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Abstract

1 - {2-[^,iV-bis(2-chloroethyl)amino]ethylamino} -4- {2-[iV,iV-(dimethyl)amino]ethylamino}-

5.8-dihydroxy-9,10-anthracenedione (ZP281M) is a lead compound of a novel class of 

intercalating agents with alkylating capacity. Previously, ZP281M has been shown to evade 

drug efflux pump mediated resistance and DNA repair mediated resistance in vitro and in 

vivo. A novel series of chloroalkylaminoanthraquinones (CAQs), modelled on the non- 

symmetrical configuration of ZP281M, has been developed and is reported in this thesis. N- 
oxide derivatised CAQs have also been prepared as potentially bioreductive prodrugs. The 

synthetic route to the target compounds involved preparation of heterocyclic (piperidinyl or 

pyrrolidinyl) alkylamino sidechains, by alkylating the heterocyclic moiety with halide- 

acetonitrile followed by reduction of the nitrile to the respective primary amine (R-CH2CH2- 

NH2 , R = heterocyclic). The heterocyclic alkylamino sidechains were then substituted onto 

anthraquinone chromophores to give a series of 1,4-disubstituted aminoanthraquinones 

(HAQs). Conversion of these HAQs to CAQs involved treatment with PhgP-CCLt complex. A 

novel route for the development of CAQs was also devised in order to obtain target 

compounds containing secondary chlorides. This route comprised a 5-step procedure which 

involved (1) Boc-protection of hydroxylated heterocyclic alkylamino sidechains, (2) 

mesylation of the hydroxyl group, (3) conversion to the chloride with tetra-M-butylammonium 

chloride, (4) deprotection of the Boc group and (5) substitution onto either l,4-difluoro-5,8- 

dihydroxyanthraquinone or 1 -{2-[A)A-(dimethyl)amino]ethylamino]-4-fluoro-5,8-dihydroxy- 

anthraquinone. Di-A-oxides were obtained by the use of the oxidising agent m- 
chloroperoxybenzoic acid. The novel CAQs were shown to alkylate guanine residues of 

linearised pBR322 by using a DNA Thg-polymerase based footprinting assay. Two 

symmetrical CAQs, 1,4-bis-{2-[(2-chloroethyl)-piperidinyl]-ethylamino}-5,8-dihydroxy- 

anthracene-9,10-dione CAQ190M and 1,4-bis- {2-[(2-chloroethyl)-pyrrolidinyl]-ethylamino} -

5.8-dihydroxyanthracene-9,10-dione CAQ177M were found to interstrand crosslink pBR322 

DNA at nM concentration by assessment in an in vitro gel based assay. Selected CAQs and 

their non-covalent binding HAQ analogues were found to unwind supercoiled pBR322 DNA. 

Further, ZP281M and its non-covalent binding analogue ZP275 were both found to have 

preference for topo Ha when investigated by the ‘Trapped in Agarose Gel Immunostaining 

Assay’ (TARDIS). The CAQs with alkylating capacity were shown to be nM cytotoxic (IC50 

values in the range 24-484 nM) in the A2780 ovarian cancer cell line. Significantly, the CAQs 

remained cytotoxic in the resistant 2780AD and 2780CP cell lines. The di-A-oxides of the 

CAQs were shown to be 40-100 fold less cytotoxic than their respective tertiary amine 

analogues in the wild type A2780 cell line.



Table of Contents

Table of Contents

Abstract i

Table of Contents ii

Acknowledgements vi

List of Figures, Schemes and Tables vii

Abbreviations xiii

1 Introduction 1

1.1 Chemotherapy 2

1.2 Hypoxia-Activated Cancer Chemotherapy 4

1.2.1 Bioreductive Agents as Hypoxic Cell Cytotoxins 6

1.2.2 Bioreduction of Aliphatic Amine N-oxides of DNA-Affinic

Intercalating Agents 6

1.2.3 Bioreduction of Nitrogen Mustard N-oxides 12

1.3 The Development of Potent Antineoplastic Anthraquinones 14

1.3.1 DNA Intercalators 14

1.3.2 Symmetrical 1,4-Disubstituted Anthraquinones 15

1.4 Non-Symmetrical 1,4-Disubstituted Anthraquinones 18

1.4.1 Other Structural Modifications of Anthraquinones 19

1.5 DNATopoisomerases 21

1.5.1 Biological Functions of DNATopoisomerases 21

1.5.2 Mechanisms of Action of Topoisomerase n  23

1.5.3 Topoisomerase n  and the Cell Cycle 24

1.5.4 Topoisomerase n  as Chemotherapeutic Target 25

1.6 Anthraquinones with Alkylating Capability 26

1.6.1 Bioreductive Cyclopentanthraquinones 28

1.6.2 Chloroethylaminoanthraquinones 29

1.7 Resistance in the Treatment of Cancer to Chemotherapeutic

Agents 30

1.7.1 Resistance Due to Overexpression of Membrane 30

Glycoproteins

1.7.2 Resistance to Topo n  Inhibitors 31



Table of Contents iii

1.7.3 Resistance Related to Alkylating Agents by DNA-Repair

Mechanisms 32

1.7.4 Resistance to Alkylating Agents Due to Elevated Levels of

Glutathione 33

1.8 Rationale for Development of Anthraquinones with Alkylating

Capability as Novel Anticancer Drugs 34

1.9 Rationale for Development of di-A-oxides of Anthraquinones

with Alkylating Capability as Novel Bioreductive Prodrugs 35

1.10 Aims of this Study 37

2 Synthesis of Aminoanthraquinones, Chloroalkylamino

anthraquinones, and their Respective Di-7V-oxides 39

2.1 Results 41

2.1.1 Synthesis of Hydroxylated Heterocyclic Amino Sidechains 41

2.1.2 Synthesis of Chromophores 44

2.1.3 Synthesis of Non-symmetrical and Symmetrical 1,4-

Disubstituted Aminoanthraquinones 45

2.1.4 Synthesis of Non-Symmetrical and Symmetrical 1,4-

Disubstituted Chloroalkylaminoanthraquinones 50

2.1.5 Synthesis of Anthraquinone Based Di-A-oxides 53

2.2 Discussion 54

2.2.1 Sidechain Preparation 54

2.2.2 Chromophore Substitution Reactions 54

2.2.3 Synthesis of Chloroalkylaminoanthraquinones 59

2.2.4 Synthesis of Anthraquinone Based Di-A-oxides 61

2.3 Experimental Details 63

2.3.1 Chemicals and Reagents 63

2.3.2 Sample Analysis 64

2.3.3 Synthesis of Sidechains 64

2.2.3.1 Synthesis o f Hydroxylated N-Acetonitrile Piperidines and 64

Pyrrolidines

2.3.3.2 Synthesis o f Hydroxylated N-2-Aminoethyl Piperidines and



Table of Contents iv

Pyrrolidines 67

2.3.4 Preparation of Chromophores 70

2.3.5 Chromophore Substitution Reactions 71

2.3.5.1 Amination o f Leucoquinizarin and 5,8- 

Dihydroxyleucoquinizarin 71

2.3.5.2 Ipso Substitution o f Fluorides o f 1,4-Difluoro-5,8-

dihydroxyanthraquinone by Diamine 74

2.3.6 Chlorination of Hydroxylated Anthraquinone using PhgP-

CCI4 Complex 86

2.3.7 A-oxide Derivatisation 90

2.3.8 Reference compounds 91

3 DNA and Topoisomerase II Interaction Studies 92

3.1 Chemicals and Reagents 94

3.2 Methods 95

3.2.1 7(3  ̂Polymerase Stop Assay 95

3.2.2 Agarose Gel Crosslink Assay 96

3.2.3 Topoisomerase n  Assay 96

3.2.4 Unwinding of Supercoiled DNA 97

3.2.5 Trapped in Agarose Gel Immunostaining Assay (TARDIS) 97

3.3 Results 99

3.3.1 The Effect of CAQs on DNA Sequence Selectivity 99

3.3.2 The Effect of CAQs on Crosslinking DNA 103

3.3.3 The Effect of HAQs and CAQs on (1) the Unwinding of

Supercoiled Circular pBR322 DNA, and (2) Relaxation of 

Supercoiled pBR322 DNA in the Presence of 

Topoisomerase II 108

3.3.4 The Effect of ZP281M and ZP275 on Trapping DNA-Topo

n  ’ Cleavable Complexes ’ 110

3.4 Discussion 112

3.4.1 DNA Sequence Selectivity of CAQs 112

3.4.2 DNA Inter-strand Crosslinking 113

3.4.3 Topoisomerase II Interaction Studies 115



Table of Contents

4 Cytotoxicity Studies of Aminoanthraquinones and

Chloroalkylaminoanthraquinones 118

4.1 Chemicals and Reagents 120

4.2 Method 120

4.3 Results 121

4.3.1 The Effect of Aminoanthraquinones and

Chloroalkylaminoanthraquinones on Cell Viability in Vitro 121

4.4 Discussion 132

4.4.1 Hydroxylated Aminoanthraquinones 132

4.4.2 Chloroalkylaminoanthraquinones 133

5 Biological Evaluation of Di-7V-oxides of Aminoanthra

quinones and Chloroalkylaminoanthraquinones 141

5.1 Methodology 143

5.2 Results 143

5.2.1 The Effect of Di-V-oxides of Aminoanthraquinones and 

Chloroalkylaminoanthraquinones on (1) Supercoiling of 

Circular pBR322, and (2) Relaxation of Supercoiled

Circular pBR322 by T opoisomerase II 143

5.2.2 The Effect of the Di-V-oxide CAQ192MN on Separation of

Linearised pBR322 DNA 147

5.2.3 Investigation of the in Vitro Cytotoxicity of Di-V-oxides of 

Amino-anthraquinones and

Chloroalkylaminoanthraquinones 148

5.3 Discussion 150

6 General Discussion 153

References

Appendix



Acknowledgements vi

Acknowledgements

I would like to thank the Association of International Cancer Research for funding 

this project. I am much indebted to my three supervisors for excellent supervision: 

Professor Laurence Patterson for constant support and supervision throughout my 

PhD, Dr. Paul Teesdale-Spittle for supervision in my first two years at De Montfort 

University and for giving me the opportunity to do research, and Dr. Mark Searcey 

for supervision at The School of Pharmacy.

I would also like to express my gratitude to the people who have helped me 

investigating the novel compounds for cytotoxicity and mode of action:

Professor John Hartley for allowing me to study the interaction of novel compounds 

with DNA and Topoisomerase II at the Department of Oncology, University of 

London.

Professor Mike Bibby at University of Bradford for testing novel compounds in a 

panel of human ovarian cancer cell lines.

Dr. Samantha Orr at De Montfort University for screening novel compounds for 

cytotoxicity in CHO and MCF-7 cell lines.

Dr. Elaine Willmore at the University of Newcastle-upon-tyne for analysing 

ZP281M and ZP275 for topoisomerase inhibition in the TARDIS assay.

Dr. Mike Needham at De Montfort University, Leicester and Dr. Mire Zloh at The 

School of Pharmacy for running NMR and NMR experiments. Mike 

Cocksedge at The School of Pharmacy and John Lamb at Leicester University for 

providing mass spectra. Kersty Karu at the School of Pharmacy for CRN analysis.

Thanks to all technical and academic staff at De Montfort University, Department of 

Oncology UCL, and The School of Pharmacy for their help and support.

Ria, Ketan, Taeeba, Meng, Anzu, Rob, John, Sukh and Maxwell, thanks for all your 

help with keeping me sane!!



List of Figures, Schemes and Tables vii

List of Figures 

Chapter 1

Figure 1.1 Examples of anticancer drugs and their effect on the cell

cycle. 3

Figure 1.2 Hypoxia and the use of bioreductive prodrugs. 5

Figure 1.3 Tirapazamine. 6

Figure 1.4 Partial charges of a protonated aliphatic tertiary amine, and its

A^oxide derivative. 7

Figure 1.5 A^-oxides of DNA affinic aminoanthraquinones. 7

Figure 1.6 AQ6N, a mono-AAoxide. 8

Figure 1.7 Nitracrine A-oxide (NC-CO) is a bis-bioreductive agent and

DACA-NO is an A-oxide of DACA, an intercalating agent 

currently in Phase I/E clinical trials. 9

Figure 1.8 Proposed mechanism for reduction of AQ4N by cytochrome

P450. 11

Figure 1.9 Nitrogen mustard A-oxides. 12

Figure 1.10 2,6-disubstituted A-methylpiperidine derivatives and their

corresponding A-oxides. 13

Figure 1.11 Intercalation models for l,4-bis[(diethylaminoethyl)amino]-

anthraquinone. 15

Figure 1.12 Structure of 1,4-disubstituted anthraquinones. 16

Figure 1.13 1,4-bis-substituted anthraquinones and mono-substituted

anthraquinones with in vitro and in vivo activity. 17

Figure 1.14 Potent non-symmetrical configured intercalators. 19

Figure 1.15 Topoisomerase and its interaction with DNA. 23

Figure 1.16 The catalytic cycle of topoisomerase U. 24

Figure 1.17 Topo U poisoning by an intercalator. 26

Figure 1.18 DNA affinic acridines with alkylating capability. 27

Figure 1.19 Crosslinking agents connected to 1,4-dihydroxy-

anthraquinones capable of undergoing ester bond hydrolysis. 27

Figure 1.20 Anthraquinones with alkylating capability. 28

Figure 1.21 Cyclopentanthraquinone. 28



List of Figures, Schemes and Tables V lll

Figure 1.22 (A) General structure of 1,4-di-substituted chloroethylamino

anthraquinones. (B) ZP281M.

Figure 1.23 Non-symmetrical (A) and symmetrical (B) 1,4-di-substituted 

anthraquinone based compounds.

29

38

Chapter 2

Figure 2.1 Molecules with potential primary and secondary leaving

groups. 40

Figure 2.2 Tautomeric isoforms of leucoquinizarin and 5,8-di-

hydroxyleucoquinizarin. 55

Chapter 3

Figure 3.1 Concentration-dependent DNA strand alkylation pattern of

CAQs. 101

Figure 3.2 DNA strand alkylation pattern of CAQs. 102

Figure 3.3 DNA Crosslinking by CAQ177M. 104

Figure 3.4 DNA Crosslinking by CAQ190M. 104

Figure 3.5 Time course of CAQ177M and CAQ190M crosslinking of

pBR322 plasmid DNA. 105

Figure 3.6 Effect of symmetrical CAQs with chloropropyl units on DNA

crosslinking. 106

Figure 3.7 Effect of CAQ187M and ZP281M on pBR322 DNA

crosslinking. 107

Figure 3.8 Effect of increasing concentration of HAQ121, CAQ183M

and CAQ75 on DNA unwinding. 109

Figure 3.9 Effect of increasing concentration of ZP275, ZP281M and

CAQ187M on DNA unwinding. 109

Figure 3.10 Relaxation of pBR322 DNA by topo II in the presence of

HAQl 10 and CAQ176M. 110

Figure 3.11 Effect of ZP281M and ZP275 on topo Ila  and topo np

isoform activity as measured by TARDIS assay. I l l

Figure 3.12 Formation of aziridinium ion intermediate from the

chloroethylamino moiety of CAQ188M. 113



List of Figures, Schemes and Tables IX

Figure 3.13 Bifunctional alkylating agents 114

Figure 3.14 Chloroethyl containing bridged nitrogen mustard, an efficient

crosslinking agent. (B) Chloropropyl analogue, not a DNA 

crosslinking compound. 115

Chapter 4

Figure 4.1

Figure 4.2

Figure 4.3

Aziridinium ion formation of CAQs as a part of bicyclic ring- 

systems. 133

Quaternary azetidinium and aziridinium ion formation from 

chloropropyl and chloroethyl moieties of 4-DAMP 

derivatives. 137

Formation of a positively charged A-alkyl-bicyclo[2.2.0]- 

piperidinium ion intermediate from a piperidine with a 

secondary chloride as a leaving group. 138

Chapter 5

Figure 5.1

Figure 5.2 

Figure 5.3 

Figure 5.4 

Figure 5.5 

Figure 5.6

Effect of CAQ190M and CAQ192MN on supercoiled

plasmid pBR322 DNA in the absence or presence of topo U. 143

Effect of CAQ176M and CAQ181MN on supercoiled

pBR322 DNA in the absence or presence of topo n. 144

Effect of increasing the concentration of AQ4 and AQ4N on 

supercoiled plasmid DNA. 145

Effect of increasing the concentration of AQ4N and

mechlorethamine on DNA in the presence of topo H. 145

Concentration-dependent DNA crosslink formation by 

CAQ 192MN over 24 hours. 146

Comparison of % DNA crosslinking with time by CAQ190M 

and CAQ192MN (the di-A-oxide analogue). 147

Chapter 6

Figure 6.1 The alkylating moieties of the non-symmetrical compounds 

CAQ176M and CAQ166M can form the same aziridinium 

ion intermediate as a part of a bicyclic ring system 157



List of Figures, Schemes and Tables

List of Schemes

Chapter 1

Scheme 1.1 

Scheme 1.2

Scheme 1.3

AQ4N and its reduction metabolites. 10

An example of the formation of an aziridinium intermediate 13

necessary for potent biological activity.

Proposed re-arrangement of ZP293M. 36

Chapter 2

Scheme 2.1

Scheme 2.2

Scheme 2.3 

Scheme 2.4 

Scheme 2.5

Scheme 2.6 

Scheme 2.7

Scheme 2.8

Scheme 2.9

Scheme 2.10

Route to synthesis of mono-hydroxylated primary amino 

sidechains needed for the development of novel HAQs and 

CAQs. 42

Route to synthesis of di-hydroxylated primary amino 

sidechains needed for the development of HAQs and CAQs. 42

Preparation of 5,8-dihydroxyleucoquinizarin. 44

Preparation of 1,4-difluoro-5,8-dihydroxyanthraquinone. 44

Synthetic route to symmetrical and non-symmetrical 1,4- 

disubstituted HAQs from either leucoquinizarin (X = H) or

5,8-dihydroxyleucoquinizarin (X = OH). 46

Synthesis of HAQ38 from leucoquinizarin. 47

Synthetic route to symmetrical 1,4-disubstituted HAQs from 

1,4-difluoro-5,8-dihydroxy-anthraquinone. 47

Synthesis of non-symmetrical l-{2-[A,A-(dimethyl)amino]- 

ethylamino]-4-fluoro-5,8-dihydroxy-anthraquinone. 48

Synthetic route to non-symmetrical 1,4-disubstituted HAQs 

from 1 - {2-[A, A-(dimethyl)-amino]ethylamino]-4-fluoro-5,8- 

dihydroxy-anthraquinone. 48

Hydroxylated anthraquinones (only non-symmetrical 

configuration is shown here) were converted to corresponding 

halides by treatment of PhsP-CCU complex. 50



List of Figures, Schemes and Tables xi

Scheme 2.11 Synthetic route to non-symmetrical 1,4-disubstituted CAQs

from chlorinated sidechains and l-{2-[A,A-(dimethyl)amino]- 

ethylamino]-4-fluoro-5,8-dihydroxy-anthraquinone. 51

Scheme 2,12 HAQs and CAQs were derivatised to corresponding tertiary

amine di-A-oxides by treatment with w-CPBA. 53

Scheme 2.13 HAQ 163 was synthesised by displacement of the chloro

group. 57

Scheme 2.14 The mechanism follows that proposed for nucleophilic

aromatic substitution by addition-élimination reactions. 57

Scheme 2.15 The 5,8-dihydroxyleucoquinizarin possibly constitute of

several tautomeric isoforms. One tautomer with carbonyl 

groups at positions 1 and 4 are thought to be the most reactive 

isoform. The proposed mechanism here is therefore only one 

of several possible. 58

Scheme 2.16 Proposed mechanism for conversion of a hydroxy group to 59

the chloride using the PhgP-CC^ complex.

Scheme 2.17 Proposed mechanism for oxidation of tertiary amine (R =

anthraquinone moiety). 62

List of Tables

Chapter 1

Table 1.1 Properties of DNA topoisomerases. 22

Table 1.2 Topoisomerase-targeting anti-tumour intercalators. 25

Chapter 2

Table 2.1 Data obtained from preparation of sidechains. 43

Table 2.2 Data obtained from preparation of non-symmetrical and

symmetrical 1,4-disubstituted anthraquinones. 49

Table 2.3 Data obtained from preparation of non-symmetrical and

symmetrical 1,4-disubstituted anthraquinolators. 52

Table 2.4 Data obtained from preparation of di-A-oxides. 53



List of Figures, Schemes and Tables Xll

Chapter 3

Table 3.1 Sites of alkylation by CAQs and mechlorethamine at pBR322 

DNA fragment (base pairs 3303-3284). 103

Chapter 4

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

Table 4.8

Table 4.9

Growth inhibition (IC50) of aminoanthraquinones and 

chloroalkylaminoanthraquinones against ovarian cancer cell 

lines. 121

Growth inhibition (IC50) of aminoanthraquinones and 

chloroalkylaminoanthraquinones against CHO and MCF-7 

cell lines. 122

Cytotoxicity (IC50, nM) in vitro of aminoanthraquinones with 

piperidinyl moieties. 123

Cytotoxicity (IC50, nM) in vitro of symmetrical

aminoanthraquinones with hydroxylated piperidinyl moieties. 124

Cytotoxicity (IC50, nM) in vitro of non-symmetrical 

aminoanthraquinones with a hydroxylated piperidinyl moiety. 125

Cytotoxicity (IC50, nM) in vitro of hydroxylated

aminoanthraquinones with piperidine or pyrrolidine

substituted sidechains. 126

Cytotoxicity (IC50, nM) in vitro of hydroxylated

aminoanthraquinones and chloroalkylaminoanthraquinones. 128

Cytotoxicity (IC50, nM) in vitro of chloroethyl

aminoanthraquinones. 129

Cytotoxicity (IC50, nM) in vitro of non-symmetrical 

chloroethylaminoanthraquinones with a mono- or bis 

alkylating functionality. 130

Chapter 5

Table 5.1 Growth inhibition (IC50) of di-A-oxides of 

aminoanthraquinones and chloroalkylaminoanthraquinones 

against ovarian cancer cell lines. 148



Abbreviations X lll

Abbreviations

2780AD

2780CP

A2780

AMT

APS

ATP

y32 p _a t p

BAP

Boc

CAQ

CCI4

CHO

CR

dHzO

ddHzO

DMF

DMSG

DNA

EDTA

EtsN

EtOAc

FAB-MS

GHS

HAQ

I. R.

L1AIH4

m-CPBA

m. p.

MCF-7

MDR

MIX

Doxorubicin resistant human ovarian carcinoma cell line

Cisplatin resistant human ovarian carcinoma cell line

Wild type ovarian human carcinoma cell line

Ametantrone

Ammonium Persulphate

Adenosine Triphosphate

Radiolabelled Adenosine Triphosphate

Bacterial Alkaline Phosphatase

/er^-Butyl carbonate

Chloroalkylaminoanthraquinone

Carbon tetrachloride

Chinese Hamster Ovary

Cytotoxicity Ratio (IC50 of anthraquinone di-A-oxide/ IC50 of 

alkylaminoanthraquinone)

Distilled water 

Double distilled water 

W,W-Dimethylformamide 

Dimethylsulfoxide 

Deoxyribonucleic acid 

Ethylenediaminetetraacetic acid 

Triethylamine 

Ethyl acetate

Fast Atom Bombardment Mass Spectroscopy 

Glutathione

Hydroxylated alkylaminoanthraquinone 

Infrared Spectroscopy 

Lithium aluminium hydride 

TMe^a-Chloroperoxybenzoic acid 

Melting point

Human breast cancer cell line 

Multidrug resistance

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tétrazolium bromide



Abbreviations XIV

MTX

NADPH

NMR

PCR

P-gP
PhsP

RF

RT

Sc. ce

Tag polymerase

TARDIS assay

TBE

TEA

Tec A

THE

TLC

Topo n
Tris

TPZ

Mitoxantrone

Reduced Nicotinamide Adenine Dinucleotide Phosphate

Nuclear Magnetic Resonance (Spectroscopy)

Polymerase Chain Reaction

P-glycoprotein

Triphenylphospine

Resistance Factor

(IC50 in resistant cell line/ICso in parent cell line)

Room Temperature

Saccharomyces Cereviciae yeast strain

Thermus aquaticus DNA polymerase

Trapped in agarose immunostaining assay

Tris/Boric acid/EDTA

Tris/EDTA/Acetic Acid

Triethanolamine

Tetrahydrofuran

Thin Layer Chromatography

Topoisomerase II

T ris(hydroxymethyl)aminomethane 

Tirapazamine



Chapter 1

Introduction



Chapter 1

1 Introduction

About two hundred years ago there was a contest in France, announced by Lyons 

Academy as to who could give the best answer to the question: “What is Cancer?” 

The winner of the contest, Bernard Peyrilhe answered, “Cancer is a disease which is 

just as difficult to define as it is to cure” [1]. Unfortunately, Peyrilhe's answer is still 

valid today to some extent even though the last two centuries have shed a lot of light 

on the disease. Insight into histology and anatomy in the 19th century was a major 

step forward, as was the general improvement in public health and medical care. The 

finding of cures for childhood diseases and infectious diseases increased the lifespan 

of human beings. As a result of longer duration of life, more people survive into the 

‘cancer-age’, and more people are affected by the disease [2]. In 1995, a survey in 

the UK showed that 4 out of 10 people are likely to be affected by cancer at some 

point in their life, and 65 per cent of all new cancers are diagnosed in people over the 

age of 65 [3].

Cancer is not just one disease, but is a collective name for a group of related 

diseases that are often characterised by having the same features such as cell 

proliferation, invasiveness and metastasis [2]. Cancers are related but different in 

symptoms and therefore require different treatments. As all cells are capable of 

division, they are all in theory capable of becoming cancerous. There are more than 

200 different types of cancers known today. Many types are rare, however, and in 

fact about half of all new registered cases belong to breast, lung, large bowel 

(colorectal) and prostate cancers [3].

For many years surgery has been the most efficient tool against solid tumours. 

However, with the introduction of other modalities, a combination is often the best 

way of treatment. In general, initial therapy for many solid tumours involves surgery 

and radiotherapy to reduce the bulky tumour, and is followed up by adjuvant 

immunotherapy or chemotherapy [4].

1.1 Chemotherapy

Since the dawn of chemotherapy in the early 1950’s, there have been intensive 

studies to develop novel antineoplastic agents, which has resulted in some cures of
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cancer such as Hodgkin’s and non-Hodgkin’s lymphoma, acute leukaemia, and the 

majority o f  childhood leukaemias [5]. However, the requirem ents for successful 

chemotherapy in a wide range o f  tum ours is still not understood, especially as it is 

difficult to distinguish between cancer cells and normal cells [6].

G?/M activiU'
Taxanes. Vinca alkaloids 

Podophylotoxins (M-specific)

M  Mitosis

( m Enzymes produced necessary 

for DNA production 

S DNA synthesis 

( n  Specialised protein and RNA 

synthesis 

(id Non-dividing cells

(e.g. as a result o f  hypoxia)

Non-specific asents 

Nitrosoureas 

(also G(i-activity) 

Nitrogen mustards

Go

S/G. activity
M itoxantrone, Cam ptothecin

Gi/S activit\’
Platinum, Anthracyclines 

M ethotrexate 

Fluorouracil (S-specific)

Figure 1.1 Examples of anticancer drugs and their effect on the cell cycle

Research into new anticancer drugs has mainly concerned how to stop cell 

division by targeting DNA and DNA processing enzymes that act at various stages in 

the cell cycle (Fig. 1.1). This has proven rather unfortunate as a large number o f  

cancer cells are in a resting non-cycling phase (Go phase) where they are not 

immediately affected by drugs that act only on proliferating cells [7].

A difficult problem to overcom e is to develop tum our specific chemotherapeutic 

agents that do not expose normal tissue to the effects o f  cytotoxic agents. The severe 

side effects accompanied by the administration o f  anticancer drugs include the 

destruction o f  normal rapidly dividing cells (e.g. cells o f  the bone m arrow and the 

gastrointestinal tract). Consequently, the maximum tolerated dose may not always be 

sufficient for efficient treatm ent. A decrease in dose leads to the risk o f  

subpopulations o f  tumour cells surviving the chemotherapeutic treatm ent, eventually
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leading to cross-resistant cells. This is a major factor contributing to the failure of 

treatment, and hence mortality of patients [8].

For some time there has been a belief that both insufficient dose and cross

resistance can be overcome by the development of prodrug forms of cytotoxic 

agents. The concept of a cancer prodrug requires a tumour-associated enzyme that is 

able to activate a pharmacologically inactive compound to the corresponding active 

parent drug in the vicinity of, or within, the tumour [9]. The generation of potent 

cytotoxins within the malignant tissue would improve treatment efficacy by allowing 

higher doses and more frequent treatments, thus minimising the risks of the 

occurrence of cross-resistant cancer cells.

A number of different prodrug approaches have been identified, most notably, the 

use of antibody-directed enzyme prodrug therapy (ADEPT), gene-directed enzyme 

prodrug therapy (GDEPT) and prodrug monotherapy. The latter includes 

bioprecursor prodrugs which are chemical agents utilising either an oxidative or a 

reductive mode of activation. The physiology of solid tumours provides certain 

opportunities for prodrug development and the following sections are concerned with 

one such opportunity; the abnormally low level of di-oxygen (hypoxia) in solid 

tumours.

1.2 Hypoxia-Activated Cancer Chemotherapy

The growth of solid tumours in vivo beyond 1-2 mm in diameter is associated with 

the genesis of new blood vessels [10]. These new blood vessels connect to the 

existing vascular tree as a necessity for the tumour to survive and develop. This is 

known as angiogenesis, and central in vascular development is the release of 

endothelial cell growth factors including the Vascular Endothelial Growth Factor 

(VEGF) [11, 12]. Not only is the angiogenic stimulus producing an abnormal and 

chaotic neovasculatory system, but it is also likely to provide ‘evacuation routes’ for 

tumour cells to migrate, colonise and metastasise in other organs distal from the 

primary site [10]. Even though there is progressive formation of neovasculature, 

there are areas within the tumour that are located at some distance from the blood 

supply (approx. 50 - 250 pm distance from blood vessels), where the oxygen and
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nutrient supply is poorly delivered. The oxygen diffusion distance, based on 

intracapillary oxygen tensions and cell metabolism driven oxygen consumption, is 

typically -1 5 0  pm ; a distance that is consistent with the identification o f  hypoxic and 

necrotic areas [13]. Hypoxia occurs in well-differentiated, slow-growing, non

metastatic tum ours as well as in rapidly growing, anaplastic, aggressive 

malignancies. Resistance to chemotherapy and radiotherapy is commonly associated 

with low levels o f  oxygen in human solid tum ours [14].

Drug treatm ent failure o f  solid tum ours in the clinic is likely to occur because 

hypoxic cells divide less rapidly (if at all) than those that are fully oxygenated. In 

addition, hypoxic cells are generally furthest from the functioning blood vessels 

(illustrated in Fig. 1.2A), and therefore are less accessible to chemotherapeutic drugs 

[13,14]. The difference in normal tissue and hypoxic tissue can be exploited by 

designing drugs that are cytotoxic only to cells with a very low oxygen level.

P ro lifera tion

Capillary

Drug concentration

(A)

hypoxic cytotoxin
E

I
radiation or 

chem olhcraputic drug
c>
E
c/:

comhined treatment

0 50 100 150

Distance from capillary (pm ) 

(B)

Figure 1.2 Hypoxia and the use of bioreductive prodrugs. (A) Hypoxic cells are developed 

furthest away from the blood supply, where the proliferation of cells is impeded, primarily due to 

starvation of nutrient and oxygen supply. (B) Model that proposes a synergistic effect is obtained by 

combining a hypoxic-selective cytotoxin with either conventional chemotherapy or radiotherapy 

[151.
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1.2.1 Bioreductive Agents as Hypoxic Cell Cytotoxins

Traditionally, tumour hypoxia has been considered a therapeutic problem because 

it renders solid tumours more resistant to ionising radiation [16]. However, in recent 

years there has been effort to develop chemotherapeutic agents that exploit hypoxia 

as a target specific to malignant tissue. The main focus has concerned nitro-aromatic 

compounds (e.g. RB 6145 and misonidazole), quinones (e.g. mitomycin C and E09), 

aromatic amine jV-oxides (e.g. tirapazamine) and aliphatic amine N-oxides (e.g. 

AQ4N and nitracrine N-oxide) as these fimctionalities, under certain conditions with 

low oxygen tensions, will be reduced [17 -19]. In principle, the bioreduction of these 

nitrogen oxides can result in cytotoxins that modify DNA through radical and/or 

alkylating mechanisms, or modify DNA through distortion and inhibition of various 

DNA interacting enzymes. An example of the latter is the 4-electron reduction 

metabolite of AQ4N, which is a DNA intercalator and potent inhibitor of 

topoisomerase II [20].

Tirapazamine (TPZ) is, at present, the most promising bioreductive agent under 

O investigation. It is currently being examined in Phase n /m

clinical trials, in combination with radiotherapy or 

chemotherapy (with cisplatin). TPZ is an aromatic di-N-
* ^
^  oxide that by one-electron reduction produces a nitroxyl

Figure 1.3 Tirapazamine radical that causes inhibition of DNA replication mechanisms

[21].

1.2.2 Biorednction of Aliphatic Amine N-oxides of DNA-Affinic Intercalating

Agents

The drawback of many bioreductive agents is that the reductive products despite 

having DNA as primary target do not have affinity for DNA per se. The 

disadvantage can be overcome by the utilisation of prodrug forms of DNA affinic 

agents. Chromophores such as the anthrapyrazoles, acridines and anthraquinones 

possess alkylamino sidechains that are crucial to their binding to DNA and their 

anticancer activity. The alkylamino sidechains embody tertiary amine configurations 

that are protonated at physiological pH, which is crucial to stabilising chromophore
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binding to DNA [22]. Conversion o f  tertiary amines o f  alkylamino sidechains to their 

corresponding A-oxides renders them less basic and electrically neutral (Fig. 1.4). As 

a result, intercalation o f  DNA affinic chrom ophores is significantly curtailed. This 

has been illustrated by measuring the effect o f  three different DNA intercalators and 

their respective A-oxides on DNA melting tem perature. It was shown for the 

chromophores anthrapyrazole, anthracene and anthraquinone (Figure 1.5) that ATm 

was reduced more than 90 %; the three A-oxides increased the melting point by only 

1 °C as opposed to rises o f  30 °C, 15 °C and 29 °C for the anthrapyrazole, anthracene 

and anthraquinone respectively. Accordingly, the cytotoxicity in V79 cells was 

significantly reduced as a result o f  A-oxide formation [22].

N-1H+ 0 .2 6 0

CUj

( I 0.2031

CH3 ah
O 0.2181

( t  0 . 1 7 0 )

N-O (-0.656)

CU) ( I  0 .1 0 3 )

(A) (B)

Figure 1.4 (A) Partial charges of a protonated aliphatic tertiary amine, and (B) its A-oxide

derivative [22].

OH N N

OH O HN^

OH O HN

OH O HN

.Anthrapyrazole di-A'-oxide A nthracene di-A'-oxide A nthraquinone di-V -oxide (AQ4N)

Figure 1.5 A-oxides of DNA affinic aminoanthraquinones
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As aliphatic A-oxides are known to be bioreduced enzymically [22], incorporation 

of A-oxide funtionalities into the sidechains of intercalating agents makes them 

useful bioreductive agents [23]. This rationale has resulted in the development of 

several A-oxides of DNA affinic agents [24], of which the most promising is AQ4N, 

an anthraquinone di-A-oxide, that is currently being investigated in phase I clinical 

trials.

For 1,4-disubstituted anthraquinones encompassing two tertiary amine 

functionalities, it is crucial that both sidechains must be rendered inactive by A- 

oxidation for exclusion of DNA binding. This has for example been demonstrated for 

the mono-A-oxide AQ6N (Fig. 1.6), an agent that comprises of a secondary amine 

group not amenable for A-oxidation. As a result, AQ6N was shown to exert 

cytotoxicity in AT5BIVA cells (a cell line that overproduces topoisomerase Ha). 

Furthermore, it was shown to bind to calf thymus DNA (approx. 10  ̂M'^) as opposed 

to AQ4N that demonstrated no detectable DNA binding [20].

OH O O

OH O HN

Figure 1.6 AQ6N, a mono-A-oxide

Demonstration of the inactivity of DNA affinic A-oxides has also been evident 

with other chromophores with only one sidechain such as acridine analogues, 

including a bis-reductive agent, nitracrine A-oxide (Fig. 1.7) with the sidechain 

masked and an aromatic nitro group capable of undergoing bioreduction. The 

unmasking of the A-oxide increases the DNA affinity while the reduction of the nitro 

group makes the agent more cytotoxic, probably by alkylating DNA through radical 

mechanisms. This double activation accounts for the 1000-fold increase under anoxic 

conditions in cell culture [19].
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NO2HN

H

.N.♦
O

NC-NO DACA-NO

Figure 1.7 Nitracrine A^oxide (NC-CO) is a bis-bioreductive agent and DACA-NO 

is an A-oxide o f DACA, an intercalating agent currently in Phase I/II clinical trials.

Wilson and Patterson et al. [24] investigated and compared three 7V-oxides NC- 

CO, DACA-NO and AQ4N for their bioreductive efficacies as well as the potency of 

their metabolites. They reported that all three A-oxides were significantly less toxic 

under oxic than anoxic conditions. However, AQ4N was the only agent that 

demonstrated promising in vivo results. This study compared the inhibiting effect of 

the reductive metabolites on topoisomerase II activity and concluded that the higher 

affinity of AQ4 in binding to DNA (estimated to be 100 fold higher than DACA 

under the same conditions) was a critical factor in retaining this cytotoxin at the 

target site [26].

AQ4N is being developed as an adjuvant agent that is used in combination with 

radiotherapy or chemotherapeutic agents predominantly active against oxic cells. As 

a single agent, AQ4N has minimal cytotoxicity to cells [25]. In combination with 

radiotherapy, however, AQ4N has shown an increased effect in the treatment of mice 

bearing T50/80 tumours [25, 133]. AQ4N has also shown to have a positive effect in 

the chemopotentiation of cisplatin [28], and cyclophosphamide [27].

AQ4N is converted to its active metabolite (AQ4) through a 2e' reduction of each 

A-oxide functionality, exclusively occurring under hypoxic conditions (Scheme 1.1) 

[17].
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OH O HN OH O HN OH O HN

OH O HN OH O HNOH O H N ^ ^ ^  t 
N

AQ4N AQM AQ4

Scheme 1.1 AQ4N and its reduction metabolites

Reduction of A^-oxides is known to be mediated by isoforms of the cytochrome 

P450 family [22]. However, in the absence of oxygen available to cytochrome P450 

enzymes, tertiary amine A^-oxides act as substrates under anoxic conditions, resulting 

in the unmasking of their respective cationic tertiary aliphatic amines [23]. The 

reduction of aliphatic tertiary amine A^-oxides, is thought to be an obligate two- 

electron process [24]. The iron-centred haem complex in the catalytic site of the 

cytochrome P450, suitable for the accommodation of aliphatic tertiary A^-oxides is 

likely to change redox status in a similar fashion as proposed in Figure 1.8.
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AQ4 N i
P450

AQM
liacm-Fc

A0 4

NADI’H + H ' -IcHp ox.

IM50 Kcdiictasc P450
hucm-Fe = O

NAHP Fp red.
2H

 hacin-Fc

HO

Figure 1.8 Proposed mechanism for reduction of AQ4N by cytochrome P450 [adapted from 17].

The reduction o f  AQ4N is dependent on both anaerobic conditions and the 

presence o f  NADPH. Cytochrom e P450 is one-electron reduced by NADPH via 

P450 reductase, a process that is a prerequisite for binding o f  the tertiary N-oxide to 

the haem centre. The reduction o f  AQ4N and subsequently AQM  is likely to involve 

an oxygen atom  transfer process in which the haem Fe-O-N complex decom poses to 

form Fe(IV) and a tertiary amine respectively. Fe(IV) is then reduced to Fe(III) and 

regeneration o f  H2O [17].
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1.2.3 Bioreduction of Nitrogen Mustard N-oxides

Nitrogen mustards such as mechlorethamine, melphalan and chlorambucil have 

been used extensively in the clinic [6]. These anticancer drugs form reactive 

intermediates and exert their activity mainly by crosslinking DNA. Prior to reaction 

with nucleophilic cellular components, the lone-pair of the nitrogen attacks the 

electron deficient carbon proximate to the chlorine of the mustard and forms an 

aziridinium ion that is susceptible to nucleophilic attack (Scheme 1.2). Aziridinium 

ions are very reactive and are likely to react with any nucleophiles they might 

encounter such as water molecules, amino, hydroxyl, sulphhydryl or imidazole 

moieties in nucleic acids and proteins [29, 30].

Attempts to develop stable A-oxides of mechlorethamine and chlorambucil have 

been described [31, 32]. However, both mechlorethamine A-oxide (nitromin) and 

chlorambucil A-oxide (Figure 1.9) are unstable due to rearrangement of the mustard 

configuration (route c. Scheme 1.2) and as a consequence have poor hypoxia 

selectivity [32]. Nevertheless, nitromin has been shown to be effective against 

Yoshida ascites sarcoma in rats [31].

