightforward
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reaction and often does not work at all, if  the amine is not nucleophilic enough, as found 

with 153. The reaction was easily followed by TLC as the mono- and bisnaphthalimide 

formed are highly fluorescent, unlike the starting nitro compound, as discussed in section 

2.2.7. The reaction did not go to completion, but the desired product 160, (S,S)-6- 

Benzyloxycarbonylamino-2-[6-(4-{3-[2-(5-benzyloxycarbonylamino-1-methoxycarbonyl- 

pentyl)-1,3 -dioxo-2,3 -dihydro-1 //-benzo [c/e] isoquinolin-6-ylamino] -propylamino} - 

butylamino)-l,3-dioxo-l//,3//-benzo[<ie]isoquinolin-2-yl]-hexanoic acid methyl ester, was 

obtained by purfication in 34 % yield, using silica preparatory plate (DCM: methanol, 

90:10). The 2D TOCSY spectrum of 160 is shown in Figure 2.14. The TOCSY was 

necessary for the assignment of the various methylene units. The fiill characterisation is 

given in Chapter 6.

C b z-N

NHO ,

Cbz

NHNOj
THF108

5 days

N
H H

NH

Cbz

Scheme 2.22: Synthesis o f  160, a “tail-to-tail” bisnaphthalimide.
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Figure 2.14: 2D TOCSY spectrum o f  160, with enlargement o f  aliphatic region from  1.2- 

3.6 ppm.
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An attempt to synthesise another “tail-to-tail” bis-naphthalimide was made. This 

time spermine was used as the Hnker between two 108 units. After refluxing for 7 days in 

THF, there was a sign of a new fluorescent compound having been formed, by TLC. 

However, an attempt to isolate the compound by preparatory plate was unsuccessful. As 

the reaction had certainly not gone to completion after 7 days refluxing, the reaction was 

not repeated.

2.3.4 Bis-naphthalimide Containing a Naphthalene Diimide

As described in the first chapter, 1,4,5,8-naphthalene diimides can intercalate into
81DNA and some peptide based naphthalene dimides have been investigated. As a result, 

an attempt to synthesise such a compound, containing a naphthalene diimide as well as 1,8- 

napthalimide units, was made. It was proposed that such a molecule might have some 

interesting properties as it might be possible for the diimide to intercalate between base 

pairs by a threading mode, leaving the two bulky side groups in the grooves, one in the 

major and one in the minor groove. Compound 133 appeared to be a good building block 

to achieve such systems as it would be possible to react the 8-amino group with the 

dianhydride, 161, 1,4,5,8-naphthalene tetracarboxylic dianhydride.

133

161
NO2

EtsN

DMA

162

NO,

O2N

Scheme 2.23: Synthesis o f  diimide 162.
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Compound 162 was therefore prepared by a procedure that involved refluxing 2.2 

equivalents o f 133 with the dianhydride 161 in dimethylacetamide (DMA), as described by 

Mallouk et a l.P ^  DMA was used, as the dianhydride is insoluble in most solvents. After 

refluxing overnight, the solution was filtered through celite and the product 162 was 

precipitated out by pouring the filtrate into water, and was obtained as a brown/black solid 

in 40 % yield (Scheme 2.23).

Due to the symmetry o f the molecule, the 'H  NM R spectrum (CDCI3) o f 162 IS

quite simple, but many o f the peaks were quite broad -  probably due to the ti-ti stacking o f

the planar chromophores. The same effect was seen in DMSO-Jg. The dark brown/black

compound was only partially soluble in chloroform and DMSO and insoluble in most other

solvents. It was not possible to get a mass spectrum o f this product as when methanol or

acetonitrile was added to a sample dissolved in chloroform, the solid would immediately

crash out o f  solution. Elemental analysis was obtained and this confirmed the structure to
1 ^be that o f the desired compound 162. Characterisation by C NMR and IR was also 

carried out.

An attempt to make a more soluble form, by reducing the nitro groups to amino 

groups by hydrogenation, was made. Using 10 % Pd/C and 3 atm o f hydrogen, the 

reaction was carried out in acetone. Unfortunately, the reaction was not very successful, 

with a mixture o f starting material and various products being obtained after filtration o f 

the reaction mixture through celite and thorough washing with acetone. Again, solubility 

was a problem and the various components o f the reaction mixture could not be separated. 

The use o f a much more polar starting material would make such syntheses far easier. This 

work is now being continued by a new member o f the group.

2.3.5 “Head-to-Tail” Bis-naphthalimide

Another interesting direction taken by Phelan was the sythesis o f “head-to-tail” 

bisnaphthalimides (Scheme 2.24). Compounds such as 163 showed very good activity in 

cell testing, with an IC50 value o f 1.6 |xM for 163. Instead o f  using a diamine as linker 

between the two naphthalimides, why not use lysine? With its two amine moieties, lysine 

could act as a linker in a similar manner, but it has the added feature o f allowing for ftirther 

modifications from the acid moiety.
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0,N

H

( t a i l )

Ĥ N

0,N

164

Scheme 2.24: Retrosynthetic pathway for preparation o f head to tail bisnaphthalimides 

such as 163.

The same leucine mono-naphthalimide 164, as Phelan employed, was used as 

starting material for the current work -  this was in order to be consistent with the 

compounds already made, and also as this compound showed good activity in both HL-60 

cells and K562 cells (IC5 0 S of 2.34 and 3.05 jaM respectively). 164 was prepared by the 

condensation of 4-nitro-l,8-naphthalimic anhydride with L-leucine methyl ester, using the 

method described in Section 2.2.3. The attachment of A/“-Cbz-L-lysine methyl ester to the 

4 position of 164 was attempted (Scheme 2.25). It was necessary to use the amino acid 

with protected to prevent the reaction of this amino group. The reaction was carried out 

in the same way as the “tail-to-tail” reaction, i.e. refluxing in THF. Triethylamine was 

added to remove the HCl salt on the lysine.
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HCI.HjN

E tN

THF, 7 daysNH

NO, HN

NH30 % HBr/Acetic acid

165
HN

166

Toluene

NO. 72 h

NO,

167

Scheme 2.25: Synthesis o f165, 166 and bis-naphthalimide 167.

After refluxing for 7 days and purification using flash column chromatography on 

neutral silica (ethyl acetate: hexane, 50:50), 165, (S)- 2-Benzyloxycarbonylamino-6-[2-(l- 

methoxycarbonyl-3 -methyl-butyl)-1,3 -dioxo-2,3 -dihydro-1 //-benzo[i^e] isoquinolin-6- 

ylamino]-hexanoic acid methyl ester, was obtained in 59 % yield. The product was ftally 

characterised by the usual methods. The distinctive shift of the naphthaiimide H3 upfield 

to 6.66 ppm in the 'H NMR confirmed the conversion from a nitro substitution to an amino 

substitution at position 4.
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The Cbz protecting group was then removed from 165 by stirring in 30 % 

HBr/acetic acid for 40 minutes. The HBr salt 166, fS',5j-l-Methoxycarbonyl-5-[2-(l- 

methoxycarbonyl-3 -methyl-butyl)-1,3 -dioxo-2,3 -dihydro-1 //-benzo [Je] isoquinolin-6- 

ylamino]-pentyl-ammonium bromide, was obtained in almost quantitative yield on 

precipitation from diethyl ether, and was analysed by 'H  NMR, '^C NMR, IR, and HRMS. 

The last step was the coupling of a further equivalent of 4-nitro-l,8-naphthalic anhydride 

with the a-amino group. This was carried out in the usual way, by refluxing the two 

components in anhydrous toluene, with triethylamine. The reaction required a longer time 

to occur (72 hours instead of 18 hours), but after aqueous work-up, the product, 167, (S,S)- 

6-[2-( 1 -Methoxycarbonyl-3-methyl-butyl)-1,3-dioxo-2,3-dihydro-1H- 

benzo[ Je] isoquinolin-6-ylamino] -2-(6-nitro-1,3 -dioxo-1 //,3//-benzo [ Je] isoquinolin-2-yl)- 

hexanoic acid methyl ester, was isolated by preparatory plate (silica, DCMiMeOH, 98:2) in 

72 % yield. The formation of 167, was most notably proven by the chemical shift of the 

chiral proton of the L-lysine in the *H NMR (CDCI3). In 166, this resonance was found at 

4.08 ppm, while for 167, it had shifted downfield to 5.73 ppm. This is as expected for a 

chiral proton adjacent to a naphthalimide moiety. The compound was ftilly characterised 

by 'H NMR, '^C NMR, IR and HRMS.

When the same procedure was carried out using 7V®-Cbz-L-lysine methyl ester and 

164, no reaction occurred. Because of this, the reaction was repeated using DMAP as base 

- initially 1.2 equivalents, then 2 equivalents, and finally 4 equivalents were used in the 

reaction. Although a new spot was seen on TLC, possibly corresponding to the desired 

product, then when the material was separated using flash column chromatography (neutral 

silica, ethyl acetate:hexane, 60:40) no significant amount was obtained, and it could not be 

characterised. The reason why this reaction would not work successfiilly is unclear, but 

may be due to the amine not being nucleophilic enough or due to a steric hindrance caused 

by the methyl ester. This work was not continued any ftirther.

The last few sections have described the synthesis o f some very interesting bis- 

naphthalimides, all them built around the amino acid L-lysine. Many of these compounds 

are still undergoing testing in cell lines and so unfortunately, cannot be discussed in 

Chapter 3. The next section moves away from L-lysine, for the simpler amino acids, L- 

alanine, L-leucine and L-phenylalanine and their use in the preparation of aldehyde 

derivatives and other ftinctionalised 1,8-napthalimides.
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2.4 Introduction to Synthesis and Derivatisation o f Aldehydes

While many o f the peptide-based compounds synthesised showed very good 

activity in testing (see Chapter 3), the scope for fiirther work was limited if  only simple 

peptide chemistry was to be used. Thus, a method o f functionalisation o f some o f the 

amino acid and peptide-based naphthalimides already synthesised was required. The 

aldehyde group appeared to be a good starting point for this due to its synthetic versatility. 

Much work was carried out by Phelan" in order to find the best method o f preparing the 

aldehyde o f 4-nitro-A'^-alanine-l,8-naphthalimide. The reduction o f  the methyl ester was 

attempted using sodium borohydride, lithium borohydride, and with diisobutylaluminium 

hydride, but none o f these reagents were very successful. It was then decided to prepare 

the aldehyde from the primary alcohol o f the amino acid, which was successful.

2.4.1 Synthesis o f Aldehydes

The initial work by Phelan" on the aldehyde was carried out using the R isomer o f 

2-am ino-1-propanol (alcohol o f alanine). In order to compare the activities o f  different 

isomers, the 5  isomer o f 2-amino- 1 -propanol was chosen as starting material for this work. 

The first step was to couple this with the naphthalimide. Thus S-(+)-2-amino-l-propanol 

was reacted with 4-nitro-l,8-naphthalic anhydride (Scheme 2.26) by refiuxing in 

anhydrous toluene overnight to yield the desired product 168, f5j-2-(2-Hydroxy-l-methyl- 

ethyl)-6-nitro-benzo [i/e] isoquinoline-1,3-dione, in over 90 % yield with good purity.

In order to convert the alcohol to the aldehyde a number o f oxidising agents had 

been tried for the R isomer without success. However, it was found that the conditions o f 

the Swem Oxidation reaction'^^ (Method A) were suitable for effecting the oxidation 

reaction, and so this was the method used for the S  isomer. The procedure involved the 

reaction o f  dimethylsulfoxide with oxalyl chloride (which acts as an “activator”) in 

dichloromethane at -78°C to give chlorodimethylsulfonium chloride. This was then 

reacted with the alcohol, followed by the addition o f triethylamine, making sure that the 

temperature did not rise above -60°C. The addition o f triethylamine rapidly converts the
1 S 7alkoxysulfonium ion to the carbonyl product via the ylide. The mechanism for the 

reaction is shown in Scheme 2.27. The desired aldehyde 169, fS^-2-(6-Nitro-l,3-dioxo- 

l//,3//-benzo[i/e]isoquinolin-2-yl)-propionaldehyde, was obtained with the very distinctive 

resonance o f the aldehyde proton at 9.7 ppm in the *H NM R (CDCI3).
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Method A

H,N OH

OH

Toluene

NO2

oxalyl chloride

-78 C

168 169

l-l CICrO.

DCM, 4 h, room temp.

Method B

Scheme 2.26: Synthesis o f aldehyde 169 by Swern Oxidation reaction (Method A) and by 

using Pyridinium chlorochromate (Method B).

O

M 62 S = 0  +  I
J

CCI

,CCI
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\©
S— 0 ------CH2R ^ ---------
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Scheme 2.27: Reaction mechanism for the Swern Oxidation.
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An alternative reaction to the Swem Oxidation was then attempted to convert the 

alcohol to the aldehyde. This second method (Method B) involved the use of Corey’s 

reagent -  pyridinium chlorochromate (PCC). The reaction was quite simple -  168 and 

PCC were stirred in anhydrous dichloromethane for 4 ’/2 hours at room temp until all o f the 

starting material had reacted (TLC). The work-up of the reaction was more difficult, with 

the removal of chromium-containing by-products causing many problems. Usually, the 

by-products are removed by precipitating from ether, however when this was carried out, 

the product also precipitated out. Thus, to solubilise the product, DCM was added which 

also dissolved some of the unwanted by-products too. The solvent was removed and 

ethanol was added to the residue. The suspension was again filtered and the solvent was 

removed. Crystallisation from ether finally yielded the desired product 169, reasonably 

pure.

Once the aldehyde had been made, derivatisation could begin. Nucleophilic 

reaction of a Grignard reagent RMgX, with an aldehyde, yields an alcohol. Aldehyde 169 

was stirred in dry THF at 0 °C and ethylmagnesium bromide (1 M soln. in THF) was added 

dropwise to the yellow solution (Scheme 2.28). This caused the solution to turn a deep red 

colour. After stirring at room temperature for an hour, followed by work-up o f the reaction 

mixture, the 'H NMR simply showed starting material. The reaction was repeated, this 

time using two equivalents of Grignard reagent instead of one, and after addition the 

reaction mixture was left stirring for 6 hours. This time the 'H NMR was extremely 

complicated. Although the ES mass spectrum did show the mass o f the desired alcohol, it 

O OH QH

EtMgBr
\  /

^ 0 O v ^ N . . 0

f f l

NOj NO2

169

__________ ► \  ^ ^ 0 — MgBr

Et— MgBr q

Scheme 2.28: Reaction o f 169 with Grignard reagent, and possible mechanism o f

Grignard poisoning by nitro group o f naphthalimide.
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also showed many other peaks which could not be assigned. It is highly possible that the 

nitro group of the naphthalimide is responsible for the ineffectiveness of the Grignard 

reagent. A nitro group can oxidise a Grignard reagent, thereby decomposing it, before it 

can add to the carbonyl group of the aldehyde.

In order to investigate the reactivity of the aldehyde another procedure attempted 

was the reaction of 169 with an alcohol to yield an acetal. This is a standard method of 

protecting aldehydes. Ethylene glycol was chosen as the alcohol to be used, and using a 

metal catalyst (5% Pd/C) the reaction of 169 was carried out in anhydrous toluene (Scheme 

2.29). After 3 hours refluxing, there was no sign o f any reaction taking place. The reaction 

was repeated, this time using p-toluenesulfonic acid as an acid catalyst for the reaction. 

Molecular sieves were added to remove the water produced in the reaction and the reaction 

mixture was refluxed for 7 h in anhydrous toluene. After work-up o f the reaction, the 'H 

NMR showed only the starting aldehyde with no sign of acetal 170.

HO

OH

169 170

A Toluene 5 % Pd/C Reflux 3

B Toluene /7-TSOH Reflux with molec. sieves 7

Scheme 2.29: Attempted reaction o f 169 with ethylene glycol to form acetal 170.

There had been a fear that the aldehyde itself was not very stable. The results of 

the acetal experiments proved that the problem was not due to instability o f the aldehyde 

(it survived refluxing up to 110 °C), but perhaps due to the over-stability o f it. It was 

possible that hydrogen bonding between the aldehyde proton and the oxygen of the imide
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forming a pseudo 6-member ring, was leading to this stability, and inhibiting reaction of 

the aldehyde. Another possibility was that the 1,8-naphthalimide was simply preventing 

attack of the aldehyde due to steric constraints. Longer reaction times may well have bom 

more success, however, as the synthesis of acetal 170 was more a test o f stability rather 

than a real objective, there were no further attempts at its synthesis made.

The unreactivity of 169 necessitated a slight change in course. It was decided to 

move the aldehyde moiety further away from the 1,8-naphthalimide unit. Phelan 

concentrated on using alanine in analogous work, so for this work leucine was used. The 

first step towards the new aldehydes was the coupling o f amino alcohols to 121 (synthesis 

of 121 is described in sections 2.2.3 and 2.2.4). This was carried out using the same 

reagents and conditions as described in section 2.2.5. Two amino alcohols were used, S- 

(+)-2-amino-l-propanol, and ethanolamine (Scheme 2.30). The products 171, (S,S)-4- 

Methyl-2(6-nitro-1,3-dioxo-1 //,3//-benzo[c/e]isoquinolin-2-yl)-pentanoic acid (2-hydroxy- 

1-methyl-ethyl)-amide, and 172, f5!)-4-Methyl-2-(6-nitro-l,3-dioxo-l//,3//-

benzo[<ie]isoquinolin-2-yl)-pentanoic acid (2-hydroxyethyl)-amide, were obtained in over 

80 % yields after acid/base workup. The structure of 171 was desirable as it mimicked that 

o f the dipeptide derivatives with two chiral centres. On the other hand, 172 would help in

EDCI.HCI,
HOBt,
0°C

OH

Scheme 2.30: Synthesis o f alcohols 171 and 172.
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the investigation o f racemisation during the following reaction. The 'H NMRs (CDCI3) of 

171 and 172 are shown in Figure 2.15. Both compounds were fully characterised by 'H 

NMR, '^C NMR, IR, mass spectroscopy and CHN/HRMS.

As previously described, the next step was the oxidation of these alcohols to the 

corresponding aldehydes, 173 and 174. The Swem oxidation procedure was used for the 

transformation as it had previously been the more efficient method in the oxidation of 168 

to 169. For alcohol 171, on purification of the product 173, by flash column 

chromatography (neutral silica, ethyl acetate: hexane, 60:40), the 'H NMR (CDCI3) 

showed two resonances corresponding to aldehyde protons. It appeared that two 

diastereoisomers had been formed. Racemisation was not completely unexpected, as a- 

amino aldehydes are known to racemise under many conditions.'^' Jurczak et al. prepared 

a series of a-amino aldehydes using the Swem oxidation and found that the synthesis of 

compounds such as 175 and 176 from the relevant alcohols showed high levels of 

racemisation.

Separation of the two isomers was attempted using flash column chromatography, but was 

unsuccessful due to the very similar Rf values of the two isomers. The aldehyde 174 

produced on reaction of 172 was also purified by flash column chromatography (neutral 

silica ethyl acetate: hexane, 50:50). Only one aldehyde peak was observed in the 'H NMR 

of 174. As 174 has only one chiral centre -  shown as a l  in Figure 2.16, the racemisation 

that occurred in the production o f 173, was most likely taking place at the a2 chiral centre, 

adjacent to the aldehyde. Both compounds were obtained in quite poor yields o f 25 % and 

35 %, respectively for 173 and 174. When the reactions were scaled from 0.30 g of 121 up 

to 0.6 g the yields were even lower. When these problems were encountered, it seemed 

time to investigate a different method of obtaining the aldehydes.
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H  * *

O2N

173 O2N 174

= a1 chiral centre 
** = a 2  chiral centre

Figure 2.16: Aldehydes 173 and 174 prepared from the respective alcohols 171 and 172. 

Racemisation appeared to be occurring at a2 o f 173.

It was discovered that aminoaldehyde diethyl acetal, 177, could be purchased from 

Aldrich. By coupling this compound with 121 by the above method and then removing the 

acetal protecting group under acidic conditions, compound 178, fSj-4-Methyl-2-(6-nitro- 

l,3-dioxo-l//,3//-benzo[Je]isoquinolin-2-yl)-pentanoic acid (2,2-diethoxy-ethyl)-amide, 

would be obtained without using the problematic Swem oxidation procedure (Scheme 

2.31). Thus, the coupling reaction was carried out and the acetal 178 was obtained in 90 % 

yield. The 'H NMR (CDCI3 ) o f 178 is shown in Figure 2.17. The most important point to 

note is the overlapping signals o f the three CH2 ’s from the aminoaldehyde diethylacetal 

part o f the molecule. A 2D TOCSY was necessary to assign the peaks, as all three CH2 S 

were appearing as two multiplets due to the effect o f the chiral centre, making them 

magnetically un-equivalent. The CH2 S labelled “a” and “b” might have been expected to 

show two simple quartets due to coupling with the adjacent CH3S, but instead the two 

protons o f each CH2 are non-equivalent, leading to two double-quartets for each CH2 . The 

protons o f  the CH2 labelled “c” are also non-equivalent, resulting in two double-double- 

doublets from coupling with each other, the NH proton and the adjacent CH.

The deprotection o f 178 was then carried out using a modified procedure o f  

Ellison'^^ using a mixture o f TFA and chloroform. The aldehyde 174 was obtained 

without need for purification in 94 % yield. No racemisation had occurred, as is evident
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from the 'H NMR (CDCI3 ), which showed only one aldehyde resonance at 9.72 ppm. As

well as the aldehyde signal, the removal of the acetal protecting group was also evidenced

by the absence of the complicated multiplet resonances observed for 178. Both 174 and
1 1178 were completely characterised by H NMR, C NMR, IR, mass spectroscopy and 

elemental analysis.

The same procedure was used to synthesise the phenylalanine equivalent of 174, 

from 122 and 177 (Scheme 2.32). It was necessary to purify acetal 179, (S)-N-(2,2- 

Diethoxy-ethyl)-2-(6-nitro-l,3-dioxo-l//,3//-benzo[c?e]isoquinolin-2-yl)-3-phenyl- 

propionamide, by flash column chromatography (neutral silica, ethyl acetate: hexane, 

50:50), and it was obtained in 65 % yield. The 'H  NMR (CDCI3 ) of 179 again showed the 

complex pattern o f overlapping resonances assigned to the CH2 S. It was then converted to 

aldehyde 180, (Sy)-2-(6-Nitro-l,3-dioxo-l//,3//-benzo[Je]isoquinolin-2-yl)-A^-(2-oxo- 

ethyl)-3-phenyl-propionamide, which was also purified by column chromatography 

(neutral silica, ethyl acetate:hexane, 60:40) with a yield of 85 %. These compounds were 

also fially characterised by the usual methods.

J
J

121

NH,

177

EDCI.HCI

HOBt, 0 °C 
THF

178
O2N

TFA/CHCI

174
O2N

Scheme 2.31: Synthesis o f  174 using aminoaldehyde diethylacetal 1 77.
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The successful synthesis of 174 and 180 without any racemisation and in a total of 

just four simple steps from 4-nitro-l,8-naphthalic anhydride was a huge breakthrough for 

the development of these compounds. In addition, the scale of the final reaction was 

successfully brought up to a 1.2 g scale for 174. This was another advantage over the use 

of the Swem oxidation method. As mentioned in the introduction to this section, 

aldehydes are very versatile compounds. They are among the most widely occurring 

compounds in both nature and the chemical industry. Just one of many aldehydes found in 

living organisms is phosphoglyceraldehyde, an important intermediate in glycolysis, and 

the final product in the Calvin cycle o f plants, which is then converted into an array of 

organic molecules.^"* Basic transformations that can be carried out on aldehydes include 

additions o f metalloorganic reagents (as attempted earlier), aldol condensation, Diels-Alder 

cycloaddition and Wittig reactions.'^' The exploitation of the versatility of aldehydes 174 

and 180, with the aim of preparing more active cytotoxic agents, will be discussed in the 

next sections.

177 ,

EDCI,
HOBt,

TFA/CHCI.

O2N
180

Scheme 2.32: Synthesis o f aldehyde 180 in two steps from 122.
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2.4.2 Synthesis of Thiazolidine and Thiazole Derivatives

Thiazoles have been proven to play an important role in the biological activity of

many natural products obtained from marine organisms. These natural products are

generally cyclic peptides. Patellamide B (181), which was isolated from the tunicate

Lissoclinum patella, is a cytotoxic lipophilic cyclic peptide.*^"* Dendroamide A (182) was

isolated from the cyanobacterium Stigonema dendroideum, and has been found to reverse

multiple drug resistance, thereby having potential utility against t u m o u r s . M e t h o d s  used

to synthesise thiazole containing amino acids include the condensation of a  amino

aldehydes with L-cysteine e s t e r s , a n d  the reaction of L-cysteine esters with A^-protected
1imino ethers, derived from chiral amino acids.

NH HN

NH HN

181 182

It would be of great interest to evaluate the medicinal effect of a molecule 

consisting of both a DNA intercalating 1,8-naphthalimide moiety and the heterocyclic 

thiazole unit. One of the aims of this project was to do just that. The method of 

condensing an aldehyde with an L-cysteine ester was chosen for the synthetic pathway to a 

thiazolidine, and the aldehyde 174 was the obvious starting material. In order to produce a 

thiazole, the thiazolidine intermediate must be synthesised first. This was done by reacting 

174 with L-cysteine methyl ester. In order to react the cysteine methyl ester the 

hydrochloride salt had to be removed from the commercially available amino acid. 

Initially, this was carried out by neutralising the dissolved hydrochloride salt in water with 

10 N NaOH, followed by extraction of the aqueous layer with chloroform (Method A, 

Scheme 2.33). It was then reacted with 174, by refluxing in THF overnight. This was a 

problematic procedure, as if the pH of the solution was not corrected to exactly the right
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value o f 8, the material could not be used. Therefore, the procedure o f McKervey, which 

was a one-pot synthesis was attempted (Method B, Scheme 2.33).'^^ Aldehyde 174 was 

dissolved in ethanol and added to a solution o f L-cysteine methyl ester hydrochloride in 

water. Potassium hydrogencarbonate was then added to the reaction mixture, which was 

left stirring for 5 hours at room temperature. The solution was reduced to half its volume 

and saturated with NaCl before being extracted with chloroform. The resulting red solid 

was analysed by ES mass spectroscopy and 'H NMR. The mass spectrum showed the 

presence o f  the thiazolidine 183, with no sign o f the starting material. The 'H NMR gave 

evidence o f  two diastereoisomers, as would be expected due to the creation o f a new 

stereogenic centre at C-2 o f the thiazolidine ring.

OjN

/ /
o

HCI.H2N

HN

OjN

174 183

A i) ION NaOH, stirring at rt i)H20/CHCl3 i) 15 min

ii) Reflux ii) THF ii) 18 h

B KHCO3 

Stirring at rt

Ethanol/H20

2:1

5 h

Scheme 2.33: Synthesis o f thiazolidine 183.

The reaction mechanism for the formation o f 183 is shown in Scheme 2.34. The 

first step o f  the formation o f the thiazolidine involves the nucleophilic attack by the amino 

moiety o f the L-cysteine methyl ester on the carbonyl group o f the aldehyde, to yield a 

dipolar intermediate. After proton transfer and loss o f water, an iminium ion is formed. A 

second nucleophilic reaction then occurs between the thiol and the electron deficient 

iminium ion to yield the thiazolidine product 183.
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C-9.HS

NH
0 .
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Scheme 2.34: Mechanism for thiazolidine formation.
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The oxidation o f the thiazolidine 183 to the thiazole 184 involved heating 183 to 60 

°C in acetonitrile (Scheme 2.35), in the presence of excess activated manganese dioxide, 

Mn0 2 , (20 equivalents).'^^ After 3 days, the reaction mixture was filtered through celite 

and the solvent removed under reduced pressure. The 'H NMR (CDCI3) of the product 

after flash column chromatography (neutral silica, ethyl acetate: hexane, 60:40) is shown in 

Figure 2.18. It is clear that the product is not pure, but the two substances produced could 

not be separated successfully by further flash column chromatography.

HN

0,N

Mn02,
MeCN, 3 days 
60 °C

183

0,N

184

Scheme 2.35: Oxidation o f thiazolidine 183 to thiazole 184.
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Figure 2.18: 'H  NMR o f  184 (CDCI3, 400 MHz).
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The ratio of the two is approximately 5:2 from integration of 'H NMR resonances. 

The products are not that dissimilar in their chemical shifts suggesting epimerisation has 

occurred and the products are diastereoisomers. The reaction was repeated several times 

without any change. This problem is often encountered in the synthesis o f thiazoles.'^^’ 

The same reactions were carried out with 180 i.e condensation with L-cysteine methyl 

ester, followed by oxidation with Mn0 2 . Although, the condensation reaction worked, the 

final thiazole product could not be identified in a crude 'H  NMR (CDCI3) o f the reaction 

mixture, and was not isolated.

Nickel peroxide (Ni0 2 ), instead of manganese dioxide, as oxidising agent was used 

successfully by McKervey to overcome racemisation/epimerisation in the synthesis of 

amino acid derived thiazoles from enantiopure A^-protected a-amino glyoxals.*^^ Thus, the 

synthesis of 184 was attempted using Ni0 2 , in dichloromethane. Initially, the reaction 

mixture with 10 equivalents o f the oxidant was stirred at room temp. This afforded no sign 

of the desired product by TLC. 10 more equivalents of Ni0 2  were added and stirring was 

continued for a further 24 hours. Again, no reaction was observed. After 4 days heating at 

40 °C there was still no sign of the desired product, so this method was abandoned.

The formation o f a thiazole derivative, with retention o f chirality, was the aim of 

this part of the project. Unfortunately, this was not achieved. The use of Mn0 2  and Ni0 2  

for the final dehydrogenation of the thiazolidine derivative were both investigated. While 

the reaction did proceed with the former, the latter oxidising agent did not appear to be 

reactive enough. Further investigation of this reaction could not be carried out due to time 

restrictions, however, this is now being carried out by other members o f the group.

2.4.3 Synthesis of Olefin Derivative Using the Wittig Reaction

The Wittig reaction, named after its discoverer, the Nobel Prize wirmer Georg 

Wittig, is a very important synthetic procedure, allowing the substitution o f the carbonyl 

group of an aldehyde or ketone for a carbon-carbon double bond.'^' The aldehyde or 

ketone is reacted with a phosphonium ylid or phosphorane. Although, the Wittig reaction 

is possibly one of the most important methods o f making alkenes, and has been used in 

synthetic procedures for decades, the precise mechanism of the reaction has still not 

entirely come to light. A simplified mechanism is shown in Scheme 2.36.
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R

— -CH
- / R

R
2

Z-isomer £-isomer

R 2
+

P h , P = 0

Scheme 2.36: Simplified mechanism for Wittig reactionJ^‘

The ylid attacks the carbonyl group of the aldehyde to form a four-membered ring 

intermediate, known as an oxaphosphetane. Oxaphosphetanes are unstable and they 

undergo elimination to form an alkene. A phosphine oxide (in this example -  

triphenylphosphine oxide) is produced as a by-product. The formation of the phosphine 

oxide is the driving force for the reaction as the phosphorous-oxygen double bond is 

extremely strong. This simple mechanism is not sufficient to explain the stereochemistry 

of the reaction. In some reactions both E and Z isomers will be formed in the reaction, but 

one isomer will be favoured over the other. In other reactions, only one isomer will be 

formed. The nature of the substituent on the carbon atom of the ylid appears to be the 

main factor involved in the stereoselectivity. Maryanoff carried out an indepth 

investigation into this e ffec t,h o w ev er, a general rule is that ylids with conjugating or 

anion-stabilising substituents adjacent to the negative charge (stabilised ylids) are E 

selective, and those without (unstabilised ylids) are Z selective.

The versatility of alkenes is considerable and hence the introduction of an olefin 

into a 1,8-naphthalimide could be of great synthetic significance as the resulting alkene 

would be a stepping stone to further functionalisation such as epoxidation. Thus, aldehyde 

180 was reacted with two phosphorous ylids. The ylids chosen were prepared from the

185 186
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phosphonium chloride salts 185 and 186.'̂ ® As the ylids formed (187 and 188) are 

stabilised ylids, the salts were depronated using a mild base -  10 % NaOH. They were 

then reacted with 180. This type of reaction often proceeds very quickly and there is 

usually no heating needed. The first reaction carried out involved the addition of 187 in 

portions to a stirred solution of 180 in THF at room temp. The reaction mixture was left 

stirring for 24 hours, but no reaction appeared to have occurred by TLC. The solution was 

then heated at 45 °C for 3 days (Scheme 2.37). The 'H  NMR (CDCI3) o f the solid obtained 

after evaporation o f the solvent under reduced pressure showed mainly a mixture of the 

desired product 189, f5',£)-4-[2-(6-Nitro-l,3-dioxo-l//,3//-benzo[i:/e]isoquinolin-2-yl)-3- 

phenyl-propionylamino]-but-2-enoic acid ethyl ester, and the by-product 

triphenylphosphine oxide, with a small amount of unreacted ylid. Compound 189 was 

isolated by flash column chromatography (neutral silica, ethyl acetate: hexane, 50:50). 

Only the E  isomer was isolated with a yield o f 36 %. From the ratio of components in the 

crude 'H NMR, it appeared that the reaction was approximately 90 % complete. 

Therefore, much of the product must have been lost in the purification.

THF, 45 °C o+
3 days

O2N

180 187 189

Scheme 2.37: Synthesis o f  alkene 189.

The evidence that the product obtained was indeed the E  isomer was obtained from 

the 'H NMR (Figure 2.19). The vicinal coupling between the two olefin protons gave a 

coupling constant Vhh of 15.70 Hz. A typical coupling constant for vicinal coupling in an 

unsaturated trans (£-isomer) system is 14-16 Hz, while that o f an unsaturated cis (Z- 

isomer) system is 8-11 Hz. Therefore, it can be stated with much confidence that the E 

isomer was formed. There had been no sign o f the Z isomer in the crude 'H NMR,

124



Figure 
2.19: 

'H 
NMR 

of 
189 

(CD
Ch, 400 

M
H

z).

in te g ra l



Chapter 2 -  Synthesis o f Peptide-Based 1,8-Naphthalimides

therefore it was not simply lost during purification. The evidence of formation of the 

product was also found in the '^C NMR, where the signal at 165.6 ppm was assigned to the
I 1 3ester carbonyl. The compound was fully characterised by H NMR, C NMR, IR, ES 

mass spectroscopy and elemental analysis.

The same procedure was used for the reaction o f 180 with ylid 188 (Scheme 2.38). 

Again, heating was required. The TLC of the reaction mixture showed many spots while 

the 'H NMR showed the presence o f 2 products (2 aldehyde peaks could be seen) as well

O2N

THF, 45 °C
 ►

3 days

OjN

+

180 188 190

Scheme 2.38: Synthesis o f alkene 190.

as triphenylphosphine oxide. The spots were separated by flash column chromatography 

(neutral silica, gradient elution using ethyl acetate: hexane), but none of them appeared to 

be the desired product 190. The products appeared to be decomposing on the silica. The 

reaction was repeated in acetonitrile, instead of THF, but yielded the same results. In order 

to find out if  the technique was the problem, the conversion of benzaldehyde to 3-phenyl 

propenal 191 was attempted. The reaction was carried out in the same marmer as for 190 

using acetonitrile as solvent (Scheme 2.39), and the desired product 191 was obtained as a

O .-

188

MeCN
H 24 h, 45 °C

191

Scheme 2.39: Synthesis o f aldehyde 191.
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yellowish liquid after purification by column chromatography. Therefore, it appeared not 

to be a simple matter of technique. The purification of compounds such as 189 and 190 

should perhaps be attempted by some other means. These are currently under investigation 

within the research group.

The synthesis of the olefin 189, opened up the possibilities for carrying out a range 

of transformations such as epoxidation. Again, unfortunately the successful synthesis of 

189 came at the very end of the project, and thus these transformations were not carried 

out. They will be the main objectives of a new student in the group.

2.5 Thiono-l,8-Naphthalimides

Recently, Qian et al. reported the intercalation and DNA photocleavage by 1,8- 

naphthalimides possessing thiono or thio groups instead o f oxygen in the imide part o f the 

molecules.'^' Compound 192, which is of a similar structure to Mitonafide 8, was found to 

be extremely effective in its photocleavage of DNA, compared to its oxygen containing 

couterpart 193. The reason for the higher DNA cleaving activity was proposed to be due 

to the more efficient intersystem crossing and higher photosensitising activity o f the sulfur 

containing compounds.

/ O

192 193

Because o f these findings, it was decided to attempt to synthesise some amino acid 

based thiono-naphthalimides. This would involve first synthesising the thioanhydrides and 

then coupling them with the amino acids. Initially, the desired thioanhydride was the 

dithiono-l,8-naphhthalic anhydride 194. This compound was first reported by
I  7 ”̂Lakshmikantham et al. They also synthesised thiolothiono-l,8-naphthalic anhydride 195 

and trithio-l,8,-naphthalic anhydride 196.'^"* The procedure used involved the direct 

thionation of 1,8-naphthalic anhydride using Lawesson’s Reagent. This reagent has been 

found to be one of the most successful reagents for the conversion of carbonyl compounds 

to thiocarbonyl compounds.
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The synthesis involved refluxing a mixture of 1,8-naphthalic anhydride and 

Lawesson’s Reagent in anhydrous chlorobenzene. The results obtained from the reaction 

were not found to be very reproducible. On one occasion, the compound obtained was 

found to be the trithioanhydride 196 (black crystals) while on another occasion when 

exactly the same procedure was followed the expected dithionoanhydride 194 (red/brown 

crystals) was obtained (Scheme 2.40).

Lawesson's
Reagent

Lawesson's
Reagent

chlorobenzene

194 196

Scheme 2.40: Synthesis o f dithiono and trithionoanhydrides 194 and 196.

The only major difference between the two reactions was the source of Lawesson’s 

Reagent. It is clear that very carefully defined experimental conditions are necessary for 

the reaction. The reaction was again repeated and the red crystals of dithionoanhydride 

were obtained. Before the recrystallisation step, analysis by NMR of the substance 

obtained from the reaction showed that there was a mixture of 3 compounds -  dithiono 

194, trithiono 196, and naphthalic anyhydride (starting material) in a ratio of 10 : 3 : 1. 

According to Lakshmikantham et al. the trithionoanhydride 196 can be synthesised by 

treating the dithionoanhydride with a catalytic amount of triethylamine where by it 

undergoes a rapid rearrangement to produce the thiolothionoanhydride 195. (Scheme 

2.41). By then refluxing this with Lawesson’s Reagent the last oxygen is replaced by a 

sulfur. Unless the presence of water may have had the effect of opening up the ring and 

causing the rearrangement it is not clear how the trithio compound could have been 

obtained as the major product. A crystal structure of the trithionaphthalic anhydride was 

obtained which proved the correct structure but this crystal structure had already been 

reported by Lakshmikantham.
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EtjN

DMF

194 195

Scheme 2.41: Rearrangement o f  194 by EtsN.

The mechanism of the thionation reaction using Lawesson’s Reagent has been 

postulated to involve a species of the RP(=S)2  type as a reactive intermediate.’’  ̂ Due to 

the difficulty in detecting such an unstable monomeric species, this has yet to be proved. 

However, a moderately stable but rather reactive dithioxophosphorane, MoxP(=S)2  was 

synthesised and was found to successfully convert the carbonyl group of benzophenone to 

the thiocarbonyl group.

The reaction of both 196 and 194 with A^-Boc-Lysine methyl ester.HCl was 

attempted in the usual manner, by refluxing in toluene, in the presence of triethylamine. 

Unfortunately, neither reaction proceeded easily like that of the ordinary 1,8-naphthalic 

anhydride reactions. Apart from yielding a mixture o f products and starting materials, 

these reactions were made extremely difficult due to the smell generated by the 

compounds. Although, it would have been very interesting to see if these compounds 

showed greater activity in cell testing, this work was not carried any further.

2.6 Conclusion

This chapter is roughly divided into three sections. The first deals with the 

synthesis o f mono- and di-peptide based mono-naphthalimides containing L-lysine, the 

second section discusses the synthesis of various bis-naphthalimides -  simple, head-to-tail, 

tail-to-tail etc., while the final section discusses the synthesis and modifications of a series 

o f aldehyde derivatives. Much o f the preparation o f the first group of compounds (100- 

143) was based on simple peptide solution chemistry, and coupling reactions between 

amines and 1,8-naphthalic anhydrides. The s-amino group of L-lysine was exploited for 

the preparation of the bis-naphthalimides (144-167). The synthesis of the series o f 1,8- 

naphthalimide aldehydes caused many problems, but they were eventually overcome. The
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versatility of the aldehyde moiety allowed various modifications to be made to the 

derivatives. There were two main procedures attempted -  the synthesis of a thiazole and 

the use of the Wittig reaction to yield an olefin. The formation o f the thiazole was 

thwarted by loss o f chirality, but the Wittig reaction was successfully carried out to yield 

189 .

In summary, a total of 50 novel 1,8-naphthalimide derivatives have been 

successfully synthesised and purified. Many o f the compounds described in this chapter 

have undergone biological testing in various cell lines. This will be discussed in the next 

chapter -  Chapter 3. The compounds that were synthesised later in the project are 

currently being examined and the results will be available in the very near fiiture.
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3.1 Introduction

The 50 novel compounds discussed in Chapter 1 were prepared with the aim that 

they might act as anti-cancer compounds. Their design was inspired by the success of 1,8- 

naphthalimides such as Mitonafide 8, and Amonafide 10, as cancer therapeutic drugs, as 

well as the sequence selectivity demonstrated by peptides such as derivatives 30 and 31. 

The study of these novel compounds was an extension of work already carried out by 

Phelan and Blais on peptide-based 1,8-naphthalimides, in which many trends and 

conclusions about the activity of certain derivatives had been assessed. Although no 

physical studies, such as DNA binding, were carried out on the compounds synthesised by 

Phelan and Blais, all the compounds were tested for their cytotoxic behaviour. In this 

chapter, the cytotoxicity of 38 novel compounds (106-189) in certain cell lines is 

discussed. These biological studies were carried out in collaboration with Prof. Mark 

Lawlor and Dr. Tony McElligott, Department o f Haematology, St. James Hospital, Dublin. 

Two of the water-soluble compounds 132 and 137, were chosen for some physical studies. 

The interaction of these two compounds with calf thymus DNA, and the homopolymers 

dG-dC and dA-dT, was investigated by UV-vis and circular dichroism spectroscopies, as 

well as by DNA-melting studies. The results o f these studies will also be discussed in this 

chapter.

3.2 Procedures Used For Biological Studies

The compounds discussed in Chapter 2 have been divided into eight groups to 

allow simple comparisons to be made between compounds with similar structural features. 

These groups are shown in Table 3.1.

1 106,107,108,109

2 114,138,119,137

3 127,128, 124,125

4 135,136, 131,132

5 141,142,143

6 168,169, 171,172,178,179,174, 189

7 144, 145,146,147,149,150

8 160,156,158,165,162

Table 3.1: Division o f 1,8-naphthalimides into groups for biological testing results.
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The testing of these compounds involved the evaluation of cell viability for each 

compound using a standard assay. Initially, each 1,8-naphthalimide was examined using
178the HL-60 cell line. This cell line is an acute form of promyelocytic leukaemia, and was 

chosen due to its availability, and more importantly because it is not a very resistant cell 

line. In this way, the assay acted as a preliminary indication of the potency of the 

compounds. If a compound showed very limited activity against this cell line, then it was 

unlikely to be effective in the more resistant cell lines.

The cell viablility assay chosen for the studies was the MTT assay. MTT or 3-[4,5- 

dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide, is a yellow dye which is cleaved 

by viable cells to form a purple formazen dye, Scheme 3.1.'^^ This is a colorimetric assay 

system as the conversion of the tetrazolium salt to the formazen can be followed and 

quantified by UV-vis spectroscopy as formazen absorbs at 595 nm. When the number of 

living cells in a sample increases, there is an increase in the total metabolic activity. Using 

the MTT assay this increase is directly proportional to the amount of the purple formazen 

produced by the sample, which is measured by the absorbance. A decrease in metabolic 

rate, the desired effect of a cytotoxic drug, leads to less formazen being produced. Thus, 

the absorbance can be directly correlated to the number o f living cells. Importantly, this 

assay provides information about cell properties such as growth and death. The interest 

here is in cell death - the term being used to quantify cell death is known as the IC50. The 

IC50 is the concentration of drug required to kill half of the cells. For the eight groups of 

compounds, the IC50 value for each compound was determined using this method.

HN

Scheme 3.1: Metabolisation o f  MTT to formazen by viable cells.

Once the cytotoxic activity of a compound in HL-60 cells had been determined, it 

was considered for further testing. The more promising compounds were chosen for testing 

using the more resistant cell lines K-562 and PC-3. The K562 cell line is a chronic
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myelogenous leukaemia (CML) cell line, and is considerably more resistant to cytotoxic
1 78drugs than the HL-60 line. The PC-3 cell line is a prostate cancer cell line and is the 

most resistant of the lines used.'^* IC50 values were obtained for those compounds chosen 

for further testing.

3.3 Cytotoxicity to HL-60 Cells

As described above, the cytotoxic effect o f the compounds on HL-60 cells was 

measured as an IC50 value. The structure, dose-response curve and IC50 value after 24 

hours incubation in HL-60 cells, for each compound is shown. Importantly, the values 

recorded on the following pages were all in the micro-molar (|J.M) range. A good drug 

such as Mitoxantrone 8 , is quoted as having an IC50 of 0.04 ± 0.01 mM or 40 |0.M, after 72 

hours incubation. All results were compared to IC50 values obtained for the reference 

compounds 8 and 10, along with their 4-nitro and amino analogues 197 and 198. These 

reference compounds were synthesised by Phelan” and the testing results are shown in 

Table 3.2.

8 H NO2 0.23

1 0 H NH2 3.00

197 NO2 H 4.48

198 NH2 H 0.94

' N

R2
R1

Table 3.2: IC50 values obtained fo r  reference compounds in HL 60 cells, after incubation 

fo r  24 h.

From these results, it is clear that 8  is the most potent derivative. The discussion of 

groups 1 -8 , will be based on emphasising the effects o f the following factors:

• 1,8-Naphthalimide ring substitution

• Amino acids

Protecting groups -  steric effects
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Group 1 contains the iysine-modified mono-naphthalimides 106- 109. The generic 

structure o f these compounds is shown in Figure 3.1. The four compounds differ in the 

protecting groups used, i.e. 106 and 107 have a Boc group on the s-amino moiety, but 107 

has a tert-huty\ ester protecting the acid, while 106 has a methyl ester. 108 and 109 both 

have a Cbz group on the s-amino, but again differ in the carboxy protecting group. The 

results obtained for these compounds are shown in Table 3.3.

Figure 3.1: Generic structure fo r  Group 1.

From these results the IC50 values obtained compare very well with the reference 

compounds. These compounds present a narrow range of IC50, 2.0-4.26 (xM. This implies 

that these changes in R1 and R2 do not significantly impact the activity of these 

compounds. The maximum change in IC50 is observed when two bulky groups -  Cbz and 

tert-hutyl ester moieties, are used.

Group 2 contains some of the derivatised lysine mono-naphthalimides, and differs 

from the previous group in terms of ring substituent and charge. Table 3.4 shows the 

results obtained for these four compounds. The bromide salt 137, which was synthesised 

by removing the Cbz protecting group of 108, showed the most promising result from this 

group, with a IC50 value o f 4.0 |xM. It is thought that the positively charged e-amino 

moiety might enhance the electrostatic interactions between the drug and the negatively 

charged DNA, as well as increasing the potential for hydrogen bonds. Thus, the fact that 

137 had a relatively similar activity to its neutral, protected parent compound 108 is very 

interesting. The introduction of charge would be expected to cause significant changes in 

the behaviour of the molecule.

O

R2
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Structure Number Dose-Response Curve IC50 value

106

2 .0 -|

0 .0 - —  
0.01 0.1 1 10 100 1000

2.0 \iM

Concentration (^M)

' HKI

107

—. 2 .0-1 
S

s  1-5-

ouc
(Cnk.oB<

0 .0 -
0.01 0.1 1 10 100 1000

2.5 nM

Concentration (^M)

1 ,

NO.'2

108

1.00

0.75

0.25

0.00
10000.01 0,1 1 10 100

2.4 nM

Concentration (xM)

I,

NO.'2

109

2.0noa»

10e>

OocnA
1 .0 -

S  0.5-(ft
§

0 .0 '

100 10000.01 0.1 1 10

4.26 iiM

Concentration (̂ IVI)

Table 3.3: Structure and cytotoxic dose-response curves fo r  Group 1, the mono-
naphthalimide derivatives 106, 107, 108 and 109, following 24 h incubation in HL-60 cells.
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Structure Number Dose-Response Curve ICso value

B r  N H 3 +

NO2

137

0.75 H

0.50 -

■g 0.25 -

0.00
0.01 0.1 10 100 10001

4.0 fiM

Concentration ( ^M)

114

1.00

feo.75

«  0.50

0.25

0.00
0.01 0.1 1 10 100 1000

28.0 fiM

C oncentration  (iM)

C oncen tration  (iIM)

A,

OH

.00 . N .

NO2

119

2 .0-1

Ouc

sn
<

0 .0 - —  
0.01 0.1 10 100 10001

Concentration (^M)

Table 3.4: Structures and dose-response curves for Group 2, mono-napthalimides 137, 
114, 138 and 119, after 24 h incubation in HL-60 cells.
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Next, the effect of changes to the ring was investigated. Compound 114 can be 

compared directly to 106 as it differs only in the substituent at the 4-position. The value of 

28 )xM recorded for 114 is a ten-fold decrease in cytoxicity in comparison to the 4-nitro 

derivative 106. This is a significant change which is possibly explained by the following - 

if the compounds are acting as DNA intercalators this may be due to the methoxy group 

sitting out of the plane of the naphthalimide system in a marmer less conducive to 

intercalation than the nitro group. The effect o f the introduction o f an amino group is 

shown in compound 138, the 4-amino equivalent of 109. After 24 h, 138 was still not 

showing any reasonable activity. This was not totally unexpected, as it had been 

concluded by Phelan that the 4-amino derivatives showed substantially less activity than 

their 4-nitro analogues. The removal of the tert-hutyl ester from 109 yielded 119 with the 

free carboxylic acid. The result obtained for 119, 33 |j.M, could have been due to a 

repulsive effect.