—N*0

%
Nitromin

Figure 1.9 Nitrogen mustard Aoxides

HOOC

Chlorambucil 7V-oxide

Henderson et al. [34] tested a number of 2,6-disubstituted A-methylpiperidine 

derivatives (Fig 1.10) and their corresponding A-oxides under oxic and hypoxic 

conditions against two human colon carcinoma cell lines, HT 29 (high DT- 

diaphorase expression) and BE (no DT-diaphorase expression).
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a R-N: ^
I Nu

Cl + A  
R-N-^ R -N

Cl

Cl

R/'N^
o—'

Cl

Nu

Cl

R -N

Scheme 1.2 a) an example o f the formation of an aziridinium intermediate necessary for potent 

biological activity, b) derivatisation to an A -̂oxide impedes formation o f an aziridinium 

intermediate. However cyclisation as by route c) has been proposed to occur [31, 32].

Henderson et a l [34] 

used DT-diaphorase as 

the target-activating 

enzyme to mediate the 

conversion of the N- 

oxides. The majority of 

the respective amines

X

(A)

X X X

(B)

Figure 1.10 (A) 2,6-disubstituted A/-methylpiperidine derivatives 

(X = Cl, Br or OCONH2). (B) their corresponding AAoxides.

were equally toxic against both cell lines with IC50 values between 6 and 350 pM. 

The TV-oxides, with the exception of one, were shown to be relatively non-toxic under 

both oxic and hypoxic conditions, with no reduction in cell survival after 3 hours at 1 

mM. The exception was a cw-di-bromomethyl 7V-oxide, which had oxic IC50 values 

of 6.5 and 8.2 pM against HT29 and BE cells respectively. Overall, this suggests that 

these 7V-methylpiperidine //-oxides are biologically stable compounds that do not 

rearrange to non-cytotoxic or cytotoxic products. Interestingly, it was also shown that 

there was no difference in cytotoxicity observed between the cell lines regardless of 

DT-diaphorase expression.
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1.3 The Development of Potent Antineoplastic Anthraquinones

The antibiotics doxorubicin and daunorubicin were isolated from cultures of 

streptomycins in the 1960’s and were shortly after established as having anti-tumour 

efficiency against a wide spectrum of human cancers. Since then, there has been 

much interest in the development of analogues of the anthracyclines [38-41]. 

Notably, because the clinical utility of doxorubicin and daunorubicin has been 

associated with side effects such as stomatitis, alopecia, nausea, vomiting, mucositis, 

bone marrow suppression and cardiotoxicity [42]. In particular, some anthracyclines 

have shown to produce severe cardiotoxicity, which was originally thought to be 

associated with the amino sugar moiety [43]. As a result, a programme designed to 

evaluate the anti-tumour activity of synthetically modified anthracyclines without the 

amino sugar moiety was instigated, with the aim of improving the therapeutic 

efficacy while diminishing cardiotoxic side effects. A major outcome of the 

programme was the discovery of a 1,4-bis-substituted anthraquinone ametantrone 

(AMT) and its 5,8-di-hydroxylated analogue mitoxantrone (novatrone) [43]. 

Mitoxantrone (MTX) is used in the treatment of acute non-lymphoblastic leukaemia, 

non-Hodgkin’s lymphoma, advanced breast cancer and chronic myelogenous 

leukaemia [44].

1.3.1 DNA Intercalators

DNA intercalators, including the acridines, anthracenes, anthrapyrazoles and 

anthraquinones, contain an electron-deficient chromophore that stabilises the binding 

of these planar compounds between the electron rich bases of DNA in a non-covalent 

interaction. The driving force is the stacking and electron donor/acceptor interactions 

supported by van der Waals and electrostatic forces [35]. As a result of intercalation, 

the DNA helical structure is distorted, and this is believed to be the first step in the 

events that eventually will lead to DNA damage [30]. Intercalators have been 

associated with blocking of the activity of DNA processing enzymes including DNA 

and RNA polymerases as well as inhibition of the topoisomerases [23, 30, 36]. The 

intercalation process is insufficient for anticancer activity. Research has shown that a 

modification of the substitution patterns of the intercalating moieties of
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anthracyclines and anthraquinones has a significant effect on anticancer activity, 

probably due to enhanced DNA binding and more potent inhibition of DNA 

interacting enzymes, such as topoisomerase II.

(A) (B)

Figure 1.11 Intercalation models for l,4-bis[(diethylaminoethyl)amino]anthraquinone. (A) 

“Straddle” intercalation mode. (B) Major groove intercalation mode [60].

1.3.2 Symmetrical 1,4-Disubstituted Anthraquinones

In the late 1970’s Cheng and co-workers synthesised and investigated a number of

1,4 bis-substituted aminoanthraquinones for anticancer activity [37, 43, 45, 46]. At 

the same time, Murdoch and co-workers independently reported their investigation of 

a family of 1,4-bis-substituted anthraquinones [47]. The results from the biological
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investigation of these two independent groups of researchers are summarised in the 

following section along with other relevant studies.

terminal nitrogen

R2

Figure 1.12 Structure o f 1,4-disubstituted anthraquinones

Modification of Chromophore

Modification of the chromophore with 5,6-dihydroxy substituents leads to a 

significant decrease in activity when compared to AQ4 (Ri = R2 = CH3 , X = OH, 

Fig. 1.12). Attaching 6 -methyl, 6 -carboxyl or 6,7-dichloro groups onto the 

anthraquinone chromophore, with 1,4-bis-substituted alkylamino sidechains (Ri = R2 

= CH3), results in inactive compounds [47].

A chlorinated analogue of AQ4 (X = Cl) [53] has a comparable cytotoxic effect in 

vitro to its hydroxylated counterpart (AQ4) [47]. It is also evident from the many 

investigations of 1,4-disubstituted aminoanthraquinones that the 5,8-hydroxylated 

analogues (like AQ4 and MTX) are more active than the 5,8-non-hydroxylated 

derivatives. This is thought to be due to a slower dissociation firom DNA [50]. 

Modification of Sidechain

The optimum number of methylene units between the two nitrogen atoms of the 

sidechains is two (n = 1, Fig. 1.12). Increasing methylene units fi*om two to three 

results in a loss of anti-tumour activity and complete loss of activity with 4 and 5 

methylene units [46, 47].

Substitution of the aromatic amino proton with a methyl group (Fig. 1.12) 

decreases in vitro activity significantly and results in no in vivo activity. The methyl 

group is slightly out of plane defined by the ring system and probably impedes 

intercalation [48].
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Moderate activity is retained with primary amines (Ri = R2 = H, Fig. 1.12), by 

substitution of the hydrogens with the relatively small alkyl groups (Ri = R2 = CH3 , 

Fig. 1.12) or by the aziridine 3-carbon ring system. When Ri and R2 are both ethyl, 

propyl or butyl groups, very little or no activity is observed. This is also shown when 

Ri = phenyl R2 = methyl, and with ring systems such as morpbolodinyl, cyclopropyl, 

pyrrolidinyl, piperidinyl and piperazinyl, clearly suggesting bulk intolerance [46, 47].

An additional basic centre, e.g. an extra etbylamino unit extending from the 

terminal nitrogen greatly diminishes activity [45-47].

Incorporation of one or two hydroxy groups on the sidechain appears to balance 

the negative steric effect leading to increased cytotoxic activity, i.e. when Ri = R2 = 

2-bydroxyetbyl, or Ri = H and R2 = 2,3-dibydroxypropyl (Fig. 1.12). The most active 

sidechains are those where Ri = H and R2 = 2-hydroxyethyl, which are incorporated 

in AMT and MTX (Figure 1.13A and B).

O HN OH

X O HN

H

A: Ametantrone (X = H)
B : Mitoxantrone (X = OH)

OH O X

C:X = NH2 0rOH

Figure 1.13 (A+B) 1,4-bis-substituted anthraquinones. (C) Mono-substituted anthraquinones 

with in vitro and in vivo activity.

Attempts to substitute the terminal nitrogen on the alkylamino sidechains have 

failed to produce new potent anti-neoplastic agents. Substitutions of the terminal 

nitrogen of MTX with a carbon or an oxygen (Fig. 1.13B) showed no activity against 

leukaemia P388 [43], and AMT terminal nitrogen substitutions with a carbon or a 

sulphur atom (Fig. 1.13 A) failed to show activity against the same cell line [43,45].

Incorporating guanidium groups at the terminal nitrogen of MTX increases the 

DNA affinity in comparison with parent MTX, but not the cytotoxicity in human KB
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carcinoma cells. It was suggested that the permanent positive charge at the terminal 

tertiary nitrogen enhanced the affinity for DNA, but simultaneously decreases cell 

uptake explaining an overall decreased cytotoxicity [49].

Presence of two basic sidechains is not a necessity for potent anticancer activity. 

Mono-substitution with an alkylamino sidechain such as incorporated in AQ4 while 

maintaining a hydroxy or an amine group at position 4 (Fig. 1.13C), shows 

comparable activity to MTX in vitro but is less potent in vivo. Either chlorine [53] or 

hydrogen [32] at position 4 decreases the anti-neoplastic effect significantly [53], 

whereas both a hydroxy or amine group retain anti-neoplastic activity [53, 54]. 

However, if the mono-substituted sidechain differs fi*om -HNCH2CH2N-, the anti

neoplastic potency is diminished. This is evident from a study by Zagotto et a l that 

investigated mono-substituted AMT derivatives, where the sidechain incorporated 

tyrosine (-HNCH-Tyr-) [55].

1.4 Non-Symmetrical 1,4-Disubstituted Anthraquinones

Stefanska et al investigated non-symmetrical configured anthraquinones (the 1,4- 

di-substituted sidechains are not the same) and found that a number of agents based 

on AMT had comparable cytotoxicity to MTX against L1210 cells and anti-tumour 

activity against mice inoculated with P388 lymphatic leukaemia cells [52]. Krapcho 

and co-workers [48, 56], however, have mainly pioneered this field. Maintaining one 

sidechain, either a -HNCH2CH2NHCH2CH2OH (as in Fig. 1.13A and B) or - 

HNCH2CH2N(CH3 )2  (as in Fig. 1.13C) and alternating the other sidechain, has led to 

highly potent anthraquinones. Of all the agents investigated, Krapcho found that the 

hybrid compound of MTX and AQ4 (denoted AQ6  by Smith et a l  [20] and patented 

by Patterson [67]) (Figure 1.14A), was excellent. It was more cytotoxic than MTX 

and doxorubicin in both sensitive and resistant human carcinoma cell lines (LGVO 

and LOVO/DOXO) [48]. Krapcho has more recently been involved in the 

investigation of 9-aza-anthrapyrazoles [57, 58], which are a novel class of agents 

closely related to the anthrapyrazoles (exemplified by loxantrone in Figure 1.14B). 

Aza-anthrapyrazoles differ firom the carbocyclic anthraquinone in having nitrogen 

positioned in the chromophore, allowing the intercalating moiety to be anchored 

more efficiently to DNA through hydrogen bonding. Intriguingly, the novel aza-



Chapter 1 19

derivatives that have emerged as potential clinical candidates also possess an non- 

symmetrical configuration (Figure 1.14C and D). The aza- analogues have been 

shown to possess high in vivo activity against P388 murine leukaemia and MTX-1 

human mammary carcinoma cells transplanted in nude mice [58].

OH O HN

(B) Loxantrone 
(DuP-941)

OH O HN

OH O HN.

(A) AQ6

N N

/ \ / 0 H

O HN

/ \ ^ 0 H

(C)BBR 3438 (R = H)
(D) BBR3576(R = CHj)

Figure 1.14 Potent non-symmetrical configured intercalators. (A) AQ6  has prominent activity 

against MDR cells [48]. (B) Loxantrone is the most efficient anthrapyrazole developed to date with 

good clinical efficacy in the treatment o f breast cancer. (C + D) The aza- analogues possess in vivo 

anticancer activity [58].

1.4.1 Other Structural Modifications of Anthraquinones

The majority of studies describing aminoanthraquinones concern 1,4-disubstituted 

analogues. However there has been research into other structural configurations. 

Katzhendler and co-workers examined more than 50 compounds with sidechains 

similar to those already investigated by Cheng et al and Murdoch et al., but 

substituted differently in the anthraquinone chromophore. The outcome of this study 

was that the combination of 1,4-disubstitution had superior antineoplastic activity to 

1-mono, 1,5- and 1,8 -bis-substitution [59]. Contrary to this trend, a study by Islam et 

al. showed that a 1,5-bis-substituted anthraquinone (l,5-bis-[(di-ethylamino)- 

ethylamino] anthraquinone) was more DNA affinic and vaguely more cytotoxic in
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vitro than the corresponding 1-mono-, 1,4- and 1,8-bis-substituted congeners [60]. 

None of these anthraquinones showed anticancer activity in vivo.

Much research in the field of amidoanthraquinones has been carried out by Neidle 

and co-workers [62, 63]. Amidoanthraquinones are a class of agent where the 

aromatic amine has been replaced by an amide fimctionality. The 

amidoanthraquinones were initially examined for anti-neoplastic activity based on 

the same mode of action as the aminoanthraquinones. However, despite preserving 

high affinity for DNA and moderate cytotoxicity in vitro, Martelli et al. 

demonstrated that the amidoanthraquinones displayed only weak anti-leukemic 

activity in vivo [64]. Nonetheless, several recent investigations have suggested that 

the amidoanthraquinones may still have a role to play in chemotherapy as telomerase 

inhibitors. The length of the telomeric DNA (the end of chromosomes) gradually 

reduces after every cell division it undergoes. Telomerase, a specialised 

ribonucleoprotein, has been found to be present in 80-90 % of human tumours, and 

due to its role in stabilising the length of telomeres has been associated with cell 

immortality, ensuring the continued investigation of amidoanthraquinones as 

inhibitors of telomerase enzymes [65, 6 6 ].

Considerable research has been carried out in the development of non-covalent 

binding anthraquinones over the past 20 years since the original synthesis of MTX. 

The plethora of investigations concerning cytotoxic anthraquinones has enabled 

detailed structure-activity relationship to be determined. Despite the discovery of a 

great number of potent anti-neoplastic mono- and di-substituted anthraquinones, 

some equalling the potency of MTX in a number of in vitro and in vivo systems, no 

agent has surpassed mitoxantrone and hence reached the clinic. It is still, more than 

2 0  years after its discovery, the most useful synthetic anthraquinone-based cytotoxic 

agent in clinical use.

It is intriguing that a number of 1-monosubstituted anthraquinones exert the same 

cytotoxicity as MTX in vitro, but diminished cytotoxicity in vivo. It is evident that 

the level of activity is enhanced by the nature of the second sidechain. This may be 

due to a more efficient trapping of topoisomerase II and subsequent inhibition of 

DNA synthesis [74].
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1.5 DNA Topoisomerases

The various problems of disentangling DNA strands or duplexes in a cell are all 

rooted in the double-helical structure of DNA [6 8 ]. For most processes that must 

access the information stored in the DNA, the two strands of the helix must separate 

either temporarily, as in transcription or recombination, or permanently, as in 

replication. As a consequence, a group of enzymes collectively known as 

topoisomerases have evolved to solve cellular transactions of DNA by introducing 

temporary single- or double-strand breaks in the DNA. Those enzymes that cleave 

only one strand of the DNA are classified as topoisomerase I (topo I) enzymes. There 

are two subfamilies defined as type lA and type IB based on whether the proteins are 

linked to a 5’ phosphate or a 3’ phosphate respectively. Enzymes that cleave both 

strands to generate a staggered double-strand break are classified as topoisomerase U 

(topo n) enzymes [69]. The type II family includes the prokaryotic DNA gyrase and 

topoisomerase IV and the mammalian isoenzymes topoisomerase Ha (topo Ha) and 

topoisomerase np (topo np) [70].

1.5.1 Biological Functions of DNA Topoisomerases

The participation of topoisomerases in nearly all cellular processes involving 

DNA makes them crucial to the viability of the cell. Biological functions of DNA 

topoisomerases include the removal of DNA supercoils generated by various cellular 

processes. For example, during semiconservative replication, positive supercoils are 

generated ahead of the replication fork as the parental strands separate behind it. 

There is also substantial evidence that supercoils formed during transcription 

processes are dealt with by one or more topoisomerases. Other processes where 

topoisomerases are known to be involved are chromosome condensation and 

decondensation. Decatenation of newly replicated pairs of chromosomes is a 

necessity if cells are to progress without loss of viability [6 8 ].

The interaction with DNA by the topoisomerases is a little different depending on 

whether it occurs in prokaryotic or eukaryotic cells. The principal functions are listed 

in Table 1.1.
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Table 1.1 Properties of DNA Topoisomerases [71].

Prokaryotic Eukaryotic

Type I relaxes only negative supercoils relaxes both positive and negative 
supercoils

covalent linkage to 5 ’ end of DNA covalent linkage to 3 ’ end o f DNA

requires magnesium divalent cations stimulate activity but are
not required
anions inhibit activity

no sequence homology with 
the eukaryotic enzyme

monomer monomer

Type II preference for relaxing 
positive supercoils

relaxes both positive and negative 
supercoils

can introduce negative supercoils no supercoiling activity

requires ATP requires ATP

catenate/decatenate catenate/decatenate

knot/unknot knot/unknot

homodimer with homology to both 
bacterial subunits

1.5.2 Mechanisms of Action of Topoisomerase II

Topo n  interconverts topological states of DNA by passing an intact double helix 

through a transient break that it creates in a separate helix. As a result of its double

stranded DNA passage reaction, topo II can remove superhelical twists from DNA as 

well as resolve inter- or intra-molecular nucleic acid tangles [6 8 ], Topo II interacts 

with DNA via a pair of tyrosine residues, one located on each part of the dimeric 

protein. Nucleophilic hydroxyl groups of the tyrosine residues catalyse a cleavage on 

both strands by a transestérification mechanism (Fig. 1.15). The tyrosine is covalently 

linked to the 5’ end of the DNA strands while leaving a pair of hydroxyl groups at 

the recessed 3 'end as seen in Figure 1.15B. The cleavage is only transient and is 

resealed after another DNA duplex has passed through the translocated gap created
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by the enzyme [68, 79-82], The phosphotyrosyl intermediate in the catalytic pocket 

o f  the enzyme is presumably shielded from solvent hydroxyl groups. If  this were not 

the case, the rejoining o f  the OH end to  the phosphoryl group would possibly be a 

less favoured process than the solvolysis, and result in loss o f  religation [68].

(A)

X T '

+ ATP & DNA

(B)

Figure 1.15 Topoisomerase and its interaction with DNA. (A) Nucleophilic attack by a tyrosine 

residue by topoisomerase on the DNA backbone. (B) Topo II interacts with DNA and is in equilibrium 

between clea\ed and uncleaved states. Upon ATP binding, the DNA strand translocates away from each 

other and allows a second duplex to pass through the open gap [adapted from 82].

A two-gate theory seems to  validate how topo II, a heart-shaped dimeric protein, 

acts as an ATP-dependent molecular clamp that is open when ATP is absent; upon 

ATP-binding the clamp closes and only re-opens when the ATP hydrolyses [82, 83]. 

Berger and W ang have illustrated the interaction o f  topo II with DNA. The 

illustration is based on biochemical and structural data o f  DNA transport by yeast 

topo II (Fig. 1.16).
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Figure 1.16 The catalytic cycle of topoisomerase 11. In blue is shown the dimeric protein that acts 

upon ATP binding (asterisk) by transporting a segment (T) through a gate system while maintaining 

a DNA-enzyme complex in open state, allowing a second segment to be passed through. The ATP 

dimerises as the T-segment is captured in the centre of the enzyme. The final step religates the two 

G-segments and releases the T-segment. [82].

1.5.3 Topoisomerase II and the Cell Cycle

Several studies have indicated that there are low levels o f  topo l i a  during cell 

quiescence such as in resting lymphocytes or serum deprived fibroblasts, and that the 

content o f  topo I la  is upregulated when cells re-enter the cell cycle [84]. The level o f  

topo I la  protein continues to increase through the S and G] phases and peaks in late 

G 2/M phase [5]. Much evidence is available to link increased levels o f  topo I la  to 

expression in proliferating cells [71, 72, 79, 80, 85, 86]. The a  isoenzyme has also 

been shown to be expressed in quiescent HeLa and L I210 cells, albeit at low levels 

[13, 72, 85, 87]. Topo Up shows a different pattern o f  expression in human tissues. 

The p-isomer has been found expressed in quiescent cells and appears to be 

maintained at a constant level throughout the cell cycle [79].
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1.5.4 Topoisomerase II as Chemotherapeutic Target

The vital role of DNA topoisomerases in cell division makes them primary 

cellular targets for the development of novel chemotherapeutic agents. Agents that 

inhibit topo II are of widely dissimilar structures reflecting various mechanisms of 

action. An outline of DNA intercalators as topo II inhibitors is listed in Table 1.2.

Table 1.2 Topoisomerase-Targeting Anti-Tumour Intercalators [adapted from 72].

Target Drug Class Examples

Topo II anthracyclines doxorubicin, daunomycin

ellipticines 2-methyl-9-hydroxyellipticinium

aminoacridines CI-921, amsacrine (m-AMSA)

anthraquinones mitoxantrone, ametantrone, AQ4

actinomycins actinomycin D

anthrapyrazoles DuP937, DuP941

benzisoquinolinediones amonafide, mitonafide

The DNA intercalators act by stabilising ‘cleavable complexes’ that are thought to 

inhibit the resealing event of the transient break induced by topo II [77]. The 

‘cleavable complexes’ can spontaneously reverse and are not in themselves 

cytotoxic. Non-covalent binding intercalators appear to exert their toxicity towards 

the cell by the slow dissociation of the drug from DNA [74]. Long-term trapping of 

topo n  possibly results in inhibition of replication forks and/or transcription 

processes. Such abnormal DNA-protein configurations are thought to be lethal to the 

cell unless they can be dealt with by DNA repair systems [75].

Intercalative binding to DNA is not necessarily enough for topo II inhibition. The 

geometrical configuration of intercalators also appears to be of significant 

importance. This is best exemplified by the isomers o-AMSA and m-AMSA, where 

both possess intercalating properties, but only the latter has been shown to be a topo 

n  poison [73].

The efficient topo II poisoning of mitoxantrone is likely to be due to its high 

affinity for DNA and its slow disengagement from DNA. This has been found to
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cause accumulation o f  topo II ‘cleavable complexes’ that inhibit both RNA and DNA 

synthesis [78].

In Figure 1.17, m itoxantrone is shown to intercalate into a DN A-topo II ‘cleavable 

complex’ formation where it prevents the release o f  topo II from DNA.

UNA intercalators 
(e.g. mitoxantrone) )

 ♦
Y

Figure 1.17 Topo II poisoning by an intercalator. In the presence of a persistent DNA intercalator, 

the enzyme is likely to be converted into a poison by preventing the rejoining event of the topo II 

from DNA.

1.6 Anthraquinones with Alkylating Capability

In an attempt to optimise the persistency and thereby the potency o f  several non- 

covalently binding intercalators, most notably acridines (Fig. 1.18), the sidechain 

attached to the chrom ophores has been altered with functional groups capable o f  

alkylating DNA [90-94].
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Cl

DNA'directed m ustard

HN

DNA-directed aniline m ustard

Cl

Figure 1.18 DNA affinic acridines with alkylating capability.

Anthraquinones based on emodin, chrysophanol and 1,4-dihydroxy 

anthraquinones have also been developed with alkylating functionalities. Jin et al. 

have developed anticancer agents with esters of chlorambucil and melphalan 

anchored to a 1,4-dihydroxyanthraquinone moiety (Fig. 1.19). These agents 

potentially have several modes of activation, such as intercalation followed by 

alkylation (c.f. the acridine mustards), or enzymatic hydrolysis of the ester linkage 

releasing a DNA crosslinking agent (a mustard), or an intercalator with potential for 

alkylating through a quinone methide by reduction of the quinone moiety. Several of 

these anthraquinone mustards were more cytotoxic against L1210 cells in vitro and 

were more effective in vivo than the non-targeted mustards [95, 96].

Cl

Cl

O OH R O

H ^ N HT
O OH O

DNA-directed melphalan derivative

N
OH O

OH ODNA-directed chiorambucil derivative

Figure 1.19 Crosslinking agents connected to 1,4-dihydroxyanthraquinones capable o f undergoing 

ester bond hydrolysis.
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Inactive natural anthraquinones such as emodin and chrysophanol in general 

become more cytotoxic when combined with functional groups with alkylation 

capability [97, 98]. Two of the alkylating chrysophanols, SK-31662 and its mono- 

alkylating analogue SK-31690 (Fig. 1.20), were shown in another study to 

irreversibly stabilise topo U-mediated DNA complexes. In contrast, reversal of drug- 

stabilised complexes was observed in the presence of a non-covalent binding 

chrysophanol (SK-31694, Fig. 1.20), and two classical topo II inhibitors m-AMSA  

and VP 16 [99]. It can be inferred that the enhanced inhibition of topo II was 

associated with the alkylating functionalities incorporated into the chrysophanols .

OH O OH OH O OH

Emodin: R' = OH, R^= CHa 

Chrysophanol: R' = H, R^= CHa

SK-31694: R = H , X  = OH 

SK-31690: R = H ,X  = Cl 

SK-31662: R = CHjCHaCl, X = Cl

Figure 1.20 Anthraquinones with alkylating capability

1.6.1 Bioreductive Cyclopentanthraquinones

This class of compounds was derived from the bioreductive agent Mitomycin C 

(MMC). Cyclopentanthraquinones were designed to have a dual mechanism of action 

with both alkylating and intercalating properties. Bioreduction of the

cyclopentanthraquinones is a prerequisite to 

their activation. This can occur in oxic or 

reductive conditions [100, 101]. However, the 

most promising agent of this class of 

compounds (Fig. 1.21) was found to be less 

cytotoxic than MMC in vitro and in vivo [101].

O

NH

Figure 1.21 Cyclopentanthraquinone
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1.6.2 Chloroethylaminoanthraquinones

Recently, a series of 1,4-di-substituted anthraquinones with alkylating capacity 

(chloroethylaminoanthraquinones) were synthesised and evaluated [33]. 

Chloroethylaminoanthraquinones with alkylating potential on both the 1,4-bis- 

substituted sidechains were, in general, found to be more cytotoxic than their non

mustard counterparts in a wild type ovarian carcinoma cell line (A2780). However, 

all 1,4-bis-substituted compounds (symmetrical sidechains) were significantly less 

active against an adriamycin resistant cell line (2780AD) and an alkylating cisplatin 

resistant cell line (2780CP). However, one compound (ZP281M), was found to evade 

both efflux pump mediated resistance and alkylating agent mediated resistance [33]. 

ZP281M is also active in vivo against resistant (2780AD and 2780CP) human 

xenografted tumours [102]. ZP281M has non-symmetrical sidearm configuration, 

namely a bis-alkylating functionality confined to one sidechain and a DNA affinic 

alkylamino functionality as the other (Fig. 1.22B).

O HN  ̂J n ■R2

R4

(A) AQ stru c tu re

OH O

OH O HN

(B) ZP281M

Figure 1.22 (A) General structure o f 1,4-di-substituted chloroethylaminoanthraqumone (n =1, 

2; Rx = CH3, CH2CH2CI, X = H or OH). (B) ZP281M, the most promising anthraquinone



Chapter 1 30

1.7 Resistance in the Treatment of Cancer to Chemotherapeutic Agents

The emergence of tumour cell resistance to anticancer drugs is a major problem in 

cancer chemotherapy [102]. The development of resistance to chemotherapy and 

subsequent relapse may ultimately lead to failure to respond to a wide range of 

anticancer drugs [103]. Multidrug resistance (MDR) is the process whereby exposure 

of one drug induces cross-resistance to a variety of agents to which the tumour has 

not yet been exposed [5]. MDR can be intrinsic, conferring natural resistance to 

cytotoxic agents, or it can be acquired through drug exposure. Generally, the 

intrinsically resistant cancer cells are the most difficult to treat as these often develop 

into a subpopulation of cells that maintain the resistance phenotype. Approximately 

60 % of tumours in patients display intrinsic resistance, whereas 30-40 % initially are 

sensitive to treatment, but at a later stage of the clinical therapeutic regimen will 

acquire resistance [104].

In general, MDR cells have increased expression of membrane p-glycoprotein 

pumps, increased levels of cytoplasmic thiols (especially glutathione), decreased 

levels of target enzymes (e.g. topo II) or increased levels of DNA repair enzymes 

[30]. A common feature for the different resistant mechanisms appears to be 

alterations in gene expression [79]. Furthermore, a number of factors such as 

absorption, distribution, metabolism and poor blood supply of a drug may account 

for a diminished efficacy in patients and amplify problems associated with MDR [5].

The impetus of this work was to describe and evaluate novel agents comprising 

both DNA intercalating and alkylating moieties, therefore the principal resistance 

mechanisms for agents with such functionalities will be discussed in the following 

sections. This will be preceded by a discussion (section 1.8) on how these resistance 

pathways can be dealt with by the development of novel 

chloroalkylaminoanthraquinones.

1.7.1 Resistance Due to Overexpression of Membrane Glycoproteins

The acquisition of a MDR phenotype in cancer cells is often associated with 

increased expression of a 170-180 kDa plasma membrane located P-glycoprotein (P-
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gp). P-gp is ATP dependent and is encoded by the multidrug resistance 1 gene 

(MDRl) that is found both in normal and malignant tissue [105]. P-gp is known to 

extrude a wide range of structurally unrelated cytotoxic agents from cells [1 0 2 , 106, 

107] resulting in a decreased intracellular concentration of drug. Tumours arising 

from tissues where P-gp efflux pumps are highly expressed show intrinsic resistance 

to chemotherapy [1 0 2 ].

Cancer cells can also acquire MDR without overexpression of P-gp. The human 

multidrug resistance protein (MRP) family contains at least six members, and they 

typically transport organic anions. Nevertheless, non-anionic organic drugs such as 

anthracyclines and Vinca alkaloids have been shown to be substrates for the MRPl 

transporter [132]. MRPl has been associated with drug resistance in doxorubicin- 

selected lung carcinoma cells and leukaemia cells [105].

In terms of blocking efflux pump proteins as an alternative strategy there are two 

conflicting issues. On the one hand, cancer cells need to lose their chemoprotection 

mediated by MDRl and MRP-1, and on the other hand sensitive non-cancerous cells, 

such as rapidly proliferating bone marrow cells need to retain this intrinsic resistance. 

Approaches that target MDRl and MRP-1 must be achieved in a way that is cancer 

specific, so as not to affect the normal function of these proteins in healthy cells 

[131]. This strategy has so far been largely unsuccessful. Clinical investigations 

where P-gp inhibitors has been given to cancer patients along with anticancer drugs 

have revealed poor systemic clearance of the administered anticancer drug. 

Consequently, this has necessitated a reduction of maximum tolerated doses of 

anticancer drugs, thereby diminishing the therapeutic opportunity as well as 

increasing the risk of the patient developing resistant tumours [108].

1.7.2 Resistance to Topo II Inhibitors

The resistance of neoplastic cells to topo II inhibitors is due to (a) mutation of the 

topo n  gene to a drug insensitive form and (b) decreased expression of topo II 

resulting in a diminished number of drug targets available. The role of mutation of 

the topo n  genes is not firmly established in human tumour cells. However, there is 

evidence supporting the hypothesis. For example, it has been proven that a mutant
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yeast topo II gene (top2H1012Y) with hypersensitivity to ellipticine generates more 

DNA-drug-enzyme ternary complexes than its yeast wild-type topo II counterpart 

[112]. There is much evidence that decreased levels of topo II are associated with 

resistance to topo II poisons [71, 79, 85, 109, 111, 113, 114]. Conversely, increased 

levels of topo II are shown to be associated with an increase in sensitivity of cells to 

amsacrine and VP 16 [115], and transfecting topo Ila  genes into brain tumour cells 

increases sensitivity to etoposide treatment [1 1 0 ].

It is still not established whether topo Ha or p is more important for the 

interaction with cytotoxic drugs. However, abundant evidence is available to link the 

topo Ha isoform to sensitivity and resistance of topo II inhibiting drugs.

1.7.3 Resistance Related to Alkylating Agents by DNA-Repair Mechanisms

Attacks on DNA by alkylating agents trigger various DNA repair mechanisms 

including nucleotide-excision repair (NER), base-excision repair (BER), non- 

homologous end joining (NHEJ), and mismatch repair (MMR). Alkylating agents 

that produce small chemical alterations of bases are predominantly targeted by BER. 

NER deals with a wide range of helix-distorting lesions that interfere with base 

pairing and generally obstruct transcription and normal replication. Lesions are only 

repaired on one of the strands in a ‘cut-and-patch’ type reaction in both NER and 

BER. The adduct is cut out and replaced by using the complementary DNA strand as 

a template. Lesions due to double strand breaks (DSBs) are more difficult to repair. 

The major repair pathway in mammalian cells is NHEJ [141], which is likely to work 

together with other pathways such as BER and NER in removing DSBs [116].

MMR proteins, hMSH2, hMSH3, hMSH6 , hMLHl, hPMS2 and possibly 

hMLH3, are thought to play a vital role in the post-replicative correction of DNA 

polymerase errors such as base/base mismatches and insertion/deletion loops that 

have arisen during the slippage of the primer against the template strand [119, 125]. 

MMR proteins also appear to be implicated in the control of the fidelity of genetic 

recombination [120]. MMR is different fi-om the other repair systems as the lesions 

removed are undamaged nucleotides. Instead, the abnormality arises because the 

base is mispaired. For example, the deamination of methyl-cytosine produces a G-T
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mispair that will be further converted to a G-A mispair if a thymine is not correctly 

substituted for the cytosine prior to DNA replication [121].

Investigations have indicated that DNA adducts caused by alkylating agents are 

detrimental due to abortive attempts to replicate and/or repair the damaged DNA. 

The formation of double-strand breaks or single strand gaps in the DNA causes 

chromosome aberrations and breakage during mitosis [122]. A natural response of 

the cell to DNA alkylating agents is to trigger an enhancement of DNA repair 

systems. This increase in adduct repair systems results in fewer cytotoxic lesions and 

therefore resistance to chemotherapeutic agents. Crosslinking agents such as the 

nitrogen mustards, bioreductive crosslinking compounds and platinum agents are 

thus detoxified by the enhanced effect of one or more DNA repair systems often 

operating together [123].

Loss of DNA mismatch repair has been observed in a variety of human cancers 

[124]. Defect in MMR results in drug resistance directly by impairing the ability of 

the cell to detect DNA damage, which would otherwise trigger cell cycle arrest 

and/or cell death. Loss of MMR proteins also indirectly confers resistance to 

anticancer drugs by increasing the mutation rate throughout the genome. MMR- 

deficient cells have been reported to be resistant to drugs with different mechanisms 

of action such as methylating agents (procarbazine and temazolomide), alkylating 

agents (busulfan) and metalating agents (cisplatin and carboplatin) and topo II 

inhibitors (doxorubicin and etoposide) [124]. Recent investigations have shown that 

loss of either hMSH2 or hMLHl is associated with resistance to doxorubicin, 

epirubicin and mitoxantrone, suggesting the MMR proteins are involved in topo II- 

mediated cytotoxicity [126].

1.7.4 Resistance to Alkylating Agents Due to Elevated Levels of Glutathione

Alkylating agents are very electrophilic compounds that react with nucleophilic 

components in cells. Resistance to alkylating agents has been associated with 

glutathione (GSH) and enzymes involved in GSH metabolism, such as the 

glutathione-S-transferases (GSTs). GSH is a ubiquitous tripeptide that plays a central 

role in the protection of cells against a spectrum of toxic insults. Elevated levels of
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glutathiones have been found in neoplastic cells resistant to alkylating agents such as 

melphalan and cyclophosphamide [127] and the metalating agent cisplatin [128]. 

Overexpression of GSH has resulted in diminished sensitivity to mechlorethamine in 

9L-rat brain tumour cells [129].

Intriguingly, GSH also has been observed to have a role in detoxification and 

resistance to anthracyclines and anthraquinones. For example, it has been implicated 

in the detoxification of mitoxantrone metabolites through conjugation with products 

from metabolic oxidation of its sidechains and anthraquinone chromophore [130]. 

One study established a link between cellular resistance to anthracyclines and MRPl 

in the presence of GSH, either as an activator or as a co-transported substrate [132].

1.8 Rationale for Development of Anthraquinones with Alkylating Capability 

as Novel Anticancer Drugs

Most anticancer drugs are ‘dividing cell specific’ rather than ‘cancer cell specific’, 

and the effectiveness of such drugs will always be limited by the existence and 

sensitivity of normal dividing cells (especially bone marrow cells) [139]. It follows 

that quiescent tumour cells confound treatment as they may be largely unaffected by 

chemotherapy that targets inhibition of cell division [140].

The anthraquinones with alkylating capability (chloroalkylaminoanthraquinones) 

investigated in this study are structurally related to the anthracycline and 

anthraquinone-based topo II inhibitors. Common resistance mechanisms for these 

classes of compounds in the clinic are associated with high levels of p-glycoproteins 

responsible for actively pumping drugs out from the interior of cancer cells. 

Furthermore, mutation of topo II or downregulation of this target enzyme fi*equently 

confers resistance to these intercalators. Anthracyclines and anthraquinones are non- 

covalent binding agents that intercalate DNA and subsequently trap topo II in a 

reversible ternary ‘cleavable complex’. Due to the reversibility of the ‘cleavable 

complex’ such agents suffer fi*om being potential substrates for p-glycoproteins, the 

principal component in multidrug resistance. Therefore, it is of considerable 

therapeutic interest to develop novel agents that are unaffected by the presence or 

emergence of MDR cells.
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Regarding effective inhibition of topo Ü, it is generally acknowledged that drugs 

that dissociate more slowly from DNA are likely to be more cytotoxic due to longer 

exposure time of the drug within the cell [74]. Intercalating agents with alkylating 

capability such as the chloroethylaminoanthraquinones described in section 1 .6 . 2  

would in principle overcome MDR in cancer cells by being unavailable for removal 

since they will be covalently linked to their cellular target.

As the chloroalkylaminoanthraquinones possess alkylating functionalities, they 

may not be cell cycle specific and therefore exert toxicity in quiescent cells (this is 

evident for other agents including nitrosureas [67]) by targeting DNA bases near the 

intercalation site. Regardless of the mechanism of action, DNA-affinic 

chloroalkylaminoanthraquinones should produce permanent cytotoxic lesions 

consistent with effective cell killing, unless such lesions are recognised and repaired 

by DNA repair pathways. ZP281M, the lead compound of this novel class of agents, 

supports this hypothesis as it has been shown to evade drug efflux pump mediated 

resistance [33]. Importantly this agent also evades DNA repair mediated resistance in 

vitro [33,143] and in vivo [137].

1.9 Rationale for Development of di-A-oxides of Anthraquinones with 

Alkylating Capability as Novel Bioreductive Prodrugs

Solid tumours make up more than 90 % of all human cancers and can be 

considerably less oxygenated than normal tissues. This has been associated with 

resistance to radiotherapy and chemotherapy in the clinic (section 1.2.1) [134, 135]. 

The importance of cell killing in those regions of tumours with low oxygen tension is 

crucial if cancer is to be effectively treated. Since bioreductive agents are only 

activated in hypoxic cells, it is clear that these agents can only play a role as adjuvant 

agents in combination with other modalities. Available drugs that target hypoxia are 

tirapazamine and AQ4N. Tirapazamine and AQ4N are metabolically activated under 

low oxygen tension, which is found in poorly vascularised regions of solid tumours 

that may constitute up to 20 % of a cancer [23].

Mitoxantrone (MTX) has emerged as the most clinically useful 1,4-disubstituted 

anthraquinone. Unfortunately, from a prodrug point of view based on the 

bioreductive A-oxide concept, the sidechains of MTX comprise secondary amine
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functionalities that cannot be derivatised to tertiary TV-oxides suitable for prodrug 

development. As a consequence AQ4 that is structurally similar to MTX was 

developed. AQ4, the cytotoxic metabolite of AQ4N, has a high affinity for DNA and 

is an established topo II inhibitor. However, AQ4 (like MTX) is a non-covalently 

binding intercalator that inhibits topo II in a transient reversible ternary complex, and 

unlike ZP281M is a potential substrate for P-gp's due to its non-covalent character. 

ZP281M possesses tertiary amine groups that can be derivatised to A-oxides, but due 

to the bis-alkylating functionality it is likely to be unstable as has been found for N- 

oxides of mechlorethamine, and chlorambucil. An attempt to derivatise a 

chloroethylaminoanthraquinone (ZP293M) to the corresponding A-oxide has also 

been attempted, but during work up cyclisation of the oxygen towards the 

electropositive p-carbon probably occurred as proposed in Scheme 1.3 [33]. This re

arrangement has been proposed to occur for chlorambucil A-oxide and nitromin 

(section 1.2.3) [31, 32].

O

O HN

O HN

Cl

Scheme 1.3 Proposed re-arrangement o f ZP293M.

Constraining the bis-alkylating (or mono-alkylating) functionality in a ring system 

such as in a pyrrolidine or piperidine system would make more stable N-oxide 

derivatives. In fact, Henderson et al. has demonstrated that N-oxides of simple A-
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methylpiperidines can be prepared, and significantly are stable and non-cytotoxic 

(section 1.2.3).

It is of therapeutic interest to develop analogues of ZP281M that possess the 

activity of this agent against resistant tumours and that can be derivatised to di-N- 

oxides as potential bioreductive prodrugs.

1.10 Aims of this Study

Bearing the above information in mind, the aim of this study is two-fold:

1) To develop novel chloroalkylaminoanthraquinones (CAQs) based on the 

non-symmetrical structure of ZP281M that are effective against MDR cells 

and therefore can be used in the treatment of oxic malignant cells.

2) To develop di-A-oxides of these CAQs as bioreductive prodrugs that in 

principle are metabolised to potent cytotoxins in hypoxic tumours.

The synthesis of the 1,4-disubstituted CAQs will consist of two identical 

sidechains (symmetrical) and two different sidechains (non-symmetrical). The 

sidechains attached to the anthraquinone moiety are designed to consist of either 

mono- or bis-alkylating functionalities at different positions on the piperidine- or 

pyrrolidine ring systems (Fig. 1.23).

O HN

X O HN

N,

N'

(A)
- tR'

X O HN

Figure 1.23 Non-symmetrical (A) and symmetrical (B) 1,4-di-substituted anthraquinone based 

compounds. X = H, OH; R = H, CH2CH2CI; R'= Cl, CH2CH2CI, CH2CH2CH2CI; Aliphatic ring 

system: either piperidine (shown) or pyrrolidine. Some conpounds will be derivatised to tertiary 

amine A-oxides.
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The synthesised 1,4-disubstituted CAQs will be tested for cytotoxicity in Chinese 

Hamster Ovary (CHO), human breast cancer (MCF-7) and human ovarian cancer 

(A2780) cell lines, and furthermore will be examined for their potency in two 

resistant ovarian cancer cell lines 2780AD (adriamycin resistant cell line) and 

2780CP (cisplatin resistant cell line).

The formation of a positively charged aziridinium ion by nitrogen mustards is 

generally considered a prerequisite for DNA alkylation. To establish this, analogues 

with chloroethyl- and chloropropyl moieties (the latter does not form an aziridinium 

ion) will be examined for their ability to alkylate DNA. Analogues with capacity to 

crosslink DNA will also be examined. Representative structural dissimilar CAQs will 

be selected for investigation of topo H-inhibition. Non-alkylating hydroxylated 

aminoanthraquinone (HAQs) analogues will also be investigated in order to evaluate 

the relative efficacy of the anthraquinones with alkylating capacity. Finally, di-A- 

oxides of selected CAQs will be examined to determine whether such compounds 

may have a potential as inactive bioreductive prodrugs.
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Synthesis of Aminoanthraquinones, 

Chloroalkylaminoanthraquinones, 

and their Respective Di-iV-oxides
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2 Synthesis of Aminoanthraquinones, Chloroalkylaminoanthra

quinones, and their Respective Di-7V-oxides

The 1,4-disubstituted chloroethylaminoanthraquinone ZP281M has an non- 

symmetrical configuration with a bis-alkylating fimctionality confined to one 

sidearm (see Fig. 1.22B, page 29). Constraining this reactive part of the molecule by 

a ring-system such as piperidine or pyrrolidine has two purposes. Firstly, it will make 

the alkylating moiety less reactive as the lone pair on the nitrogen is more hindered 

to nucleophilic attack on the electropositive p-carbon; this will reduce the likelihood 

of unwanted nucleophilic attack by cellular components in the cytoplasmic 

environment. Secondly, it will make the molecule suitable for derivatisation to 

stable tertiary amine N-oxide fimctionalities as has been shown by Henderson et al 

(see section 1.2.3). Consequently, the aim of the synthetic work was to prepare a 

series of chloroalkylaminoanthraquinones (CAQs) with different reactive moieties 

confined to the sidechains. The CAQs were designed to incorporate primary or 

secondary chlorides attached to piperidine- or pyrrolidine ring-systems (as outlined 

in Fig. 2.1) in order to provide a basis for investigation of structure activity 

relationships.

Cl

.01 0 1

N N N
R R R

0 1

Figure 2.1 Molecules with potential primary and secondary leaving groups.

1-3 primary leaving groups, 4-5 secondary leaving groups, and 6-7 leaving groups that cannot 

form an aziridinium intermediate (R: alkylaminoanthraquinone)
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The chromophore was based on the structure of ametantrone (AMT) and in 

particular mitoxantrone (MTX), as the 5,8-OH groups traditionally contribute to a 

higher potency (see section 1.3.2). The sidechains included two methylene groups 

between the two nitrogens (-HNCH2CH2NR-), since this configuration is a 

significant part of the most potent 1,4-disubstituted anthraquinones (see section 

1.3.2). The literature suggests various synthetic routes to 1,4-disubstituted 

anthraquinones based on the AMT, moiety with the most common being substitution 

reactions. Examples include substitution of tosyloxy [145], nitro [146] and halide 

groups [147]. Amination of carbonyl groups is also a convenient way of synthesising 

1,4-disubstituted anthraquinones [45-47]. As 2,3-dihydro-9,10-dihydroxy-1,4- 

anthracenedione (leucoquinizarin) was commercially available, this chromophore 

was employed to obtain the corresponding 1,4-disubstituted hydroxylated 

aminoanthraquinones (HAQs) and chloroalkylaminoanthraquinones (CAQs).

Development of MTX analogues in the literature is predominantly achieved by 

either amination of 5,8-dihydroxyleucoquinizarin [45-47] or the displacement of 

fluorides of 1,4-difluoro-5,8-dihydroxyanthraquinone by appropriate amines [48, 

151, 152]. Both methods were employed in this study.

2.1 Results

2.1.1 Synthesis of Hydroxylated Heterocyclic Aminosidechains

Commercially available hydroxylated secondary cyclic amines were alkylated by 

bromoacetonitrile (Scheme 2.1). Products were initially obtained by kugelrohr 

distillation, but purification by chromatography was found to afford the products in 

10-20 % higher yields. The nitrile group was then reduced to a primary amine with 

lithium aluminium hydride (LiAlEU), and the crude product was distilled under high 

vacuum to give the corresponding primary amines (for yields see. Table 2.1 page 

44).
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Scheme 2.1 Route to synthesis o f mono-hydroxylated primary amino sidechains needed for the 

development of novel HAQs and CAQs; n = l ,2 ; m  = 0, 1.

(i) BrCHzCN, dry. THF, 45-50 °C, (ii) L1A1H4, dry THF, reflux.

The 2,6-di-hydroxylated piperidine sidechain was prepared by applying the same 

synthetic route as for the mono-hydroxylated heterocyclic sidechains. However, an 

extra reaction step was needed. 2,6-Pyridinedimethanol (commercially available) 

was first reduced with hydrogen at atmospheric pressure using PtOz as a catalyst, 

before alkylation with iodoacetonitrile, and reduction of the nitrile to a primary 

amine (see Scheme 2.2).

HO. ^OH

111

,0 H

NHc

Scheme 2.2 Route to synthesis o f di-hydroxylated primary amino sidechains needed for the 

development o f HAQs and CAQs.

(i) H2, PtOz, glacial acetic acid, RT, (ii) ICH2CN, dry. DMF, 45-50 ®C, (iii) LiAlH^, dry THF, 

reflux.
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Table 2.1 Data Obtained from Preparation of Sidechains

O'
N
1 I

R2 R:

(A) (B)

Compound

(structure)*

Ri R2 R3 Formula MW B.P. ** 

[°C/mbar]

Yield

[%]

SI (A) 3-OH CN H C7H 12N 2O 140 n.d. 83

S2 (A) 3 -CH2OH CN H C7H14N 2O 154 n.d 92

S3 (A) 4-OH CN H C7H,2N20 140 n.d. 63

S4(A ) 2 -CH2OH CN H C7H14N 2O 154 n.d. 89

S5 (A) 2 -CH2OH CN CH2OH C9H16N 2O2 184 n.d. 53

SI 1(B) 2 -CH2OH CN - C7H12N 2O 140 n.d. 64

S12(B) 3-OH CN - C6H10N 2O 126 n.d. 71

S6  (A) 3-OH CH2NH2 H C7H,ôN2 0 144 172/0.05 63

S7(A ) 3 -CH2OH CH2NH2 H C7H 18N 2 0 158 164/0.01 76

S8 (A) 4-OH CH2NH2 H C7H,6N 2 0 144 178/0.05 44

S9(A ) 2 -CH2OH CH2NH2 H C7H18N 2O 158 225/0.13 27

SIO (A) 2 -CH2OH CH2NH2 CH2OH C9H20N 2O2 188 n.d 42

S13 (B) 2 -CH2OH CH2NH2 - C7H 16N 2O 144 142/0.3 63

S14(B) 3-OH CH2NH2 - C6H 14N 2O 130 n.d. 69

* All Compounds, with exception o f S5 and SIO (Scheme 2,2), are prepared by Scheme 2.1.

** n.d. = not determined
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2.1.2 Synthesis of Chromophores

Synthesis of 5,8-dihydroxyleucoquinizarin was carried out by a two-step method 

as previously described in the literature [148]. Firstly, 1,5-diaminoanthraquinone was 

oxidised to l,5-diamino-4,8-dihydroxyanthraquinone by the use of NaClOs and conc. 

H2 SO4 for 45 min. This was followed by stirring the mixture in sodium hydrogen 

sulphite (1 %) for 3 hours. The crude intermediate, isolated in 83 % yield, was then 

refluxed in a 2.5 M NaOH solution for three hours. Sodium hydrogensulphite was 

then added in order to produce 5,8-dihydroxyleucoquinizarin. The crude 

chromophore was afforded in 73 % yield, was used without any purification as 

starting material to 1,4-disubstituted anthraquinones.

NH2 O

1 ,11

O NH2

NH2  O OH

OH O NH2

111, IV

OH OH OH

OH OH OH

Scheme 2.3 Preparation o f 5,8-dihydroxyleucoqumizarin.

(i) Concentrated H2SO4 , NaClOs, 0 ®C 45 min., (ii) Sodium hydrogen sulphite (1 %), RT 3 h, (iii) 

NaOH (2.5 M), reflux 3 h, (iv) Na2S2 0 4 , reflux 3 h, acidified to pH = 3 with concentrated HCl

Following the procedure described by Krapcho et. al [149] l,4-Difiuoro-5,8- 

dihydroxyanthraquinone was prepared by reacting 1,4-dihydroxybenzene and 3,6- 

difluorophthalic anhydride in the presence of a mixture of ground AICI3 and NaCl at 

220 °C. After 3 hours, the reaction was quenched by pouring the melt onto a mixture 

of ice and conc. HCl.

OH O

OH O

Scheme 2.4 Preparation o f 1,4-difluoro-5,8 -dihydroxyanthraquinone 

(i) AICI3, N aC l,, 220 °C, 3 h.
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2.1.3 Synthesis of Non-symmetrical and Symmetrical 1,4-disubstituted 

Aminoanthraquinones

The synthesis of non-symmetrical anthraquinones was achieved by employing 

two methods using two different chromophores. Under a nitrogen atmosphere, N,N- 

dimethylethylenediamine (commercially available) and a novel synthetic sidechain 

(Scheme 2.1) were added to a polar solvent such as EtOH containing either 

leucoquinizarin or 5,8-dihydroxyleucoquinizarin. The reaction mixture was then 

refluxed. Monitoring the reaction by TLC showed the initial formation of 3 

red/purple spots that were likely to be the corresponding 1 -mono-substituted 

intermediate products, which later disappeared with the formation of 3 blue spots 

identical to 1,4-disubstituted intermediate Schiff bases. Air oxidation overnight with 

or without catalysis by addition of NaOH (15 %) afforded the desired products. 

Isolation and purification of the three product components (three blue spots of 

approximate equal intensity as measured by TLC), was achieved by column 

chromatography. The yields from the mixed sidechain reactions (reaction with two 

different amine sidechains) were in the range 3-12 %. Reacting leucoquinizarin with 

excess of one amine sidechain, rather than two different, led to a 29 % yield of the 

desired product HAQ38 (see scheme 2.6, page 48). The improved yield relative to 

reactions using mixed sidechain is largely a measure of easier purification by flash 

chromatography of only one major product as opposed to three major products.
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X OH O

X OH O

HN^
.N,

O HN

X O HN

r x w H
O HN O HN

+

X O HN X O HN

N

Scheme 2.5 Synthetic route to symmetrical and non-symmetrical 1,4-disubstituted HAQs from 

either leucoquinizarin (X = H) or 5,8-dihydroxyleucoquinizarin (X = OH). The latter chromophore is 

not commercially available and was therefore prepared as outlined in Scheme 2.3.

(i) Leucoquinizarin or 5,8-dihydroxyleucoquinizarin, 7V,7V-dimethylethylenediamine, hydroxylated 

heterocyclic sidechain prepared as outlined in Scheme 2.1, ethanol, reflux. n =  1, 2; m = 0 , 1.
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The symmetrical aminoanthraquinone HAQ38 was prepared by reacting 

leucoquinizarin with 7V-(2-aminoethyl)-3-piperidinemethanol (Scheme 2.6), which 

afforded the product in 29 %, yield.

H OH O

H OH O

O HN

H O HN

HAQ38

OH

OH

Scheme 2.6 Synthesis o f HAQ38 from leucoquinizarin. (i) EtOH, reflux, 16 h.

Synthesis of symmetrical HAQs was also achieved by displacement of fluorides 

of the l,4-difiuoro-5,8 -dihydroxyanthraquinone chromophore (Scheme 2.7) using 

pyridine as base and solvent. This reaction yields less side products, is easier to 

purify, and therefore leads to higher yields (33-44 %) compared to production of 

HAQ38 (29 %) using leucoquinizarin as the chromophore (see Table 2.2, page 49).

OH O F

+ HoN'
N%

OH O F

I—;:^toH

OH O HN N

Scheme 2.7 Synthetic route to symmetrical 1,4-disubstituted HAQs from l,4-difluoro-5,8 -dihydroxy

anthraquinone; n = 1, 2; m = 0, 1. (i) Pyridine, 90 °C, Yi-l h.
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Non-symmetrical HAQs were afforded by first reacting N-N- 

dimethylethylenediamine (1 equiv.) with l,4-difluoro-5,8 -dihydroxyanthraquinone in 

pyridine (Scheme 2.8), and isolating the intermediate 1 -(dimethylamino)ethylamino- 

4-fiuoro-5,8 -dihydroxyanthraquinone in 38 % yield after purification by

chromatography. This was then reacted with the prepared sidechain of interest 

(Scheme 2.9) to afford the non-symmetrical HAQs in 40-65 % yields (Table 2.2). 

Despite the extra step using the intermediate chromophore, it was less time- 

consuming, cheaper and more convenient to work with, and the overall yield (in the 

range 15-25 %) was still higher than for 5,8-dihydroxyleucoquinizarine (Table 2.2).

OH O

OH O

HoN'
.N \

OH O HN

OH O

Scheme 2.8 Synthesis o f non-symmetrical l-{2-[A^,A'^(dimethyl)amino]ethylamino]-4-fluoro- 

5,8-dihydroxy-anthraquinone. (i) Pyridine, RT, 24 h.

OH O HN

OH O F

+ HzN

OH O HN

Scheme 2.9 Synthetic route to non-symmetrical 1,4-disubstituted HAQs from l-{2-[N,N- 

(dimethyl)-ammo]ethylamino]-4-fluoro-5,8-dihydroxy-anthraquinone. (i) Pyridine, 90 ®C, V2-I h.
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Table 2.2 Data Obtained from Preparation of Non-symmetrical and 

Symmetrical 1,4-Disubstituted Anthraquinones

Compound* Scheme Formula MW

[g/moll

M.P. ** 

[°C]

Yield

[% 1

HAQ22 2.5 C25H32N 4O4 436.6 n.d. 1 0

HAQ24 2.5 C28H36N 4O4 492.6 n.d. 1 2

HAQ38 2 . 6 C30H40N 4O4 520.7 112-114 29

HAQ70 2.5 C30H40N 4O6 552.7 180-183 7

HAQ71 2.5 C2&H34N 4O5 482 181-183 8

HAQ72 2.5 C25H32N 4O5 468.6 228-230 4

HAQ73 2.7 C28H36N 4O6 524.7 235-237 4

1 HAQ105 2.7 C30H40N 4O6 552.7 208-210 34

Î HAQllO 2.8, 2.9 C25H32N 4O5 468.6 202-203 19*** (51)

1 H A Q lll 2.8, 2.9 C25H32N 4O5 468.6 231-235 25 (65)

1 HAQ115 2.7 C26H32N 4O6 496.6 197-199 44

1 HAQ116 2.7 C28H36N 4O6 524.7 241-44 42

HAQ 120 2.8, 2.9 C24H30N 4O5 454.5 195-198 16(41)

HAQ121 2.8, 2.9 C26H34N 4O5 482.6 201-203 19(51)

HAQ 125 2.8, 2.9 C28H36N 4O6 524.7 202-204 16(41)

HAQ143 2.8, 2.9 C27H36N 4O6 512.6 216-218 21 (54)

HAQ145 2.7 C28H36N4O4 492.6 219-221 35

HAQ148 2.8, 2.9 C25H32N 4O4 452.6 220-223 25 (65)

HAQ163 2 . 1 0 C21H22N 2O3 350.4 113-115 1 1

See Appendix C3 for structures. 

n.d. = not determined

Overall yield for non-symmetrical HAQ reactions using the synthetic routes shown 

in Scheme 2.8 and 2.9. The yield for the latter is shown in parentheses.
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2.1.4 Synthesis of Non-Symmetrical and Symmetrical 1,4-Disubstituted 

Chloroalkylaminoanthraquinones

Conversion of the hydroxylated aminoanthraquinones to chlorinated analogues 

(CAQs) was achieved using PhsP-CCU complex as reagent (Scheme 2.10) in dry 

CH2CI2 at reflux temperature. Following completion of reaction, ethereal HCl was 

added to the solution in order to make a hydrochloride salt of the CAQ. The CAQ 

was then stirred in warm methanol at 60 °C. A mixture of EtOAc-EtOH (1:1) was 

drop-wise added until precipitation of product was observed (when most of the 

CH3OH was boiled off). Excess PhgP and Ph3P= 0  remained in the solvent, and the 

desired products could easily be isolated by filtration.

O HN

OHX O HN m

O HN

X 2HC1

X O HN m

Scheme 2.10 Hydroxylated anthraquinones (only non-symmetrical configuration is shown here) 

were converted to corresponding halides by treatment ofPhgP-CCh complex; n = l , 2 ; m = 0 ,  1;X = 

H, OH, (i) PhgP, CCI4, dry CH2CI2, reflux, 3-10 h, ethereal HCl.

Due to problems with completion of reactions, in particular with the conversion of 

secondary alcohols, a novel route was explored to prepare CAQs (Scheme 2.11). 

Initially, the hydroxylated amino sidechains were Boc-protected. Halides were 

obtained via conversion of the crude A-Boc-protected hydroxylated sidechains to 

mesylate intermediates. To obtain the chlorinated sidechain, the crude mesylate was 

then treated with tetra-«-butylammonium chloride in dry DMF for 30 min. at 90 °C. 

The crude chlorinated sidechain was stirred in 4 M HCl EtOAc to remove the Boc 

group before it was reacted with 1 -(dimethylamino)ethylamino-4-fluoro-5,8 - 

dihydroxyanthraquinone for 2-5 hours. The yields obtained from this method were 

approx. 20-30 % lower than the direct halogénation of the hydroxylated
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aminoanthraquinones (Table 2.3); nevertheless all halides could be prepared by this 

method.

OH ii

W n

BOC'"'

OH O F

N.

W n

Cl V X 2HC1

OH O HN

Scheme 2.11 Synthetic route to non-symmetrical 1,4-disubstituted CAQs from chlorinated 

sidechains and l-{2-[A,//-(dimethyl)aniino]e1hylamino]-4-fluoro-5,8-dihydroxy-anthraquinone; n = 

1,2; m = 0, 1. (i) BocgO, EtgN, 45 ®C, 16-20 h, (ii) MsCl, EtgN, dry CH2CI2, 0 °C, 1 h, (iii) tetra-n- 

butylammonium chloride, dry. DMF, 90 ®C, 30 min., (iv) 4 M HCl in EtOAc, 1 h, (v) pyridine, RT, 

2-5 h, ethereal HCl.
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Table 2.3 Data Obtained from Preparation of Non-Symmetrical and 

Symmetrical 1,4-Disubstituted Chloroalkylaminoanthraquinones

Compound* Scheme Formula MW

[g/moll

M.P. "  [“C] Yield

[% 1

CAQ39 2 . 1 0 L30H38CI2N 4O2, 2 HCl 630.5 dec. ** > 300 65

CAQ46M 2 . 1 0 C25H31CIN4O2, 2 HCl 528 n.d. 75

O
CAQ74 2 . 1 0 C30H38CI2N 4O4, 2 HCl 662.5 dec. > 300 6 8

a1 CAQ75 2 . 1 0 C26H33CIN4O4, 2 HCl 574 dec. > 300 81

1 CAQ166M 2 . 1 1 C25H31CIN4O4, 2 HCl 560 dec. > 300 60

1 CAQ172 2 . 1 1 C25H31CIN4O4, 2 HCl 560 2 0 0 - 2 0 2 54

§ CAQ176M 2 . 1 1 C25H3,C1N404, 2 HCl 560 253-255 41

1 CAQ177M 2 . 1 1 C28H34CI2N 4O4, 2 HCl 634 dec. > 300 39

1 CAQ183M 2 . 1 0 C26H33CIN4O4, 2 HCl 574 233-235 73

1 CAQ187M 2 . 1 0 C27CI2H35N 4O4, 2 HCl 622.5 n.d. 81
u

CAQ188M 2 . 1 1 C24H29CIN4O4, 2  HCl 546 dec. > 300 15

CAQ190M 2 . 1 0 C30H38CI2N 4O4, 2 HCl 662.5 dec. > 300 78

CAQ191M 2 . 1 0 C2iH2,C1N202, HCl 405 250-253 69

See Appendix C3 for structures, 

dec. = decompose 

n.d. = not determined.

2.1.5 Synthesis of Anthraquinone Based Di-A-oxides

The di-iV-oxide AQ4N has been prepared by using either meta- 

chloroperoxybenzoic acid (w-CPBA) [144] or oxa-aziridine [150] as the oxidising 

agent. The former was successfully employed in oxidising the aminoanthraquinone 

HAQllO and four novel chloroalkylaminoanthraquinones CAQ166M, CAQ 172, 

CAQ176M and CAQ190M. Crude products were obtained in yields 62-90 % (Table 

2.4). TLC showed one intense spot identical to the di-A^-oxide derivative, and two 

weaker spots (identical to mono-A^-oxides for non-symmetrical compounds). 

Analytical data did not show any major impurities, and therefore no purification was 

attempted.
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OH O HN

N,

O
*OH O HN

Scheme 2.12 HAQs and CAQs were derivatised to corresponding tertiary amine di-A-oxides by 

treatment with w-CPBA. n = l , 2 ;  m = 0,1; X = OH, Cl.

(1) m-CPBA, dry CH2CI2, -10 °C for 15 min, 4 °C for 2-4 h.

Table 2.4 Data Obtained from Preparation of Di-A^-oxides

Compound* Scheme Formula MW

[g/mol]

M.P.**

["C]

Yield

[% 1

HAQ132 2 . 1 2 C25H32N 4O7 500 n.d. 73

1
CAQ167MN 2 . 1 2 C25H31CIN4O6 519 n.d. 62

CAQ179N 2 . 1 2 C25H31CIN4O6 519 n.d. 8 6

5 CAQ181MN 2 . 1 2 C25H31CIN4O6 519 n.d. 90

CAQ192MN 2 . 1 2 C30H38CI2N4O6 621.6 n.d. 83

See Appendix C3 for structures, 

n.d. = not determined
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2.2 Discussion

2.2.1 Sidechain Preparation

The synthesis of mono-hydroxylated amino sidechains was achieved by a two- 

step procedure. A cyclic secondary amine was alkylated by bromoacetonitrile, before 

the nitrile was converted to a primary amine by reduction with LiAlH4 . Yields of 

amines were highly dependent on efficient destruction of excess LiAlH4 , and the 

following extraction of the desired products from the destruction complex.

The di-hydroxylated derivative was more troublesome to work with. In the 

alkylation step, the extra CH3OH group makes the approach to the BrCH2 CN more 

sterically hindered and furthermore has a deactivating effect on the lone-pair of the 

nitrogen, which both contribute to decreasing the reactivity. In Sn2 reactions under 

the same conditions, iodide is a better leaving group. An improved yield was 

therefore expected using the same acetonitrile substrate but with iodide as the leaving 

group. Indeed, a 15 % increase in yield was observed. The subsequent reduction of 

the nitrile was achieved using LiAlH4 , but the initial yield was only 18 %. However, 

stirring the destructed LiAlH4 complex from the reaction in dry THF for 10 h at 40 

°C was found to improve the yield by 24 %, affording the desired di-hydroxylated 

amine in 42 % overall yield. The extra CH3OH group makes the compound more 

polar, and therefore it is likely to be more difficult to extract it from the LiAlH4  

complex with relatively non-polar solvents such as chloroform and ethyl acetate. 

Using a more polar solvent would dissolve the LiAlH4-complex yielding a 

problematic gelatinous mixture, from which the desired product could not be 

isolated.

2.2.2 Chromophore Substitution Reactions

The preparation of 5,8-dihydro- and 5,8-dihydroxyanthraquinones has been 

described extensively in the literature (45-47, 151), and it is generally accepted that 

the reaction of an amine with leucoquinizarin or 5,8-dihydroxyleucoquinizarin 

generates a low yield, in particular when non-symmetrical compounds are desired. 

This could be due to the tautomeric state of the chromophore. Early NMR-studies 

have demonstrated that the 1,4-dicarbonyl tautomer (Fig. 2.2B, X = 1) is the only
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isoform that exists in solution [152]. Yet it was postulated in another study that the

1,4-dihydroxy tautomer shown in Figure 2.2A could possibly play a part in the 

amination reaction of leucoquinizarin (X = H) [153]. The two step preparation of 5,8- 

dihydroxyleucoquinizarin (see scheme 2.3, page 45) yields a crude chromophore 

which was difficult to purify due to low solubility in any solvent. Due to the crude 

nature of 5,8-dihydroxyleucoquinizarin product it is likely to exist in several 

tautomers despite of the above-mentioned studies on leucoquinizarin. Hence there is 

less of the most reactive 1,4-dicarbonyl tautomer for the amination reaction which is 

likely to reduce the yield of the desired products.

X 0 OH X OH 0
^H

^H
X o OH X OH 0

(A) (B)

Figure 2.2 Tautomeric isoforms o f leucoquinizarin (X = H) and 5,8-dihydroxyleucoquinizarin 

(X = OH). In the amination o f leucoquinizarin and 5,8-dihydroxyleucoquinizarin, the most 

reactive tautomer is B.

In the synthesis of mitoxantrone (and other secondary amines), reaction 

temperatures are maintained below 50 °C as the Y-monosubstituted ethylenediamine 

side chain can readily cyclise onto the 2-position of the anthraquinone ring [158]. In 

contrast, the tertiary nature of the hydroxylated sidechains synthesised in this project 

prevents a similar intra-molecular rearrangement from taking place, and reactions 

can therefore proceed at higher temperatures. Nucleophilic attack by the primary 

amine proceeds in a polar solvent by amination of the carbonyl groups in an inert 

atmosphere at elevated temperatures (depending on the nature of basic sidechains). 

The amination of the carbonyl carbons is followed by Schiff base formation, before 

the reaction mixture is exposed to atmospheric oxygen or atmospheric oxygen/base 

that oxidises the Schiff base to a secondary amine. A mechanism for this type of 

reaction is proposed in Scheme 2.15 (page 58), where atmospheric oxygen is used to
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abstract the acidic a-protons (at positions 2 and 3). Adding a base at this point of the 

reaction (step (ii)) will speed up the reaction. The poor yields of 3-12 % from the 

mixed sidechain reactions (reaction with two different sidechains) were expected. In 

an attempt to overcome poor yields, Krapcho and co-workers devised two methods 

using fluoro-containing chromophores as starting materials; using l,4-difluoro-5,8- 

dihydroxyanthraquinone for symmetrical 1,4-disubstituted aminoanthraquinones 

[149], and l-(dimethylamino)ethylamino-4-fluoro-5,8 -dihydroxyanthraquinone for 

non-symmetrical compounds [48]. These two methods were also employed in this 

study.

Using the l,4-fluoro-5,8-dihydroxyanthraquinone for symmetrical anthraquinones 

and the intermediate l-(dimethylamino)ethylamino-4-fluoro-5,8 -dihydroxy

anthraquinone for non-symmetrical anthraquinones resulted in higher yields as 

compared with 5,8-di-hydroxyleucoquinizarin. Despite the extra step in the latter 

case, it was less time-consuming, cheaper and more convenient to work with, and the 

overall yield for the two steps (in the range 15-25 %) was still higher than for 5,8- 

dihydroxyleucoquinizarine (Table 2.2). One explanation for this is the higher purity 

of 1,4-difluoro-5,8 -dihydroxyanthraquinone (90-95 %) as opposed to the 5,8- 

dihydroxyleucoquinizarin (70-80 %). Another reason is the incorporation of the 

fluoro groups on the chromophore. Generally, compounds such as the halobenzenes 

are resistant to nucleophilic attack due to the electron rich nature of the aryl system. 

However, when strongly electron-withdrawing groups are in ortho and/or para 

positions to the halogen, substitution can be favoured by an addition/elimination 

sequence [153]. In reactions where the l,4-difluoro-5,8 -dihydroxyanthraquinone has 

been used as the chromophore, the attacking primary amine forms a bond with the 

chromophore producing a negatively charged sigma complex (in general known as 

Meisenheimer complex). The two electron withdrawing quinone moieties in the 

anthraquinone are likely to participate in the electron flow (Scheme 2.14), aiding 

both the activation towards nucleophilic attack and the departure of the halide. The 

properties of the two quinone carbonyl groups are instrumental in the 

addition/elimination reaction of A-(2 -aminoethyl)-2 -pyrrolidinemethanol (SI3) and

1-chloroanthraquinone to produce HAQ 163 (shown in Scheme 2.13). The carbonyl
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groups activate the substitution by generating a partial charge across the two rings, 

which weakens the carbon-chloro bond.

O HN

HO

O
HAQ163

Scheme 2.13 HAQ 163 was synthesised by displacement of the chloro group; mechanism 

follows that o f Scheme 2.14.

OH O ^  F

L  H,NR
-H

OH O F

? ^ C ?  PO .NHR

OH O F

OH O NHR

OH O F

OH O NHR

OH O NHR

Scheme 2.14 The mechanism follows that proposed for nucleophilic aromatic 

substitution by addition-élimination reactions [166]. (R = aminoalkylamino sidechains).
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OH OH rO

OH OH O

HgNR

OH 0I-|^ OH

OH OH O OH OH O

H2O

OH OH NR

OH OH O

OH OH NR

OH OH NR

OH (p 'c N R

OH (g.ÇNR
- 2  OH

OH OH NR

OH OH NR

OH 0 NHR

OH 0 NHR

Scheme 2.15 The 5,8-dihydroxyleucoqumizarin possibly constitute o f several tautomeric isoforms. 

One tautomer with carbonyl groups at positions 1 and 4 are thought to be the most reactive isoform. 

The proposed mechanism here is therefore only one of several possible, (i) Proposed mechanism for 

amination o f the carbonyl tautomer, (ii) Proposed mechanism using atmospheric oxygen, (R = 

aminoalkylamino sidechains).
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2.2.3 Synthesis of Chloroalkylaminoanthraquinones

The hydroxyl group is a poor leaving group and does not easily undergo Sn2 

reactions. However, the hydroxyl group can be converted into an efficient leaving 

group by the use of inorganic halides such as SOCI2 , PCI5 , PCI3 and POCI3 which 

form inorganic ester intermediates that can easily be displaced by a halide ion [164].

Many alcohols have also been converted to chlorides by treatment with Ph3P-CCl4  

complex [154-156]. This reaction proceeds via a two step mechanism which involves 

the initial formation of a cluster of ion pair intermediates stabilised by the positively 

charged phosphorous in one ion pair adjacent to a negative chloride from another ion 

pair in (see Scheme 2.16), and this is followed by intermediate decomposition (step 

(iii) in Scheme 2.16) [155]. It has been shown that decomposition proceeds 

unimolecularly with inversion of configuration and that the rate of formation of 

products is only slightly influenced by steric effects [156].

(CeHslaP : ^ CCI, [(CeHslaPCIl^CCIa-

[(CeHslsP— CI]^CCl3- [(CeHslaP-^Rl^Cr CHCI3

R

(CsHslsP^O + R-CI

Scheme 2.16 Proposed mechanism for conversion o f a hydroxy group to the chloride using the 

PhsP-CCLt complex [156].
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A major problem with the use of PhsP-CCU complex is formation of the by

product Ph3P=0 , which is particularly difficult to isolate from the product. However, 

it was found with previously synthesised chloroethylaminoanthraquinones that 

isolation of the desired products could be carried out by first making a hydrogen 

chloride salt of the CAQ. This salt was then dissolved in a warm CH3OH/CH2 CI2 

mixture and stirred at 60 °C. A mixture of EtOAc-EtOH (1:1) was added dropwise 

until precipitation of the CAQ-product was observed. Excess Ph3P and Ph3P= 0  

remained in the EtOAc-EtOH solvent mixture, and isolation of the desired product 

was possible. All the CAQs developed by this method were afforded in 70-85 % 

yields [33]. This method was also successfully applied to the conversion of several 

HAQs developed in this study. Purification by column chromatography is highly 

problematical since the CAQs and Ph3P= 0  elute firom the column together regardless 

of the solvent system applied. This may be attributed to the phosphoryl oxygen of 

Ph3P=0 , which is a good proton acceptor, and therefore is likely to form complexes 

with a wide variety of organic compounds which act as proton donors [157].

As an alternative solution to remove Ph3P= 0  and thereby making purification 

easier, polymer supported Ph3P was investigated as a reagent [158]. However, no 

reaction took place, which may have been due to the steric bulkiness of the polymer 

support or interaction of the support itself with the chromophore. The latter must be 

considered following the effective use of polymer supported Ph3P in the conversion 

of hydroxylated Boc-protected sidechains (configuring the same hydroxyl groups as 

on the aminoanthraquinones). This suggests that the polymer and the chromophore 

may interact in a way that prevents complex formation and conversion.

Solvents such as CHCI3, DMF and toluene at elevated temperatures were also 

investigated in the Ph3P-CCl4 reaction, but no improvement was observed.

l,2 -bis(diphenylphosphino)ethane (diphos) has been reported as a good reagent 

that produces a phosphine oxide by-product that is readily removed from the reaction 

mixture by filtration [159]. Unfortunately, however, the HAQs investigated were not 

converted to the desired CAQs. In addition, several previously undetected by

products were observed by TLC monitoring using diphos as reagent.

Conversion of the CAQ to a hydrochloride salt is only useful if  the reaction has 

gone to completion. It is otherwise impossible to isolate the hydroxylated 

aminoanthraquinone from the chloride. HAQs containing secondary alcohols were 

found to be less susceptible to treatment with Ph3P-CCl4 complex, which is likely to
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be due to the steric constraints of the secondary alcohol as compared to the primary 

alcohol group. As a result, completion of reactions was not achieved.

It has been demonstrated that this type of reaction proceeds more rapidly in a 

more polar solvent such as acetonitrile [155]. However, the HAQs were not soluble 

in acetonitrile, and the use of this solvent was therefore not rewarding. Various 

CHzCb-acetonitrile mixtures were also attempted without any improvement in 

completion of the reaction. This led to the investigation of other reagents suitable for 

conversion of alcohols to halides. These attempts included thionyl chloride (SOCI2), 

which has been used in the preparation of acridine mustards [90-92, 94], mesylation 

of the alcohol and subsequent treatment with NaCl [90, 92, 166] or tetra-«- 

butylammonium chloride [166]. Excess of SOCI2 resulted in decomposition of the 

HAQ, and using equimolar SOCI2, with or without equimolar EtgN, in dry CH2CI2 

led to precipitation of the HAQ within a few minutes. Mesylation and conversion to 

chloride by treatment with a chloride salt (either NaCl or tetra-«-butylammonium 

chloride) led to a mixture of products, none of which was identified as the desired 

CAQ.

A novel method for the development of CAQs was devised in order to obtain the 

desired target compounds. The synthetic route to these compounds involved 5 steps: 

(1) Boc-protection of the hydroxylated amino sidechain, (2) mesylation of the 

hydroxyl group, (3) conversion of the mesylate intermediate to the chloride by 

treatment with tetra-«-butylammonium chloride, (4) deprotection of the Boc group, 

and (5) substitution onto the l-(dimethylamino)ethylamino-4-fluoro-5,8- 

dihydroxyanthraquinone chromophore (for synthetic route, see Scheme 2.11).

Despite the multi-step nature to prepare CAQs by this method, it proved an 

effective means by which to obtain these novel target compounds, which were 

important for the structure-activity studies in Chapters 3-5.

2.2.4 Synthesis of Anthraquinone Based Di-A-oxides

Synthesis of AQ4N has successfully been achieved by the use of either w-CPBA 

[151] or oxa-aziriridine as the oxidising agent [150]. In the synthesis of the novel di- 

A-oxides, w-CPBA was employed in the oxidation of the tertiary amine 

functionalities, which afforded crude products in 61-90 % yield (Table 2.4). Based 

on the carbon content from micro-elemental analysis (CHN), the di-A-oxides were 

estimated to contain 3-7 % impurities. The crude di-A-oxides were not purified.
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The reaction mechanism for the A^-oxidation may proceed through two pathways 

(Scheme 2.17). Pathway (ii) has been described for the reaction between a tertiary 

amine and persulphuric acid [162], but pathway (i) is more likely to occur in these 

reactions. Such a proposal is based on the work-up procedure of the products. After 

completion of reaction, as monitored by TLC, the reaction mixture was diluted with 

hexane. After 3 h of stirring at 4 °C, the precipitated solid was filtered and washed 

successively with ice-cold hexane, ether, CH2CI2 and EtOAc. The mass spectra of the 

crude di-A-oxides showed no evidence of the presence of w-CPBA. If pathway (ii) 

was dominating, the two products would behave like a salt and strongly adhere to 

each other. Consequently, it is unlikely that the benzoate by-product would have 

been washed away with the above-mentioned solvents. The di-A-oxides were also 

analysed by ^H-NMR and ^^C-NMR, but due to the impurities (likely to be mono-A- 

oxide derivatives), no conclusive assessment could be made of these compounds.

NHR

Cl Cl

RHN

RHN
NHR

Cl Cl

Scheme 2.17 Proposed mechanism for oxidation of tertiary amine (R = anthraquinone 

moiety)

To summarise, a number of amino sidechains containing piperidine and 

pyrrolidine rings were synthesised and substituted onto various chromophores to give 

a series of 1, 4-disubstituted aminoanthraquinones. The subsequent conversion of the
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hydroxylated aminoanthraquinones to CAQs involved treatment with PhPs-CCU 

complex.

A novel synthetic route was devised to synthesise anthraquinones comprising 

secondary alcohols, to overcome difficulties with established methods. This route 

involved a 5-step procedure, which involved manipulation of the sidechains to obtain 

the desired chlorinated sidechains, which were then substituted onto either mono- or 

difluoro containing chromophores. A series of aminoanthraquinone and CAQ-based 

di-A-oxides was successfully synthesised.

2.3 Experimental Details

2.3.1 Chemicals and Reagents

Leucoquinizarin, 1 -chloroanthraquinone, lithium aluminium hydride, 

bromoacetonitrile, A,A-bis-(2-hydroxyethyl)ethylenediamine, N,N-

dimethylethylenediamine, triphenylphosphine, carbon tetrachloride, triflouro-acetic 

acid, 4-hydroxypiperidine, 3-hydroxypiperidine, 2-piperidinemethanol, 3- 

piperidinemethanol, 2 -pyrrolidinemethanol, 2 -hydroxypyrrolidine, l-(2 -aminoethyl)- 

piperidine, 2,6-pyridinedimethanol, me^a-chloroperoxybenzoic acid (w-CPBA), di- 

tert-butyl carbonate (B0 C2O), triethylamine (EtsN) were all supplied by Aldrich. 

Chromatography column silica: particle size 35-70p and 20-35p, was supplied by 

Fisher Scientific, Loughborough, England. Thin layer chromatography plates 

(Aluminium backed) supplied by Merck, Poole, Dorset, England.

All solvents were of analytical (HPLC) grade: dichloromethane, carbon tetrachloride, 

chloroform, ethanol, methanol, diethylether, hexane, toluene, ethylacetate and 

acetonitrile were supplied by Fisher Scientific, Loughborough, England. Anhydrous 

A,A-dimethylformamide was purchased firom Aldrich. Tetrahydrofuran and 

dichloromethane were dried over standard drying agents and freshly destilled prior to 

use [163].

2.3.2 Sample Analysis

Proton and carbon NMR were analysed on a Bruker AM 250 MHz Nuclear 

Magnetic Resonance Spectrometer at the School of Pharmacy, and by Dr M. 