This group provided information about the effect o f a) charge and b) ring 

subsitituent, on the IC50. The main observations from this group are that replacing the 4- 

nitro group for an amino group or a methoxy group decreases the activity, while removing 

the aromatic bulky Cbz substituent from 108 yielding the positively charged amine 137, 

does not have an enormous effect. Thus, the ring functionality o f these derivatives appears 

to be of key importance. The water solubility and IC50 value obtained for 137 made it an 

ideal candidate for further study by physical methods. The results for this will be discussed 

in Section 3.5.

The next group of compounds examined is Group 3, containing the dipeptide 

derivatives 127, 128, 124 and 125, as shown in Table 3.5. The generic structure of these 

compounds is shown in Figure 3.2. All of these compounds are 4-nitro substituted, as 

already stated, this appears to be a key determinant for activity. The four compounds in 

this group differ in the order of the amino acids.

R1 O
O ^ ^  R2

O2N

Figure 3.2: Generic structure fo r  compounds in Group 3.
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Structure Number Dose-Response Curve ICsn value

OjN
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2.0 -1

0.0
0.01 0.1 10 100 10001

2.6 nM

Concentration ( mM)

128

2.0

0)oc
(0

1.0

o
0)

<
0.0

0.01 0.1 10 100 10001

1.7 fiM

Concentration ^M)

OjN

t (  124

2 .0 -]
oo>
4in9>
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(0

o
I

0 .0—  
0.01 10 100 10000,1 1

1.4 nM

Concentration (^M)

^  1.00 1

2  0.75 -

0.50 -

M 0.25 -

0.00
0.01 0.1 1 10 100 1000

Concentration i(iM)

Table 3.5: Structures and dose-response curves for Group 3, dipeptide derivatives 127, 

128, 124 and 125, after incubation for 24 h in HL-60 cells.
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The alanine containing dipeptides 84 and 8 6  were not tested as it had already been 

confirmed by Phelan that dipeptide derivatives containing leucine or phenylalanine, rather 

than alanine, showed higher cytotoxicity levels.”

The ICso values obtained are all very low and very similar which makes it difficult 

to make any clear-cut conclusions. Unfortunately, the effect o f the different protecting 

groups on the lysine cannot be extricated from the effect due to the sequence o f the two 

amino acids, but it may be that their effect is similar, as seen for the mono-peptide 

derivatives. It is clear though that these compounds have almost comparable IC50S to the 

reference compounds, with values of 2.6, 1.7, 1.4 and 2.1 nM, for 127, 128, 124 and 125 

respectively. The little difference between these four compounds might well enforce the 

idea that the influence of the ring substituent is the weighting factor. If these compounds 

are acting as intercalators, the dipeptide side chain may be positioned favourably in a 

groove.

Group 4 contains the amino salts 135, 136, 131 and 132. These were prepared by 

removing the e-amino protecting groups from the compounds of Group 3, yielding a family 

of positively charged dipeptides. The introduction of charge was found to have a 

significant effect on the IC50 resulting in an approximate 10-fold decrease in activity in 

comparison to the parent dipeptides (Table 3.6). This was interesting as the introduction of 

charge to the mono-peptide derivative ( 108^ 137) resulted in a much less effect. The 

trifiuoroacetate salts 131 and 132 showed marginally better activity than the bromide salts 

135 and 136, thereby asking the question o f the role o f the counterion. There was no major 

difference between the leucine and phenylalanine derivatives. The possibility that the 

aromatic group of the phenylalanine derivatives might be involved in a 7t-stacking 

interaction could only be conjectured. As for the monopeptide derivative 137, the 

deprotected amino group of the lysine was hoped to have a positive effect on the 

cytotoxicity, i.e. it should increase the extent o f electrostatic and hydrogen bonds, thereby 

leading to a stronger interaction between the drug and the DNA. The values o f 16.3, 13.0, 

10.9 and 11.9 [iM for compounds 135, 136, 131 and 132 respectively, did not appear to 

reflect this. The combination o f great bulk and charge may be the reason for this, but 

problems o f delivery may also be a factor. Of these compounds, it was decided to test 132 

by physical methods.

The next group -  Group 5 (Table 3.7) contains the 4-amino derivatives 141, 143 

and 142. The IC50 values reported for 143 (> 50 [iM) and 141 (111 jxM) were low, but not
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Structure Number Dose-Response Curve ICsn value
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Table 3.6: Structures and dose-response curves for Group 4, dipeptide salt derivatives 

135, 136, 131 and 132, after incubation for 24 h in HL-60 cells.
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Structure Number Dose-Response Curve ICsn value
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141
<

1 10 100 1000 
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eo>
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k
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Table 3.7: Structures and dose-response curves fo r  Group 5, 4-amino substituted

dipeptide derivatives, 143, 141 and 142, after 24 h incubation in HL-60 cells.

surprising. These are both salts and amino substituted. From the results o f groups 2 and 4 

it has already been established that 4-amino substituted derivatives have lower activity, as 

do the amino salts o f the dipeptides. The results may be comprehended by the fact that they 

are considerably more polar, and hydrophilic, than any o f  the other compounds discussed. 

The possibility o f failing to cross the hydrophobic membrane is therefore increased. O f 

course, it must also be considered that they are simply not effective cytotoxic agents, even 

if  they do reach their target. O f note is compound 142, a 4-amino derivative, which yet 

showed quite substantial activity. Its IC50 o f 7.3 |o,M is o f the same order o f magnitude as
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the 4-nitro substituted analogue 124, with just a five fold difference. This is a further 

example o f the difficulties in qualifying the behaviour of these compounds.

The study o f Groups 1 -5 yielded some insight into the factors associated with good 

activity -  such as having a nitro group at position 4 o f the naphthalimide, instead o f an 

amino or methoxy group. The effect of bulky groups and charge has also been seen to 

have an effect on the activity. Although some family trends could be inferred, there are 

also exceptions to the rule. These exceptions might well be acting by a different 

mechanism, but indepth mechanistic studies would have to be carried out to elucidate this.

The next group of compounds examined. Group 6 , includes some of the alcohols 

(168, 171, 172), acetals (178, 179), and aldehydes (169, 174) synthesised, as well as the 

olefin 189. The results for this group are shown in Table 3.8. As discussed in Chapter 2, 

168 was prepared in order to compare the activity of the iS-enantiomer to that of the R- 

enantiomer synthesised by Phelan. The IC50 value obtained for the /?-isomer was 10.3 |o.M. 

The value obtained for 168 was 7.9 ^M. This possibly suggests that the S'-enantiomer is 

more active than the corresponding /?-enantiomer, an effect also seen by Phelan when 

comparing the L- and D-alanine methyl ester derivatives, however the difference is small, 

so there may be no real difference between the two. A veiy interesting result was the 

difference between the values obtained for 172 (14.0 }xM) and 171 (2.6 nM). The second 

chiral centre and CH3 on 171 are obviously involved greatly in the mode of action, 

possibly aiding the binding of the compound to its target. This is great evidence that the 

use of several chiral moieties attached to the naphthalimide can increase the activity of 

such compounds.

The acetals 178 and 179 showed very promising results with IC50S of 1.9 and 2.0 

)4.M respectively. Yet again, there was no major difference between the leucine derivative 

and the phenylalanine derivative. The two aldehydes examined, 169 and 174, also showed 

very good results. 169 had an IC50 of 2.3 |j,M, a value that compares very well with the L- 

alanine methyl ester equivalent synthesised by Phelan (IC50 = 2.24 )a,M). Aldehyde 174 

showed the lowest IC50 value of all the compounds tested i.e. 1.2 |o.M. The olefin 189 also 

had a very high activity level with an IC50 o f 1 .4 [iM. The reasons behind the high activity 

o f these compounds are not obvious.
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Structure Number Dose-Response Curve ICsn value

■OH

OjN

-OH

OjN

OjN

168

172

171

178

179

_  2.0 n

0.0
10 1000.01 0.1 1

7.9 fiM

Concentration (^M)

0.0
10000.01 0.1 1 10 100

14.0 fiM

Concentration ^M)

^  2.0 -I

0.0
100 10000.01 0.1 1 10

2.6 nM

Concentration (^M)

0.5
n

0.0
10 100 10000.01 0.1 1

1.9 nM

Concentration (iM)
_  1.00 1

S 0.75 -

5  0.50 -

2 0.25 -

0.00
100 10000.01 0.1 1 10

2.0 fiM

Concentration ( ^M)

Table 3.8a: Structures and dose-response curves for Group 6, alcohols and acetals, 168, 

172, 171, 178 and 179, after incubation for 24 h in HL-60 cells.
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Structure Number Dose-Response Curve ICsn value
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Table 3.8 b: Structures and dose-response curves for Group 6, aldehydes and olefin, 169, 

174 and 189, after incubation for 24 h in HL-60 cells.

Following the study of the mono-naphthalimides the attention was focussed on the 

simple bis-naphthalimides with the generic structure shown in Figure 3.3. Factors such as 

ring functionality and linker length were investigated for this group. In Table 3.9, the 

results and structures for Group 6 are shown. This group contains the simple bis- 

naphthalimides 144, 145, 146, 147, 150 and 149. The first five compounds all have the 

same linker using L-lysine, while 149 has a shorter linker derived from L-omithine. From 

the values reported for these compounds, a clear activity series could be derived.
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Linker Ring functionality

R2

L inkerN —
' 8/5R4

R3

Bulky p ro tec ting  g ro u p  ?

Figure 3.3: Generic structure fo r  simple bis-naphthalimides.

The 2 X 4-nitro {i.e. R2 = R4 = NO2) substituted derivative 144 showed the highest 

activity with an IC50 of 4.58 jxM. This was followed by the “unsymmetrical” bis- 

naphthalimide 150 (12.9 |xM), which differed from 144 only by the substitution of one 

nitro group for a chlorine. This was followed by the 2 x 4-amino substituted derivative 

145 (20 jxM). This rather low activity for the 4-amino derivative was exactly as expected. 

The unsubstituted bisnaphthalimide 147, and the 3-nitro substituted analogue 146, both had 

very poor activity -  50 and 107 |xM respectively. The difference between 144 and 146 

which differ only in the position of the nitro substituents is dramatic, but again enforces the 

theory that the ring substituent is a large factor in the activity o f these derivatives. The 

results provide the following trend: 2 x 4 -NO2 > 4 -NO2 + 4-Cl >2 x 4 -NH2 > 2 x 4-H > 2 x 

3 -NO2. Compound 149, which differs from 144 only in the number of CH2S in the alkyl 

chain, had an IC50 of 6.8 |xM. Thus, it can be assumed that the nitro groups at position 4 

are required for activity, but the longer the distance between the naphthalimide ring 

systems, the better.

As discussed in Chapter 2, these compounds were not expected to be bis- 

intercalators. It is possible to then compare them with the mononaphthalimides o f Group 

1. If it is imagined that the second naphthalimide, at the s-amino end, is similar to the Cbz 

protecting group of 108, then the similar activity of 108 and 144 may well be due to the 

bulky group, either Cbz or 1,8-naphthalimide, acting in the same way. Thus, the first 1,8- 

naphthalimide (a-N) may bind to DNA by intercalation, while the second 1,8- 

naphthalimide is positioned externally in a groove. This kind of cooperative binding might 

be expected to enhance the binding, thereby improving the activity o f the compounds.
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Structure Number Dose-Response Curve ICsn value

144

2 .0-1

n

0.0
0.01 0.1 10 100 10001

4.6 nM

Concentration (^M)

Cl

NO.

150
0.75  -

0.25  -

0.00
0.01 0.1 10 100 10001

12.9 \iM

Concentration (^M)

NHj

145

2 .0-7o0>

0>

ttocs
o
§

0,1 10 10001 100

20 jiM

Concentration (^M)

Concentration (^M)

Table 3.9a: Structures and dose-response curves o f Group 6, simple bisnaphthalimides 

144, 150, 145, and 146, after 24 h incubation in HL-60 cells.
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Structure Number Dose-Response Curve ICsn value

NO.

147

149

^  2.0-1

0.1 10 100 10001

Concentration (^M)

2 -0-1

I
I
«uc
(0a
o
iS<

0 .0 - -  
0.01 0.1 1 10 100 1000

6.8 fiM

Concentration (jiM)

Table 3.9b: Structures and dose-response curves fo r  remaining compounds o f  Group 6, 

147 and 149, after incubation fo r 24 h in HL-60 cells.

The final group includes the more unique bisnaphthalimides 156, 158 and 160, and 

the naphthalene diimide 162. The mono-naphthalimide 165 has also been placed in this 

group due to its extended architecture. The results for this Group 8, are shown in Table 

3.10. Compounds 156 and 158 yielded IC50 values o f 3.2 and 10.1 ^M, respectively. If 

156 is compared to its parent compound 124, which has a Boc group attached instead o f a 

second naphthalimide, it could be surmised that the second naphthalimide has little effect 

on the activity (IC50 for 124 = 1.4 |xM). In fact, it may even hinder the activity to a small 

extent. As for the simple bisnaphthalimides, the second naphthalimide may simply be 

introducing extra bulk to the compound. Another possibility is that the two compounds are 

acting via two different mechanisms, and so carmot be directly compared in this way. The 

mixed substitution of 158 reduces the activity in comparison to 156. This adds to the 

surmountable evidence that the introduction of an amino group at the 4-position instead of 

a nitro group leads to diminished activity and lower IC50 values. The activity of 160 against 

HL-60 cells was insubstantial (> 100 )o.M). This result was disappointing as results for 

other “tail-to-tail” bisnaphthalimides had been very promising. The poor activity of 160 

could be due to its size. While bis-intercalation was the proposed mechanism of action of 

the compound, the orientation o f the bulky end groups may well prevent this.
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Structure Number Dose-Response Curve ICsn value

NO.

156

2 .0-1

0)oc

0 .0 -
0.01 0.1 10 100 10001

3.2 jiM

Concentration (^M)

HN.

NH

O

165

^  2 .0 - |

0 ,0 -  —  
0.01 1000.1 1 10 1000

Concentration (^M)

- ^ 2,0
S

is 15 
Jf

0.1 1 10 100 1000 

C oncentration  (^M)

O

1.5

Oo 1.0c
(0n

0.0
0.01 0.1 10 100 10001

Concentration 1^)

2 .0-1
eA

iI
ooc
(Qn0
1

0 .0 '
0.01 0,1 10 100 10001

Concentration (^M)

10.1 jiM

> 100 fiM

48 fiM
(no t fu lly  in 
solu tion)

Table 3.10: Structures and dose-response curves for Group 8, compounds 156, 158, 160, 

162 and 165, after incubation for 24 h in HL-60 cells.
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Compound 165 also had quite poor activity (37 |xM), while the IC50 value for 162 

was determined to be 48 |a,M. This result however, was not totally accurate due to the 

compound not being fully in solution. If the compound had been completely soluble the 

value may have been lower, but obviously, the compounds insolubility does not make it an 

ideal drug in any case.

The results from the eight groups have certainly indicated particular features o f 

these compounds that appear to enhance the activity o f  the compounds. These factors will 

be taken into account in the synthesis o f future derivatives. Studies on the mechanism o f 

action o f  the compounds will also greatly influence the design o f new derivatives.

3.4 Cytotoxicity to K562 and PC-3 Cell Lines

As mentioned earlier, some o f  the more active compounds were chosen for further 

study in K562 and PC-3 cell lines. The K562 studies involved incubation o f  the cells for 

48 hours, while the PC-3 cells were incubated for 72 hours. The different times o f 

incubation required for these studies, indicates the ease o f inhibition o f  cell growth. The 

decision to leave the K562 cells for 48 h and the PC-3 cells incubating for 72 h was made 

by simply observing the cells. Table 3.11 shows the results o f  these studies in comparison 

to the HL-60 results. Many o f  the compounds are still undergoing testing, and so the 

results are not yet available.

The general trend follows the resistance o f  the cell lines -  the compounds are most 

active in HL-60 cells, followed by K562, and finally PC-3 cells. This was as expected. 

Even by leaving the compounds incubating in the cells longer, the activity in the PC-3 cell 

line was generally an order o f magnitude lower than that in HL-60 cells. There were 

several compounds that still showed quite reasonable activity in the PC-3 cell line, 

including 107, 124, and 174. These three compounds are structurally different -  107 is a 

lysine based mono-naphthalimide, 124 is a dipeptide derivative and 174 is an aldehyde.

The results o f  the K562 testing are very promising. Apart from the three positively 

charged dipeptides (132, 135, 136), all the other compounds tested showed IC50 values 

below 10 |xM. Especially o f interest are compounds 124, and 189 with IC5 0S o f 2.1 and 2.5 

|j.M, respectively, which are lower than the reference 10. It must be considered that if  the 

incubation in K562 cells had been left longer - 72 or 96 h, for example, these values could 

be even lower. This work will be carried out in the fiiture.
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107 2.5 3.6 10.1

137 4.0 7.1 12.5

124 1.4 2.1 9.5

132 11.9 22.3 20.6

135 16.3 16.9 —

136 13.0 15.0 —

144 4.58 4.9 13.5

156 3.2 3.9 13.9

171 2.6 4.8 —

178 1.9 4.2 13.4

179 2.0 9.8 —

169 2.3 — —

174 1.2 3.9 10.4

189 1.4 2.5 —

8 0.2 0.8 4.0

10 3.0 3.1 8.7

Table 3.11: IC50 values obtained fo r chosen compounds and reference compounds after 

incubation in HL-60 cells fo r  24 h, K562 cells fo r  48 h, and PC-3 cells fo r  72 h (95 % 

confidence interval).

Investigations into the mode of killing, i.e. either by necrosis or apoptosis, are 

currently ongoing. At this point, it is likely that only several compounds will be studied in 

detail. Those compounds likely to be brought forward in biological studies are 124 and 

189. The next section will discuss the physical evaluation o f the two water soluble 

compounds 132 and 137. A discussion of all the results obtained for both biological and 

physical studies will be given at the end o f the chapter.
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3.5 Physical Examination of Drug-DNA Interactions

Ideally, the investigation of a new DNA binding agent involves establishing the 

mode of binding with DNA. The best method of doing this is by high resolution structural 

studies, using X-ray diffraction or NMR. In the absence o f these means, the mode of 

binding is typically determined using solution studies. There are four main types of 

interaction that a drug may have with DNA. These interactions are as follows:

• Groove binding (major/minor)

• Electrostatic binding

• Intercalation

• Covalent binding

The rationale used in the design of the peptide-based 1,8-naphthalimides discussed 

in Chapter 2 is shown schematically in Figure 3.4. The planar 1,8-naphthalimide moiety 

allows for potential intercalation into the helix. It is then hoped that the peptide moiety can 

position itself in one of the grooves to hydrogen bond and serve as a recognition element.

Groove binding/electrostatic interaction

e >

CDGroove
binding

minor

Intercalation between  
base pairs major

Anchor?
Intercalation

Electrostatic
interactions

Figure 3.4: Rationale in design o f peptide-based 1,8-naphthalimide as DNA binding 

agents, and schematic diagram o f methods o f binding to DNA helix.
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The use of a positively charged peptide group such as in the lysine based 

ammonium derivatives, 137 and 132, could provide an added binding mode by binding 

electrostatically to the negatively charged phosphate backbone o f the DNA. The size, 

length and flexibility of the peptide chain is expected to be important in controlling the 

binding and sequence selectivity of the compounds. Finally, the function of the substituent 

at the 3 or 4 position of the naphthalimide is not quite clear, but the fact that the substituent 

can affect the cytoxicity quite dramatically is of utmost importance. The substituent may 

simply help to anchor the drug in the helix, or possibly, acts chemically in the inhibition of 

topoisomerase.

When a drug binds with DNA, the interactions cause changes in the environment of 

the drug, and in the structure of the DNA. These changes manifest themselves in the 

physical properties of both the drug and the DNA. While groove binding usually results in 

only subtle changes in the structure of DNA, intercalation results in more substantial
151changes. These changes include lengthening, stiffening and unwinding of the helix, as 

well as stabilisation of the DNA double helix against thermal denaturation. Thus, the 

hydrodynamic properties of the DNA are altered on intercalation, but not by groove 

binding. Further, intercalation normally causes an increase in the viscosity o f DNA and a 

decrease in the sedimentation coefficient. The main driving force for intercalative binding 

is the formation of stacking (charge-transfer and dipole-induced dipole) interactions 

between the planar chromophore and the base pairs of the DNA. The intercalation process 

is an equilibrium binding process, and so the determination of the equilibrium binding 

constant reflects the nature and strength of binding.

3.5.1 Techniques for Evaluating Drug-DNA Interactions

Three methods were chosen for examining the interactions between two water 

soluble, positively charged, 1,8-naphthalimide derivatives 137 and 132, and DNA. UV-vis 

titrations were initially used to determine whether there was any interaction. Thermal 

denaturation studies were then carried out, followed by evaluation by circular dichroism. 

In order to estimate whether the compounds showed any sequence selectivity, the 

measurements were carried out using calf thymus DNA (ct-DNA), and the homopolymers 

poly dA-dT and poly dG-dC.

Any changes in the environment o f the drug will be reflected in changes in the UV- 

vis or emission spectrum of the drug. The use of absorption spectroscopy is a common 

method of determining the binding constant by monitoring the changes in the spectra of the
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drug on addition of DNA. While free in solution the drug is surrounded by solvent 

molecules, but if the molecule intercalates between the bases of DNA, this solvation sphere 

is removed and the drug may be involved in n -n  stacking with the bases, as well as other 

interactions. The effects of intercalation are generally observed as a decrease in the 

absorption intensity (hypochromism) o f the drug and a bathochromic or red shift o f the 

absorption band.

UV-vis spectroscopy can also be used to evaluate changes in the structure of DNA

on drug binding. As mentioned earlier, the thermal denaturation of DNA can be used as an
• 18indication o f drug binding. The melting temperature or Tm of DNA is defined as the 

temperature at which the double helix has unwound to the point that half of the DNA is in
I o

double stranded form, and half is single strands. The melting temperature can be 

determined using UV-vis spectroscopy. Calf thymus DNA has a A,max of 260 nm. If the 

absorbance at 260 nm is monitored while increasing the temperature by 1 °C per minute, 

the absorbance eventually begins to increase as the helix unwinds. The addition o f a drug 

that binds to DNA can stabilise or destabilise the double helix to such an extent as to alter 

the melting temperature of the DNA.

Circular dichroism is the difference in absorption o f left and right circularly
1 80polarised light. A beam of circularly polarised light has an electric field vector that 

retains constant magnitude in time but traces out a helix about the propagation direction. A 

chiral molecule has no reflection in any plane, and therefore its electrons will not have one 

either.

Right circularly polarised light

k = direction of propagation 
X  = wavelength
E (direction of arrows) = electric field

CD =

Left polarised
light

Right polarised 
light

+

Chiral
molecule

+

CD spectrum

Figure 3.5: Schematic diagram o f  right circularly polarised light and the principle o f  

circular dichroism.
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The electrons move in some kind of helix. As in circularly polarised light the electric field 

vectors also trace out helices, the interaction between a chiral molecule and left- and right- 

handed photons o f light will be different. Any one molecule will have both postive and 

negative CD signals as different electronic transitions involve electron distributions of 

different handedness (Figure 3.5).

Simply put, chiral molecules absorb left and right polarised light to differing

extents. Measuring this difference over the UV spectrum yields a plot characteristic o f the

chiral nature. The method is very sensitive to structural changes, and is therefore a useful

probe of interactions which may cause or result in, structural perturbations. CD is widely

used for the study o f nucleic acid-drug systems, as one of the properties o f DNA is that it is 
1 8 0chiral. The chirality o f DNA originates from the ribose sugar. In isolation, the 

phosphates and bases are achiral, but when joined together with the sugar units they 

become part of a chiral molecule. The transitions leading to UV absorbance in the region 

easily accessible (down to 180 nm) are due to transitions of the bases. When the CD 

spectrum of DNA is measured, the CD induced into the transitions o f the bases is detected. 

The purine bases (adenine and guanine) have a negative signal, while the pyrimidines 

(cytosine and thymine) have a positive CD signal. When a chromophore intercalates into 

DNA it is orientated perpendicular to the DNA helix axis. Circular dichroism studies can 

distinguish between intercalation and groove binding by evaluating the changes in the CD 

spectra o f the DNA and induced CD spectra of the chromophore.

O f the two compounds chosen for these studies, compound 137 is the simpler o f the 

two, with just the lysine chain attached to the chromophore. As a dipeptide, 132 is 

structurally more complex, with a longer chain length between the ammonium moiety and 

the 1,8-naphthalimide unit.

CFjCOO-

H3N

NO2 O2N

137 132
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3.5.2 Binding of 137 to ct-DNA

3.5.2.1 UV-vis Studies

The interaction of 137 with calf thymus DNA was studied by absorption 

spectroscopy in 10 mM, pH 7.0, phosphate buffer, following the procedure used by Kelly
1 O 1

et al. for the study of naphthalene imide and diimide derivatives. This work was carried 

out in close collaboration with Dr. Susan Quinn. A solution o f 137 in the 10 mM 

phosphate buffer was made up to a concentration of 8 [xM. A stock solution of sonicated 

ct-DNA of known concentration (-10 mM), was then added in 5, 10 or 20 |o.l aliquots to a 

2.0 mL solution of 137 in a quartz cuvette. The ratios of the ct-DNA concentration to drug 

are represented as “P/D” (nucleotide Phosphate to Z>ye ratio). The absorption spectrum 

was taken after each addition of DNA. The changes observed in the spectra are shown in 

Figure 3.2. The binding curve is also shown. The binding parameter p is the fraction of 

change in the absorbance at the X,max, where P = 1, is the point at which the absorbance has 

ceased to change on addition o f further ct-DNA.

The A-max for 137 in the absence o f ct-DNA is 354 nm. This area o f the spectrum 

has negligible overlap with DNA absorption. Upon the addition o f ct-DNA to the buffered 

solution o f 137 a decrease in this long-wavelength absorption band intensity and a slight 

red shift were observed. The degree of hypochroism (decrease in intensity) was 

approximately 45 %, while the red shift (spectral shift to longer wavelength) was of 4 nm.

a, 0.08 
o
5  0.06 
W
O
^  0.04 
<

0.02

300 350 400 500450

• T O  =  0  

FYD = 6.8 
FYD=13.7 

FyD = 20.6 
■^0 = 27.5 
- FVD = 34.4 
■FyD = 41.4 

-R'D = 48.5 
RD = 55.5 

RD = 62.7 
RD = 69.7 

TO = 76.9

Wavelength (nm)

Figure 3.6: (a) Changes in the absorption spectra o f  137 upon titration with ct- 

DNA; (b) Binding curve fo r  changes in absorbance observed at 354 nm.
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The changes in the spectra reached a plateau at a P/D ratio of about 50. A clear 

isosbestic point at 388 nm was observed for this titration. This suggests that the titration 

spectrum represents the sum of the contributions o f two species o f drug, bound and free, 

signifying that only one spectrally distinct 137/ct-DNA complex is present. The 

hypochromicity and red shift observed indicate that 137 interacts strongly with DNA base 

pairs, most likely in an intercalation complex. Such spectral shifts have been observed for 

u n s u b s t i t u t e d ' a n d  3-and 4-nitro substituted 1,8-naphthalimides.'*^ '̂ '* This type of 

interaction would be expected given the planar monoimide ring system and cationic side 

chain o f 137.

The interaction of a drug with DNA can act in two ways -  to stabilise the DNA 

double helix leading to a higher Tm, or destablise it resulting in a lower Tm. UV-vis 

melting studies were carried out for ct-DNA and 137/ct-DNA, in 10 mM phosphate buffer, 

pH 7.0 in a 1 mL quartz cuvette. The concentration of ct-DNA for both studies was 150 

(aM, while a P/D ratio of 10 was used for the experiment involving 137. Both solutions 

were degassed before heating. A heating rate of 1 °C per minute was used as the 

temperature was ramped from 20 °C to 90 °C. The Tm values were obtained from first- 

derivative plots using the software available on the Varian Cary 300 Spectrophotometer.

Figure 3.7 shows the melting curves obtained for ct-DNA and 137/ct-DNA. The 

Tm of ct-DNA on its own was determined to be 68 °C, while the Tm of the 137/ct-DNA 

was found to be 71 °C. Therefore, ATm -  Tm°^^ is 3 °C for a P/D

ratio of 10. While this is not a large change in melting temperature, the relation between 

Tm and binding affinity is not a straightforward one. The underlying physical basis of drug

3

O

•eo
<
c

I
0 .0 -

80 9050 60 70

150 mM Ct-DNA
150 |iM ct-D N A +15 nM 1 3 7

Temperature

Figure 3.7: The Tm curves o f ct-DNA alone and in the presence o f 137 (P/D = 10) 

change in absorbance at 260 nm vs. temperature.
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stabilisation is a complex function of many thermodynamic parameters, including drug
1binding constant, binding enthalpy and site size.

While the absorbance at 260 nm was monitored to obtain the Tm, the absorbance at 

the A,max o f 137 was also monitored. The melting curve obtained in this way showed a 

biphasic shaped curve (Figure 3.8). A slight biphasic nature could also be seen in the 

curve monitored at 260 nm, but it was not as obvious. This is a phenomenon associated
1 o r

with drug redistribution, and is common at less than saturating drug concentrations. 

This further complicates the data interpretation. It may be possible that the bound drug 

molecules o f the first phase are dislodged and then bind again leading to the second phase. 

It can only be determined from these results, that there is a definite stabilising interaction 

between 137 and ct-DNA.

0.04 -
3

?  0.03 -uBR
A

®  0.02  -  
A

Phase I

B

0.01 - Phase II
.fi
U

0.00  -

40 60 8020

Temperature

Figure 3.8: Melting curve for 137/ct-DNA obtained by measuring absorbance at 354 nm.

3.S.2.2 CD Measurements

The CD spectrum of ct-DNA shows the classic features for B-form DNA (Figure 

3.9). There is a positive band centred around 270 nm, a negative band around 240 nm, a 

weak negative band around 210 nm and a positive band signal at 190 nm. An achiral 

molecule has no CD spectrum. When such a molecule binds to DNA, it acquires an 

induced chirality due to its interaction with the chiral DNA, and hence an induced CD 

spectrum. A chiral drug molecule has its own CD spectrum, but it too can acquire an 

induced CD spectrum on interaction with DNA.
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250 300 350 400

Wavelength (nm)

Figure 3.9: CD spectrum o f ct-DNA (Abs. at 260 nm = 1.088).

The effect on the conformation o f ct-DNA on addition o f 137 was studied by a CD 

titration. A solution of ct-DNA was made up to a concentration of approximately 150^M 

(Abs. o f ~1 at 260 nm) in 10 mM phosphate buffer pH 7.0. The background CD spectrum

ct-DNA

P/D = 117.7

P/D = 58.1

P/D = 35,2

P/D = 23.4

P /D *  17 5

P /D = 116

P/D = 8.7

200 250 300 350 P/D = 6 9Q
U

-15 -

Wavelength (nm)

Figure 3.10: CD spectra o f ct-DNA on addition o f 137.
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of the buffer on its own was measured first and was automatically subtracted from all 

following CD spectra. Successive additions of a solution of 137 (-500 ^M) were made to 

the solution of ct-DNA in a 1 mL quartz cuvette and monitored by CD spectroscopy. The 

P/D ratios ranged from ~117 to 7. The CD spectra are shown in Figure 3.10. On addition 

o f 137 the positive bands at 270 nm increased, while the negative band at 240 nm also 

increased, becoming less negative. Two isosbestic points at 310 and 258 nm are visible. 

The actual shape o f the ct-DNA spectra did not change dramatically. The absorption 

spectra of the ct-DNA/137 solution were also monitored. Nothing significant was 

observed in the spectra.

The induced CD spectra of the drug 137 were obtained by subtracting the initial 

spectrum of ct-DNA on its own from all successive CD spectra. The induced spectra of 

137 are shown in Figure 3.11. It can be seen that the overall shape o f the induced spectra 

did not change as the P/D ratio changed. As only the intensity changed, it can be deduced 

that the drug binding mode is unchanged even though the amount of drug has changed.'*® 

If, on the other hand, the shape of the induced spectra had changed as the mixing ratio 

changed, this would suggest that there is a change in the DNA-drug interaction as a 

function o f the mixing ratio. The intrinsic (no ct-DNA present) and ct-DNA induced 

spectra for 137, between 300 and 450 nm at a concentration of 23.4 |o.M of 137 are shown 

in Figure 3.12. There is an obvious difference between the two spectra indicating a strong

P/D = 117.7 
P/D = 58.8 
P/D = 35.2 
P/D = 23.4 
P/D = 17.5 
P/D = 11.6 
P/D = 8.7 
P/D = 6.9

400

-2

-3  -----

Wavelength (nm)

Figure 3.11: Induced spectra o f 137 on addition to ct-DNA.
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interaction between the drug and ct-DNA. It has been shown that the induction signal 

depends on the orientation o f the drug and base pairs, but also upon sequence context and 

displacement of the base-pair vertical axis.'*^ Therefore, it is difficult to deduce the 

absolute orientation of the intercalated chromophore.

300 400 450

137 (50ul) 
50ul (ct-DNA)

W avelength (nm)

300 350 400 425

-0.5

Wavelength (nm)

Figure 3.12: Intrinsic and induced CD spectrum o f137 (23.4 ^M). Inset: Entire intrinsic 

spectrum o f 137.

In order to see if  the additions o f 137 caused any dilution effects, another CD 

experiment was carried out. Instead of adding a solution of 137 to the 1 mL ct-DNA 

solution, the same amounts o f buffer solution were added. No significant changes in the 

CD spectrum of ct-DNA were observed upon addition of aliquots (3, 3, 4, 5, 5, 10 and 20 

|j,L -  as used for normal titration) o f buffer. Thus, it was assumed for all experiments that 

the additions did not lead to any dilution effect. A third experiment was carried out with 

137 and ct-DNA. This time the ionic strength of the buffer solution was changed. A high 

salt buffer was used -  10 mM phosphate, 100 mM NaCl, pH 7.0. The addition of aliquots 

of 137 to 1 mL ct-DNA in this high ionic strength buffer had little or no effect on the CD 

spectra of the ct-DNA. Thus, at high ionic strength the drug fails to interact or intercalate 

between the base pairs o f the ct-DNA.
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3.5.3 Binding of 132 with ct-DNA

The binding of 132 with ct-DNA was investigated in a similar marmer. The 

absorption spectra for the titration o f 132 with ct-DNA in 10 mM phosphate buffer, pH 7.0, 

are shown in Figure 3.13a. A hypochroism of 34 % was observed, but there was no 

significant red shift (< 2 nm). A clear isosbestic point was obvious at 386 rmi suggesting 

the presence o f one distinct mode o f binding between 132 and ct-DNA. The 

hypochromicity suggests that this binding most likely involves intercalation o f the 1,8- 

naphthalimide chromophore of 132.

The binding curve for the titration is given in Figure 3.13b. The graph shows a 

steep increase in P at P/D ratios up to about 15 before beginning to level off.

 P/D = 0

 P/D = 2.4

P/D = 4.9

P/D = 7.3

P/D = 9.;0.08 j
 P/D = 14.7

 P/D = 19.6

P/D = 24.6

XI 0.04 P/D = 29.6

P/D = 34,6

0.02 P/D = 39,6

P/D = 49,:

450 500300 350 400

Wavelength (nm)

Figure 3.13: (a) Absorption spectra o f 132 upon addition o f ct-DNA in 10 mM phosphate 

buffer, pH  7.0; (b) Binding curve for changes in absorbance observed at 355 nm.

The thermal denaturation of the binding complex of 132/ct-DNA was also 

measured, as described for 137, using 150 )xM ct-DNA and 15|j.M 132. The melting curves 

of ct-DNA and 132/ct-DNA are shown in Figure 3.10. Again, there was a degree of 

stabilisation o f the double helix. The melting temperature for the 132/ct-DNA complex 

was calculated using the first derivative method, and was found to be 70 °C. However, the 

biphasic type curve shown for 137 measured at 354 nm was also found for 132. This time.
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the phenomenon could be seen more clearly in the melting curve measured at 260 nm as 

can be observed in Figure 3.14.
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Figure 3.14: The T„ curves o f ct-DNA alone and in the presence o f 132 (P/D = 10) -  

change in absorbance at 260 nm vj'. temperature.

Circular dichroism was also used to study the interaction between 132 and ct-DNA. 

Similar changes in the bands of ct-DNA were observed for 132 as for 137 as shown in

10 r -------------

U) 0

P/D =103.9

P/D =  51.9

P/D = 31.1

P/D = 20.7

P/D =15.5

P/D = 7.7

P/D = 6.1

Wavelength (nm) 

Figure 3.15: CD spectra o f ct-DNA with 132.
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Figure 3.15. The bands at 270 nm and 240 nm both increased. The shape of the CD did 

not change substantially, but there was a slight shift of the bands with isosbestic points at 

308, 265 and 255 nm respectively. This definitely signifies an interacfion between 132 and 

ct-DNA. The intrinsic and induced spectra o f 132 at concentration of 25.5 [iM, between 

300 and 400 nm, are shown in Figure 3.16. An obvious shift in the spectrum is seen.

2 _ ------------------------------------------------

250 300 400 450

-6 -

0.8

132 (SOul) 
SOul (ct-DNA)

Wavelength (nm)
0.4

300 350

- 0.8

Wavelength (nm)

Figure 3.16: Intrinsic and induced CD spectra o f 132 with ct-DNA. Inset: Entire intrinsic 

CD spectrum o f 132 at 25.5 /uM.

3.5.2 Interactions with Poly-Nucleotides

One of the main principles in the design of the peptide-based 1,8-naphthalimides 

was that it might be possible to obtain some degree of sequence selectivity be altering the 

amino acids used and their positions relative to the chromophore. The structure of 132 is 

more complex than that of 137 and therefore may be able to bind in a more selective 

manner to certain sequences of bases. In order to investigate the sequence specificity of
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these compounds, they were monitored for their binding to two poly-nucleotides -  poly 

dA-dT, and poly dG-dC.

Initially, the compounds were studied for their interactions with dA-dT and dG-dC 

by circular dichroism spectroscopy. As each base contributes differently to the CD 

spectrum, the CD of ct-DNA is different to that o f dA-dT and dG-dC. Both 137 and 132 

had in fact an effect on the CD spectra of both dA-dT and dG-dC in 10 mM phosphate 

buffer pH 7.0. The CD spectra o f dG-dC with 137 are shown in Figure 3.17. The CD 

spectrum of dG-dC in the absence of the naphthalimide has a positive band at 290 nm, and 

two negative bands at 250 and 210 nm respectively. On the addition o f aliquots of 137 

these three bands all became more positive, as evident from Figure 3.14.

200 250 300 350 400
DC

-o -1 0  
5
au -20

-30

-40

Wavelength (nm)

■dG-dC 
■ P/D = 97.3 
P/D = 48.6 
P/D = 29.1

• P/D = 19.3
• P/D = 14.5 
P/D = 9.6

•P/D = 5.7

Figure 3.17: CD spectra ofpoly dG-dC upon addition o f 137 in 10 mM phosphate buffer, 

pH  7.0.

The intrinsic and induced CD spectra of 156 with poly dG-dC are shown in Figure 

3.18. It is clear that there is a large shift in the band between 300 and 400 nm in the 

presence of the poly-nucleotide. The intrinsic and induced spectra of 132 with dA-dT, in 

the range of 300 to 400 nm are shown in Figure 3.19. Again, there is a significant 

difference between the spectra.
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Figure 3.18: Intrinsic and induced spectra o f 137 with dG-dC.
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Figure 3.19: Intrinsic and induced CD spectra for 132 with poly dA-dT.
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From the results o f the CD measurements, it appeared that 137 had some specificity 

for dG-dC, while 132 was more specific for dA-dT. The binding process o f 137 with dG- 

dC, and 132 with dA-dT, was then studied by UV-vis spectroscopy. The titrations were 

carried out using the same method used for the ct-DNA experiments. The absorption 

spectra o f 137 upon addition of dG-dC are shown in Figure 3.20

0.1

I 0.06 I
I  0.04 ^

0.02 

0
300

Wavelength (nm)

Figure 3.20: Absorption spectra o f  137 upon addition o f  poly dG-dC in 10 mMphosphate 

buffer, pH  7.0.

The degree of hypochroism for this titration was 46 %. The red shift or 

bathochromic shift was of 5 nm, from a A,max of 354 nm to 359 nm. A clear isosbestic point 

was observed at 386 nm, signifying the presence of just two entities, bound and free drug, 

and only one mode of binding of the drug. The binding curve for the interaction between 

137 and dG-dC is shown in Figure 3.21. It is clear from this that at a P/D ratio o f about 20, 

almost all the drug molecules are in the bound form.
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Figure 3.21: Binding curve for titration o f 137 with poly dG-dC.

The absorption spectra for the interaction o f 132 with dA-dT are shown in Figure 

3.22. The hypochromic shift was 43 %, with a red shift o f 4 nm. Again, there was a single 

clear isosbestic point at 390 nm, suggesting the occurrence of just one mode o f binding. 

From the hypochroism and bathochroism, this mode o f binding almost certainly involves 

intercalation. The binding curve showed a plateauing effect at a P/D ratio of approximately 

15.
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Figure 3.22: Absorption spectra o f  132 upon addition o f poly dA-dT.
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In summary, the last sections have showed that there is a binding process occurring, 

most likely involving intercalation, between both 137 and 132 with ct-DNA, and with the 

two poly nucleotides dG-dC and dA-dT. There is good evidence that the drugs are 

interacting with the nucleic acids through one binding mode. The next section will try to 

quantify the strength of binding by the calculation of equilibrium binding constants from 

the changes in absorption of the drugs on addition o f ct-DNA, dG-dC and dA-dT.

3.5.3 Binding Constants

A measure of the binding strength between two molecules, such as that between 

137 and ct-DNA is the equilibrium binding constant, K, where

Lb
K = Equation 3.1

LfSf

for the equilibrium

Free ligand + Empty binding site Bound ligand

where Lb is the concentration of bound ligand, Lf is the concentration of free ligand, and Sf 

is the free site concentration.

The binding constants were calculated using the method described by Kumar et al. 

using the following equation:***

D _  D ^ 1 Equation 3.2
Ae„„ Ae AeKap

where D is the concentration in base pairs, Asap = [ea-sp] and As = [Sb-Ep], respectively. 

The apparent extinction coefficient Sa is the ratio o f the observed absorbance o f the sample 

and the total concentration o f the ligand, while Sb and Sp correspond to the extinction 

coefficients of the bound and free ligand, respectively. A plot of the absorbance at ^max V5. 

1/[DNA] was used to independently determine Sb (the y intercept is equal to the absorbance 

at infinite concentration of DNA).

The plot of D/A8ap (y axis) vs. D (x axis) yields the slope l/Ae and y-intercept 

1/AeK. The ratio of the slope to the y-intercept then yields K, the intrinsic binding
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con stmt. The values o f K obtained for the absorption titrations are shown in Table 3.13. 

From  the results, it is clear that 132 has a much greater binding affinity for ct-DNA than 

137. It also has a much greater affinity for the poly-nucleotide dA-dT over ct-DNA. 

Compound 137 also has a higher binding affinity for the poly-nucleotide tested, dG-dC, 

over ct-DNA

137 —

132 2.1 X lO'* 3.2 X 10^ —

Table 3.12: Values o f K (M ') determined using equation 3.2.

These results suggest that 132 binds more efficiently to nucleic acids than 137. 

This indicates that the rationale o f  the design o f these compounds may be well founded. 

The more complex structure o f 132 allows for stronger and possibly more selective binding 

to various sequences o f DNA. The cytotoxicity results do not reflect this trend, suggesting 

possible differences in the mechanism o f cell cytotoxicity. As an initial investigation, 

these results will be very useful for further studies.

3.6 Conclusion

This chapter has discussed the biological results obtained for a family o f  38 mono- 

and bis-l,8-naphthalimides. The IC50 values obtained for the compounds in HL-60 cells 

ranged between 1.2 and >100 |o,M. These results have yielded some insight into the factors 

governing the cytotoxicity o f the compounds. In particular, the role played by charge, 

steric bulk, amino acid and ring substitution, have been examined, with some trends being 

displayed.

The main observations are as follows:

•  The best bisnaphthalimide is not as active as the best mononaphthalimide. This is 

an important note for a practical pharmaceutical point o f view, as molecular 

weight can be a key factor for solubility reasons. This is not to say that the 

bisnaphthalimides should not be investigated further, just that the lower the 

molecular weight the better.
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•  Within the mononaphthaUmides:

As found previously by Phelan, the most favourable substitution o f  

the naphthalimide ring is the nitro group in position 4. However, 

the activity o f  142 warrents further study, especially as the 

fluorescence o f  the amino substituted derivatives opens further 

diagnostic avenues.

Steric bulk appears to be important -  often reducing activity, but the 

position o f  steric can also play a part as seen for compound 171.

The role o f  charge in the dipeptides is not fiilly understood, while in 

the monopeptide 137 it appears to work well. The use o f  positively 

charged m olecules can be problematic due to indiscriminate action 

on mitochondrial DNA.

A selection o f  the active compounds were chosen for study in the more resistant 

cell lines. Many o f  the compounds showed great promise in these cell lines. The length o f  

incubation time is an important factor in determining the true activity o f  the compounds. 

Depending on the mechanism o f  cytotoxicity the IC50 at 24 h may not be a good indicator 

o f  the possible effectiveness o f  the compound. It is possible that a potential potent 

chemotherapy agent is only activated over longer periods o f  time. This is something that 

will have to be investigated further for these compounds.

The interaction o f  two o f  the compounds with D N A was investigated by

spectroscopic methods. The data obtained from U V -vis titrations, melting curves and CD

support an interaction with DNA, most likely through intercalation. Naphthalimides such
 ̂1as 8  and 1 0  have been proven to act as intercalators, so this is not unreasonable. 

Importantly, the two m olecules chosen did not differ dramatically in their cytotoxic 

activity with IC50 values o f  4.0 and 11.9 jxM. Given that the interaction with D N A  cannot 

be assumed to cause the cytotoxicity, the affinity for D N A or the IC50 cannot be considered 

in isolation. O f course, comparisons o f  IC50 values do not yield information on the 

mechanism o f  action. Just because some compounds have similar values, does not mean 

that their mechanisms o f  action are similar, particularly i f  some m olecules are susceptible 

to being metabolised. Further work will involve more detailed investigations o f  the 

mechanism o f  action o f  these compounds using spectroscopic techniques and biological 

studies.
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4.1 Introduction

As discussed in Chapter 1, the area o f coordination of anions is a growing field of 

interest in the community of supramolecular chemists. The aim of this research was to 

design novel neutral anion receptors using urea/thiourea groups and employing the 1,8- 

naphthalimide moiety as fluorophore. Two types of compounds were synthesised and 

analysed (Figure 4.1) (199-201 and 202-204) both using thiourea receptors with a 1,8- 

naphthalimide chromophore attached. The sensors were investigated for their anion 

binding abilities using several techniques, namely NMR, fluorescence and absorption 

spectroscopies.

199 1 CF3

2 0 0 1 H

2 0 1 2 CF3

NH

NH

HN

2 0 2 CF3

203 CH3

204 H A
N

Figure 4.1: Stuctures o f  anion receptors/sensors discussed in this chapter.

The design of these compounds originated from the anthracene based sensors 

recently developed by Gunnlaugsson et al. and discussed in Chapter 1. While the use o f an 

anthracene unit had been successfully employed in sensors 65-69 for the binding o f anions, 

there were definite areas where the compounds could be improved and the binding 

affinities and selectivities could be enhanced. In this chapter, the rationale for the design 

of compounds 199-204, their synthesis, and their evaluation as anion binders will be 

discussed.
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4.2 Thiourea based Sensors

In Chapter 1, some thiourea and urea-based fluorescent and colorimetric sensors 

were discussed. The directionality of the hydrogen bonds and the strong binding induced 

by these groups makes their use as anion receptors a large area of interest. Various types 

of chemical group have been used to fix the binding site of the urea or thiourea, including 

calixarene,'*^ calixresorcinarene,'^® porphyrin'^’ and xanthene.'^^ The architecture of 

some o f these molecules can be quite complex, and thus the synthesis can be difficult, 

involving many steps.

The preorganisation of the ureas or thioureas for the targeting o f certain anions is of 

utmost importance to achieve strong and selective binding. One method o f doing this is to 

design cyclic receptors. Hong et al. have designed Ca-symmetric metacyclophane 

molecules (205 and 206) with three thiourea groups as linkers between the aromatic 

groups.

S . ^ N H  R' H N v ^ S

R' R'

NH HN
BuBu

Bu

R' S R'

205 : (R' = H) 207
206 : (R' = Et)

These molecules were examined for their anion binding using the *H NMR method. 

It was four.d that compound 206 showed higher binding affinities for anions in DMSO-t/g 

with selectivity for H2 PO4 ' (Ka = 800 M'*). Tobe et al. have also prepared some 

cyclophane-based cyclic thioureas, such as 207.’̂ '* The binding affinities for a variety of 

anions weie again examined by the 'H NMR titration method in DMSO-^/g. All the 

compounds tested were found to be selective for H2P0 4 ' (Ka of 207 = 2500 M '').

The aryl groups used in sensors 205-207 are ideal structural components for a 

simplcj senjor. They can be easily modified to induce various electronic effects. The 

substituents on the phenyl ring can be used to modify the selectivity and sensitivity of the
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urea/thiourea binding unit. The aim of this part of the project was to synthesise and 

investigate some small, open chain, inexpensive receptors, which did not require difficult 

multistep synthesis. The synthesis and evaluation of simple bi-aryl receptors such as 208 

has now become the basis for another project being carried out in the group, which is 

investigating in detail the real effect of different substituents on the phenyl g r o u p s . T h e  

receptors have proven to act as efficient hosts for anions as shown by 'H NMR binding 

studies.