Needham, De Montfort University, Leicester. Chemical shifts are reported in ppm
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downfîeld from internal TMS. Fast Atom Bombardment (FAB+) Mass-Spectra 

sample identification using Fast Atom Bombardment (FAB) techniques -  20kV Cs^ 

ion bombardment were obtained on a ZAB SE instrument by Mike Cocksedge at the 

School of Pharmacy, and by J. Lamb, MRC Toxicology Unit, Leicester University, 

UK. Micro-elemental analysis was performed using a Carlo-Erba EA 1108 

instrument with a PC-based data system. Eager 200 for Windows and Sartorious ultra 

micro balance 4504 MP8 , by Kersti Karu at The School of Pharmacy. IR spectra 

were recorded on a Nicolet 205 FTfR spectrophotometer.

2.3.3 Synthesis of Sidechains (codes in parentheses refer to the structures given 

in Table 2.1 and Appendix C)

2.3.3.1 Synthesis of Hydroxylated W-Acetonitrile Piperidines and Pyrrolidines

3-Hydroxy-piperidin-l-yI-acetonitriIe (SI)

BrCH2 CN (3.19 g, 25.82 mmol) was added dropwise to a solution of 3- 

hydroxypiperidine (6.53 g, 64.55 mmol) in dry THF (25 mL) under N2 , maintaining 

the temperature between 45-50 °C. Following addition of BrCH2CN, the solution 

was refluxed for 30 min., before allowing the solution to cool down to room 

temperature. The solvent was removed in vacuo and the residual oil was purified by 

flash chromatography using CH2Cl2 :CH3 0 H (9:1) as eluent. The title compound was 

obtained as a straw-coloured oil (3.04 g, 83 %).

Sa (250 MHz; CDCI3); 1.9-2.15 (m, 3H, CKiCHzCHi, IXCH2 C//2 CHOH), 2.25 

(m, IH, 1 xCH2 C//2 CHOH), 2.55 (d, OH), 2.85-3 (m, 3H, NCH2C//2 , IXNC//2CH),

3.1 (2xd, IH, lxNC^2CH), 3.9 (s, 2H, NC//2CN) and 4.3 (m, IH, CH2CWH); FAB 

MS, m/z (M+H^ 141.

3-Hydroxymethyl-piperidin-l-yl-acetonitrile (S2)

The method follows that of SI using 3-Piperidinemethanol (4.79 g, 41.59 mmol), 

BrCH2CN (1.99 g, 16.64 mmol) and dry THF (25 mL). The title-compound was 

yielded as a straw-coloured oil (2.35 g, 92 %) after flash chromatography using 

CH2CI2/CH3OH (9:1) as eluent.

Sa (250 MHz; CDCI3); 1.05 (m, IH, C//CH2OH), 1.5-1.9 (m, 5H, OH, 

CH2CH2 CH2 and CH2CH2 CH), 2.15 (t, IH, J =  10 Hz, lxN C/72CH), 2.35 (3xd, IH, J
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= 4 Hz and y  = 1 0  Hz, IXNCH2CH2), 2.7 (m, IH, IxN C H iC ^), 2.85 (2xd, IH, J=  4 

Hz and y  = 12 Hz, IxN C^CH ), 3.52 (s, 2H, NC%CN) and 3.45-3.65 (m, 2H, 

CHC//2OH); *(62.9 MHz; CDCI3); 24.43, 26.14, 38.55, 46.75, 52.83, 55.73, 65.88 

and 114.74(CN); FAB MS, w/z(M+H)* 155.

4-Hydroxy-piperidin-l-yl-acetonitrile (S3)

BrCH2CN (28.55 g, 0.238 mmol) was added dropwise to a solution of 4- 

hydroxypiperidine (24.98 g, 0.216 mol) and EtgN (33.18 mL, 0.238 mmol) in dry 

THF (100 mL) under N2 , maintaining the temperature between 45-50 °C. After 

addition of BrCH2CN, the solution was refluxed for 30 min., before allowing the 

solution to cool down to room temperature. The title-compound was afforded as a 

straw-coloured oil (18.97 g, 63 %) after purification by flash chromatography using 

ether/CHsOH (19:1) as eluent.

Sa (250 MHz; CDCI3); 1.65 (m, 2H, IXCH2C/7 2CH and IX CH Œ 2CH2), 1.75 (s, 

IH, OH), 1.95 (m, 2H, IXCH2C//2CH, IXCHC//2CH2), 2.45 (m, 2H, lxNCi/2 CH2 

and IXNCH2C//2), 2.78 (m, 2 H, IXNC//2CH2 and IXNCH2OT2), 3.55 (s, 2 H, 

N % C N ) and 3.75 (m, IH, CH2Œ O H ); ^(62.9 MHz; CDCI3); 33.96, 46.09,49.73, 

66.58 and 114.71(CN); IR iw /c m '';  3375(broad), 2230,1420,1330,1150 and 1060; 

FAB MS, m/zQA+nf 141.

2-Hydroxymethyl-piperidin-l-yI-acetonitrile (S4)

The method follows that of S3 using 2-Piperidinemethanol (26.50 g, 0.230 mol), 

BrCH2 CN (30.35 g, 0.253 mol), Et3N (35.27 mL, 0.253 mol) and dry THF (150 mL). 

The crude product was purified by flash chromatography using ether/CH3 0 H (19:1) 

as eluent. The title-compound was crystallised from ether yielding cream-coloured 

crystals (31.46 g, 89 %).

4(250 MHz; CDCI3); 1.2-1.85 (m, 6 H, NCH2C7 7 2 CH2 , CH2CH2CR2CB. and 

CH2C//2CH), 2.05 (s (broad), 6 H, OH), 2.4(m, IH, N Œ 2CH2), 2.55 (3xd, IH, 

IXNC/72CH2), 2.95 (m, IH, NC/7CH2), 3.45 (d, IH, J =  17 Hz, I x N ^ C N ) ,  3.5 

(2xd, IH, y  = 3 Hz and 12 Hz, Ix C H ^ O H ), 3.76 (2xd, 1 H ,J = 3  Hz and 12 Hz, 

CHC/72OH) and 4.05 (d, IH, J=17 Hz, I x N ^ C N ) ;  4(62.9 MHz; CDCI3); 23.71, 

25.25,28.69,43.43, 54.04, 60.73, 64.46 and 115.05(CN); FAB MS, m/z(M+B)* 155; 

IR i4 iax/cm''; 3400 (OH, m broad), 2350 and 2240 (CN) and 1650.
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2-Hydroxymethyl-pyrrolidm-l-yl-acetoiiitrile (SI 1)

The method follows that of S3 using 2-Pyrrolidinemethanol (24.27 g, 0.241 mol), 

BrCH2CN (31.81 g, 0.265 mol), EtsN (37 mL, 0.265 mol) and dry THF (150 mL). 

The product was obtained as a straw-coloured oil (21.60 g, 64 %) after purification 

by flash chromatography using ether/CHgOH (19:1).

ÔÜ (250 MHz; CDCI3); 1.5-2.0 (m, 5H, % % % ,  CH2C//2CH, OH), 2.7 (m, 

IH), 2.85 (m, IH), 3.05 (m, IH), 3.45 (2xd, IH, /  = 4 Hz and J  = 11 Hz, 

IXCHŒ2OH), 3.65 (2xd, IH, 7 =  4 Hz and 11 Hz, I x C H ^ O H )  and 3.75 (d, 2H, 

NC7 / 2CN); ^(62.9 MHz; CDCI3); 23.37, 27.45, 40.96, 53.95, 62.43, 63.06 and 

115.48(CN); IR Umax/cm-'; 3375 (NHj), 3300 (NH2), 3200 (OH), 2970-2800 (CH2, 

CH3), 1600, 1475,1375,1230 and 1060; FAB MS, m/zQA+Yif 141.

3-Hydroxy-pyrrolidin-l-yl-acetonitrile (SI2)

The method follows that of S3 using 3-hydroxypyrrolidine (15 g, 0.172 mol), 

BrCH2CN (22.67 g, 0.189 mmol) and dry THF (60 mL). The title-compound was 

yielded as a straw-coloured oil (15.39 g, 71 %) after flash chromatography using 

CH2CI2/CH3 OH (9:1) as eluent.

(5k (250 MHz; CDCI3); 1.9-2.25 (m, 2H, 2xring-//), 2.3 (m, IH, nng-H), 2.65 (d, 

OH), 2.85-3.05 (m, 3H, 3xring-7/), 3.95 (d, 2H, N % C N )  and 4.2 (m, IH, 

CH2OTOH); FAB MS, m/z (M+H)+ 127.

2,6-Bis-hydroxymethyl-piperidin-l-yl-acetonitrile (S5)

Step 1. 2,6-Piperidinedimethanol (SI5) [34]

2,6-Pyridinedimethanol (15 g, 107.9 mmol) was suspended in glacial acetic acid 

(250 mL) and hydrogenated at atmospheric pressure and RT for 48 h using PtOi (1.5 

g) as catalyst. The catalyst was then removed by filtration through celite and the 

acidic solution was concentrated in vacuo to give an oily residue. The oil was diluted 

with EtOAc (50 mL) and stirred at ice-cold temperature. A saturated solution of 

brine and concentrated ammonia (pH -12) was added slowly until the pH was 11-12. 

The organic phase was then separated from the aqueous phase, which was extracted 

with EtOAc (3x50 mL). The combined organic phases were dried (MgS0 4 ) followed
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by filtration and evaporation of solvent under vacuum yielding a straw-coloured oil 

(5.21 g, 33 %). FAB MS, /n/z(M+H)'" 146.

Step 2. The method follows that of A5. 2,6-piperidinedimethanol (3.80 g, 26.21 

nmol), iodoacetonitrile (5.24 g, 31.45 mmol), EtgN (4.38 mL, 31.45 mmol) and dry 

DMF (20 mL). Purification by flash chromatography using CH2CI2/CH3OH (9:1) as 

eluent afforded the title compound as a straw-coloured oil (2.5 g, 53 %).

FAB MS, m/2 (M+H)* 185.

The iodoacetonitrile was prepared by the use of the Finkelstein reaction [164]. 

BrCH2CN (3.77 g, 0.0314 mmol) was added dropwise to a stirred solution of Nal 

(4.71 g, 0.031 mmol) in acetone. Precipitation of NaBr occurred within a few 

minutes and indicated that exchange of the halides had taken place. Sodium bromide 

was filtered off, and the acetone was removed in vacuo. Crude yield (5.24 g, 100 %).

13.3.2 Synthesis of Hydroxylated A-2-Aminoethyl Piperidines and 

Pyrrolidines

1 (2-Amino-ethyl)-piperidin-3-ol (S6 )

L1A1H4 (2.44 g, 64.2 mmol) was added to dry THF (20 mL) at 0 °C in a three- 

neck round bottom flask under N2 . The solution was stirred for 15 min. before the 3- 

hydroxypiperidin-1 -yl-acetonitrile (3 g, 21.4 mmol), diluted in dry THF (5 mL), was 

added slowly via syringe. The reaction mixture was then refluxed 5 h before 

alowing the solution to cool to RT. Excess of L1A1H4  was destroyed by dropwise 

addition of 2.4 mL of H2O, 2.4 mL of NaOH (15 %) and finally EtOAc was added 

diopwise until no effervesence was observed. The formed granular precipitate 

(lithium hydroxide and aluminium hydroxide) was filtered off and washed several 

tines with CH2CI2 and EtOAc. The organic layer was dried (MgS0 4 ) and the solvent 

wis removed in vacuo to yield a thick yellowish oil. The title-compound was 

pirified by kugelrohr distillation (172 °C, 0.05 mbar) and obtained as a straw 

cdoured oil (1.95 g, 63 %).

4 (2 5 0  MHz; CDCI3); 1.45-1.7 (m, 3H, CH2C//2CH2 , IXCH2 C/72CHOH), 1.76 

(n, IH, IXCH2C//2CHOH), 1.95 (s, 3H, OH, N ^:), 2.25-2.55 (m, 6 H, H2NCH2C/7 2 , 

N % C H 2 , NCi/2CH), 2.75 (t, 2H, H2NC7 / 2CH2), and 3.9 (m, IH, CH2C//OH);

462 .9  MHz; CDCI3); 21.93, 32.01, 38.88, 53.84, 60.80, 61.06 and 66.36; FAB MS, 

mzQA+nf 145.
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[l-(2-Amino-ethyl)-3-piperidin-2-yl-]methanol (ST)

The method follows that of 8 6  using 3-hydroxymethyl-piperidin-l-yl-acetonitrile 

(2.95 g, 19.1 mmol), LiAlH4 (2.18 g, 57.3 mmol) and dry THF (15 mL). The title 

compound (2.30 g, 76 %) was afforded as a colourless oil by kugelrohr distillation at 

(164 °C, 0.01 mbar).

Sh (250 MHz; CDCI3); 1.1 (m, IH, (Ci/CHzOH), 1.5-1.9 (m, 7H, OH, N //2 , 

CIÎ2CH2 CH2 and CR2CH2CR), 1.95 (t, IH, 7 =  10 Hz, lx N % C H ), 2 . 1  (3xd, IH, J  

= 3 Hz and 10 Hz, IxNC/fzCHz), 2.4 (t, 2H, J=  6 Hz, H2NCH2Œ 2N), 2.6 (m, IH, 

IXNC//2CH2 , 2.8 (t, 3H, y  = 6 Hz, H2N Œ 2CH2N and I x N ^ C H ) ,  3.45-3.65 (m, 

2H, CHC7 / 2 OH); ^(62.9 MHz; CDCI3); 24.66, 27.50, 38.19, 38.91, 54.54, 57.43, 

61.61 and 66.55; IR Umax/cm'̂ ; 3375 (broad), 1675, 1625, 1450, 1100 and 1050; 

FAB MS, m/z(M+H)‘' 159.

1 -(2-Amino-ethyl)-piperidin-4-ol (S8 )

The method follows that of 8 6  using 4-hydroxy-piperidin-l-yl-acetonitrile (18.97 

g, 0.136 mol), LiAlH4 (15.48 g, 0.408 mol) and dry THF (150 mL). The title 

compound (8.56 g, 44 %) was afforded as a straw-coloured oil after kugelrohr 

distillation (178 °C, 0.05 mbar).

<5h (250 MHz; CDCI3); 1.55 (m, 2 H, IXCHC//2CH2 and lxCH 2% C H ) , 1.85 (m, 

2H, IXCHOT2CH2 and IXCH2C//2CH), 2-2.25 (m, 5H, NC//2CH2 , NC//2CH2 and 

OH), 2.38 (t, 2H, H2NCH2C7 / 2N), 2.72 (t, 4H, H2N % C H 2N, NH2) and 3.65 (m, 

IH, CH2C/fOH); <5b(62.9 MHz; CDCI3); 34.56, 38.98, 51.35, 60.84 and 67.64; FAB 

MS, m/zQA+HT 145; IR Omax/cm''; 3375(broad), 1600,1460,1370,1290 and 1070.

[l-(2-Ammo-ethyl)-piperidin-2-yl-] methanol (89)

The method follows that of 8 6  using 2-hydroxymethyl-piperidin-1 -yl-acetonitrile 

(31.96 g, 0.208 mol), LiAlH4 (23.68 g, 0.624 mol) and dry THF (200 mL), The title 

compound (8.74 g, 27 %) was afforded as straw-coloured oil by kugelrohr distillation 

(225 °C, 0.13 mbar).

^ (250  MHz; CDCI3); 1.2-1.75 (m, 6 H, CH2CH2CU2 , CH2CH2CR and 

CH2CH2 CB.), 2.2 (m, IH, IXNC//2CH2) 2.35 (m, 2H, H2NCH2 C//2N), 2.58 (s 

(broad), 3H, OH and NTT;), 2.75 (t, 2H, H2NC7 7 2 CH2N), 2.85 (3xd, IH, 

IXNC/7 2CH2), 2.92 (m, IH, NC7 /CH2), 3.4 (2xd, IH, 7  = 4 Hz and 12 Hz,
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IXCHCH2OH) and 3.76 (2xd, IH, 7  = 4 Hz and 12 Hz, lxCHC%OH; FAB MS, 

m/z(M+H)'" 159.

[l-(2-Amino-ethyl)-piperidin-bis-2,6-yl-]methanol (SIO)

The method follows that of S6  using 2,6-bis-hydroxymethyl-piperidin-l-yl- 

acetonitrile (2.40 g, 13.04 mmol), LiAlH4 (1.49 g, 39.13 mmol) and dry THF (30 

mL). The title-compound was afforded as a straw-coloured oil without purification 

(1.03 g, 42 %). It was found necessary to stir the dry destroyed LiAlH4 complex in 

dry THF for 10 h at 40 °C in order to optimise the yield of the desired di- 

hydroxylated diamine. FAB MS, m/z(M+H)^ 189.

[l-(2-Amino-ethyl)-pyrrolidin-2-yl-]methanol (S13)

The method follows that of 8 6  using 2-hydroxymethyl-pyrrolidin-1 -yl-acetonitrile 

(19.5 g, 0.139 mol), LiAlH4 (15.84 g, 0.417 mol) and dry THF (150 mL). The title- 

compound (12.5 g, 63 %) was afforded as straw-coloured oil by kugelrohr distillation 

(142 °C, 0.3 mbar).

ôn (250 MHz; CDCI3); 1.6-1.9 (m, 4H, CH2C//2CH2 , CHzCffzCH), 1.98 (s 

(broad), 3H, NNz, O//), 2.3 (m, IH), 2.45 (m, IH), 2.55 (m, IH), 2.75-2,85 (m, 3H), 

3.19 (m, IH, NC/7CH2), 3.4 (2xd, IH, /  = 3 Hz and J  = 11 Hz, Ix C H ^ O H ) , 3.6 

(2xd, IH, / =  3 Hz and/ =  11 Hz, IxCHCHzOH); IR Umax/cm''; 3375 (NH2), 3300 

(NH2), 3200 (OH), 2970-2800 (CH2 , CH3), 1600, 1475, 1375, 1230 and 1060; FAB 

MS, m/z(M+H)* 145.

1 - Ammo-ethyl-pyrrolidin-3-ol (S14)

The method follows that of 8 6  using 3-hydroxy-pyrrolidin-1 -yl-acetonitrile (15 g, 

0.107 mol), LiAlH4 (10.17 g, 0.268 mol) and dry THF (150 mL). The title compound 

(9.55 g, 69 %) was afforded as a straw-coloured oil and used for the next step 

without further purification.

(5k (250 MHz; CDCI3); 1.55-1.85 (m, 2H, 2xring-//), 2.05 (s, 3H, 0/7, NI/2), 2.25- 

2.55 (m, 6 H, 4xring-/7 and H2NCH2CI/2N, 2.9 (t, 2H, H2NC/7 2CH2N) and 4.05 (m, 

IH, CH2CHOH); FAB MS, m/z(M+H)* 131.
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2.3.4 Preparation of Chromophores

l,5-Diammo-4,8-Dihydroxyanthraquinone [148]

In a 2 litre round bottom flask was placed 1,5-diaminoanthracene-9,10-dione (12 

g, 50 mmol). Concentrated sulphuric acid (180 g) was added and the mixture was 

stirred 15 minutes at 0 °C before adding sodium chlorate (14.4 g, 134 mmol) 

portionwise over 45 minutes. The reaction mixture was allowed to warm up to room 

temperature where it was left stirred for 3h before it was poured into 1% solution of 

chilled sodium hydrogen sulfite (1 L). The precipitated solid was removed by 

filtration and was washed successively with cold water and then hot water. After 

lyophilisation overnight, the product (11.3 g, 83 %) was obtained as a crude purple- 

blue solid. FAB MS, m/z(M+H)'^ 271.

5,8-Dihydroxyleucoquinizarin (Leuco-l,4,5,8,-tetrahydroxyanthraquinone).

To crude l,5-diamino-4,8-dihydroxyanthraquinone (11 g, 0.041 mol) was added 

NaOH (2.5 M, 200 mL) and the suspension was refluxed gently for 3 hours before it 

was allowed to cool down to room temperature. Sodium hydrogen sulphite (31.74 g, 

0.182 mol) was added portionwise and the reaction mixture was refluxed again for 3 

hours. It was cooled down to room temperature and was acidified with concentrated 

hydrochloric acid until pH 3. The precipitate was isolated by filtration and washed 

successively with cold water and then hot water. After lyophilisation overnight, the 

title compound was afforded as a crude brown solid ( 8  g, 73 %). FAB MS, 

m/z(M+Hr 251.

1.4-Difluoro-5,8-Dihydroxyanthraqumone [149]

A mixture of ground AICI3 (2.955 g, 22.16 mmol), NaCl (432 mg, 7.39 mmol),

1.4-dihydroxybenzene (224 mg, 2.03 mmol) and 3,6-difluorophthalic dry (340 mg, 

1.85 mmol) were stirred vigorously in a round bottom flask and heated to 220 °C in 

an oil-bath for 3 h. The oil-bath was removed and the reaction quenched by addition 

of ice and concentrated hydrochloric acid (10 mL). The final aqueous solution was 

filtered under suction and the precipitated material was washed with water followed 

by &eeze-drying. No further work-up was required, as the brown title-compound 

(470 mg, 92 %) was pure as observed by TLC and confirmed by NMR and MS:
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Jk(250 MHz; CDCI3); 7.3 (s, 2H), 7.55 (m, 2H), 12.9 (s, 2H); FAB MS, m/z(M+Uf 

111.

2.3.5 Chromophore Substitution Reactions

2.3.5.1 Amination of Leucoquinizarin and 5,8-Dihydroxyleucoquinizarin [45- 

47].

l-{[(2-DimethyIamino)ethyI]amino}-4-{[2-(3-hydroxypiperidine)ethyl]amino}- 

anthracene-9,10-dione (HAQ22) and l,4-Bis-{[2-(3-hydroxypiperidine)ethyI]- 

amino}-anthracene-9,l 0-dione (HAQ24)

A^-A^-dimethylethylenediamine (0.92 g, 10.42 mmol) and l-(2-aminoethyl)-3- 

piperidin-3-ol (1.50 g, 10.42 mmol) in EtOH (5 mL) were simultaneously added to a 

suspension of leucoquinizarin (0.63 g, 2.61 mmol) in EtOH (25 mL) under N2 . After 

8  h of stirring at reflux temperature, the reaction mixture was stirred at RT another 

14 h. The EtOH was removed in vacuo and the remaining residue was added to ice- 

cold brine. The precipitated solid was isolated by filtration and lyophilised. The dark 

blue solid was flash chromatographed in a short column by first using CH2 CI2 to 

remove non-polar side-products, then by increasing the polarity gradually removing 

more side-products and finally by using CH2CI2/CH3OH (4:1), obtaining the desired 

crude components. The crude solid was flash chromatographed using 

CH2CI2/CH3OH/NH3 (94:6:0.75) as eluent. To obtain pure components a final 

purification was made by preparative TLC using CH2CI2/CH3OH/NH3 (94:6:0.75) as 

eluent. HAQ22 and HAQ24 were afforded as dark-blue solids (0.12 g, 10 %) and 

(0.16 g, 1 2  %) respectively.

HAQ22 4i(250 MHz; CDCI3); 1.5 (m, 2H, CRiCHiCYii), 1.8 (m, IH, 

IXCH2C//2CH), 2.0 (m, IH, IXCH2C//2CH), 2.2 (t, IH, lxNC/f2CH2), 2.3 (s, 6 H, 

2 xNC/f3), 2.5 (d, IH, IxNC/^zCH), 2.6-2.8 (m, 7H, 2 XNCH2C//2N, IxNC/fzCH 

and OH), 3.4 (m, 4H, 2 XH2NC//2CH2N), 3.9 (m, IH, CH2C/fOH), 7.1 (d, 2H, C{2)H, 

CO)H), 7.62 (m, 2H, C{6)H, 0{1)H), 8.32 (m, 2H, C{5)H, C(8)7/), 10.75 (t, 2H, 

C(l)N /0 and 11 (t, IH, C(4)N/7); (5b(62.9 MHz; CDCI3); 21.18, 31.47, 39.72, 41.13, 

45.72, 53.06, 56.05, 58.63, 60.06, 65.99, 110.15, 123.55, 126.16, 131.97, 134.48,
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145.78 and 182.41; FAB MS, m/z(M+H)* 437; IR Omax/cm''; 3450 (broad, OH), 

3220(NH), 3020 (Ar-CH), 2960-2800 (0%  - CH3), 1650, 1625, 1575, 1480, 1380 

and 1 2 2 0 .

HAQ24 ^(250  MHz; CDCI3); 1.5-1.9 (m, lOH, Sxring-// and 2x0//), 2.1 (m, 

2H, 2xring-//), 2.25 (m, 2H, 2xring-//), 2.5 (d, 2H, 2xring-//), 2.75-2.95 (m, 6 H, 

4xring-// and 2 XHNCH2 C//2N), 3.5 (q, 4M, 2 XHNC//2 CH2N), 3.95 (m, 2H, 

2 XCH2C//OH), 7.2 (s, 2H, C(2)^and C(3)//), 7.65 (m, 2H, C(6 )//an d  C(7)//), 8.35 

(m, 2H, C(5)H and C(8 )//), and 11.0 (t, 2H, C(1)N// and C(4)N//); FAB MS, 

m/z(M+H)"' 493.

1.4-Bis-{ [2-(3-piperidinemethanol)ethyl] amino}-anthracene-9,l 0-dione 

(HAQ38)

The method follows that of HAQ22 and HAQ24 using leucoquinizarin (0.23 g, 

0.95 mmol), [l-(2-aminoethyl)-piperidin-3-yl-]methanol (0.06 g, 3.8 mmol) and 

ethanol (25 mL). The title compound was yielded as a dark-blue solid (0.15 g, 29 %).

M.p. 112-114 °C; Sa(250 MHz; CDCI3); 1.15 (m, 2 H, 2 XCH2C//CH2OH), 1.5-

1.75 (m, 6 H, 2 XCH2C//2CH and 2 XCH2C//2CH2), 1.85 (m, 2H, 2 XCH2C//2CH), 2.3 

(m, 4H, 4xring-//), 2.5 (s (broad), 4H, 2xring-//, 2x0//), 2.65 (t, 4H, 7 = 5  Hz, 

2 XHNCH2C//2N), 2.75 (2xd, 2H, 7  = 3 Hz and 12 Hz, 2xring-//), 3.42 (q, 4H, 7 = 5  

Hz, 2 XHNC//2 CH2N), 3.55 (2xd, 2H, 7  = 5 Hz and 12 Hz, 2 XCHC//2OH), 3.7 (2xd, 

2H, 7  = 9 Hz and 12 Hz, IxCUCHiOK), 7.1 (s, 2H, C(2)//and C{3)H), 7.6 (m, 2H, 

C(6)H and 0(7)//), 8.3 (m, 2H, 0(5)//, 0(8)//) and 10.75 (t, 2H, 0(1)N // and 

O(4)N/0; <5c(62.9 MHz; ODOI3); 24.08, 26.92, 37.90, 40.52, 54.43, 56.95, 57.75,

65.70, 109.89, 123.87, 126.13, 132.09, 134.46, 146.6 and 182.36; FAB MS, 

m/z(M+Hf 521 ; IR Umax/crn '; 3400(OH), 3090(Ar-CH), 2960-2800(CH2, CHj), 

1650,1585,1550,1520,1265,1175 and 1125; Anal, calcd for C30H40N4O4 : C, 69.21; 

H, 7.74; N, 10.76. Found: C, 69.22; H, 7.88; N, 10.69.

1.4-Bis-{ [2-(3-piperidinemethanol)ethyl]ammo}-5,8-dihydroxy anthracene-9,10- 

dione (HAQ70) and l-{[(2-Dimethylamino)ethyl]ammo}-4-{[2-(3-piperidine- 

methanol)ethyl]amino}-5,8-dihydroxy-anthracene-9,l 0-dione (HAQ71)

The method follows that of HAQ22 and HAQ24 using 5,8- 

dihydroxyleucoquinizarin (2.37 g, 8.7 mmol), A-A-dimethylethylenediamine (2.68 g.
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30.45 mmol), [l-(2-aminoethyl)-piperidin-3-yl-]methanoI (5.50 g, 34.8 mmol) and 

EtOH (15 mL). This was a mixed sidechain reaction and therefore two products were 

afforded. HAQ70 and HAQ71 were afforded as dark-blue solids, (0.20 g, 7 %) and 

(0.19 g, 8  %) respectively.

HAQ70: M.p. 180-183 °C; ^ (2 5 0  MHz; CDCI3); 1.1-1.95 (m, 12H, 2 x 0 / /and

lOxring-//), 2.25 (m, 4H, 4xring-// ), 2.7 (t, 6 H, 2 XHNCH2C//2N and 2xring-//), 

2.95 (2xd, 2H, 2xring-//), 3.5 (m, 4H, 2 XHNC//2CH2), 3.65 (m, 4H, 2 XCHC//2OH),

7.1 (s, 2H, C il)H  and C(3)//), 7.2 (s, 2H, C{6)H and C(7)//), 10.5 (t, 2H, C(1)N// 

and C(4)N//) and 13.6 (s, 2H, 0 (5 )0 // and 0(8)0//); 6c (62.9 MHz; ODOI3); FAB 

MS, m/z(M+H)^ 553; IR iw /c m '‘; 3400 (OH), 3225 (NH), 3100 (Ar-CH), 2960- 

2800 (CHi, CHa), 1650, 1625, 1575, 1480, 1370 and 1225; Anal, calcd for 

C30H4 0N4O6 : C, 65.20; H, 5.47; N, 10.14. Found: C, 65.16; H, 5.49; N, 9.93.

HAQ71: M.p. 181-183 °C; d» (250 MHz; CDCI3); 1.2 (m, 2H, 2xring-H), 16-

1.9 (m, 5H, OH and 4xring-H), 2.18-2.3 (m, 2H, ring-H), 2.35 (s, 6 H, 2 XNCH3), 2.6-

2.75 (m, 4H, 2 XHNCH2CH2N), 2.9 (2xd, IH, Ixring-H), 3.46 (m, 4H, 

2 XHNCH2CH2N), 3.65 (2xd, 2H, CHCH2OH), 7.15 (s, 2H, C(2)H and C(3)H), 7.2 

(s, 2H, C(6 )H and C(7)H), 10.4 (t, IH, C(l)H), 10.5 (t, IH, C(4)H), 13.5 (s, IH, 

C(8 )H) and 13.6 (s, IH, C(5)H); Sc (62.9 MHz; CDCI3); 24.33, 26.92, 38.29, 40.03, 

40.87, 45.42, 54.23, 57.03, 58.20, 65.99, 108.97, 115.33, 123.43, 123.65, 124.51,

145.99, 146.09, 155.32, and 184.98; FAB MS, m/zQA+BŸ 483; IR Omax/cm''; 3425 

(OH), 3225 (NH), 3100 (Ar-CH), 2975-2800 (CH2 , CH3), 1650, 1625, 1575, 1490, 

1360 and 1225; Anal, calcd for C26H34N4O5 : C, 64.71; H, 7.10; N, 11.61. Found: C, 

64.81; H, 7.14; N, 11.56.

l-{[(2-Dimethylammo)ethyl]ammo}-4-{[2-(3-hydroxypiperidme)ethyl]amino}-

5,8-dihydroxy-anthracene-9,l 0-dione (HAQ72) and l,4-Bls-{[2-(3-hydroxy- 

piperidine)ethyl] amino}-5,8-dihydroxyanthracene-9,l 0-dione (H AQ73)

The method follows that of HAQ22 and HAQ24 using 5,8- 

dihydroxyleucoquinizarin (1,81 g, 6.62 mmol), A-(dimethyl)ethylenediamine (2.33 g,

26.46 mmol), l-(2-aminoethyl)-piperidin-3-ol (4.76 g, 33.01 mmol) and ethanol (15 

mL). This was mixed sidechain reaction and therefore two products were afforded. 

HAQ72 and HAQ73 were afforded as dark-blue solids, (0.12 g, 4 %) and (0.13 g, 4 

%) respectively.
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HAQ72: M.p. 228-230 °C; <Si(250 MHz; CDCI3); 1.55-1.75 (m, 4H, 4xring-H), 

1.83-2.0 (m, 2H, 2xring-iï), 2.28 (2xd, IH, ring-H), 2.35 (s, 6 H, 2 XNW 3), 2.65-2.75 

(2xt, 5H, 2 XHNCH2C /6 N and OH), 3.46 (m, 4H, HNC^CHzN), 3.9 (m, IH, 

NCH2C//OH), 7.1 (s, 2H, C(2)/y and C(3)H), 7.15 (s, 2H, C(6)i7and C{1)H), 10.4 

(t, IH, C(l)i/), 10.6 (t, IH, C(4)H), 13.4 (s, IH, C(8 )iï) and 13.5 (s, IH, C(5)fl); Sc 

(62.9 MHz; DMSO); 21.48, 31.52, 39.99, 41.26, 45.61, 53.31, 56.14, 58.43, 60.20, 

66.03, 109.11, 115.43, 115.48, 123.81, 124.70, 146.29, 155.51, and 185.24; FAB 

MS, m/z(M+H)* 469; IR Umax/crn '; 3425 (OH), 3240 (NH), 3100 (Ar-CH), 2975- 

2800 (CH2 , CH3), 1650, 1625, 1575, 1490, 1375 and 1225; Anal, calcd for 

C28H36N4 O6 : C, 64.09; H, 6 .8 8 ; N, 11.96. Found: C, 63.88; H, 6.89; N, 11.98.

HAQ73: M.p. 235-237 °C; <5h (250 MHz; CDCI3); 1.4-1.75 (m, lOH, lOxring-

H), 1.8-2.05 (m, 6 H, 6 xring-H), 2.65-2.85 (t, 4H, 2 XHNCH2C//2N), 2.9 (d, 2H, 

2x077), 3.55-3.85 (q, 4H, 2 xHNC%CH2N), 4.1 (m, 2H, 2xNCH2C770H) 7.15 (s, 

2H, C(2)H and 0(3)70, 7.5 (s, 2H, 0(6)77 and 0(7)77 ), 10.7 (t, 2H, 0(1)77 and 

0(4)77), 13.4 (s, IH, 0(8)70 and 13.6 (s, IH, 0(5)70; <5c (62.9 MHz; ODOI3); 22.75, 

28.84, 32.83, 52.53, 55.79, 60.46, 65.87, 107.12, 114.82, 124.17, 125.75, 146.72, 

154.51, and 183.15; FTiB MS, m/z(M+n)* 469; IR tw /c m ’’; 3425 (OH), 3240 

(NH), 3100 (Ar-OH), 2975-2800 (OH2 , OH3), 1650, 1625, 1575, 1490, 1375 and 

1225; Anal, calcd for C28H36N4O6 .I H2O: C, 61.98; H, 6.87; N, 10.33. Found: C, 

61.78; H, 7.24; N, 10.31.

2.3.S.2 Ipso Substitution of Fluorides of l,4-Difluoro-5,8-dihydroxy- 

anthraquinone by Diamine [149]

l,4-Bis-{[2-(2-hydroxyethyIpiperidine)ethyl]amino}-5,8-dihydroxy-anthracene-

9,10-dione (HAQ105)

l,4-Difluoro-5,8-hydroxyanthraquinone (0.17 g, 0.601 mmol) and [l-(2- 

aminoethyl)-piperidin-2-yl-]methanol (0.95 g, 6.01 mmol) were stirred in pyridine (2 

mL) at 90 °C for 1 h. The reaction mixture was added to ice-cold brine and set aside 

at 4 °C overnight. The precipitated solid was isolated by filtration and lyophilised. 

The desired product was purified by flash chromatography, initially eluting with 

CH2CI2/CH3OH (95:5) to remove non-polar impurities, followed by a gradual 

increase of CH3OH to CH2CI2/CH3OH (85:15). The chromatographed product was
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then crystallised from CHCI3 affording the title compovmd HAQ 105 as a dark blue 

powder (0.11 g, 34 %).

M.p. 208-210 °C; <5k(250 MHz; DMSO); 1,15-1.65 (m, 12H, 2xOHand lOxring- 

H), 2.25-2.4 (m, 6 H, 6 xring-H), 2.Ô-2.7 (t, 4H, 2 XHNCH2CH2N), 2.85 (m, 2H, 

2xring-H), 3.55 (t, 4H, 2 XHNCH2CH2N), 3.6-3.65 (2xd, 4H, 2xCHC%OH), 7.2 (s, 

2H, C{2)H and C(3)H), 7.5 (s, 2H, C(6 )H and C(7)H), 10.75 (t, 2H, C(l)Nff and 

C(4)NH) and 13.65 (s, 2H, C(5)OH and C(8)0H); *  (62.9 MHz; DMSO); 22.55,

24.92, 28.14, 50.99, 52.32, 61.94, 62.42, 107.03, 116.11, 123.89, 125.91, 147.07, 

154.46, and 182.88; FAB MS, m/z(M+Hf 553; IR Umax/crn"'; 3400 (OH), 3225 

(NH), 3100 (Ar-CH), 2960-2800 (CH2 , CH3), 1650, 1625, 1575, 1480, 1370 and 

1225; Anal, calcd for C30H40N4O6 . 1 H2O: C, 63.14; H, 7.24; N, 9.82. Found: C, 

63.07; H, 7.49; N, 9.77.

1 - [ [2-(Dimethylammo)ethyl] amino] -4-fluoro-5,8-dihydroxy anthracene-9,10- 

dione (HAQ 107)

l,4-Difluoro-5,8-dihydroxyanthraquinone (0.50 g, 1.812 mmol) N,N- 

dimethylethylenediamine (0.16 g, 1.812 mmol) and pyridine (3 mL) were stirred for 

24 h at RT. The mixture was quenched in cold brine (50 mL) and left for 3 hours 

before the crude product was isolated by filtration. The crude product was 

chromatographed using a gradient elution from 1 to 5 % MeOH in CH2CI2 . The 

product HAQ 107 was afforded as a purple powder (0.24 g, 38 %).

Sa (250 MHz; DMSO); 2.35 (s, 6 H, 2xNC77j) 2.7 (t, 2H, HNCH2Œ 2N), 3.5 (q, 

2H, HNC//2CH2N), 7.1 (s, IH), 7.1 (s, IH), 7.4 (s, 2H, C(6 ) //an d  C{7)H), 10.75 (t, 

2H, C (l)N i/ and C(4)N/^) and 13.4 (s, 2H, C(5)0H  and 0(8)077); Sc (62.9 MHz; 

DMSO); FAB MS, m/z(M-i-H)'" 344.

l-{[(2-Dimethylamino)ethyl]amino}-4-{[2-(2-hydroxyethyIpyrrolidine)ethyl]- 

aniino}-5,8-dihydroxy-anthracene-9,l 0-dione (HAQl 10)

The method follows that of HAQ 105 using HAQ107 (75 mg, 0.218 mmol), [l-(2- 

aminoethyl)-pyrrolidin-2-yl-]methanol (650 mg, 4.114 mmol), pyridine (2 mL), 1 h, 

90 °C. The product HAQl 10 was afforded as a dark blue powder (52 mg, 51 %).

M.p. 202-203 °C; Sa(250 MHz; DMS0 /CDCl3(l:l)); 1.55-1.9 (m, 4H, 4xring-/7), 

2.3 (s, 6 H, 2xNC//j), 2.5-2.55 (m, IH, lxring-77), 3.25-3.4 (m, 7H, 2 XHNCH2C//2N,
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2xring-i/ and OH), 3.45-3.6 (m, 6 H, ZxHNC^f^CHzN and NCHC//2 OH), 7.05 (s, 

2H, C(2)H and C(3)i7), 7.2 (m, 2H, C(6)/7 and C(7)7f), 10.6-10.7 (2xt, 2H, C(1)N// 

and C(4)N/7), and 13.5 (s, 2H, C{5)0H, C(8)077); <5c(62.9 MHz;

DM S0 /CD Cl3( l : l ) ) ;  22.71, 27.65, 41.58, 44.83, 53.38, 53.53, 57.54, 64.07, 64.94, 

107.10, 114.81, 123.73, 125.00, 125.11, 146.52, 154.36, and 183.17; FAB MS, 

m/z(M+H)'^ 469; Anal, calcd for C25H32N4O5 : C, 64.09; H, 6 .8 8 ; N, 11.96. Found: C, 

63.83; H, 6.99; N, 12.05.

l-{[(2-Dimethylammo)ethyl]amino}-4-{[2-(4-hydroxypiperidine)ethyl]amino}-

5,8-dihydroxy-anthracene-9,l 0-dione (HAQl 11)

The method follows that of HAQ 105 using HAQ 107 (18 mg, 0.0523 mmol), N- 

(2-aminoethyl)-piperidin-4-ol (140 mg, 0.97 mmol), pyridine (1 mL), 1 h, 90 °C. The 

product HAQl 11 was afforded as a dark blue powder (16.1 mg, 65 %)

M.p. 231-233 °C; ^(250  MHz; DMSO/CDCMLl)); 1.25-1.8 (m, 6 H, 6xnng-H),

2.2-2.25 (m, 2H, 2xnng-H), 2.35 (s, 6 H, 2xNCJTj), 2.5-2.8 (m, 5H, 2 xHNCH2% N  

and 1x0//), 3.5-3.55 (m, 5H, 2 XHNC//2 CH2N and NCH2C//OH), 7.1 (s, 2H, C(2)H 

and C(3)/Q, 7.25 (m, 2H, C(6)H and C(7)//), 10.65 (t, 2H, C(l)N/7 and C(4)N/7), 

and 13.65 (s, 2H, C(5)0H, C(S)OH)- ^(62.9 MHz; DMSO/CDCMLl)); 27.78,

32.15, 43.72, 49.49, 54.73, 56.39, 65.09, 106.48, 113.66, 122.55, 123.12, 123.39, 

144.97, 153.33, 182.56; FAB MS, m/z(M+H)* 469; Anal, calcd for 

C25H32N4O5 .IH 2O: C, 61.17; H, 6.84; N, 11.52. Found: C, 61.27; H, 6.64; N, 11.40.

l,4-Bis-{[2-(3-hydroxypyrrolidme)ethyl]amino}-5,8-dihydroxy-anthracene-9,10- 

I dione (HAQ115)

I The method follows that of HAQ 105 using 1,4-Difluoro-5,8 -hydroxy-

anthraquinone (75 mg, 0.272 mmol), l-(2-aminoethyl)-pyrrolidin-3-ol (1 g, 7.7 

mmol), pyridine (2 mL), 1 h, 100 °C. The product HAQl 15 was afforded as a dark 

blue powder (59.2 mg, 44 %).

M.p.197-199 °C; ^(250 MHz; DMS0 /CDCl3(l:l)); 1.55-1.65 (m, 2 H, 2xring-/7), 

2.0-2.1 (m, 2H, 2xring-//), 2.45-2.9 (m, lOH, 8xring-/7 and 2 x0 //), 2.75-2.85 (t, 4H, 

2 XHNCH2C//2N), 3.55-3.65 (q, 4H, 2 XHNC//2CH2N), 4.05-4.15 (m, 2H, 

2 XCH2C//OH), 7.05 (s, 2H, C(2)//and C(3)//), 7.3 (m, 2H, 0 (6 ) / /and C(1)H), 10.55 

(t, 2H, C(1)N// and C(4)N//), and 13.55 (s, 2H, 0(5)0//, 0(8)0//); ^(62.9 MHz;
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D M S 0 /CDCl3( l : l ) ) ;  28.01, 34.73, 41.22, 52.18, 54.42, 62.33, 69.26, 107.01, 115.04,

123.79, 124.90, 146.43, 154.38, and 183.21; FAB MS, m/z(M+H)'" 497; Anal. Calcd 

forC 26H32N4 0 6 : C, 62.88; H, 6.51; N, 11.28. Found: C, 62.50; H, 6.54; N, 11.00.

1,4-Bis-{ [2-(4-hydroxypiperidine)ethyl] amino}-5,8-dihydroxy-anthracene-9,l 0- 

dione (HAQl 16)

The method follows that of HAQ 105 using l,4-Difluoro-5,8-hydroxy- 

anthraquinone (45 mg, 0.163 mmol), l-(2-aminoethyl)-piperidin-4-ol (1 g, 42.6 

mmol), pyridine (2 mL), 1 h, 90 °C. The product HAQl 16 was afforded as a dark 

blue powder (36.2 mg, 42 %).

M.p. 241-244 °C; <&(250 MHz; CDCI3); 1.25-1.65 (m, 12H, 12xring-/^), 1.7-2.0 

(m, 4H, 4xring-7/), 2.65-3.0 (m, 6 H, 2 XNCH2C//2N and 2x0//), 3.6-3. 8  (q, 4H, 

2 XHNC//2CH2N), 4.1 (m, 2H, 2 XCH2C//OH), 7.2 (s, 2H, C(2)//and C(3)//), 7.6 (m, 

2H, C(6 )//and  C(7)//), 10.5 (t, 2H, C(l)N //and C(4)N//), and 13.6 (s, 2H, C(5)0//, 

C(8)O/0; <5b(62.9 MHz; CDCI3); 31.67, 39.45, 41.56, 49.56, 54.66, 109.22, 115.40,

124.82,125.45, 146.39,154.70,164.022, and 183.54; FAB MS, 525.

l-{[(2-Dimethylamlno)ethyl]amino}-4-{[2-(3-hydroxypyrrolidine)ethyl]ammo}-

5,8-dihydroxy-anthracene-9,l 0-dione (HAQ120)

The method follows that of HAQ 105 using HAQ107 (45 mg, 0.13 mmol), l-(2- 

aminoethyl)-pyrrolidin-3-ol (880 mg, 6.77 mmol), pyridine (1 mL), 30 min, 100 °C. 

The product HAQ 120 was afforded as a dark hlue powder (24 mg, 41 %)

M.p.195-198 °C; <5h (250  MHz; DMS0 /CDCl3 (l:l)); 1.55-1.7 (m, IH, Ixring-H), 

1.95-2.05 (m, 2H, 2xring-F0, 2.3 (s, 6 H, 2xNC%), 2.35-2.4 (m, IH, Ixring-//), 2.5-

2 . 6  (t, 4H, 2xHNCH2C%N), 2.6-2.85 (m, 2H, Ixring-Ff and OH), 3.5-3.55 (q, 4H, 

2 XHNC/6 CH2N), 4.25 (m, IH, CH2C//OH), 7.1 (s, 2H, C(2)H and 0(3)77), 7.4 (m, 

2H, 0(6)77 and 0(7)77), 10.5 (t, 2H, 0(l)N77and 0(4)N77), and 13.5 (s, 2H, 0(5)077, 

0(8)077); *(62.9 MHz; DMS0 /0 D0 l3(l:l)); 34.19, 41.22, 52.18, 54.42, 62.33,

69.26, 107.18, 114.78, 123.79, 124.90, 146.90, 154.38, and 183.16; F7VB MS, 

mÆ(M+H)* 455.

l-{[(2-Dimethylammo)ethyl]amino}-4-{[2-(2-hydroxyethylpiperidine)ethyl]- 

ammo}-5,8-dihydroxy-anthracene-9,10-dione (HAQ121)



Chapter 2 78

The method follows that of HAQ 105 using HAQ107 (30 mg, 0.0872 mmol), [1- 

(2-aminoethyl)-piperidin-2-yl-]methanol (700 mg, 4.43 mmol), pyridine (1 mL), 30 

min, 100 °C. The product HAQl21 was afforded as a dark blue powder (21.3 mg, 51 

%)

M.p. 201-203 °C; Sa{250 MHz; CDCI3); 1.7-2.1 (m, 7H, 6xring-77 and OH), 2.6 

(s, 6 H, 2xNCi/i), 2.8 (m, 2H, 2xnng-H), 2.9 (t, 4H, 2 xHNCH2% N ) ,  2.9-3.1 (m, 

IH, IxNCi/CHz), 3.6-3.65 (t, 4H, 2 XHNC//2CH2N) 3.9-4.1 (2 x, 2H, C H ^ O H ) ,

7.05 (s, 2H, C(2)//and C(3)H), 7.15 (m, 2H, C(6 )//and  C(1)H), 10.5 (t, 2H, C(1)N// 

and C(4)N70, and 13.65 (s, 2 H, C(5)0H, C(8)07f); ^(62.9 MHz; CDCI3); 23.06,

23.93, 26.94, 40.57, 41.13, 45.59, 50.42, 51.88, 58.35, 61.44, 62.65, 108.67, 115.43,

123.45, 124.12, 146.11, 155.24, and 184.63; FAB MS, /72/z(M+H)‘" 483; Anal, calcd 

for C26H34N4O5 : C, 64.71; H, 7.10; N, 11.61. Found: C, 64.45; H, 6.85; N, 11.79.

l,4-Bis-{[2-(2-hydroxyethyIpyrroIidme)ethyl]ammo}-5,8-dihydroxy-anthracene-

9,10-dione (HAQl25)

The method follows that of HAQ 105 using l,4-Difluoro-5,8-hydroxy- 

anthraquinone (75 mg, 0.272 mmol), [l-(2-aminoethyl)-pyrrolidin-2-yl-]methanol 

(1.5 g, 10.42 mmol) pyridine (2 mL), 2 h, 100 °C. The product HAQ 125 was 

afforded as a dark blue powder (58.1 mg, 41 %)

M.p.202-204 °C; <5k(250 MHz; D M S0/C D C l3(l:l)); 1.6-1.9 (m, 8 H, 8xring-77),

2.2-2.3 (m, 2H, 2xring-//), 2.6-2.75 (m, 6 H, 2 XHNCH2C//2N and 2xnng-H), 3.1-3.2 

(m, 2H, 2xring-^, 3.3-3.6 (m, lOH, 2 XHNC//2CH2N, 2 xNCHCi/2 0 H and 2xOH),

7.1 (s, 2H, C(2)H and C{3)H), 7.5 (m, 2H, C(6)H and C{7)H), 10.7 (t, 2H, C(1)N// 

and C (4)N ^, and 13.55 (s, 2H, C(5)0H, C(S)OH); Sc(62.9 MHz;

DM S0 /CDCl3( l : l ) ) ;  22.75, 27.65, 41.59, 53.56, 64.08, 64.96, 107.14, 114.92,

123.79, 125.30, 146.65, 154.37, and 183.15; FAB MS, m/z(M+H)* 525; Anal, calcd 

for C28H36N4O6 : C, 64.14; H, 6.87; N, 10.69. Found: C, 64.09; H, 6.98; N, 10.77.

l-{[(2-Dimethylamino)ethyl]amino}-4-{[2-(2,6-di-hydroxyethylpiperidine)ethyl]- 

amino}-5,8-dihydroxyanthracene-9,l 0-dione (HAQ143)

The method follows that of HAQ 105 using HAQ107 (78 mg, 0.227 mmol), [l-(2- 

aminoethyl)-piperidin-bis-2,6-yl-]methanol (420 mg, 2.283 mmol), pyridine (2 mL),
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30 min, 100 °C. The product HAQ 143 was afforded as a dark blue powder (63 mg, 

54 %)

M.p. 216-218 °C; ^(250  MHz; CDCI3); 1.4-1.8 (m, 6 H, 6 xring-.^, 2.35 (s, 6 H, 

2 x N % ), 2.65 (t, 2H, Ix H N C H z^N ), 2.75-2.85 (s, 2H, 2 XNC//CH2), 3.0 (t, 2H, 

HNCH2C//2N), 3.35-3.45 (m, 6 H, 2 xH N % C H 2N and 2x0//), 3.7 (d, 4H, 

2 XCHC//2OH) 7.05 (s, 2H, C(2)//and C(3)//), 7.15 (m, 2H, C(6 )//and  C(7)//), 10.5 

(t, 2H, C(1)N// and C(4)N//), and 13.65 (s, 2H, C(5)0//, C(8)0//); (5b(62.9 MHz; 

CDCI3); 20.90, 24.85, 41.27, 42.35, 45.63, 50.50, 58.42, 61.95, 64.60, 107.01, 

115.38, 123.89, 124.92, 146.39, 155.85, and 185.21; FAB MS, w/z(M+H)'^ 513; 

Anal, calcd for C2 7H36N4 O6 : C, 63.26; H, 7.08; N, 10.93. Found: C, 62.93; H, 7.12; 

N, 10.84.

1,4-Bis-{ [2-(piperidine)ethyl] amino}-5,8-dihydroxy-aiithracene-9,l 0-dione 

(HAQ145)

The method follows that of HAQ 105 using l,4-Difluoro-5,8-hydroxy- 

anthraquinone (50 mg, 0.181 mmol), l-(2-aminoethyl)-piperidine (232 mg, 1.81 

mmol), pyridine (1 mL), 30 min, 100 °C. The product HAQ 145 was afforded as a 

dark blue powder (31.7 mg, 35 %)

M.p. 219-221 °C; % 250 MHz; CDCI3); 1.45-1.55 (m, 4H, 4xring-/0, 1.55-1.7 

(m, 8 H, 8 xring-//), 2.55 (m, 8 H, 2 x N % H 2), 2.65 (t, 4H, 2 XHNCH2C//2N), 3.55 (q, 

4H, 2 XHNC//2CH2N), 7.05 (s, 2H, C{2)H and C(3)//), 7.15 (s, 2H, C(6 ) //  and 

C(7)//), 10.5 (t, 2H, C(1)N// and C(4)N//), and 13.65 (s, 2H, C(5)0//, C(8)0//); 

(5b(62.9 MHz; CDCI3 ; 24.37, 26.09, 40.72, 54.64, 57.63, 109.21, 115.48, 123.63, 

124.63, 146.31, 155.46, and 185.35; FAB MS, m/zfM+H)"  ̂ 493; Anal, calcd for 

C28H36N4 O6 .I . 5  H2O: C, 64.66; H, 7.27; N, 10.78. Found: C, 64.70; H, 7.55; N, 

10.67.

l-{ [(2-Dimethylamino)ethyl] amino}-4-{ [2-(piperidine)ethyl] amino}-5,8- 

dihydroxyanthracene-9,10-dione (HAQ148)

The method follows that of HAQ 105 using HAQ 107 (62 mg, 0.18 mmol), l-(2- 

aminoethyl)-piperidine (250 mg, 1.953 mmol), pyridine (1 mL), 30 min, 100 °C. The 

product HAQ 148 was afforded as a dark blue powder (42.9 mg, 65 %)
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M.p. 220-223 °C; <5k(250 MHz; CDCI3); 1.45-1.7 (m, 6 H, 6 xring-H), 2.35 (s, 6 H, 

2xNCHj), 2.55 (m, 4M, 2 XNCH2 CH2), 2.75 (2xt, 4H, 2 XHNCH2C//2N), 3.5 (q, 4H, 

2 XHNC//2CH2N), 7.05 (s, 2H, C(2)H and C(3)H), 7.1 (m, 2H, C(6 )H and C(7)H),

10.45 (t, 2 H, C(1 )NH and C(4)NH), and 13.55 (s, 2H, C(5)0H, C(8)0H); <5b(62.9 

MHz; CDCI3); 24.28, 25.93, 40.51, 41.24, 45.63, 54.62, 57.50, 58.39, 109.23, 

115.41, 123.73, 123.99, 124.75, 146.24, 155.44, and 185.41; FAB MS, m/z(M+H)* 

453.

l-{[2-(2-hydroxyethylpyrrolidine)ethyl]ammo}-aiithracene-9,10-dione

(HAQ163)

To [l-(2-aminoethyl)-pyrrolidin-2-yl-]methanol (1.63 g, 11.3 mmol) in pyridine 

(10 mL) was added 1-chloroanthraquinone (1.37 g, 5.646 mmol), and the mixture 

was stirred at 65 °C for 24 hours. Pyridine was removed in vacuo and the resulting 

mixture of oil and solid was dissolved in CH2CI2 and washed with H2O (3x50 mL) to 

remove any unreacted amine. The separated organic layer was removed in vacuo and 

the crude product was chromatographed using CH2CI2/CH3OH (97:3). The desired 

product was yielded as a red powder (0 . 2 1  g, 1 1  %).

M.p. 113-115 °C; (5k(250 MHz; CDCI3); 1.75-2.0 (m, 4H), 2.25-2.35 (m, IH), 

2.6-2.S (m, 2H), 3.15-3.3 (m, 2H), 3.35-3.55 (m, 4H), 3.75-3.85 (2xd, IH), 7.0 (2xd, 

IH), 7.45-7.6 (m, 2H), 7.65-7.8 (m, 2H), 8.2 (2xd, H), 8.45 (2xd), and 10.05 (s, IH, 

C{\)NH); Sc(62.9 MHz; CDCI3); 24.11, 27.15, 41.64, 52.99, 53.82, 62.61, 65.26,

113.15, 115.60, 126.57, 132.86, 133.81, 135.32, 151.49, 183.77, and 184.89; FAB 

MS, m/z{M+}iŸ 351; Anal, calcd for C21H22N2O3 : C, 71.98; H, 6.33; N, 8.00. Found: 

C, 71.79; H, 6.13; N, 8.07.

l-{[(2-Dimethylammo)ethyl]ammo}-4-{[2-(3-chloropiperidine)ethyl]ammo}-5,8- 

dihydroxyanthracene-9,10-dione (C AQl 66M)

Preparation of CAQ166M involved 5 steps, where none of the intermediate products 

were isolated and purified.

(i): Boc protection of mono-hydroxylated diamine sidechains [165]

(ii) : Mesylation of Boc-protected mono-hydroxylated diamine sidechains [166]

(iii): Chlorination of mono-mesylated diamine sidechains [166]

(iv): Deprotection of Boc group of chlorinated diamine sidechain [165]
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(v): Ipso substitution of fluoride of l-[[2-(dimethylamino)ethyl]amino]-4-fluoro-

5,8-dihydroxyanthraquinone by chlorinated diamine [48]

(i) l-(2-Aminoethyl)-piperidin-3-ol (1 g, 6.94 mmol) and EtgN (1.16 mL, 8.33 

mmol) was stirred together with CH3OH (10 mL) for 5 min. before B0 C2O (1.82 g, 

8.33 mmol), dissolved in CH3OH (5 mL), was added dropwise over 15-20 min. The 

reaction mixture was then stirred 20 h at 45 °C, before being concentrated in vacuo. 

The oil was diluted in EtOAc (40 mL) and washed with 2 x H2O (20 mL) and brine 

(20 mL). The organic phase was dried with magnesium sulphate (MgS0 4 ), and after 

filtration was concentrated in vacuo yielding a straw-coloured oil that needed no 

further purification (1.35 g, 80 %). FAB MS, w/z(M+H)'^ 245.

(ii) MsCl (420 pL, 5.41 mmol) was added dropwise to an ice-cold solution of the 

Boc-protected amine (880 mg, 3.61 mmol) and Et3N (755 pL, 5.41 mmol) in dry 

CH2CI2 (10 mL) under N2 . After the reaction mixture was stirred for 1 h at 0 °C, the 

solution was diluted with cold CH2CI2 , washed with ice-cold NaHC0 3  and ice-cold 

brine. The organic phase was dried with MgS0 4 , filtered and concentrated in vacuo 

at room temperature. The mesylated product was afforded as a crude straw-coloured 

oil (965 mg, 83 %). FAB MS, m/z(M+H)* 323.

(iii) tetra-n-butylammonium chloride (2 g, 7.20 mmol) was added to a stirred 

solution of the crude mesylate (965 mg, 3.01 mmol) in dry DMF (5 mL). The 

reaction mixture was heated at 90 °C for 30 min. before DMF was removed in vacuo. 

The residual oil was taken up in CH2CI2 and washed with ice-cold NaHC0 3  and ice- 

cold brine. The organic phase was dried (MgS0 4 ), filtered and solvent was 

concentrated in vacuo at room temperature. The crude product was yielded as a 

straw-Zyellowish-coloured oil (624 mg, 79 %). FAB MS, w/z(M+H)’̂ 263.

(iv) The crude chloride (624 mg, 2.38 mmol) was stirred in 4 M HCl in EtOAc for 

an hour to remove the Boc group. To the acidic EtOAc solution, cooled in an ice- 

bath, was slowly added a solution of brine and NH3 (pH = 1 2 ) until the aqueous 

phase was pH ~ 11. The chlorinated diamine was then extracted into the organic 

phase, which was dried with (MgS0 4 ). The solvent was removed in vacuo and the 

crude product was yielded as a brownish oil (175 mg, 45 %) that was used directly in 

the next step. FAB MS, m/z(M+H)'^ 163.

(v) A mixture of HAQ 107 (36 mg, 0.105 mmol) and the crude Boc-deprotected 

chloride (175 mg, 1.08 mmol) was reacted in pyridine (2 mL) at RT for 2 h. The
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reaction mixture was concentrated in vacuo and the crude product was purified by 

initially eluting with CH2 CI2 to remove non-polar impurities, followed by a gradual 

increase of CH3OH to CH2CI2/CH3OH (97:3). The chromatographed product was 

crystallised firom CHCI3 . The title compound CAQ166M was yielded as a dark blue 

solid (35 mg, 60 %).

M.p. dec. > 300 °C; ^ (250  MHz; CDCI3); 1.5-1.9 (m, 4H, 4xring-/7), 2.15-2.25 

(m, 3H, 3xring-//), 2.35 (s, 6 H, 2xNCi/j), 2.65-2.8 (2xt, 4H, 2 XHNCH2C//2N), 3.15-

3.2 (2xd, IH, ring-//), 3.45 (t, 4H, 2 XHNC//2CH2N), 4.1 (m, IH, CH2C//CI), 7.05 (s, 

2H, C(2)H and C(3)//), 7.15 (s, 2H, C{6)H and C(7)//), 10.45 (t, 2H, C(1)N// and 

C(4)N/0, and 13.5 (s, 2 H, C(5)0//, C(8)0/7); ^(62.9 MHz; CDCI3); 24.95, 29.65,

34.88,40.37,41.26, 45.63, 52.85, 55.78, 56.28, 58.39,61.43,109.23,115.39,123.64, 

123.78, 124.66, 146.05, 146.24, 155.41, 185.28, and 185.35; FAB MS, m/z(M+H)'" 

487.

l-{[(2-Dimethylammo)ethyl]ammo}-4-{[2-(4-chloropiperidme)ethyl]ammo}-5,8- 

dihydroxyanthracene-9,10-dione (CAQ 172)

The method follows that of CAQ166M.

(1) l-(2-Aminoethyl)-piperidin-4-ol (2 g, 13.89 mmol) Et3N (2.32 mL, 16.65 

mmol), CH3OH (20 mL), B0 C2O (3.63 g, 16.65 mmol), dissolved in CH3OH (5 mL). 

The reaction mixture was stirred 18 h. The product was afforded as a strawcoloured 

oil that needed no further purification (2.35 g, 69 %). FAB MS, w/z(M+H)’̂ 245.

(ii) Boc-protected amine (1.70 g, 6.94 mmol), MsCl (810 pL, 10.41 mmol), Et3N 

(1.45 mL, 10.41 mmol), dry CH2CI2 ( 2 0  mL). The mesylated product was afforded as 

a crude straw-coloured oil (1.39 g, 62 %). FAB MS, m/z{M+Kf 323.

(iii) Crude mesylate (1.39 g, 4.29 mmol), tetra-M-butylammonium chloride (2.38 

g, 8.58 mmol), dry DMF (10 mL), 120 °C, 30 min. The crude chloride was afforded 

as a straw/yellowish-coloured oil (0.73 g, 65 %). FAB MS, m/z(M+H)'^ 263.

(iv) Crude chloride (0.73 g, 2.78 mmol), 4M HCl EtOAc, 1 h. The crude Boc- 

deprotected amine was afforded as a brownish oil (160 mg, 35 %). FAB MS, 

m/z(M+H)'' 163.

(v) HAQ 107 (36 mg, 0.105 mmol), crude deprotected sidechain (160 mg, 0.98 

mmol) pyridine (2 mL), 5 h, 45 °C. The title compound (CAQ 172) was afforded as a 

dark blue solid (31.4 mg, 54 %).



Chapter 2 83

M.p. 200-202 °C; % 250 MHz; CDCI3); 1.3-1.75 (m, 6 H, 6xnng-H), 1.95-2.1 (m, 

2H, 2xring-7f), 2.35 (s, 6 H, 2 x N % ), 2.6-2.S (t, 4H, 2 xHNCH2% N ) ,  3.3 (q, 4H, 

2 XHNC//2CH2N), 3.45 (m, IH, CUjCHCl), 7.05 (s, 2H, C(2)H and C(3)H), 7.1 (s, 

2H, C(6)H and 10.45 (t, 2H, C(l)N/7 and C(4)N//), and 13.55 (s, 2H,

C{5)0H, C{S)OH); ^(62.9 MHz; CDCI3); 24.06, 34.69, 45.38, 50.79, 56.25, 58.96, 

109.09, 115.31, 123.77, 123.95, 124.61, 146.12, 146.22, 155.34, 161.33, and 185.29; 

FAB MS, w/z(M+H)^ 487; Anal, calcd for C25H31ClN4O4 .2 HCl.3 H2O: C, 48.90; H, 

6.24; N, 9.12. Found: C, 48.77; H, 6.00; N, 9.10.

l-{[(2-Dimethylamino)ethyl]amino}-4-{[2-(2-chloroethylpyrrolidine)ethyl]- 

ammo}-5,8-dihydroxyanthracene-9,10-dione (CAQ176M)

The method follows that of CAQ166M.

(i) [l-(2-Aminoethyl)-pyrrolidin-2-yl-]methanol (5 g, 34.72 mmol) Et3N (5.8 mL, 

41.67 mmol), CH3OH (40 mL), B0C2O (9.10 g, 41.67 mmol), dissolved in CH3OH 

(10 mL). The reaction mixture was stirred 18 h. The product was afforded as a 

strawcoloured oil that needed no further purification (6.9 g, 82 %).

(ii) Boc-protected amine (5.1 g, 20.9 mmol), MsCl (2.43 mL, 31.35 mmol), Et3N 

(4.32 mL, 31.35 mmol), dry CH2CI2 (50 mL). The mesylated product was afforded as 

a crude straw-coloured oil (5.63 g, 84 %). FAB MS, m/z(M+HŸ 245.

(iii) Crude mesylate (5.63 g, 17.48 mmol), tetra-«-butylammonium chloride (9.72 

g, 11.26 mmol), dry DMF (30 mL), 90 °C, 30 min. The crude chloride was afforded 

as a straw/yellowish-coloured oil (2.2 g, 48 %). FAB MS, /w/z(M+H)"  ̂323.

(iv) Crude chloride (2 g, 7.58 mmol), 4M HCl EtOAc, 1 h. The crude Boc- 

deprotected amine was afforded as a brownish oil (675 mg, 55 %). FAB MS, 

w/z(M+H)'' 263.

(v) HAQl07 (95 mg, 0.276 mmol), crude deprotected sidechain (675 mg, 4.15 

mmol), pyridine (2 mL), 2 h, 30 °C. The title compound CAQ176M was afforded as 

a dark blue solid (63.8 mg, 41 %). FAB MS, m/zfM+H)"  ̂ 163.

M.p.253-255 °C; <&(250 MHz; CDCI3); 1.5-1.85 (m, 4H, 4xring-J7), 2-2.25 (m, 

3H, 3xring-77), 2.35 (s, 6 H, 2xNC^j), 2.6-2.8 (2xt, 4H, 2 XHNCH2C//2N), 3.15 (d, 

IH, IxNCHC^zCl), 3.4 (m, 5H, 2 xHNC7 6 CH2N and lxNCHC7 f2 Cl), 7.05 (s, 2H, 

C(2)H and C(3)H), 7.1 (s, 2H, C(6)H and C(7)i7), 10.45 (t, 2H, C(1)N7/ and 

C(4)N7f), and 13.55 (s, 2H, C(5)077, C(8)077); *(62.9 MHz; CDCI3); 24.93, 34.86,
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40.33, 41.19,45.59, 52.82, 55.78, 56.03, 56.27, 58.35, 61.43, 109.02, 115.40, 123.55, 

123.69, 124.49, 146.01, 146.2, 155.32, and 185.11; FAB MS, m/z(M+H)^ 487; Anal, 

calcd for C25H3 1ClN4O4 .2 HCl.2 H2O: C, 50.38; H, 6.60; N, 9.40. Found: C, 49.81; H, 

6.23; N, 9.29.

1,4-Bis-{ [2-(2-chloroethylpyrrolidine)ethyl] ammo}-5,8-dihydroxyaiithracene-

9,10-dione (CAQ177M)

The method follows that of CAQ166M.

(i) [l-(2-Aminoethyl)-pyrrolidin-2-yl-]methanol (7 g, 48.61 mmol) EtgN (8.12 

mL, 58.33 mmol), CH3OH (50 mL), B0 C2 O (12.73 g, 58.33 mmol), dissolved in 

CH3OH (15 mL). The reaction mixture was stirred 20 h. The product was afforded as 

a strawcoloured oil that needed no further purification (9.36 g, 79 %). FAB MS, 

m/z(M+H)‘' 245.

(ii) Boc-protected amine ( 8  g, 32.8 mmol), MsCl (3.81 mL, 49.2 mmol), Et3N 

(6.85 mL, 49.2 mmol), dry CH2CI2 (50 mL). The product was afforded as a crude 

straw-coloured oil (9.06 g, 8 6  %). FAB MS, w/z(M+H)'^ 323.

(iii) Crude mesylate (9 g, 28 mmol), tetra-«-butylammonium chloride (13.34 g, 42 

mmol), dry DMF (50 mL), 90 °C, 30 min. The crude product was afforded as a 

straw-coloured oil (6.78 g, 61 %). FAB MS, w/z(M+H)'^ 263.

(iv) Crude chloride (6.78 g, 25.7 mmol), 4M HCl EtOAc, 1 h. The crude Boc- 

deprotected amine was afforded as a brownish oil (1.98 g, 47 %). FAB MS, 

m/z(M+H)^ 163.

(v) HAQl07 (125 mg, 0.363 mmol), crude deprotected sidechain (1.98 mg, 12.1 

mmol), pyridine (5 mL), 4 h, 30 °C. The title compound CAQ177M was yielded as a 

dark blue solid (88.5 mg, 39 %).

M.p. dec. > 300 °C; (5k (250 MHz; DMSO); 1.45-1.85 (m, 6 H, 6 xring-//), 2.15- 

2.35 (m, 6 H, 6xring-7/), 2.65-2.85 (m, 6 H, 2 XHNCH2C//2N and 2xring-//), 3.15 (d, 

2H, 2 xNCHC^2Cl), 3.45-3.55 (q, 4H, 2 XHNC7 / 2 CH2N), 4.15 (m, 2H, 

2 xNCHC7 /2C1) 7.05 (s, 2H, C{2)H and C(3)7f), 7.15 (s, 2H, C{6)H and C{1)H),

10.45 (t, 2H, C(1)N77 and C (4)N ^, and 13.45 (s, 2H, C(5)077, C(8)07f); ôc (62.9 

MHz; DMSO), 28.11, 35.05, 41.78, 50.83, 55.43, 60.52, 65.26, 107.91, 114.93,

124.33, 127.56, 144.33, 156.69, 183.28; FAB MS, m/z(M+H)'" 561; Anal, calcd for 

C28H3 4CI2N4 O4 . 2  HCl: C, 53.05; H, 5.72; N, 8.84. Found: C, 53.35; H, 5.84; N, 8.72.
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l-{[(2-Dimethylammo)ethyl]amino}-4-{[2-(3-chloropyrrolidme)ethyl]ammo}-

5,8-dihydroxyanthracene-9,l 0-dione (C AQl 88M)

The method follows that of CAQ166M.

(i) l-(2-Aminoethyl)-pyrrolidin-3-ol (1 g, 7.94 mmol) EtgN (1.32 mL, 9.52 

mmol), CH3OH (10 mL), B0 C2O (2.08 g, 9.52 mmol), dissolved in CH3OH (5 mL). 

The reaction mixture was stirred 16 h. The product was afforded as a strawcoloured 

oil that needed no further purification (1.54 g, 8 6  %). FAB MS, m/z(M+H)'^ 230.

(ii) Boc-protected amine (960 mg, 4.16 mmol), MsCl (483 pL, 6.24 mmol), Et3N 

( 8 6 8  pL, 6.24 mmol), dry CH2CI2 ( 1 0  mL). The crude product was afforded as a 

straw-coloured oil (1 g, 78 %). FAB MS, w/z(M+H)'^ 308.

(iii) Crude mesylate (1 g, 3.24 mmol), tetra-M-butylammonium chloride (1.35 g, 

4.86 mmol), dry DMF (10 mL), 100 °C, 30 min. The product was afforded as a 

straw-Zyellowish coloured oil (705 mg, 81 %). FAB MS, /w/z(M+H)’̂ 248.

(iv) Crude chloride (705 mg, 2.88 mmol), 4M HCl EtOAc, 1 h. The crude Boc- 

deprotected amine was afforded as a brownish oil (124 mg, 30 %). FAB MS, 

m/z{M+Uf 148.

(v) HAQ107 (50 mg, 0.18 mmol), crude deprotected sidechain (124 mg, 0.86 

mmol) pyridine (2 mL), 2 hours, 60 °C. The product CAQ188M was afforded as a 

dark blue powder (15 mg, 15 %).

M.p. dec. > 300 °C; <5k(250 MHz; DMSO/CDCMl:!)); 1.8-2.15 (m, 2 H, 2xring- 

H), 2.3 (m, IH, ring-7f), 2.35 (s, 6 H, 2xNC/7j), 2.85-3.05 (m, 7H), 3.8-4.1 (m, 5H),

7.1 (s, 2H, C{2)H and C(3)H), 7.2 (s, 2H, C(6)H and 10.45 (t, 2H, C(1)N77

and C(4)N77), and 13.55 (s, 2H, C(5)0/7, C(S)OH); c5b(62.9 MHz; CDCI3); 37.19, 

42.31, 52.01, 55.05, 62.05, 68.95, 107.65, 114.40, 124.91, 125.15, 146.09, 154.74, 

184.44; FAB MS, m/z{M+Uf 473; Anal, calcd for C24H2 9ClN4O4 .2 HCl.4 H2O: C, 

46.65; H, 6.04; N, 9.07. Found: C, 47.10; H, 5.80; N, 9.07.

2.3.6 Chlorination of Hydroxylated Anthraquinone using PhsP-CCLi Complex 

[154-156]
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l,4-Bis-{[2-(3-chloroethylpiperidine)ethyl]amino}-aiithracene-9,10-dione

(CAQ39)

PhsP (377.7 mg, 1.44 mmol) and CCI4 (425 pL, 432 mmol) were stirred for 15 

min. before it was added dropwise to a stirred solution of HAQ38 (125 mg, 0.24 

mmol) in dry CH2CI2 (5 mL) under N2 at reflux temperature. The reaction mixture 

was kept at reflux temperature for 4 h before it was cooled down to RT. Ethereal HCl 

was added to the solution and after 1 h of stirring, the precipitated solid was filtered 

off. To remove excess of PhgP and PhgPO, the precipitated solid was dissolved in 

warm CH3OH (10 mL). While stirring the dark blue solution at reflux, a mixture of 

BtOAc and EtOH (1:1) was added until precipitation of solid was observed. The 

solution was set aside for 1 h before the precipitated product was isolated by 

filtration; the excess PhgP and PhgPO remained in the EtOAc/EtOH solution. The 

title compound was afforded as a dark blue solid (98.3 mg, 65 %).

M.p. dec. > 300 °C; Ôh (250 MHz; CDCI3); 1.1 (m, 2H, 2 xCH2Ci7 CH2Cl), 1.75 

(m, 6 H, CH2 C//2CH and 2 XCH2C/72CH2), 2.05 (m, 4H, ring-H), 2.18 (3xd, 2 H ,J= 3  

Hz and 10 Hz, 2 xNC^2CH2), 2.73 (t, 4H, /  = 9 Hz, 2 XHNCH2 C/72N), 2.8 (m, 2H, 

ring-H), 2.96 (2xd, 2H, 2 XNC//2CH), 3.5 (m, 8 H, 2 XCHC//2CI and

2 XHNC/7 2CH2N), 7.25 (s, 2H, C{2)H and C(3)//), 7.7 (m, 2H, C{6)H and C(7)//),

8.3 (m, 2H, C(5)77, C(8)7f) and 10.75 (t, 2H, C(l)N7f and C(4)N7f); 6c(62.9 MHz; 

CDCI3); 24.42, 28.34, 38.47, 40.56, 48.14, 54.22, 57.52, 57.60, 110.30, 123.52, 

126.12, 132.01,134.56, 145.82 and 182.65; FAB MS, m/z{M+TXf 557; IR Umax/cm''; 

3400 (NH), 3090, 2960-2825 (CHz, CH3), 1650, 1600, 1585, 1525, 1275, 1025 and 

740; Anal, calcd for C30H3 8CI2N4 O2 .2 HCI.2 H2O: C, 54.06; H, 6.65; N, 8.41. Found: 

C, 54.07; H, 6.27; N, 8.14.

1 -{[(2-Dimethylamino)ethyl] amino}-4-{ [2-(3-chloropiperidine)ethyl] amino}- 

anthracene-9,10-dione (CAQ46M)

The method follows that of CAQ39 using HAQ22 (167 mg, 0.384 mmol), Ph3P 

(302 mg, 0.152 mmol), CCI4  (333 pL, 3.456 mmol) and dry CH2CI2 (2 mL). The 

reaction was stopped after 6  hours of reflux. The title compound was afforded as a 

dark blue solid (131 mg, 75 %).

^ (250  MHz; CDCI3); 1.4-1.8  (m, 4H, CH2CH2CH2 and CHzCTfzCH), 2 . 2  (3xd, 

IH, y  = 3 Hz and 11 Hz, IXNC772CH2), 2.25 (d, IH, J=  11 Hz, lxNC^2CH), 2.35 (s.
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6H, 2 x N % ), 2.7 (t, 2H, J  = 7 Hz, BNCB 2CH2K), 2.75 (t, 2H, J  = 7 Hz, 

HNCH2C/72N), 2.9 (m, IH, IXNCH2C/72), 3.15 (2xd, IH, /  = 3 Hz and 11 Hz, 

IxNCTTzCH), 3.5 (m, 4H, 2 XHNC//2CH2N), 4.05 (m, IH, CH2 C7 /CI), 7.1 (d, 2H, 

C(2)H, C(3)H), 7.6 (m, 2H, C(6)H, C{1)H), 8.3 (m, 2H, C(5)//, C(8)7^, and 10.75 (t, 

2H, C(l)N/7and C(4)N//); (5b(62.9 MHz; CDCI3); 24.50, 34.95, 40.42, 41.02, 45.65,

52.99, 55.88, 56.85, 58.55, 61.61, 110.23, 123.41, 126.12, 132.03, 134.48, 145.73 

and 182.62; FAB MS, wÆ(M+H)+ 455.

l,4-Bis-{[2-(3-chloroethylpiperidine)ethyl]ammo}-5,8-dihydroxyanthracene-

9,10-dione (CAQ74)

The method follows that of CAQ39 using HAQ70 (142 mg, 0.26 mmol), PhgP 

(404 mg, 1.54 mmol), CCI4 (447 |iL, 4.63 mmol) and 5 mL CHCI3/CH3CN (4:1) as 

solvent. The reaction was stopped after 5 hours of reflux. The title compound was 

yielded as a dark blue solid (117 mg, 6 8  %).

M.p. dec. > 300 °C; (250 MHz; CDCI3/D2O (10:1)); 1.4 (m, 2H,

2 XCH2C//CH2OH), 1.85-2.3 (m, 8 H, 8xring-7f), 3.0 (m, 4H, ring-7^, 3.4-3.8 (m, 

16H, 2 x H N % C H 2N, 2 xHNCH2C7 6 N] and 8xring-70, 6.96 (s, 2H, C{2)H and 

C{3)H) and 7 (s, 2H, C{6)H and C(1)H)\ Sc (62.9 MHz; CDCl3/D2O(1 0 :l)), 27.99,

38.45, 40.03, 48.97, 56.36, 58.40, 111.43, 117.38, 126.78, 127.37, 148.32, 156.32, 

and 187.18; FAB MS, m/z(M+B)* 589; Anal, calcd for C30H38CI2N4O4.2 HCI.2 H2O: 

C, 51.59; H, 6.35; N, 8.02. Found: C, 51.49; H, 6.14; N, 8.22.

l-{ [(2-Dimethylammo)ethyl] amino}-4-{ [2-(2-chloroethylpiperidine)ethyl]- 

amino}-5,8-dihydroxyanthracene-9,l 0-dione (C AQ75)

The method follows that of CAQ39 using HAQ71 (48 mg, 0.1 mmol), Ph3P (78.7 

mg, 0.3 mmol), CCU (300 pL, 3.11 mmol) and dry CH2 CI2 (10 mL). The reaction 

was stopped after 5 hours of reflux. The product (CAQ75) was afforded as a dark 

blue powder (46.3 mg, 81 %).

M.p. dec. > 300 °C; <5k(250 MHz; DMS0:CDCl3(l:l)); 1.3-1.45 (m, 3H, 3xring- 

H), 1.45-1.6 (m, 2H, 2xring-7/), 2.35 (s, 6H, 2 x N % ), 2.9-3 (m, 6H), 3-3.2 (m, 2H),

3.9 (m, 4H), 4.1 (d, 2H, CHCH2CI), 7.15 (s, 2H, C(2)H and C(3)/7), 7.6 (s, 2H, 

C{6)H and C(7)H), 10.45 (t, 2H, C(1)N// and C(4)N/^, and 13.35 (s, 2H, C(5)0/7,
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C(S)OH); *(62.9 MHz; CDCI3); 22.45, 25.33, 41.70, 42.56, 54.63, 54.95, 61.95, 

107.94, 114.43, 124.41, 125.03, 145.03, 145.81, 155.05, and 184.03; FAB MS, 

m/z(M+H)^ 501; Anal, calcd for C26H33ClN4 O4 .2 HCl.2 H2 O; C, 51.20; H, 6.44; N, 

9.19. Found: C, 51.30; H, 6.18; N, 9.01.

l-{[(2-Dimethylamino)ethyl]amino}-4-{[2-(2-chloroethylpiperidine)ethyl]- 

amino}-5,8-dihydroxyanthracene-9,l 0-dione (CAQ183M)

The method follows that of CAQ39 using HAQ121 (105 mg, 0.21 mmol), PhaP 

(165.23 mg, 0.63 mmol), CCI4 (500 pL, 5.25 mmol) and dry CH2CI2 ( 1 0  mL). The 

reaction was stopped after 3 hours of reflux. The product (CAQ183M) was afforded 

as a dark blue powder (8 8 . 8  mg, 73 %).