S

208

As mentioned earlier, the reason for developing the new anion sensors was to 

improve on the results obtained for the anthracene derivatives 65-69. These derivatives 

contained just one aryl group, which was modified to alter the selectivity and sensitivity of 

the urea/thiourea receptors. The electron withdrawing aryl groups increased the acidity of 

the urea/thiourea protons, compared to the simple alky group. The incorporation o f two 

electron withdrawing phenyl moieties on either side of the urea/thiourea unit would 

enhance the acidity o f the protons to an even greater extent.

4.2.1 1,8-Naphthalimides as Anion Sensors

As discussed in Chapter 1, the anthracene sensors evaluated by Gunnlaugsson et al. 

were the first examples of fluorescent anion PET chemosensors using simple charge 

neutral anthracene based receptors. One drawback to the design used for these sensors was 

the short emission wavelength o f the anthracene fluorophore (~390 -  490 nm). This can 

lead to problems such as potential pollution by background emission, as well as light 

scattering from many biologically active anions.

Accordingly, the subsequent step was to design PET chemosensors that emit at 

longer wavelengths. By substituting the anthracene fluorophore o f the original molecules 

with a 4-amino-1,8-naphthalimide moiety, this could be attained as such compounds emit 

in the green with A,max of greater than 520 nm. The electron withdrawing 4-amino 

substitution o f the 1,8-naphthalimide forms an internal charge transfer structure, resulting
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in a highly fluorescent molecule, ideal for sensing. On excitation, this internal charge 

transfer excited state is formed where the amino group has a partial positive charge while 

the imide functionalities have partial negative charges (Figure 4.2). Deactivation of this 

so-called “push-pull” system results in the loss of the excited state energy by the emission 

of light as fluorescence, as seen in the photo of 199, also shown in Figure 4.2.

HN

Figure 4.2: Internal charge transfer structure o f a 4-amino-1,8-naphthalimide, with photo 

o f 199 (DMSO).

Consequently, three new chemosensors were designed using the classical 

fluorophore-spacer-receptor principle developed by de Silva et al. used for cation sensors 

(Figure 4.5). The aromatic unit can be utilised to tune the acidity o f the receptor, and 

hence the sensitivity of the anion recognition. The compounds include the bis-aromatic 

structure used in the simple sensors along with the fluorescent 4-amino-1,8-naphthalimide 

unit (Figure 4.3). It was expected that the two aromatic groups would lead to more 

efficient quenching. The electron withdrawing CF3  group was found to increase the 

sensitivity to anions in investigation o f the bis-aromatic systems, albeit only to a small 

extent, and so this was the aromatic substitution chosen for the 1 ,8 -naphthalimide sensors -  

199 and 201. A methylene spacer was used for 199, while 201 has an ethylene spacer. 

The non-substituted equivalent o f 199 i.e. 200, was also prepared, so that the electron 

withdrawing effect of the CF3 could be elucidated completely.
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R

Compound R

Fluorophore-Spacer-Receptor 

Figure 4 .3 :1,8-naphthalimide thiourea based anion sensors

4.2.2 Synthesis of Sensors 199 - 201

Many o f the anion receptors that have been reported and discussed in Chapter 1 

involve the synthesis of structurally complicated hosts, with many synthetic steps. One of 

the advantages of compounds 199-201 is their simple and high yielding synthesis. They 

were prepared in just 3 steps, as given in Scheme 4.1. The synthesis o f these compounds 

stemmed from a similar project based on the sensing of cations using 1,8- 

naphthalimides.'®^ The first two steps o f the syntheses are the same, with the final step 

being the introduction of the anion/cation receptor. The starting material was 4-bromo-l,8- 

naphthalic anhydride, 209, which is found commercially (obtained from Aldrich). This 

was reacted with 70 % (v/v) ethylamine 210 (1.2 equivalents), by nucleophilic attack in 

dioxane to yield 211, 6-bromo-2-ethyl-benzo[c/e]isoquinoline-l,3-dione, by simply 

precipitating from water.* 211 was then reacted with a diamine. The two diamines, 4- 

aminobenzylamine 212, and 2-(4-aminophenyl)ethylamine 213, were used in excess, and 

due to the nature of the compounds only reacted at the methyl/ethyl amine, as the 4-amino 

substituent is not nucleophilic enough. Compound 211 was heated to 130 °C, before 

addition of the amine. Heating at 130 °C was then continued until reaction was complete 

(followed by TLC). The products of these reactions, 214, 6-(4-Amino-benzylamino)-2- 

ethyl-benzo[i:/e] isoquinoline-1,3-dione, and 215, 6-[2-(4-Amino-phenyl)-ethylamino]-2- 

ethyl-benzo[i^e]isoquinoline-l,3-dione, respectively, could then be reacted with an 

isothiocyanate of choice, in this case either phenyl isothiocyanate 216, or 4-

* The mechanism o f  this nucleophiiic attack is identical to that discussed for the amino acids in Chapter 2.
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(trifluoromethyl)phenyl isothiocyanate 217. These reactions were carried out in dry 

chloroform and a slight excess of the isothiocyanate was used. Unlike the simple bi-aryl

insoluble in chloroform and thus, did not precipitate out. Unreacted amine (214 or 215) 

was removed by a simple acid wash, but ultimately the final products, 199, l-{4-[(2-Ethyl- 

1,3 -dioxo-2,3 -dihydro-1 //-benzo isoquinolin-6-ylamino)-methyl] -phenyl} -3 -(4-

trifluoromethyl-phenyl)-thiourea, 200, 1 - {4-[(2-Ethyl-1,3-dioxo-2,3-dihydro- l/ /-

benzo[^/e]isoquinolin-6-ylamino)-methyl]-phenyl}-3-phenyl-thiourea, and 201, l-{4-[(2- 

Ethyl-1,3 -dioxo-2,3 -dihydro-1 //-benzo [Je] isoquinolin-6-ylamino)-ethyl] -phenyl} -3 -(4- 

trifluoromethyl-phenyl)-thiourea, were purified by flash silica column chromatography, 

with chloroform as eluent and were obtained in yields o f 58 %, 49 % and 60 % 

respectively. All compounds, including intermediates, 211, 214 and 215, were
I I o

characterised by H NMR, C NMR, infrared, mass spectroscopy and elemental analysis.

r e c e p t o r s , a n d  the anthracene sensors prepared by Glynn, the products were not

Dioxane

209 211

R = H, 218 
R = CF„ 219

SCN- NH,

n=1, 214 
n=2, 215

199-201

Scheme 4.1: Synthesis o f199, 200 and 201.
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Figure 4.4 shows the 'H NMR of 199 in DMS0-<i6- An important feature for 

discussion later in terms of NMR titrations, are the positions of the two thiourea protons. 

The two signals are found at 10.03 and 10.10 ppm, respectively. As mentioned in Chapter 

2, the presence of an NH or NH2 group at position 4 of the naphthalimide causes the 

chemical shift of the proton at position 3 to be shifted further upfield than the other 

naphthalimide protons. This is seen here as the proton at position 3 has a chemical shift of 

6.72 ppm. The methylene spacer is found as a doublet (due to coupling with the NH) at 

4.66 ppm. In the '^C NMR the notable feature is the position o f the C=S which is found at 

179 ppm. Similar results were obtained for the other two compounds, as described fully in 

Chapter 6.

4.3 Analysis of 199 by Fluorescence and Absorption Spectroscopy

This section deals with the photophysical evaluation o f 199 using UV-vis and 

fluorescence emission spectroscopies. Before discussing the results obtained, a brief 

introduction to the design of 199 and the techniques used will be given.

4.3.1 Fluorescence

Many optical chemosensors use changes in fluorescence as a method o f detection, 

as described in Chapter 1. Fluorescence spectroscopy is a very sensitive method as 

changes at very low concentrations can be detected. The fluorescent sensors 199-201 

described in this Chapter were designed as PET (Photoinduced Electron Transfer) sensors. 

For a sensor to show ideal PET behaviour, it must show only a change in the quantum 

yield (or intensity) and lifetime of the fluorescence upon anion recognition, due to changes 

in the free energy of electron transfer. No changes in the absorption spectrum of the 

receptor should be observed as the system is based on the fluorphore-spacer-receptor 

model, which ensures that no ground state interactions occur between the receptor and the 

fluorophore due to the presence o f the covalent spacer that minimises any ti-ti or n -7 i 

interactions. The proposed mechanism for PET using the fluorophore-spacer-receptor 

model, developed by de Silva for cationic sensing (A),'*’̂  has been adapted and modified 

by us for the recognition of anions ( B ^  C), and is shown in Figure 4.5. The fluorophore 

in this case is a 1,8-naphthalimide.

178



Chapter 4 -  Thiourea-based 1,8-Naphthalimides fo r  Anion Sensing

ReceptorFluorophore Spacer

e

Thiourea1,8-naphthalimide ) Spacer
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B

/
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/
Thiourea

abs '" ""emis.

Figure 4.5: PET model for 1,8-naphthalimide based anion sensors.

The binding of an anion changes the oxidation potential of the receptor. On 

excitation, the excited electron, which would normally return to the ground state of the 

fluorophore, is instead transferred to the receptor. The lower oxidation potential (or 

increased reduction potential) of the receptor allows this transfer to occur. Without the 

binding of an anion, the energy levels of the receptor are too high for the electron transfer 

to occur. Fluorescence occurs as an excited electron returns to the ground state, releasing 

energy as light. As the excited state electron moves from the energy level of the 

fluorophore to the energy level of the receptor on binding of the anion, instead of returning 

to the ground state of the fluorophore, the release of the excitation energy by fluorescence 

is prevented (Figure 4.6).
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Figure 4.6: Energy diagrams fo r  photoinduced electron transfer; (a) + (b) the oxidation 

potential o f  the receptor is reduced on binding o f  the anion, making electron transfer 

thermodynamically favourable. In both cases, quenching o f  the fluorescence occurs as the 

excited electron does not return to the ground state o f  the fluorophore. It was not possible 

to determine which mechanism occurred in the case o f  sensors 199-201.

Fluorescence titrations were carried out by first preparing a solution of 199 in 

DMSO to a concentration which gave an optical density o f approximately 0.1 at the >-max 

(443 nm). 8 mL of this solution was then titrated with various concentrations o f anion (as 

the tetrabutylammonium salt) in DMSO. The concentrations of stock solutions of anion 

were from 10'^ M to 1 M. After each addition of anion, the fluorescence spectrum was 

measured by exciting the solution at the wavelength o f the absorption maximum. A 

titration curve was then obtained by plotting the fluorescence (at the maximum emission 

wavelength) against -log[anion]. Using the following non-linear least squares regression 

equation*^^ (Equation 4.1), a binding constant could be obtained.

Equation 4.1: Equation used fo r  calculating K, the stability constant, where I f  mm is the 

initial (minimum) fluorescence intensity; Ipmax is the final (maximum) fluorescence 

intensity; Ip is the fluorescence intensity fo r  a particular guest concentration; K  is the 

stability constant o f  the receptor with guest; [guest] is the concentration o f  the guest.

h  =  ih m m  +  ^  F m a x  X ^  X [g U e S t]) /( l +  ^  X [gUCSt])
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All fluorescence titrations were carried out in DMSO (99+%, analytical grade) and 

the anions were used as their tetrabutylammonium (TBA) salts. Previous investigations 

had showed that other solvent such as acetonitrile, THF and ethyl acetate allowed 

quenching o f the fluorescence but not as efficiently as DMSO.

4.3.2 UV-Vis

Colorimetric chemosensors rely on the measurement o f absorption spectra to 

quantify the colour changes that occur on binding o f analyte. For most o f  the known 

colorimetric anion chemosensors, the coordination o f an anion to the receptor causes a 

change in the charge-transfer band o f the chromogenic group, allowing for “naked-eye” 

anion detection. A UV-vis titration is carried out in much the same way as a fluorescence 

titration. A solution o f chemosensor o f  a known concentration is titrated with various 

concentrations o f anion. Binding constants can also be calculated using the same equation 

as for the fluorescence experiments, where Ipmin and Ipmax have been replaced with lAbs.min 

and U b s .max*

4.3.3 Initial Observations

The first compound examined by fluorescence titrations was 199. This compound 

was highly fluorescent showing green emission visible to the naked eye. When titrated 

with TBA-F, the fluorescence was initially seen to increase with low concentration o f 

anion, and then decreased sharply until the fluorescence was negligible. When TBA- 

H2 PO4  was titrated with 199 a similar increase in fluorescence intensity was seen at low 

concentrations with a decrease at higher concentrations. For the case o f  the TBA-Cl 

experiment, the fluorescence intensity never decreased but continued increasing even at 

very high concentrations o f  anion. This led to the postulate that the sensor was 

decomposing in solution. In order to test this postulate, a time study was carried out 

whereby the fluorescence intensity o f  the sensor in DMSO (in the absence o f  anion) was 

recorded every 30 min for 12 hours (Figure 4.7, (a)). As can be seen, the fluorescence was 

increasing as expected. Another time study was then carried out using chloroform as 

solvent instead o f DMSO. Again the intensity was recorded every 30 min for 12 hours, 

and again it was found to be increasing.
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Figure 4.7: Time studies fo r  5; (a) sample not heated, (b) sample heated, (two slightly 

different concentrations.)

The results from the time studies seemed to explain why for all the anions tested an 

initial increase in intensity was seen at low concentrations of anion. At the higher 

concentrations, it could be possible that the stronger binding of the anion was preventing 

the decomposition of the sensor. It was then found, however, that when the solution of 

sensor in DMSO was heated before carrying out the time study, the result was that the 

fluorescence did not increase as before, but kept relatively constant (Figure 4.7, (b)). 

Therefore, it appeared that when heating was not applied to the solution, it took longer to 

go completely into solution and thereby gave the illusion of decomposition. Once this 

discovery had been made, the solutions of sensor were always heated before carrying out 

any titration, and on no occasion did the fluorescence enhancement occur after such 

treatment.

4.3.4 Titration of 199 with Various Anions

For each titration carried out, both the UV-vis and the fluorescence spectrum of the 

sensor/guest solution were observed. By monitoring the UV-vis spectrum, it would help to 

determine whether the sensors were behaving as ideal PET sensors or not. The UV-vis 

spectrum of 199 is shown in Figure 4.8. The broad peak with A,max o f 443 nm is due to the 

internal charge transfer excited state. The molar extinction coefficient for this peak is 

16300 M ''cm‘' in DMSO. Other bands at shorter wavelengths (not shown) are due to other 

transitions such as n-Ti* and n-n*.
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Figure 4.8: UV/vis spectrum o f 199, showing internal charge transfer band.
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Figure 4.9: Fluorescence spectrum o f 199, when excited at 443 nm.

As the maximum absorbance is centered at 443 nm, then this wavelength was 

chosen for excitation. The fluorescence emission spectrum is shown in Figure 4.9, and as 

expected, it shows a mirror-image of the UV-vis spectrum with A,max at 527 nm. The 

overall efficiency of an excited state process is usually described by its quantum yield. The 

quantum yield of fluorescence ( O f) for 199 in the absence of any anions was found to be
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0 .714 . This was relative to the reference compound 219, which had a Op o f 0.621 in 

DMSO.’ The reference compound lacks any thiourea receptor. The fact that the Op o f 199

r

HN

219

is not lower than 219, indicates that there is little or no quenching o f fluorescence by the 

receptor part o f the molecule. Therefore, one can conclude that no PET is occurring. This 

was another improvement over the original anthracene sensors, which showed much lower 

quantum yields to the anthracene reference 9-methyl anthracene, due to quenching by the 

receptor. All important spectroscopic parameters will be summarised in a table at the end 

o f the section.

As the simplest case, the binding o f  199 with the tetrabutylammonium salt o f  

dihydrogen phosphate (TBA-H2PO4) will be discussed first. The changes in the UV-vis 

spectra o f  199 upon addition o f H2PO4' were minimal. There was no obvious decrease in 

intensity o f the broad internal charge transfer peak and no shift in wavelength for the 'kmax 

(although there were some minor changes at shorter wavelengths) as seen in Figure 4 . 10.

0.10
0-49 mM [H2PO4 ]

0.08

0.06

0.04

0.02

0.00
450 500350 400

W avelength (nm)

Figure 4.10: Minor changes observed in ICT absorption band o f  199 upon addition o f  

increasing concentrations o f  H2PO4.
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In contrast, the changes in the fluorescence spectrum were quite significant. The 

intensity of the fluorescence decreased substantially on addition of H2 PO4 ' (0 49 mM)

(Figure 4.11). There were no other spectral changes in the fluorescence spectra i.e. no 

spectral shift or formation of new emission bands.
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0 -> 49 mM

^  400
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C

200

500 550 600 650 700
Wavelength (nm)

Figure 4.11: Quenching o f  fluorescence o f  199 on addition o f  increasing concentrations 

ofH2POi.

In quenching terms, the fluorescence was ‘switched o ff  by approximately 74 % 

with a quantum yield Of o f 0.056 at [H2PO4'] = 49 mM. The lack o f concurrent changes in 

the UV-vis spectra verify the insulating role o f the spacer which minimises any ground 

state interactions between the receptor and the fluorophore as previously indicated. This 

would suggest that the changes in fluorescence emission are only due to PET. The binding 

constant for the interaction between 199 and H2 P0 4 ' was determined using least squares 

non-linear regression analysis as described earlier (Equation 4.1). On plotting -log  [anion] 

against intensity at 527 nm, a sigmoidal shaped graph is obtained (Figure 4.13). A rough 

estimation of the binding constant can be obtained by first extrapolating to the y-axis the 

two plateaus of the graph by using tangents (Figure 4.12). The mid point between the two 

y values is then calculated and the approximate x value corresponding to this is determined 

-  this value is termed log (5. The inverse log of this gives the binding constant K.
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Figure 4.12: Plot o f  intensity vs. -log  [anion] fo r  199 with TBA-H2PO 4  Use o f  tangents to 

obtain estimate o f  binding constant.
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Figure 4.13: Use o f  least squares regression analysis with fitted  curve to obtain binding 

constant. Observed and calculated values from  Equation 4.1.

In this case, using the least squares analysis gave log p = 3.7 ± 0.1. The rough 

estimation gives a similar value. From the graph it is clear that quenching occurs over two 

log concentration units. This indicates that the stoichiometry o f binding is 1:1 and is due 

to a simple e q u i l i b r i u m . T h e  addition of methanol or water to the quenched solution 

caused an increase in the fluorescence, indicating that the polar solvents break up the 

hydrogen bonding between the thiourea receptor and the anion, and hence the recognition 

is reversible.
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The binding of 199 with AcO’ showed quite different behaviour. As with the 

dihydrogen phosphate titration, the fluorescence initially showed quenching. However, at 

an anion concentration of about 0.2 mM the fluorescence plateaued briefly before starting 

to increase in intensity (0.4 mM 44 mM). Obviously, two processes were occurring -  

the first of them probably involving the normal binding of the anion to the thiourea moiety. 

The second process perhaps involves the binding of a second molecule to the amino group 

of the fluorophore, which is quite acidic. Both processes occurred over approximately two 

log units each, and so could each be considered as 1:1 binding (Figure 4.14). By treating 

them separately, two binding constants were obtained. The first process has a log P of 4.76 

±0.1, with K = 57594 M''. The log (3 of the second process is 2.48 ±0.1, with K = 303 M' 

'. There was a slight shift in the absorption spectrum, associated with the latter changes.
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Figure 4.14: Plot o f intensity vs. -log[anion] for titration o f 199 with TBA-OAc.

Before discussing this any further, the results for the titration of 199 with F‘ ion 

should be presented. The fluorescence was again quenched on addition of increasing 

concentrations of the anion. The fluorescence was almost entirely ‘switched off at a 

fluoride concentration of 38 mM (Figure 4.15) The quantum yield of fluorescence at this 

concentration was found to be 0.001. However, on carrying out the titration it was noticed 

that the colour of the solution was gradually changing at higher concentrations. The 

original green fluorescent solution turned into a bright pink/purple coloured solution on 

addition of aliquots of the 1 M solution of fluoride anion.
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Figure 4.15: (a) Quenching o f fluorescence o f 199 at 525 nm upon addition o f F ; (b) 

changes in fluorescence at 525 nm vs. -log [H 2 P O 4 ];  (c)changes in fluorescence at 

various wavelengths.

This visible change in colour was seen very clearly in the UV-vis spectra. The 

peak at 443 nm gradually began to decrease while a new peak centred at 535 nm began to 

appear. At first, a clear isosbestic point could be seen at 487 nm, with another at 412 nm, 

but as more and more anion was added, the peaks broadened, an effect possibly due to
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aggregation (Figure 4.16). The plot of -log  [F‘] vs. fluorescence intensity also shows a 

corresponding change in the shape of the curve as the colour of the solution began to 

change. While at 527 nm this change was only vaguely noticeable, at other wavelengths 

such as 475, 575 and 625 nm, the alteration in shape was much more distinct. It was quite 

clear that there were two different processes occurring.
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Figure 4.16: Changes observed in UV/vis spectra o f  199 on addition o f  fluoride anion (0 

70 mM).

On observing these changes, another fluorescence titration was carried out. Instead 

o f exciting at 443 nm, the solution was excited at the maximum absorption o f the new 

peak, i.e. 535 nm. A new fluorescence band was formed as the anion concentration was 

increased, which gradually red shifted and increased in intensity until such a point that the 

maximum was at 610 nm (Figure 4.17). The binding constant for this process was 

calculated to be 146 M"' or log p = 2.16 ± 0.1, which is quite similar to that obtained for 

AcO'.
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Figure 4.17: Increase in fluorescence o f 5 at 620 nm on addition ofTBA-F ( on excitation 

at 535 nm).

These observations, most importantly the change in colour, led to the belief that at 

higher concentrations of F' some interaction between the amino proton of the 

naphthalimide and a fluoride ion was taking place. Thus, it was proposed that after the 

thiourea bound one F' ion, the amine “bound” another (Figure 4.18), as was suspected with 

the second equivalent of AcO' ion. This binding or even deprotonation would lead to 

enhanced electron density at the amino moiety and hence the “magnitude” o f the internal 

charge transfer with concomitant colour change.

r

O
Figure 4.18: Possible mechanism for anion binding causing visible colour change.
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The possibility o f deprotonation was initially investigated by adding TBA-OH to a 

solution o f  the sensor in DMSO. If the addition o f  hydroxide ion resulted in a similar 

colour change as previously observed in the case o f F', it would provide evidence that the 

fluoride anion was acting as a strong base and removing the proton from the amine. By 

using the tetrabutylammonium salt, the counterion was kept the same. On addition o f 

excess TBA-OH the distinctive visible colour change from green to pink was observed, 

thus supporting the postulate. Other strong bases such as lithium hydroxide and 

dimethylamino pyridine (DMAP) had a similar effect. A similar deprotonation reaction 

has been observed by Gale et al. with compound 96.''*^ On addition o f  excess fluoride (as 

the TBA salt) to a solution o f 96 in acetonitrile, an intense blue colour was observed. 

Again, TBAOH was used to confirm the postulate that the fluoride anion was removing a 

proton from the receptor. The addition o f  AcO', H2 PO 4 ', C l' and Br' did not result in this 

colour change.

NO, NO.

NH HN NO.

96
It was found that on sitting open to the air, the purple colour o f  the fluoride-199 

solution gradually returned to the original green colour. If  the solution was closed to the 

air, the pink colour would remain. To explain this phenomenon it was thought that 

moisture in the air was involved, which would reverse binding as previously seen in the 

case o f  H2 P0 4 '. However, it was later found to involve the uptake o f CO 2  from the 

atmosphere. This result will be discussed in detail in Chapter 5 where this occurrence was 

investigated in detail.

In order to rule out any heavy atom effect, titrations were also carried out with 

chloride and bromide. Although, chloride ion caused a very small decrease in fluorescence 

it was not possible to obtain a binding constant for the recognition. No changes in the 

absorption spectra were observed and there were no colour changes associated with the
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recognition. The same results were found for the titration with tetrabutylammonium 

bromide. The major spectral characteristics and binding values for 199 with the various 

anions are shown in Table 4.2.

199 443 527 0.714 - -

199 + F 443(^535) 527 0.002 4.4
(±0 .1)

2.2
(±0.1)

199 + AcO' 443 527 — 4.7
(±0.1)

2.5
(±0 .1)

199 + H2PO4 443 527 0.056 3.7
(±0 .1)

199 + Cl 443 527 0.694 - -

Table 4.2: Spectral characteristics o f 199 with and without various anions, including 

binding constants.

In comparison to the previous anthracene PET fluorescent sensors, this compound 

is far more sensitive. The binding log p values obtained for the best anthracene derivative 

65, were determined to be 2.33, 2.05 and 3.35 for AcO', H2P04 ' and F', respectively. The 

other anthracene compounds had lower log P values. Therefore, the new sensor 199 has 

binding affinities approximately two log units higher for AcO' and H2P04 ', and one log 

unit higher for F'. Thus, the design of the new sensors had at least achieved one of the 

aims, to achieve stronger binding affinities for the anions. The use of the second phenyl 

group in the receptor will have been greatly responsible for this increased sensitivity, as it

NHS.

NH
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increased the acidity of the thiourea protons. The selectivity series for 199 is AcO’ > F' > 

H2P04‘ > c r .  To obtain more information about the binding process involved, especially 

what was happening at the 4-amino group, 'H NMR titrations were carried out. The next 

section will discuss the results obtained.

4.4 Analysis of 199 by 'H NMR Titrations

4.4.1 Nuclear Magnetic Resonance

Nuclear magnetic resonance is an excellent and widely used technique for the study
1Q8of anion bindmg and the determination of anion binding constants. Changes m chemical

shifts, band-widths and coupling constants can all be used to determine the chemical 

environment of the NMR-sensitive nuclei, while also providing evidence of any exchange 

reactions occurring.'^* 'H NMR is especially useful as a convenient consequence of 

organic structure is that hydrogen atoms are situated at the periphery of most compounds. 

They are therefore the first nuclei to experience any disturbance due to the approach of, or 

interaction with, another entity. For hydrogen-bonding compounds such as ureas and 

thioureas, the binding of an anion can be followed readily using this technique.

There are two main processes that can occur depending on the timescale of the 

chemical exchange - slow exchange and fast exchange. Suppose an N-H proton peak from 

a thiourea is being considered. If the process is slow, two separated peaks would be 

observed on addition of a guest anion. One peak would pertain to the free host thiourea 

and the other peak would correspond to complexed host-guest species. The integration of 

the NMR signals would allow for the deduction of the relative amounts of the two species 

present in equilibria. This could then be used to estimate stoichiometries and stability 

constants. On the other hand, if the process is a fast exchange only one peak is seen. The 

observed chemical shift is the average of the chemical shifts of the two species (host and 

host-guest) present. The position of the peak gives an idea of the relative amounts of each 

- if the peak is very close to the original host peak then we know that very little of the host- 

guest complex has formed and vice-versa. The fast exchange process was observed for 

compounds 199-201. Compounds 202-204 were more complex and appeared to show a 

slow exchange.

The experiments were carried out by starting out with a known amount of sensor 

dissolved in 0.8 mL of DMSO-c/e- A series of aliquots of anion (as the 

tetrabutylammonium salt) dissolved in DMSO-i/6 was then added. After each addition, a
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proton NMR spectrum was recorded. The chemical shift of the urea/thiourea protons were 

followed and a graph showing the change in chemical shift against equivalents of anion 

was plotted for those systems showing fast exchange. This graph shows the stoichiometry 

of the binding. Using a non-Hnear least-squares regression equation for 1:1 binding 

(Equation 4.2), the binding constants for those complexes showing this stoichiometry 

could be calculated. SOLVER from Excel was used for these calculations. Equation 4.2 is 

used to estimate the value o f 5hg (the chemical shift of the host-guest complex) based on 

an initial guess for K. The difference between the estimated and observed chemical shift is 

squared and all the squared values are summed together to give the “sum of squares”. The 

program then minimises this value by guessing different values for K. Binding constants 

for other stoichiometries were not obtained.

[H]|(8„br ^)
8HG

( [ G ] ,  +  [ U ] ,  + 1/ K )  - V ( [ G ] i  + [ H ] i - l / K ) 2 - 4 [ G L [ H ] i

+ 5,H

Equation 4.2: Equation used for calculating K, the stability constant, using the changes in 

chemical shift.

4.4.2 *H NMR Titrations of 199

The binding interactions of 199 were also studied using the 'H NMR titration 

method in D M S O - i ; ? ^ .  It was found that on titration of 199 with F ‘ ,  AcO', and H 2 P 0 4 ' ,  the 

thiourea protons became too broad to follow accurately. Because o f this, the phenyl proton 

resonance of the receptor at 7.4 ppm was used to compare the results for different anions.

The binding ratios were determined from the plots o f change in chemical shift of 

the phenyl proton with initial chemical shift of ~ 7.4 ppm versus equivalents o f anion 

added (Figure 4.19). For H 2 P O 4 ' ,  the plot indicated 1:1 binding, confirming the result 

obtained from the fluorescence titration. The log P calculated using Equation 4.2 was 3.6 

±0.1 ,  agreeing well with the fluorescence titration. There were only minor changes in the 

positions of the NH proton and naphthalimide protons, suggesting a minor degree o f very 

weak binding to the amino proton. The F' titration showed 2:1 (guest:host) binding, with 

the concurrent colour change upon addition of about 2-2.5 equivalents of F'. The use of 

the phenyl proton for comparing the different anions only works when the other protons
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are also monitored, as in the case of AcO', the binding of the second equivalent is not 

detected sufficiently by the resonance of the phenyl proton. The interaction o f the second 

F' is detected however, indicating that the change in the electronic nature o f the molecule is 

significantly altered by this recognition event. No binding was seen upon the addition of 

C r or Br' as expected, as these anions are too large and have too low charge densities for 

interaction.
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Figure 4.19: Changes in chemical shift for the aromatic proton o f 199 at 7.4 ppm on 

addition o f various anions. The shifts were all upfield (therefore negative), but have been 

shown as the absolute value.

Although the aromatic proton at 7.4 ppm showed apparent 1:1 binding for AcO', 

with a log P o f 3.5 calculated using Equation 4.2, the NH proton at position 4 of the 

naphthalimide at 8.5 ppm behaved quite differently (Figure 4.20). The chemical shift of 

this proton behaved normally up to the addition of one equivalent o f the AcO' ion, with the 

position of the peak moving slightly upfield. On addition o f fiirther equivalents of anion 

the chemical shift then began to move dovmfield. None of the other protons showed such 

a dramatic change, but the chemical shifts of the protons at positions 2 and 3 of the 

naphthalimide were effected in a similar way. For the first equivalent o f AcO' their 

chemical shifts moved downfield, before shifting upfield with the addition of further 

equivalents of anion.
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Figure 4.20: Stack plot showing changes in chemical shift o f the aromatic protons and the 

4-amino proton o f 199 on addition o f increasing amounts ofAcO' in DMSO-dg.

The changes observed for a range of different protons are shown in Figure 4.21. 

The fact that it is the 4-amino moiety of the fluorophore that is showing such considerable 

changes in chemical shift provides strong evidence that upon addition of more than 1 

equivalent of AcO' there is an interaction of some sort between the anion and the 4-amino 

proton. This supports the findings of the fluorescence titrations where the processes are 

clearly visible. It may also explain why the binding constant obtained using Equation 4.2 

is lower than expected. If clear I : I binding is not occurring, the equation is not accurate. 

While it is still not clear exactly what the nature of this interaction is, there most definitely 

is one. In comparison, in the F' titration, the amino proton disappears after approximately 

1.5 equivalents have been added. Even though the same movement of the chemical shift is
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not observed in the case of F', this does indicate that the interaction with F' is different to 

that of AcO'. There was also the appearance of a broad triplet at about 16 ppm towards the 

end of the F' titration -  this could not be explained initially, but after later titrations with 

compounds 202-204, it was suspected to be due to the formation of HF2’ (Section 4.5.3.5). 

Triplets such as this one have been reported by Limbach in the study o f acid-base 

complexes o f HF with collidine, and were assigned to the bifluoride ion (HF2‘)-*̂  ̂ While 

the second equivalent o f AcO' may simply be binding to the amino proton, the F' could be 

deprotonating it. Furthermore, it was possible that indeed a third equivalent of F' was 

required to completely deprotonate the amino proton thus leading to the observed triplet 

and formation of HF2 '.

H5
H7
H3
H2
NH

0.12

0.09

0.06
Eo.a.

0.03

0.00 '

-0.03

-0.06 Equivalents of anion

Figure 4.21: Plots o f changes in chemical shift against equivalents o f anion (AcO) for  

various protons naphthalimide protons and the 4-amino proton.

The results from the fluorescence and *H NMR studies complement each other and 

together make it easier to make conclusions about the interaction of 199 with various 

anions. The selectivity trend observed in the fluorescence studies was upheld in the 'H 

NMR titrations for the first equivalent o f anion, with the exception o f F' whose two 

binding processes could not be dealt with separately in the NMR studies. From UV-vis, 

fluorescence and NMR results it is clear that F’ behaves quite differently to the other 

anions. In the next section, the interactions o f the anions with sensors 200 and 201 will be 

discussed.
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4.5 Analysis of 201 and 200

Sensors 201 differs from 199 by a single component. The extension of the spacer 

unit by an extra CH2 in 2 0 1 , was intended to have the effect of decreasing the binding 

ability o f the receptor in comparison to 199. It is documented that for the optical response 

to be maximised the spacer unit of the sensor should be as short as possible. This is 

because electron transfer is a function of 1/r^ (where r is the radius between the donor and 

acceptor). The 2-spacer unit in 201 was expected to have lower intensity changes, but 

increased stability. The lack of a CF3 substituent on 200 was intended to show how the 

electron withdrawing substituent increases the strength of binding i.e. 199 should have a 

higher binding affinity for anions than 200 as the thiourea protons of 199 are made more 

acidic by the more electron withdrawing nature of the CFs-phenyl moiety. The analysis of 

2 0 0  will be discussed first, followed by a short discussion o f the results obtained for 2 0 1 .

4.5.1 Analysis of 200

The investigation of the binding o f 200 with various anions was carried out using 

fluorescence, UV-vis and *H NMR spectroscopy, in the same manner described for 199. A 

solution of 200 in DMSO was again highly coloured with a Xmax of 444 nm, log e ~ 4.2, 

and the Of was approximately 0.60. The addition of F', AcO' and H2PO4' all caused a 

reduction in the fluorescence intensity. The addition o f Cl' and Br’ had little or no effect 

on the fluorescence. The quenching of the fluorescence of 200 by F' is shown in Figure 

4.22. The quantum yield of the quenched complex was 0.041.

As can be seen from the Figure 4.22, the fluorescence is almost entirely switched 

off upon addition of increasing amounts of F'. A binding constant of log P = 3.8 ± 0.1 was 

obtained. This is substantially lower binding than the value obtained for 199 (log P = 4.4 ± 

0.1) as expected, as the thiourea protons of 200 are not as acidic as those o f 199. UV-vis 

spectra were taken after each addition of anion. There were no significant changes in the 

spectra up to the addition of about 30 mM of F', suggesting that to this point a PET process 

was taking place. Upon further addition of anion, the absorption spectra were dramatically 

altered and there was a concomitant change in colour o f the solution. This was the same 

effect observed for sensor 199. The absorption band at 444 nm was reduced, while a new 

band centred at 536 nm formed. Two clear isosbestic points could be observed at 385 and 

475 nm as seen in Figure 4.23.
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Figure 4.22: Changes in fluorescence emission spectra o f 200 upon titration with TBA-F. 

Inset: Binding curve obtained for titration.
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Figure 4.23: Changes observed in the absorption spectra o f200 upon addition o f F  (0-^ 

5 mM). The addition o f further quantities o f F  caused band broadening.
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Further addition o f anion resuhed in a large broadening of the bands, again, 

possibly due to aggregation effects. From the changes in absorbance at 536 nm it was 

possible to determine a binding constant for this second process (Figure 4.24). It was 

estimated that K = 154 M"', or log (3 = 2.18 ± 0.1, which is in good agreement with that 

seen for 199 (Table 4.1). The colour change and quenching of fluorescence was reversed 

on addition o f methanol, signifying that the binding processes are reversible.

0.16

0.12
Vwaa
■£ 0.08 o

0.04

♦ Obs (536 nm) 
■ Calc. (536 nm)

0.00
0.5 1.5 2.5 3.5 4.5 5.5

-log [F I

Figure 4.24: Plot o f absorbance at 536 nm versus -log[F] for 200. The calculated values 

were used to determine a binding constant for this interaction.

Unlike compound 199, which showed a decrease followed by an increase in 

fluorescence intensity upon addition of AcO', sensor 200 showed only a decrease in 

intensity (Figure 4.25) over the whole concetration range. The fluorescence was quenched 

by approximately 65 %. The binding constant was calculated to give log P = 3.9 ± 0.1. 

Although, the binding constants for F' and AcO’ are quite similar, the quenching caused by 

fluoride ion was more effective (almost 100 %). This more efficient quenching is 

attributed to stronger hydrogen bonding between F' and the thiourea protons, due to the 

smaller size and higher charge density o f fluoride over acetate. Again, quenching of 

fluorescence by AcO' was reversed on addition of methanol.
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Figure 4.25: Quenching offluorescence o f200, upon addition o f  AcO'.
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Figure 4.26: UV-vis spectra o f200 on addition o f  increasing amounts o f  A cO ' .  Inset: plot 

o f  absorbance at 444 nm vs. total volume o f  solution.

201



Chapter 4 -  Thiourea-based 1,8-Naphthalimides fo r  Anion Sensing

No significant changes were observed in the absorption spectra o f 200 on titration 

with acetate, only a slight decrease in intensity, attributable to dilution effects (Figure 

4.26), and possibly a slight red shift, which might suggest very weak hydrogen bonding of 

the AcO' with the amino proton. This confirms that the binding process is indeed a PET 

process. The fact that 200 only showed a quenching o f fluorescence on addition o f AcO', 

with no evidence of a second binding process (no increase in fluorescence or change in the 

absorption spectra) taking place, suggests that the decreased acidity of the receptor (due to 

the absence of aryl-CFa) possibly deters the second binding o f AcO' from taking place. 

However, the interaction between F' and the 4-amino moiety is still possible due to the 

stronger basicity of F', over AcO', giving rise to the large colour changes.

Titration with chloride and bromide had no major effect on the fluorescence or 

absorption spectra of 200 (Figure 4.27) indicating that these ions may be too large, and 

consequently too low charge density, to bind effectively to the thiourea receptor. This also 

shows that the quenching is not due to a heavy atom effect.

0.12 

0.10 

I 0.08
a
I  0.06
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Figure 4.27: UV-vis changes observed for titration o f200 with Cr. Although there were 

no significant changes observed in the fluorescence, similar dilution effect changes as 

were seen for AcO' are observed here.

202



Chapter 4  -  Thiourea-based 1,8-Naphthalimides fo r  Anion Sensing

Titration of 200 with dihydrogen phosphate, induced a 67 % quenching of 

fluorescence. Although, this is approximately the same degree of quenching observed for 

the titration with acetate, the binding constant is one log unit smaller with log P = 2.9 ± 0.1 

for H2PO4'. Again, no changes were observed in the absorption spectra and the quenching 

was reversed on addition of methanol. Figure 4.28 shows the normalised plots of 

fluorescence intensity versus -log[anion] for the four anions. Table 4.2 shows the main 

spectral characteristics of 200 with and without various anions.

800

a 600

= 400 •  AcO'

200

8 94 5 6 72 30 1

-log[conc. of anion]

Figure 4.28: Changes in the fluorescence spectra o f 200 at 527 nm as a function o f -  

log[anionJ.

200 444 527 0.600 - -

200 + F 444(^536) 527 0.028

00 2.2
(±0.1)

+ AcO 444 527 0.253 3.9
(±0.1)

-

200 + H2PO4 444 527 0.240 2.9
(±0.1)

-

200 + Cl 444 527 0.590 - -

Table 4.2: Spectral characteristics o f200 with and without various anions.
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The binding of 200 with the various anions was also investigated using 'H  NMR in 

DMSO-Jfi. The aromatic protons were again monitored as the thiourea protons became too 

broad to follow accurately, except in the case of Cl' and Br' as there was no significant 

binding to perturb them. These titrations confirmed the results obtained from the 

fluorescence and UV-vis analysis. No binding was seen for Cl' or Br’. For H2 P0 4 ' and 

AcO', 1:1 binding was indicated from the plot o f A 5 versus anion equivalents (Figure 

4.29). The binding constants obtained for the 1:1 binding of 200 with AcO' and H2 PO4 ', 

calculated using Equation 4.2, were log p = 3.81 ± 0.1 and 2.89 ± 0.1 for AcO' and H2 PO4 ', 

respectively. These values agree almost perfectly with the binding constants obtained from 

the fluorescence titrations (Table 4.2).

0 . 5 0 1

0.45  : 

0.40

0.20

0.15

0.10

0.05

0.00
6.000.00 1.00 2.00 3.00 4.00 5.00

Anion equivalents

Figure 4.29: Changes in chemical shift ( H  NMR) observed for the aromatic proton at 

7.11 ppm o f200 on titration with certain anions.

The titration with fluoride showed 2:1 binding when monitored at the phenyl 

proton, with the distinctive green to purple colour change on addition of the second 

equivalent of anion. The stack plot o f *H NMR spectra of 200 on addition o f various 

equivalents of F' is shown in Figure 4.30. It is clear that the addition o f the first equivalent 

of F' only perturbs the phenyl protons, indicating that binding is occurring at the thiourea 

moiety. Further equivalents then begin to impact on the chemical shifts o f the 

naphthalimide protons. This again indicates that some sort o f interaction is taking place at
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the 4-amino group. In addition, the formation o f  the broad triplet at 16 ppm was observed, 

possibly indicating the formation o f  HF2’ on deprotonation o f  the amino proton.
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0.3 eq.

2 thiourea H

1.0 eq.

1.8 eq.

3.0 eq.

4.0 eq.

H7+NH H2 

H5 a ll i

9 Phenyl Hs

H6 H3

Ji i

■

A

10.2 10.0 9.8 9.4 9.2 9.0 6.8 B.4 8.2 8.0 7.8 7,8 7.4 7.2 7.0

(ppm)

, 2 S .  n h

CCr
Figure 4.30: Stack plot of^HNMRs o f200 on titration with F  in DMSO-d^.
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4.5.2 Fluorescence Titrations with 201

Compound 201 had a similar absorption spectrum to 199, with a A,max at 443 nm. 

The hypothesis that 201 would have a weaker binding affinity than 199 was confirmed 

when titrations of 201 with the various TBA salts were followed by fluorescence emission 

spectroscopy. The same general behaviour was observed as for 199. Titration with H2 PO4 ' 

caused quenching of the fluorescence at 527 nm. The fluorescence was “switched-off ’ by 

approximately 51 % (Figure 4.31).
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600 -

3

70 mM
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Figure 4.31: Decrease in fluorescence intensity observed for 201 on addition o f TBA- 

H2PO4 in DMSO.

The binding constant for the interaction between 201 and H2PO4' was calculated to 

be 1259 M'' or log (3 = 3.1 ± 0.1. This is a smaller value than that obtained for 199, as 

would be expected. The binding curve showing the observed and calculated values is 

shown in Figure 4.32.
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Figure 4.32: Plot o f fluorescence intensity at 527 nm versus -log [H2 PO4 ], showing 

observed and calculated values.

The titration with F' led to almost complete quenching o f the fluorescence, and the 

colour change from green to pink was again observed. The binding constant K for the 

binding o f F‘ at the thiourea moiety was calculated to be approximately 13120 M'* or log 

P = 4.1 ± 0.1. Again, titration with chloride or bromide had little or no effect on the 

fluorescence, suggesting that these ions are too large to successfully bind to the receptor. 

On titration of 201 with AcO', the fluorescence was initially quenched (over about two log 

units), and then began to increase before reaching a plateau (Figure 4.33), as observed for 

199. The log p values for the two recognition processes were 4.5 ± 0 .1 , and 2.4 ± 0 .1 , 

respectively. The important spectral parameters for the binding o f 201 with the anions are 

shown in Table 4.3.

2 0 1 443 526 -

2 0 1  + F 443(^535) 526 4.1 (±0.1)

201 + AcO' 443 526 4.5 (±0.1)

201 + H 2 PO 4 443 526 3.1 (±0.1)

2 0 1  + c r 443 526 -

Table 4.3: Binding values for 201 with various anions.
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Figure 4.33: Binding curves for titration o f 201 with AcG, showing observed values and 

calculated values used to determine the binding constants.

Thus, as found for both 199 and 200, this compound shows greatest affinity for 

AcO' > F  > H2 P0 4 ' > C l. The effect of distance is demonstrated here as 201 has lower 

binding constants for all anions when compared to 199 and the emission is not quenched to 

the same degree. However, the effect of the electron withdrawing CF3 is also evident as

201 has similar/higher binding constants than 200 which has no CF3 substitution.

4.5.3 Conclusion

In summary, three new anion sensors have been synthesised and investigated by 

various spectroscopic techniques. The sensors combine PET sensing and colorimetric 

sensing. At lower concentrations of anion, PET occurs giving rise to large changes in the 

fluorescence at long wavelengths for F', AcO' and H2 P0 4 '. When F' is added at high 

concentrations, a naked eye detectable colour change occurs from green to purple for all 

three sensors. This colour change is thought to be due to deprotonation of the 4-amino 

moiety of the naphthalimide moiety. The binding constants obtained show all three 

sensors have the same order of selectivity - Ac0 '=:F'>H2 P0 4 » C r .  It is clear that the 

most effective sensor was 199, which had only one CH2  in the spacer unit and an electron 

withdrawing CF3 substituent on the aryl group. As the binding constants for AcO' and F' 

were quite similar, the sensors are not ideally suited for selective PET sensing, however 

further modification of the receptors might achieve selectivity.
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4.6 Hydrazine-Based 1,8-Naphthalimides as Colorimetric Sensors

The promising results obtained for sensors 199-201 prompted the design and 

synthesis o f compounds 202-204. The aim was to prepare anion sensors that would show a 

“naked-eye” response that extended into the red region o f the spectrum (-700 nm). It was 

also hoped that increased selectivity and sensitivity over 199-201 might be achieved by 

removing the spacer and phenyl units. Consequently, one major alteration was made to the 

structure o f the sensors -  the spacer and middle aryl group were removed, leaving the 

thiourea moiety directly adjacent to the 4-amino group of the 1,8-naphthalimide.

4.6.1 Synthesis of Sensors 202-204

The synthesis of 202-204 followed a similar strategy to that of the previous sensors 

(Scheme 4.2). The starting material was the same bromo-substituted 1,8-naphthalimide 

211 described earlier. Compound 211 was heated to 130 °C and reacted with excess 

hydrazine mono-hydrate (98 %). When all sign of 211 had gone by TLC, the solution was 

poured into water to precipitate out the product 220, 2-Ethyl-6-hydrazino- 

benzo[i/e]isoquinoline-l,3-dione, which was obtained in 93 % yield as a yellow solid. The 

next step was to react 220 with an isothiocyanate. The reaction initially attempted 

involved the use of 4-(trifluoromethyl)-phenyl isothiocyanate, with chloroform as solvent. 

The reaction mixture of hydrazine 220 and isothiocyanate was stirred for 3 days at room 

temperature. Unfortunately, the reaction did not work very well as 220 was not very 

soluble in chloroform -  there was some sign of product in the 'H NMR, but the main 

component was the starting material. Using ethyl acetate as solvent, the reaction was 

repeated. Although, 220 was again not very soluble, after 3 days stirring at room 

temperature and separation by flash column chromatography (neutral silica, ethyl acetate: 

hexane, 60:40), a sample of almost clean product 202, was obtained ~ 25 %. In order to 

purify it fiirther, the sample was recystallised from ethanol. The reaction was repeated in 

this manner and this time the sample was recrystallised from methanol (The reason for 

recrystallising from different solvents will be explained in section 4.5.2). Despite having 

synthesised and collected 202 as crystals, the yields obtained could not be quantified as 

when the crystals were filtered, they disintegrated and left a brown powder which could 

not be removed from the filter paper. The reaction was again repeated using THF as 

solvent, along with some triethylamine to improve the nucleophilicity o f the amine. The 

reaction mixture was refluxed overnight. Again, flash column chromatography (neutral
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silica, CHCI3: MeOH, 95:5) was used to separate the product from the unreacted starting 

material. This time 202 was recrystallised from 2-propanol.

202: R = CF3 

203: R = CH3 

204: R = H

202-204
Scheme 4.2: Synthesis o f  hydrazine based sensors 202-204.

CHC13 3 days at r.t. — —

EtOAc 3 days at r.t. Flash column chromatography 

and crystallisation

* *

THF 1 day reflux, 

with EtsN

Flash column chromatography 

and crystallisation

MeCN 3 days reflux Trituration 15%

Table 4.4: Methods used in the attempt to prepare 202 (— not carried out or determined, 

* *  obtained crystals, but could not determine yield).

r
O ^ N ^ O

Br

211

NH2-NH2

130 °C

NH

220

MeCN 
reflux 
3 days

r

HN
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Even though 'H NMRs of the crude reaction mixtures showed only the starting 

material 220 and 202, the column chromatography was problematic with many extra spots 

appearing perhaps due to degradation. This, along with extremely poor yields, led to the 

use o f yet another solvent for the reaction -  acetonitrile. The starting materials were 

refluxed in acetonitrile for 3 days. The reaction mixture was then reduced to dryness and 

the residue was suspended in methanol. The suspension was filtered and the filtrate again 

reduced to dryness. The solid was then triturated with chloroform, and the resulting solid 

collected by filtration, washed with chloroform and dried to yield 202 (15 % yield). As no 

other method o f separating 202 could be found without the use o f chromatography, the loss 

o f product was acceptable. Sensors 203, and 204, were prepared in a similar manner with 

similar yields (17 and 13 %, respectively), using />-tolyl isothiocyanate and phenyl 

isothiocyanate respectively. Compound 203 was further obtained as crystals from ethanol 

(c / section 4.6.2).

4.6.2 Crystal Structure Analysis of 202

As just discussed, it was possible to recrystallise 202 quite easily after column 

chromatography. This was first carried out using ethanol as solvent. Orange crystals o f 

202 were formed. When the crystal structure was obtained, it confirmed the formation of

C22

C20
C2lV

C19

C18

C16 C17

N2VX15
,C10 C1

C4 C3C12

C13

C14

"̂ igure 4.34: Crystal structure o f202, (crystallisedfrom ethanol). Solvent molecules 
xcludedfor clarity. CF3 is disordered.
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the desired product 202. Furthermore, it showed some other very interesting features. 

Firstly, the orientations o f the thiourea protons in the solid state are not as would be 

expected. Instead of being directed in the same direction (syn), they point in opposite 

directions (anti) as can be seen clearly in Figure 4.34. In related work within our 

laboratory, a large number of urea and thiourea bis-aromatic receptors (e.g. 208, shown 

earlier) have been analysed by X-ray crystallography. On no occasion has this anti-state 

been observed. The protons of NI and N3 point in the same direction while the proton of 

N2 points in the opposite direction. If this was the case in solution, the binding of anions 

at the thiourea moiety might be perturbed. There is also substantial n stacking interactions 

between molecules within the cell unit, as well as hydrogen bonding as shown in Figure 

4.35.

02B

N3Si

SIAV 02

N1A

Figure 4.35: Hydrogen bonding and n stacking between molecules o f202.

The hydrogen bond lengths and angles are shown in Table 4.5. The interactions 

between the molecules o f 202 lead to the formation o f an extraordinary 3D-honeycomb 

network with the solvent ethanol molecules placed within the large cavities. This network 

is shown in Figure 4.36.
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D.A N l-S l 3.3031 (0.0086) — i

D.A N3-02 2.8923 (0.0114) — ii

D-H N l-H IA 0.8800 —

D-H N3-H3A 0.8800 —

H.A HIA-Sl 2.5488 — i

H.A H3A-02 2.0857 — ii

DH.A N1 - HI A — 144.23 i

DH.A N3 - H3A — 151.98 ii

Table 4.5: Selected hydrogen bonding parameters for 202. Symmetry codes: i =J+x, y, 

1+z, ii=l-x, 1-y, z.

Figure 4.36: 3-D crystal network o f 202 looking down the z axis. Ethanol molecules are 

located around the sides o f the cavities but have been left out for clarity.
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Similar 3D-networks were found for the crystals obtained from methanol and 

isopropanol. When crystals o f 203, which has a CH3  instead of a CF3  on the phenyl group, 

were grown from ethanol in the same marmer, small flat crystals were obtained, but the 

data could not be solved with certainty. The crystals almost certainly did not show the 

same type of network behaviour as 202. It can therefore be assumed that the formation of 

the network is a characteristic of the molecule and not simply due to the solvent. Such 3D 

networks with large cavities are relatively unknown for pure organic compounds, while 

they are well known for metal coordination complexes.^*^*  ̂ It is possible that the driving 

force for the formation o f these networks are weak F-F interactions, which under the 

circumstances are more favourable than interactions with the solvent. The fact that all 

three structures gave the same unit cell independent o f the solvent might suggest that this 

hypothesis is true.

4.6.3 Interactions of Compounds 202-204 with Anions

4.6.3.1 Initial Observations

Compounds 202-204 were synthesised as colorimetric sensors, and so were studied 

mostly by UV-vis spectroscopy. Almost immediately on starting this work, it was found 

that the compounds behaved rather oddly. The main problem being that if  certain types of 

glassware were used in studying the compounds, changes in colour were observed before 

any analyte was added. For example, if  a solution of 202 in DMSO was made up in a 

pyrex flask and then poured into a sample tube made of soda-glass, the original orange 

coloured solution would turn a purply-brown colour. The same thing would happen if the 

orange solution was taken up into a Pasteur pipette. Even certain flasks that were not made 

o f soda-glass would have this effect. It was postulated that the sensor was abstracting ions 

from the glass and this interaction was causing a colour change. To avoid this problem, 

only pyrex glassware was used in dealing with these compounds. All titrations were 

carried out in situ in a quartz UV-vis cell, using an initial volume of 3 mL. All transfers of 

solution (sensor and anion solutions) were done using a micropipette with plastic tips.
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Figure 4.37: Absorption spectrum o f202 at a concentration o f 1 x 10"* M in DMSO.

Another unexpected property of compounds 202-204 was that the shape of the 

absorption spectrum was dependent on concentration. At higher concentrations, the 

compounds had one major absorption band at about 414 nm (DMSO) and a smaller 

absorption band centred at about 560 nm as shown in Figure 4.37. At lower 

concentrations, the band at 414 nm had been replaced with one at 350 nm. This meant that 

at lower concentrations the Beer Lambert Law could not be used to calculate the 

concentration of a solution of sensor as the extinction coefficient could not be calculated 

due to the curvature of the graph (Figure 4.38). Therefore, higher concentrations than 

usual of sensor were used for the analyses (1-1.20 x 10“̂  M), as the extinction coefficient 

could then be determined more accurately.
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Figure 4.38: Dilution effects o f202 in DMSO.

4.63.2 UV-Vis Titrations of 202 in DMSO

Titrations were initially carried out in DMSO. At a concentration of 1 x 10"̂  M 

compound 202 has an absorption spectrum shown in Figure 4.37. As described earlier, at 

higher concentrations there is a large band at about 414 nm and a smaller broader band at ~ 

560 nm. The solution was a yellow-orange colour. On addition of TBA-OAc (from 10'  ̂

M to 1 M solutions) the band at 414 nm gradually decreased in intensity as a new band at 

350 nm increased in size (Figure 4.39). The band at 560 nm became more intense as 

increasing concentrations of AcO' were added. This band, which had an initial absorption 

maximum at 0.26, eventually plateaued at 1.89. Two clear isosbestic points could be seen 

at 465 nm and 380 nm respectively. The colour of the solution at the end of the 

experiment was deep purple.
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Figure 4.39: Absorption spectra o f202 on addition o f AcO' (0 -^7  mM) in DMSO.

2.5

2.0
o  <o in
@ 1-5
o>o
n  1 0

£i
<

0.0

f l  9
♦  Obs. 
■ Calc.

I I I I I I I I I I I I I I I M  I I I I I I I I I I I  I )

2 3 4 5 6 7 8
-log [AcOl

Figure 4.40: Plot o f -log[AcO] vs. absorption at 560 nm showing observed and

calculated values (used to determine binding constant).
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The binding constant for the interaction between 202 and A c0‘ in DMSO was 

calculated for the changes at 560 nm, using the non-linear least squares regression analysis 

(Equation 4.1) and gave log p = 4.95 ±0.1.  The changes in the absorption spectra took 

place over two log units thus suggesting 1:1 binding as shown in Figure 4.40. The changes 

at 350 and 414 nm were also monitored and yielded similar binding constants.

The effect o f adding AcO' to a much more dilute solution of 202 in DMSO was 

also investigated. The shape of the absorption spectrum of 202 showed 3 bands at 350, 

414, and 560 nm, the band at 414 nm being the lowest in intensity. The addition of 10)j,l 

aliquots each of different concentrations of AcO' (10'^ -  10'^ M) to the slightly purple 

solution simply caused the bands at 350 and 560 nm to increase in intensity before 

plateauing, while causing the smaller band at 414 nm to disappear (Figure 4.41). Two 

isosbestic points were observed at 370 and 464 nm. The addition o f further amounts of
9 IAcO' (10|il o f 10' , 10' and 1 M) had no further effect on the spectrum.
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Figure 4.41: Effect on absorption spectrum o f 202 (at low concentration) on addition o f  

AcO'.

Similar titrations were carried out with F' in DMSO. Recorded at the higher 

concentration of 202, an increase in the intensity o f the band at 560 nm was again seen 

with the band at 414 nm disappearing as a new band at 350 nm formed. With the changes
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in the absorption spectra, the concurrent visible changes in colour from yellow-orange to 

purple were observed. The plot of -log[F'] vs. absorbance at 560 nm is shown in Figure 

4.42. Again, the changes occurred over two log units, inferring that for this process a 1:1 

binding is the likely stoichiometry.
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Figure 4.42: Plot o f- lo g  [F ] vs. absorbance at 560 nm fo r  202 in DMSO.

The increase in absorption appeared to level off on the addition o f aliquots o f the 

10'^ M solution of F'. The binding constant obtained gave a log p o f 4.39 ± 0 .1 , but the 

calculated curve was not a perfect fit. To ensure that a plateau had been reached, further 

additions o f the 10"' M and 1 M solutions were made. On adding 10|xl o f the 1 M solution 

there was a distinct change in colour and immediate change in the absorption spectrum 

(Figure 4.43).
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Figure 4.43: Changes observspectra o f202 after addition o f  10jA 1 M F  to already 
purple solution.
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The shape of the absorption spectra changed completely, with the formation o f a 

new band at ~ 465 nm. Two isosbestic points were seen at 435 rmi and 505 nm. The 

colour o f the solution changed from purple to a peachy orange colour. This colour change 

could not be explained simply from the UV-vis data, but it was postulated that a similar 

interaction with the 4-amino moiety of the naphthalimide as that of sensors 199-201 was 

possibly occurring. The first binding interaction was taking place at the thiourea receptor 

site, and a second interaction between 202 and F' was taking place at the amino group. 

This second interaction could only take place at high concentrations o f F'. When a low 

concentration of 202 was used, similar effects were seen to that of AcO' until the addition 

of 10 |4.1 10'* M of F'. The spectra then changed as above for the high concentration of 202 

as seen in Figure 4.44 with a new band forming at ~ 465 rmi.
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Figure 4.44: Absorption spectra o f202 (low conc. in DMSO) on addition o f 10/jI aliquots 

o f different concentrations o f F.

The addition o f H2P0 4 ' to 202 caused the same colour change as AcO', while the 

addition o f Cl’ caused only a slight increase in the peak at 560 imi, with little or no colour 

change. The colour changes fi-om yellow-orange to purple seen on addition of AcO', 

H2PO4 ' and F' to 202 could not be reversed by the addition o f methanol or water. If polar 

solvents such as these did not cause the reversal of the effects of anion binding, then polar
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protic solvents could possibly be used for binding studies instead of DMSO. For use in a 

biological setting, this would be ideal, as a truly useful anion sensor needs to be able to 

function in an aqueous medium. The binding constants obtained for the addition of F' and 

AcO' to 202 in DMSO were comparable to those obtained for the fluorescent sensor 199 

(fluorescence changes due to binding at thiourea moiety). The advantage o f the new 

systems is that the presence o f certain anions can be detected by a visible “naked eye” 

colour change.

4.6.3.3 UV Titrations of 202 in Ethanol and EthanoIAVater

Because o f the above results where the anion recognition was not reversed upon 

addition o f polar protic solvents, the sensing o f anions by 202 in ethanol and ethanol/water 

mixture was undertaken. In ethanol, 202 has absorption bands at 404 and 540 nm at high 

concentrations. At lower concentrations, the main bands appear at 340 and 540 nm. The 

addition of AcO' yielded the strongest binding in ethanol, with a log (3 = 4.47 ± 0.1 for the 

increasing band at 540 nm (Figure 4.45). Two clear isosbestic points are visible for the 

titration at 368 and 454 nm respectively. Figure 4.46 shows the changes in absorbance at 

540 nm as a function of-log[AcO'].
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Figure 4.45: Absorption spectra o f202 on addition o f AcO' in ethanol.
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Figure 4.46: Plot o f  -log[AcO']  vs. absorbance at 540 nm fo r  202 in ethanol showing 

observed and calculated values.

The fluorescence of 202 on addition of AcO’ was also monitored. The solution of 

202 was excited at 404 nm, and the resulting fluorescence band had a maximum at ~ 530 

nm. The intensity of this band decreased on addition of AcO' giving rise to the formation 

of two bands at 510 and 635 nm, and levelling off (Figure 4.47). The significance o f these 

two bands is not fully understood at present.
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Figure 4.47: Fluorescence spectra o f  202 on addition o f  AcO' in ethanol (excitation at 

404 nm).
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The addition o f F' to a solution o f 202 in ethanol, again showed the yellow-orange 

to purple colour change. Isosbestic points at 367 and 454 nm are clearly visible. However, 

there was no second colour change observed on addition o f high concentrations o f  the 

anion (Figure 4.48). The second process is obviously affected by the polarity o f  the 

solvent. The ethanol molecules may hydrogen bond to the amino moiety o f  the 

naphthalimide in such a way as to make the interaction o f  a second F' ion with this moiety 

impossible. Log P for the binding o f  F' with 202 in ethanol was determined to be 3.8 ± 

0 . 1 .
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Figure 4.48: (a) Absorption spectra of 202 on addition of F  in ethanol; (b) Plot o f -  

log[F] vs. absorbance at 540 nm.

The addition o f  H2P0 4 ' to a solution o f 202 in ethanol caused the same changes in 

the absorption spectra as AcO' and F’. The binding constant for this interaction was 

determined as log p = 3.48 ± 0.1, thus it was lower than the other two anions. The binding
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curve for the interaction of H2 PO4 ' with 202 is shown in Figure 4.49. Chloride again 

showed little or no changes on addition to 202. Overall, the binding constants had changed 

by approximately 0.5 log units in going from DMSO as solvent to ethanol as solvent. 

These were thus very promising results, as to the best of our knowledge no other thiourea 

systems have been reported for the recognition o f anions in aqueous solution. 

Unfortunately, 202 was not at all soluble in water alone. When a mixture of ethanol/water 

10:90 was used, it was possible to get 202 into solution, but addition o f increasing amounts 

o f anion caused precipitation of a solid, making it impossible to continue the titration. 

However, even from the initial results obtained for the addition o f AcO', it was possible to 

see that an interaction of some sort was occurring and the absorption spectra were 

changing. The problem of precipitation led to the ratio o f ethanol/water being changed to 

50:50.
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Figure 4.49: Plot o f-log[H 2P 0 4 ]  V5. absorbance at 540 nm fo r  the titration o f  H2PO4 

with 8  in ethanol showing calculated and observed values.

The use o f ethanol/water 50:50 as solvent yielded the same general changes in 

colour and absorption spectra seen for the ethanol titrations. Using this solvent system, the 

main absorption bands were seen at 407 and 548 nm at high concentrations o f 202, and at 

339 and 548 nm at low concentrations. For the AcO’ titration isosbestic points at ~ 367 

and 458 nm were observed (Figure 4.50), while the log (3 value obtained was 3.4 ±0.1 .  

The titration o f F' with 202 in ethanol/water 50:50 yielded a log P of 2.2 ± 0. The changes
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in absorption spectra are shown in Figure 4.51 (a). The addition o f  H2PO4 ' to 202, did 

begin to turn the solution purple, but the changes only began to occur at very high 

concentrations o f  anion (Figure 4.51(b)), and a binding constant could not be determined, 

however it can be deduced from the curve in Figure 4.52 that it would be ~  log p = 1.

log (aniofi]

Wavelength (nm)

Figure 4.50: (a) Changes in absorption spectra o f 202 on addition of AcO' in

ethanol/water 50:50; (b) Plots o f absorption vs. -log[AcO'J for the three main 

wavelengths.
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Figure 4.51: Changes observed upon addition o f  (a) F , and (b)H2PO i.
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Figure 4.52: Plot o f  -log[anion] vs. absorbance at 548 nm fo r  various anions with 202 in 

ethanol/water 50:50.

226



Chapter 4 -  Thiourea-based 1,8-Naphthalimides fo r  Anion Sensing

Up to this point all the anions tested were used as their tetrabutylammonium salts. 

To ensure that the counterion was not responsible for any changes seen in the absorption 

spectra, a variety o f sodium salts were added to a solution o f 202 in ethanol/water 50:50. 

The results are shown in Figure 4.53. As can be seen, the larger anions such as Br' and 

CIO4' had only a minor effect on the band at 548nm with little or no effect on the band at 

407 nm. NaS04  was not very soluble, but did show changes in both bands -  if  it had been

NaF
NaPF,

0)oc
(Un NaS04

’ (n o tv  sol.)
NaClO,o<n

X)<
NaBr

600300 350 400 450 500 550
Wavelength (nm)

Figure 4.53: Addition o f  various sodium salts to solution o f202 in ethanol/water 
50:50.
completely soluble it was expected to behave as for NaF, with the formation of the new 

band at 339 nm and the enhancement in the intensity o f the 548 nm band. NaOAc behaved 

as for NaF (data not shown). The addition of NaPFe was unexpected. Due to the size of 

the PFe’ anion, it was thought that there would be little or no interaction between the anion 

and the sensor. What was actually observed was the complete disappearance of the band at 

548 nm, with an increase in intensity o f the band at 407 nm. This was explained by the *̂ F 

and ^^P NMR spectra o f NaPFe, which showed the presence of more than one species -  

most likely including phosphoric acid.

To attempt to explain the interaction o f the anions with 202, a few drops o f acid 

and base were added to the sensor in ethanol/water 50:50 and the absorption spectrum was 

recorded. The acid caused the band at 548 nm to disappear, in a similar manner as seen for 

NaPFe, while the addition of base had the same effect as the AcO' and F’, i.e. shifting the 

absorption to longer wavelengths (Figure 4.54).
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Figure 4.54: Effect o f acid and base on solution o f202 in ethanol/water 50:50.

Figure 4.55 shows a photo o f the colour changes observed on addition o f acid and 

base to a solution of 202 in ethanol/water 50:50. The pH before and after the titration of 

202 with AcO', F' and H2 PO4 ' was then measured, but no significant changes were 

observed. The deprotonation process which occurred with sensors 199-201 is not a 

realistic possiblitity, as these anions are not very basic in water.

202 202

202 HCl dMAP

Figure 4.55: Photo o f solutions o f 202 in ethanol/water 50:50 upon addition o f acid and 

base.
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Before discussing sensors 203 and 204, a brief overview of the results obtained so 

far for 202 should be given. It was found that the sensing of anions such as F', AcO' and 

H2P0 4 ' by 202 was possible in DMSO, ethanol, and ethanol/water 50:50 mixture. The 

recognition was visible to the naked eye as a dramatic colour change from yellow-orange 

to purple was observed. A second colour change from purple to peachy-orange occurred in 

the titration o f F' in DMSO. This was not the case for the titrations in ethanol or 

ethanol/water. The addition of acid (HCl) and base (DMA?) also led to dramatic colour 

changes to yellow and purple, respectively.

4.6.3.4 Investigation of Sensors 203 and 204 by UV

Sensors 203 and 204 behaved very similarly to 202 as they showed the same 

concentration effects in their UV-vis spectrums. Compound 203 shows two bands at 344 

and 580 nm in its absorption spectrum at low concentration, and bands at 417 and 580 nm 

at higher concentrations [1 x lO'^ M]. Likewise, 204 showed two bands at 344 and 576 nm 

at low concentration, and at 417 and 576 at high concentrations. The two sensors were 

initially examined for their anion binding to F' in DMSO at high concentration. The colour 

change from yellow/orange to purple was observed for 204 (Figure 4.56), while 203 

(Figure 4.57) changed from yellow to deep blue, on addition o f F'. Once the changes in 

absorption appeared to have levelled off, the addition of more F’ caused a further change in 

colour to peachy orange, as observed for 202 (Figure 4.58).
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Figure 4.56: Changes in absorption spectra o f204 on addition o f F  in DMSO.

229



Chapter 4 -  Thiourea-based 1,8-Naphthalimides fo r  Anion Sensing

It had been thought that the different substituents on the phenyl ring would lead to 

the sensors having different affinities for the anions. However, only small differences 

were seen. Figure 4.59 shows the binding curves for the three compounds. The binding 

constants for the three compounds are shown in the adjacent table. The values do follow 

the trend expected, i.e. CF3 > CH3 > H, but the differences between them are hardly 

significant.
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Figure 4.57: Changes in absorption spectra o f203 on addition o f  F  in DMSO.

Figure 4.58: Photo o f  solutions o f203 in DMSO upon addition o f  F .
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Figure 4.59: Comparison o f binding curves and binding constants for interaction o f 202, 

203, and 204 with F  in DMSO.

From the results obtained for the F' titrations, it was deemed unnecessary to carry 

out a full set o f titrations for sensors 203 and 204. The similarities in binding constants 

was perhaps due to the electron withdrawing effect o f the naphthalimide over-riding that o f  

the phenyl ring. Compound 203 was however, used in the investigation o f  the anion 

binding process by 'H NMR titrations. This will be discussed in the next section.

4.6.3.S 'H NMR Titrations of 203

Compound 203 was chosen for examination by 'H NMR titration. The titrations 

were carried out in DMSO-i/g, with an initial volume o f 0.8 mL o f sensor solution. Every 

care was taken to ensure that no soda glassware was used in making up the desired
■5

solutions. At the concentration o f sensor used (~9 x 10' M), the colour o f  the solution was 

yellow. On the addition o f the first aliquot o f  anion (AcO' or F'), the colour began to 

change, similarly to that observed in the absorption spectrum. As the simpler case, the 

AcO' titration will be discussed first.

Before discussing the actual titration, the 'H NMR in DMSO-c/g o f  203 (Figure 

4.60) on its own needs to be explained. The CH2  and CH3 attached to the 1,8- 

naphthalimide are found to resonate at 4.07 and 1.19 ppm, respectively. The CH3 on the 

phenyl ring has a chemical shift o f 2.27 ppm. As these three signals will not be affected 

greatly by the addition o f anions, they will not be shown in the subsequent spectra.
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Figure 4.60: ’HNMR spectrum o f203 (DMSO-ds, 400 MHz).
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The phenyl protons are seen as two doublets, each integrating for two protons, at 

7.11 and 7.27 ppm, repectively, assigned to the meta- and or^/jo-position protons, 

respectively. The naphthalimide protons are then observed in the usual form of four 

doublets and one triplet. The proton adjacent to the amino group, i.e. at position 3, is 

shifted upfield from the others and is found at 6.97 ppm. The amino moiety itself has a 

chemical shift of 9.87 ppm, while the thiourea protons are slightly overlapping at 10.04 

and 10.06 ppm respectively.

Figure 4.61 shows the changes observed in the 'H  NMR spectra of 203 on addition 

o f AcO' in DMS0-c/(5. Unlike the NMR titrations carried out for the fluorescent sensors 

199-201, the proton-exchange taking place is in this case slow exchange rather than fast 

exchange. Instead o f seeing average signals for the free and the bound molecules protons 

(as in fast exchange), the individual signals for the free sensor and those of the anion 

bound sensor are seen. The reasons why this sensor shows slow exchange, when the other 

thiourea sensors show fast exchange, are unknown. Experiments carried out with 204 also 

showed slow exchange, thus it appears to be a characteristic o f these hydrazine based 

compounds.

The progression from the free sensor to acetate bound sensor can be monitored 

easily. Between 0.1 and 0.8 equivalents, the resonances are quite broad, but at 1 equivalent 

they have sharpened significantly. It is very interesting to note the position o f the new 

peaks. While one of the thiourea protons shifted downfield to 11.19 ppm in the bound 

form, as is common for a thiourea proton bound to an anion, the other shifted upfield to 

8.05 ppm. The amino proton, shifted upfield to 11.97 ppm, but disappeared approaching 1 

equivalent of AcO'. The ortho protons of the phenyl group shifted downfield from 7.27 to 

7.67 ppm, the biggest shift for any of the aromatic protons. This is what would be 

expected if the binding of the AcO' is taking place in the adjacent thiourea moiety. By the 

addition o f 1 equivalent o f AcO', the changes in chemical shifts were complete. All sign of 

the free sensor was gone. The addition o f further equivalents (up to 4.7) had no further 

effect on the chemical shifts.

With sensors 199-201, the binding process could be monitored by measuring the 

change in chemical shift o f the various proton resonances. In this case, the integration of 

the peaks disappearing and appearing was monitored. Unfortunately, this method is not as 

accurate as the changes in chemical shift, due to the inaccuracies involved in carrying out 

the integration. However, the data can still be used to determine the stoichiometry of the 

recognition.
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Figure 4.61: Stack plot o f ‘H  NMRs o f 203 on addition o f  AcO' (DMSO-d^, 400 MHz) -  

black symbols show position o f  resonance before addition o f  anion, red symbols show 

position o f  resonance upon binding.
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Figure 4.62: Plot o f change in integration o f resonances at 9.8 and 11.2 ppm as a 

function o f  anion equivalents for ‘H  NMR titration o f203 with AcO'.

Figure 4.62 shows how the integration of the peaks at 9.8 ppm and 11.2 ppm 

demonstrates that the stoichiometry of binding is indeed 1:1, as there were no fiirther 

significant changes in the integration of either resonance after the addition of 1 equivalent 

of AcO'.

The titration of 203 with F' was then carried out in DMSO-t/^. It was hoped that 

some information about the second colour change might be gained from this titration. The 

spectra for the additions of the first equivalent of F' are shown in Figure 4.63. Again, slow 

exchange was observed and the intermediate spectra between 0 and 1 equivalent of F' were 

significantly broadened, but at 1 equivalent the peaks sharpened. Similar shifts were seen 

as observed for the AcO’ titration. One difference was the almost complete disappearence 

of the amino proton. Its new position could not be clearly identified even after just 0.1 eq 

of the anion had been added. The thiourea protons again shifted quite dramatically -  one 

upfield to 8.05 ppm and one downfield to 11.18 ppm.
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Figure 4.63: Stack plot o f ‘H  NMRs o f  203 on addition o f F  (DMSO-d^, 400 MHz) -  

black symbols denote position o f resonance before addition o f anion, red symbols show 

position o f resonance upon binding.
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Figure 4.64: Stack plot o f 'H NMRs o f 203 with F  (1-5.2 equivalents, DMSO-de, 400 
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It should be pointed out at this point that the colour of the solution at this stage of 

the titration was a deep blue colour. After 1 equivalent o f F' had been added, a clear broad 

signal appeared at 11.07 ppm, overlapping with the thiourea proton. This broad band was 

assigned to the amino proton, and was seen to shift downfield on addition of further 

equivalents o f F', as shown in Figure 4.64. Approaching, the addition o f 3 equivalents of 

F', this broad signal had shifted by about 5 ppm. At this point, it stopped shifting, and 

became visibly sharper, in the form of a triplet. The colour thus far in the titration had 

been deep blue, but on the addition of 2.8 equivalents, it began to change to a deep 

orange/red colour.

The changes in integration for the resonances at 9.8 and 11.2 ppm were monitored. 

Figure 4.65 shows the plots of change in integration as a function of anion equivalents, up 

to 2.4 equivalents. The stoichiometry for the first recogntion event appears to be 1:1, as 

the plots, although a bit uneven (due to inaccuracies from integration), plateau after the 

addition o f 1 equivalent. This is supported by visible inspection o f the spectra. Between 1 

and 3 equivalents, only the amino resonance changed. The chemical shifts of the aromatic 

protons changed little between 1 and 3 equivalents of F'.

ao

1.2 
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Figure 4.65: Plot o f change in integration versus equivalents o f anion for 203 upon 

addition o f F  up to 2.4 equivalents.
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Only when it was approaching the 3 equivalents stage did new aromatic signals 

also began to appear. Again, these protons were showing slow exchange, with the free and 

bound signals both showing. The total conversion from one state to the other took another 

two equivalents o f F', (but perhaps if the solution had been left sitting, this would have 

happened on its own, as observed with the UV-vis changes). The naphthalimide protons 

all shifted downfield, most notably the proton at position 3, which shifted from ~7.0 ppm 

to -7 .8  ppm. The ortho protons of the phenyl group shifted upfield from 7.7 ppm to 7.2 

ppm. The new resonances were perfectly clear by the final addition.
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Figure 4.66: Stack plot o f  ‘H  NMRs o f 203 with F  (DMSO-de, 400 MHz) -  last four  

additions.
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All of the changes occurring at this stage, point to the deprotonation of the amino 

proton, with the formation of a HF2’ ion. The first equivalent of anion binds to the thiourea 

moiety. The next two equivalents are then involved initially in binding to the amino proton 

(2"** equivalent), followed by complete abstraction of the proton equivalent). This 

leads to the formation of the broad triplet at 16.1 ppm, with the coupling constant of 123 

Hz, normal for a species such as HF2 ' as described by Limbach et al}^^ The distinct colour 

change is also evidence for the deprotonation event. It is possible that full deprotonation of 

the 4-amino proton can only occur after 2 equivalents of F' have been added, thus 

producing the HF2 ’.

The changes observed in the UV-vis and NMR titrations are possibly explained by 

the following (Scheme 4.3): if, as found in the crystal structure of 202, the thiourea protons 

are in an anti-state in solution, the addition of suitable anions, i.e. F', AcO' and H2P0 4 ', 

causes rotation of the bond between N2 and C=S allowing for binding of the anion by the 

thiourea. This would also increase the conjugation of the system leading to the dramatic 

colour change. The second colour change observed for F', is then due to deprotonation of 

the 4-amino proton forming HF2’, and leads to yet another change in the electronic 

structure of the naphthalimide.

N a p h ^  1 '^N 

H

.N.

A -^ H ©
N X

+  N a p h ^  1

H

.N,
N a p h ^  1 'N  

2 |

.R
N

N '
1 |-

Scheme 4.3: Possible mechanism o f anion interactions with 202-204 leading to colour 

changes. The second part o f the scheme only applies to A' (anion) = F.
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Chapter 5 -  Colorimetric Anion Sensing and CO2 Detection

5.1 Introduction

In Chapter 4, the colorimetric sensing of fluoride by compounds 199-201, which 

were based on the fluorophore-spacer-receptor model, was described. These compounds 

showed changes in fluorescence emission due to the binding of anions such as AcO', F' and 

H2PO4', at the thiourea recepter moiety. In the case of F', the changes in fluorescence were 

associated with the binding of the first F' ion. Subsequently, a second F' ion was thought 

to be interacting with the 4-amino group of the naphthalimide, which lead to an alteration 

in the ICT (internal charge transfer) state of the compound, thus causing a colour change 

from green to purple. This second interaction was proposed to be due to deprotonation of 

the amino moiety, or possibly due to very strong hydrogen bonding to this moiety. The 

aim of this part of the project was to confirm or further investigate that this was a 

deprotonation event, and potentially exploit the mechanism, by investigating some simple 

4-amino-1,8-naphthalimides as colorimetric sensors that lacked the urea/thiourea receptor 

moieties of all the previous molecules.

5.2 Synthesis

A variety of 1,8-naphthalimides molecules were prepared (219, 221-223), all 

differing in the component at the 4-position of the naphthalimide ring system. It was 

predicted that only those compounds with a 4-amino structure i.e. 219 and 223, which are 

highly coloured and fluorescent compounds due to the ICT excited state, would behave as 

colorimetric sensors for anions such as F'. The other compounds i.e. 221 and 222, were 

synthesised to confirm that the abstraction of a proton from the amino group was solely 

necessary for the colour changes to occur. In schematic terms, the compounds were made 

up of an overlapping chromophore and an amino moiety which could be interpreted as a 

“receptor” site for anion binding/deprotonation, as shown in Figure 5.1.

Site o f deprotonation/binding 
by anionChromophore

Figure 5.1: Schematic picture o f simple colorimetric sensors.
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The synthesis of the compounds was quite straightforward as they are structurally 

very simple. The naphthalimides 219, 6  -  butylamino-2-ethyl-benzo[<^e]isoquinoline-l,3- 

dione, and 221, 2-ethyl-6-pyrrolidin-l-yl-benzo[c/e]isoquinoline-l,3-dione, were prepared 

from 211 (discussed in Chapter 4) by nucleophilic aromatic substitution of the 4-bromo 

moiety using «-butylamine, and pyrrolidine respectively (Scheme 5.1). The reactions were 

carried out using excess amine, which also acted as a solvent. After refluxing, overnight 

for 219 and for 3 hours in the case o f 221, the solutions were poured into ice water, causing 

the products to precipitate. Both compounds were obtained as yellow/orange powders, in 

yields o f 74 and 8 6  %, for 219 and 221, respectively. The two compounds were fiilly 

characterised by the usual methods. Important features in the 'H NMR (DMSO-Jg) of 219 

include the positions of the aromatic proton at position 3 of the naphthalimide and the NH 

proton as shown in Figure 5.2. The aromatic proton 3, has a chemical shift o f 6.78 ppm, 

upfield in comparison to the other aromatic protons, while the NH is a broad signal, 

observed at 7.76 ppm. The chemical shift of the aromatic proton 3, of 221 (in CDCI3 ) is 

also upfield in comparison to the other aromatic protons at 6.83 ppm, due to the electron 

donating resonance effect of the pyrrole.

Compounds 222, 2-ethyl-6-nitro-benzo[i/e]isoquinoline-l,3-dione, and 223, 6 - 

amino-2-ethyl-benzo[c/e]isoquinoline-l,3-dione, were synthesised from 4-nitro-l,8- 

naphthalic anhydride. Ethylamine was reacted with 4-nitro-l,8-naphthalic anhydride, by a 

nucleophilic condensation reaction in 1,4-dioxane to yield 222 (93 %) as a cream coloured 

solid after precipitation from water. This was followed by the reduction of the nitro group 

o f 222 using 10 % Pd/C and ammonium formate in methanol to produce 223 (Scheme 

5.2). Initially, the reduction was carried out using 4.5 equivalents of ammonium formate. 

Unexpectedly, this was insufficient to complete the reduction and the intermediate 

hydroxylamine 224, 2-ethyl-6-hy droxyamino-benzo[<ie] isoquinoline-1,3-dione, was

isolated as the major product, in 53 % yield. The initial evidence for this came from the 

ESMS, which showed only a peak at 257 mass units (224+ 1). The 'H  NMR (DMSO-c/g) 

confirmed this suspicion as two broad signals were observed at 9.3 and 10.5 ppm, both 

integrating for one proton, which corresponded to an OH and an NH group respectively. 

This was confirmed by treating the DMSO-i/g sample with D2 O, which caused these two 

broad signals to disappear. The reduction was thus repeated using 12.5 equivalents of 

ammonium formate, which yielded the desired compound 223 as an orange solid in 84 % 

yield, after a simple workup, which involved filtration of the reaction mixture and reducing 

the filtrate to dryness. The residue was then dissolved in DCM and washed several times
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Scheme 5.1: Synthesis o f the naphthalimides 219 and 221 from 211.

O

NO,

H,N

NO2
222

10%Pd/C

O v ^

10%Pd/C
---------------
NH^  ̂ HCOO 

12.5 eq.

N H / HCOO- 

4.5 eq.

NH2
223

Ov. ^N^

HO'

224

,NH

Scheme 5.2: Synthesis o f compounds 222-224from 4-nitro-l,8-naphthalic anhydride.

244



HN

H5H7 H2 H6 H3

NH

7.2

(ppm)

9.0 85

Figure 5.2: ‘HNMR spectrum o f  219 (DMSO-d^, 400 MHz).
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with water. The organic layer was dried over Na2S0 4 , yielding the pure product after 

evaporation of the solvent. The formation of 223 was confirmed by the 'H NMR (DMSO- 

c/fi) which showed a broad singlet at 7.43 ppm, integrating for two protons (NH2), and the 

main peak in the ESMS at 241 mass units, pertaining to (M+H)^. Compounds 222 - 224 

were analysed fully by 'H and NMR, mass spectroscopy, IR, and CHN.

5.3 Evaluation of 219 and 223 as Anion Sensors

The compounds were investigated for their anion sensing ability primarily by UV- 

vis spectroscopy, but also by 'H  NMR and fluorescence emission studies. The most 

detailed analysis was carried out on 219. The absorption spectrum of 219 in DMSO is

0.20

0.15

0.10

0.05

0.00

260 360 460 560
Wavelength (nm)

Figure 5.3: Absorption spectrum o f 219 in DMSO.

shown in Figure 5.3. The sensor has a strong absorption band centred at 446 rmi (s = 

17232 M'*.cm'') associated with the ICT character o f the molecule. There is a second band 

centred at 287 nm due to an n ^  7:* transition. Changes in the absorption spectrum of 219 

(5.8 |iM) in DMSO upon addition o f various anions -  AcO', H2PO4', Cl' and F' (as their 

tetrabutylammonium salts), were monitored at room temperature. It was found that F' was 

the only anion that gave rise to changes in the ICT absorption band (Figure 5.4). For the 

other three anions, there were little or no changes observed.
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219
H2P04-
AcO-
Cl-

0.20

Free 219, AcO', H2P0 4 ', Cl'

0.10

0.00 — 1- -

260 360 460 560

Wavelength (nm)

Figure 5.4: Changes in the UV-vis spectrum o f 219 (5.8 fxM) upon addition o f  various 

anions in DMSO.

A full titration of 219 with TBA-F led to a reduction in the intensity o f the bands at 

446 and 287 nm, while two new bands centred at 535 nm and 341 nm respectively, were 

formed. At low concentrations, three clear isosbestic points at 480, 380 and 300 nm were 

visible (Figure 5.5). At higher concentrations, the bands broadened, as observed with 

sensors 199-201 (Chapter 4) on addition of F', a feature associated with, and possibly due
901to, aggregation. A simultaneous visible colour change from green to red/purple was 

observed as the absorption maximum was bathochromically shifted from 446 rmi to 535 

rmi. These spectral changes are most likely due to deprotonation of the amino moiety by F’ 

, or strong hydrogen bonding that could eventually result in deprotonation. In both cases, 

deprotonation leads to the formation of a negatively charged naphthalimide, with 

concurrent enhancement of the push-pull character o f the ICT transition (Figure 5.6). This 

leads to the observed bathochromic shift. On addition o f methanol, the recognition process 

was found to be ftilly reversible, due to the hydrogen donating affect o f the methanol.
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Figure 5.5:Changes in the UV-vis spectra o f  219 (5.8 fiM) upon titration with F  in DMSO.

:N H 'N H

= 446 nm

R2

N

R2

Figure 5.6: Possible changes in electronic structure o f  the deprotonated naphthalimide 

leading to purple colour and Xmax =  535 nm.
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The changes in absorption at 446 and 535 nm allowed a binding constant for the 

process to be determined using the non-linear least squares regression equation discussed 

in Chapter 4. The average value o f log p for the process was found to be approximately 

2.6 ± 0 . 1 .  This value compares very well with the values o f log P obtained for sensors 

199-201 for the second binding process. Binding curves for the changes at three different 

wavelengths are shown in Figure 5.7. By looking at these different wavelengths, it is clear 

that the changes are homogeneous. The first few additions o f anion had no effect on the 

absorption, so have been left out for clarity. The most dramatic changes in the absorption 

take place over a concentration o f F' between approximately 0.001 and 0.007 M. As the 

initial concentration o f 219 was 0.0056 M, this might suggest a stoichiometry o f 1:1 for the 

process, although it could be said that the values do not begin to plateau until after 2 

equivalents.

0.20  -

uuBR

0.15

>- 0.10o
<

0.05 -

0.00

■ 535 nm 

340 nm 

X 578 nm

X X

h— I— I— I—I— —̂I- I  I  I  - i - H  I  I  I  I  I

0.01 0.02 0.03

[FI (M)

0.04

Figure 5.7: Changes in absorbance o f  219 observed for three different wavelengths upon 

addition ofF- (0.0009 M~> 0.037 M).

In order to confirm that it was indeed a deprotonation occurring, various bases were 

added to a solution o f  219 in DMSO. Strong bases such as TBA-OH, NaH and LDA, 

showed the identical green to purple colour change, as seen above. Weak bases such as 

triethylamine and DMAP showed, however, no colour change, as observed for AcO', 

H2P0 4 ' and Cl'. This possibly confirms the theory that the colour change observed is not
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Figure 5.8: (a) Decrease in fluorescence emission o f 219 at 530 nm (excit. 446 nm) upon 

addition o f F  (0~^ 0.09 M); (b) Concomitant increase in the fluorescence emission at 615 nm 

(excit. 535 nm); (c) Binding curve for increase in the fluorescence at 615 nm, showing observed 

values and values calculated using the non-linear least squares regression equation.
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simply due to hydrogen bonding, but must be due to a deprotonation of the acidic proton of 

the 4-amino group.

The recognition of F' was also evident in the fluorescence spectra of 219. On 

excitation at 446 nm, 219 had a fluorescence maximum at 530 nm. This fluorescence 

emission, as seen in Figure 5.8 (a), was significantly quenched (89 %) on addition of F’ 

(0-> 0.9 M). Excitation at 535 nm, corresponding to the adduct formed by 219 and F', 

gave a new broad fluorescence emission with a maximum at 615 nm. This band gradually 

increased in intensity as higher concentrations of F‘ was added (Figure 5.8 (b)). Even at a 

concentration of 0.9 M F', neither the band at 530 nm nor that at 615 nm, appeared to have 

plateaued. The binding curve for the changes at 615 nm is shown in Figure 5.8 (c). From 

this a binding constant log p of 2.5 ± 0.1 was determined, which is the same as the value 

observed in the UV-vis data discussed earlier.

Similar changes in UV and fluorescence were observed for 223 on addition o f F'. 

Again, there were no significant spectral changes observed on addition o f AcO', H2PO4', 

C r or Br‘ (Figure 5.9). Only upon the addition of F' was a significant change observed in 

the absorption and fluorescence spectra. The changes in the fluorescence spectra of 223 on 

addition o f increasing concentrations of F' are shown in Figure 5.10.

223

0.50

0.40

Free 223, AcO', H2P0 4 ', Cl', 
Br0.30

0.20

0.10

0
300 400 500 600 700

W avelength (nm)

Figure 5.9: Changes in the absorption spectrum o f223 upon addition o f various anions in 

DMSO.
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Figure 5.10: Changes in the fluorescence emission o f223 at 525 nm (excit. 436 nm) upon 

addition o f  F  in DMSO.

At this point, the changes in the UV-vis and fluorescence emission observed for 

sensors 219 and 223, indeed suggest that a process o f deprotonation is occurring. 

However, the data obtained from the absorption and emission spectra, does not 

conclusively determine this. The next section will deal with the results obtained from the 

investigation of compounds 221 and 222, which were not expected to show any colour 

changes.

5.4 Evaluation of 221 and 222 as Anion Sensors

The UV-vis measurements were repeated for 221 and 222, which do not have any 

acidic protons. Sensor 221 has a A,max at 452 nm in the absorption spectrum in DMSO. 

The spectrum was unchanged on addition o f AcO‘, H2P0 4 ' and Cl' (Figure 5.11). The 

addition o f F" broadened the spectrum somewhat. This may be due to some interaction 

between the F' and the aromatic ring system. More importantly, no colour changes were 

observed, thus ruling out any change in the ICT transition.
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Figure 5.11: Changes in absorption spectrum o f 221 (6.0 juM) on addition o f various 

anions in DMSO.

Compound 222, the nitro substituted naphthalimide derivative, has a much shorter 

absorption wavelength with A,max at 351 nm in DMSO (Figure 5.12). There is also a much 

smaller absorption band centred at 444 nm. This compound is only weakly fluorescent as 

there is no ICT character in the excited state. The addition of AcO', H2PO4' and Cl' again 

caused no major changes in the absorption spectrum (Figure 5.13). The addition of F' did 

alter the spectrum, but due to broadening it could not be not be clearly quantified. There 

was a slight change in colour of the solution from colourless to pale yellow. This agrees 

with the absorption spectrum, as the band at 444 nm did appear to have increased in 

intensity. These changes carmot be explained by deprotonation as there is no acidic proton 

present in the molecule. They are possibly due to some interaction between the relatively 

electron poor naphthalimide ring system and the F'. Further studies on this system, would 

be needed to understand this process fully. This was not carried out in the current work.
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Figure 5.12: Absorption spectrum o f222 in DMSO.
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Figure 5.13: Changes in absorption spectrum o f 222 upon addition o f various anions in 

DMSO.

Compounds 221 and 222 were not studied in any more detail, for their anion 

binding abilities. In order to learn more about the interaction between the amino proton of 

219 and 223 with F', 219 was chosen for a more in depth study by 'H NMR titration 

methods. The results of these titrations will be discussed in the next section.
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5.5 'H NM R Titrations

The binding process of 219 with anions was also monitored by following the 

changes in the 'H NMR spectra of 219 in DMSO-Jg upon addition of various anions (as 

their TBA salts). The full 'H NMR of 219 was given in Figure 5.2 and showed the 

numbering of the various protons. For the purpose o f evaluating the deprotonation of this 

molecule, the aromatic protons were monitored. There were no significant changes seen in 

the aromatic resonances of 219 upon addition of AcO', H2PO4', Cl’ or Br'. The addition of 

F' had, however, a considerable effect on the chemical shift of these aromatic protons, 

especially that o f the protons H2 and H3 o f the naphthalimide at 8.27 and 6.78 ppm, 

respectively (Figure 5.14). Proton H3, adjacent to the amino group at position 4, is located 

upfield relative to the other aromatic protons, before any addition o f anion. The overall 

effect o f the addition of F‘ was to shift all o f the aromatic signals upfield. The resonances 

o f protons H2 and H3 were both shifted by approximately 0.9 ppm, while the effect of 

distance from the amino proton could be seen with the other three protons, as can be seen 

in Figure 5.15. The degree of change in chemical shift of H5 was greater than H6, which
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1.0 eq.

2.0 eq 

2.5 eq

6.0 eq

9.2 9.0 8 8  8.6 8.4 8.2 8 0  7 8  7.6 7.4 7.2 7.0 6.8 6.6 6 4  6.2 6.0

(ppm)

Figure 5.14: ‘ H NMR stack plot (aromatic region) for 219 on addition o f F  (DMSO-d^, 
400 MHz)
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in turn was greater than H7. In fact, the position of the H7 resonance was hardly affected 

by the addition of the first equivalent of F', only beginning to shift on the addition of 

further equivalents. Protons H5, H6 and H7, all showed much broader binding curves, 

making it difficult to use them for determining a stoichiometry.

The general shift upfield for all the aromatic protons would confirm the proposed 

deprotonation process, as by making the naphthalimide negatively charged the electron 

density o f the naphthalimide ring system is increased. This increased electron density 

leads to the aromatic protons being deshielded, with the most significant shift being that of 

the proton adjacent to the negative charge. The resonance for the amino proton is located 

at 7.76 ppm (determined by D2O shake). This signal was significantly broadened after the 

addition of a small amount of F', and had completely disappeared by the addition of 0.5 

equivalents of the anion (Figure 5.14).

- • - H 7  (8.71) 
H5 (8.44) 

- ■ -H 6  (7.68) 
^K -H 2 (8.27) 

H3 (6.78)

-0 .9  L

Equivalents of F‘

Figure 5.15: Plot o f change in chemical shift versus equivalents o f F  added for aromatic 

protons o f  219 (value in brackets signifies initial chemical shift o f the proton in ppm).

As can be seen from Figure 5.15, for saturation to occur approximately two 

equivalents of F' had to be added. The reason for this is not completely clear. It is 

possible that the stoichiometry shows 2:1 binding due to the formation of HFi’.'^^ This 

hypothes;is is supported by the appearance of the broad triplet in the *H NMR at 16.2 ppm, 

as had been observed in the titrations of the previous sensors (199-204) on titration with F'.
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This triplet began to appear by the addition of 0.4 equivalents o f F' and appeared to be 

fully formed at 2 equivalents (Figure 5.16). The coupling constant for this triplet is 121 Hz 

Limbach et al. report a chemical shift o f 16.6 ppm, with a coupling constant of 124 Hz, for

their FHF'-collidine complex in CDF3/CDF2CI. 

0  eq.

199

0.4 eq.

1.0 eq.

2.0 eq.
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17 16 15 14 13 12 11
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10

Figure 5.16: 'H NMR stack plot o f  219 after addition o f  various quantities o f  F  (DMSO- 

d6, 400 MHz) showing formation o f downfield triplet.

Using the changes in chemical shift o f H3, a comparison of the effect o f various 

anions on 219 could be made (Figure 5.17). It is clear from this plot that only F' seems to 

be interacting strongly with 219. This confirms the results of the UV-vis data obtained for 

the various anions.
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Figure 5.17: Plot o f change in chemical shift versus anion equivalents for 219 on addition 

o f various anions.

5.6 Carbon Dioxide Fixation

It was found that on leaving the purple coloured solution of 219 and F‘ to the air for 

several hours, there was a gradual reversal o f the colour change, i.e. it returned to the 

original green colour. If a flask containing the purple solution was sealed, it would take 

several weeks to return to the original green colour. Exactly the same effects were found 

for solutions o f sensors 199-201 with fluoride. Initially, it was postulated that this was 

simply due to the absorption of water by the solution, but further investigation of the 

adducts was necessary to completely explain the phenomenon.

It was suspected that crystals from the 219+F' solution might explain the interaction 

more accurately. Yellow crystals o f 219 alone were obtained by recrystallisation from 

hexane/DCM. The crystal structure is showoi in Figure 5.18. It was seen that adjacent 

molecules of 219 participate in 71 n, C-H 71, and weak hydrogen bond interactions. The 

strongest of the hydrogen bonding interactions is that between the proton of the 4-amino 

moiety of one molecule and the imide oxygen of the adjacent molecule, indicating the 

acidity and availability of this proton for participating in hydrogen-bonding with a basic 

ion. An attempt to grow crystals o f the adduct was then attempted. This was carried out 

under a dry atmosphere, to prevent the reversal o f the colour from purple to green.
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Figure 5.18: Crystal structure o f  219 showing H-bonding interaction between the

adjacent molecules.

Unfortunately, no crystals suitable for a diffraction study were obtained. However, 

when the purple solution was exposed to the air for a short time (leading to the expected 

reversal o f colour), yellow/orange crystals formed from the green/yellow solution. These 

crystals were suitable for a diffraction experiment. While it was hoped that the structure 

obtained might be that o f the deprotonated form o f 219, the results were actually much 

more usefiil to the investigation o f the reversal o f colour. The structural determination 

showed that the crystals were in fact the TBA salt o f a 1:1 adduct formed between 219 and 

hydrogen carbonate, HCOs', most likely via the fixation o f atmospheric CO2, that resulted 

in the presence o f the HCOs' ion.

The crystal structure o f the adduct is shown in Figure 5.19. The TBA cation has 

been left out for clarity. It can be seen that each molecule o f 219 is strongly hydrogen 

bonded via its amino proton to the 0 3  o f  the HCO3'. In addition, the HCO^' ion is involved 

in a self-complimentary hydrogen-bonded association with its nearest HCO3' neighbour. 