M.p. 233-235 °C; % 250 MHz; CDCI3); 1.55-2.1 (m, 8 H, 8 xring-H), 2.8 (s, 6 H, 

2xNCHj), 3.2-3.35 (m, 4H), 3.6-3.75 (m, 2H), 3.9-4.15 (m, 4H), 4.2 (m, IH), 7.15 (s, 

2H, C(2)H and C(3)H), 7.6 (s, 2H, C{6)H and C(7)//), 10.45 (t, 2H, C(1)N77 and 

C(4)N7f), and 13.35 (s, 2H, C(5)0H, C(8)0H); ^(62.9 MHz; CDCI3); 21.60, 26.03,

36.70, 42.21, 51.73, 54.85, 62.25, 108.34, 114.23, 124.81, 124.93, 145.83, 145.90, 

154.65, and 184.20; FAB MS, m/z(M+H)'^ 501; Anal, calcd for

C26H3 3ClN4 O4 .2 HCl.3 H2O: C, 49.73; H, 6.58; N, 8.92. Found: C, 50.09; H, 6.27; N, 

8.96.

l-{[(2-Dimethylamino)ethyl]ammo}-4-{[2-(2,6-dichloroethylpiperidine)ethyI]- 

amino}-5,8-dihydroxyanthracene-9,l 0-dione (CAQ187M)

The method follows that of CAQ39 using HAQ143 (14 mg, 0.0273 mmol), Ph3P 

(43 mg, 0.164 mmol), CCI4 (79 pL, 0.82 mmol) and dry CH2CI2 (5 mL). The 

reaction was stopped after 5 hours of reflux. The product (CAQ187M) was afforded 

as a dark blue powder ( 1 2 . 2  mg, 81 %).

^(250  MHz; CDCI3); 1.3-1.65 (m, 6 H, 6 xring-H), 2.35 (s, 6 H, 2xNCHj), 2.7 (t, 

2H, IXHNCH2 C/72N), 2.8-2.9 (m, 2H, 2 xNC^CH2), 3.0 (t, 2H, IXHNCH2CH2N), 

3.35-3.45 (q, 4H, 2 XHNCH2 CH2N), 3.8-3.9 (d, 4H, 2xCHC76Cl) 7.1 (s, 2H, C(2)H 

and C(3)H), 7.15 (m, 2H, C(6)H and C(7)H), 10.55 (t, 2H, C(l)NH  and C(4)N77), 

and 13.65 (s, 2H, C(5)0N, C(8)0H); FAB MS, m/z(M+H)'^ 549.
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l,4-Bis-{[2-(2-chloroethylpiperidme)ethyl]ammo}-5,8-dihydroxyaiithracene-

9,10-dione (CAQ190M)

The method follows that of CAQ39 using HAQ105 (60 mg, 0.109 mmol), Ph]? 

(171.5 mg, 0.654 mmol), CCI4 (190 pL, 1.96 mmol) and dry CH2 CI2 (5 mL). The 

reaction was stopped after 5 hours of reflux. The product (CAQ190M) was afforded 

as a dark blue powder (49.8 mg, 78 %).

M.p. decompose > 300 °C; Su (250 MHz; DMSO); 1.5-1.65 (m, 4H, 4xring-//), 

1.75-2.15 (m, lOH, lOxring-77), 3.4-3.8 (m, 8 H, 2 XBNCU2CH2N  and 4xring-//), 4-

4.1 (q, 4H, 2 XHNC//2CH2N), 4.15 (2xd, 4H, 2 XNCHC//2 CI) 7.2 (s, 2H, C(2)H and 

C(3)H), 7.65 (s, 2H, C{6)H and C{1)H), 10.45 (t, 2H, C(1)N// and C(4)N/0, and

13.45 (s, 2H, C(5)0H, C (8 )0 ^ ; Sc (62.9 MHz; DMSO), 26.11, 37.05, 42.78, 50.78, 

51.83, 60.32, 62.26, 108.41, 114.33, 125.00, 126.56, 145.93, 154.69, 184.28; FAB 

MS, ot/z(M+H)* 589.

1 -{[2-(2-chloroethylpyrrolidine)ethyl] ammo}-anthraeene-9,l 0-dione 

(CAQ191M)

The method follows that of CAQ39 using HAQ163 (115 mg, 0.329 mmol), PhgP 

(260 mg, 0.99 mmol), CCI4 ( 1 0 0  pL, 9.86 mmol) and dry CH2CI2 (5 mL). The 

reaction was stopped after 3 hours of reflux. The product (CAQ191M) was afforded 

as a orange powder (91.9 mg, 69 %).

M.p. 250-253 °C; 4(250 MHz; CDCI3); 1.6-2.1 (m, 4H), 2.15-2.35 (m, IH), 

2.65-2.75 (m, 2H), 3.05-3.15 (m, 2H), 3.4-3.6 (m, 4H), 3.8 (2xd, IH), 7.2 (2xd, IH), 

7.45-7.65 (m, 2H), 7.75-7.95 (m, 2 H), 8.1-8.3 (m, 2H), and 9.95 (s, IH, C(1)N70; 

4(62.9 MHz; CDCI3); FAB MS, m/z(M+B.Ÿ 351; Anal, calcd for C28H36N4O6: C, 

62.23; H, 5.47; N, 6.91. Found: C, 62.15; H, 5.11; N, 6.77.

2.3.7 A-oxide Derivatisation

l-{[(2-Dimethylamino-A-oxide)ethyl]amino}-4-{[2-(2-hydroxyethylpyrrolidine- 

A-oxide)ethyl]ainino}-5,8-dihydroxy-anthracene-9,l 0-dione (HAQ132N)

WÎ-CPBA (25 mg, 0.145 mmol) dissolved in dry DCM (1 mL) was added dropwise 

to a stirred solution of HAQllO (20 mg, 0.043 mmol) in dry CH2 CI2 (5 mL) under 

N2 . After 15 minutes of stirring at -10 °C (acetone-ice bath), the reaction was stirred
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3 h at 4 °C. The solution was then diluted with hexane and after 2 h, the precipitated 

solid was filtered off and washed successively with ice-cold hexane, ether, CH2CI2 

and EtOAc. The crude product HAQ132N was afforded as a crude dark blue solid 

(15.5 mg, 73 %). Anal, calcd for C25H32N4 O7 : C, 59.99; H, 6.44; N, 11.19. Found: C, 

52.94; H, 6.15; N, 10.01.

l-{ [(2-Dimethylammo-A-oxide)ethyl] ammo}-4-{ [2-(3-chloropiperidine-A- 

oxide)ethyl]ammo}-5,8-dihydroxyanthracene-9,l 0-dione (CAQ167MN)

The method follows that of HAQ132N using CAQ166M (19 mg, 0.0391 mmol), m- 

CPBA (21.6 mg, 0.125 mmol), dry CH2CI2 (5 mL). The product CAQ167MN was 

afforded as a crude dark blue solid (12.5 mg, 62 %). Anal, calcd for C2 5H3 1CIN4 O6 : 

C, 57.86; H, 6.02; N, 10.8. Found: C, 54.82; H, 4.93; N, 7.43.

l-{[(2-Dimethylammo-A-oxide)ethyl]amino}-4-{[2-(4-chloropiperidine-A- 

oxide)ethyl]amino}-5,8-dihydroxyanthracene-9,l0-dione CAQ179N

The method follows that of HAQ132N using CAQ172 (17 mg, 0.035 mmol), m- 

CPBA (21.5 mg, 0.119 mmol), dry CH2CI2 (5 mL). The product CAQ179N was 

afforded as a crude dark blue solid (15.5 mg, 8 6  %). Anal, calcd for C25H31CIN4O6 : 

C, 57.86; H, 6.02; N, 10.80. Found: C, 54.62; H, 4.84; N, 6.80.

l-{[(2-Dimethylamino-A-oxide)ethyl]amino}-4-{[2-(2-ehloroethylpyrrolidine-A- 

oxide)ethyl] amino}-5,8-dihydroxyanthracene-9,10-dione CAQ181MN

The method follows that of HAQ132N using CAQ176M (48.3 mg, 0.0994 mmol), 

m-CPBA (58.3 mg, 0.338 mmol), dry CH2CI2 (10 mL). The product CAQ181MN 

was afforded as a crude dark blue solid (46.2 mg, 90 %). Anal, calcd for 

C25H 31CIN4O6 : C, 57.86; H, 6.02; N, 10.80. Found: C, 54.66; H, 4.51; N, 6.81.

l,4-Bis-{[2-(2-chloroethyIpiperidine-A-oxide)ethyI]amino}-5,8- 

dihydroxyanthr acene-9,10-dione C AQl 92MN

The method follows that of HAQ132N using CAQ190M (11 mg, 0.0187 mmol), m- 

CPBA (12.9 mg, 0.075 mmol), dry CH2CI2 (5 mL). The product CAQ192MN was 

afforded as a crude dark blue solid (10.2 mg, 83 %). Anal, calcd for C30H3 8CI2N4O6 : 

C, 57.97; H, 6.16; N, 9.01. Found: C, 55.46; H, 4.49; N, 6.93.
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2.3.8 Reference compounds

ZP275 and ZP281M were synthesised as previously described [33]. 

AQ4 and AQ4N were obtained from Prof. Laurence Patterson.
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3 DNA and Topoisomerase II Interaction Studies

The majority of previously developed 1,4-disubstituted non-covalent binding 

aminoanthraquinones intercalate DNA by anchoring the planar aromatic 

anthraquinone moiety between DNA electron-rich bases (section 1.3.1). 

Confirmation of such interaction with DNA has yet to be established for the covalent 

binding anthraquinones previously developed by Patterson’s group [33]. 

Spectrophotometric titration studies of a series of chloroalkylaminoanthraquinones 

(CAQs) have been attempted, but no isosbestic behaviour was evident for these 

agents [33]. Alkylation and sequence specificity of the CAQs were determined by 

using the thermostable DNA polymerase from Thermus aquaticus {Taq). The 

experiments showed alkylation of DNA at nM concentration and specificity of 

alkylation at guanine sites. Furthermore, the symmetrical 1,4-disubstituted CAQs 

were shown to crosslink linearised plasmid DNA [33].

The CAQs developed in the present study comprise either one or two chloroalkyl 

units constrained in a ring-system. The previously developed CAQs contained bis- 

alkylating functionalities structurally related to mechlorethamine. To establish the 

extent of the covalent DNA binding of the novel CAQs, containing the alkylation 

functionality as a part of a ring system, they were examined for their ability to 

alkylate linearised pBR322 DNA. Also, selected agents were investigated for their 

potential to crosslink DNA. The formation of a positively charged aziridinium ion by 

nitrogen mustards is generally considered to be necessary prior to alkylation of 

nucleophiles including DNA [144, 160, 161, 169, 172]. To investigate this, CAQs 

with chloroethyl or chloropropyl units (the latter do not form aziridinium ions) were 

examined for their ability to alkylate DNA using the Thg-stop polymerase assay 

[170], as well as by measuring their ability to inter-strand crosslink linearised 

plasmid DNA.

As the previous CAQs did not exhibit isosbestic behaviour as measured by 

spectrophotometric titration experiments, the novel CAQs were not examined by this 

assay. Instead, the intercalation property was evaluated by their ability to unwind 

supercoiled DNA.

Finally, the structural configuration of these novel agents makes them likely topo 

n  inhibitors. Previously three CAQs, ZP281M, ZP285M and ZP289M, were shown
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to inhibit the growth of topo II dependent yeast cells [33]. To contribute data as to 

the mechanism of action of these CAQs, in particular topo II inhibition, selected 

agents were examined for their ability to prevent relaxation of supercoiled DNA. 

Furthermore, in an attempt to establish whether CAQs are more potent topo II 

inhibitors than their hydroxylated aminoanthraquinone (HAQ) counterparts, the lead 

compound of this novel class of agents, ZP281M, and its non-co valent binding 

analogue ZP275, were examined in the “Trapped in Agarose Gel Immunostaining 

(TARDIS) Assay”. The TARDIS assay directly measures drug-stabilised topo Ila 

and topo np ‘cleavable complexes’ in cells in vivo [171].

3.1 Chemicals and Reagents

Plasmid DNA pBR322 (0.25 U/pL) was purchased from New England Biolab, 

f^P-ATP (500 Ci/mmol), 5'-GCATTGGTAACTGTCAGACC-3' (SRM) primer (10 

pm/pL), 5’-GCAGCAGATTACGCGCAGAA-3’ (SCA) primer (10 pm/pL), dNTP 

mix (2.5 mM), MgClz (25 mM), gelatine (0.2 %), T4 polynucleotide kinase (5 

U/pL), bacterial alkaline phosphatase (BAP) (150 U/pL), bacterial alkaline 

phosphatase reaction buffer (BAP buffer 5 x) were purchased from Invitrogen, 

magnesium free buffer (lOx), React-2 buffer (lOx), Forward reaction buffer (5 x), 

were obtained from Amersham Biotech Ltd, St. Albans, Herts. Taq DNA polymerase 

(5 U/pL) and Hind m  (15 U/pL) restriction enzyme were purchased from Promega, 

London. BIO-RAD spin columns were obtained from BIO-RAD Laboratories, Kent, 

UK. Ammonium persulphate (APS), sequagel 6  (concentrate), sequagel buffer, 

mineral oil and mechlorethamine (A-methyl-A,A-bis(2 -chloroethyl)amine) were 

purchased from Sigma Chemicals, London, UK. Topoisomerase kit (topoisomerase 

n  (20 U/pL), topoisomerase II reaction buffer (lOx), Topoisomerase II dilution 

buffer) was purchased from USB Corporation, Ohio, USA. Whatman 3MM filter 

paper, DE81 paper and Kodak Hyperfilm were purchased from Amersham Biotech 

Ltd, St. Albans, Herts.

DNA stop solution, strand separation buffer, sucrose loading buffer, TEoA buffer, 

TEA buffer, TBE buffer and formamide dye were all prepared as described in 

Appendix B.
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All compounds were synthesised as described in Chapter 2, made up to 1 mM 

stock solutions in DMSO and stored at -20 °C prior to use. The positive controls 

mechlorethamine (Th^-stop assay) and etoposide (topoisomerase II assay) were made 

up to 10 mM stock solutions in DMSO and methanol respectively and stored at -20 

°C prior to use.

Chemicals and reagents used in the TARDIS experiment: cell culture reagents 

were obtained from Gibco BRL, Paisley, U.K. Anti-rabbit FITC-conjugated second 

antibody (F(ab’ ) ) 2  fragment was obtained from Sigma, Poole, Dorset, UK. ‘SeaPrep’ 

ultra-low agarose gel was obtained from FMC Bioproducts, Rockland, ME, USA. 

Hoecscht 33258 was obtained from Sigma, Poole, Dorset, UK. Cooled slow-scan 

charge coupled device (CCD) camera was obtained from Astrocam Ltd., Cambridge, 

UK. Epifluorescence microscope was an Olympus BH2-RFCA, xlO objective. 

Imager 2 software was obtained from Astrocam Ltd, UK, and Visilog 4 from Neosis, 

France.

3.2 Methods

3.2.1 Taq Polymerase Stop Assay [170]

The following constituents were added to a PCR tube: 0.2 % gelatine (5 pL), 25 

mM MgCL (10 pL), lOxbuffer (10 pL), 2.5 mM dNTP mix (10 pL), drug-treated 

DNA (50 pL) (for preparation of linearised DNA see Appendix A.2.1.) and dH2 0  ( 8  

pL). To the mixture (93 pL) was then added the labelled SRM primer (5 pL) (for 

labelling of primer see Appendix A.2.3.), the Taq polymerase (2 pL, 5 U/pL), and 

the final mixture was vortexed. Each tube was covered with mineral oil and the PCR 

was programmed to: (1) 95 °C for 5 min, (2 ) 95 °C for 1 min, (3) 58 °C for 1 min, 

(4) 74 °C for 1 min and an additional 1 min per cycle. Step 2-4 were repeated 29 

times before denaturing at 94°C for 5 min followed by 10 min at 25°C. The samples 

were then transferred into sterile eppendorfs and the DNA precipitated with 3 

volumes of ethanol (95 %, 300 pL) and NaOAc (3 M 2 pL), vortexed and cooled in 

dry-ice bath for 10 min before being centrifuged for 10 min. The supernatant was 

removed and the samples were washed with ethanol (70 %, 150 pL), vortexed, spun 

for 10 min and the supernatant was removed. The wash was repeated before the
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samples were lyophilised. Each dried sample was re-suspended in formamide dye (4 

pL), heated to 95 °C for 3 min and cooled in an ice-bath to denature the DNA. The 

samples were loaded into the wells of the gel (for preparation of gel see Appendix 

A.2.5) and electrophoresis was performed in TBE buffer at 1600-2000 V (approx. 2 - 

3 hours), 55 °C using vertical glass electrophoresis plates. The resulting gel was then 

transferred onto one Whatman 3MM filter paper and one layer of DE81, covered in 

film wrap and dried under pressure on a BIO-RAD 583 gel drier for approximately 

two hours. Once dry, the gel was exposed to a Kodak Hyperfilm for 24 h before 

developing.

3.2.2 Agarose Gel Crosslink Assay [172]

To each sample was added: 0.1 mM ^^P-radiolabelled DNA (10 pL) (for 

preparation of 5 '-end-labeled DNA see Appendix A.3.2), drug (25 pL) in DMSO at 

appropriate concentrations, and TEoA buffer (15 pL) to give a final volume of 50 

pL. Following incubation at 37 °C for Ih the reaction was terminated by the addition 

of DNA stop solution (50 pL) to each sample. The DNA was precipitated by the 

addition of 3 vol. 95 % ethanol (300 pL) and centrifuged at 1300 rpm for 15 min. 

The supernatant was removed and the precipitation process was repeated before the 

resulting pellet was dried by lyophilisation. Each dried sample including the control 

sample of drug untreated DNA were re-suspended in strand separation buffer (10 

pL), heated at 95 °C for 2 min in order to denature the DNA, then immediately 

chilled in an ice-water bath to prevent the DNA strands rejoining. A sample of 

undenatured DNA, the second control, was not heated, but instead was dissolved in 

sucrose loading buffer (10 pL). Electrophoresis was performed on 0.8 % submerged 

horizontal agarose gels in 1 x TAE running buffer at 40 V for 16 hours. The resultant 

gel (covered in film wrap) was dried for 2 hours at 80 °C onto one layer of Whatman 

3MM paper and one layer of DE81 filter paper on a BIO-RAD 583 gel drier 

connected to a vacuum pump. Autoradiography was performed using Kodak 

Hyperfilm for 5 hours at -70 °C using a cassette with an intensifying screen.

3.2.3 Topoisomerase II Assay [173]

lOx reaction buffer (includes 100 mM Tris-HCl pH 7.9, 500 mM NaCl, 500 mM 

KCl, 50 mM MgClz, 1 mM EDTA, 150 pg/mL BSA, and 10 mM ATP) (2 pL),
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ddHiO (13 |liL ) ,  circular supercoiled pBR322 (250 ng, 1 p L ) ,  and drug (2 pL) were 

added to an eppendorf, mixed and kept on ice. To the reaction mixture was then 

added purified topoisomerase II from Drosophila melanogaster (2 pL, 5 Units) to 

give an assay volume of 20 pL. Each sample was carefully vortexed before 

incubation at 30 °C for 15 minutes. The reaction was stopped by addition of stop 

solution (2 pL). Sucrose loading buffer (2 pL) was added and the mixture was 

vortexed and pulse spun. Electrophoresis was performed on 0.8 % submerged 

horizontal agarose gels in 1 x TAE running buffer at 100 V for 3 hours. Once the 

electrophoresis was completed, the agarose gel was submerged in dHiO (enough to 

cover the gel) containing EtBr (30 pL) for 30 min. The EtBr containing water was 

discarded and the gel was washed with water. The gel was observed under UV 

fluorescence and the result photographed.

3.2.4 Unwinding of Supercoiled DNA

The method described in 3.2.3 was also used to study the effect of selected 

compounds on supercoiled DNA. The procedure applied was identical, except topo II 

was omitted from the incubation.

3.2.5 Trapped in Agarose Gel Immunostaining Assay (TARDIS) [171]

Investigation of ZP275 and ZP281M using the TARDIS assay was performed by 

Dr Elaine Willmore at University of Newcastle-upon-Tyne, Newcastle.

Cell Culture

K562 cells (originally derived from a patient with chronic myelogenous 

leukaemia) were maintained as a suspension culture in RPMI 1640 medium 

supplemented with 10 % foetal bovine serum and penicillin (50 U/mL)/streptomycin 

(50 pg/mL). Cells were maintained at 37 °C (in a humidified atmosphere of 5 % 

CO2) and were found to be free of mycoplasma contamination.

Anti-Topoisomerase II Polyclonal Antibodies

Antibodies raised in rabbits were used for these experiments. Antibody 18511 was 

raised to recombinant human topo Ila and antibody 18513 to a recombinant human 

topo np C-terminal fragment. Western blots demonstrated that 18511 detected the a
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isoform specifically and 18513 detected the p isoform specifically (data not shown). 

In these assays, 18511(a) was used at a 1:50 dilution and 18513(p) at 1:200 dilution. 

The anti-rabbit FITC-conjugated second antibody (F(ab’ ) ) 2  fragment was used at 

1:100 dilution.

The TARDIS assay has been described in detail previously [174]. Exponentially 

growing cells were treated with 0, 0.01, or 0.1 pM drug for 2 hours, and then slides 

were prepared and stained with either (a) 18511(a) or (b) 18513(p). Briefly, 

microscope slides were precoated with 0.5 % w/v agarose. Cell suspension (dmg- 

treated and controls) (50 pL) was warmed to 37 °C and mixed with an equal volume 

of molten agarose solution (2 % w/v in PBS). The mixture was immediately spread 

evenly across a slide and the agarose quickly gelled by placing the slides on a cold 

surface (0 °C). The slides were then immersed in lysis buffer for 15 min at 20 °C. 

This lysis buffer contained 1 % Sarkosyl (w/v), 80 mM Phosphate buffer pH 6.8, 10 

mM EDTA, and protease inhibitors (1 % SDS may be substituted for Sarkosyl in this 

buffer). At this stage, slides could be stored at -20 °C in PBS containing 10 % 

glycerol without loss of signal. Slides were next immersed in 1 M NaCl (with the 

protease inhibitor mixture) for 30 minutes at 20 °C, and then washed 3 times (5 min 

per wash) in PBS. Slides were exposed to primary antibody (diluted in PBS 

containing 0.1 % v/v Tween 20 and 1 % w/v bovine serum albumin) for one hour in a 

humidified atmosphere, then washed three times in PBS containing 0.1 % v/v Tween 

20 (PBST). Slides were similarly exposed to the FITC-conjugated second antibody 

for one hour before two washes in PBST and one final wash (30 minutes or overnight 

at 4 °C) in PBS containing protease inhibitors. Slides were stained with Hoechst 

33258 (10 pM in PBS) for 5 minutes before application of coverslips, which were 

secured with a sealant.

Quantitative fluorescence microscopy and image analysis

In brief, an epifluorescence microscope was used to separately visualise the blue 

(hoechst-stained DNA) fluorescence and the green (FITC-stained topo II) 

immunofluorescence. Images were captured at an accuracy of 16 bits per pixel using 

a cooled slow-scan charge coupled device (CCD) camera. DNA in a particular field 

of view was focused only under blue fluorescence, then an image was captured (5 

second exposure). A further image of the same field of view was captured of green
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fluorescence (20 second exposure) by using specific filter sets. Images were analysed 

using Imager 2 software based on Visilog 4. Statistical analysis was carried out using 

Graphpad Prism software.

3.3 Results

3.3.1 The Effect of CAQs on DNA Sequence Selectivity

A synthetic 20 base oligonucleotide primer (SRM) that binds to the sequence 

3303-3284 of pBR322 was used to analyse alkylation sites on the complementary 

strand. The SRM primer was 5’-end labelled and annealed to the drug-treated DNA 

(2 hours of incubation unless otherwise stated), which was then amplified with Taq 

DNA polymerase. After electrophoresis and exposure onto Kodak films, it was 

evident that alkylation of the CAQs occurred at DNA sequences containing 1-3 

guanines (see Table 3.1). The SRM primer, which binds in the sequence 3303-3284, 

was used to examine alkylation on the top strand.

In order to determine the lowest concentration required to alkylate DNA, each 

CAQ was examined in an appropriate concentration range. Figure 3.1 shows 

CAQ183M, CAQ187M and ZP281M as examples of the concentration dependent 

effects of CAQs on DNA elongation. Figure 3.2 shows the result of alkylation of 

guanines by mechlorethamine and all the CAQs investigated that were able to 

alkylate DNA at the lowest selected concentration. The unmodified DNA (pBR322 

not treated with a CAQ) showed elongation with only a few sites of early 

termination. The alkylation sites for the CAQs were mostly found to be the same as 

for mechlorethamine except that base pairs 3115 and 3179 only were alkylated by 

CAQs. This suggests that the CAQs have a different mode of action to 

mechlorethamine, which can be related to the anthraquinone moiety. All CAQs 

examined that had the capacity to form an aziridinium ion intermediate were found to 

alkylate DNA as measured by inhibition of DNA elongation. Detectable 

mechlorethamine alkylation of DNA was found at 2.5 pM, and the CAQs at 1-20 pM 

concentrations. The present study showed the novel CAQs to be, at best, 2.5-fold 

more potent than the non-targeted mustard. The experiments did not distinguish 

significant differences in reactivity between the CAQs despite the structural
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differences in their alkylating moieties. The CAQs with primary chloride moieties 

(CAQ176M, CAQ177M, CAQ183M, CAQ187M, CAQ191M, and ZP281M) were 

shown to alkylate at 1-5 pM concentrations. CAQ166M and CAQ188M, both CAQs 

with secondary chloride moieties as potential leaving groups, were by comparison 

less reactive. CAQ166M was shown to alkylate DNA at 4-fold higher concentrations 

(Fig. 3.2). CAQ188M did not inhibit DNA elongation after 24 hours incubation at 40 

pM, and hence was judged not to alkylate DNA (data not shown).

It was also evident that the chloropropylaminoanthraquinones CAQ39, CAQ74, 

CAQ75 and CAQ 172 did not alkylate DNA after 2 hours incubation at 100 pM (the 

highest concentration examined). Neither CAQ74 nor CAQ75 alkylated DNA after 

24 hours incubation at 10 pM (data not shown).
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i î Z P281M C A Q 187M  C A Q 183M

1 2 3 4 5 6 7 8 9 10 11 12 13 14

3114-18 5’-A G G A T -3’

3133-37 5 ’-T T G A T -3 ’

3145-51 5 ’-C G G G G T -3 ’

3153-58 5 ’-T G A C G C -3’ 

3163-67 5 -G T G G A -3 '

3177-81 5 -A C G T T -3 '

Figure 3.1 Concentration-dependent DNA strand alkylation pattern of CAQs. Lane 1 

(from left), untreated DNA; Lane 2, mechlorethamine (2.5 pM); Lane 3-6, ZP281M; 

Lane 7-10, CAQ187M; Lane 11-14, CAQ183M. Increase of drug concentration (from 

left-right): 0.01, 0.1, 1 and 10 pM. See section 3.2.1 for experimental detail.
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3114-18 5 -A G G A T -3 '

3133-37 5 -T T G A T -3 '

3145-51 5 ’-C G G G G T -3 ’

3153-58 5 ’-T G A C G C -3 ’

3163-67 5 -G T G G A -3 '

3177-81 5 -A C G T T -3 '

Figure 3.2 DNA strand alkylation pattern of CAQs. 

See section 3.2.1 for experimental detail.
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Table 3.1 Sites of Alkylation by CAQs and Mechlorethamine at pBR322 DNA

Fragment (Base Pairs 3303-3284)

Compound bp. no. bp. no. bp. no. bp. no. bp. no. bp. no.

3115 3135 3150 3154+57 3164+65 3179

CAQ166M AGGAT* TTGAT GGGGT TGACGC GTGGA ACGTT

CAQ176M AGGAT TTGAT GGGGT TGACGC GTGGA ACGTT

CAQ177M AGGAT TTGAT GGGGT TGACGC GTGGA ACGTT

CAQ183M AGGAT TTGAT GGGGT TGACGC GTGGA ACGTT

CAQ187M AGGAT TTGAT GGGGT TGACGC GTGGA ACGTT

CAQ190M AGGAT TTGAT GGGGT TGACGC GTGGA ACGTT

CAQ191M AGGAT TTGAT GGGGT TGACGC GTGGA ACGTT

Mechlorethamine J •*n.d. TTGAT GGGGT TGACGC GTGGA n.d.

ZP281M AGGAT TTGAT GGGGT TGACGC GTGGA ACGTT

All base sequences are 5’ 

n.d. = not detected

3’.

3.3.2 The Effect of CAQs on Crosslinking DNA

The agarose gel assay is a reproducible method for the in vitro measurement of 

DNA inter-strand crosslinks [172]. The principle of the reaction is that double 

stranded/or drug crosslinked DNA migrates more slowly than single stranded DNA 

through agarose gel. The extent of crosslinking can be determined by measuring 

DNA band intensity [172].

Six compounds, CAQ177M, CAQ190M, ZP281M, CAQ187M, CAQ39 and 

CAQ74, were examined for their ability to crosslink linearised plasmid pBR322 

DNA. A concentration dependent increase in formation of DNA inter-strand 

crosslinks was observed for CAQ177M and CAQ190M following 1 hour incubation. 

CAQ190M (six-membered derivative) was found to be more potent than CAQ177M 

(five-membered analogue). CAQ190M (200 nM) was found to completely crosslink 

DNA, whereas CAQ177M crosslinked only 40 % DNA at 1,000 nM (Figures 3.3 and 

3.4). The results from the concentration dependent experiments were consistent with 

a time course study of the same agents at 50 nM concentration (Fig. 3.5).
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OH O HN

OH O HN

CAQ177M
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Figure 3.3 DNA crosslinking by CAQ177M. (A) Autoradiograph of an agarose gel showing a 

concentration-dependent crosslink formation for CAQ177M over 1 hour drug treatment.

(B) Concentration-response curve: the crosslinked DNA was determined by densitometry, and is 

expressed as the mean of three replicates (± s.d.). See section 3.2.2 for experimental detail.
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Figure 3.4 DNA crosslinking by CAQ190M. (A) Autoradiograph of an agarose gel showing a 

concentration-dependent crosslink formation for CAQ190M (1 hour drug treatment). (B) 

Concentration-response curve: the crosslinked DNA was determined by densitometry, and is 

expressed as the mean of three replicates (± s.d.). See section 3.2.2 for experimental detail.
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Figure 3.5 Time course of CAQ177M and CAQ190M crosslinking of pBR322 plasmid DNA.

(A) Autoradiograph of an agarose gel showing time course of DNA crosslink formation following 

treatment with CAQ177M or CAQ190M, both at 50 nM. (B) Time course of DNA crosslinking 

was quantitated by densitometry, and is expressed as the mean of three replicates (± s.d.). See 

section 3.2.2 for experimental detail.



Chapter 3 106

Two CA Qs, CAQ39 and CAQ74 with chloropropyl units that in principle have 

the potential to alkylate DNA, were shown not to crosslink DNA (Fig. 3.6A). 

CAQ74 (a propyl analogue o f  the crosslinking agent CAQ190M ) was also 

investigated in a tim e course experiment, but did not produce D N A crosslinks after 

24 hours incubation (Fig. 3.6B).

C A Q 39 CA Q 74

1 hour - [nM] 1 hour - |pM ]

I I I I
ds ss 0.001 0.01 0.1 1 10 100 0.001 0.01 0.1 1 10 100

C A Q 74  

100 nM  - [hours]

ds ss 1 16 24

# # #  m  « #  '
1

#

m m m m

(A) (B)

Figure 3.6 Effect of symmetrical CAQs with chloropropyl units on DNA crosslinking. (A) 
Autoradiograph of an agarose gel showing the effect of concentration of CAQ39 and CAQ74 

after 1 hour o f drug treatment on plasmid pBR322. (B) Autoradiograph of an agarose gel 

showing the effect of CAQ74 (100 nM) after 24 hour of drug treatment on plasmid pBR322. 

Experiments were performed in duplicates. See section 3.2.2 for experimental detail

O HN

O HN
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OH O HN

OH O HN

C A Q 39 C A Q 74
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Two non-sym m etrical CAQs, ZP281M  and CAQ187M , w ith a bis-alkylating 

functionality confined to one sidechain were investigated for their ability to crosslink 

DNA. Figure 3.7A shows that neither compound crosslinked DNA. ZP281M  (50 

nM ) was also investigated in a time course experiment, and was also shown not to 

crosslink D N A  (Fig. 3.7B).

ZP281M  C A Q 187M  

I h o u r - I n M ]  1 hour - |n M |
ZP281M  

50 nM  - Irnin)

1 I I  1

ds ss 1 10 100 200 10 100 200 400

1 1 

ds ss 30 60 90 120 180 240

*
mmrnmmrnmmwê # # * # # * »

(A) (B)

Figure 3.7 Effect of CAQ187M and ZP281M on pBR322 DNA crosslinking. (A) Autoradiograph 

of an agarose gel showing the concentration-dependency of ZP281M and CAQ187M after 1 hour of 

drug treatment. (B) Time course of ZP281M (50 nM). Experiments were performed in duplicates. 

See section 3.2.2 for experimental detail.
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3.3.3 The Effect of HAQs and CAQs on (1) the Unwinding of Supercoiled 

Circular pBR322 DNA, and (2) Relaxation of Supercoiled pBR322 DNA in 

the Presence of Topoisomerase II

Selected CAQs and HAQ analogues were investigated for their ability to unwind 

supercoiled circular plasmid (pBR322) DNA, and also examined for their ability to 

prevent topo II induced relaxation of pBR322 DNA.

All HAQs and CAQs examined were found to unwind plasmid DNA (see 

examples in Figures 3.8 and 3.9), which indicates that these agents interact with 

DNA by intercalative binding. This is substantiated further by the observation that 

di-A-oxide derivatives of selected CAQs did not unwind supercoiled DNA under the 

same conditions (see Chapter 5).

The capacity of the HAQs and CAQs to unwind plasmid DNA confounded the 

experiments designed to measure the relaxation of supercoiled DNA by topo H. Due 

to this unwinding effect of HAQs and CAQs, interpretation of topo II inhibition by 

these agents at high concentration (pM) is inconclusive. However, at sub-nanomolar 

concentration there was observed a shift in the topoisomer distribution towards fully 

relaxed DNA, which can occur before a shift to supercoiling is observed again. This 

has for example been observed for the plant alkaloid neocryptolepine [175]. As an 

example of such an unwinding characteristic, the results of the aminoanthraquinone 

HAQllO and its chloroethylaminoanthraquinone analogue CAQ176M are shown in 

Figure 3.10.
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Î M]
C A Q 183M
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Figure 3.8 Effect of increasing concentration of HAQ121, CAQ183M and 

CAQ75 on DNA unwinding. Lane 1 (from left), supercoiled (S.C.) circular 

plasmid pBR322. See section 3.2.4 for experimental detail.
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Figure 3.9 Effect of increasing concentration of ZP275, ZP281M and CAQ187M on 

DNA unwinding. Lane I (from left), supercoiled (S.C.) circular plasmid pBR322.

See section 3.2.4 for experimental detail
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H A Q llO  + topo II C A Q 176M  + topoH A Q llO

10 100 1 10 100 1 10 100 1

Figure 3.10 Relaxation of pBR322 DNA by topo II in the presence of HAQllO and 

CAQ176M. Effect of increasing the concentration (1, 10, 100 nM, 1, 10 pM) of the 

chloroalkylaminoanthraquinone CAQ176M and its hydroxylated analogue HAQllO. See 

section 3.2.4 for experimental detail.

3.3.4 The Effect of ZP281M and ZP275 on Trapping DNA-Topo II ’Cleavable 

Complexes’.

The TARDIS assay is a method by which drug-induced topo Ila- and P-cleavable 

complex formation in individual cells can be visualised and quantified. Using this 

method, two agents, ZP281M and its non-covalent binding analogue ZP275, were 

investigated for their ability to inhibit topo Ila and topo lip. The results show that 

both compounds target topo Ila predominantly (Fig. 3.11). There was no indication 

from this study that the chloroethylaminoanthraquinone ZP281M was a more potent 

poison of topo Ila than the non-covalent binding anthraquinone ZP275. Whether a 

small but pharmacologically significant fraction of the topo II bound to DNA is 

covalent linked to ZP281M could not be ascertained in this assay.
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Figure 3.11 Effect o f ZP28IM and ZP275 on topo Ila  and topo 11(3 isoform activity as measured by 

TARDIS assay (results are ± standard error from 4 independent experiments). See section 3.2.5 for 

experimental detail.
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3.4 Discussion

Anthracyclines and aminoanthraquinones are non-covalent binding DNA 

intercalators that subsequently trap topo II in a reversible ternary ‘cleavable 

complex’ (discussed in section 1.4.2). Due to the reversibility of the ‘cleavable 

complex’ conventional aminoanthraquinones suffer from being potential substrates 

for p-glycoprotein efflux pumps, the principal component in multidrug resistance 

(discussed in section 1.6.1). It is generally acknowledged that drugs that dissociate 

more slowly from DNA are likely to be more cytotoxic due to longer exposure time 

of the drug at target site [74, 79]. Intercalating agents with alkylating capability such 

as the chloroethylaminoanthraquinones described in section 1.5.2 would in principle 

overcome MDR cancer cells by being unavailable for removal since they will be 

covalently linked to their cellular target. This is most likely to be DNA or topo Ila. 

To demonstrate that the CAQs are sufficiently stable in biological systems and to 

understand more about the potential mechanism of action, the interaction of CAQs 

with DNA, their capacity to alkylate and crosslink DNA as well as their ability to 

unwind supercoiled DNA have been explored. Further, their interaction with topo II 

was examined.

3.4.1 DNA Sequence Selectivity of CAQs

Most of the CAQs investigated with the potential to form aziridinium ion 

intermediates were found to alkylate guanine specific sites on DNA. The exception 

was CAQ188M (discussed later in this section). The alkylation at DNA guanine sites 

is consistent with the alkylation observed for mechlorethamine given that guanine is 

the most electronegative base [170, 176, 177]. Despite the CAQs being structurally 

different, in particular the non-symmetrical and symmetrical compounds, there was 

no difference in their pattern of alkylation. The results of the novel CAQs are also 

consistent with previously investigated CAQs, which were shown to alkylate 

isolated- and guanine-rich sites [33]. The alkylation sites for the CAQs were found to 

be similar to those for mechlorethamine except at base pairs 3115 and 3179. It is 

surprising that the CAQs alkylate more sites than mechlorethamine since it would be 

anticipated that steric hindrance might influence DNA intercalative binding and 

hence alkylation.
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CAQ188M was the only chloroalkylaminoanthraquinone that did not alkylate 

DNA under the conditions investigated. This agent contains one alkylating unit (Fig. 

3.12) which is constrained by a pyrrolidine ring and has a secondary chloride moiety 

as a potential leaving group. It is likely that the activation energy for the aziridinium 

ion intermediate is too high for it to be formed, and as a consequence, no alkylation 

takes place.

Cl, (  2a

Nu

r

2b
Potential alkylating intermediate

m oiety o f  C A Q 188M
■N

Figure 3.12 Formation o f aziridinium ion intermediate from the chloroethylamino 

moiety o f CAQ188M. R = alkylaminoanthraquinone

The importance of aziridinium ion formation prior to alkylation is further 

supported by the investigation of the four chloropropylaminoanthraquinones, namely 

CAQ39, CAQ74, CAQ75 and CAQ172. These agents do not form three-membered 

aziridinium ion intermediates, but may form four-membered azetidinium ion species. 

Based on the results from the DNA alkylation assay, such intermediates (if formed) 

are not sufficiently electropositive for nucleophilic attack by the DNA bases (further 

discussed in section 4.4).

3.4.2 DNA Inter-strand Crosslinking

Of the six CAQs investigated, only two were found to inter-strand crosslink DNA. 

The symmetrically configured compounds CAQ177M and CAQ190M were found to 

crosslink pBR322 at concentrations as low as 10 nM. Previously investigated CAQs 

were shown to inhibit DNA strand separation at 100 pM [33]. This 100-fold lower 

reactivity of the novel CAQs is possibly due to the constrained mustard functionality 

(a mechlorethamine moiety) of these compounds. The non-bonding pair of electrons 

of the nitrogen is sterically constrained, and therefore can less readily attack the 

electropositive p-carbon to form an aziridinium ion intermediate. Furthermore, the 

non-constrained CAQs possess more alkylation units, predisposing them to attack a
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greater range of nucleophilic sites on DNA, and hence suggests an increased 

possibility of inter-strand crosslink formation.

The piperidine-containing CAQ190M was found to be approximately 7-fold more 

active than the pyrrolidine analogue CAQ177M in crosslinking pBR322 DNA. 

Comparing this result with that of the Th^-stop assay where CAQ190M was 2.5-fold 

more reactive than CAQ177M in alkylating DNA, it suggests that the piperidine (6 - 

membered) analogue is more reactive than the pyrrolidine (5-membered) analogue. 

Robins, Hartley and co-workers have investigated bispiperidines [178] and 

bispyrrolidines [179] as potential DNA crosslinking anti-tumour agents. Their results 

did not suggest that the bispiperidines were more effective crosslinking agents than 

the bispyrrolidine analogues. As these conformationally restricted nitrogen mustards 

(Fig. 3.13) did not embody a DNA-affinic intercalating moiety it might be postulated 

that a chromophore indirectly influences the orientation and hence the reactivity of 

conformationally restricted mustards. The ease of formation of bicyclic quaternary 

ion intermediates, their orientation in DNA (steric tolerance), and accessibility of 

nucleophilic guanines may all affect the reactivity of the CAQs.