Hydrogen bonding details for both 219 and TBA[219’HC03] are given in Table 5.1. The

crystal packing for TBA[219*HC03] is shown in Figure 5.20. In contrast to the structure o f

219, the naphthalimide moieties in TBA[219*HC03] do not participate in 7r-stacking

interactions with each other. They do however, interact through alkyl C-H---ti contacts 

with the TBA cations, whose alkyl chains separate the aromatic unit.
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Figure 5.19: Crystal structure o f the 1:1 adduct formed between 219 and HCO3 ' showing 

H-bonded pairs.

Figure 5.20: Crystal packing ofTBA[2 1 9 "HC0 3 ]  as viewed down the x axis. Colour code: 

219 red; HCO3 green; TBA blue. Hydrogen atoms omitted for clarity.
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N IA -H IA  02B 0 . 8 6 2.29 3.129(5) 165

219 N IB-H IB 02A ' 0 . 8 6 2.46 3.283(6) 162

N l-H l 0 3 0 . 8 8 1.93 2.758(6) 155

TBA[219HC03] 05-H 5 04" 0.84 1.75 2.584(5) 174

Table 5.1: Selected hydrogen bonding parameters for 219 and TBA[219HC03],

Symmetry codes: i = l+ x ,y , 1+z, ii=l-x, 1-y, z.

The prevalence o f carbon dioxide in the atmosphere, increased by the processes o f 

industry, transport and agriculture, greatly necessitates its monitoring. New methods o f 

detection by CO2 fixation are required for this reason, as well as for the sensing o f CO2 

levels in the settings o f  anaesthesiology and physiology. The fixation o f carbon dioxide 

as HCOs’ by metal complexes is well documented.^^''’̂ ^̂ ’̂ *̂  ̂ The generation o f  HCO3' is
907also well known to be a part o f the active cycle o f carbonic anhydrase, while the fixation

908o f CO2 as carbamate by aliphatic amines is also known. The novelty o f  the discovery o f  

the 2 1 9 ‘HC0 3 ' adduct lies in the structural characterisation obtained. To acquire a crystal 

structure o f such a species is still quite rare.̂ ^̂

This new information appeared to explain the reversal in colour from purple to green -  the 

219+F' adduct fixed CO2 , thus preventing the deprotonation o f the 4-amino group which 

causes the purple colour. The binding o f HCO3’ to 219 does not cause deprotonation as the 

ion is not basic enough. To investigate this further and prove the theory, some kinetics 

studies were carried out. To begin with, the rate o f conversion o f the 219+F’ adduct to the 

2 1 9 .HC0 3 ' adduct under ambient conditions was spectroscopically measured using a 

photodiode ray UV-vis spectrometer. However, the process was rather slow (several 

hours), showing pseudo first order kinetics. In light o f this, a larger source o f  CO2 was 

required to speed up the process. The obvious source was dry ice. The apparatus shown in 

Figure 5.21 was set up so that a stream o f CO2 could pass over a freshly made solution o f  

219 and TBA-F in DMSO. The changes in the UV-vis spectrum were monitored as the 

CO2 was passed over the solution. Although this method was in no way quantitative in 

terms o f  the amount o f  CO2 fixed, it did give clear evidence that the
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Figure 5.21: Kinetic trace for the conversion o f solution from purple to green, indicating 

pseudo-first order kinetics. Inset: Apparutus used for passing stream o f CO2  over solution 

(spectrometer excluded for clarity).

introduction o f CO2 gives rise to major changes in the absorption spectrum and reverses 

the colorimetric effect caused by the deprotonation o f the amino moiety by F'. The whole 

process took only a minute to occur (Figure 5.21). As can be seen in Figure 5.22, the 

bands at 535 nm and 341 nm disappeared as the bands at 446 and 287 nm appeared. Three 

very clear isosbestic points are visible, at 480, 380 and 305 nm, respectively.
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Figure 5.220: Changes in absorption spectrum o f 219+F at 1 second intervals 

upon gassing with CO2 .
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One final experiment to prove the hypothesis that HF2 ' was being formed by the 

deprotonation o f 219 by F' was carried out. A 'H  NMR spectrum of 219 in DMSO-Jg was 

recorded. Excess TBA-F was then added turning the solution purple and the spectrum was 

recorded again. This spectrum showed the triplet at 16 ppm, the shift of the aromatic 

resonances and the absence of the NH resonance, as expected. Some dry ice was then 

added to the NMR tube to reverse the colour change. The 'H NMR spectrum was once 

again recorded. The changes in the spectrum were significant. The downfield triplet 

disappeared, the NH proton resonance reappeared, and the aromatic protons were slightly 

shifted due to the binding of the HCO3 ’ to the amino proton. The addition of a further 

quantity of F’ to the sample again reversed the colour change and the downfield triplet 

reappeared in the spectrum. This proves without question that the triplet is due to the 

deprotonation of the amine and the formation of HF2 '. The visible colour changes on 

addition o f TBA-F, followed by dry ice, to a solution of 219 in DMSO are shown in Figure 

5.22. A schematic diagram for the changes observed is shown in Figure 5.23.

1 2 3

Before addition of Fiuotide

1 2 3

directly following C02 addition to 1

Figure 5.22: Photos o f solutions o f 219, on addition offluoride and dry ice.

After addition of Fluoride to 1 and 2

Colour restored to 1
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1,8-naphlhalim ide

CO2, H2O

OH
1,8-naphthaiim ide

Figure 5.23: Schematic drawing o f  deprotonation and binding o f  HCO3 .

The species actually responsible for the fixation of the CO2 is not clear, but the 

deprotonated amine appears to plays the key role. A report by Quinn et al. that melts of 

partially hydrated alkyammonium salts of basic anions such as F‘ can reversibly absorb 

CO2 , to give HCO3' and HF2’ within the melt, '̂*  ̂ might suggest that it is the F' which is 

fixing the CO2 . However, when a solution of 219 and TBA-OH was exposed to the air the 

same purple to green colour change was observed. Therefore, it could be inferred that the 

deprotonated naphthalimide must be involved in the fixation, possibly by a mechanism 

such as that shown in Scheme 5.4. The negatively charged 1,8-naphthalimide would 

hydrogen bond strongly to any water present in solution (from TBA-F). This would 

enhance the basicity of the water molecule such that it could react with carbon dioxide. 

Losing a proton from the resulting zwitterion to the nitrogen of the naphthalimide would 

then lead to the formation of HCOs’ and the reprotonated naphthalimide. Another 

possibility is that the negatively charged nitrogen nucleophilically attacks the CO2 . The 

compound formed is then attacked by a water molecule at the carbonyl position, while the 

nitrogen abstracts a proton from another molecule of water, eventually leading to HCO3' 

and the reprotonated naphthalimide. The question is how good a nucleophile is the 

negatively charged naphthalimide?

264



Chapter 5 -  Colorimetric Anion Sensing and CO2 Detection

c,
H— O

R2

bO „ C \/

N H

0
C— O 

/  o 
\

Scheme 5.4: Possible mechanism for fixation o f CO2 by deprotonated naphthalimide and 

water.

5.7 Conclusion

In summary, it has been demonstrated that the simple 1,8-naphthalimides 219 and 

223 can be used as naked eye sensors for F' in DMSO. It is now clear that the colour 

change observed for sensors 199-201, as well as for 219 and 223, on addition of TBA-F, is 

due to the deprotonation of the 4-amino proton of the naphthalimide by the basic F'. The 

colour change from green to purple is reversible on addition of methanol. On leaving the 

purple solutions exposed to the air, fixation of CO2 occurs, with a reversal of colour back 

to green. Future work in this area, involves improving the sensitivity of these simple 

colorimetric sensors based on the naphthalimide framework, and assessing whether they 

could be used as quantitative reporters of CO2 .
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6.1 General experimental details

Melting points were determined using an Electrothermal IA9000 digital melting 

point apparatus. Infrared spectra were recorded on a Mattson Genesis II FTIR 

spectrophotometer equipped with a Gateway 2000 4DX2-66 workstation. Solid samples 

were dispersed in KBr and recorded as clear pressed discs. 'H  NM R spectra were 

recorded at 400 MHz using a Bruker Spectrospin DPX-400 instrument. Chemical shifts 

are expressed in parts per million (ppm or 6) downfield from the standard, followed by the 

number o f protons, splitting pattern, coupling constant (where applicable) and assignment 

o f  proton. A doublet splitting pattern is represented by d, a double doublet by dd, a 

singlet by s, a multiplet by m, a quartet by q, and a broad singlet by br s. The full 

assignment o f the 1,8-naphthalimide ring protons will be made for the first compound, but 

will be simply assigned as Ar-H for the rest o f  the compounds. In compounds where there 

are other aromatic protons, Ar-H naph, will be used for assigning the naphthalimide ring 

protons. Unequivalent protons o f a CH2 are assigned a and b, as are the acetal units which
I  ^were indistinguishable. C NM R were recorded at 100 MHz using a Bruker Spectrospin 

DPX-400 instrument. Mass spectroscopy was carried out using HPLC grade solvents. 

Mass spectra were determined by detection using Electrospray on a Micromass LCT 

spectrometer, using a Shimadzu HPLC or W ater’s 9360 to pump solvent. The whole 

system was controlled by MassLynx 3.5 on a Compaq Deskpro workstation. Accurate 

molecular weights were determined by a peak-matching method, using leucine 

Enkephalin, (Tyr-Gly-Gly-Phe-Leu) as the standard reference. X-ray diffraction studies 

were carried out by Dr. Mark, Nieuwenhuyzen, Department o f Chemistry, Queens 

University, Belfast, and by Dr. Paul Jensen, Department o f Chemistry, Trinity College 

Dublin. Elemental analysis was carried out in the Microanalytical Laboratory, 

Department o f Chemistry, University College Dublin. Analysis is given using whole 

numbers instead o f fractions o f  solvent.

6.2 Preparation o f Compounds for Biological Examination

Compounds to be assayed were dissolved in DMSO (Sigma) to a concentration o f 

5mM and stored at -20°C.
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6.2.1 Cell Lines

HL-60, an acute promyelocytic leukaemia cell line, K562, a chronic myelogenous 

leukaemia (CML) cell line, and PC-3, a prostate cancer cell line, were used in this study. 

Cells were grown in RPMl media supplemented with 10% (v/v) fetal bovine serum, 1OOU 

mL'' penicillin and lOOp, mL'' streptomycin (complete media) and incubated at 37°C in a 

5% CO2, 95% air, humidified atmosphere in a LEEC Mk II Proportional Temperature 

Controller Incubator. All tissue culture reagents were purchased from Life Technologies. 

Cells were grown in Nunc tissue culture flasks, plates and dishes.

6.2.2 Cell Viability Assay (MTT)

Approximately 2 x lO'* cells/well were seeded into 96 microtitre plates, in 100|^L 

o f complete media containing 100|jM, 33}j,M,10 |aM, 3.3 |o.M, 1 |j,M, 0.33 p-M, 0.1 |aM and 

0.033 pM o f compound in triplicate. The microtitre plate was incubated for 24/48/72 

hours. After the appropriate incubation period, 100p,L o f a 5mg/ml MTT solution in PBS 

was added to each well. The microtitre plate was then incubated for a further 4 hours in a 

humidified atmosphere at 37 °C and lOOpl o f  10 % (w/v) SDS solution in 0.1 M HCl was 

added. The plate was incubated overnight and the absorbance was measured using a 

Tecan SpectraFluor Plus microtiter plate reader at 595 nm with a reference wavelength o f  

690 nm.

6.3 DNA UV-Vis Titrations

Absorption spectra and optical density were recorded on a Varian Cary 300 

spectrophotometer or a Shimadzu UV-2401 PC UV-Vis spectrophotometer in the range o f  

200-600 nm. Solutions were measured in 3 cm (10 mm x 10 mm)cuvettes. Water used in 

DNA related work was triply distilled, autoclaved and filtered (Millipore, HV, 0.45 pm). 

Phosphate buffer: two 1 M stock solutions o f K2HPO4 and KH2PO4 (using 10 mL 

volumetric flasks) were made up with water (triply distilled, autoclaved and filtered), 

portions o f  each solution were diluted together to achieve either 10 mM phosphate buffer 

o f pH 7, according to Maniatas.
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6.4 UV-Vis temperature-based measurements

For the Tm studies, semi-micro UV-Vis cuvettes were used (path length o f 1 cm 

and window width of 4 mm, from Stama). The temperature-based measurements were 

obtained using a Cary Temperature controller in conjunction with the Varian Cary 300 

UV-Vis spectrometer. The temperature was ramped from 15-90 °C at a rate o f 0.5 °C/min. 

All solutions were thoroughly degassed before the experiment.

6.5 CD Measurements

CD spectra were recorded at a concentration corresponding to an optical density of 

approximately 1.0 in aqueous solutions on a Jasco J-810-150S spectropolarimeter. All CD 

spectra are represented as mdeg vs X (nm). The baseline of the solvent was taken and 

removed from all spectra shown. One O.D. unit is the amount o f oligonucleotide which, 

when dissolved in water (1 mL), results in an absorbance reading of 1.0 at 260 nm in a 1 

cm quartz cuvette (O.D. = optical density).

6.6 Fluorescence

Fluorescence studies were carried out on a Perkin Elmer LS50B Luminescence 

spectrometer or a Cary Eclipse Luminescence spectrometer. Data analysis was conducted 

using Microsoft® Excel 2000.

6.7 UV-Vis (Anions)

UV measurements were conducted at room temperature (titrations) on a Shimadzu 

UV-2401PC. Data analysis was conducted using Microsoft® Excel 2000.

6.8 Titrations (Anions)

The salts used for both fluorescence and UV-vis titrations were the tetrabutyl 

ammonium derivatives of the various anions. They were o f spectroscopic grade 

purchased from Aldrich. They were all dried over phosphorous pentoxide under vacuum. 

The anion solutions were made up using spectroscopic grade solvent. Solutions o f anion 

were prepared by first making 1 M solution o f the anion in the relevant solvent, and then 

making serial dilutions to yield solutions o f 1 x 10'*, 1 x 10’̂ , 1 x 10'^, 1x10"^ and 1 x 1 0 '

 ̂ M. These were then added to an 8 mL (or 3 mL for sensors 202-204) solution o f the
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sensor in small aliquots (10-100 |aL) using a “Socorex” micropipette, starting with the 1 x 

10'  ̂solution, up to the 1 M solution.

6.9 General Procedures

Procedure 1: Boc protection of amino acids by chelation method

To the amino acid in water, CuC0 3 Cu(0 H)2 .H2 0  was added and the solution was 

refluxed for 2 h. Unreacted CuCOa was filtered off and washed with water. The 

combined filtrate and washings were allowed to cool to room temperature. Sodium 

hydrogen carbonate was added and the solution stirred vigorously. T)'\-tert- 

butjldicarbonate in acetone was added and the solution left stirring overnight. The 

precipitated light blue copper complex was collected by filtration and washed with water, 

acetone and ether and dried in air. The resulting copper complex was suspended in boiling 

distilled water (50 ml) and a stream of H2 S gas (generated from Fe(II)S and dilute HCl) 

was passed through the solution for 30 min. Boiling was continued to remove any excess 

H2S. The solution was filtered to remove the CuS and washed with water. The solvent 

was then removed from the filtrate under reduced pressure and the resulting white solid 

product was dried over CaCb-

Procedure 2: Reaction of amino acid with a 1,8-naphthalic anhydride

To a mixture o f the relevant a-amino acid or a-amino ester hydrochloride salt (1.4 

equiv.) and relevant 1 ,8 -naphthalic anhydride ( 1  equiv.) in anhydrous toluene, was added 

triethylamine (2 equiv.). The reaction mixture was refluxed for 24 h. The solution was 

then filtered while hot through celite. Subsequently, the solvent was evaporated under 

reduced pressure. Chloroform (CHCI3) (30 ml) was added to the residue and the organic 

solution was washed twice with 0.1 M HCl and once with water. The organic layer was 

dried over MgS0 4 , filtered and evaporated to dryness. Purification of the crude product by 

flash column chromatography using neutral silica was then carried out where necessary.

Procedure 3: Deprotection of tert-butyl ester using trifluoroacetic acid

A  solution o f the tert-huty\ ester in trifluoroacetic acid (TFA) or TFA/CH2CI2 (1:1) 

was stirred at room temperature for 1 hour. The solvent was evaporated under reduced 

pressure and co-evaporated several times with CH2CI2 to remove all traces o f TFA .The
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resulting product was dried further under high vacuum. Further purification was generally 

not necessary.

Procedure 4: Coupling of mono-peptide 1,8-naphthalimide with second amino acid -  

Method A

A solution o f  the mono-peptide 1,8-naphthalimide (1 equiv.) and a-am ino acid 

methyl ester hydrochloride (1.1 equiv.) in THF was stirred and cooled in an ice-bath. 

DCC (1.1 equiv.) was added to the solution in portions. After 30 min stirring the ice-bath 

was removed and the reaction mixture was left stirring at room temperature for 18 h. The 

resulting DCU precipitate was removed by filtration over celite and washed with THF. 

The solvent was removed under reduced pressure. Ethyl acetate was added to the residue 

and a saturated solution o f  NaHCOs. The organic layer obtained was washed with 10 % 

citric acid, saturated NaHCOs and finally with water (twice). The organic layer was 

finally dried over Na2 S0 4 , filtered and the solvent removed under reduced pressure. 

Purification o f  the crude product by flash column chromatography using neutral silica was 

then carried out.

Procedure 5: Coupling of mono-peptide 1,8-naphthalimide with second amino acid -  

Method B

To a solution o f  mono-peptide 1,8-naphthalimide (1 equiv.) in dry THF was added 

hydroxybenzotriazol (HOBt) (1 equiv.) and a-am ino acid methyl ester hydrochloride (1 

equiv.). The stirring solution was cooled in an ice-bath for 15 min. EDCI.HCl (1.1 equiv.) 

and triethylamine ( 1 . 1  equiv.) were then added and the reaction mixture was left stirring at 

0 °C for 30 min. The ice-bath was removed and the mixture left stirring at room  

temperature for 18 h. The solvent was evaporated under reduced pressure and the residue 

was then dissolved in CH2 CI2 or CHCI3 and washed with 1 M HCl and twice with water. 

The organic layer was dried over M gS0 4 , filtered and evaporated to dryness. Purification 

o f  the crude product by flash column chromatography using neutral silica was then carried 

out.

Procedure 6: Removal o f Boc-protecting group using trifluoroacetic acid

A solution o f  the Boc-protected compound in TFA or TFA/CH2 CI2 (1:1) was 

stirred at room temperature for 1 h. The solvent was evaporated under reduced pressure 

and co-evaporated several times with CH2CI2 to remove all traces o f  TFA. The residue
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was triturated with ether several times to remove soluble impurities and then filtered. The 

yellow  solid was washed with ether and dried under high vacuum.

Procedure 7: Synthesis o f simple bis-naphthalimides

To a mixture o f  L-lysine/L-omithine methyl ester dihydrochloride (1 equiv.) and 

relevant 1,8-naphthalic anhydride (1.8 equiv.) in anhydrous toluene was added 

triethylamine (4 equiv.). The reaction mixture was refluxed for 24 h and was then filtered 

through celite while still hot. The solvent was removed under reduced pressure and the 

residue was dissolved in chloroform. The solution was washed with water, 0.01 M HCl 

and again with water. The organic layer was dried over M gS0 4 , filtered and evaporated to 

dryness. The crude product was then crystallised using methanol or ethyl acetate/hexane.

Procedure 8: Reduction o f 4-nitro-l,8-naphthalimide derivatives to their 4-amino

derivatives

The relevant 4-nitro-l,8-naphthalimide (1 equiv.) in methanol was hydrogenated at 

3 atm pressure, in the presence o f  10 % Pd/C catalyst (0.2 equiv.). Reaction time varied 

from 4 hours to 24 hours. On completion, the reaction mixture was filtered through celite, 

washed with methanol, and reduced to dryness under reduced pressure. In general, no 

further purification was required.

Procedure 9: Removal o f Cbz-protecting group using 30 % HBr in acetic acid

The relevant compound was added to a stirring solution o f  30 % HBr in acetic acid 

and stirring was continued for 40 min. A  CaCOa drying tube was attached to the flask and 

this was removed at intervals. After the 40 min, dry diethyl ether was added to the 

reaction flask to effect precipitation o f  the product. The flask was then placed in a fridge 

overnight before filtering the solid product, washing with ether and drying under high 

vacuum. In general, no further purification was required.

Procedure 10: Reaction o f amine with isothiocyanate

The relevant amine and isothiocyanate (1.1 equivalents) were stirred at room  

temperature for 18 hours. The solution was then washed with 0.5 M HCl, and water. The 

organic layer was dried over M gS04 , filtered and evaporated to dryness. Purification o f  

the crude product was carried out by flash column chromatography on neutral silica.
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6.10 Chapter 2 Experimental Details

97 was synthesised according to Procedure 1 using L- 

lysine.HCl (2.00 g, 10.9 mmol), CuC0 3 Cu(0 H)2 .H2 0  (3.4 

g), sodium hydrogen carbonate (3.5 g), and d\-tert- 

butyldicarbonate (3.5 g, 16 mmol) to yield the title 

compound as a white solid (2.01 g, 75%). 5h (400 MHz, 

D2 O): 1.34 (2H, m, CHCH2 CH2 ), 1.43 (9H, s, (CHb)3 ), 1.50 

(2H, m, CH2 CH2NH), 1.65 (2H, m, CHCH2), 3.07 (2H, m, CH2NH), 3.45 (IH , m, CH); 

m/z 266 (M+Na)^; Omax/cm’’ 3376, 2979, 2942, 1690, 1584, 1510, 1407, 1180, 996, 861.

A^-Boc-L-ornithine (98)"*^

98 was synthesised according to Procedure 1 using L- 

omithine.HCl (2.0 g, 11.9 mmol), CuC0 3 Cu(0 H)2 .H2 0  (3.6 g), 

sodium hydrogen carbonate (3.6 g), and di-/eA-?-butyldicarbonate 

(3.5 g, 16 mmol) to yield the title compound as a white solid (2.8 

g, 87%). 6h (400 MHz, D2 O): 1.40 (9H, s, ( ^ 3 )3 ), 1.52 (2H, m, 

CHCH2 CH2 ), 1.82 (2H, m, CHCH2 ), 3.08 (2H, m, CH2 NH), 3.69 (IH, m, CH); m/z 255 

(M+Na)^; Umax/cm'’ 3363, 3085, 2977, 1690, 1588, 1529, 1409, 1172, 1042, 880.

A^-Boc-L-2,4-diaminobutyric acid (99)'“̂̂

99 was synthesised according to Procedure 1 using L-2,4- 

diaminobutyric acid.2HCl (2.0 g, 10.4 mmol), 

CuC0 3 Cu(0 H)2 .H2 0  (3.4 g), sodium hydrogen carbonate (3.4 

g), and di-/er?-butyldicarbonate (3.5 g, 16 mmol) to yield the 

title compound as a white solid (1.08 g, 82%). 5h (400 MHz, 

D2 O): 1.41 (9H, s, (CH3)3 ), 1.97 and 2.03 (2H, m, CHCH2 ), 3.19 (2H, m, CH2NH), 3.69 

(IH , m, CH); m/z 241 (M+ Na)^; Umax/cm'* 3381, 2980, 1693, 1588, 1529, 1409, 1172, 

1042, 880.

NH2

A^-Boc-L-lysine (97) 142
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f'5^-4-]VIethyl-2-(6-nitro-l,3-dioxo-l/r,3^-benzo[</e]isoquinolin-2-yl)-pentanoic acid

121 was prepared according to Procedure 3 using 111 (4.00 g, 9.7 

mmol) and TFA (10 mL), to yield the product as a yellow solid (3.35 

g, 97 %). mp 138-140 °C; Anal, calcd. for 2 (C ,8Hi6N2 0 6 ).H2 0 : C 

59.18, H 4.69, N 7.67; Found: C 58.73, H 4.44, N 7.29; 6h(400 MHz, 

CDCI3): 0.94 (3H, d ,J  = 6 . 6  Hz, CH3), 1.02 (3H, d, J  = 6 . 6  Hz, CH3), 

1.58 (IH, m, CH(CH3 )2), 2.12 and 2.24 (2H, m, CH2), 5.84 (IH, dd, J  

= 4.4 and 9.1 Hz, NCHCH2), 8.02 (IH, dd, J  = 7.3 and 8 . 8  Hz, Ar-H), 

8.43 (IH, d, J  = 8.0 Hz, Ar-H), 8.72 (IH, d, J  = 8.0 Hz, Ar-H), 8.77 (IH, d, J  = 6 . 6  Hz, 

Ar-H), 8 . 8 8  (IH, d , J =  8 . 8  Hz, Ar-H); 5c (100 MHz, CDCI3): 21.5, 22.6, 24.9, 37.3, 51.6, 

122.1, 123.3, 123.5, 126.0, 128.8, 129.3, 129.5, 129.9, 132.6, 149.4, 161.7, 162.5, 174.7; 

m/z 357 (M +H )\ 339, 311; Un,ax/cm‘‘ 3457, 3109, 3080, 2958, 2871, 1710, 1669, 1625, 

1585, 1530, 1465, 1410, 1347, 1236, 1190, 852, 785, 761.

(5;)-2-(6-Nitro-l,3-dioxo-l/f,3^-benzo[//e]isoquinolin-2-yl)-3-phenyl-propioiiic acid 

(122)

122 was prepared according to Procedure 3 using 112 (0.59 g, 1.31 

mmol), TFA (3 mL) and DCM (3 mL). 122 was obtained as a yellow 

solid (0.50 g, 97 %). mp 131-133 °C; HRMS: Calcd. for 

C2 iHi4N2 0 6 Na [M+Na]^ 413.0750, found 413.0732; 6 h (400 MHz, 

CDCI3): 3.53 (IH, d d , J =  10.0 and 14.0 Hz, H“CH'’), 3.73 (IH , dd, J  = 

5.5 and 14.0 Hz, H^CH”), 6.11 (IH, dd, J =  5.5 and 10.0 Hz, CH), 7.10- 

7.19 (5H, C6H5), 7.98 (IH, dd, J  = 7.5 and 8.0 Hz, Ar-H naph), 8.39 

(IH , d , J =  8.0 Hz, Ar-H naph), 8.63 (IH, d , J =  8.0 Hz, Ar-H naph), 8 . 6 8  (IH , d, J =  7.5 

Hz, Ar-H naph), 8.84 (IH, d , J =  8 . 6  Hz, Ar-H naph); 6 c (100 MHz, CDCI3): 34.1, 54.0, 

121.8, 123.2, 123.4, 125.7, 126.4, 128.0, 128.6, 128.7, 129.3, 129.5, 129.9, 132.5, 136.1, 

149.4, 161.5, 162.3, 173.9; m/z 413 (M+Na)^ 391 (M+H)^ 373, 345; 3490,

3210, 3079, 2937, 1710, 1669, 1625, 1584, 1530, 1497, 1427, 1410, 1370, 1346, 1240, 

1181, 1129, 8 6 6 , 785,760, 700.

(121)

OH

NO,
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f'5,5^-6-/^rt-Butoxycarbonylamino-2-[2-(6-nitro-l,3-dioxo-l/f3^"
benzo[£^e]isoquinolin-2-yl)-propionylainino]-hexanoic acid methyl ester (123)

123 was synthesised according to Procedure 5 with A -̂ 

Boc-L-lysine methyl ester hydrochloride salt (0.38 g,

1.27 mmol), 120 (0.40 g, 1.27 mmol), HOBt (0.17 g,

1.27 mmol), triethylamine (0.2 mL, 1.4 mmol) and 

EDCI.HCl (0.27 g, 1.4 mmol) to yield the product after 

purification by flash column chromatograpy using neutral 

silica (EtOAc:Hexane) as a yellow solid (0.52 g, 74 %). 

mp 128-130 °C; HRMS: Calcd. for C27H33N4 O9 [M+H]^ 

557.2248, found 557.2235; 5h (400 MHz, CDCI3): 1.27- 

1.80 (4H, m, CHCH2CH2 CH2), 1.46 (9H, s, (CH3)3), 1.79

(3H, d, J  = 6 . 8  Hz, CHCHi), 1.93 (2H, m, CHCH2 ), 3.08 (2H, m, CH2 NH), 3.77 (3H, s, 

OCH3), 4.63 (IH, br, CH2NH), 4.69 (IH, m, CHCH2), 5.77 (IH, q, J  = 6 . 8  Hz, CHCH3 ), 

6.43 (IH, d, J =  7.5 Hz, NHCH), 8.01 (IH, dd, J  = 7.8 and 7.5 Hz, Ar-H), 8.43 (IH, d, J  =

8.2 Hz, Ar-H), 8.73 (IH, d, J  = 8.2 Hz, Ar-H), 8.77 (IH, d, J  = 6 . 8  Hz, Ar-H), 8 . 8 8  (IH, d,

J  = 8.9 Hz, Ar-H); 5c (100 MHz, CDCI3): 14.5, 22.3, 28.4, 29.5, 29.7, 32.0, 40.8, 50.5, 

52.2, 52.5, 122.8, 123.7, 124.0, 126.8, 129.2, 129.6, 130.0, 130.3, 132.8, 149.7, 156.0, 

162.1, 162.9, 169.0, 172.9; m/z 557 (M+H)^ 556 (M)^ 456; Umax/cm'' 3373, 2936, 285, 

1712, 1672, 1531, 1344, 1243, 1171, 786, 760.

(lS,5^-6-^^r/-Butoxycarbonylainino-2-[4-methyl-2-(6-nitro-13-dioxo-l/f,3^-
benzo[</e]isoquinolin-2-yl)- 

pentanoylamino]-hexanoic acid methyl 

ester (124)

124 was synthesised according to 

Procedure 5 using 121 (2.00 g, 5.6 mmol), 

A^-Boc-L-Lysine methyl ester

hydrochloride salt (1.66 g, 5.6 mmol), 

HOBt (0.76 g, 5.6 mmol), triethylamine (0.9 mL, 6.16 mmol) and EDCI.HCl (1.18 g, 6.16 

mmol). Purification by flash column chromatography using neutral silica (DCM:

Methanol, 95:5) yielded the product as a yellow solid (3.05 g, 91 %). mp 95-97 °C; Anal,

calcd. for C3 0H38N4O9 ; C 60.19, H 6.40, N 9.36; Found: C 59.90, H 6.33, N 9.30; 5h (400

NH
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MHz, CDCI3): 0.97 (3H, d, J  = 6.5 Hz, CHCH3), 1.04 (3H, d, J =  6.5 Hz, CHCH3), 1.25- 

1.56 (5H, m, CH2 CH2 CH2 CH2 and CH(CH3)2), 1.45 (9H, s, (CH3 )3), 1.65 and 1.89 (2H, m, 

CHCH2CH2), 2.11 and 2.31 (2H, m, CHCH2CH), 3.06 (2H, m, CH2NH), 3.71 (3H, s, 

OCH3), 4.64 (IH, br, NHCH2), 4.66 (IH, m, CHCH2CH2), 5.81 (IH, dd, J  = 5.5 and 9.8 

Hz, CHCH2), 6.48 (IH, d, J  = 7.5 Hz, NHCH), 8.02 (IH, dd, J  = 7.5 and 8 . 8  Hz, Ar-H), 

8.43 (IH, d, J  = 8.0 Hz, Ar-H), 8.73 (IH, d, J  = 8.0 Hz, Ar-H), 8.77 (IH, d, J  = 7.0 Hz, 

Ar-H), 8 . 8 8  (IH, d, J =  8.0 Hz, Ar-H); 5c (100 MHz, CDCI3); 21.6, 21.9, 22.8, 25.3, 28.0, 

29.0, 31.6, 37.2, 39.9, 51.8, 51.9, 53.3, 67.5, 122.3, 123.2, 126.3, 128.9, 129.1, 129.5, 

129.9, 132.5, 149.3, 155.5, 162.1, 162.9, 168.5, 172.4; m/z 599 (M+H)^ 584; Umax/cm'' 

3373, 3077, 2957, 2870, 1713, 1673, 1585, 1531, 1366, 1343, 1240, 1172, 787, 761.

f5,5)-6-BenzyIoxycarbonylamino-2-[2-(6-nitro-l,3-dioxo-lH,3H-

benzo [de] isoquinolin-2-y l)-3-phenyl-

propionylamino]-hexanoic acid methyl 

ester (125)

125 was prepared according to Procedure 5 

using 122 (0.20 g, 0.51 mmol), 7V®-Boc-L- 

lysine methyl ester.HCl (0.15 g, 0.51 mmol), 

HOBt (0.07 g, 0.51 mmol), EDCI.HCl (0.11 

g, 0.56 mmol) and triethylamine (0.08 mL,

0.56 mmol). 125 was obtained without need for further purification as a yellow solid (0.26 

g, 81 %). mp 124-126 °C; Anal, calcd. for C3 3H36N4 O9 : C 62.65, H 5.74, N 8 .8 6 ; Found: 

C 62.42, H 5.71, N 8.81; 8h(400 MHz, CDCI3 ): 1.18 (2H, m, CHCH2CH2), 1.39 (2H, m, 

CH2CH2NH), 1.45 (9H, s, (CH3)3), 1.56 and 1.85 (2H, m, CHCH2CH2), 3.03 (2H, m, 

CH2NH), 3.54 and 3.77 (2H, m, CHCH2(C6H5)), 3.66 (3H, s, OCH3 ), 4.66 (IH, m, 

CHCH2CH2), 4.70 (IH, br, CH2NH), 6.09 (IH, dd, J  = 3.0 and 7.0 Hz, CHCH2(C6H5)), 

6.49 (IH, br d, J=  7.6 Hz, NHCH), 7.13-7.28 (5H, m, CeHs), 7.98 (IH, dd, J  = 7.5 and 8.0 

Hz, Ar-H), 8.39 (IH, d, J =  8.0 Hz, Ar-H), 8.65 (IH, d, J =  8.0 Hz, Ar-H), 8.69 (IH, d, J =  

7.0 Hz, Ar-H), 8.83 (IH, d, J =  8.5 Hz, Ar-H); 5c (100 MHz, CDCI3): 21.8, 28.0, 28.9, 

31.5, 34.2, 39.8, 51.6, 52.0, 55.4, 122.1, 123.1, 123.5, 126.0, 126.5, 128.2, 128.5, 128.6, 

129.1, 129.5, 129.8, 132.4, 136.4, 149.2, 155.6, 161.8, 162.6, 167.8, 172.4; m/z 632 (M^), 

576, 532; Umax/cm'* 3362, 2934, 2865, 1713, 1673, 1530, 1366, 1343, 1241, 1169, 864, 

786, 759, 701.
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fS',5^-2-[6-Benzyloxycarbonylainino-2-(6-nitro-l,3-dioxo-l/f,3^-

benzo\de\ isoquinolm-2-yl)-hexanoylamino] - 

propionic acid methyl ester (126)

126 was synthesised according to Procedure 5 using 

L-alanine methyl ester hydrochloride salt (0.140 g, 

1.0 mmol), Y (0.51 g, 1.0 mmol), HOBt (0.14 g, 1.0 

mmol), triethylamine (0.15 mL, 1.1 mmol) and 

EDCl.HCl (0.21 g, 1.1 mmol) to yield the product 

after purification by flash column chromatography 

using neutral silica (EtOAc:Hexane) as a yellow

solid (0.38 g, 65 %). mp 119-121 °C; HRMS: Calcd. for C30H31N4O9 [M+H]^ 591.2091, 

found 501.2104; 5h (400 MHz, CDCI3): 1.37 (3H, d, J  = 7.0 Hz, CH3), 1.44 (2H, m, 

CHCH 2 CH2 ), 1.61 (2H, m, CH 2 CH 2 NH), 2.34 (2H, m, CHCH 2 ), 3.16 (2H, m, CH 2NH), 

3.64 (3H, s, OCH3), 4.64 (IH , m, NHCHCH 2 ), 4.86 (IH , br, CH 2NH), 4.98 (2H, s, 

0CH2(C6H5)), 5.73 (IH , dd, J  = 5.6 and 9.2 Hz, NCHCH 2 ), 6.64 (IH , br d, J  = 7.0 Hz, 

CH 2 NH), 7.28-7.34 (5H, m, OCH 2 (C 6H 5 )), 7.97 (IH , dd, J  = 7.6 and 8.0 Hz, Ar-H), 8.35 

(IH , d, J  = 7.9 Hz, Ar-H), 8.67 (IH , d, 7  = 7.9 Hz, Ar-H), 8.73 (IH , d, J  = 7.3 Hz, Ar-H), 

8.86 (IH , d, J  = 8.5 Hz, Ar-H); 5c (100 MHz, CDCI3): 17.9, 23.0, 27.4, 28.9, 40.1, 47.9, 

52.0, 54.4, 66.1, 122.2, 123.2, 123.4, 126.1, 127.5, 127.6, 128.0, 128.1, 128.8, 129.2, 

129.5, 129.9, 132.5, 136.0, 149.3, 162.1, 156.7, 162.9, 167.8, 173.1; m/z 613 (M +Na)^ 

590 (M )^ Un,ax/cm'' 3332, 3067, 2927, 2856, 1712, 1670, 1585, 1530, 1454, 1369, 1343, 

1240, 1153, 836, 787, 760, 737, 698.

(S',5^-2-[6-Benzyloxycarbonyiamino-2-(6-iiitro-l,3-dioxo-l/^,3/^-

benzo[</e]isoquinoIin-2-yI)-hexanoylamino]-4- 

methyl-pentanoic acid methyl ester (127)

127 was synthesised according to Procedure 5, using 

119 (0.40 g, 0.79 mmol), L-leucine methyl ester.HCl 

(0.14 g, 0.79 mmol), HOBt (0.11 g, 0.79 mmol), 

EDCl.HCl (0.17 g, 0.87 mmol) and triethylamine 

(0.12 mL, 0.87 mmol). Purification by flash column 

chromatography on neutral silica (DCM:methanol, 

98:2) yielded the product as a yellow solid (0.32 g.
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64 %). mp 103-105 °C; Anal, calcd. for C33H36N4O9 : C 62.65, H 5.74, N 8 .8 6 ; Found: C 

62.66, H 5.62, N 8.82; 5h (400 MHz, CDCI3): 0.86 (3H, d, 7  = 5.4 Hz, CH3), 0.92 (3H, d, 

J =  5.4 Hz, CH3), 1.36 (IH, m, CH(CH3 )2), 1.45 (2H, m, CHCH2CH2 ), 1.50 (2H, m, 

CH2 CH2NH), 1.62 (2H, m, CHCH2 CH2), 2.36 (2H, m, CHCH2 CH), 3.16 (2H, m, CH2NH), 

3.60 (3H, s, OCH3), 4.70 (IH, m, CHCH2CH), 4.83 (IH, br, NHCH2 ), 4.99 (2H, s, 

CH2 (C6H5)), 5.76 (IH, dd, J  = 5.0 and 8 . 8  Hz, CHCH2 CH2), 6.42 (IH , d, J  = 7.5 Hz, 

NHCH), 7.28 -  7.36 (5H, CgHs), 7.98 (IH, dd, J =  7.5 and 7.9 Hz, Ar-H), 8.36 (IH, d, J  =

8.2 Hz, Ar-H), 8 . 6 8  (IH, d, J =  8.2 Hz, Ar-H), 8.73 (IH, d, 7.5 Hz, Ar-H), 8.85 (IH , d, 

J =  8.2 Hz, Ar-H); 5c (100 MHz, CDCI3): 21.4, 22.3, 23.1, 24.3, 27.5, 28.9, 40.1, 41.3, 

50.4, 51.8, 54.4, 66.1, 122.2, 123.2, 123.5, 126.2, 127.5, 127.6, 128.0, 128.8, 129.2, 129.6, 

129.9, 132.5, 136.0, 149.2, 155.9, 162.1, 162.9, 168.2, 173.2; m/z 632 (M)^ 525; 

Umax/cm'' 3372, 3068, 2953, 2868, 1712, 1671, 1585, 1530, 1455, 1437, 1343, 1241, 1155, 

1024, 787, 760, 739, 697.

^5,5)-2-[6-Benzyloxycarbonylamino-2-(6-nitro-l,3-dioxo-l/f,3jfi^-
benzo\de\ isoquinolin-2-y l)-hexanoy lamino] - 

3-phenyl-propionic acid methyl ester (128)

128 was prepared according to Procedure 5 

using 119 (0.40 g, 0.79 mmol), L-phenylalanine 

methyl ester.HCl (0.17 g, 0.79 mmol), HOBt 

(0.11 g, 0.79 mmol), EDCI.HCl (0.17 g, 0.87 

mmol) and triethylamine (0.12 mL, 0.87 mmol). 

Purification by flash column chromatography 

on neutral silica (DCM:methanol, 99:1, 96:4) 

yielded 128 as a yellow solid (0.37 g, 70 %). 

mp 118-120 °C; Anal, calcd. for C36H34N4O9 : C 

64.86, H 5.14, N 8.40; Found: C 64.57, H 5.07, N 8.29; 5h (400 MHz, CDCI3): 1.29 and 

1.38 (2H, m, CHCH2 CH2), 1.55 (2H, m, CHCH2CH2), 2.27 (2H, m, CH2 CH2NH), 3.08 

(2H, m, CHCH2(C6H5)), 3.16 (2H, m, CH2NH), 3.73 (3H, s, OCH3), 4.77 (IH, br t, 

CH2NH), 4.91 (IH, m, NHCHCH2 ), 4.99 (2H, s, OCH2(C6H5)), 5.64 (IH, dd, J  = 5.5 and 

8.9 Hz, NCHCH2), 6.24 (IH, br d, J  = 6 . 8  Hz, CHjNH), 7.00 (5H, m, CHCH2(C6Hs)), 

7.29-7.35 (5H, m, OCH2(C6H5)), 8.00 (IH, dd, J  = 7.5 and 7.8 Hz, Ar-H), 8.38 (IH , d, J  =

8.2 Hz, Ar-H), 8 . 6 6  (IH, d, 8.2 Hz, Ar-H), 8.73 (IH, d, J =  6 . 8  Hz, Ar-H), 8 . 8 8  (IH, d.
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J  = 8 . 8  Hz, Ar-H); 6 c (100 MHz, CDCI3): 23.0, 27.3, 28.9, 37.1, 40.0, 52.0, 52.9, 54.3, 

66.1, 122.1, 123.2, 123.4, 126.0, 126.5, 127.6, 127.7, 127.9, 128.0, 128.7, 128.8, 129.3,

129.5, 130.0, 132.6, 135.2, 136.0, 149.3, 155.9, 162.0, 162.8, 167.8, 171.4; m/z 667 

(M+H)^ 6 6 6  (M)^ 558; Umax/cm'' 3346, 3064, 3030, 2936, 2863, 1712, 1670, 1585, 1530, 

1455, 1344, 1241, 1131, 1002, 846, 787, 760, 700.

(S,5^-2-[6-BenzyIoxycarbonylamino-2-(6-nitro-l,3-dioxo-l/f,3^-
benzo [de\ isoquinolin-2-yl)- 

hexanoylamino]-6-ter/- 

butoxycarbonylamino-hexanoic 

acid methyl ester (129)

129 was synthesised according to 

Procedure 5 using 119 (0.10 g, 0.2 

mmol), A^-Boc-L-Lysine methyl 

ester hydrochloride salt (0.06 g, 0 . 2  

mmol), HOBt (0.027 g, 0.2 mmol), 

triethylamine (0.02 g, 0.33 mL, 0.22 mmol) and EDCI.HCl (0.04 g, 0.22 mmol). 

Purification by flash column chromatography using neutral silica (CHClaimethanol, 95:5) 

yielded the product as a yellow solid (0.12 g, 82 %). mp 182-184 °C; Anal, calcd. for 

2 (C38H45N5 0 i,).CHCl3 : C 57.27, H 5.68, N 8.67; Found: C 57.48, H 5.62, N 8.59; 6h(400 

MHz, CDCI3): 1.28-1.66 (8 H, m, 4 x CH2), 1.46 (9H, s, (CH3)3), 1.93 (2H, m, CHCH2) 

2.34 (2H, m, CHCH2), 3.05 (2H, m, CH2NH), 3.17 (2H, m, CH2NH), 3.72 (IH, br, NH), 

3.74 (3H, s, OCH3), 4.66 (IH, m, NHCH), 4.79 (IH, br, NH), 5.00 (2H, s, OCH2(C6H5)), 

5.70 (IH, dd, J  = 5.5 and 8.5 Hz, NCHCH2), 6.44 (IH, br d, J  = 6.5 Hz, CH2NH), 7.28- 

7.31 (5H, m, C6H5), 7.99 (IH, dd, J  = 8.0 and 8.5 Hz, Ar-H), 8.39 (IH, d, J  = 8.0 Hz, Ar- 

H), 8.72 (IH, d, J  = 8.0 Hz, Ar-H), 8.76 (IH, d, J  = 7.0 Hz, Ar-H), 8.87 (IH, d, J  = 8 . 6  

Hz, Ar-H); 5c (100 MHz, CDCI3): 22.4, 23.6, 28.0, 28.4, 29.5, 29.7, 32.0, 40.3, 40.6, 52.2, 

52.4, 54.9, 66.5, 122.7, 123.7, 123.9, 126.6, 128.0, 128.1, 128.5, 129.3, 129.7, 130.0,

130.5, 133.0, 136.6, 149.8, 156.0, 156.4, 162.6, 163.4, 168.6, 172.9; m/z 770 (M+Na)^ 

647; Umax/cm''3366, 2935, 2866, 1711, 1671, 1531, 1366, 1344, 1244, 1172,787,761.
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(5.5)~ 5-methoxycarbonyl-5-[2-(6-nitro-l,3-dioxo-l^,3^-benzo[</e]isoquinolin-2-yl)-

propionylaminoj-pentyl-ammonium 

trifluoro-acetate (130)

130 was synthesised according to Procedure 6 

using 120 (0.40 g, 0.7 mmol), TFA (3 mL) and 

DCM (1 mL) to yield the product as a yellow 

solid (0.33 g, 83 %). mp 199-201 °C; Anal, 

calcd. for C2 4H2 5F3N4O9 .H2O: C 48.98, H

4.62, N 9.52; Found: C 48.60, H 4.35, N 9.43; 

6 h (400 MHz, (CD3)2 S0 ): 1.17 (2H, m, CHCH2CH2 ), 1.40 (2H, m, CH2 CH2NH3 )̂, 1.45 

and 1.59 (2H, m, CHCH2 ), 1.52 (3H, d, J  = 6.5 Hz, CH3), 2.65 (2H, m, CH2NH3^), 3.64 

(3H, s, OCH3), 4.35 (IH, m, NHCHCH2 ), 5.46 (IH, q, J  = 6.5, CHCH3), 7.61 (3H, br, s, 

NH3^), 8.13 (IH, dd, j  = 8.5 and 8.0 Hz, Ar-H), 8.28 (IH, d, J  = 8.0 Hz, NH), 8.57-8.66 

(3H, m, Ar-H), 8.75 (IH, d, 8.5 Hz, Ar-H); 5c(100 MHz, (€ 0 3 )2 8 0 ): 14.0, 21.8, 26.0, 

29.79, 38.6, 49.4, 51.3, 51.8, 122.7, 123.4, 124.1, 125.3, 127.2, 128.7, 129.3, 130.0, 131.4, 

149.1, 162.0, 162.7, 168.9, 172.7; m/z 457 (M+H)^ 297, 269; Un,ax/cm‘' 3373, 3072, 

2953, 1712, 1670, 1531, 1345, 1202, 1134, 837, 787, 761,721.

(5.5)- 5-methoxycarbonyl-5-[4-methyl-2-(6-nitro-l,3-dioxo-l/^,3^-
benzo\de\isoquinolin-2-yI)- 

pentanoylamino]-peiityl-aminoiiium 

trifluoro-acetate (131)

131 was synthesised according to 

Procedure 6 using 121 (2.00 g, 1.0

mmol) and TFA (5 mL) to yield the 

product as a yellow solid (2.03 g, 99 %). 

mp 119-121 °C; Anal, calcd. for

C2 7H3 1F3N4 O9 .C2HF3O2 : C 47.94, H 4.44, N 7.71; Found: C 48.12, H 4.51, N 7.83; 5h 

(400 MHz, (CD3)2 S0 ): 0.85 (3H, d, J  = 6.5 Hz, CH3), 0.92 (3H, d, J =  6.5 Hz, CH3), 1.17 

(2 H, m, CHCH2CH2), 1.38-1.64 (5H, m, CHCH2 CH2CH2 and CH(CH3 )2), 1 . 8 6  and 2.20

(2H, m, CHCH2 CH), 2.66 (2H, m, CH2NH3^), 3.63 (3H, s, OCH3), 4.36 (IH, m,

CHCH2CH2), 5.45 (IH, dd, J  = 5.0 and 8 . 8  Hz, CHCH2), 7.72 (3H, br, NHs^), 8.13 (IH, 

dd, J  = 7.8 and 8.0 Hz, Ar-H), 8.28 (IH, d, J  = 7.5 Hz, NH), 8.57-8.67 (3H, m, Ar-H),
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8.76 (IH , d, J  = 8.5 Hz, Ar-H); 6 c (100 MHz, (CD3)2SO): 14.8, 21.5, 22.8, 25.1, 26.3, 

31.0, 36.9, 39.0, 51.7, 52.1, 53.3, 122.3, 123.1, 123.6, 126.2, 128.7, 129.0, 129.6, 130.0, 

130.6, 132.4, 149.2, 162.2, 163.0, 169.2, 172.4; m/z (M +H f 499, (M)^ 498; Umax/cm'' 

3373, 3075, 2960, 2874, 1713, 1672, 1533, 1344, 1203, 1136, 835, 787, 761, 722.

(»SyS)-5-Methyoxycarbonyl-5-[2-(6-nitro-13-dioxo-l^,3^-benzo[</e]isoquinolin-2-yl)-

3-pheny 1-propionylamino] -pentyl- 

ammonium trifluoro-acetate (132)

132 was prepared according to Procedure 6

using 122 (0.15 g, 0.24 mmol), TFA (2 mL)

and DCM (2 mL). 132 was obtained as a 

yellow solid (0.145 g, 95 %). mp 173-175 °C; 

Anal. calc, for 2 (C3oH29F3N4 0 9 ).H2 0 : C 

54.96, H 4.61, N 8.69; Found: C 54.60, H 

4.38, N 8.48; 6 h (400 MHz, (€ 0 3 )2 8 0 ): 1.19 (2H, m, CHCH2CH2), 1.40 (2H, m, 

CH2CH2NH3^), 1.47 and 1.61 (2H, m, CHCH2CH2), 2.67 (2H, m, CH2NH3^), 3.22 (IH , dd, 

J =  9.4 and 13.9 Hz, CH®H'’(C6H5)), 3.63 (3H, s, OCH3), 3. 65 (IH, dd, 5.6 and 13.9

Hz, CH“H*’(C6H5)), 4.41 (IH, m, CHCH2CH2), 5.72 (IH , dd, J  = 5.6 and 9.4 Hz,

CHCH2 CH2), 7.00-7.12 (5H, m, C6H5), 7.66 (3H, br, NHa^), 8.09 (IH , d d , J =  7.6 and 8.0 

Hz, Ar-H), 8.38 (IH, d , J =  7.9 Hz, Ar-H), 8.55-8.58 (2H, m, Ar-H), 8.73 (IH , d , J =  8 .8

Hz, Ar-H); 5c (100 MHz, (€ 0 3 )2 8 0 ): 21.9, 26.2, 29.9, 34.1, 38.7, 51.4, 51.9, 55.1, 122.7,

122.8, 124.3, 126.2, 126.6, 128.1, 128.4, 129.0, 129.1, 129.6, 130.2, 131.7, 138.1, 149.2,

162.1, 162.8, 168.2, 172.7; m/z 533 (M+H)^ 532 (M)^; Umax/cm’' 3365, 3065, 3031,

2953, 1712, 1685, 1594, 1531, 1344, 1300, 1241, 1202, 1132, 1031,991,836, 787, 722.

1,3-dioxo- l/r,3^-benzo [de\ isoquinolin-2-y l)-pentyl- 

ammonium trifluoro-acetate (133)

133 was synthesised according to Procedure 6

using 106 (0.20 g, 0.41 mmol) and TFA (0.5 mL) to

yield the product as a brown, hydroscopic oil (0.16 

g, 78 %). Anal, calcd. for C2 iH,2F3N 3 0 8 .3 H2 0 : C 

45.57, H 4.74, N 7.59; Found: C 45.49, H 4.48, N 

7.71; 5h (400 MHz, (€ 0 3 )2 8 0 ): 1.36 (2H, m.

(3i)-5-methoxycarbonyl-5-(6-nitro-

NO
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CHCH2CH2 ), 1.57 (2H, m, CHaCHzNHs^), 2.07 and 2.25 (2H, m, CHCH2 ), 2.74 (2H, m, 

CH2NH3^), 3.63 (3H, s, OCH3), 5.65 (IH, dd, J  = 8 . 8  and 5.0 Hz, CH), 7.57 (3H, br, 

NHa^), 8.16 (IH, dd, J  = 8.0 and 7.5 Hz, Ar-H) 8.60 (IH , d, J  = 8.0 Hz, Ar-H), 8 . 6 8  (IH, 

d, J  = 8.0 Hz, Ar-H), 8.70 (IH, d, J  = 7.5 Hz, Ar-H), 8.79 (IH, d, J  = 9.0 Hz, Ar-H); 5c 

(100 MHz, (CD3)2S0 ): 22.5, 26.8, 27.9, 38.6, 52.3, 52.9, 122.0, 122.9, 124.4, 125.8, 128.9,

129.6, 130.4, 130.6, 132.6, 149.6, 162.0, 162.8, 169.7; m/z 770 (2M )^ 386 (M+H)^; 

Umax/cm'* 3432, 3079, 2958, 1744, 1674, 1531, 1430, 1349, 1204, 1135, 1015 838, 788, 

723.

fS',»S)-5-(l-Methoxycarbonyl-ethylcarbamoyl)-5-(6-nitro-l,3-dioxo-l/^,3/r-

benzo {de\isoquinoIin-2-yl)-pentyl-aniinoiiium bromide 

(134)

134 was synthesised according to Procedure 9 using 126 

(0.15 g, 0.25 mmol) and 30 % HBr in acetic acid (1.5 mL) 

to yield the product as an orange solid (0.09 g, 70 %). mp 

185-187 °C; HRMS: Calcd. for C22H25N4O7 [M+H]^ 

457.1723, found 457.1745; 6 h (400 MHz, CDCI3): 1.12 

(3H, d, J  = 7.5 Hz, CH3), 1.31 (2H, m, CHCH2CH2), 1.52 

(2H, m, CH2 CH2NH), 1.95 and 2.31 (2H, m, CHCH2), 

2.73 (2H, m, CH2NH), 3.62 (3H, s, OCH3), 4.37 (IH, m, CHCH3), 5.40 (IH , dd, J  = 5.0 

and 9.0 Hz, CHCH2), 7.57 (3H, br, NH3^), 8.14 (IH , dd, J  = 7.5 and 8.5, Ar-H), 8.30 (IH, 

d, J  = 7.5 Hz, Ar-H), 8.58-8.67 (3H, m, Ar-H), 8.75 (IH, d, J  = 8.0 Hz, Ar-H); 5c (100 

MHz, CDCI3): 16.8, 22.8, 26.9, 27.6, 39.1, 47.7, 51.9, 53.6, 122.8, 123.2, 124.3, 127.0,

128.7, 128.9, 129.7, 130.2, 131.8, 149.2, 163.1, 163.9, 168.3, 173.2; m/z 457 (M+H)^ 

456 (M )^ 353; Umax/cm'' 3382, 3251, 3061, 2939, 1710, 1668, 1626, 1593, 1530, 1457, 

1410, 1345, 1239, 1189, 1159, 846, 787, 760.

H ,N
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f5,5)-5-(l-MethoxycarbonyI-3-methyl-butylcarbamoyl)-5-(6-nitro-l,3-dioxo-l^,3^-

benzo[</f]isoquinolin-2-yl)-pentyl-ammoniuin bromide 

(135)

135 was synthesised according to Procedure 9, using 127 

(0.16 g, 0.25 mmol) and 30% HBr/acetic acid (1 mL). 

The product was obtained as an orange solid (0.14 g, 96 

%). mp 166-168 °C; HRMS: Calcd. for C2 5H31N4O7 

[M+H]^ 499.2193, found 499.2177; 5h (400 MHz, 

(CD3)2 S0 ): 0.66 (3H, d, J =  6.0 Hz, CH3), 0.79 (3H, d, J  = 

6.0 Hz, CH3), 1.33 (IH , m, CH(CH3)2), 1.36 (2H, m, 

CHCH2CH2 ), 1.39 (2H, m, CH2 CH2NH), 1.55 (2H, m, CHCH2CH2 ), 1.95 and 2.32 (2H, m, 

CHCH2CH), 2.73 (2H, m, CH2NH), 3.62 (3H, s, OCH3 ), 4.34 (IH, m, CHCH2CH), 5.37 

(IH, dd, J =  5.0 and 8 . 8  Hz, CHCH2CH2), 7.56 (3H, br, NH3^), 8.14 (IH , dd, J =  6.4 and 

8.0 Hz, Ar-H), 8.35 (IH , d, J =  7.5 Hz, Ar-H), 8.56-8.66 (3H, 2Ar-H and NH), 8.75 (IH, 

d, J =  7.5 Hz, Ar-H); 6 c (100 MHz, (€ 0 3 )2 8 0 ): 20.8, 22.8, 22.9, 23.8, 26.9, 27.8, 38.6, 

40.1, 50.3, 51.9, 53.7, 122.8, 123.4, 124.3, 127.1, 128.7, 128.9, 129.5, 130.1, 131.6, 149.2, 

162.3, 163.1, 168.5, 173.3; m/z 996 (2M)^ 499 (M+H)^, 498 (M )^ 354; Umax/cm'* 3364, 

3062, 2956, 2870, 1711, 1669, 1594, 1530, 1456, 1433, 1368, 1344, 1239, 1158, 845, 787, 

760.

('5,5^-5-(l-Methoxycarbonyl-2-phenyl-ethylcarbamoyl)-5-(6-nitro-l,3-dioxo-l/f,3^-
benzo \de\isoquinolin-2-y l)-pentyl-ammoniuin 

bromide (136)

136 was prepared according to Procedure 9 using 

128 (0.08 g, 0.12 mmol) and 30% HBr/acetic acid (1 

mi). 136 was obtained as an orange solid (0.07 g, 94 

%). mp 143-145 °C; HRMS: Calcd. for C2 8H29N4O7 

[M+H]^ 533.2036, found 533.2048; 6 h (400 MHz, 

(CD3)2 S0 ): 1.28 (2H, m, CHCH2CH2 ), 1.50 (2H, m, 

CH2CH2NH3 ^), 1.91 and 2.26 (2H, m, CHCH2CH2), 

2.72 (2H, m, CH2NH3^), 2.78 and 2.85 (2H, m, CH2(C6Hs)), 3.60 (3H, s, OCH3), 4.43 (IH, 

m, CHCH2(C6H5)), 5.36 (IH, dd, J  = 4.0 and 8.0 Hz, CHCH2 CH2), 7.01-7.12 (5H, m, 

CeHs), 7.56 (3H, br, NH 3^), 8.15 (IH, dd, J =  7.0 and 7.8 Hz, Ar-H), 8.50 (IH , d, J =  7.5
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Hz, Ar-H), 8.57-8.63 (2H, m, Ar-H), 8.77 (IH , d, J  = 8.5 Hz, Ar-H); 5c (100 MHz, 

(CD3)2S0): 22.8, 26.9, 27.6, 36.0, 38.6, 51.9, 53.6, 54.2, 122.7, 123.0, 124.2, 126.3, 127.9,

128.0, 128.6, 128.9, 129.8, 130.1, 131.9, 137.2, 149.3, 162.2, 162.9, 168.7, 172.3; m/z:

533 (M+H)^; Umax/cm’' 3371, 3029, 2937, 1710, 1668, 1626, 1593, 1529, 1436, 1344,

1238, 1188, 869, 846, 787, 760, 702.

(5])-5-Methoxycarbonyl-5-(6-nitro-l,3-dioxo-l/^,3^-benzo[</e]isoquinoIin-2-yl)- 

pentyl-ammonium bromide (137)

137 was prepared according to Procedure 9 using 108 (0.25 g, 

0.48 mmol) and 30 % HBr/acetic acid (2 mL) to yield 137 as an 

orange solid (0.21 g, 92 %). mp 113-115 °C; HRMS: Calcd. for 

C 19H2 0N 3 O6  [M+H]^ 386.1352, found 386.1340; 6 h (400 MHz, 

(CD3 )2 S0 ): 1.35 (2H, m, CH2 CH2CH), 1.54 (2H, m,

CH2 CH2NH3 ^), 2.05 and 2.24 (2H, m, CH2 CH), 2.73 (2H, m, 

CH2NH3^), 3.62 (3H, s, OCH3), 5.65 (IH, dd, J =  5.6 and 9.2 Hz, 

CH), 7.58 (3H, br, NH3 ^), 8.15 (IH, dd, J =  8.2 and 8 . 8  Hz, Ar- 

H), 8.61 (IH, d, J =  8.2 Hz, Ar-H), 8.67-8.70 (2H, Ar-H), 8.79 

(IH, d, J =  8.9 Hz, Ar-H); 6 c (100 MHz, (CD3 )2 SO): 22.5, 26.7, 27.9, 38.5, 52.3, 52.9,

122.0, 122.9, 124.4, 125.8, 128.5, 129.6, 130.3, 130.6, 132.6, 149.6, 162.0, 162.8, 169.7; 

m/z 386 (M+H)^; Umax/cm‘' 3434, 3238, 3039, 2952, 1743, 1709, 1668, 1625, 1593, 1530, 

1428, 1370, 1348, 1235, 835, 786, 760.

('5^-2-(6-Amino-1,3-dioxo-l^,3^-benzo[rfe]isoquinolin-2-yl)-6- 

benzyloxycarbonylamino-hexanoic acid tert-h\xiy\ ester (138)

138 was synthesised according to Procedure 8 

using 109 (0.10 g, 0.18 mmol) and 10 % Pd/C (0.06 

g). Purification by flash column chromatography 

using neutral silica (ethyl acetate:hexane, 70:30) 

yielded the product as a yellow solid (0.06 g, 63 

%). m.p. 99-101 °C; Anal, calcd. for

3(C29H33N306).H20: C 67.02, H 6.31, N 7.82; 

Found: C 67.06, H 6.33, N 7.53; 5h (400 MHz, 

(CD3 )S0 ): 1.16 (2H, m, CHCH2 CH2 ), 1.30 (3H, s.

NH,

NO,
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(CH3 )3), 1.39 (2H, m, CH2 CH2NH), 1.98 and 2.12 (2H, m, CHCH2 ), 2.90 (2H, m, 

CH2 NH), 4.88 (2H, s, CH2 (C6 H5)), 5.44 (IH, dd, J  = 4.9 and 9.5 Hz, CHCH2 ), 6.87 (IH, d, 

J  = 8.3 Hz, Ar-H), 7.16 (IH, br t, NH), 7.24-7.31 (5H, CeHs), 7.54 (2H, s, NH2 ), 7.67 (IH, 

dd, J  = 7.8 and 8.3 Hz, Ar-H), 8.20 (IH, d, J  = 8.8 Hz, Ar-H), 8.44 (IH , d, J  = 7.4 Hz, Ar- 

H), 8.64 (IH, d, J  = 8.3 Hz, Ar-H); 5c (100 MHz, (€ 0 3 )2 8 0 ): 23.2, 27.6, 28.2, 29.3, 40.5, 

52.9, 65.0, 80.4, 106.9, 108.3, 119.3, 121.3, 124.2, 127.6, 127.7, 128.3, 129.6, 129.9, 

131.5, 134.4, 137.2, 153.0, 156.0, 162.6, 163.6, 169.0; m/z 1062 (2M )^ 531 (M )^ 475, 

431; Umax/cm'' 3361, 3251, 2973, 2932, 2866, 1706, 1687, 1642, 1580, 1528, 1477, 1456, 

1372, 1248, 1157, 844, 776, 758.

fS',5^-5-[2-(6-amino-13-dioxo-liF^,3^-benzo[</e]isoquinolin-2-yl)-3-phenyl-

propionylamino]-5-methoxycarbonyl- 

pentyl-ammonium trifluoro-acetate (141)

140 was prepared by hydrogenating 132 (0.20 

g, 0.31 mmol) at 1 atm in methanol (15 mL) 

using 10 % Pd/C (0.04 g) for 48 h. The 

reaction mixture was filtered through celite 

and the solvent was removed under reduced 

pressure to yield the product as a dark 

red/brown solid (0.18 g, 94 %). mp 139-141 °C; HRMS: Calcd. for C2 8 H3 1N 4 O 5 [M+H]^ 

503.2294, found 503.2284; 5h (400 MHz, (0 0 3 )2 8 0 ): 1.21 (2H, m, CH2 CH2 CH), 1.40 

(2H, m, CH2 CH2NH3 ^), 1.46 and 1.61 (2H, m, CH2 CH2 CH), 2.69 (2H, m, CH2NH3 ^), 3.25 

and 3.50 (2H, m, (C6 H5)CH2 CH), 3.62 (3H, s, OCH3 ), 4.37 (IH , m, CH2 CH2 CH), 5.73 

(IH , dd, J  = 5.5 and 9.6 Hz, (C6 H5)CH2 CH), 6.80 (IH , d, J  = 8.0 Hz, Ar-H naph), 7.00- 

7.06 (5H, m, CeHj), 7.42 (2H, s, NH2 ), 7.61 (IH , dd, J =  8.0 and 8.5 Hz, Ar-H naph), 7.68 

(3H, br, NH 3^), 8.09 (IH, d, J =  8.0 Hz, Ar-H naph), 8.25 (IH, d, J =  7.5 Hz, Ar-H naph), 

8.31 (IH, d, J  = 6 . 8  Hz, NH), 8.57 (IH , d, J  = 8 . 6  Hz, Ar-H naph); 5c (100 MHz, 

(0 0 3 )2 8 0 ): 21.8, 26.1, 29.6, 34.2, 51.2, 51.7, 51.9, 54.2, 107.9, 108.0, 119.3, 122.2, 123.9, 

126.0, 127.9, 128.9, 129.1, 129.9, 130.8, 133.7, 138.4, 152.5, 162.9, 163.9, 169.2, 172.9; 

m/z 503 (M+H)^; Umax/cm'' 3450, 3370, 3331, 3262, 3063, 2947, 1732, 1680, 1639, 1580, 

1530, 1372, 1308, 1246, 1203, 1134, 999, 919, 837, 800, 778, 755, 722, 703.
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(Sj-2-[2-(6-Amino-l,3-dioxo-l^,3^-benzo(</^]isoquinoHn-2-yl)-4-methyl-

pentanoylamino]-6-/er^ 

butoxycarbonylamino-hexanoic acid 

methyl ester (142)

142 was synthesised according to 

Procedure 8 using 124 (0.40 g, 0.67 

mmol), and 10 % Pd/C (0.06 g), and the 

product was obtained as an orange solid 

(0.38 g, 99%). mp 214-216 °C; HUMS: Calcd. for C30H41N4O7 [M+H]^ 569.2975, found 

569.2965; 5h (400 MHz, (CD3)2SO): 0.81 (3H, d, J  = 6.5 Hz, CHCH3), 0.90 (3H, d, J =  6.5 

Hz, CHCH3), 1.13 (2H, m, CHCH2CH2), 1.25 (2H, m, CH2CH2NH), 1.37 (9H, s, (CH3)3), 

1.46 (IH , m, CH(CH3)2), 1.33 and 1.56 (2H, m, CHCH2CH2), 1.89 and 2.19 (2H, m, 

CHCH2CH), 2.79 (2H, m, CH2NH), 3.61 (3H, s, OCH3), 4.26 (IH , m, CHCH2CH2), 5.46 

(IH, dd, J  = 4.5 and 9.0 Hz, CHCH2CH), 6.67 (IH, br, NHCH2), 6.85 (IH, d, J  = 8.0 Hz, 

Ar-H), 7.40 (2H, br s, NH2), 7.65 (IH, dd, J  = 7.8 and 8.0 Hz, Ar-H), 8.09 (IH , d, J  = 7.6 

Hz, NHCH), 8.19 (IH, d, J  = 8.0 Hz, Ar-H), 8.42 (IH, d, J  = 7.0 Hz, Ar-H), 8.62 (IH , d, 

y  = 8.0 Hz, Ar-H); 5c (100 MHz, (€ 0 3 )2 8 0 ): 22.1, 22.5, 23.2, 24.9, 28.3, 28.7, 30.1, 37.5, 

40.6, 51.6, 51.7, 51.9, 77.3, 108.2, 119.4, 122.4, 123.9, 129.1, 130.9, 130.1, 134.0, 152.6, 

155.5, 163.0, 164.0, 169.7, 173.0; m/z 1159 (2M+Na)^ 591 (M+Na)^ 568 (M )^ 468, 

308; Umax/cm-' 3361, 3249, 2955, 2869, 1733, 1690, 1644, 1580, 1529, 1456, 1370, 1246, 

1170, 855, 779.

^S^-5-[2-(6-amino-l,3-dioxo-l/r,3/f-benzo[</e]isoquinolin-2-yl)-4-methyl-

pentanoylainino]-5-methoxycarbonyl- 

pentyl-ammonium trifluoro-acetate 

(143)

143 w a s  s y n t h e s i s e d  a c c o r d i n g  t o  

Procedure 6 u s i n g  142 (0.30 g ,  0.53 

m m o l )  a n d  T F A  ( 1.5 m L ) .  T h e  p r o d u c t  

w a s  o b t a i n e d  a s  a n  o r a n g e  s o l i d  (0.28 g ,  

91 %). m p  137-139 °C; A n a l .  c a l c ,  f o r  3 ( C 2 7 H 3 3 F 3 N 4 0 7 ) . 2 ( C 2 H F 3 0 2 ) :  C  51.67, H  5 . 15, N  

8.51; F o u n d :  C  51.79, H  5.15, N  8.50; 5h (400 M H z ,  ( € 0 3 )2 8 0 ): 0.81 ( 3H ,  d , 7 =  6.5 H z ,  

C H C H 3 ) ,  0.90 ( 3H ,  d ,  J  =  6.5 H z ,  C H C H 3 ) ,  1.19 ( 2H ,  m ,  C H 2 C H 2 C H ) ,  1.39 ( 2H ,  m .
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CH2 CH2NH), 1.44 (IH, m, CH(CH3 )2), 1.47 and 1.60 (2H, m, CH2 CH2 CH), 1.89 and 2.11 

(2H, m, CHCH2 CH), 2.69 (2H, m, CH2 NH), 3.62 (3H, s, OCH3 ), 4.34 (IH , m, 

CHCH2 CH2 ), 5.48 (IH, dd, J  = 4.0 and 9.3 Hz, CHCH2 CH), 6 . 8 6  (IH , d, J =  8 . 6  Hz, Ar- 

H), 7.44 (2H, br, NH2 ), 7.64 (2H, br s, CH2NH2 ), 7.66 (IH , dd, J  = 7.5 and 7.5 Hz, Ar-H), 

8.12 (IH, d, J =  7.5 Hz, NH), 8.18 (IH, d, J =  8.5 Hz, Ar-H), 8.42 (IH , d, J =  7.0 Hz, Ar- 

H), 8.63 (IH, d, J =  8.5 Hz, Ar-H); 5c (100 MHz, (€ 0 3 )2 8 0 ): 21.8, 22.1, 23.3, 24.8, 26.1,

29.6, 37.4, 38.7, 51.3, 51.5, 51.8, 108.1, 119.4, 122.4, 124.0, 127.4, 129.2, 130.1, 134.0, 

136.4, 152.7, 162.0, 163.1, 169.7, 172.9; m/z 469 (M+H)^ 309; Un,ax/cm‘' 3362, 3243, 

3061, 2957, 1732, 1680, 1640, 1580, 1529, 1474, 1439, 1372, 1307, 1246, 1203, 1133, 

837, 779, 723.

f5)-2,6-Bis-(6-nitro-1,3-dioxo-l/f,3^-benzo\de\ isoquinolin-2-yl)-hexanoic acid methyl

ester (144)

144 was synthesised according to 

Procedure 7 using L-lysine methyl ester 

hydrochloride (0.25 g, 1.07 mmol), 4- 

nitro-l,8 -naphthalic anhydride (0.52 g, 

2.14 mmol) and triethylamine (1.2 mL, 

8.56 mmol) to yield the product after 

recrystallisation from ethyl acetate/ hexane as a pale yellow solid (0.69 g, 97 %). mp 215- 

217 °C; Anal, calcd. for C3 1 H2 2N 4 O 1 0 : C 60.99, H 3.63, N 9.18; Found: C 60.86, H 3.84, N 

8 .8 8 ; 5h (400 MHz, CDCI3 ): 1.44 and 1.58 (2H, m, CHCH2 CH2 ), 1.78 and 1.87 (2H, m, 

CH2 CH2N), 2.31 and 2.49 (2H, m, CHCH2 ), 3.75 (3H, s, OCH3 ), 4.16 (2H, m, CH2N), 

5.70 (IH, dd, J  = 9.6 and 5.0 Hz, CH), 7.94 (IH, dd, J  = 7.0 and 8 . 8  Hz, Ar-H) 8.00 (IH, 

dd, J  = 7.0 and 8 . 8  Hz, Ar-H), 8.54 (IH , d, J  = 4.0 Hz, Ar-H), 8.56 (IH, d, J  = 4.0 Hz, Ar- 

H), 8.64 (IH, d, J  = 8.0 Hz, Ar-H), 8 . 6 6  (IH , d, J  = 8.0 Hz, Ar-H), 8.82 (IH , d, J  = 9.0 

Hz, Ar-H), 8.87 (IH , d, J  = 9.6 Hz, Ar-H); 5c (100 MHz, CDCI3): 23.6, 27.2, 28.1, 40.0, 

52.2, 53.4, 122.4, 122.7, 123.3, 123.5, 126.3, 126.6, 128.9, 129.0, 129.3, 129.4, 129.5,

129.6, 129.9, 130.0, 131.9, 132.0, 132.4, 132.5, 149.5, 149.6, 161.8, 161.9, 162.7, 162.8, 

169.6; m/z 610 (M)^; Umax/cm'* 3077, 2951, 1746, 1708, 1667, 1584, 1529, 1345, 1231, 

786, 760.
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f'5)-2,6-Bis-(6-amino-l,3-dioxo-l^,3^-benzo(</e]isoquinolin-2-yl)-hexanoic acid

methyl ester (145)

145 was synthesised according to 

Procedure 7 using 144 (0.15 g, 0.2 

mmol) and 10 % Pd/C (0.03 g) under 3 

atm pressure for 24 h to yield the product 

as an orange solid (0.04 g, 36 %). mp 

265-267 °C; HRMS: Calcd. for

C3 iH2 6N4 0 6 Na [M+Na]^ 573.1750, found 573.1771; 5h (400 MHz, (€ 0 3 )2 8 0 ) 1.24 and 

1.35 (2H, m, CHCH2 CH2 ), 1.62 (2H, m, CH2 CH2N), 2.10 and 2.25 (2H, m, CHCH2 ), 3.58 

(3H, s, OCH3 ), 3.95 (2H, m, CH2N), 5.57 (IH, m, CH), 7.15-7.17 (2H, m, Ar-H), 7.59- 

7.67 (2H, m, Ar-H), 8.19-8.24 (3H, m, Ar-H), 8.32 (IH , d, J  = 7.0 Hz, Ar-H), 8.40 (IH, d, 

J  = 8.0 Hz, Ar-H), 8.46 (IH, d, J  = 8.5 Hz, Ar-H), 9.37 (2H, br, NH2 ), 10.51 (2H, br, 

NH 2 ) ; 5 c (100 MHz, (€ 0 3 )2 8 0 ) 23.3, 27.3, 28.1, 40.6, 52.0, 53.7, 104.5, 104.6, 108.8, 

109.9, 117.8, 117.9, 121.2, 121.6, 121.7, 124.7, 124.8, 128.0, 128.6, 129.0, 130.5, 131.2, 

133.8, 134.6, 152.2, 152.5, 162.6, 162.9, 163.5, 163.6, 170.5; m/z 551 (M+H)^; Umax/cm'' 

3284, 2925, 2863, 1682, 1643, 1581, 1529, 1364, 1244, 776, 710.

NH,

(S)-2,6-Bis-(5-nitro-l,3-dioxo-l//,3^-benzo[rfe]isoquinolin-2-yl)-hexanoic acid methyl

ester (146)

146 was synthesised according to 

Procedure 7 using L-lysine methyl ester 

hydrochloride (0.25 g, 1.07 mmol), 3- 

nitro-l,8 -naphthalic anhydride (0.52 g, 

2.14 mmol) and triethylamine (1.2 mL, 

8.56 mmol) to yield the product after 

crystallisation from methanol as a yellow solid (0.58 g, 81 %). Anal, calcd. for 

C31H22N4O10.CH3OH: C 59.81, H 4.08, N 8.72; Found: C 59.95, H 3.69, N 8.77; mp 180- 

182 °C; 5h (400 MHz, CDCI3): 1.45 and 1.56 (2H, m, CHCH2CH2), 1.77 and 1.87 (2H, m, 

CH2 CH2NH), 2.31 and 2.49 (2H, m, CHCH2 ), 3.76 (3H, s, OCH3), 4.16 (2H, m, CH2NH), 

5.72 (IH, dd, J  = 4.5 and 9.5 Hz, CH), 7.92 (IH, dd, J  = 7.5 and 7.8 Hz, Ar-H), 7.98 (IH, 

dd, J  = 7.8 and 8.0 Hz, Ar-H), 8.42 (IH, d, J  = 8.5 Hz, Ar-H), 8.49 (IH, d, J  = 8.0 Hz, Ar- 

H), 8 . 6 8  (IH , d, J  = 7.0 Hz, Ar-H), 8.76 (IH , d, J  = 7.5 Hz, Ar-H), 9.12 (2H, s, Ar-H),

NO,
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9.18 (IH, s, Ar-H), 9.25 (IH, s, Ar-H); 5c (100 MHz, CDCI3 ): 23.9, 27.6, 28.4, 40.3, 52.6, 

53.7, 122.9, 123.2, 124.1, 124.4, 124.7, 128.8, 129.0, 129.1, 129.2, 130.1, 130.3, 130.4, 

131.0, 131.1, 134.3, 134.9, 135.4, 135.8, 146.3, 146.4, 162.3, 162.4, 162.8, 163.0, 170.1; 

m/z; 610 (M f; Umax/cm’’ 3450, 3078, 2955, 1749, 1707, 1667, 1599, 1541, 1332, 1245, 

787, 757.

^5)-2,6-Bis-(l,3-dioxo-l/f,3^-benzo[</e]isoquinolin-2yl)hexanoic acid methyl ester

(147)

147 was synthesised according to Procedure 7 

using L-lysine methyl ester hydrochloride (0.44 

g, 1.9 mmol), 1,8-naphthalic anhydride (0.75 g, 

3.8 mmol), and dimethylamino pyridine (0.93 g, 

7.6 mmol) to yield the product after 

crystallisation from ethyl acetate/ hexane as a 

cream coloured solid (0.87 g, 8 8  %). Anal. calc, for C3 1 H2 4N2 O6 .H2 O: C 69.14, H 4.87, N 

5.20; Found; C 69.07, H 4.76, N 5.03; mp 203-205 °C; 8 h (400 MHz, CDCI3): 1.45 and

1.58 (2H, m, CH2 CH2 CH), 1.78 and 1.88 (2H, m, CH2 CH2N), 2.30 and 2.47 (2H, m,

CH2 CH), 3.74 (3H, s, OCH3 ), 4.16 (2H, m, CH2N), 5.75 (IH, dd, J  = 5.5 and 9.2 Hz, CH), 

7.71 (2H, dd, J  = 7.9 and 8.2 Hz, Ar-Hl), 7.77 (2H, dd, J  = 7.5 and 7.9 Hz, Ar-H2), 8.19 

(2H, d, J =  8.5 Hz, Ar-Hl), 8.25 (2H, d, J  = 8.0 Hz, Ar-H2), 8.47 (2H, d, J  = 8.5 Hz, Ar- 

H l), 8.55 (2H, d, J  = 7.0 Hz, Ar-H2); 5c (100 MHz, CDCI3): 122.4, 122.8, 126.8, 127.0, 

128.2, 128.4, 131.1, 131.6, 133.7, 134.1, 163.9, 164.1, 170.6; m/z 543 (M+Na)^ 521 

(M+H)^Un,ax/cm'' 3377, 3060, 2954, 2929, 2864, 1748, 1693, 1658, 1590, 1514, 1438, 

1382, 1346, 1304, 1238, 1176, 1091, 1052,915,846, 780.

(iS^-IyS-Diamino-pentanoic acid methyl ester dihydrochloride

L-omithine hydrochloride salt (0.51 g, 3.0 nmiol), 2,2- 

dimethoxypropane (50 mL), conc. HCl (5 mL), methanol (15 mL) 

were refluxed at 62 °C for 2 hours. The solution was then left to 

stand at room temperature overnight. The solvent was removed 

under reduced pressure, before adding fresh dry methanol (10 mL) 

and dry ether (10 mL). This caused a white oily substance to form. The liquid was 

decanted off, and the oil was dissolved in water. The addition of acetone induced

N H , . H C I

N H , . H C I
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crystallisation of the product as a white solid (0.55 g, 84 %). 5h (400 MHz, (€ 0 3 )2 8 0 ): 

1.65-1.80 (2H, m, CH2), 1.89 (2H, m, CH2), 2.79 (2H, m, CH2), 3.75 (3H, s, OCH3), 4.03 

(IH , m, CH), 8.31 (3H, br, NHa^), 8.62 (3H, br, NHa^); 5c (100 MHz, (€ 0 3 )2 8 0 ): 22.6, 

27.0, 37.9, 51.2, 52.7, 169.61; m/z 293 (2M+H)^ 147 (M+H)^; Umax/cm'' 3456, 2957, 

1744, 1599, 1524, 1441, 126, 1233.

^5^-2,5-Bis-(6-nitro-l,3-dioxo-l//3^-benzo[</e]isoquinolin-2-yl)-pentanoic acid

methyl ester (149)

149 was synthesised according to 

Procedure 7 using L-omithine methyl 

ester hydrochloride (0.25 g, 1.14 

mmol), 4-nitro-1,8 -naphthalic

anhydride (0.55 g, 2.28 mmol) and 

triethylamine (0.92 g, 1.3 mL, 9.12 mmol). After dissolving in ethyl acetate, filtering off 

the precipitate and reducing the filtrate to dryness, the product was obtained as a pale 

yellow solid (0.12 g, 18 %). Anal, calcd. for C3 0H20N4O 1 0: C 60.41, H 3.38, N 9.39; 

Found: C 60.13, H 3.43, N 9.11; mp 218-220 °C; 5h (400 MHz, CDCI3): 1.78 and 1.91 

(2H, m, CHCH2CH2), 2.37 and 2.55 (2H, m, CHCH2 ), 3.75 (3H, s, OCH3), 4.25 (2H, m, 

CH2N), 5.83 (IH, dd, J  = 4.5 and 9.78 Hz, CH), 7.97 (IH, dd, J  = 7.6 and 8.0 Hz, Ar-H), 

8.01 (IH , J =  7.0 and 8.0 Hz, Ar-H), 8.38 (IH, d, J  = 8.0 Hz, Ar-H), 8.42 (IH , d, J  = 8.0 

Hz, Ar-H), 8.62 (IH, d, J  = 8.0 Hz, Ar-H), 8 . 6 6  (IH, d, J  = 7.6 Hz, Ar-H), 8.69 (IH , d, J  

= 8.0 Hz, Ar-H), 8.73 (IH , d, J  = 7.5 Hz, Ar-H), 8.84 (IH, d, J  = 8.5 Hz, Ar-H), 8 . 8 8  (IH, 

d, J  = 8.5 Hz, Ar-H); 5c (100 MHz, CDCI3): 24.3, 25.6, 39.7, 52.2, 53.0, 122.1, 122.4, 

123.2, 123.3, 123.4, 123.6, 126.1, 126.4, 128.6, 128.8, 128.9, 129.3, 129.4, 129.5, 129.6, 

129.9, 132.0, 132.5, 149.1, 149.4, 161.8, 162.0, 162.6, 162.8, 169.3; m/z 596 

(M)^; Umax/cm’' 3448, 3079, 2951, 1746, 1707, 1668, 1624, 1585, 1530, 1437, 1410, 1345, 

1232, 1073,841,787, 761.

NO,
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fS)-6-(6-Chloro-13-dioxo-l/^,3^-benzo[</elisoquinoUn-2-yl)-2-(6-nitro-l,3-dioxo-

benzo [de\ isoquinoIin-2-yl)-hexanoic acid 

methyl ester (150)

150 was prepared according to Procedure 2 

using 4-chloro-l,8-naphthalic anhydride 

(0.03 g, 0.12 mmol), 137 (0.06 g, 0.13 

mmol) and triethylamine (0.07 mL, 0.47 

mmol). Precipitation from methanol

%). Anal, calcd. for C3 1 H2 2 CIN3 O8 : C 62.06, 

H 3.70, N 7.00; Found: C 61.78, H 3.66, N 6.82; mp 176-178 °C; 5h(400 MHz, (CDCI3): 

1.40 and 1.54 (2H, m, CHCH2 CH2 ), 1.75 and 1.85 (2H, m, CH2 CH2N), 2.31 and 2.48 (2H, 

m, CHCH2 ), 3.74 (3H, s, OCH3 ), 4.11 (2H, m, CH2N), 5.70 (IH, dd, J =  4.6 and 9.7 Hz, 

CH), 7.78 (IH, d, J =  7.6 Hz, Ar-H), 7.80 (IH, dd, J =  7.3 and 7.3 Hz, Ar-H), 7.99 (IH, 

dd, J =  7.3 and 8 . 8  Hz, Ar-H), 8.32 (IH, d, J =  7.9 Hz, Ar-H), 8.40 (IH, d, J =  8.2 Hz, Ar- 

H), 8.46 (IH, d, J =  7.3 Hz, Ar-H), 8.59 (IH, d, J =  8.4 Hz, Ar-H), 8.62 (IH , d, J =  7.9 Hz, 

Ar-H), 8.65 (IH, d, J =  7.3 Hz, Ar-H), 8.87 (IH, J =  8 . 8  Hz, Ar-H); 6c (100 MHz, CDCI3): 

23.4, 27.1, 27.8, 39.5, 52.1, 53.2, 121.0, 122.2, 122.5, 123.2, 123.4, 126.2, 126.8, 127.3,

128.5, 128.8, 129.1, 129.3, 129.5, 129.8, 130.1, 130.5, 131.4, 132.4, 138.5, 149.3, 161.7,

162.5, 162.9, 163.2, 169.5; m/z 599 (M)^; Umax/cm'* 3459, 3107, 3078, 2952, 2867, 1739, 

1704, 1663, 1625, 1589, 1525, 1438, 1347, 1265, 1232, 785, 759.

(S^-2,6-Bis-(6-(13-propanediamine)-l,3-dioxo-ljH',3jH'-benzo[//e]isoquinoIin-2-yl)-

hexanoic acid methyl ester (152)

152 was synthesised by refluxing 144 (0.1 g, 

0.16 mmol), 1,3-propanediamine (0.05 g, 0.06 

mL, 0.66 mmol, 4 eq.) in anhydrous THF (10 

mL) for 72 h to yield the product as an orange 

solid after evaporation o f solvent (0.098 g, 91 

%). mp decompose ~125 °C; HRMS: Calcd. 

for C3 7 H4 1 N 6 O6 [M+H]^ 665.3088, found 

665.3080; 6 h (400 MHz, CD3 OD): 1.29, 

1.40 (2H, m, CH2 CH2 CH), 1.67 and 1.78 (2H, 

m, CH2 CH2N), 1.93 (2H, m, CH2 CH2 CH2 ),

HN

NH

NH,

NO.

yielded 150 as a pale yellow solid (0.06 g, 79
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2.28 (2H, m, CH2 CH), 2.84 (2H, t, J  = 6 . 8  Hz, CH2NH2), 3.43 (2H, t, J  = 6.1 Hz, 

NHCH2 ), 3.70 (3H, s, OCH3), 4.00 (2H, m, CH2N), 5.66 (IH, m, CH), 6.55 (IH, d , J =  8.9 

Hz, Ar-H), 6.60 (IH, d, J  = 8.9 Hz, Ar-H), 7.39 (IH, dd, J  = l A  and 7.5 Hz, Ar-H), 7.45 

(IH, dd, J  = 8.2 and 7.5 Hz, Ar-H), 7.99 (IH, d, J  = 8.2 Hz, Ar-H), 8.08 (IH, d, J  = 7.4 

Hz, Ar-H), 8.10 (IH, d, y  = 8.9 Hz, Ar-H), 8.22 (IH, d, J  = 8.9 Hz, Ar-H), 8.29 (IH, d, J  

= 8.2 Hz, Ar-H), 8.36 (IH, d, J  = 8.2 Hz, Ar-H); 5c (100 MHz, (€ 0 3 )2 8 0 ): 22.9, 27.0, 

27.7, 30.3, 38.5, 40.3, 40.4, 50.9, 52.0, 103.0, 103.2, 106.9, 107.3, 119.7, 119.8, 121.0,

121.2, 123.3, 123.5, 127.0, 127.5, 129.0, 129.4, 130.0, 130.5, 133.8, 134.3, 150.4, 150.7,

163.3, 163.7, 164.0, 164.2, 171.1; m/z 665 (M+H)^; Umax/cm'' 3366, 3098, 2927, 2858, 

2346, 1741, 1683, 1639, 1578, 1449, 1363, 1246, 1103,911,815,772.

(S)-2,6-Bis-(6-(N,N-dimethylethylenediamine)-l,3-dioxo-lH,3ll-benzo[de]isoquinoUn- 

2-yl)-hexanoic acid methyl ester (155) and (154)

155 and 154 were synthesised as for 152 using 144 (0.1 g, 0.16 mmol), N,N- 

dimethylethylenediamine (0.04 g, 0.05 mL, 0.49 mmol, 3 eq.), 4-dimethylaminopyridine 

(0.004 g, 0.03 mmol, 0.2 eq.) and anhydrous THF (10 mL) to yield, after purification of 

crude (0.05 g) by preparatory plate (silica, DCM ; MeOH, 9 : 1 ) ,  the products as orange 

foams 155 (0.025 g, 50 %), 154 (0.013 g, 26 %).

mp decompose ~89 °C; HRMS: Calcd. for

C3 9H45N6O6 [M+H]^ 693.3401, found

693.3407; 6 h (400 MHz, CDCI3): 1.40 and 

1.56 (2H, m, C//2CH2CH), 1.71 and 1.80 (2H, 

m, CH2 CH2N), 2.25 and 2.42 (2H, m, CH2 CH), 

2.34 (6 H, s, 2  X CH3), 2.35 (6 H, s, 2  x CH3), 

2.74 (4H, m, NHCH2CH2N), 3.38 (4H, m, 2 x 

NHCH2CH2N), 3.71 (3H, s, OCH3), 4.09 (2H, 

m, CH2N), 5.74 (IH, dd, J =  4.8 and 9.6 Hz, 

CH), 6.28 (IH, br s, NH), 6.38 (IH, br s, NH), 

6.61 (IH, d, J  -  8.9 Hz, Ar-H), 6.65 (IH, d, J  = 8.2 Hz, Ar-H), 7.56 (IH, dd, J  = 7.5 and 

8.2 Hz, Ar-H), 7.60 (IH, dd, J  = 7.5 and 8.2 Hz, Ar-H), 8.12 (IH, d, J  = 8.2 Hz, Ar-H), 

8.17 (IH, d, 7 = 8.2 Hz, Ar-H), 8.37 (IH, d, J  = 8.2 Hz, Ar-H), 8.41 (IH, d, J  = 8.2 Hz, 

Ar-H), 8.46 (IH, d, J  = 6 . 8  Hz, Ar-H), 8.51 (IH, d, J  = 7.5 Hz, Ar-H); 5c (100 MHz,

155

HN.

NH
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CDCI3): 23.7, 27.5, 28.3, 38.6, 39.4, 39.7, 44.6, 51.8, 52.5, 56.4, 103.8, 104.0, 106.4, 

109.1, 109.7, 115.9, 119.9, 122.2, 122.5, 124.1, 125.8, 126.3, 129.2, 129.6, 130.5, 131.1, 

134.0, 134.6, 149.1, 149.2, 163.2, 163.6, 163.9, 164.1, 170.7; m/z 693 (M +H f, 347; 

Umax/cm’' 3384, 2918, 2849, 2778, 2391, 2346, 1945, 1741, 1685, 1647, 1580, 1459, 1363, 

1248, 1188, 1074, 775.

mp decompose -150 °C; HRMS: Calcd. for 

C3 5H34N 5O8 [M+H]^ 652.2407, found 652.2415; 

6 h (400 MHz, CDCI3): 1.41 and 1.52 (2H, m, 

CH2 CH2CH), 1.74 and 1.88 (2H, m, CH2CH2N), 

2.26 and 2.41 (2H, m, CH2CH), 2.38 (6 H, s, 2 x 

CH3), 2.79 (2H, m, NHCH2CH2N), 3.41 (2H, m,

NHCH2CH2N), 3.70 (3H, s, OCH3), 4.10 (2H, m,

CH2N), 5.70 (IH , dd, J =  4.8 and 9.5 Hz, CH), 6.43 (IH, br s, NH), 6.61 (IH, d, J  = 8.2 

Hz, Ar-H), 7.59 (IH, dd, J  = 7.5 and 8.2 Hz, Ar-H), 7.93 (IH , dd, J  = 7.5 and 8.2 Hz, Ar- 

H), 8.18 (IH, d, J  = 8.2 Hz, Ar-H), 8.26 (IH , d, J  = 8.9 Hz, Ar-H), 8.32 (IH, d, J  = 8.2 

Hz, Ar-H), 8.43 (IH , d, J  = 7.5 Hz, Ar-H), 8.48 (IH, d, J  = 8.2 Hz, Ar-H), 8.60 (IH, d, J  

= 7.5 Hz, Ar-H), 8.80 (IH, d, J  = 8.9 Hz, Ar-H); 5c (100 MHz, CDCI3): 23.3, 27.4, 28.0, 

39.6, 39.9, 44.5, 51.8, 52.2, 53.0, 56.3, 103.9, 108.9, 116.0, 119.9, 122.1, 122.6, 123.1,

123.4, 124.2, 126.3, 126.5, 128.5, 129.1, 129.4, 129.5, 131.0, 131.8, 134.5, 148.9, 149.4,

161.9, 162.7, 163.2, 163.8, 170.6; m/z 652 (M+H)^

(S,5)-2-[4-Methyl-2-(6-nitro-l,3-dioxo-l/f,3^-benzo[</elisoquinoIin-2-yl)-

pentanoylamino] -6-(6-nitro-1,3- 

dioxo-m ,3^ - 

benzo {de\isoquinolin-2-y 1)- 

hexanoic acid methyl ester (156) 

131 (0.10 g, 0.2 mmol) and 4-nitro- 

1,8-naphthalic anhydride (0.05 g, 

0 . 2  mmol), with triethylamine 

(0.04 g, 0.06 mL, 0.4 mmol), were refluxed in toluene (25 mL) for 24 hours. The reaction 

mixture was filtered through celite and the solution evaporated under reduced pressure.

NO.

HN

154

R , = NHCH2CH2N(CH2)3. R 2  = NO.

R , = N O 2 . R j = NHCH2CH2N{CH2),
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The residue was dissolved in CHCI3, washed with 0.1 M HCl (15 rtiL) and water (2 x 15 

mL), dried over MgS0 4 , filtered, and the solvent removed under reduced pressure. The 

residue was then crystallised from methanol to yield the product as a yellow solid (0.08 g, 

55 %). HRMS: Calcd. for CsyHBsNsOnNa [M+Na]”̂ 746.2074, found 746.2076; mp 164- 

166 °C; 6 h (400 MHz, CDCI3): 0.96 (3H, d, J  = 6.5 Hz, CH3 ), 1.03 (3H, d, J -  6.5 Hz, 

CH3 ), 1.40 (2H, m, CHCH2 CH2 ), 1.54 (IH , m, CH(CH3 )2 ), 1.72 (2H, m, CH2 CH2N), 1.77 

and 1.98 (2H, m, CHCH2 CH2 ), 2.08 and 2.25 (2H, m, CHCH2 CH), 3.75 (3H, s, OCH3), 

4.13 (2H, m, CH2N), 4.72 (IH, m, CHCH2 CH2), 5.78 (IH, dd, J  = 5.0 and 10.0 Hz, 

CHCH2 ), 6.46 (IH , d, y  = 7.5 Hz, NHCH), 7.99-8.05 (2H, m, Ar-H,, Ar-H2 ), 8.42-8.46 

(2H, m, Ar-Hi, Ar-H2 ), 8.69-8.79 (4H, m, 2Ar-H|, 2 Ar-H2 ), 8 . 8 6  (IH, d, J  = 3.7 Hz, Ar- 

H), 8 . 8 8  (IH , d, J  = 4.5 Hz, Ar-H); 6c (100 MHz, CDCI3): 22.1, 22.6, 23.3, 25.7, 27.5, 

29.7, 30.4, 32.1, 37.6, 40.4, 52.3, 52.5, 53.8, 122.8, 123.0. 123.7, 123.9, 124.0, 126.7, 

127.0, 128.8, 129.1, 129.3, 129.6, 129.8, 129.9, 130.0, 130.4, 130.8, 132.4, 133.0, 149.5, 

149.6, 162.4, 162.5, 163.2, 163.3, 168.9, 172.8; m/z 746 (M+Na)^ 724 (M+H)^; Umax/cm'‘ 

3473, 3352, 3110, 2953, 2869, 1732, 1707, 1663, 1626, 1593, 1526, 1433, 1345, 1239, 

1181, 1086, 904, 838, 787, 761.

(S,5)-2-[2-(6-Aniino-13-dioxo-l/f3^-benzo[</e]isoquinolin-2-yI)-4-methyl-

pentanoylainino]-6-(6-amino- 

13-dioxo-lH,3//-
benzo [de] isoquinolin-2-yl)- 

hexanoic acid methyl ester (158)

158 was synthesised according to 

Procedure 2, using 143 (0.12 g, 

0.21 mmol), 4-nitro-l,8-naphthalic anhydride (0.05 g, 0.20 mmol) and triethylamine (0.11 

mL, 0.8 mmol). Purification by crystallisation from methanol yielded the product as a 

red/brown solid (0.05 g, 34 %). Anal, calcd. for C37H35N5O9.CH3OH: C 62.89, H 5.42, N 

9.65; Found: C 62.90, H 4.94, N 9.20; mp 208-210 °C; 5h (400 MHz, CDCI3): 0.92 (3H, 

d, J  = 6.5 Hz, CH3), 1.00 (3H, d, J =  6.5 Hz, CH3), 1.44 (2H, m, CHCH2 CH2 ), 1.73 (2H, 

m, CH2 CH2NH), 1.78 (2H, m, CHCH2 CH), 2.03 (2H, m, CHCH2CH2 ), 2.23 (IH , m, 

CH(CH3)2), 3.78 (3H, s, OCH3), 4.16 (2H, m, CH2 N), 4.75 (IH , m, CHCH2 CH2 ), 5.26 

(2H, br s, NH2 ), 5.78 (IH, dd, J  = 5.0 and 8 . 8  Hz, CHCH2 ), 6.54 (IH , d, J  = 7.0 Hz, NH), 

6.64 (IH , d, J  = 8.0 Hz, Ar-H), 7.51 (IH, dd, J  = 7.5 and 7.8 Hz, Ar-H), 7.98 (IH, dd, J  =

NO,
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7.5 and 8.8  Hz, Ar-H), 8.02 (IH, d, J  = 8.5 Hz, Ar-H), 8.17 (IH, d, J  = 8.0 Hz, Ar-H), 

8.40 (IH , d, J  = 7.5 Hz, Ar-H), 8.48 (IH, d, J  = 7.5 Hz, Ar-H), 8.69 (IH , d, J  = 8.0 Hz, 

Ar-H), 8.74 (IH, d, J  = 7.0 Hz, Ar-H), 8.83 (IH, d, J  = 8.0 Hz, Ar-H); 5c (100 MHz, 

CDCI3): 21.7, 22.2, 2 2 .8 , 25.1, 27.1, 30.4, 31.7, 37.3, 39.9, 51.9, 52.5, 108.7, 1 10.2, 119.2, 

122.0, 122.2, 123.4, 124.1, 126.5, 127.0, 128.6, 128.7, 129.2, 129.3, 129.4, 131.2, 131.9,

133.6, 149.1, 149.6, 162.0, 162.8, 163.3, 164.1, 170.0, 172.5; m/z (M+H)^ 694; Umax/cm’' 

3363,3249, 2954, 2867, 1734, 1658, 1580, 1528, 1438, 1369, 1244, 780, 760.