Bispiperidine

Cl

Bispyrrolidine

Figure 3.13 Bifiinctional alkylating agents (n = 0-4) [178].

Two non-symmetrically configured bis-alkylating CAQs, ZP281M and 

CAQ187M, did not crosslink DNA. The bis-alkylating unit of ZP281M is equivalent 

to mechlorethamine. In crosslinking potential, mechlorethamine accounts for 

approximately 4 % of inter-strand DNA crosslinks of the total number of DNA 

adducts formed [180]. Despite the potential of ZP281M and CAQ187M to crosslink 

DNA, the attachment of a bis-alkylating unit to the anthraquinone chromophore with 

a spacer chain containing two methylene units is possibly too short to allow inter

strand crosslinking. Molecular modelling studies could confirm this.
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CAQ39 and CAQ74, anthraquinones with chloropropyl units, did not inter-strand 

crosslink DNA. Robins, Hartley and co-workers examined various bridged nitrogen 

mustards for their crosslinking ability. Among the compounds investigated were two 

analogues shown in Figure 3.14. The mustard-containing chloroethyl configurations 

(Fig 3.14A) were found to crosslink DNA but not the chloropropyl analogue (Fig 

3.14B). This supports the crucial role of an aziridinium ion intermediate in the 

formation of DNA inter-strand crosslinks.

(A) (B)

Figure 3.14 (A) Chloroethyl containing bridged nitrogen mustard, an efficient crosslinking agent.

(B) Chloropropyl analogue, not a DNAcrosslinking compound [179],

3.4.3 Topoisomerase II Interaction Studies

Supercoiled DNA Relaxation Assay

All compounds tested were found to unwind supercoiled DNA at sub-micromolar 

concentrations. The shifting of the equilibrium of supercoiled DNA towards fully 

relaxed DNA, as an outcome of increasing drug concentration, can be explained by 

an intercalative process as previously observed for HAQs and CAQs [33]. The 

intercalative property of these agents is further substantiated by the observation that 

di-A-oxide derivatives did not unwind DNA when investigated at the same 

concentration range. The formation of the di-A-oxides of intercalating agents has 

previously been shown to inhibit drug-DNA binding (section 1.2.2).

The unwinding of DNA by the selected compounds meant that the determination 

of topo n  inhibition using this assay was not possible. There was no direct evidence 

for inhibition of topo II. However, careful interpretation of the results suggests 

inhibition of the enzyme did in fact take place. Figure 3.10 shows that HAQllO and
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CAQ176M at nM concentration, where these two compounds did not unwind 

supercoiled DNA, have an inhibiting effect on topo n.

TARDIS assay: Topo II Isoform-Specific Targeting by ZP281M and ZP275

Previously, three HAQs and four CAQs have been investigated for isoform 

specificity in an assay developed by Hammonds et al. [181]. In this assay, yeast topo 

n  is replaced with either human topo Ua or topo lip, which is then expressed from 

full length cDNA in a drug permeable yeast strain such as Saccharomyces cereviciae 

(Sc.ce). Three of the four CAQs (among them ZP281M) were found to inhibit topo II 

in the three yeast strains examined (containing either human topo Ha, human topo 

np or wild type Sc.Ce topo H). However no distinct isoform specificity was 

observed. No conclusive assessment was made for the HAQs as these precipitated 

from the media at 100 pM, but they were not observed to inhibit either of the topo II 

isoforms at low concentrations (< 100 pM) [33]. In conclusion, no isoform 

specificity or difference between the HAQs and the CAQs could be made.

In an attempt to evaluate isoform specificity in vivo, ZP281M and its non-covalent 

binding analogue ZP275 were investigated in the TARDIS assay. The TARDIS assay 

allows detection of drug-stabilised ‘cleavable complexes’ containing either DNA 

topo Ha or topo np to be distinguished by the use of specific antisera. It was shown 

that both ZP281M and ZP275 predominantly inhibit topo Ila, and that no significant 

difference in activity could be discerned between the two compounds. Most topo II 

inhibitors investigated to date do not possess an alkylating functionality and hence 

bind reversibly to topo H. Since agents are often readily displaced from the active 

site, particularly if cellular resistance mechanisms are present including 

overexpression of cellular P-gp efflux pumps. It can be rationalised that drugs that 

have the capacity to intercalate DNA and form covalent DNA-protein crosslinks 

should remain permanently trapped at the cleavage site. This would lead to an 

irreversible inhibition of strand religation and to increased DNA double strand break 

production, which is vital to the onset of cell death [182]. This hypothesis is not 

supported by the result of ZP281M and ZP275 in the TARDIS assay for topo II 

inhibition. However, a small but pharmacologically significant fraction of ZP281M
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may covalently bind topo II in a ‘cleavable complex’. The excellent activity of 

ZP281M in resistant cells overexpressed with p-glycoproteins as opposed to the non- 

covalent binding aminoanthraquinones suggest that ZP281M activity is associated 

with its DNA binding and alkylating ability.

In summary, the sequence specific DNA studies demonstrated that the CAQs 

alkylated DNA at guanine sites. The symmetrical CAQs, with capacity of forming 

aziridinium ion intermediates, were shown to be excellent inter-strand crosslinking 

agents. The CAQs with chloropropyl units were found not to alkylate or inter-strand 

crosslink DNA.

The HAQs and CAQs were shown to unwind supercoiled pBR322 DNA, which 

reflects intercalative binding of these compounds. The results fi*om the TARDIS 

assay did not suggest that CAQs are more potent inhibitors of topo II than the non- 

covalent binding aminoanthraquinones. However it was evident that two compounds 

investigated in this assay, namely ZP281M and ZP275, had preference for topo Ila 

over topo np.
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4 Cytotoxicity Studies of Aminoanthraquinones and Chloroalkyl

aminoanthraquinones

The success of aromatic quinone based anti-cancer agents in the clinic such as 

doxorubicin, daunorubicin and mitoxantrone has led to the search for structurally 

related compounds with better therapeutic to toxic ratios. The development of AQ4N 

represents an approach to diminish the systemic toxicity of the anthraquinones. 

AQ4N is currently in clinical trial as a hypoxic activated prodrug and so far 

demonstrates no measurable systemic toxicity.

A major problem with current therapy is the emergence of drug resistance. In 

recognition of this we are attempting to identify hybrid molecules that overcome 

conventional resistance associated with the anthraquinones, especially MDR. The 

combination of agents with DNA binding affinity and alkylating capability is of 

interest since these are rationalised to circumvent drug resistance mechanism by 

being covalently linked to the target. A series of chloroethylaminoanthraquinones 

with intercalating and alkylating properties have previously been synthesised [33]. 

These were based on the principle that such alkylating anthraquinones should have 

the capacity to induce irreversible DNA damage by covalent stabilisation of the topo 

H-DNA ‘cleavable complex’. This program led to the discovery of ZP281M, an 

agent with potent anticancer activity in doxorubicin and cisplatin resistant cells in 

vitro [33, 143] and in vivo [137].

The hydroxylated aminoanthraquinones (HAQs) and the chloroalkyl

aminoanthraquinones (CAQs) synthesised in this study were developed as a part of a 

structure-activity investigation. In particular, the aim was to explore (i) the non- 

symmetrical configuration of ZP281M, which appear to be important for persistent 

cytotoxicity in resistant ovarian cancer cells in vitro and in vzvo, (ii) the mechanism 

of action of the CAQs, and (iii) the importance of aziridinium ion formation in the 

cytotoxicity of the CAQs. This chapter evaluates and discusses the cytotoxic effect of 

the HAQs and CAQs in vitro.
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4.1 Chemicals and Reagents

RPM I1640, FBS, L-glutamine and sodium pyruvate (complete RPM I1640), and 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tétrazolium bromide) were all 

purchased from Sigma.

4.2 Method

The cytotoxicity (IC50) of the majority of synthesised compounds was carried out 

in the human ovarian carcinoma cell line A2780, the doxorubicin resistant variant 

2780AD and the cisplatin resistant subline 2780CP (also known as A2780CisR) in 

the laboratory of Prof. Mike Bibby, University of Bradford. 2780AD displays the 

multidrug resistance phenotype and is P-glycoprotein positive. A2780 is DNA 

mismatch repair proficient and expresses MLHl, whilst 2780CP is mismatch repair 

deficient and does not express MLHl protein due to hypermethylation of the hMLHl 

gene promoter [183].

A number of the compounds have also been screened for cytotoxicity in the 

Chinese Hamster Ovary (CHO) fibroblast cells and the breast cancer cell line MCF-7 

by Dr Samantha Orr at De Montfort University, Leicester. At both laboratories, the 

drug sensitivity was determined by the MTT assay, which follows the method of 

Mosmann [184].

Sub-confluent cells were harvested and cell concentrations were adjusted to 1 x 

10"̂  cells/ml. Culture suspension (180 pL) was added to each test well of a 96-well 

plate, and incubated for 24 hours at 37 °C to allow for cell adherence. The novel 

compounds were dissolved in DMSO and 20 pL aliquots were added to the cells to 

provide a range of concentrations (0.1, 1, 10, 100 and 1000 nM). The cell/drug 

combinations were incubated for 3 days at 37 °C. The media was removed and MTT 

stock solution (20 pL) and fresh complete RPMI 1640 media (180 pL) were added to 

each well and adhered cells were incubated for another 4 hours. The supernatant was 

removed and DMSO (150 pL/well) was added to solubilise the coloured MTT- 

formazan product. MTT formazan in each well was determined using a plate reader 

at 540 nm. The arrest of cell growth was determined by comparing drug treated cell 

growth to control cell growth, and an IC50 (concentration that inhibited cell control 

growth by 50 %) calculated.
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4.3 Results

The cytotoxicity o f  novel CAQs and the non-covalent binding HAQs was 

investigated in the wild type ovarian carcinoma cell line A2780, and the resistant 

variants 2780AD and 2780CP. Results from the laboratory o f  Prof. Bibby are shown 

in Table 4.1 and those from the laboratory o f  Dr. Orr in Table 4.2 (cell lines CHO 

and MCF-7). All the results from the cytotoxicity experiments are summarised in 

Table 4.1. and 4.2.

4.3.1 The Effect of Aminoanthraquinones and Chloroalkylaminoanthra- 

quinones on Cell Viability in Vitro

The planar chromophore is essential for potent anticancer activity. Four 

hydroxylated sidechains per se were examined in the CHO cell line, and were found 

to have IC50 values higher than 30 pM. In contrast, all HAQs compring the same 

sidechains exhibited IC50 values below 200 nM in the same cell line (Table 4.2).

In the w ild type cell line A2780, HAQ71, HAQ72 and HAQ73 had comparable 

cytotoxicities to AQ4 (Table 4.1). In the adriamycin resistant cell line (2780AD) 

these HAQs exhibited poor anticancer activity w ith resistance factors (RF = IC50 in 

resistant cell line/IC$o in parent cell line) o f more than a 100 compared to 23-fold 

resistance factor for AQ4. By comparison H A Q llO , HAQ120 and HAQ143 had low 

resistance factors (RF = 2-6). In the cisplatin resistant cell line (A2780/cp70), all the 

HAQs were found to have RF less than 3 with the exception o f  HAQ72 (RF = 10).

Generally, the CAQs exhibited greater cytotoxicity compared to their 

corresponding aminoanthraquinone derivatives in the adriamycin resistant cell line. 

However, this was not always the case in the wild type cell line A2780 (Table 4.1). 

This shows that compounds with alkylating capability (CAQs) are not greatly 

affected by overexpression o f  P-glycoproteins. In the adriamycin resistant cell line, 

the CAQs were shown to retain their cytotoxic potency in contrast to the HAQs 

(Table 4.1), Three non-symmetrical compounds, CAQ166M, CAQ172 and 

CAQ176M, were shown to be more potent in the P-gp expressing cells than in the 

wild type cells (RF < 1). In the cisplatin resistant cell line, the CAQs showed a varied 

degree o f  cross-resistance. Again CAQ166M, CAQ172 and CAQ176M  showed RF 

values < 1.
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Table 4.1 G ro w th  In h ib itio n  (IC50) o f  A m in o an th raq u in o n es  and  

C h lo ro a lk y lam in o an th raq u in o n es A g a in st O v arian  C an ce r C ell L ines

A2780 2780AD A2780/cp70

Compound* nM nM RF nM RF

HAQ38 730 > 1,000 - > 1,000 -

HAQ70 70 > 1,000 - 70 1

HAQ71 5 > 1,000 - 10 2

HAQ72 3 > 1,000 - 29 9.7

HAQ73 10 > 1,000 - 28 2.8

HAQ105 740 > 1,000 - 590 0.9

B
0

HAQllO 69 434 6.3 84 1.2

Î H A Q lll 34 846 24.9 28 0.8

1 HAQ115 55 974 17.7 163 2.9

g
§ HAQ120 82 460 5.6 138 1.7

HAQ121 130 > 1,000 - 265 2

HAQ125 356 > 1,000 - 790 2.2

HAQ143 315 804 2.6 890 2.8

HAQ145 > 1,000 > 1,000 - > 1,000 -

HAQ148 > 1,000 740 - 824 -

HAQ163 > 1,000 > 1,000 - > 1,000 -

AQ4 6 138 23 34 5.7

CAQ39 > 1,000 > 1,000 - > 1,000 -

CAQ74 > 1,000 > 1,000 - > 1,000 -

V CAQ75 50 550 11 370 7.4

I CAQ166M 484 76 0.2 240 0.5
"3
2

CAQ172 576 426 0.7 535 0.9

1
CAQ176M 395 89 0.2 135 0.3

1
CAQ177M 428 782 1.8 442 1

CAQ183M 40 91 2.3 69 1.7
%

CAQ187M 24 106 4.4 357 14.9

1 CAQ188M 68 342 5.0 96 1.4

U CAQ190M 178 > 1,000 - > 1,000 -

CAQ191M > 1,000 > 1,000 - > 1,000 -

ZP281M 3 5 1.7 26 8.7

For structures o f compounds, see Appendix 03
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Table 4.2 G ro w th  In h ib itio n  (IC50) o f  A m in o a n th ra q u in o n e s  a n d  

C h lo ro a lk y la m in o a n th ra q u in o n e s  A g a in s t  CHO a n d  M C F - 7  C e ll  L in e s

Compound* CHO [nM] MCF-7 [nM]

86 > 300,000 -

•1 813 > 30,000
-g

814 > 300,000
%

88 > 30,000 -

HAQ22 < 3 0 130

HAQ24 130 210

HAQ38 - 304

HAQ70 - 16

HAQ71 20 -

1 HAQ72 12 -

■ |
HAQ73 < 3 -

1 HAQ107 52 -

HAQllO < 3 -

H A Q lll 27 -

HAQ115 177 -

HAQ116 18 -

ZP275 121 -

AQ4 - < 3

É „
CAQ39 - 5,800

1 CAQ46M 50 120; CAQ74

CAQ75

ZP281M

641

< 3

50

14,700

See Table 2,1, for structures of sidechains S6, S13, S14 and 88. 

- not determined.
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The cytotoxicity data reveal that introducing a piperidine ring at the terminal 

aliphatic nitrogen of either one or both sidechains of symmetrical 1,4-disubstituted 

aminoanthraquinones decreased the cytotoxicity significantly when compared to 

AQ4 (see legend of Table 4.3). The order of cytotoxicity when compared in the wild 

type cell line A2780 was found to be: AQ4 ( 6  nM) »  HAQ148 = HAQ145 (> 1000 

nM) (Table 4.3). The data also reveal that the non-symmetrical HAQ148 is a more 

cytotoxic agent than its symmetrical analogue HAQ145.

Table 4.3 Cytotoxicity (IC5 0 , nM) in vitro of Aminoanthraquinones 

with Piperidinyl Moieties.

Aminoanthraquinone MCF-7 A2780 2780AD 2780CP

AQ4 < 3 6 138 34

HAQ148 - > 1,000 740 824

HAQ145 - > 1,000 > 1,000 > 1,000

OH 0 H N ^

OH 0 H N ^
AQ4

OH O HN

OH O HN

HAQ148

OH O HN

OH O HN

HAQ145
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The effect of introducing either a methanol or a hydroxyl group into the piperidine 

moieties of the symmetrical agent HAQ145 (see legend of Table 4.4) was shown to 

increase the potency when compared to HAQ145. The order of cytotoxicity in the 

A2780 cell line was found to be: HAQ73 (10 nM) > HAQ70 (70 nM) > HAQ105 

(740 nM) > HAQ145 (des-hydroxylated agent, > 1000 nM). However, these non- 

covalent binding agents were found to be relatively inactive in the adriamycin 

resistant cell line (Table 4.4) with IC50 cytotoxicity greater than 1 pM.

Table 4.4 Cytotoxicity (IC5 0 , nM) in vitro of Symmetrical Aminoanthra
quinones with Hydroxylated Piperidinyl Moieties.

Aminoanthraquinone CHO MCF-7 A2780 2780AD 2780CP

HAQ145 - - > 1,000 > 1,000 > 1,000

HAQ105 - - 740 > 1,000 590

HAQ70 - 16 70 > 1,000 70

HAQ73 - - 10 > 1,000 28

HAQ116 18 - - - -

OH O HN

OH O HN

HAQ105

OH O HN

OH O HN
OH O HN

HAQ145

OH O HN
HAQ70

OH O HNOH O HN

OH O HN^ ^  x^^^O H  OH O

HAQ73 HAQ116
OH
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The effect of introducing either a methanol or a hydroxyl group into the piperidine 

moiety of the non-symmetrical agent HAQ148 (see legend of Table 4.5) was shown 

to increase the potency when compared to HAQ148. The order of cytotoxicity in the 

A2780 cell line was found to be: HAQ72 (3 nM) > HAQ71 (5 nM) > HAQl l l  (34 

nM) > HAQ121 (130 nM) > HAQ143 (315 nM) > HAQ148 (des-hydroxylated agent, 

> 1000 nM) (Table 4.5).

Table 4.5 Cytotoxicity (IC5 0 , nM) in vitro of Non-Symmetrical 
Aminoanthraquinones with a Hydroxylated Piperidinyl Moiety.

Aminoanthraquinone CHO A2780 2780AD 2780CP

HAQ148 - > 1,000 >740 > 824

HAQ121 - 130 > 1,000 265

HAQ71 20 5 > 1,000 10

HAQ143 - 315 804 890

HAQ72 12 3 > 1,000 29

H A Q lll 27 34 846 28

OH O HN

HAQ143

OH O HN

HAQ148

8 OH O HN
HAQ71

OH O HN

OH O HN

OH O HN

OH 0  HN

HAQ72

OH O HN 

HAQ121

OH O HN
HAQlll

a ”
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Previously it has been observed that bulky terminal substituents on the sidechains 

decrease the antineoplastic activity of aminoanthraquinones (section 1.3.2). It was 

therefore anticipated that the five-membered (pyrrolidine) containing compounds 

would be more potent agents than the six-membered (piperidine) containing 

compounds. This appears to be substantiated in the adriamycin resistant cell line 

2780AD, but not the in wild type A2780 cell line (Table 4.6).

Table 4.6 Cytotoxicity (IC5 0 , nM) in vitro of Hydroxylated Amino
anthraquinones with Piperidine or Pyrrolidine Substituted Sidechains.

Aminoanthraquinone CHO A2780 2780AD 2780CP

HAQ105 - 740 > 1,000 590

HAQ125 - 356 > 1,000 790

HAQ121 20 130 > 1,000 265

HAQllO < 3 69 434 84

HAQ72 12 3 > 1,000 28

HAQ120 - 82 460 138

OH O HN

OH O HN

HAQ105

OH O HN

OH 0  HN 

HAQ121

OH 0  HN

OH O HN

OH 0  HN

HAQ7Î

OH O HN

HAQ125

OH O HN

OH O HN

HAQllO

OH O HN

OH O HN 

HAQ120
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Several observations are possible when comparing CAQs with their non-covalent 

binding aminoanthraquinone counterparts. The experiments showed that symmetrical 

CAQs with chloropropyl units were less potent than the hydroxylated analogues 

(compare HAQ38 with CAQ39 and HAQ70 with CAQ74, Table 4.7). CAQ190M 

was shown to be 4-fold more cytotoxic than HAQ105 in the A2780 wild type cell 

line. However both compounds appeared to be sensitive to the overexpression o f  P- 

glycoproteins (IC50 = > 1000 nM). Moreover, CAQ190M, shown to be an efficient 

crosslinking agent (see Chapter 3), was affected by DNA repair mediated resistance 

(RF > 5). In contrast, the aminoanthraquinone derivative HAQ105 was unaffected in 

this cell line (RF < 1).

The non-symmetrical chloropropyl-containing agent CAQ75 was shown to be 11- 

fold less cytotoxic in the 2780AD cell line compared to 25-fold less for the 

hydroxylated analogue HAQ71. Despite not being able to alkylate DNA (Chapter 3), 

CAQ75 was also affected by the lack o f DNA mismatch repair enzymes (RF < 8). 

CAQ172 was shown to possess only moderate cytotoxicity (IC50 = 576 nM) in the 

A2780 cell line. This is 17-fold less cytotoxic compared with its hydroxylated 

analogue H A Q ll l  (Table 4.7). Interestingly, however, this chloropropyl analogue 

was shown to retain its cytotoxicity in the doxorubicin and cisplatin resistant cell 

lines w ith RF-values less than 1 (Table 4.7).

The 1-mono-substituted aminoanthraquinone HAQ163 and the corresponding 

alkylating anthraquinone CAQ191M were shown to be non-cytotoxic (IC50 > 1000 

nM).

The aminoanthraquinone HAQ72 was 160-fold more cytotoxic than its 

corresponding chloroethylaminoanthraquinone derivative CAQ166M  (IC50 =  484 

nM) in the parent cell line A2780. In the 2780AD cell line, CAQ166M was the more 

cytotoxic compound being at least 13-fold more potent than HAQ72 with resistance 

factors below 1 (Table 4.7).

CAQ183M  was more cytotoxic than the non-covalent binding analogue HAQ121 

in all three cell lines w ith RF values approx. 2 in the resistant cell lines. CAQ187M, 

a CAQ with a bis-alkylating functionality residing in one sidechain, was also more 

cytotoxic than the non-covalent binding analogue HAQ143 in all three cell lines.
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Nonetheless, CAQ187M appeared to be more affected by the lack of mismatch repair 

protein in the 2780CP cell line (RF ~ 15).

Table 4.7 Cytotoxicity (IC5 0 , nM) in vitro of Hydroxylated Aminoanthra
quinones and Chloroalkylaminoanthraquinones.

Compound MCF-7 CHO A2780 2780AD 2780CP

HAQ38 304 - 730 > 1,000 > 1,000

1 CAQ39 5,800 - > 1,000 > 1,000 > 1,000

t
u

HAQ70

CAQ74

16

641

- 70 

> 1,000

> 1,000 

> 1,000

70 

> 1,000

1 HAQ105 - - 740 > 1,000 590

% CAQ190M - - 178 > 1,000 > 1,000

HAQ125 - - 356 > 1,000 790

CAQ177M - - 428 782 442

HAQ71 - 20 5 > 1,000 10

CAQ75 < 3 - 50 550 370

a H A Q lll - < 3 34 846 28

1 CAQ172 - - 576 426 535

I HAQ72 - 12 3 > 1,000 29

U CAQ166M - - 484 76 240

1 HAQ163 - - > 1,000 > 1,000 > 1,000

CAQ191M - - > 1,000 > 1,000 > 1,000

J' HAQ121 - - 130 > 1,000 265
%

CAQ183M - - 40 91 69

HAQ143 - - 315 804 890

CAQ187M - - 24 106 357

not determined

When comparing the two symmetrical CAQs, CAQ177M and CAQ190M (see 

legend of Table 4.8), the former was shown to be slightly more effective in the 

resistant cell lines than the latter despite being 2 -fold less cytotoxic in wild type cell 

line A2780 (Table 4.8). In the cisplatin resistant cell line, CAQ177M and CAQ190M 

were shown to be less effective agents in comparison with their non-symmetrical



Chapter 4 130

counterparts (compare CAQ177M with CAQ176M and CAQ190M with CAQ183M 

in Table 4.8).

Table 4.8 Cytotoxicity (IC50 , nM) in vitro of Chloroethylaminoanthraquinones.

Compound A2780 2780AD 2780CP

CAQ190M 178 > 1,000 > 1,000

CAQ177M 428 782 442

CAQ183M 40 91 69

CAQ176M 395 89 135

CAQ166M 484 76 240

CAQ188M 68 342 96

OH O HN 

CAQ183M

OH O HN.

C A Q I66M

OH O HN

OH O HN 

CAQ190M

OH O HN

OH O HN

OH O HN

OH O HN.

CAQ177M

OH O HN

OH O HN.

CAQ176M

OH O HN

OH O HN.

C A Q I88M

N

N

N

Cl

0 1

CAQ183M (possessing a primary chloride as potential leaving group) is 12-fold less 

potent in the A2780 cell line than CAQ166M (IC50 = 484 nM). Yet CAQ166M
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(possessing a secondary chloride as potential leaving group) exhibits persistent 

cytotoxicity in the resistant cell lines with RF < 1 (Table 4.8). Comparing 

CAQ166M with its five-membered analogue CAQ188M, the results clearly suggest 

that the former is a better agent in the resistant cell line despite CAQ188M being 7- 

fold more cytotoxic in the A2780 cell line (Table 4.8). Comparing CAQ183M with 

CAQ187M suggests that agents with two alkylating units confined to one sidechain 

are affected by the lack of DNA mismatch repair proteins. This is supported by 

similar results of ZP281M (Table 4.9). CAQ187M is less potent in both wild type 

and resistant cell lines ovarian cancer cell lines (Table 4.9). This is likely to be due to 

the restricted attack of the electron lone pair of the nitrogen, caused by the piperidine 

ring, on the electropositive p-carbon (see legend of Table 4.9) which leads to the 

formation of the aziridinium ion intermediates.

Table 4.9 Cytotoxicity (IC5 0 , nM) in vitro of Non-Symmetrical 

Choroethylaminoanthraquinones with a mono- or bis alkylating functionality.

Compound CHO A2780 2780AD 2780CP

CAQ183M - 40 91 69

CAQ187M - 24 106 357

ZP281M 50 3 5 26

OH O HN OH O HN

OH O HN

CAQ183M

OH O HN

CAQ187M

OH O HN

OH O HN

ZP281M



Chapter 4 132

4.4 Discussion

Chemotherapy is an important modality in treatment of ovarian cancer. First line 

therapy currently involves cisplatin (cw-dichloro-diammineplatinum), a drug that 

causes cytotoxicity by platinating DNA. Although up to 50 % of women with 

ovarian cancer will achieve complete remission in response to platinum 

chemotherapy, most will have persistent disease or will relapse within the first three 

years [185]. More than two decades after the discovery of cisplatin, there remains a 

need for novel agents with improved efficacy and therapeutic index, and particularly 

for agents that lack cross-resistance with established drugs. The difficulty in treating 

ovarian cancer in the clinic provides a good rationale for investigating novel 

compounds with potential to be effective in resistant diseases. Coupled with the 

availability of two resistant ovarian cancer cell lines, one made resistant to 

doxorubicin (2780AD) and the other made resistant to the cisplatin (2780CP), it 

makes an ideal system to screen and evaluate the novel CAQs for cytotoxicity and 

cross-resistance profiles.

4.4.1 Hydroxylated Aminoanthraquinones

The non-covalent binding 1,4-disubstituted HAQs were generally all cytotoxic 

with nM IC50 values when screened in A2780, CHO and MCF-7 cell lines (Tables

4.1 and 4.2). The exception to this were the des-hydroxylated compounds HAQ145 

and HAQ148, and the 1-monosubstituted compound HAQ163. Symmetrical 1,4- 

disubstituted HAQs with bulky substituents did not possess cytotoxic activity (IC50 = 

> 1000 nM). This is consistent with earlier experiments using HAQ145 that showed 

it was devoid of anticancer activity when screened in P-388 leukaemia and B-16 

melanoma cell lines [47]. Substituting one piperidine group of HAQ145 with two 

methyl groups as in HAQ148 revealed a little increase in cytotoxicity (Table 4.3). 

Anthraquinones with sterically unhindered groups (i.e. N(CHs) 2  or NHCH3) on the 

sidechains are generally more potent (section 1.3.2), probably due to higher affinity 

for DNA or improved cell uptake. However, the introduction of either a hydroxyl or 

methanol group to either the piperidine or pyrrolidine ring suggests that despite the 

bulkiness of such groups, the cytotoxicity can be increased up to more than 1 0 0 -fold
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(see HAQ71 and HAQ72, Table 4.5). Previous studies have shown that incorporation 

of either one or two hydroxyl groups onto the aliphatic sidechains increases the 

activity over des-hydroxylated agents. The best known examples are ametantrone 

and mitoxantrone (section 1.3.2).

Despite being nM cytotoxic in the A2780 cell line, all HAQs were shown to be 

poor anticancer candidates in the doxorubicin resistant 2780AD cell line. This is 

consistent with previously investigated HAQs [33]. These HAQs at best promote a 

transient inhibition of the DNA-topo II ‘cleavable complex’ due to their non-covalent 

character, and the intracellular drug concentration is likely to be more rapidly 

removed in resistant cells overexpressed with P-glycoproteins.

The HAQs in general exhibited potent cytotoxicity in the cisplatin resistant cell 

line (2780CP) with generally weak cross-resistance (RF below 3, except HAQ72 that 

had RF = 10). This cell line is resistant primarily due to a lack of DNA mismatch 

repair enzymes that is normally associated with resistance to alkylating agents. 

Interestingly Parker et a l have shown that the 2780CP subline is twice as efficient in 

effluxing drug as A2780 wild type cell line [186]. It is likely that this increase in 

efflux capacity can be correlated with the loss of cytotoxicity of the HAQs. Loss of 

DNA mismatch repair has also been reported to result in resistance to topo II poisons 

including doxorubicin, mitoxantrone [187] and AQ4 (this study). The HAQs 

investigated in this study are structurally related to mitoxantrone and AQ4, which are 

known to inhibit topo II [20, 74]. This may contribute to the resistance observed in 

the cisplatin resistant cell line.

4.4.2 Chloroalkylammoaiithraqumones

A series of CAQs were developed with the aim of (1) exploring further the non- 

symmetrical structure which appears essential to persistent cytotoxic activity in the 

adriamycin and cisplatin resistant cells as previous shown for ZP281M [33], and (2) 

establishing the covalent reactivity of CAQs with DNA and to correlate this with 

their cytotoxicity. The overall effectiveness of these agents is based on the reactivity 

of the electron lone pair of the nitrogen, which is modified by the different 

geometries of the investigated piperidine- and pyrrolidine moieties. Considered
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equally important is the reactivity of the subsequent quaternary ammonium ion 

intermediates prior to the nucleophilic attack, which potentially can form two 

alkylated products depending on whether nucleophilic attack or stability of the 

product governs the reaction (molecules 6 , 10 and 13 in Fig. 4.1). A number of 

agents that can potentially form azetidinium (four-membered ring) ion intermediates 

were also developed in order to compare reactivity with the aziridinium ion forming 

compounds.
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Figure 4.1 Aziridinium ion formation of CAQs as a part o f bicyclic ring-systems (4-13). R 

alkylaminoanthraquinone.
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The results show that the symmetrical piperidine containing compound 

CAQ190M is a very efficient crosslinking agent (section 3.4.2), and furthermore that 

it is cytotoxic in the wild type A2780 cell line (IC50 = 178 nM). However, 

CAQ190M was shown to exhibit poor cytotoxic activity in the resistant cell lines 

2780AD and 2780CP. This result is consistent with previously examined 1,4- 

disubstituted symmetrical CAQs, which were efficient crosslinking agents but poor 

anticancer candidates. However, the pyrrolidine analogue CAQ177M appeared to be 

only weakly cross-resistant in the 2780AD cell line (RF < 2), and furthermore was 

shown to be unaffected by the deficiency of DNA mismatch repair enzymes. The 

results from the alkylation studies (see Chapter 3) suggest that the five-membered 

ring compounds were less reactive agents when compared to six-membered 

analogues. This was regardless of whether the compounds were symmetrical or non- 

symmetrical.

The CAQs with alkylating capacity were shown to possess nM cytotoxicity (IC50  

values in the range 24-484 nM) in the A2780 cell line. Significantly, the CAQs 

remained cytotoxic in the 2780AD and the 2780CP cell lines with RF values below 5 

and 2 respectively. Exception to this was CAQ187M which had RF = 15 in the 

2780CP cell line. This suggests that anthraquinone based compounds with alkylating 

potential are resistant to overexpression of P-glycoproteins, possibly due to covalent 

linkage with DNA. This could prevent removal of the chloroethylamino- 

anthraquinones from the cell. The results also show that the ring-constrained CAQs 

are less potent than ZP281M. The chloroethylamino functionality in ZP281M has a 

non-restricted electron pair available that is likely to more readily form a highly 

reactive aziridinium ion intermediate (see Fig. 4.1).

The data in Table 4.1 shows that CAQ187M is less potent in both wild type and 

resistant cell lines than ZP281M. Intriguingly, the non-symmetrical CAQs with bis- 

alkylating units confined to one sidechain appeared to exhibit some cross-resistance 

in the cisplatin resistant cell line (RF values for CAQ187 and ZP281M were approx. 

15 and 9 respectively). In contrast, the mono-alkylating agents CAQ166M and 

CAQ176M were shown to have RF < 1. (Table 4.1). In a previous study of 

chloroethylaminoanthraquinones [33, 143], two symmetrical CAQs (ZP282M and 

ZP289M) with bis-alkylating functionality residing equally in both sidechains were
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shown to have RF = 16, suggesting that the bis-alkylation is producing adducts in the 

DNA that are more easily recognised by DNA repair mechanisms. The direct 

comparison between the mono-alkylating agent CAQ183M (RF = 2) and the bis- 

alkylating agent CAQ187M (RF = 1 5 )  supports such a hypothesis, and perhaps 

suggests that one alkylation unit is enough for potent anticancer activity in DNA 

mismatch repair deficient cells.

CAQ166M, a piperidine-containing chloroethylaminoanthraquinone with a 

secondary chloride as a leaving group, showed moderate cytotoxicity in the wild type 

cell line, but exhibited excellent results in the resistant cell lines 2780AD and 

2780CP with RF < 1. Intriguingly, CAQ176M a five-membered analogue that 

theoretically forms the same aziridinium ion intermediate (see Fig. 4.1, molecules 7- 

9), showed almost identical cytotoxic data as CAQ166M despite the former agent 

possessing a primary halide as a potential leaving group. CAQ176M was found to be 

8 -fold more reactive than CAQ166M in alkylation studies as reported in Chapter 3. 

Similar results were observed with the six-membered non-symmetrical analogues 

CAQ166M and CAQ183M. In the alkylation of DNA, CAQ166M was shown to be 

20-fold less reactive than CAQ183M, and when examined in the A2780 wild type 

cell line, it was shown to be approximately 12-fold less potent than CAQ183M. 

Despite these results, the cytotoxicity data showed that CAQ166M is a more 

effective agent in the resistant cancer cell lines. Coupled with the results for the 

symmetrical CAQs, it appears that slower reacting CAQs are more effective as 

anticancer candidates.

The 1-mono-substituted aminoanthraquinone HAQ163 was shown to be a poor 

cytotoxic agent (see section 1.3.2). However, it was expected that a 1-mono- 

substituted anthraquinone with potential to alkylate nucleophiles would be more 

potent, and be more resistant against overexpression of efflux pump systems. 

However, the chloroethylaminoanthraquinone analogue CAQ191M was not found to 

be cytotoxic (IC50 > 1 0 0 0  nM), and no improved anti-cancer activity was observed 

over its non-covalent binding analogue. In a previous study [33], three 1- 

monosubstituted CAQs were shown to display the same cytotoxicity as the non- 

covalent binding analogues in wild type- and cisplatin resistant cell lines. From that 

study it was also apparent that 1 -mono-substituted compounds were at least 1 0 -fold 

less potent than their corresponding 1,4-bis-substituted analogues. Coupled with the
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result of CAQ191M, this suggests that two sidechains are needed for efficient 

anticancer activity. From the literature, it is evident that a second side-arm not only 

increase the level of cytotoxic activity, but is also essential for superior anticancer 

activity in vivo (section 1.3.2).

It has been known for several decades that the cell uptake of quaternary 

ammonium salts is poor compared to the respective tertiary amines [188]. The 

intramolecular transformation from owega-haloalkylamines to the corresponding 

quaternary ammonium compounds has been investigated as a way to improve drug 

concentration at receptor sites [188]. The usefulness of this approach is largely 

dependent on the rate of formation of quaternary ammonium compounds. In Chapter 

3, it was demonstrated that only aziridinium ion forming CAQs were able to alkylate 

guanines, and the potential azetidinium forming compounds CAQ39, CAQ74, 

CAQ75 and CAQ172, lacked such an ability. This is consistent with studies carried 

out on derivatives of the muscarinic antagonist A,A-dimethyl-4-piperidinedinyl 

diphenylacetate (4-DAMP, see Fig.4.2). The chloroethylamine derivative (A-(3- 

chloroethyl)-4-piperidinyl diphenylacetate, or 4-DAMP mustard) was shown to bind 

covalently to the muscarinic receptor as opposed to the chloropropylamine derivative 

that did not possess such potential [189]. Kinetic studies showed that a 

chloropropylamine derivative (A-(3-chloropropyl)-4-piperidinyl diphenylacetate) 

was able to form a stable azetidinium ion with a half-life of approx. 4 hours under 

physiological conditions (pH = 7.4 and 37 °C) [189]. In comparison, the 4-DAMP 

mustard was shown in an earlier study to cyclise to a quaternary aziridinium ion with 

a half-life of approx. 6  min.
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n = 2: Azetidinium ion formation 

ti/2 ~  3.6 h

Cl

n = 1 : Aziridinium ion formation 

ti/i = 5.7 min

N+

N+

4-DAMP

Figure 4.2 Quaternary azetidinium and aziridinium ion formation from chloropropyl (n = 2) and 

chloroethyl (n = 1) moieties o f 4-DAMP derivatives, ti/2 = half-time o f cyclisation to quaternary 

intermediates [209]

The chloropropylaminoanthraquinones exhibited poor cytotoxicity, which 

possibly can be related to the slow cyclisation of the chloropropylamine moiety and 

in particular the stable azetidinium ion intermediates, which are poor substrates for 

cellular nucleophiles. Studies on simple aziridinium and azetidinium molecules in 

chemical systems suggest that a three-membered aziridinium ring is 1 0 0 0 -fold more 

reactive than a four-membered ring in substitution reactions, and 1 0 -fold in 

elimination reactions [190]. The reason for the general low reactivity of four- 

membered rings in ring-closure and ring-opening reactions is still an unexplained 

phenomenon [190], in particular when considering that the ring strain energies of 

cyclopropane (27.5 kcal/mol) and cyclobutane (26.5 kcal/mol) are effectively the 

same [191]. Based on this evidence, the result of CAQ172 is very intriguing. 

CAQ172 should in theory behave in the same manner as non-covalent binding HAQs 

(as well as the other chloropropyl containing CAQs); in particular in the doxorubicin 

resistant cell line by being a substrate for efflux pump proteins. Like the muscarinic



Chapter 4 139

prodrugs discussed previously, it may be that the lack of a quaternary azetidinium 

ion formation increases the uptake of the drug and leads to a higher concentration 

intracellularly. Aiding enhanced uptake over the HAQs is also the higher 

lipophilicity of CAQ172, which is due to the incorporation of a chloro rather than a 

hydroxyl group. The persistent cytotoxicity of CAQ172 may simply just be a case of 

a higher concentration of drug intracellularly. Yet this does not explain why CAQ172 

is behaving differently to the three other chloropropylaminoanthraquinones CAQ39, 

CAQ74, and CAQ75. In contrast to the latter three CAQs, CAQ172 is not likely to 

form a positively charged azetidinium intermediate, in this case forming a fused N- 

alkyl-bicyclo[2.2.0]piperidinium ion intermediate (Fig. 4.3). This is founded by the 

conformationally restricted nucleophilic attack of the nitrogen lone pair caused by 

the piperidine ring, and the reduced accessibility of the lone pair on the 

electropositive y-carbon that constitutes a secondary chloride. The latter is more 

reluctant to nucleophilic attack compared with that of a primary chloride. In addition, 

a high activation energy is required because two four-membered rings with strain are 

required, which might be too high a barrier for cellular nucleophilic attack under 

physiological conditions.

a
:Nu

bicyclo-piperidinium ion intermediate

Figure 4.3 Formation o f a positively charged 7V-alkyl-bicyclo[2.2.0]piperidimum ion intermediate 

from a piperidine ring system with a secondary chloride as a leaving group.
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In summary, despite the HAQs appearing generally more cytotoxic than the 

corresponding CAQs in the wild type cell lines, the latter class of agents were 

generally more potent in the doxorubicin resistant cell line, suggesting that 

compounds with alkylating potential are more resistant to overexpression of efflux 

pumps. The non-symmetrical HAQs and CAQs were found to be more cytotoxic in 

all cell lines when compared to their respective symmetrical analogues, thereby 

supporting the hypothesis that the non-symmetrical geometry of this class of 

compounds is important in potent cytotoxicity. Finally, no agent was found more 

potent than ZP281M in the ovarian cancer cells. However, several agents were found 

to be more effective in retaining their potency in resistant ovarian cancer cells. Three 

chloroalkylaminoanthraquinones CAQ172, CAQ166M, and CAQ176M exhibited 

excellent cytotoxic activity in the doxorubicin and cisplatin resistant cell lines. 