4-amino-l,8-naphthalic anhydride (159)

A solution o f 4-nitro-l,8-naphthalic anhydride (0.50 g, 2.1 mmol) in 

acetone (15 mL) with 10 % Pd/C catalyst (0.05 g) and MgS0 4  (0.3 g) 

was hydrogenated under 3 atm of pressure for 7 h. The reaction mixture 

was then filtered through celite and washed thoroughly with acetone. 

The solvent was removed under reduced pressure to yield the product 

159 as a brown solid (0.21 g, 47 %). mp > 360 °C (lit. > 350 °C^"); 5h (400 MHz, 

(CD3)2S0 ): 6.89 (IH, d, J  = 8.7 Hz, Ar-H), 7.70 (IH, dd, J  = 7.6 and 7.6 Hz, Ar-H), 7.78 

(2H, br s, NH2), 8.20, (IH, d, J  = 8.2 Hz, Ar-H), 8.44 (IH , d, J =  7.6 Hz, Ar-H), 8.70 (IH, 

d, J =  8.2 Hz, Ar-H); 5c (100 MHz, (€ 0 3 )2 8 0 ): 102.3, 108.8, 118.3, 119.4, 124.4, 130.7,

132.6, 133.0, 135.9, 153.9, 160.3, 162.0; m/z 214 (M+H)^; Umax/cm‘‘ 3434, 3349, 3242, 

2975, 2937, 2738, 2676, 1737, 1694, 1656, 1580, 1526, 1478, 1398, 1361, 1310, 1227, 

1170, 1108, 1010, 981,770, 752
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('5,5^-6-Benzy loxycarbonylamino-2- [6-(4- {3- [2-(5-benzy loxycarbonylamino-1 - 

methoxycarbonyl-pentyl)-l,3-dioxo-2,3-dihydro-l/f-benzo[rf^lisoquinolin-6-ylamino]- 

propylamino}-butylamino)-l,3-dioxo-l^,3^-benzo[</e]isoquinolin-2-yl]-hexanoic acid

methyl ester (160)

160 was prepared by refluxing 

Y()hl44) (0.20 g, 0.39 mmol) 

and spermidine (0.03 g, 0.19 

mmol) in THF (5 mL) for 3 

days. The solvent was

removed under reduced 

pressure and purification o f the 

residue by preparatory silica 

plate(s) (DCM .‘methanol, 

90:10) yielded 160 as an

orange solid (0.07 g, 34 %). Anal, calcd. for 2(C6iH67N70i2).CH2Cl2: C 65.21, H 6.05, N 

8.66; Found: C 65.18, H 5.99, N 8.49; mp 156-158 “C; 5h (400 MHz, CDCI3): 1.29 (2H, 

m, CHCH2CH2), 1.40 (2H, m, CHCH2 CH2), 1.52 (2H, m, CH2 CH2NH), 1.57 (2H, m, 

CH2 CH2NH), 1.82 (2H, m, CH2 X), 1.87 (2H, m, CH2 X), 2.00 (2H, m, CH2 Y), 2.20 and 

2.33 (4H, m, 2 X CHCH2), 2.83 (2H, m, CH2 X), 2.98 (2H, m, CH2 Y), 3.13 (4H, m, 2x 

CHiNHCbz), 3.36 (2H, m, CH2 X), 3.45 (2H, m, CH2 Y), 3.72 (3H, s, OCH3), 3.75 (3H, s, 

OCH3), 4.94 (2H, br t, 2 x NHCbz), 4.97 (4H, 2 x CH2C6H5), 5.02 (IH , br, NH), 5.72 (2H, 

m, 2 x CH), 5.97 (IH, br, NH), 6.50 (2H, d, J =  8.0 Hz, 2 x Ar-H), 7.28-7.31 (10 H, 2 x 

C6H5), 7.38 (2H, dd, J =  7.0 and 8.0 Hz, 2 x Ar-H), 7.97 (IH , br NH), 8.02 (IH , d, J =  8.6 

Hz, Ar-H), 8.13 (IH, d, J =  8.0 Hz, Ar-H), 8.29 (IH, d, J =  8.5 Hz, Ar-H), 8.33-8.38 (3H,

3 X  Ar-H); 5 c  (100 MHz, CDCI3): 22.9, 23.0, 25.9, 26.8, 28.1, 28.9, 40.3, 43.0, 43.1, 48.6,

49.0, 51.9, 52.3, 66.0 103.2, 103.6, 107.9, 108.5, 119.6, 119.9, 121.7, 121.8, 123.6, 124.1, 

126.2, 127.0, 127.2, 127.5, 128.0, 129.3, 129.6, 130.9, 131.1, 134.4, 134.9, 136.2, 149.5, 

150.4, 155.9, 163.2, 163.3, 163.8, 163.9, 170.9; m/z 1091 (M+H)^ 1090 (M )^ 556; 

Umax/cm-' 3543, 3362, 2933, 2862, 1686, 1643, 1580, 1549, 1454, 1368, 1248, 1194, 1145, 

1016, 776, 741.

Cbz
INH

NH
I

C bz
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2,7-Aw-[('5)-5’-(methoxycarbonyl)-5’-(6-nitro-l,3-dioxo-l^,3^-benzo[rfe]isoquinoliii- 

2-yl))-benzo[/w/i] [3,8]phenanthroline-l,3»6,8-tetraone (162)

133 (0.52 g, 1.03 mmol) and 1,4,5,8- 

naphthalene tetracarboxylic dianhydride 

(0.13 g, 0.47 mmol), with triethylamine 

(0.52 mL, 3.74 mmol), were refluxed in 

dimethylacetamide (40 mL) overnight. 

The reaction mixture was filtered through 

celite. The filtrate was then poured into 

water to precipitate out the product. The solid was collected by filtration and washed 

thoroughly with water and ether. Chloroform was added and the solution was again 

filtered through celite. The solvent was removed under reduced pressure to yield 162 as a 

brown/black solid (0.21 g, 40 %). Anal, calcd. for C5 2 H3 8N 6 O 1 6 : C 62.28, H 3.82, N 8.38; 

Found: C 61.89, H 3.94, N 8.00; mp 266-268 °C; 6 h (400 MHz, CDCI3 ): 1.42 and 1.59 

(4H, br, CHCH2 CH2 ), 1.74 and 1.85 (4H, br, CH2 CH2N), 2.27 and 2.48 (4H, br, CHCH2 ), 

3.75 (6 H, s, OCH3 ), 4.14 (4H, br, CH2N), 5.70 (2H, br, CH), 8.01 (2H, Ar-H naph), 8.41- 

8.70 (lOH, 6 xAr-H naph, 4xAr-H diimide), 8 . 8 8  (2H, Ar-H naph); 5c (100 MHz, CDCI3 ):

23.5, 27.2, 27.9, 40.0, 52.2, 53.2, 122.2, 123.2, 123.4, 125.8, 125.9, 126.0, 126.2, 128.8,

129.5, 129.9, 130.0, 130.4, 130.5, 132.4, 149.3, 161.8, 162.1, 162.3, 162.6, 169.4; Umax/cm' 

' 3543, 3362, 3077, 2947, 2863, 1745, 1706, 1664, 1580, 1531, 1454, 1374, 1339, 1244, 

1170, 1075, 1011,785, 770

(S)- 2-Benzyloxycarbonylamino-6-[2-(l-methoxycarbonyl-3-inethyI-butyl)-l,3-dioxo-

2,3-dihy dro- 1^-benzo {de\isoqumolin-6-ylamino]- 

hexanoic acid methyl ester (165)

164 (0.50 g, 1.35 mmol), A^-Cbz-L-lysine methyl 

ester.HCl (0.45 g, 1.35 mmol) and triethylamine (0.18 

mL, 1.35 mmol) were refiuxed in dry THF for 7 days. 

The reaction mixture was filtered through celite and the 

solvent removed under reduced pressure. The residue
j

I was dissolved in DCM (30 mL) and washed with IM HCl
I
j (2 X 30 mL), and water (2 x 30 mL). The organic layer 

was dried over MgS0 4 , filtered and reduced to dryness.
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Piirification by preparatory silica plate(s) (ethyl acetate:hexane, 50:50) yielded the product 

as a yellow solid (0.49 g, 59 %). mp 115-117 °C; Anal, calcd. for 2 (C3 4H 39N 3 0 8 ).H2 0 : C 

65.16, H 6.43, N 6.70; Found: C 65.09, H 6.12, N 6.49; 6h(400 MHz, CDCI3 ): 0.92 (3H, 

d, J  = 6 . 6  Hz, CH3), 1.02 (3H, d, J  = 6 . 6  Hz, CH3), 1.59 (2H, m, CHCH2 CH2 ), 1.63 (IH, 

m, CH(CH3 )2 ), 1.79 (2H, m, CH2 CH2NH), 1.95 (2H, m, CHCH2 ), 2.14 and 2.21 (2H, m, 

CHCH2 CH), 3.39 (2H, m, CH2NH), 3.74 (3H, s, OCH3), 3.79 (3H, s, OCH3) 4.49 (IH, m, 

CHCH2 CH2 ), 5.16 (2H, s, CH2 C6 H 5), 5.45 (IH, d, J  = 8.0 Hz, NHCH), 5.65 (IH, br t, 

CH2NH), 5.82 (IH , dd, J  = 5.0 and 9.3 Hz, CHCH2 CH), 6 . 6 6  (IH , d, J  = 8.5 Hz, Ar-H), 

7.36 ( 5H, m, CeHj), 7.55 (IH, dd, J  = 7.8 and 8.0 Hz, Ar-H), 8.26 (IH, d, J  = 8.0 Hz, Ar- 

H), 8.43 (IH, d, J  = 8 . 6  Hz, Ar-H), 8.52 (IH, d, J  = 6.5 Hz, Ar-H); 5c (100 MHz, CDCI3 ):

21.7, 22.5, 22.7, 24.9, 27.4, 32.6, 37.6, 43.0, 51.2, 51.9, 52.2, 52.8, 6 6 .8 , 103.8, 109.2,

119.7, 122.2, 124.1, 126.2, 127.6, 127.9, 128.1, 129.5, 131.1, 134.5, 135.5, 149.4, 155.8,

163.2, 163.9, 171.2, 172.3; m/z 618 (M+H)^; Umax/cm'' 3388, 2953, 2868, 1745, 1687, 

1644, 1581,1548, 1440, 1368, 1265, 1246, 1212, 1121,776.

(S',iS^-l-Methoxycarbonyl-5-[2-(l-methoxycarbonyl-3-methyl-butyI)-l,3-dioxo-23-
dihydro-l//-benzo[</f]isoquinolin-6-ylamino]-pentyl-ammoniuin bromide (166)

166 was synthesised according to Procedure 9 using 165 

(0.25 g, 0.4 mmol) and 30 % HBr/acetic acid (1 mL) to 

yield the desired product as an orange solid (0.19 g, 98 

%). m.p 101 °C; HRMS: Calcd. for C26H34N3O6 [M+H]^ 

484.2448, found 484.2444; 6 h (400 MHz, (€ 0 3 )2 8 0 ): 

0.83 (3H, d, J  = 6 . 6  Hz, CH3), 0.92 (3H, d, J  = 6 . 6  Hz, 

CH3), 1.43 (2H, m, CHCH2CH2), 1.54 (IH , m, 

CH(CH3)2), 1.72 (2H, m, CH2CH2NH), 1.84 and 2.00 

(2H, m, CHCH2), 1.85 and 2.03 (2H, m, CHCtbCH), 

3.21 (3H, s, OCH3), 3.41 (2H, m, CH2NH), 3.75 (3H, s, 

OCH3), 4.08 (IH, m, CHCH2CH2), 5.66 (IH , dd, J  = 5.5 

and 8.9 Hz, CHCH2CH), 6.82 (IH, d, J  = 8.9 Hz, Ar-H), 7.72 (IH , dd, J  = 7.5 and 7.8 Hz, 

Ar-H), 7.93 (IH, br, NH), 8.29 (IH, d, J  = 8.9 Hz, Ar-H), 8.35 (3H, br, NH3^), 8.46 (IH,

d, J  = 6 . 8  Hz, Ar-H), 8.77 (IH, d, J  = 8.2 Hz, Ar-H); 5c(100 MHz, (€ 0 3 )2 8 0 ): 21.9, 22.0,

23.1, 24.8, 27.2, 29.8, 37.6, 42.4, 50.6, 51.9, 52.1, 52.9, 104.1, 106.7, 120.1, 121.3, 124.4,

129.2, 129.6, 131.3, 134.9, 151.1, 162.6, 163.6, 170.0, 170.7; m/z 484 (M+H)^; Umax/cm''

HN
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3397, 2953, 2869, 1742, 1685, 1637, 1578, 1560, 1509, 1457, 1366, 1245, 1122, 1024, 

776.

(lS)-6-[2-(l-Methoxycarbonyl-3-methyI-butyl)-l,3-dioxo-2,3-dihydro-17y-

benzo [de\ isoquinolin-6-ylamino] -2-(6-nitro-l ,3-dioxo- 1^,3^-benzo [de] isoquinoIin-2-

167 was synthesised 

according to Procedure 2 

using 166 (0.18 g, 0.37 

mmol), 4-nitro-l,8-

naphthalic anhydride (0.08 

g, 0.34 mmol) and 

triethylamine (0.2 mL, 1.5 mmol). Purification of the crude product by preparatory silica 

plate (DCM:MeOH, 95:5) yielded the desired product as a yellow solid (0.17 g, 72 %). 

m.p 125-127 °C; HRMS: Calcd. for C38H37N40,o [M+H]^ 709.2510, found 709.2487; 6h 

(400 MHz, (CDCI3): 0.90 (3H, d, J  = 6.1 Hz, CH3), 1.00 (3H, d, J  = 6.1 Hz, CH3), 1.55 

(2H, m, CHCH2CH2 ), 1.61 (IH , m, CH(CH3)2), 1.80 (2H, m, CH2CH2NH), 2.10 and 2.17 

(2H, m, CHCH2CH), 2.25 and 2.50 (2H, m, CHCH2 ), 3.34 (2H, m, CH2NH), 3.74 (3H, s, 

OCH3), 3.76 (3H, s, OCH3), 5.61 (IH, i , J =  4.8 Hz, NH), 5.73 (IH, dd, J =  5.5 and 9.2 Hz, 

CHCH2 CH2), 5.79 (IH, dd, J  = 4.8 and 8.9 Hz, CHCH2CH), 6.54 (IH , d, J  = 8.2 Hz, Ar- 

H), 7.40 (IH , dd, J  = 7.9 and 8.2 Hz, Ar-H), 7.97 (IH, dd, J = 7.5 and 8.9 Hz, Ar-H), 8.01 

(IH , d, J  = 8.9 Hz, Ar-H), 8.29 (IH, d, J =  8.9 Hz, Ar-H), 8.38 (IH, d, J =  8.2 Hz, Ar-H), 

8.65 (IH , d, J  = 7.5 Hz, Ar-H), 8.68 (IH, d, J  = 7.5 Hz, Ar-H), 8.81 (IH, d, J =  8.9 Hz, 

Ar-H); 6c (100 MHz, CDCI3): 21.7, 22.7, 23.3, 27.6, 27.8, 37.7, 42.6, 51.2, 52.0, 52.3, 

53.0, 103.7, 108.9, 119.4, 121.8, 121.9, 123.2, 123.4, 124.0, 125.8, 128.7, 129.2, 129.3, 

129.5, 129.6, 129.9 130.9, 132.5, 134.3, 149.3, 149.4, 161.9, 162.7, 163.1, 163.5, 169.5, 

171.3; m/z 709 (M+H)^; Un,ax/cm‘‘3401, 2952, 2867, 1745, 1686, 1648, 1534, 1459, 1367, 

1243, 1191, 1120, 1022, 776, 759.

yi)-hexanoic acid methyl ester (167)

NO.
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(lS)-2-(2-Hydroxy- l-methyl-ethyl)-6-nitro-benzo [de\ isoquinoline-1,3-dione (168)

168 was synthesised according to Procedure 2 using 5'-(+)-2-amino-l- 

propanol (1.1 mL 14.1 mmol), 4-nitro-l,8-naphthalic anhydride (2.5 g, 

10.3 mmol) to yield the desired product without need for further 

purification, as a pale brown solid (3.05 g, 99 %). m.p 181-183 °C; 

Anal, calcd. for C ,5Hi2N 2 0 5 : C 60.00, H 4.03, N 9.33; Found: C 60.17, 

H 4.13, N 9.19; 5h(400 MHz, CDCI3): 1.58 (3H, d, J =  7.0 Hz, CH3), 

3.99 (IH, dd, J =  4.0 and 11.8 Hz, CH^H^OH), 4.24 (IH , dd, J =  8.0 

and 11.8 Hz, CH"H*OH), 5.46 (IH, m, CHCH3), 8.01 (IH, dd, 7.5 and 8.0 Hz, Ar-H), 

8.43 (IH , d, J  = 8.0 Hz, Ar-H), 8.71 (IH, d, J =  8.0 Hz, Ar-H), 8.75 (IH, d, J =  7.5 Hz,

Ar-H), 8.87 (IH, d, 7  = 9.0 Hz, Ar-H); 6 c (100 MHz, CDCI3): 14.2, 51.7, 64.3, 123.2,

123.7, 123.9, 125.3, 127.2, 129.2, 129.7, 130.0, 132.6, 149.5, 163.3, 164.2; m/z 301 

(M+H)^ 283; Umax/cm‘‘ 3522, 2979, 1706, 1662, 1621, 1585, 1461, 1406, 1345, 1264, 

1184, 1112, 1042, 905, 842, 756, 720.

('5^-2-(6-Nitro-l,3-dioxo-l£i^,3^-benzo[rfe]isoquinolin-2-yl)-propionaldehyde (169)*®’

To a stirred solution of oxalyl chloride (0.17 mL, 2.0 mmol) in dry THF 

(5 mL) at -78 °C was added dry DMSO (0.32 mL, 4.5 mmol, 4.5 eq.). 

After 15 min. a solution o f 168 (0.30 g, 1 mmol) in THF (5 mL) was 

added. The reaction mixture was left stirring at -  78 °C for 1 h. 

Triethylamine (0.70 mL, 5 mmol) was added dropwise and the reaction 

mixture was then allowed to slowly warm to room temperature. It was 

then filtered through celite and the filtrate was evaporated to dryness, 

dissolved in DCM (25 mL) and washed with 1 M HCl (2 x 25 mL), 1 M 

NaHC0 3  (2 x 25 mL) and finally with water (2 x 25 mL). The organic layer was dried 

over MgS0 4 , filtered and evaporated to dryness, yielding the desired product as a yellow 

solid (0.28 g, 94 %). m.p. 187-190 °C; HRMS: Calcd. for C15H11N2O5 [M+H]^ 299.0668, 

found 299.0654; 5h(400 MHz, CDCI3): 1.69 (3H, d, J =  6.5 Hz, CH3), 5.45 (IH , q, 6 . 6  

Hz, CHCH3), 8.05 (IH, dd, J  = 7.5 and 8.0 Hz, Ar-H), 8.46 (IH, d, J  = 8.0 Hz, Ar-H), 

8.75 (IH , d, J =  7.5 Hz, Ar-H), 8.79 (IH, d, 7.0 Hz, Ar-H), 8.91 (IH, d, J =  8.5 Hz, Ar- 

H), 9.70 (IH, s, CHO); 5c (100 MHz, CDCI3): 12.1, 55.5, 122.0, 123.3, 123.5, 125.9,

128.8, 129.5, 129.6, 130.0, 132.6, 149.5, 161.7, 162.5, 195.6; m/z 299 (M+H)^ 283;

NO.

The residue was

OH

NO.
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U m ax/cm ’’ 3075, 2920, 1731, 1666, 1623, 1584, 1424, 1456, 1425, 1372, 1343, 1242, 

1194, 1023,934, 879, 7 8 3 ,7 1 9 .

^5,5)-4-M ethyl-2(6-nitro-l , 3 - d i o x o - [de] isoquinolin-2-yl)-pentanoic acid

(2-hydroxy-l-methyI-ethyl)-amide (171)

171 was prepared according to Procedure 4 using 121 

(1.00 g, 2.81 mmol), fSJ-l-propanol-2-amine (0.22 mL, 

2.81 mmol), HOBt (0.38 g, 2.81 mmol), EDCI.HCl (0.59 

g, 3.09 mmol) and triethylamine (0.43 mL, 3.09 mmol).

171 was obtained without need for further purification as 

a yellow-brown solid (0.99 g, 85 %). mp 92-94 °C; 

Anal, calcd. for C 2 1 H2 3 N 3 O 6 : C 61.01, H 5.61, N 10.16;

Found: C 60.96, H, 5.74, N 9.98; 5h (400 MHz, CDCI3): 0.96 (3H, d, J =  6 . 6  Hz, CH 3 CH), 

1.04 (3H, d, J  = 6 . 6  Hz, CH 3 CH), 1.22 (3H, d, J  = 6 . 8  Hz, NHCHCH 3 ), 1.52 (IH , m, 

CH(CH 3 )2 ), 1.88 and 2.31 (2H, m, CHCH2 CH), 3.55 (IH , dd, J  = 5.5 and 11.3 Hz, 

CH'^H^’OH), 3.81 (IH , dd, J =  3.5 and 11.3 Hz, CH“H*OH), 4.12 (IH , m, NHCHCH3), 5.73 

(IH , dd, J  = 4.8 and 10.3 Hz, NCHCH 2 ), 6.01 (IH , d, J =  7.5 Hz, NH), 8.00 (IH , dd, J  = 

7.3 and 8 . 8  Hz, Ar-H), 8.42 (IH , d, J  = 8.0 Hz, Ar-H), 8.70 (IH , d, J  = 8.0 Hz, Ar-H), 

8.73 (IH , d, J  = 8.3 Hz, Ar-H), 8 . 8 6  (IH , d, J  = 8 . 8  Hz, Ar-H); 5c (100 MHz, CDCI3): 

16.4, 21.5, 23.0, 25.1, 37.1, 47.6, 53.3, 65.5, 122.2, 123.1, 123.5, 126.2, 128.8, 129.2, 

129.5, 129.9, 132.5, 149.2, 162.2, 163.1, 169.2; m/z 414 (M + H )\ 339, 311; Umax/cm'‘ 

3358, 3076, 2957, 2871, 1709, 1664, 1585, 1528, 1460, 1343, 1237, 1189, 1050, 853, 786, 

760.

fS)-4-M ethyI-2-(6-nitro-l ,3-dioxo- 1^ ,3^-benzo [de\ isoquinolin-2-yl)-pentanoic acid

(2-hydroxyethyl)-amide (172)

172 was prepared according to Procedure 4 using 121 

(1.00 g, 2.81 mmol), ethanolamine (0.17 mL, 2.81 

mmol), HOBt (0.38 g, 2.81 mmol), EDCI.HCl (0.59 g, 

3.09 mmol) and triethylamine (0.43 mL, 3.09 mmol). 

172 was obtained without need for further purification as 

a yellow-brown solid (0.91 g, 81 %). mp 86-89 °C; 

HRMS: Calcd. for C2 oH2 iN 3 0 6 Na [M+Na]^ 422.1328,

OH

OH

0,N
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found 422.1320; 6 h (400 MHz, CDCI3 ): 0.96 (3H, d, J =  6.5 Hz, CHCH3 ), 1.03 (3H, d, J  = 

6.5 Hz, CHCH3 ), 1.55 (IH , m, CH(CH3 )2 ), 2.01 and 2.31 (2H, m, CHCH2 CH), 3.49 (2H, 

m, CH2 OH), 3.77 (2H, m, CH2 CH2 OH), 5.77 (IH , dd, J  = 5.0 and 9.5 Hz, NCHCH2 ), 

6.30 (IH, br t, NH), 8.01 (IH, dd, J  = 7.0 and 8 . 8  Hz, Ar-H), 8.42 (IH, d, J  = 8.0 Hz, Ar- 

H), 8.71 (IH, d, J  = 8.0 Hz, Ar-H), 8.75 (IH, d, /  = 7.6 Hz, Ar-H), 8.87 (IH, d, J  = 8.5 

Hz, Ar-H); 8 c (100 MHz, CDCI3): 21.5, 22.8, 25.1, 37.1, 42.1, 53.3, 61.0, 122.3, 123.1, 

123.4, 126.2, 128.8, 129.1, 129.5, 129.8, 132.4, 149.2, 162.2, 163.0, 169.8; m/z 399 (M)^; 

Umax/cm'' 3360, 3077, 2955, 2871, 1711, 1668, 1593, 1530, 1410, 1344, 1237, 1189, 1064, 

853,786, 761.

f5^-4-Methyl-2-(6-nitro-l,3-dioxo-l/f,3^-benzo[rfg]isoquinolin-2-yl)-pentanoic acid

(2,2-diethoxy-ethyl)-amide (178)

178 was prepared according to Procedure 5 using 121 

(1.03 g, 2.89 mmol), aminoaldehyde diethylacetal (0.43 

mL, 2.89 mmol), HOBt (0.39 g, 2.89 mmol) and 

EDCI.HCl (0.61 g, 3.18 mmol). 178 was obtained 

without need for further purification as a yellow solid 

(1.21 g. 94 %). Anal, calcd. for C24H29N3O7: C 61.14, 

H 6.08, N 8.95; mp 106-108 °C; 8 h (400 MHz, CDCI3): 

0.97 (3H, d, J  = 6.5 Hz, CHCH3), 1.03 (3H, d, J  = 6.52 Hz, CHCH3), 1.13 (3H, t, J  = 7.0 

Hz, aCH3 CH2 ), 1.25 (3H, t, J  = 7.0 Hz, bCH3 CH2 ), 1.55 (IH , m, CH(CH3 )2 ), 2.02 and 

2.32 (2H, m, CHCH2 CH), 3.42 and 3.49 (2H, m, NHCH2 CH), 3.53 and 3.71 (2H, m, 

aCH 2 CH3), 3.62 and 3.75 (2H, m, bCH2 CH3 ), 4.55 (IH, t, J  = 5.5 Hz, CH(OCH2 CH3 )2 ), 

5.76 (IH , dd, J  = 5.0 and 9.5 Hz, NCHCH2 ), 6.09 (IH, br t, NH), 8.02 (IH, dd, J  = 7.5 and 

8 . 8  Hz, Ar-H), 8.44 (IH , d, J  = 8.0 Hz, Ar-H), 8.71 (IH, d, J  = 8.0 Hz, Ar-H), 8.76 (IH, d, 

J =  7.5 Hz, Ar-H), 8 . 8 8  (IH, d, J =  9.6 Hz, Ar-H); 5c(100 MHz, CDCI3): 14.8, 14.9, 21.5, 

22.8, 25.7, 37.1, 41.9, 53.3, 62.6, 62.9, 100.3, 122.3, 123.5, 129.2, 129.3, 129.5, 129.8, 

129.9, 132.4, 132.6, 149.7, 168.9, 169.0, 195.6; m/z 965 (2M +Na)\ 494 (M+Na)^; 

Umax/cm-' 3314, 3104, 2971, 2873, 1713, 1672, 1531, 1410, 1343, 1238, 1125, 1062, 854, 

786, 761.

H 6.20, N 8.91; Found: C 61.06,
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^5^-4-Methyl-2-(6-nitro-l,3-dioxo-l^,3^-benzo[£/e]isoquinoIin-2-yl)-pentanoic acid

(2-oxo-ethyl)-amide (174)

178 (1.20 g, 2.71 mmol) was stirred in a mixture of chloroform 

(20 mL) and TFA (10 mL) at 0 °C for 90 min. The reaction 

mixture was then stirred at room temp, for 4 h. The solvent 

was removed under reduced pressure and the residue dried 

under vacuum to yield 178 as a yellow solid (1.01 g, 94 %). 

Anal, calcd. for 2 (C2oH,9N3 0 6 ).H2 0 : C 59.11, H 4.96, N 10.34; 

^ 9.96; mp 160-162 °C; 6 h (400 MHz, CDCI3): 0.98 (3H, d, J  = 

6.5 Hz, CHCH3), 1.05 (3H, d, J  = 6.5 Hz, CHCH3), 1-55 (IH, m, CH(CH3)2), 2.04 and 

2.38 (2H, m, CHCH2CH), 4.34 (2H, s, NHCH2CHO), 5.84 (IH , dd, J  = 5.0 and 9.5 Hz, 

NCHCH2), 6.78 (IH, br t, NH), 8.03 (IH, dd, J  = 7.0 and 8.8 Hz, Ar-H), 8.44 (IH , d, J  = 

8.0 Hz, Ar-H), 8.71 (IH, d, J  = 8.0 Hz, Ar-H), 8.75 (IH, d, J  = 7.5 Hz, Ar-H), 8.89 (IH, d, 

J  = 9.6 Hz, Ar-H), 9.72 (IH, s, CHO); 6c (100 MHz, CDCI3): 21.5, 22.9, 25.2, 37.1, 50.2, 

53.1, 122.2, 123.2, 123.5, 126.1, 128.8, 129.3, 129.6, 130.0, 132.6, 149.3, 162.1, 162.9,

169.4, 195.5; m/z 817 (2M+Na)^, 420 (M+Na)^; Umax/cm'' 3387, 3079, 2958, 2872,

1711, 1669, 1627, 1586, 1531, 1465, 1427, 1411, 1367, 1344, 1238, 1173, 853, 786, 761.

('S^-A^-(2,2-Diethoxy-ethyl)-2-(6-nitro-l,3-dioxo-1^3^-benzo[rfe]isoquinolin-2-yl)-3-

179 was prepared according to Procedure 4 using 122 

(0.50 g, 1.28 mmol) and aminoaldehyde diethyl acetate 

(0.19 mL, 1.28 mmol), with HOBt (0.17 g, 1.28 mmol)

and EDCI.HCl (0.27 g, 1.41 mmol). After purification

by flash column chromatography on neutral silica 

(ethyl acetate:hexane, 50:50) 179 was obtained as a 

yellow solid (0.42 g, 65 %). Anal, calcd. for 

C27H28N3O7 : C 64.15, H 5.38, N 8.31; Found: C 63.86, 

H 5.43, N 8.25; mp 108-110 °C; 5h (400 MHz, CDCI3): 1.09 (3H, i, J  = 7.0 Hz,

aCH3CH2), 1.23 (3H, X, J  = 7.0 Hz, bCH3CH2 ), 3.42 and 3.77 (2H, m, CH2(C6H5)), 3.44

and 3.50 (2H, m, NHCH2CH), 3.55 and 3.70 (2H, m, aCH2CH3), 3.61 and 3.74 (2H, m, 

bCH2CH3), 4.53 (IH, i, J  = 5.5 Hz, CH(OCH2CH3)2), 6.03 (IH, dd, J  = 6.5 and 9.0 Hz,

CHCH2(C6H5)), 6.04 (IH, br, NH), 7.10-7.28 (5H, CeHs), 7.98 (IH , dd, J  = 7.0 and 8.7

phenyi-propionamide (179)

Found: C 58.85, H 4.71,
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Hz, Ar-H), 8.39 (IH , d, J  = 8.0 Hz, Ar-H), 8.63 (IH , d, J  = 7.5 Hz, Ar-H), 8 . 6 8  (IH , d, J  

= 7.5 Hz, Ar-H), 8.85 (IH , d, J  = 8.5 Hz, Ar-H); 5c (100 MHz, CDCI3 ): 18.0, 34.0, 34.2,

50.2, 55.4, 58.0, 122.0, 123.2, 123.4, 125.9, 126.7, 128.3, 128.6, 128.7, 129.3, 129.5, 

129.8, 132.4, 136.0, 149.3, 161.9, 162.7, 168.3, 195.4; m/z 528 (M+Na)^; Umax/ctn'' 3406, 

3340, 2975, 2934, 2884, 1713, 1671, 1626, 1585, 1530, 1426, 1410, 1372, 1343, 1239, 

1169, 1127, 1058, 865, 838, 786, 758, 701.

(S)-2-(6-Nitro-l,3-dioxo-l/f,3^-benzo[</e]isoquinolin-2-yl)-A^-(2-oxo-ethyl)-3-phenyl-

propionamide (180)

180 was prepared according to Procedure 9 using 179 (0.24 

g, 0.47 mmol), TFA (4 mL) and CHCI3 (4 mL). After 

purification by flash column chromatography on neutral silica 

(ethyl acetate:hexane, 60:40) 179 was obtained as a yellow 

solid (0.17 g, 85 %). mp 146-148 °C; HRMS: Calcd. for 

C 23H 18N 3O 6 [M+H]^ 432.1196, found 432.1211; 5h (400

MHz, CDCI3): 3.57 (IH , dd, J  = 9.0 and 14.0 Hz,

CH“H'’(C6 H 5)), 3.72 (IH , dd, J  = 7.0 and 14.0 Hz,

CH"H*(C6H 5)), 4.35 (2H, d, J =  4.8 Hz, NHCH 2CHO), 6.12 (IH , dd, J  = 7.0 and 9.0 Hz, 

CHCH 2 (C 6H 5)), 6 . 8 8  (IH , br, NH), 7.05-7.24 (5H, CsHj), 7.95 (IH , dd, J  = 7.5 and 8.9 

Hz, Ar-H), 8.35 (IH , d, J  = 7.5 Hz, Ar-H), 8.59 (IH , d, J  = 8.2 Hz, Ar-H), 8.64 (IH , d, J  

= 7.5 Hz, Ar-H), 8.80 (IH , d, J  = 8.2 Hz, Ar-H), 9.65 (IH , s, CHO); 5c (100 MHz, 

CDCI3 ): 34.1, 50.1, 58.0, 121.9, 123.0, 123.4, 125.9, 126.6, 128.0, 128.3, 128.5, 128.7,

129.2, 129.8, 132.4, 136.0, 149.2, 161.9, 162.7, 168.5, 195.85; m /z432  (M+H)^; Umax/cm''

3368, 3077, 3028, 2939, 1711, 1668, 1626, 1585, 1529, 1455, 1426, 1410, 1368, 1343, 

1239, 1182, 1127, 865, 836, 786, 758, 701.

0,N
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(S,E)-4-[2-(6-N itro-1,3-dioxo- l^,3//^-benzo [de\ isoquinolin-2-y I)-3-phenyl-

propionylaminoj-but-2-enoic acid ethyl ester 

(189)

189 was prepared by addition of 187 (0.13 g, 0.38 

mmol) in portions to a stirring solution o f 180 (0.15 

g, 0.35 mmol) in THF (25 mL). The reaction 

mixture was left stirring overnight at room temp, 

and was then heated at 45 “C for 3 days. The 

solvent was removed under reduced pressure. 180 

was obtained after purification by flash column chromatography on neutral silica (Ethyl 

acetate:Hexane, 50:50) as a pale yellow solid (0.06 g, 36 %). Anal, calcd. for 

3 (C2 7 H2 3 N3 0 7 ).C4 Hg0 2 : C 64.11, H 4.87, N 7.92; Found: C 63.72, H 4.87, N 7.92; mp 

166-168 °C; 5h (400 MHz, CDCI3): 1.24 (3H, t, J =  6 . 8  Hz, CH3 ), 3.55 (IH , dd, 9.6 

and 14.2 Hz, CH"), 3.69 (IH, dd, J =  7.7 and 14.2 Hz, CH*), 4.01 (2H, m, NHCH2 ), 4.09 

(2H, q, 6 . 8  Hz, CH2 CH3 ), 5.82 (IH , d, J =  15.7 Hz, CHCO), 6.02 (IH, dd, J =  7.7 and 

9.6 Hz, CHCH2 (C6 Hs)), 6.37 (IH, br t, J =  5.8 Hz, NH), 6.76 (IH , dt, J =  4.8 and 15.7 Hz, 

CH2 CHCH), 7.06-7.20 (5H, CeHj), 7.95 (IH , dd, J =  8.2 and 8.2 Hz, Ar-H), 8.35 (IH, d, J  

= 8.2 Hz, Ar-H), 8.60 (IH , d, J =  7.5 Hz, Ar-H), 8 . 6 6  (IH , d, J =  6 . 8  Hz, Ar-H), 8.78 (IH, 

d, J =  8.2 Hz, Ar-H); 6 c (100 MHz, CDCI3): 13.7, 34.0, 39.9, 55.5, 60.0, 121.2, 122.0, 

123.0, 123.4, 125.9, 126.6, 128.2, 128.5, 128.6, 129.1, 129.5, 129.8, 132.3, 136.2, 143.3, 

149.2, 161.9, 162.7, 165.6, 168.2; m/z 502 (M+H)^; Umax/cm'' 3362, 3084, 3029, 2977, 

2939, 1711, 1670, 1626, 1586, 1530, 1426, 1371, 1343, 1308, 1237, 1191, 1126, 1031, 

974, 839, 789, 759, 702;
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6.11 Chapter 4 Experimental Details

6-Bromo-2-ethyl-benzo [de\ isoquinoline-1,3-dione (211)

4-Bromo-l,8-naphthalic anhydride (2.00 g, 1.2 mmol) and ethylamine 

(70 % soln. in water) (0.69 mL, 8 . 6 6  mmol) were refluxed in 1,4- 

dioxane (100 mL) for 7 h. The solution was then poured into water to 

precipitate out a solid, which was collected by filtration, washed with 

water and dried to yield 211 as a cream coloured solid (1.96 g, 89 %). 

mp 160-162 °C (lit. mp 163 Anal, calcd. for C ,4HioBrN0 2 : C

55.29, H 3.31, N 4.61; Found: C 55.22, H 3.32, N 4.73; 5h(400 MHz, CDCI3 ): 1.34 (3H, 

t, J  = 7.0 Hz, CH 3), 4.24 (2H, q, J  = 7.0 Hz, CH2 ), 7.82 (IH , dd, J  = 7.8 and 8.0 Hz, Ar-

H), 8.00 (IH , d, J  = 8.0 Hz, Ar-H), 8.38 (IH , d, J  = 8.0 Hz, Ar-H), 8.51 (IH , d, J  = 8.5

Hz, Ar-H), 8.62 (IH , d, J =  7.5 Hz, Ar-H); 5c (400 MHz, CDCI3 ): 12.8, 35.2, 121.9, 122.7,

127.5, 128.5, 129.6, 130.1, 130.5, 130.6, 131.4, 132.6, 162.8, 162.9.

6-(4-Amino-benzylamino)-2-ethyI-benzo(£fe]isoquinoline-l,3-dione (214)

4-amino benzylamine (excess) was added to 211 (0.30 g, 0.99 mmol) 

heating at 130 °C, and the solution was left stirring for 1 h. The 

reaction mixture was poured into water to precipitate out a solid, 

which was collected by filtration, washed with water and dried to 

yield 214 as a yellow solid (0.321 g, 93 %). mp 204-206 °C; Anal, 

calcd. for C21H19N3O2: C 73.03, H 5.54, N 12.17; Found: C 72.76, 

5.63, N 12.06; 6 h (400 MHz, (€ 0 3 )2 8 0 ): 1.17 (3H, t, J  = 7.0 Hz,

CH3), 4.04 (2H, q, J  = 7.0 Hz, CH2CH3), 4.46 (2H, d, J  = 5.3 Hz,

CHiNH), 4.98 (2H, br s, NH2), 6.52 (2H, d, J  = 8.2 Hz, Ar-H), 6.71 

(IH , d , J =  8 . 8  Hz, Ar-H naph), 7.07 (2H, d , J =  8.2 Hz, Ar-H), 7.70 (IH , dd, J  = 7.9 and 

8.2 Hz, Ar-H naph), 8.19 (IH , d, J  = 8.2 Hz, Ar-H naph), 8.35 (IH , br t, NH), 8.45 (IH , d, 

J  = 7.6 Hz, Ar-H naph), 8.76 (IH , d , J =  8 . 6  Hz, Ar-H naph); 5h (400 MHz, (€ 0 3 )2 8 0 ): 

13.3, 34.2, 45.8, 104.5, 107.7, 113.8, 120.2, 121.9, 124.4, 124.8, 127.9, 128.6, 129.4,

130.6, 134.0, 147.7, 150.5, 162.7, 163.5; m/z 346 (M +H )^ Umax/cm'* 3406, 3366, 3225, 

2979, 2935, 2872, 1679, 1632, 1611, 1588, 1537, 1517, 1449, 1431, 1395, 1367, 1344, 

1297, 1248, 1178, 1104, 1067, 909, 877, 822, 774, 758.

HN

NH,
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6-[2-(4-Amino-phenyl)-ethylamino] -2-ethy 1-benzo\de\ isoquinoline-1,3-dione (215)

2-(4-aminophenyl)ethylamine (excess) was added to 211 

(0.30 g, 0.99 mmol) heating at 130 °C, and the solution was 

left stirring for 40 min. The reaction mixture was poured

into water to precipitate out a solid, which was collected by 

filtration, washed with water and dried to yield 215 as a 

yellow solid (0.37 g, 94 %). mp 208-210 °C; HRMS: 

Calcd. for C2 2H22N3O2 [M+H]^ 360.1712, found 360.1704; 

6 h (400 MHz, (CD3 )2 S0 ): 1.18 (3H, t, J  = 7.0 Hz, CH3), 

2.83 (2H, t, J  = 7.5 Hz, CH2C6H4), 3.42 (2H, m, CH2NH), 

4.05 (2H, q, J  = 7.0 Hz, CH2CH3), 4.90 (2H, br s, NH2), 6.51 (2H, d, J  = 8.0 Hz, Ar-H), 

6.83 (IH, d, J  = 8 . 6  Hz, Ar-H naph), 6.97 (2H, d, J =  8.0 Hz, Ar-H), 7.68 (IH , dd, J  = 7.5 

and 8.0 Hz, Ar-H naph), 7.85 (IH, br t, NH), 8.27 (IH , d, J  = 8 . 6  Hz, Ar-H naph), 8.44 

(IH , d, J  = 7.0 Hz, Ar-H naph), 8.67 (IH , d, J  = 8.5 Hz, Ar-H naph); 6 c (400 MHz, 

(CD3)2S0): 13.3, 33.3, 34.3, 45.0, 103.9, 107.6, 114.0, 120.1, 121.9, 124.3, 125.9, 128.5,

129.2, 129.4, 130.6, 134.3, 147.0, 150.5, 162.7, 163.6; m/z 360 (M+H)^; Un,ax/cm‘' 3421,

3346, 2978, 2934, 2873, 1680, 1639, 1614, 1572, 1543, 1516, 1449, 1432, 1396, 1365, 

1346, 1301, 1251, 1178, 1108, 1069, 913, 878, 817, 769, 756.

1 - {4- [(2-Ethyl-l ,3-dioxo-2,3-dihydro-l^-benzo\de\ isoquinolin-6-y lamino)-methyI] -

phenyi}-3-(4-trifluoromethyl-phenyl)- 

thiourea (199)

199 was synthesised according to Procedure 

9 using 214 (0.26 g, 0.75 mmol) and 4- 

(trifluoromethyl)phenyl isothiocyanate (0.17 

g, 0.82 mmol). Purification by flash column 

chromatography on neutral silica 

(chloroform) yielded the product as a yellow solid (0.245 g, 60 %). mp 204-206 °C; Anal, 

calcd. for C29H2 5F3N4O3S.CHCI3 : C 53.94, H 3.62, N 8.39; Found: C 53.89, H 3.83, N 

8.40; 5h (400 MHz, CDCI3): 1.17 (3H, t, J  = 7.0 Hz, CH3), 4.04 (2H, q, J  = 7.0 Hz, 

CH2CH3 ), 4.65 (2H, d, J  = 5.5 Hz, CH2 NH), 6.72 (IH , d, J  = 8.5 Hz, Ar-H), 7.37-7.46 

(4H, m, Ar-H), 7.65-7.76 (5H, m, Ar-H), 8.20 (IH, d, J  = 8.5 Hz, Ar-H), 8.47 (IH, d, J  = 

7.0 Hz, Ar-H), 8.51 (IH, br t, NHCH2), 8.78 (IH, d, J  = 8.5 Hz, Ar-H), 10.03 (IH, br,

HN

HN

NH
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NH), 10.10 (IH, br, NH); 5c (400 MHz, CDCI3): 13.3, 34.3, 45.5, 104.6, 108.2, 120.3,

122.0, 122.7, 123.6, 123.9, 124.5, 125.5, 125.6, 127.1, 128.5, 129.3, 130.7, 133.9, 134.9,

138.0, 143.4, 150. 4, 162.7, 163.5, 179.5; m/z 549 (M+H)^; Umax/cm'' 3452, 3333, 3243, 

3180, 3116, 2979, 2935, 1679, 1638, 1588, 1536, 1513, 1469, 1411, 1374, 1322, 1251, 

1181, 1157, 1104, 1064, 1011,847, 824, 773,759.

1 - {4- [(2-Ethyl-l ,3-dioxo-2,3-dihydro-l^-benzo\de] isoquinolin-6-ylamino)-inethy 1] -

phenyl}-3-phenyl-thiourea (200)

2 0 0  was synthesised according to Procedure 9 using 

214 (0.23 g, 0.66 mmol) and phenylisothiocyanate 

(0.10 g, 0.73 mmol). Purification by flash column 

chromatography on neutral silica (chloroform) yielded 

the product as an orange solid (0.19 g, 58 %). mp 

157-159 °C; Anal, calcd. for C28H24N4O2S.CHCI3.CH2CI2 : C 52.61, H 3.97, N 8.18; 

Found: C 52.59, H 4.00, N 8.39; 6 h (400 MHz, CDCI3): 1.17 (3H, t, J =  7.0 Hz, CH3), 

4.05 (2H, q, 7.0 Hz, CH2CH3), 4.64 (2H, d, J =  4.5 Hz, CH2NH) 6.71 (IH, d, J =  8.5 

Hz, Ar-H naph), 7.11 (IH, dd, 7.0 and 7.8 Hz, Ar-H phenyh), 7.29-7.38 (4H, m, Ar-H 

phenyl,), 7.44-7.48 (4H, m, Ar-H phenyb), 7.73 (IH, dd, J =  7.5 and 7.8 Hz, Ar-H naph), 

8.20 (IH, d, J =  8.5 Hz, Ar-H naph), 8.47 (IH, d, J =  7.5 Hz, Ar-H naph), 8.49 (IH, br t, 

NHCH2), 8.78 (IH, d, J =  8.5 Hz, Ar-H naph), 9.78 (2H, br, thiourea NHs); 5c (100 MHz, 

CDCI3); 13.3, 34.3, 45.5, 104.6, 108.2, 120.3, 122.0, 123.6, 123.8, 124.4, 124.5, 127.0, 

128.4, 128.5, 129.3, 130.7, 134.0, 134.5, 138.3, 139.4, 150.4, 162.7, 163.5, 179.5; m/z 960 

(2M)^ 481 (M+H)^; On,ax/cm‘' 3354, 2974, 2931, 1679, 1638, 1578, 1542, 1498, 1448, 

1391, 1368, 1346, 1296, 1248, 1188, 1100, 1066, 822, 773,757, 694.

l-{4-[(2-Ethyl-l,3-dioxo-2,3-dihydro-l//-benzo[</e]isoquinolin-6-ylamino)-ethyl]-

phenyl}-3-(4-trifluoromethyI-phenyl)- 

thiourea (201)

2 0 1  was synthesised according to Procedure 

9 using 215 (0.12 g, 0.33 mmol) and 4- 

(trifluoromethyi)phenyl isothiocyanate (0.09 

g, 0.43 mmol). Purification by flash column 

chromatography on neutral silica

HN

NH

NH

HN
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(chloroform) yielded the product as a bright yellow solid (0.09 g, 49 %). mp 182-184 °C; 

Anal, calcd. for C3 0H25F3N4O2 S.H2O: C 62.06, H 4.69, N 9.65; Found: C 62.34, H 4.23, N 

9.81; 5h (400 MHz, CDCI3): 1.33 (3H, t, J  = 7.0 Hz, CH3), 3.15 (2H, t, J  = 6.5 Hz, 

NHCH2CH2), 3.74 (2H, br m, NHCH2), 4.24 (2H, q, J  = 7.0 Hz, CH2CH3), 5.26 (IH, br, 

NHCH2), 6.79 (IH, d, J  = 8.0 Hz, Ar-H), 7.37 (4H, m, Ar-H), 7.58-7.67 (5H, m, Ar-H), 

7.85 (IH , 7.85 (IH , br, NH), 7.93 (IH, br, NH), 7.96 (IH, d , J =  8.5 Hz, Ar-H), 8.49 (IH, 

d, J  = 8.5 Hz, Ar-H), 8.59 (IH, d, J  = 7.5 Hz, Ar-H); 5c (100 MHz, CDCI3): 12.9, 34.0, 

34.7, 43.9, 104.0, 110.7, 119.9, 122.0, 122.9, 123.7, 124.5, 125.0, 125.3, 126.0, 129.1, 

129.3, 129.7, 130.6, 133.7, 135.0, 137.4, 140.3, 148.3, 163.4, 163.9, 179.5; m/z 563 

(M+H)^ Umax/cm'* 3467, 3382, 3341, 3231, 2978, 2931, 1691, 1637, 1575, 1545, 1515, 

1432, 1395, 1369, 1345, 1329, 1247, 1165, 1103, 1065, 1014, 840, 770, 756.