Intriguingly, two of the compounds CAQ166M and CAQ176M can form the same 

aziridinium ion intermediate. Despite their different reactivity in alkylating DNA 

(see Chapter 3), CAQ166M and CAQ177M display the same cytotoxicity profiles. 

The chloropropyl analogue CAQ172 lacked the ability to alkylate DNA, and 

therefore raises the possibility that another mode of action may be important for this 

compound.
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5 Biological Evaluation of Di-iV-oxides of Aminoanthraquinones 

and Chloroalkylaminoanthraquinones

Human solid tumours can be considerably less well oxygenated than normal 

tissues, and this hypoxia is associated with resistance to radiotherapy and 

chemotherapy. Considering that solid tumours make up more than 90 % of all of 

human cancers [14], the need for drugs that are only cytotoxic under hypoxic 

conditions is of considerable therapeutic interest. Clinically available drugs that 

target hypoxia are tirapazamine and AQ4N (section 1.2.1). Both enhance 

radiotherapy and sensitise cancers to other chemotherapeutic agents [21, 25-28].

AQ4N is an anthraquinone di-A-oxide that is reductively metabolised under low 

oxygen tension (section 1.2.2), creating a cytotoxin (AQ4) that targets the DNA-topo 

n  ‘cleavable complex’ by a non-covalent mechanism. The CAQ di-A-oxides 

developed in this work were designed to be metabolised in hypoxic regions of solid 

tumours, generating a metabolite that would covalently tether the DNA-drug-topo II 

‘cleavable complex’.

Conversion of the tertiary amines of alkylamino sidechain-containing intercalators 

to their corresponding di-A-oxides renders them less basic and electrically neutral 

(section 1.2.2). As a result, intercalation of DNA affinic chromophores should be 

significantly diminished. In Chapter 3, it was shown that HAQs and CAQs had an 

unwinding effect on supercoiled DNA in a concentration-dependent manner (results 

in section 3.4.3). This suggests that di-A-oxide derivatives of CAQs and HAQs 

should not interact with DNA. Thus two compounds were selected for investigation, 

namely the symmetrical compound CAQ192MN and the non-symmetrical compound 

CAQ181MN.

Derivatisation of a tertiary amine to the corresponding A-oxide of a CAQ should 

deactivate the formation of the aziridinium ion intermediate. Thus in addition to 

determination of DNA affinity by the unwinding measurements the reactivity of 

CAQ192MN, a di-A-oxide of the corresponding DNA crosslinking agent CAQ190M 

(section 3.4.2), was evaluated for its potential to crosslink DNA. All di-A-oxides 

synthesised were evaluated for cytotoxicity in the ovarian cancer cell lines A2780, 

2780AD and 2780CP (discussed in Chapter 4).
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5.1 Methodology

The chemicals and reagents used for topoisomerase II and DNA crosslinking 

studies have previously been reported in Chapter 3, and for cytotoxicity studies in 

Chapter 4.

5.2 Results

5.2.1 The Effect of Di-A-oxides of Aminoanthraquinones and Chloroalkyl

aminoanthraquinones on (1) Supercoiling of Circular pBR322, and (2) 

Relaxation of Supercoiled Circular pBR322 by Topoisomerase II

Selected di-A-oxides of CAQs and HAQs were investigated for their ability to 

interact with DNA and were shown to be unable to unwind supercoiled plasmid 

DNA. By comparison their amine counterparts did unwind DNA (section 3.4.3). This 

susggests that the alkylaminoanthraquinones is most likely to be bound to DNA by 

intercalation, and that derivatisation to the corresponding di-A-oxides prevents such a 

DNA binding.

Despite the lack of DNA binding, all the di-A-oxides examined were shown to 

inhibit topo II mediated DNA unwinding in a concentration-dependent manner 

(Figures 5.1 - 5.4). As the di-A-oxides do not intercalate with DNA, the topo II 

inhibition observed may be as a result of direct inhibition, thereby preventing the 

enzyme from relaxing supercoiled DNA.
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Figure 5.1 Effect of CAQ190M and CAQ192MN on supercoiled plasmid pBR322 DNA in the 

(A) absence or (B) presence of topo II.
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Figure 5.2 Effect of CAQ176M and CAQ181MN on supercoiled pBR322 DNA in the 

absence or presence of topo II.
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Figure 5.3 Effect of increasing the concentration (pM) of AQ4 and AQ4N on 

supercoiled plasmid pBR322.
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Figure 5.4 Effect of increasing the concentration of AQ4N and mechlorethamine on DNA 

in the presence of topo II.
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5.2.2 The Effect of the Di-A^-oxide CAQ192MN on Separation of Linearised 

pBR322 DNA

The in vitro m easurem ent o f  DNA inter-strand crosslinks w as carried out using 

agarose gel based separation o f  covalent crosslinked D N A from single stranded 

DNA. The principle o f  the reaction is that drug crosslinked DN A migrates at a 

slower rate through agarose gel compared to single stranded DNA. The extent o f 

crosslinking can be determ ined by densitom etry o f  the DNA in each sample lane 

[172]. Using this assay, CAQ190M  was shown to crosslink DNA at nM 

concentration (section 3.3.2). To establish the effect o f  CAQ192M N, the 

corresponding di-A-oxide o f  CAQ190M , on DNA both com pounds were examined at 

100 nM  over a period o f  24 hours. CAQ192M N was shown to crosslink DNA with 

only 15 % after 24 hours (Fig. 5.5). By com parison CA Q190M  was shown to 

completely crosslink DNA after 2 hours (Fig. 5.6).

OH O HN

OH O HN

CAQ192MN
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Figure 5.5 Concentration-dependent DNA crosslink formation by CAQ192MN over 24 hours. 

(A) Autoradiograph of the agarose gel showing a time-dependent DNA crosslinking by 

CAQ192MN (100 nM). (B) Time dependent DNA crosslinking graph. Results are expressed as the 

mean of three replicates (± s.d.)
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Figure 5.6 Comparison of % DNA crosslinking with time by CAQ190M and CAQ192MN (the di- 

/V-oxide analogue). ^  CAQ190M (100 nM) ^  CAQ192MN (100 nM). Result taken from Fig. 5.5.

5.2.3 Investigation of the in Vitro Cytotoxicity of Di-A^-oxides of Amino

anthraquinones and Chloroalkylaminoanthraquinones.

The cytotoxicity o f the novel di-A^-oxides o f  CAQs and non-covalent binding 

am inoanthraquinones was investigated in the ovarian carcinom a wild type cell line 

A2780, and the resistant variants 2780AD and 2780CP (m ethod as discussed in 

Chapter 4).

All di-A-oxides were considerably less cytotoxic than their parent cytotoxic 

agents w ith IC50 values in the pM  range. The di-A-oxides o f  the 

am inoanthraquinones HAQ132N and AQ4N were the least cytotoxic with IC50 

values > 100 pM  when examined in the A2780 w ild type line. The A-oxide 

derivatised CA Qs showed pM  cytotoxicity in the range 8 - 4 6  pM . The order o f  

cytotoxicity o f  all agents tested was AQ4N (> 100 pM ) = HA Q 132N  < CAQ179N 

(46 pM ) < CA Q181M N  (38 pM ) < CAQ167M N (36 pM ) < CA Q192M N (8 pM). 

The cytotoxicity ratio (CR = IC50 o f  anthraquinone di-A-oxide/ICso 

alkylaminoanthraquinone) was used to calculate relative activities. AQ4N and 

HAQ132N were m ore than a 1000-fold less cytotoxic than their amine counterparts
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in the A2780 cell line. The CAQs were approx. 40-100 fold less cytotoxic than their 

amine counterparts. The order of CR was found to be AQ4N (17,000) »  HAQ132N 

(1,450) »  CAQ181MN (95) > CAQ179N (80) > CAQ167MN (74) > CAQ192MN 

(44).

Table 5.1 Growth Inhibition (IC50) of Di-A-oxides of Aminoanthraquinones 

and Chloroalkylaminoanthraquinones Against Ovarian Cancer Cell Lines

Compound* A2780 2780AD 2780CP

[nM] [nM] [nM]

HAQllO 69 434 84

HAQ132N > 100,000 > 100,000 > 100,000

CR > 1,449 >2,941 >1,191

CAQ172 576 426 535

CAQ179N 46,200 10,000 99,000

CR 80.2 23.5 185.1

CAQ166M 484 76 240

CAQ167MN 35,700 7,360 36,700

CR 73.8 98.8 152.9

CAQ176M 395 89 135

CAQ181MN 37,500 20,000 41,000

CR 94.9 224.7 104.4

CAQ190M 178 > 1,000 > 1,000

CAQ192MN 7,900 1,900 22,000

CR 44.4 < 1 .9 < 2 2

AQ4 6 138 34

AQ4N > 100,000 > 100,000 > 100,000

CR > 16,667 724.6 >2,941

For structure o f compounds, see Appendix C3
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5.3 Discussion

Conversion of tertiary amines of intercalators with alkylamino sidechains to their 

corresponding A^-oxides renders them less basic and electrically neutral (section

1.2.2). As a result, the intercalation capability of DNA affinic chromophores with 

alkylamino A-oxide sidechains is not measurable. Previously, it has been shown that 

di-A-oxides of DNA affinic intercalators do not affect the stability of naked DNA to 

thermal dénaturation (section 1.2.2). In contast it was shown that selected 

aminoanthraquinones and CAQs unwound supercoiled plasmid DNA in a dose- 

dependent manner (section 3.3.3). Di-A-oxides were subsequently investigated under 

the same conditions. It was shown that three di-A-oxides, CAQ181MN, CAQ192MN 

and AQ4N, had little effect on DNA unwinding consistent with their low affinity for 

DNA.

Derivatisation of a tertiary amine to the corresponding A-oxide of a 

chloroethylaminoanthraquinone should also inhibit the formation of an aziridinium 

ion intermediate by donating the lone-pair electrons of the tertiary amine in a 

covalent N -0  bond. The reactivity of CAQ192MN towards DNA was evaluated for 

its potential to deactivate such crosslinking capacity. CAQ190M was shown to 

crosslink DNA by 100 % after 2 hours of incubation. At the same concentration (100 

nM), the di-A-oxide derivative CAQ192MN was found to inter-strand crosslink 

DNA by only 15 %, but significantly only after 24 hours. This demonstrates that the 

N -0 bond has a deactivating effect on the potentially reactive chloroethylamino 

moiety. In addition, it emphasises the importance of the aziridinium ion intermediate 

in the alkylation of DNA. The latter is consistent with the evidence in Chapter 3, 

where it was found that chloropropyl moieties (not forming aziridinium ion 

intermediates) lacked the ability to crosslink DNA.

Based on the evidence presented in this chapter, the constraint of an A-oxide by a 

ring system (either piperidine or pyrrolidine) bearing an alkylating functionality 

appears to increase the stability over a non-constrained A-oxide compound such as 

nitromin (discussed in section 1.2.3). The cytotoxicity data shows that the di-A- 

oxides of the aminoanthraquinones (HAQ132N and AQ4N) are less cytotoxic than 

the di-A-oxides of the CAQs (CAQ167MN, CAQ179N, CAQ181MN and 

CAQ192MN). Impurities in the di-A-oxides (that were not purified, section 2.2.4)
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contribute to the difference in cytotoxicity observed. This may also explain why 

CAQ192MN crosslinked DNA by approximately 15 % over 24 hours. Regardless, 

this result was considerably less than the cytotoxic analogue CAQ190M that was 

able to crosslink DNA by 100 % after only 2 hours. Since the di-A-oxides were 

estimated to contain 3-7 % impurities (section 2.2.4), it is more likely that the 

impurities contribute to the little cytotoxicity observed and crosslinking effect as 

observed for CAQ192MN, rather than a small fraction of A-oxide re-arranges or 

decomposes to reactive alkylating moieties.



Chapter 6

General Discussion
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6 General Discussion

Most anticancer drugs are cytotoxic agents which are distributed widely in the 

body where they preferentially kill dividing cells. The therapeutic value is limited by 

the existence and sensitivity of normal dividing cells, especially cells of the bone 

marrow and the gastrointestinal tract. In order to make improvements of existing 

anticancer drugs, it is necessary to understand their mode of action at a molecular 

level. Although better understanding will lead to an improvement in the design and 

development of novel agents, they will still suffer from the inherent problem of not 

being tumour specific. This has led to novel approaches in the design and targeting of 

anticancer drugs. There has been much interest in the derivatisation of existing 

cytotoxic agents to pharmacological inactive prodrugs that can be re-activated by a 

tumour-associated enzyme in the vicinity of, or within, tumour cells. The generation 

of such potent cytotoxins within the malignant tissue are likely to improve treatment 

efficacy, not only by more efficient cell killing, but also by reducing the risks of 

severe side-effects. This study was concerned with (1) the improvement of the 

selectivity of a lead agent ZP281M, a compound active against MDR and alkylating 

agent resistant cells in vitro [33, 143] and in vivo [137], and (2) the further 

opportunity to develop di-A-oxides of chloroalkylaminoanthraquinones (CAQs) as 

bioreductive prodrugs that are metabolised to potent cytotoxins in hypoxic 

compartments of tumours.

Important for the anticancer activity of ZP281M is the formation of a highly 

reactive aziridinium ion intermediate that is formed prior to alkylation of DNA. In 

order to reduce the reactivity in the formation of the aziridinium ion intermediate, the 

chloroethylaminoanthraquinones developed in this study were designed to form such 

intermediates as a part of bicyclic (five- or six-membered) ring systems. The 

alkylating functionality (chloroethylamino moiety) of simple nitrogen mustards is 

highly reactive and has been found to disappear rapidly from biological media at 

neutral pH, usually within 2 to 15 minutes after administration to patients [6 ]. 

Primarily, this is because of hydrolysis as water is an abundant nucleophile that can 

deactivate the nitrogen mustard. Reducing the reactivity of the nitrogen mustard 

functionality by conformationally restricting the non-bonding electrons of the
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nitrogen by an aliphatic cyclic ring (piperidine or pyrrolidine) should prolong the 

lifetime of such agents in biological systems.

The synthetic route to the target compounds involved preparation of heterocyclic 

(piperidinyl or pyrrolidinyl) alkylamino sidechains, by alkylating the heterocyclic 

moiety with halide-acetonitrile followed hy reduction of the nitrile to the respective 

primary amine (R-CH2CH2-NH2 , R = heterocyclic). The heterocyclic alkylamino 

sidechains were then substituted onto anthraquinone chromophores to give a series of

1,4-disubstituted aminoanthraquinones (HAQs). Conversion of these HAQs to CAQs 

involved treatment with PhaP-CCU complex (section 2.1.4). A novel route for the 

development of CAQs was also devised in order to obtain target compounds 

containing secondary chlorides. This route comprised a 5-step procedure which 

involved (1) Boc-protection of hydroxylated heterocyclic alkylamino sidechains, (2) 

mesylation of the hydroxyl group, (3) conversion to the chloride with tetra-»- 

butylammonium chloride, (4) deprotection of the Boc group and (5) substitution onto 

either l,4-difluoro-5,8-dihydroxyanthraquinone or 1 - {2-[A  ̂A-(dimethyl)amino]- 

ethylamino]-4-fluoro-5,8-dihydroxyanthraquinone (section 2.1.4). Di-A-oxides were 

obtained by the use of the oxidising agent w-chloroperoxybenzoic acid (section 

2.1.5).

The CAQs were shown to alkylate guanine residues of linearised pBR322 using a 

DNA Th^-polymerase based footprinting assay (section 3.4.1). The HAQs and CAQs 

were shown to unwind supercoiled DNA (section 3.4.3) as opposed to the 

anthraquinone based di-A-oxides (section 5.2.1). This suggests an intercalative mode 

of DNA binding of the HAQs and CAQs. Due to DNA unwinding by these agents it 

was not possible to investigate their ability to inhibit topo II mediated relaxation of 

supercoiled DNA (section 3.4.3). However, ZP281M and its non-covalent binding 

analogue ZP275 were both found to stabilise DNA-topo II ‘cleavable complexes’ 

when investigated in the TARDIS assay (section 3.4.3). It was anticipated that 

ZP281M would trap topo II more efficiently due to covalent bonding potential. 

However the results showed that there was no measurable increase in ‘cleavable 

complexes’ formed by the alkylating agent, perhaps indicating that the CAQs do not 

covalently bind the enzyme.
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Chloropropylaminoanthraquinones, with the potential for generating four- 

membered azetidinium ion intermediates, were synthesised in order to determine the 

importance of aziridinium ion intermediates of the chloroethylaminoanthraquinones. 

The DNA alkylation studies (section 3.4.1) showed that four chloropropyl- 

aminoanthraquinones CAQ39, CAQ74, CAQ75 and CAQ 172 were unable to 

covalently bind to DNA. By contrast all the chloroethylaminoanthraquinones, except 

CAQ188M, alkylated DNA emphasising the importance of the three-membered 

aziridinium ion intermediate. The cytotoxicity data of CAQ 172, from the 

investigation in the human ovarian cancer cell lines, was intriguing. CAQ 172 was 

shown to be only moderate cytotoxic with IC50 = 576 nM in the wild type A2780 cell 

line, but exhibited similar cytotoxicities in the resistant cell lines 2780AD (IC50 = 

426 nM) and 2780CP (IC50 = 535 nM). As CAQ 172 was not shown to alkylate DNA 

it should in principle behave in the same manner as non-covalent binding HAQs (as 

well as the other chloropropyl containing CAQs) by being effluxed out of the cell by 

P-glycoproteins. Since this compound is not likely to form a positively charged 

quaternary ammonium intermediate (section 4.4.2), it may be that the cellular uptake 

of this compound is higher than the aziridinium and azetidinium forming CAQs.

1,4-disubstituted symmetrical chloroethylaminoanthraquinones were in an earlier 

study [33] shown to be very efficient crosslinking agents, and further found to be 

very potent when evaluated in the wild type A2780 ovarian cancer cell line. 

However, these symmetrical CAQs were shown to exhibit poor anticancer activity in 

the resistant cell lines 2780AD and 2780CP. The same trend was also shown to be 

true for the symmetrical compounds CAQ190M and CAQ177M developed in this 

study. Despite their good crosslinking ability (section 3.4.2), their anticancer activity 

in the 2780AD and 2780CP cell lines were less effective in comparison with their 

non-symmetrical analogues. Yet the five-membered analogue CAQ177M appeared 

to be very weakly cross-resistant in the 2780AD cell line (RF < 2), and furthermore 

was shown to be unaffected by DNA repair mediated resistance mechanism in the 

2780CP cell line (RF =1).  This result might be explained by a lower reactivity of the 

5-membered CAQs regardless of symmetrical or non-symmetrical configuration. 

This is supported by the relative low alkylation of pBR322 DNA (described in 

Chapter 3).

Non-covalent binding 1,4-disubstituted anthraquinones with bulky

aminoalkylamino sidechains generally exhibit poor anticancer activity (section
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1.3.2). In this study it is evident that the cytotoxicity can be increased on 1,4- 

disubstituted anthraquinones with bulky piperidine moieties on the sidechains (- 

NCH2CH2N(CH2)5) of symmetrical and non-symmetrical compounds by 

incorporating either OH or CH2 OH groups into the ring (section 4.3.1). The 

cytotoxicity studies in general also reveal that the hydroxylated aminoanthraquinones 

(HAQs) were more cytotoxic than the corresponding covalent binding CAQs in the 

wild type cell lines (section 4.3.1). However, the CAQs were generally more potent 

in the doxorubicin resistant 2780AD cell line. The non-symmetrical HAQs and 

CAQs were found to be more cytotoxic in all cell lines when compared to their 

respective symmetrical analogues, supporting the principle that the non-symmetrical 

geometry of this class of compound, is important for effective anticancer activity. 

The CAQs with alkylating capacity were shown to be nM cytotoxic (IC50 values in 

the range 24-484 nM) in the A2780 cell line. Significantly, the CAQs remained 

cytotoxic in the 2780AD and the 2780CP cell lines with RF values below 5 and 2 

respectively. Exception to this was CAQ187M which had RF = 15 in the 2780CP 

cell line. It suggests, that anthraquinone based compounds with alkylating potential 

are resistant to overexpression of P-glycoproteins, possibly due to covalent linkage 

with DNA preventing removal from the cell. None of the compounds prepared in this 

study were more potent than ZP281M in the ovarian cancer cell lines A2780, 

2780AD and 2780CP. ZP281M possesses a bis-chloroethyl mustard functionality 

residing in one sidearm. The non-bonding electron lone pair of the nitrogen of 

ZP281M can more readily participate in the formation of the highly reactive 

aziridinium ion intermediate compared to the CAQs developed in this study, which 

have the electron pair conformationally restricted by a piperidine or pyrrolidine ring. 

However several CAQs were found to be more successful in retaining potency in the 

resistant cells compared to ZP281M. CAQ166M and CAQ176M were shown to be 

moderate cytotoxic in the A2780 cell line with IC50 = 484 and 395 nM respectively. 

However, these two non-symmetrical CAQs exhibited excellent cytotoxic activity in 

the doxorubicin and cisplatin resistant cell lines with resistance factors below 1 . 

Intriguingly these two compounds form the aziridinium ion intermediate (see Fig.

6.1). They also exhibit approximately the same cytotoxicity despite having different
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leaving groups; CAQ166M  has a secondary chloride whilst CAQ176M  has a primary 

chloride.

2-chloroethylpyrrolid inyl m oiety o f  CAQ176IVI

3-chloropiperid lnyl m oiety o f  CA01661VI

reactive interm ediate

Figure 6.1 The alkylating moieties of the non-symmetrical compounds CAQI76M and 

CAQI66M can form the same aziridinium ion intermediate as a part of a bicyclic ring system.

The non-symmetrical CAQs synthesised and evaluated in this thesis are only 

diflferent in the positioning o f  the chloroethylamino moiety in the pyrrolidine- or 

piperidine ring. The cytotoxicity data shows differences betw een the CAQs which 

may be due to the relative ease o f  formation o f  the aziridinium ion intermediate, and 

the subsequent attack by cellular nucleophiles. Further studies are required to relate 

kinetic reactivity o f  the various CAQs to their biological activity. Such information 

can be obtained by studying the hydrolysis, phosphatolysis, and glutathionyl 

conjugation under physiological conditions [193]. Furthermore, the rate o f  

cyclisation o f  aziridinium ion intermediates as part o f  quaternary bicyclic ring- 

systems can be studied under physiological conditions by measuring the release o f
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chloride prior to the quaternary ammonium ion formation [189]. To further elucidate 

the mode of action it would also be interesting to study the spatial orientation of 

these bicyclic quaternary ammonium derivatives of the CAQs intercalated with DNA 

using molecular modelling.

The results jfrom the TARDIS assay showed no difference in trapping of topo U 

’cleavable complexes’ by a HAQ (ZP275) and a CAQ (ZP281M). This may indicate 

that other cellular events are contributing to the cytotoxic effect of the CAQs. For 

example it may be that the chloroethylaminoanthraquinones are substrates for P- 

glycoproteins, but are not effluxed from the cell due to their covalent bonding to the 

efflux proteins. Therefore it would be of considerable interest to study the drug 

uptake, sub-cellular distribution and persistency in intact cells of CAQs. Flow 

cytometric analysis and confocal imaging could be used as they were for AQ4N 

[194]. Such investigation could also be carried out using the doxorubicin resistant 

cell line 2780AD and its drug sensitive parent A2780 cell line. This would shed more 

light over the behaviour of the CAQs, and perhaps explain the differences in the 

mode of action of CAQ 172 and the aziridinium ion forming compounds CAQ166M, 

CAQ176M andZP281M.

Traditionally, tumour hypoxia in solid tumours has been considered a problem for 

therapy, because it renders solid tumours resistant to radiation treatment (section

1.2.1). However in recent years there has been considerable work in the development 

of chemotherapeutic agents that exploit hypoxia. The importance of cell killing in 

hypoxic regions of solid tumours is crucial if cancer is to be effectively treated. Since 

bioreductive agents are only activated in hypoxic cells, it is evident that such 

compounds can only play a role as adjuvant agents in combination with other 

modalities. The aminoanthraquinone di-A-oxide AQ4N has been demonstrated to 

enhance radiotherapy and sensitise cancers to other chemotherapeutic agents without 

increasing systemic toxicity (section 1.2.2). AQ4, the cytotoxic metabolite of AQ4N, 

has a high affinity for DNA and is an established topo n  inhibitor (section 1.2.2). 

However, AQ4 is a non-covalently binding intercalator that is thought to inhibit topo 

n  in a transient reversible ternary complex. This makes it sensitive to up-regulation 

of efflux pump proteins, which was confirmed by the cytotoxicity experiments in 

Chapter 4. Here AQ4 was shown to exhibit a 23-fold lower activity in the
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doxorubicin resistant cell line relative to the parental A2780 cell line. In comparison, 

the non-symmetrical chloroethylaminoanthraquinones generally retained their 

cytotoxicity in the 2780AD cell line with resistance factors below 5. Thus the novel 

non-symmetrical CAQs provide more effective metabolites of di-A-oxides in MDR 

cells compared to AQ4. It remains to be investigated whether CAQ di-A-oxides will 

be metabolically activated in hypoxic compartments of solid tumours.

Isolation of stable A-oxide derivatives of nitrogen mustard (nitromin) and 

chlorambucil has previously been attempted (discussed in section 1.2.3). However, 

the constraint of nitrogen mustard in a piperidine ring system and subsequent 

derivatisation to the corresponding A-oxide analogues has been carried out by 

Henderson et a l [34]. Their results suggested that such A-oxide mustards are stable 

compounds (section 1.2.3). Based on the cytotoxicity data in Chapter 5, it also 

appears that the di-A-oxides of the HAQs and the CAQs are stable compounds in 

biological systems since they are poorly cytotoxic, which is consistent with stable A- 

oxides. The di-A-oxides of the CAQs were 40-100 fold less cytotoxic (IC50 values 

were 10-50 pM) than their respective tertiary amine analogues. It was also apparent 

that the aminoanthraquinones (HAQ132N and AQ4N) were less cytotoxic 

compounds (IC50 > 1 0 0  pM) than the di-A-oxides of the CAQs. At present, it is 

therefore not possible to say whether the CAQ di-A-oxides are less cytotoxic 

compared to the HAQ132N because they are unstable or simply because impurities 

account for the modest cytotoxicity observed. For example the alkylating potential is 

evident for CAQ192MN, which was demonstrated to crosslink DNA with 

approximately 15 % over 24 hours (section 5.3.2). However, this result has to be 

compared to CAQ190M (the cytotoxic analogue of CAQ192MN), which crosslinked 

DNA 100 % within only two hours under the same conditions. Moreover, if a minor 

impurity such as CAQ190M is present in CAQ192MN, it may be enough to account 

for the observed DNA crosslinks rather than decomposition to CAQ190M. Since the 

di-A-oxides were estimated to contain 3-7 % impurities (section 2.2.4), it is more 

likely that the impurities contribute to the little cytotoxicity observed, and 

crosslinking effect as observed for CAQ192MN.
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It remains to be seen whether the di-A^-oxides of the CAQs will be bioreductively 

metabolised by isoforms of the cytochrome P450 family. There is much scope for 

CYP450-mediated metabolism since these CAQ di-A-oxides are closely related to 

the bioreductive prodrug AQ4N. Understanding the fundamental behaviour of the 

alkylating moieties of CAQs is necessary in order to elucidate their mode of 

activation. Studying the rate of formation of quaternary bicyclic intermediates, and 

reaction kinetics of the CAQs with cellular nucleophiles following metabolic 

reduction is therefore important with respect to their potential as bioreductive 

prodrugs.

In conclusion, the results in this study suggest there is substantial evidence for 

further investigation of the non-symmetrical CAQs such as CAQ166M and 

CAQ176M as novel cytotoxic drugs that can be used in the treatment of multidrug 

resistant cells. Particularly taking into account the excellent in vivo results of 

ZP281M [137], and the promise of the alkycycline PNU-159548 that at present is 

undergoing phase II clinical trial [8 8 , 89]. PNU-159548, an idarubicin derivative 

with alkylating potential, is active against multidrug- and alkylating agent resistant 

cells, thus supporting the hypothesis that intercalating agents with alkylating 

potential can circumvent resistant tumours.

With AQ4N in Phase I clinical trials, there is also much scope for novel di-A- 

oxides as bioreductive prodrugs where the metabolites have different mechanisms of 

action to AQ4. Thus, it is of prime interest to examine the novel di-A-oxides 

described in this thesis for their potential as substrates for CYP450s under oxic and 

anoxic conditions in cells resistant to ‘conventional’ cytotoxics.
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Appendix A Standard Experimental Procedures

A.I. Preparation of bio-spin column

The bio-spin columns were prepared by adding P6  Biogel (1 mL) to the column, 

before it was subsequently spun at 1500 rpm for 5 minutes. The settled biogel was then 

washed twice with ddH2 0  (200 pL). This provided a small chromatography column 

where the end-labelled primer was passed through and purified by sheer centrifugation.

A.2. Taq Polymerase Stop Assay

A.2.1 Linearisation of Plasmid DNA pBR322

A combination of the following was added to a sterile eppendorf and vortexed: 

plasmid DNA pBR322 (20 pL), React 2 buffer (10 pL), and dHiO (67 pL). To this 

reaction mixture was then added the restriction enzyme Hind III (3pL) to make up a total 

volume of 100 pL. The sample was then incubated at 37 °C for 60 min. To precipitate 

the DNA, sodium acetate (3 M, pH 3.3, 15 pL) and 95 % ethanol (495 pL) were added 

to the eppendorf, the sample vortexed and frozen in a dry ice/ ethanol bath for 1 0  

minutes. Following centrifugation at 13,000 rpm for 10 minutes, the supernatant was 

discarded and the pellet washed once with 70 % ethanol (200 pL). After another 

centrifugation at 13,000 rpm and removal of the supernatant, the DNA pellet was 

lyophilised. The dry DNA pellet was re-suspended in dH2 0  (304 pL) and 4 pL removed 

to verify its linearity by electrophoresis.

A.2.2. Treatment of DNA with Drug

The DNA plasmid pBR322 was linearised according to the method in A.2.1. The 

following constituents were added to a sterile eppendorf: linearised plasmid DNA 

pBR322 (10 pL, 0.05 pg/pL), TEoA buffer lOx (5 pL), dH2 0  (10 pL) and drug solution
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(25 |iL) to give final volumes of 50 |J,L. The eppendorfs were vortexed and then 

incubated for 1 h at 37 °C. To precipitate the DNA, aqueous sodium acetate solution (3 

M, pH 3.3, 10 pL), dHiO (40 pL) and 3 vol. of ethanol (300 pL) were added to the 

sample, which was vortexed and immersed in dry ice/ethanol bath. Following 

centrifugation at 1300 rpm for 15 min, the supernatant was removed and the pellet 

washed twice with 70 % ethanol (200 pL) and dried by lyophilisation. The DNA was 

then re-suspended in dHiO (50 pL).

A.2.3. 5 -End Labelling of Primer with ^^P-yATP

The following constituents were added to a sterile eppendorf and mixed: Primer (5 

pL), 5 x forward buffer (5 pL), ^^P-yATP (1 pL) and the volume made up to 24 pL with 

dH2 0 . To this was then added the enzyme T4 kinase (1 pL) and after careful mixing the 

sample was incubated at 37 °C for 30 minutes. The resulting incubate (25 pL) was then 

passed through a bio-spin column (see A.I.) at 1500 rpm, 4 °C for 5 minutes and the 

eluent collected. The bio-spin column was then re-washed with dH2 0  (25 pL) and the 

eluents combined to give a total volume of 50 pL.

A.2.4. Preparation of 5 -Singly End-labeled Fragment

A.2.4.1. Primer labelling 

T4 polynucleotide kinase (1 pL) was added to a sterile eppendorf containing a 

mixture of forward reaction buffer 5 x (2 pL), 2 pM SC A forward primer (2 pL), y^^P- 

ATP (3 pL) and dH2 0  (2 pL) to give a total volume of 10 pL. The reaction mixture was 

incubated at 37 °C for 20 min before additional T4 polynucleotide kinase (0.5 pL) was 

added. Following another 20 min. incubation, the reaction mixture was incubated at 65 

°C for 20 minutes to heat-kill the T4 Polynucleotide kinase.
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A.2.4.2. PCR Reaction 

The following constituents were added to a PCR tube: pBR322 plasmid (2 pL, 

5ng/pL), 25 mM MgCl] (2 pL), lOx magnesium free buffer (5 pL), Taq polymerase (0.5 

pL, 5U/pL), 2.5 mM dNTP mix (2 pL), SCA reverse primer (2 pL), and dH2 0  (26.5 

pL). To this mixture was then added labelled SCA primer (10 pL) to give a final volume 

of 50 pL. Each tube was covered with mineral oil, and the PCR was programmed to: (1) 

95 °C for 3 min, (2) 95 °C for 1 min, (3) 65 °C for 1 min, (4) 72 °C for Imin, followed 

by 34 cycles (step 2-4), 72 °C for 15 min and finally 4 °C for min.

A.2.4.3. Purification o f the 5 'Singly End-labelled Fragment 

The PCR mixture (50 pL) was added to a prepared bio-spin column (see A.I.) and 

spun at 1500 rpm for 5 min. The PCR tube was washed with ddHaO (30 pL) and added 

to the bio-spin column which was spun again. The combined purified PCR product (80 

pL) was mixed with lOx formamide buffer and loaded onto 2 % agarose gel (2 g 

agarose, 10 pL EtBr, 100 IxTBE). 1 kb ladder was run along with the product at 100 V 

for 2  hours.

Once the electrophoresis was completed, the agarose gel was observed under UV 

fluorescence. The band of interest (-250 bp), containing the labelled fragment, was cut 

out and the gel slice was put into a new eppendorf. Nal (900 pL) and TBE modifier (100 

pL) were added to the eppendorf, and additional solution (90 % Nal and 10 % TBE 

modifier) was added to the eppendorf until it was completely full. This solution was 

vortexed and incubated at 50 °C for 12 min (vortexed every 3 min). The mixture was 

then cooled in an ice-bath until it had reached room temperature. Vortexed glassmilk (10 

pL) was added to the mixture and left at room temperature for 5 min (vortexing every 

minute to retain a suspension). The suspension was then spun for 10 seconds before 

careful removal of the supernatant. The white residue containing the labelled fragment 

was washed with New Wash (1 mL) three times. After the removal of the last 

supernatant, the eppendorf was incubated at 37 °C for 10 min with the lid open before 

ddH2 0  (30 pL) was added. The solution was vortexed vigorously and incubated at 50 °C
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for 5 min (vortexed every minute). Following a 3-minute spin at 1500 rpm the 

supernatant (the probe) was removed.

A. 2.4.4. Maxam Gilbert Method o f DNA Sequencing

Purified 5'-Singly End-labelled Fragment (10 pL) was mixed with ddHiO (10 pL) 

and chilled in ice. Formic acid (50 pL) was added and the mixture was vortexed and 

incubated at 20 °C for 5 min. Stop solution (180 pL) and 95 % ethanol (750 pL) were 

added, vortexed and cooled in dry ice/methylated spirit bath for 15 min. The eppendorf 

was spun for 10 min, supernatant removed and labelled DNA was lyophilised. The DNA 

pellet was re-suspended in 3 M NaOAc (250 pL) and precipitated with 95 % ethanol 

(750 pL), cooled again for 15 min, spun 10 min and the supernatant was discarded. The 

residue was washed with 70 % ethanol (300 pL), and after cooling, centrifugation and 

removal of supernatant was dried. To the DNA pellet was added 10 % piperidine (100 

pL). The solution was vortexed and incubated at 90 °C for 30 min, cooled in 

ice/methylated spirit bath for 10 min and finally lyophilised. The dry DNA pellet was re

suspended in loading dye (4 pL) and run along drug-treated DNA.

A.2.5. Preparation of the Electrophoresis Running Gel

Sequagel 6  (24 mL), sequagel buffer solution (96 mL) and 25 % APS (300 pL) were 

mixed together, and loaded in between two vertical glass plates which were held in place 

together with plastic holders and a gel caster. IxTBE was used as the running buffer. 

The gel was heated to 50 °C, before the comb was carefully removed from the gel. The 

wells were flushed with running buffer and the samples were loaded into the wells.

A 3. Agarose Gel Crosslink Assay

A.3.1. Dephosphorylation of Linearised Plasmid pBR322

The following constituents were added to a sterile eppendorf and mixed: Linearised 

plasmid pBR322 DNA (prepared as described in A.2.1.) (300 pL), BAP buffer 5 x (80
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|iL), dH2 0  (17 |J,L) and BAP (3 pL). The sample was then incubated at 65 °C for 60 min. 

After the sample had cooled to room temperature the DNA was washed with two vols. 

(800 pL) of phenol:chloroform:isoamyl alcohol (1:24:1), vortexed and pulse spun, and 

then the aqueous layer was removed and set aside. One vol. of H%0 (400 pL) was added 

to the organic phase, and the mixture was vortexed, pulse spun, and the aqueous phase 

was added to the first volume of DNA. The combined aqueous phases was washed with 

one vol. of chloroform (800 pL). After pulse spun and removal of aqueous phase, the 

DNA solution was aliquoted into four volumes. Each eppendorf (200 pL / 5 pg DNA) 

was precipitated with 30 pL 3 M NaOAc and 990 pL 95 % ethanol. The solutions were 

cooled in dry ice (10 min) and the DNA pellet was lyophilised. To each eppendorf was 

added dHzO (18 pL).

A.3.2. 5 -End Labelling of Linearised and Dephosphorylated DNA

T4 polynucleotide kinase (1 pL) was added to a sterile eppendorf containing a mixture 

of linearised de-phosphorylated DNA pBR322 (5 pg) in dH2 0  (18 pL), forward 

reaction buffer 5x(5 pL) and y^^P-ATP (1 pL) and the reaction mixture incubated at 37 

°C for 30 min. The resulting incubate (25 pL) was then centrifuged at 1500 rpm for 5 

min through a pre-prepared bio-spin column and the sample collected. The bio-spin 

column was then further washed with dH2 0  (25 pL) by centrifugation for another 5 min, 

and the resulting sample collected to give a total sample volume of 50 pL. The DNA 

was precipitated by adding to the sample 7.5 M ammonium acetate (25 pL) and 3 vol. of 

95 % ethanol (150 pL), and the pellet recovered and dried as previously described. To 

further remove any undissolved protein, the pellet was re-suspended in 0.3 M NaOAc 

and 10 mM EDTA (50 pL, one solution), and precipitated with 3 vol. 95 % ethanol (150 

pL). Following cooling, centrifugation, removal of supernatant, and lyophilisation, the 

labelled DNA was re-suspended in dH2 0  (40 pL). To prepare labelled DNA for 10 lanes 

(100 ng/lane), approximately 8  pL was mixed with 92 pL TEoA buffer to give a total 

volume of 100 pL.
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Appendix B Buffer Solution and Media

3 M NaOAc

NaOAc (40.81 g) 

dHzO ( 1 0 0  ml)

1 M Triethanolamine

triethanolamine (14.91 g) 

dHzO (100 mL)

TAE (50x)

EDTA (18.6 g)

trizma base ( 1 2 1 . 0  g)

glacial acetic acid (28.55 mL)

dH2 0  to make up a final volume of 500 mL

TBE (lOx)

trizma base ( 1 2 1 . 1  g) 

boric acid (51.35 g)

EDTA (3.72 g)

make up to 800 mL with dH2 0

pH to 8 . 8  with NaOH pellets

(IH2O to make up a final volume of 1000 mL

0.5 M EDTA

EDTA (18.61 g) 

dH2 0  (80 mL)

pH to 8  by addition of NaOH pellets 

dLLO to make up a final volume of 100 mL
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TEoA (Ix)

EDTA (0.2 mis, 0.5 M) 

triethanolamine (2.5 mL) 

ddHiO (80 mL) 

pH to 7.2 with HCl

dE^O to make up a final volume of 100 mL

Strand Separation Buffer

DMSO (15 mL)

EDTA (100 pL, 0.5 M)

bromophenol blue (0 . 0 2  g)

xylene cyanol (0 . 0 2  g)

dH2 0  to make up a final volume of 50 mis

Sucrose Loading Buffer

bromophenol blue (0 . 0 2  g) 

sucrose (1.5 g)

dEbO to make up a final volume of 25 mL

Formamide dye

Bromophenol blue (3 mg)

Cyanol (3 mg)

0.5M EDTA (0.4 mL)

Formamide (9.6 mL)

Stop Solution

3 M NaOAc (2 mL)

EDTA (0.4 mis, 0.5 M) 

tRNA (100 pL)

dEbO to make up a final volume of 10 mL 

aliquot 500 pL in eppendorfs and store at - 20 °C



A ppendix C Structures o f  Aminoanthraquinones, Chloroalkylaminoanthraquinones and Di-N- 

oxide derivatives which have been B iologically  Evaluated in this Thesis

Xi O HN

Monosubstituted Structure ( A )

Xi O HN

Non-symmetrical Structure (B)

Xi O HN

Symmetrical Structure (C)
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For structures o f other compounds investigated in this thesis, please see overleaf
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