2-Ethyl-6-hydrazino-benzo [de\ isoquinoline-1,3-dione (220)

Hydrazine monohydrate (excess) was added to 211 (0.20 g, 0.66 

mmol) heating at 130 °C, and the solution was left stirring for 1 h. 

The reaction mixture was poured into water to precipitate out a solid, 

which was collected by filtration, washed with water and dried to 

yield 220 as a yellow solid (0.16 g, 93 %). mp 255-257 °C;HRMS: 

Calcd. for C 14H 14N3O2 [M+H]^ 256.1086, found 256.1077; 5h (400 

MHz, (CD3)2 S0 ): 1.18 (3H, t, J  = 7.0 Hz, CH3), 4.05 (2H, q, J  = 7.0 Hz, CH2), 4.69 (2H, 

d , J =  10.6 Hz, NH 2), 7.24 (IH , d, J  = 8 . 6  Hz, Ar-H), 7.64 (IH , dd, J =  7.8 and 8.0 Hz, Ar- 

H) 8.28 (IH, d, J =  7.5 Hz, Ar-H), 8.41 (IH, d, J =  7.0 Hz, Ar-H), 8.61 (IH, d , J =  8.5 Hz, 

Ar-H), 9.13 (IH , br,NH); 6c(100 MHz, (€ 0 3 )2 8 0 ): 13.3, 34.2, 104.0, 107.4, 118.4, 121.7, 

124.1, 127.3, 128.2, 130.5, 134.2, 153.2, 162.7, 163.6; m/z 256 (M+H)^; Umax/cm’' 3450, 

3366, 3316, 1672, 1636,1614, 1578, 1540, 1439, 1389, 1366, 1346, 1310, 1251, 114, 1069, 

950, 772.

HN
NH
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6-[l-amino-3-(4-trifluoromethyl-phenyl)-thiourea]-2-ethyl-benzo[</e]isoquinoline-l,3-
dione (202)

2 0 2  was synthesised according to Procedure 10 

using 220 (0.20 g, 0.73 mmol) and 4- 

(trifluoromethyl)phenyl isothiocyanate (0.15 g, 

0.73 mmol), yielding the desired product as a 

brown solid (0.05 g, 15 %). m.p 177-179 °C; 

HRMS: Calcd. for C22H,8N4 0 2 F3S [M+H]^

459.1103, found 459.1083; 6 h (400 MHz,

(CD3)2S0 ): 1.20 (3H, t, J  = 6 . 8  Hz, CH3), 4.07

(2H, q, J =  6 . 8  Hz, CH2), 6.99 (IH, d, 8.9 Hz, Ar-H naph), 7.67-7.74 (4H, C6H4), 7.83 

(IH, dd, J =  8.9 and 9.6 Hz, Ar-H naph), 8.44 (IH, d, J =  8.2 Hz, Ar-H), 8.52 (IH, d, J  =

7.5 Hz, Ar-H naph), 8.70 (IH, d, J =  7.5 Hz, Ar-H naph), 9.92 (IH, s, NH), 10.32 (IH, s,

NH), 10.36 (lH ,s,N H ); 5c(100 MHz, (CD3)2SO): 13.3,34.5, 105.6, 111.8, 119.5, 121.9, 

125.0, 125.6, 125.8, 126.3, 128.9, 129.3, 130.9, 133.6, 142.8, 149.7, 162.8, 181.3; m/z 459 

(M+H)^ Umax/cm'' 3483, 3254, 2980, 1686, 1647, 1616, 1586, 1535, 1387, 1325, 1245, 

1165, 1116, 1066, 1017, 843, 776, 756.

6- [ 1 -amino-3-(p-tolyl)-thiourea] -2-ethyl-benzo [de\isoquinoline-1,3-dione (203)

203 was synthesised according to Procedure 10 

using 220 (0.20 g, 0.73 mmol) and p-tolyl 

isothiocyanate 97 % (0.1 Ig, 0.73 mmol), yielding 

the desired product as a brown solid (0.05 g, 17 

%). m.p 180-182 °C; HRMS: Calcd. for 

C22H21N4O2S [M+H]^ 405.1385, found

405.1383; 6 h (400 MHz, (€ 0 3 )2 8 0 ); 1.19 (3H, t, 

J  = 6 . 8  Hz, CH2CH3), 2.26 (3H, s, C6H4CH3), 

4.08 (2H, q, J =  6 . 8  Hz, CH2), 6.98 (IH, d, J=  8.2

Hz, Ar-H naph), 7.11 and 7.28 (4H, d, J = 7.5 Hz, C6H4), 7.78 (IH, dd, J =  7.9 and 8.2 Hz, 

Ar-H naph), 8.43 (IH, d , J=  8.2 Hz, Ar-H), 8.50 (IH, d, J =  6 . 8  Hz, Ar-H naph), 8.70 (IH,

d, J =  7.5 Hz, Ar-H naph), 9.87 (IH, s, NH), 10.04 (IH, s, NH), 10.06 (IH, s, NH); 5c

(100 MHz, (CD3)2S0 ): 13.3, 20.5, 34.4, 105.4, 111.4, 119.4, 121.8, 124.8, 126.0, 128.4, 

128.9, 129.5, 130.9, 133.7, 134.4, 136.5, 149.9, 162.8, 163.5, 181.3; m/z 405 (M+H)^;

HN

HN
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U m ax/cm '' 3461, 3240, 2976, 1689, 1645, 1617, 1585, 1530, 1349, 1245, 1212, 1110, 1066, 

1017,915,776, 756.

6- [ 1 -aniino-3-(phenyl)-thioureaJ-2-ethyI-benzo \de\isoquinoline-1,3-dione (204)

204 was synthesised according to Procedure 10 using 

220 (0.20 g, 0.73 mmol) and phenyl isothiocyanate (0.09 

mL, 0.73 mmol), yielding the desired product as a brown 

solid (0.04, 13 %). m.p 185-187 °C; HRMS: Calcd. for 

C2 iH,9N4 0 2 S [M+H]^ 391.1229, found 391.1248; 6 h 

(400 MHz, (CD3)2S0 ): 1.20 (3H, t, J  = 6 . 8  Hz, CH3), 

4.08 (2H, q, J =  6 . 8  Hz, CH2), 6.99 (IH, d, J  = 8.2 Hz, 

Ar-H naph), 7.14-7.41 (5H, CeHj), 7.83 (IH , dd, J =  6 . 8  

and 7.2 Hz, Ar-H naph), 8.43 (IH, d, J  = 8.2 Hz, Ar-H), 8.52 (IH , d, J  = 6 . 8  Hz, Ar-H

naph), 8.70 (IH , d, J =  7.5 Hz, Ar-H naph), 9.89 (IH, s, NH), 10.12 (2H, NH); 5c (100

MHz, (CD3)2 S0 ): 13.3,34.5, 105.4, 119.5, 121.9, 124.9, 125.3, 126.1, 127.9, 128.9, 129.4, 

130.9, 133.7, 133.9, 139.0, 149.9, 162.8, 163.5, 181.3; m/z 391 (M+H)^ Umax/cm ' 3469, 

3237, 2977, 1679, 1643, 1615, 1585, 1535, 1498, 1446, 1386, 1351, 1244, 1109, 1066, 

775, 755, 693.

HN
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6.12 Chapter 5 Experimental Details

6-Butylamino-2-ethyl-benzo[de] isoquinoline-1,3-dione (219)

219 was synthesised by refluxing 211 (0.18 g, 0.6 mmol) in n- 

butylamine (2 mL) overnight. The solution was cooled before pouring 

into ice water to precipitate out the product as yellow-orange solid, 

which was collected by filtration (0.13 g, 74 %). m.p. 142-144 °C; 

Anal, calcd. for C 18H20N2 O2 : C 72.95, H 6.80, N 9.45; Found: C 

72.83, H 7.17, N 9.43; 6h (400 MHz, (0 0 3 )2 8 0 ): 0.95 (3H, \ , J =  7.6 

Hz, NCH2CH3), 1.18 (3H, t, J = 7.0 Hz, CH3), 1.41-1.46 (2H, m, 

CH2), 1.67-1.71 (2H, m, CH2), 3.37 (2H, q, J  = 6.9 Hz, CH2), 4.05 

(2H, q, J  = 7.0 Hz, CH2), 6.78 (IH, d, J =  8.0 Hz, Ar-H), 7.68 (IH , dd, J  = 7.6 and 8.5 Hz, 

Ar-H), 7.76 (IH, br s, NH), 8.27 (IH, d, J  = 8.5 Hz, Ar-H), 8.44 (IH, d, J  = 7.6 Hz, Ar- 

H), 8.71 (IH, d, J  = 8.5 Hz, Ar-H); 5c (100 MHz, [DeJAcetone): 13.0, 19.9, 30.6, 34.7,

43.0, 103.9, 109.9, 119.7, 122.8, 124.2, 125.2, 129.3, 130.6, 134.0, 149.0, 163.5, 164.1.

2-Ethyl-6-pyrrolidin-l-yl-benzo[de]isoquinoline-l,3-dione (221)

221 was synthesised by refluxing 211 (0.09 g, 0.3 mmol) in pyrrolidine 

(1.5 mL) for 2 h. The solution was cooled before pouring into ice water 

to precipitate out the product as yellow-orange solid, which was 

collected by filtration (0.08 g, 8 6  %). m.p. 114-115 °C; Anal, calcd. for 

1 0 (Ci8HigN2 0 2 ).H2 0 : C 72.97, H 6.12, N 9.51; Found: C 72.80, H 6.12, 

N 9.49; 6 h (400 MHz, (CDCI3): 1.34 (3H, i , J  = 7.0 Hz, CH3), 2.10-2.14 

(4H, m, 2 X CH2 pyrrol), 3.79-3.82 (4H, m, 2 x CH2 pyrrol), 4.26 (2H, q, 

J =  7.0 Hz, CH2), 6.83 (IH, d, J =  8.5 Hz, Ar-H), 7.55 (IH , dd, J  = 7.8 and 8.5 Hz, Ar-H), 

8.44 (IH , d, J  = 8.5 Hz, Ar-H), 8.59-8.61 (2H, 2 x Ar-H); 6 c (100 MHz, CDCI3): 13.4,

26.0, 35.1, 53.1, 108.0, 110.4, 122.1, 122.2, 122.6, 130.5, 131.4, 132.9, 149.0, 152.16, 

163.5, 164.1; Umax/cm'' 2970, 2852, 1674, 1640, 1578, 1529, 1407, 1255, 1092.
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311



Chapter 6 - Experimental

2-Ethyl-6-nitro-benzo [de] isoquinoline-1,3-dione (222)^'^

4-nitro-l,8-naphthalic anhydride (0.50 g, 2.06 mmol) and ethylamine (70 

% soln.) (0.25 mL), were refluxed in 1,4-dioxane (50 mL) overnight. 

The clear red solution was then poured into water to precipitate out a 

solid, which was collected by filtration, washed with water, and dried to 

yield X as a creamy-yellow solid (0.51 g, 91 %). mp 182-184 °C; Anal, 

calcd. for Ci4H,oN2 0 4 : C 62.22, H 3.73, N 10.37; Found: C 62.18, H 

3.68, N 10.15; 5h (400 MHz, CDCI3): 1.37 (3H, t, J  = 7.0 Hz, CH3), 4.28 (2H, q, J  = 7.0 

Hz, CH2), 8.01 (IH , dd, J  = 7.6 and 8 . 8  Hz, Ar-H), 8.43 (IH, d, J  = 8.0 Hz, Ar-H), 8.72 

(IH, d, J  = 8.0 Hz, Ar-H), 8.76 (IH, d, J  = 7.5 Hz, Ar-H), 8 . 8 6  (IH, d, J  = 8.5 Hz, Ar-H); 

5c (400 MHz, CDCI3): 13.2, 36.0, 123.1, 123.7, 123.9, 127.0, 129.1, 129.3, 129.7, 129.9, 

132.4, 149.5, 162.3, 163.1; m/z 293 (M+Na)^ u^ax/cm’' 3104, 3076, 2980, 2885, 2853, 

1700, 1660, 1621, 1583, 1529, 1444, 1405, 1375, 1341, 1247, 1227, 1175, 1182, 1069, 

908, 876, 840, 792, 762, 734, 712.

2-EthyI-6-hydroxyamino-benzo[</^]isoquinoline-l,3-dione (224)

To a stirred suspension of 222 (0.15 g, 0.56 mmol) and 10 % Pd/C (0.03 

g) in dry methanol (10 mL) was added ammonium formate (0.16 g, 2.50 

mmol, 4.5 eq.). The reaction mixture was then stirred at room 

temperature under argon for 6  h. The catalyst was removed by filtration 

through celite, and the filtrate was reduced to dryness. The residue was 

dissolved in ethyl acetate (15 mL) and washed with water ( 2 x 1 5  mL). 

The organic layer was then dried over Na2 S0 4 , filtered and the solvent removed under 

reduced pressure. The residue was suspended in DCM, filtered, washed thoroughly with 

DCM and dried to yield 224 as an orange solid (0.08 g, 53 %). mp 280-282 °C; Anal, 

calcd. for 5 (Ci4 Hi2N2 0 3 ).CH2Cl2 : C 62.42, H 4.57, N 10.25; Found: C 62.25, H 4.44, N 

10.12; 5h (400 MHz, (0 0 3 )2 8 0 ): 1.18 (3H, t, J  = 7.0 Hz, CH3), 4.05 (2H, q, J  = 7.0 Hz, 

CH2CH3 ), 7.20 (IH , d, J  = 8.5 Hz, Ar-H), 7.69 (IH, dd, J  = 8.0 and 8.0 Hz, Ar-H), 8.35 

(IH , d, J  = 8 . 6  Hz, Ar-H), 8.42-8.45 (2H, m, Ar-H), 9.34 (IH, br, OH), 10.49 (IH, br, 

NH); 8h(400 MHz, (€ 0 3 )2 8 0 ): 13.3, 34.3, 104.7, 109.9, 118.0, 121.9, 124.7, 128.2, 128.7, 

130.6, 133.9, 152.3, 162.8, 163.5; m/z 257 (M+H)^ 256 (M)^; Umax/cm’' 3266, 2977, 1672, 

1637, 1613, 1580, 1530, 1451, 1390, 1353, 1249, 1068, 916, 877, 774, 703.

NH
HO

NO,
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6-Amino-2-ethyl-benzo[</£]isoquinoline-l,3-dione (223)^*“*

To a stirred suspension o f 222 (0.08 g, 0.28 mmol) and 10 % Pd/C(0.03 

g) in dry methanol (20 mL), ammonium formate (0.22 g, 3.49 mmol, 

12.5 eq.) was added. The reaction mixture was then stirred at room 

temperature under argon overnight. The catalyst was removed by 

filtration through celite, and the filtrate was reduced to dryness. The

residue was dissolved in DCM (15 mL) and washed with water ( 2 x 1 5

mL). The organic layer was then dried over Na2 S0 4 , filtered and the solvent removed 

under reduced pressure, to yield 223 as an orange solid (0.05 g, 76 %). mp 276-278 °C; 

Anal, calcd. for C 14H 12N2O2 : C 69.99, H 5.03, N 11.66; Found: C 69.78, H 5.23, N 11.37; 

6 h (400 MHz, (CD3 )2 S0 ): 1.18 (3H, t, J  = 7.0 Hz, CH3), 4.05 (2H, q, J  = 7.0 Hz, 

CH2 CH3), 6.85 (IH , d, J  = 8 . 8  Hz, Ar-H), 7.43 (2H, hr s, NH2), 7.66 (IH, dd, J  = 7.6 and 

7.9 Hz, Ar-H), 8.20 (IH, d, J =  8 . 8  Hz, Ar-H), 8.44 (IH, d, J =  7.0 Hz, Ar-H), 8.61 (IH, d, 

J =  8.2 Hz, Ar-H); 5h(400 MHz, (€ 0 3 )2 8 0 ): 13.4, 34.3, 107.6, 108.2, 119.4, 121.8, 124.0, 

129.3, 129.7, 131.0, 133.9, 152.7, 162.7, 163.6; m/z 241 (M+H)^ 224; Umax/cm'* 3456,

3344, 3243, 2980, 1671, 1635, 1613, 1582, 1529, 1481, 1434, 1373, 1339, 1305, 1252,

1120, 1061,920, 876, 826, 760.

NH,
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Abstract—The design and synthesis of two novel fluorescent PET anion sensors is described, based on the principle of 
‘fluorophore-spacer-(anion)receptor’. The sensors 1 and 2 employ simple diaromatic thioureas as anion receptors, and the 
fluorophore is a naphthalimide moiety that absorbs in the visible part of the spectrum and emits in the green. Upon recognition 
of anions such as F“ and AcO“ in DMSO, the fluorescence emission of 1 and 2 was ‘switched o ff ,  with no significant changes 
in the UV-vis spectra. This recognition shows a 1:1 binding between the receptor and the anions. In the case of F ‘, further 
additions of the anion, gave rise to large changes in the UV-vis spectra, where the at 455 nm was shifted to 550 nm. These 
changes are thought to be due to the deprotonation of the 4-amino moiety of the naphthalimide fluorophore. This was in fact 
found to be the case, using simple naphthalimide derivatives such as 6. Sensors 1 and 2 can thus display dual sensing action; where 
at low concentrations, the fluorescence emission is quenched, and at higher concentrations the absorption spectra are modulated. 
© 2003 Elsevier Ltd. All rights reserved.

There is considerable interest within the field of supra- 
molecular chemistry in the design of chemosensors for 
cation and anion recognition.* In this regard several 
excellent examples of fluorescent and colorimetric sen
sors for cations have been developed.'-^ However, the 
area of anion recognition and sensing is much less 
e x p l o r e d .W e  are particularly interested in anion sens
ing and have designed several Tb(III) cyclen complexes 
as chemosensors for aromatic carboxylates such as 
salicylic acid.^ We recently also developed the first 
examples of fluorescent anion PET chemosensors using 
simple charge neutral receptors.® Here the recognition 
event occurred through hydrogen bonding between 
urea or thiourea receptors and anions with concomitant 
quenching of fluorescence via a PET mechanism.’ 
Unfortunately, a drawback to this design was the short 
emission wavelength of the fluorophore (anthracene), 
which suffers from the affects of background auto
fluorescence and light scattering.* Accordingly, we set 
out to design new PET chemosensors that emit at 
longer wavelengths and chose 4-amino-1,8-naphthal- 
imide as a fluorophore, as it emits in the green (/max ~

* Corresponding author. Tel.: +00 353 1 608 3459; fax: +00 353 1 671 
2826; e-mail: gunnlaut@tcd.ie

540-550 nm) with high quantum yields (<I>f)-’ 
Moreover, we aimed to improve our receptor design by 
incorporating a second aromatic unit within the 
thiourea scaffold with the aim of further enhancing the 
sensitivity of anion recognition. Compounds 1 and 2 
best exemplify our current design strategy. Addition
ally, due to the presence of a large dipole moment in 
the naphthalimide, which originates from an internal 
charge transfer excited state (ICT),'® the ground state, 
and therefore the color of the compounds, may be 
modulated via hydrogen bonding or deprotonation of 
the 4-amino moiety by small anions possessing high 
charge density such as F“ and HO~. The dual action of 
1 and 2 would thus yield a combined fluorescence and 
colorimetric based sensor in a single molecule. To the 
best of our knowledge, this would be the first such 
example of a combined fluorescent and colorimetric 
system.

The two chemosensors are designed on the classic 
fluorophore-spacer-receptor principle developed by de 
Silva et. al.“  The synthesis of 1 and 2 is shown in 
Scheme 1. Both sensors are made from readily available 
starting materials. The precursor to both was 4, made 
in two steps in 90% yield form 4-bromo-l,8-naphthalic

0040-4039/$ - see front matter © 2003 Elsevier Ltd. All rights reserved. 
doi:10.1016/S0040-4039(03)01699-X
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,NH-
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NCS
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1 R  = H 
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Scheme 1. The synthesis of 1 and 2 from the starting material 
3 in two steps: (i) CH3 CH2 NH2 , 1,4-dioxane, reflux; (ii) 
4-aminobenzylamine (neat) 130°C.

anhydride 3, by first reacting it with ethylamine (70%) 
in 1,4-dioxane; the desired product being precipitated 
upon addition to water. This was followed by the 
nucleophilic displacement using an excess o f 4- 
aminobenzylamine (neat) at 130° C, followed by recrys
tallization from ethanol. Consequently, the two anion 
sensors were formed by reacting 4 with phenyl- or 
4-(trifluoromethyl)phenyl isothiocyanate a t room tem
perature in dry CHCI3 giving 1 and 2 in 60 and 58% 
yields, respectively (Scheme 1). All intermediates and 
sensors were characterized using conventional methods 
(See Reference Section). Both sensors showed the pres
ence o f two thiourea protons in their ‘H N M R  spectra 
in DMSO-rfg. For 1 these appeared as broad resonance 
at 9.72 ppm, whereas the amino proton appeared as a 
broad singlet at 8.43 ppm. Similar results were observed 
for 2, with resonances at 10.02 ppm and 8.45 ppm, 
respectively.

The ability o f 1 and 2 to recognize several anions was 
investigated using fluorescence and UV-vis spec
troscopy in DMSO. Both sensors were highly colored 
with at ca. 444 nm (log e~  4.20), which was 
assigned to the ICT excited state. Excitation at 
gave rise to strong emission between 450 and 700 nm 
(green to  the naked eye) with Op =  0.60 for 1 and 0.71 
for 2. Upon addition of several anions such as AcO“, 
H 2P0 4 " and F “ the emission of 1 and 2 ( ~  6 mM) was 
substantially reduced in intensity. The mechanism for 
this quenching is via PET, which takes place between 
the receptor and the fluorophore. Unlike many PET 
sensors for cations, the fluorescence of 1 and 2 is 
‘switched o f f  rather then ‘switched on' upon ion recog
nition. We propose that this quenching process is due 
to the following; prior to the recognition process, the 
excited state o f the fluorophore is not, or only to  a

800 |K I -  0 \1

3
<0^  600
<Ac
^  400c

▼ | F | - 4 0 m M

200

500 550 600 650 700
W avelength (nm)

Figure 1. The changes in the fluorescence emission spectra of 
1  ( 6  nM) upon titration with solutions of F“N(C4 H9 )4 '̂  in 
DMSO, showing the fluorescence emission being ‘switched 
o ff  upon F“ recognition. All measurements were repeated 
several times.
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Figure 2. Changes in the emission spectra of 1 at 525 nm as 
a function of -log[anion]: F“ (green triangle); AcO“ (purple 
circle); H2 PO4 ’ (blue diamond).

minor extent, quenched by electron transfer from the 
receptor to the fluorophore. However, after the addi
tion of the anion, and the formation o f the anion-recep- 
tor hydrogen bonding complex, the reduction potential 
of the receptor is increased, making the electron trans
fer more feasible. This subsequently gives rise to 
enhanced fluorescence quenching. This is clearly 
demonstrated in Figure 1 for the addition o f F" to 1 in 
DMSO. Here the fluorescence emission o f 1 is effec
tively quenched or completely ‘switched o f f  after the 
addition of 40 mM of F ”. Concurrently, only minor 
changes were seen in the absorption spectra o f 1 at this 
concentration of F" (see later). Addition of MeOH (ca. 
10% v/v) to this solution ‘re-switched on’ the emission, 
demonstrating that the process was fully reversible, i.e. 
the hydrogen bonding interactions were broken.

Similar effects were observed in the emission spectra of 
1 upon addition of AcO and H 2PO4 , but the quench
ing factors were somewhat smaller. The addition o f Cl" 
and H r' did not lead to  any significant changes in the 
emission of 1, possibly due to their large size and low 
charge density. Plotting the changes at 525 nm (/tpmax) 
as a function of -log  [anion] gave in all cases, sigmoidal 
curves that ‘switched o f f  over two log units (Fig. 2).
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Figure 3. The changes ’H N M R  (400 MHz, DMSO-rfg) in 
one o f the arom atic protons o f 1  upon titration o f several 
anions: F “ (blue diamond), AcO" (red diamond); H 2 PO 4 ’ 
(orange triangle); C l ' (pink square).

These changes were fitted using a non-hnear least 
squares regression algorithm, giving the binding con
stants log/9 =  3.8(±0.1), 3.9(±0.1) and 2.9(±0.1) for F  , 
AcO“ and H 2P0 4 ~ respectively. Even though the bind
ing o f and AcO“ was quite similar more effective 
quenching was seen for the former. We attribute this to 
stronger hydrogen bonding between the F “ and the 
thiourea protons, since F “ is smaller and has higher 
charge density then AcO“. In the case of 2, the rather 
simple modification o f the receptor site, the presence of 
the aryl-CFj group, further increased the acidity of the 
thiourea hydrogens giving rise to sUghtly stronger bind
ing with log;9 =  4.4 (±0.1) and 3.7 (±0.1) for F" and 
H 2P0 4 “ and 4.0 (±0.2) for AcO“.̂  We have recently 
developed several famihes o f such bis-aromatic ureas 
and thioureas as anion receptors, and measured their 
binding interactions with several ‘simple’ anions and 
amino acids using 'H  N M R. These clearly show that 
the binding affinity and the selectivity o f these kinds of 
receptors can be tuned.

These binding interactions were also monitored using 
'H  N M R  in DMSO-t/g, by monitoring the aromatic 
protons as the thiourea protons became too broad 
upon addition of F “, AcO“ and H 2PO4 . For AcO" and 
H 2P0 4 ” the plot o f AJ versus equivalents added indi
cated 1:1 binding by 1 and 2, whereas for F “ 1:2 
binding was determined for both sensors. N o binding 
was seen for Cl“ or Br . These results are shown in 
Figure 3. The 1:2 binding was also visible to the naked 
eye after the addition o f ca. 2-2.5 equiv. of F “ as the 
color of the solution changed from light yellow to deep 
purple. These color changes signify the interaction of 
F “ with the 4-amino moiety which is either through 
strong hydrogen bonding between N -H —F, or more 
likely by complete deprotonation. This significantly

+ In the case of AcO“, the emission was quenched, and log P reported 
was determined from those changes. However, at higher concentra
tions, the emission was enhanced again. We did not see this effect 
for any of the other anions. We are currently investigating this in 
greater detail.
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Figure 4. The changes in the absorption spectra (uncorrected) 
o f 1 upon addition o f F “. Insert: the changes a t 525 nm as a 
function o f [F~],

Scheme 2. The one-pot synthesis o f 6  from the anhydride 5.

increases the charge density on the amino nitrogen with 
concurrent enhancement in the push-pull character o f 
the ICT.

The concomitant changes in the UV-vis spectra for 1 
upon addition of F  can be seen in Figure 4. As stated 
previously no major changes were seen with up to 30 
mM of F “. However, upon further addition, the 
absorption spectra were dramatically affected. In the 
first instance, the absorption at 444 nm was reduced 
with the formation of a new band centered at 536 nm, 
tailing to 620 nm, with an isosbestic point a t 475 nm. 
Upon further increasing the concentration the band at 
ca. 410 nm also increased, which is possibly due to 
aggregation. Similar results were observed using tetra- 
butyl ammonium hydroxide, indicating that deprotona
tion had indeed occurred. Upon excitation o f the newly 
formed 535 nm band, a new weak and broad fluores
cence emission was observed between 580 and 800 nm, 
which was [F ] dependent. Addition o f MeOH reversed 
these changes. Similar results were also seen for 2, 
indicating that 1 and 2 can both detect F “ at two 
different [F“] ranges with two different sensing modes. 
To the best o f our knowledge these are the first exam
ples of such dual fluorescent-colorimetric sensors for 
anions, e.g. the naphthalimide emission is quenched by 
the anion recognition at the thiourea receptor site, 
whereas hydrogen bonding/deprotonation at the 4- 
amino moiety gave rise to  large color changes resulting 
in the formation o f dual responsive chemosensors for 
anions such as F “.

To investigate this phenomena further, we synthesized 
the reference compound 6 , by reacting in a one-pot 
synthesis the starting material 4-chloro-l,8-naphthalic
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anhydride, 5, in neat n-butylamine at 80°C (Scheme 2).* 
The resuhing solution was then poured over ice-water 
to give 6 as a yellow solid in 72% yield. The addition of 
F“ to a solution of 6 in DMSO shifted the absorption 
spectra o f 6 to the red, in a similar manner as shown 
for 1 above. These changes mirrored that of 1 at high 
F concentrations, but no PET quenching was observed 
since the molecule lacks the thiourea receptor. We are 
currently investigating molecules such as 6 to act as 
anion (pH) sensors in organic solutions.'^

In summary, we have developed new, combined PET 
and colorimetric chemosensors for anions, which give 
rise to large changes in the fluorescence at long wave
lengths, and naked eye detectable color changes from 
green to purple for 1 and 2 within two concentration 
ranges. We are currently modifying the design of 1 and 
2 with the aim of enhancing the use o f such fluorescent- 
colorimetric dual anion sensors.
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4 was obtained as light fluffy yellow needles (1.53 g, 90%). 
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4.04 (q, 2H, 7 = 7 .0  Hz), 4.54 (d, 2H, 7 = 5 .2  Hz) 4.95 (bs, 
-N H J , 6.54 (d, 2H, 7 = 8 .0  Hz), 6.70 (d, IH , 7 = 8 .5 4  Hz), 
7.07 (d, 2H, 7 = 8 .0  Hz), 7.68 (t, IH , 7 = 7 .5  Hz), 8.18 (d, 
IH , 7= 8 .5 ), 8.42 (bs, -NH), 8.43 (d, IH , 7 = 8 .5  Hz), 8.74 
(d, IH , 7 = 8 .5  Hz); ‘^C N M R  (400 M Hz, D M SO -^); '^C 
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13.29; w /z (ESMS) 346 (M+H-^). Anal, calcd for 
C 2 1 H 1 9 N 3 O 2 ; C, 73.03; H, 5.54; N, 12.17. Found: C, 72.76; 
H, 5.63; N , 12.06.
1 was obtained as a light yellow solid (0.191 g, 58%). 'H  
N M R  (400 MHz, DMSO-rfg): 1.17 (t, 3H, 7 = 7 .0  Hz), 4.05 
(q, 2H, 7 = 7 .0  Hz), 4.64 (d, 2H, 7 = 5 .2  Hz), 6.71 (d, 2H, 
7 = 8 .5  Hz), 7.11 (t, IH , 7= 7 .5 ), 7.29-7.38 (m, 4H), 
7.44-7.48 (m, 4H), 7.72 (t, 1H, 7 =  7.5), 8.20 (d, 1H, 7 =  8.5), 
8.43 (bs, -N H ),8.47 (d, 1 H ,7 = 8 .5  Hz), 8.78 (d, 1 H ,7 = 8 .5  
Hz), 9.72 (bs, -NH); '^C N M R  (100 MHz, DMSO-i/^): 
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C 2 8 H 2 4 N 4 O 2 S.CH 2 CI2 .CHCI3 : C, 52.61; H, 3.97; N , 8.18. 
Found: C, 52.59; H, 4.00; N , 8.39.
2 was obtained as a light yellow solid (0.245 g, 60%). 'H  
N M R  (400 M Hz, DMSO-rfg): 1.18 (t, 3H, 7 = 7 .0  Hz), 4.05 
(q, 2H, 7 = 7 .0  Hz), 4.66 (d, 2H, 7 = 5 .2  Hz), 6.72 (d, IH , 
7 = 8 .5  Hz), 7.38-7.47 (m, 4H), 7.65-7.76 (m, 4H), 8.29 (d, 
IH , 7= 8 .5 ), 8.45 (bs, NH), 8.47 (d, 2H, 7 = 7 .5  Hz), 8.74 
(d, IH , 7 = 8 .5  Hz), 10.02 (bd, -NH). '^C N M R  (100 MHz, 
DMSO-rfs): 179.62, 163.53, 162.70, 150.38, 143.41, 138.08, 
134.90, 133.92, 130.67, 129.38, 128.49, 127.14, 125.56,
125.52, 124.51, 123.93, 122.75, 122.06, 120.33, 113.02, 
108.28, 104.58, 45.57, 34.25, 13.30; m jz  (ESMS) 549 
(M+H+). Anal, calcd for C 2 9 H 2 3 F 3 N 4 O 2 S CHCl,: C, 
53.94; H, 3.62; N , 8.39. Found: C, 53.89; H, 3.83; N, 8.40.
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Abstract—The 4-amino-1,8-naphthalimide based chemosensors 2, 4 and 6 show striking green-to-purple colour changes due to the 
deprotonation of the 4-amino moiety on interaction with strongly basic anions such as F“: these colour changes reverse gradually 
with time due to the fixation of atmospheric COj (as HCOs") yielding 1:1 adducts as demonstrated by X-ray crystallography. 
© 2003 Elsevier Ltd. All rights reserved.

Currently, there is great interest within the field of 
supramolecular chemistry in the development of recog
nition units for the sensing of molecules and ions.' 
Whilst numerous luminescent and colorimetric sensors/ 
chemosensors have been developed for cations,* less 
attention has been paid to the development of such 
sensors for anions.^ Nevertheless, some excellent exam
ples of compounds capable of anion recognition and 
sensing have been reported.^’̂  However, these 
approaches have often involved the synthesis of struc
turally complicated hosts.''

Our interest in this field has lead us to develop several 
luminescent chemosensors for biologically important 
anions using both cationic and charge neutral recep
tors.^ To this end, we recently synthesised and evalu
ated combined thiourea/naphthaUmide based anion 
sensors such as 1 (Fig. 1). Sensor 1, was designed as a 
Photoinduced Electron Transfer (PET) chemosensor 
for anions such as acetate and fluoride, where the 
fluorescence emission of 1, which occurs in the green, 
was quenched upon adding either of these ions (~1 
equiv.) due to enhanced PET from the thiourea recep
tor to the excited state of the fluorophore.® We also 
observed a significant green-to-purple colour change in 
the presence of high concentrations of F“ (>2.5 equiv.). 
We suspected that F ' might be sufficiently basic such 
that it could deprotonate the NH and lead to the 
observed long wavelength colour change. Recently, 
Gale et al. have reported similar phenomena where 
deprotonation of pyrrole 2,5-diamide anion sensors by

F~ induced a blue colour change.’ Other colorimetric 
sensors displaying similar effects have been reported by 
Sessler et al. who used ‘off-the-shelf reagents possess
ing aniline-like NHj donors such as 1,2-diaminoan- 
throquinone as ‘naked-eye’ colorimetric sensors for 
anions.® In order to fully elucidate the process leading 
to the colour change that we observed for 1, and 
potentially exploit this mechanism in the development 
of chemo-sensors, we designed the 4-amino-1,8-naph
thalimide derivatives 2, 4 and 6 (Fig. 1). These are 
structurally simple naphthalimide systems that are eas
ily synthesised and possess acidic protons that can

(ffn r

HN,

2 n = 1, m = 3 
4 n = m = 3

(!}
5 R = N02
6 R = NH2

‘ Corresponding author, Tel.; +353 I 609 3459; fax: +353 1 671 2628. Figure 1. Structure of 1 and the simple naphthalimides 2-6.

0040-4039/$ - see front matter © 2003 Elsevier Ltd. All rights reserved, 
doi: 10.1016/j.tetlet.2003.09.148
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participate in hydrogen bonding or be deprotonated by 
basic anions, giving rise to the above mentioned green- 
to-purple colour change. In this letter we discuss the 
results of this work and the unexpected ability of 2  and 
4, in the presence of F  to fix atmospheric CO 2 .

Compounds 1-4 and 6 are based on the 4-amino-1,8- 
naphthalimide structure. Such compounds are highly 
coloured, as well as being fluorescent, emitting typically 
with ~550  nm in CHjClj, as they possess large 
excited state dipole moments due to their internal 
charge transfer (ICT) excited state nature.® The synthe
sis o f these compounds is straightforward and high 
yielding. The synthesis o f 2 and 3 was achieved in two 
steps by first reacting one equivalent of «-ethylamine in 
refluxing toluene with 4-bromo-l,8-naphthalic anhy
dride, which after aqueous work-up gave the imide in 
ca. 80% yield as an off-white powder.® This was fol
lowed by nucleophilic aromatic substitution using neat 
n-butylamine or pyrrolidine to give 2 and 3, as yellow- 
orange coloured powders in 74 and 8 6 % yield, respec
tively. The di-n-butyl derivative 4 was made in a single 
step by refluxing the naphthalic anhydride in neat 
n-butylamine followed by aqueous workup.® For the 
4-amino derivative 6 , 4-nitro-l,8-naphthalic anhydride 
and ethylamine were used to make 5, and subsequent 
reduction of the nitro group using 10% Pd/C and 
ammonium formate in MeOH afforded 6  in 78% over
all yield. All new compounds were satisfactorily 
analysed using conventional methods. We were able to 
grow crystals o f 2 suitable for X-ray crystal analysis, 
which confirmed the structure'® (Fig. 2). We note that 
adjacent molecules participate in n —n, C -H —tc, and 
weak hydrogen bond interactions, the strongest o f these 
being between the proton of the 4-amino moiety and 
the imide oxygen o f an adjacent molecule.

As discussed above, we predicted that the ICT state of 
2 and 4 might be modulated by strongly basic anions 
such as F “ through strong hydrogen bonding to, or 
deprotonation of, the electron donating amino moiety. 
We first investigated these possibilities by observing the 
changes in the UV-vis spectrum of DM SO solutions of 
2 upon addition of AcO“, H 2 PO 4  , Cl“, Br", F “ (as their 
(C4 H 9 )4 N* salts). Compound 2 has a strong absorption 
band centred at 446 nm (log e=4.23 M “' cm ') due to 
its ICT character and a second band at 287 nm (n-» 7t*) 
(Fig. 3). Upon addition o f the above anions, only F~ 
gave rise to changes in these absorption bands (Fig. 3). 
Upon titration of 2 with F “ the absorptions at 446 and

01B

02A

iN2B
N1B ,028 N2A

01A

N1A

Figure 2. Crystal and molecular structure of 2 showing H- 
bond interaction between adjacent molecules.
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Figure 3. The changes in the (corrected) UV-vis spectra of 2 
upon addition of in DMSO. [2] =  5.8 nM. The intensities 
of the bands at 446 and 287 nm are reduced upon deprotona
tion of the 4-amino moiety of 2 with the formation of two 
new bands at 535 and 341 nm, respectively. Insert: The 
changes in the 535 nm band as a function of F“.

287 nm were substantially reduced with the formation 
of new bands a t ca. 535 and 341 nm and concomitant 
formation of three isosbestic points a t ca. 480, 380 and 
300 nm. Although these isosbestic points were very 
clear at lower concentrations, at higher concentrations 
some broadening was observed (possibly due to aggre
gation). We propose that these spectral changes are due 
to the deprotonation of the amino moiety by F “ rather 
than hydrogen bonding. This would suggest that two 
species were formed, namely the negatively charged 
naphthalimide (N aph“) and HF. This causes a signifi
cant increase in the charge density on the amino nitro
gen with associated enhancement in the push-pull 
character of the ICT transition, bathochromically shift
ing the absorption. As demonstrated above, the absorp
tion at 446 nm for 2 was almost ‘switched o f f  upon 
gradual addition o f F  , and the 535 nm absorption was 
‘switched on’. The F recognition by 2 was also evident 
in its fluorescence emission (/t„,ax =  535 nm), which was 
considerably quenched upon F “ addition. Moreover, 
upon excitation at 535 nm a new broad fluorescence 
emission was observed between 580 and 800 nm, which 
gradually increased in intensity as a function of [F ].

When these measurements were repeated using 3, which 
lacks the acidic proton, no such spectroscopic changes 
were observed, whereas 4 and 6  displayed similar 
behaviour as that observed for 2. These results clearly 
indicate that 2, 4 and 6  have potential as colorimetric 
sensors for F ',  caused by the deprotonation o f the 
4-amino moiety of these compounds giving rise to large 
colour changes at long wavelength as in the case of F “. 
Similar phenomena were observed in other organic 
solvents such as TH F and CHjClj. In contrast, how
ever, only a minor shift was observed in the naphthal
imide ICT band in water.’

The above recognition process was highly visible to the 
naked eye with a colour change from yellow/green-to- 
red/purple upon addition of F  (Fig. 4). Similar results
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Figure 4. Colour change observed upon the addition of F to 
a DMSO solution of 2. Left: 2; Right: 2+F“.

were obtained when strong bases such as TBAOH, 
NaH, and LDA were specifically employed. In contrast, 
no colour changes were observed upon addition of 
NEtj or DMAP. This further confirms our suspicion 
that deprotonation o f the amino moiety and not hydro
gen bonding to it is responsible for the pronounced 
colour changes.

To investigate this deprotonation process further we 
also monitored the changes in the 'H NM R spectra of 
DMSO-i/fi solutions o f 2 upon addition AcO“, H 2 P0 4 ~, 
Cl', Br“, F” (as their (C4 H 9 )4 N^ salts) for F“. Of these 
anions only F“ gave rise to spectral changes, as seen in 
Figure 5. The 'H NMR of 2 (Fig. 5) shows the aro
matic region and a resonance at 7.76 ppm for the 
4-amino proton. Upon addition of the anion, substan
tial changes occur. The shift o f the resonance assigned

2Eq.

Ar-H5 lAr-H3
0 Eq.

9.6 9.2 8,8 8.4 8.0 7.6 7.2 6.8 6.4 6.0 5.6 5.2

Figure 5. Stack plot of 'H  NMR spectra (in DMSO-dg) of 2 
and after addition of various quantities of TBA-F.
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Figure 6. Changes in the chemical shift of proton three within 
2 upon addition of various anions in DMSO-f/g.

to the proton at position three (see Fig. 1) o f the 
naphthalimide ring was monitored as the N -H  signal 
became significantly broadened after the addition of 
only small quantities of F“ and completely disappeared 
after the addition of 0.5 equiv. We noted that for the 
saturation to occur in the 'H NM R signals, approxi
mately 2 equiv. of F were needed (see Fig. 6 ), which 
might suggest the formation of bifluride (HFj") as a 
new signal was observed as a triplet at ca. 16 ppm.*'* 
Even though we have been unable to prove this unam
biguously, it is possible that full deprotonation of the 
4-amino group occurs only after 2 equiv. o f the anion 
have been added; hence the first equivalent forms a 
strong hydrogen bond to the amino hydrogen, and only 
after the second equivalent of F has been added is the 
proton removed. We are currently investigating this 
further.

During the course of the titration experiments we 
observed that upon leaving the purple coloured solu
tions of 2 +F open to the air for several hours, the 
colour change reversed, i.e. the green colour was 
returned. We originally surmised this to be due to the 
absorption of water by the solution. To investigate this 
further we attempted to grow crystals from 2 +F solu
tion (or the deprotonated form of 2  after addition of 
F“) under a dry atmosphere. Whilst a crystalline form 
of 2+F“ was obtained, the crystals were unsuitable for a 
single crystal diffraction study. Nevertheless, exposure 
of the mother liquor to air for even the briefest time 
induced the formation of yellow/orange crystals. Fortu
nately, these were suitable for a single-crystal X-ray 
diffraction experiment. The structural determination 
showed that these crystals are not the deprotonated 
form of 2, but in fact the TBA salt of the 1:1 adduct 
formed between 2  and HCOj”, the HCO3 " having 
arisen following atmospheric CO2  fixation (Fig. 7). 
Each molecule of 2 is strongly hydrogen bonded via its 
amino proton to 0 3  of HCO3  . The HCO3  ion is also 
involved in a self-complimentary hydrogen bonded 
association with its nearest neighbour. In contrast with 
the structure of 2 , the naphthalimide moieties in 
TBAp-HCOj] do not participate in 7i-stacking interac
tions with each other but interact through alkyl 
C-H--Tt contacts with the TBA cations, whose alkyl 
chains separate the aromatic units. Whilst the fixation 
o f CO2  (as carbamate) by aliphatic amines is well 
known," the formation of bicarbonate with amines is 
less so, with the structural characterisation o f these

N1A
04A 01A

03A N2A05A

02A

Figure 7. The structure of the 1:1 adduct formed between 2 
and HCOs” showing H-bonded pairs (/-butylammonium 
cations omitted for clarity).
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species remaining especially rare.'^ It has been noted 
previously by other researchers that melts of partially 
hydrated tetra-alkylammonium salts of relatively basic 
anions such as F “, readily and reversibly absorb CO 2 , 
giving bicarbonate and bifluoride (H F j ) within the 
melt.‘  ̂This process requires water to be present, which 
is itself strongly hydrogen bonded to the anion, F , 
such that its basicity is enhanced making it more able 
to react with CO 2 . However, when solution of 2 in the 
presence o f TBAOH was allowed to interact with air in 
the same m anner as above, the green colour also reap
peared. It is thus possible that this hydroxide solution is 
also able to fix COj and perhaps the deprotonated 
amine (not F “) plays the key role in the COj fixation 
process. We are currently investigating these features in 
greater detail.

In summary, we have confirmed that deprotonation is 
responsible for the colour change observed upon F 
titration of 2 (and therefore 1) and demonstrated that 
simple highly coloured ICT chromophores have poten
tial as naked eye sensors for F^ in DMSO. We are 
currently examining the naphthalimide frameworks 
with an eye to  improving these simple colorimetric 
sensors and assessing as to whether they might perform 
as reporters of C O j.”

Experimental

4-N-Butyl A^'-ethyI-l,8-naphthaliinide 2
Yield 132 mg (74%). M p 172.6-173.8°C. Anal, calcd for 
C 1 8 H 2 0 N 2 O 2 ; C, 72.95; H, 6.80; N, 9.45%. Found: C, 
72.83; H, 7.17; N, 9.43%; (400 MHz, DMSO-i/g):
0.95 (3H, t, J=7.6 ,  CH3); 1.18 (3H, t, 7 = 7 .0 , CH3); 
1.41-1.46 (2H, m, CHj); 1.67-1.71 (2H, m, CH 2 ); 3.37 
(2H, q, y = 6 .9 , CHj); 4.05 (2H, q, 7 = 7 .0 , CH^); 6.78 
(IH , d, y = 8 .0 , H3 Naphth); 7.68 (IH , t, 7 = 8 .5 , H6 
Naphth); 7.76 (IH , brs, NH); 8.27 (IH , d, 7 = 8 .5 , H2 
Naphth); 8.44 (IH , d, 7 = 7 .6 , HNaphth); 8.71 (IH , d, 
7= 8 .5 , HNaphth); (400 MHz, [DeJAcetone): 12.99, 
13.42, 19.90, 30.61, 34.73, 42.98, 103.86, 109.91, 119.70, 
122.84, 124.21, 125.20, 129.34, 130.58, 133.97, 148.92, 
163.52, 164.06.

4-A'-Pyrolidinyl A '̂-ethyl 1,8 naphthalimide 3
Yield 78 mg (86%). M p 157.7-159.2°C. Anal, calcd for
C,gH,8N2020.1 H 2 O: C, 72.97; H, 6.12; N, 9.51%. 
Found: C, 72.80; H, 6.12; N , 9.49%; (400 MHz,
CDCI3): 1.34 (3H, t, 7 = 7 .0 , CH3); 2.10-2.14 (4H, m, 
2xCH2 pyrohdine); 3.79-3.82 (4H, m, 2xCH2 pyro- 
lidine); 4.26 (2H, q, 7 = 7 .0 , CHj); 6.83 (IH , d, 7 = 8 .5 , 
H3 Naphth); 7.55 (IH , t, 7 = 7 .8 , H6 Naphth); 8.44 
(IH , d, 7 = 8 .5 , H2 Naphth); 8.59-8.61 (2H, m, H5, H7 
Naphth); Sc (400 MHz, CDCI3): 13.36, 26.04, 35.10, 
53.11, 108.03, 110.41, 122.17, 122.21, 122.56, 130.51, 
131.40, 132.87, 152.16, 163.47.

4-Nitro-A^'-ethyl-l ,8-naphthalimide 5
Yield 510 mg (93%). M p 187.6-188.9°C. Anal, calcd for 
C 1 4 H 1 0 N 2 O 4 : C, 62.22; H, 3.73; N, 10.37%; Found: C, 
62.18; H, 3.68; N, 10.15%; (400 MHz, CDCI3) 1.37
(3H, t, 7 = 7 .0 , CH3), 4.28 (2H, q, 7 = 7 .0 , CHj), 8.01

(IH , dd, 7 = 7 .6  and 8 .8 , Ar-H), 8.43 (IH , d, 7 = 8 .0 , 
Ar-H), 8.72 (IH , d, 7 = 8 .0 , Ar-H), 8.76 (IH , d, 7 = 7 .5 , 
Ar-H), 8 . 8 6  (IH , d, 7 = 8 .5 , Ar-H); dc (100 MHz, 
CDCI3) 13.2, 36.0, 123.1, 123.7, 123.9, 127.0, 129.1, 
129.3, 129.7, 129.9, 132.4, 149.5, 162.3, 163.1; m / z  
(ESMS): 293 (M+Na)-^.

4-Amino--ethyl-1,8-naphthalimide 6
Yield 150 mg (84%). M p 275.8-276.5°C. Anal, calcd for 
Ci4 H ,2 N 2 0 2 : C, 69.99; H, 5.03; N, 11.66%; Found: C, 
69.78; H, 5.23; N, 11.37%; (400 MHz, DMSO-^/g)
1.18 (3H, t, 7= 7 .0 , C H 3 ), 4.05 (2H, q, 7 = 7 .0 , 
C // 2 CH 3 ), 6.85 (IH , d, 7 = 8 .8 , Ar-H), 7.43 (2H, brs, 
N H 2 ), 7.66 (IH , dd, 7 = 7 .6  and 7.9, Ar-H), 8.20 (IH , d, 
7= 8 .8 , Ar-H), 8.44 (IH , d, 7 = 7 .0 , Ar-H), 8.61 (IH , d, 
7= 8 .2 , Ar-H); 3c (100 MHz, DMSO-Jg) 13.4, 34.3, 
107.6, 108.2, 119.4, 121.8, 124.0, 129.3, 129.7, 131.0, 
133.9, 152.7, 162.7, 163.6; m / z  (ESMS): 241 [M +H ]\
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