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A B S T R A C T

G-quadruplexes are highly specific nucleic acid organisations characteristic of G-rich sequences. 

They are polymorphic quadruple helices with a hydrophobic core of sets of G-quartets each formed 

by four guanines interacting via Hoogsteen hydrogen bonds, and four negatively charged grooves 

formed by the phosphate backbone. A considerable number of genes containing G-rich genomic 

sequences are believed to play a key role in tumour development, e.g. the proto-oncogenes Ckit-\ and 

Ckit-2, the hypoxia inducible factor la  promoter HIF-la and telomeres, therefore these putative G- 

quadruplexes are an appealing target for cancer therapy. Many different G-quadruplex ligands have 

been synthesized to date, but the specificity and the low in vitro/in vivo activity of the majority have 

not been sufficient for them to progress further.

The approach described here towards the discovery of G-quadruplex targeting drugs focuses on 

the synthesis of libraries derived from combinations of different building blocks. “Click-chemistry” 

Cu(I) catalysed Huisgen 1,3-dipolar cycloaddition has been an essential tool to achieve this objective. 

Two classes of building blocks have been synthesized, azides and alkynes, which include an aromatic 

core and basic side chains that is positively charged under physiological conditions. With these 

fragments, three libraries of G-quadruplex ligands have been generated, extending the aromatic 

surface by the click reaction, which results in 1,4-triazole ring formation. The aromatic cores and 

triazole rings in the final compounds are appropriate for interactions with the G-quartets in a 

quadruplex, and the positively charged side chains interact with the grooves. The diversity introduced 

in each library enabled me to investigate the binding influence of the core stmcture and of the number 

of side chains. The affinity and selectivity of these compounds for G-quadruplexes has been evaluated 

by binding experiments using FRET, circular dichroism and ESI-MS. Short and long term 

cytotoxicity studies have been performed on a panel of cancer cells either expressing telomerase, or 

genes which could be regulated by G-quadruplex sequences; telomerase inhibition has been studied 

with the cell free TRAP assay.

Two lead ligands have been identified AA^-((4,4'-(Naphthalene-2,7-diyl)bis(l/T-l,2,3-triazole- 

4,l-diyl))bis(3,l-phenylene))bis(2-(diethylamino)acetamide) (compound 33) and 

(Benzene-l,3,5-triyl)tris(l//-l,2,3-triazole-4,l-diyl))tris(benzene-3,l-diyl))tris(3-(pyrrolidin-l- 

yl)propanamide) (compound 46). Compound 46 showed telomerase inhibitory activity in vitro, 

probably due to stabilisation of the parallel G-quadruplex structure on the telomeres, as suggested by 

biophysical studies. Furthermore, compound 33 displayed selective cytotoxicity for renal cancer cells 

RCC4 in vitro, which could be ascribed to G-quadmplex formation in the promoter region of HIF-la 

gene, which is up-regulated in renal cancers.



TABLE OF CONTENTS

Aknowledgements 3

Abstract 4

Table of contents 5

List of figures and tables 9

List of abbreviations 13

Introduction 15

1. G-quadniplex: a DNA tertiary structure with interesting biological applications 17

LI G-quadruplex: structural features 17

1.2 The G-quadruplex and biological systems 21

1.2.1 The telomere: a multiprotein DNA complex at the end of eukaryotic 22 
chromosomes

1.2.2 Telomerase: function and role in cancer development 25

1.2.3 Telomeric G-quadruplexes 27

1.2.4 Putative G-quadruplexes in the genome other than telomeres 29

1.3 Stabilisation of G-quadruplex with samll organic molecules 36

1.3.1 Methods for the identification of ligand-G-quadruplex interactions 37

1.3.2 G-quadruplex binding ligands 45

1.3.3 G-quadruplex binding ligands: biological aspects 51

2, A click approach to drug discovery: Cu(I) catalysed 1,3-cycloaddition 54

2.1 The triazole ring: morphology, structure and importance in drug development 54

2.2 Click chemistry 57

2.3 Click chemistry in drug discoveiy 59

Results and discussion 70

3- Chemistry 72

3.1 Ligand design 72

3.2 Synthetic strategy 76



3.3 Synthesis of the azide building block 81

3.3.1 Synthesis of compounds 4a-o 81

3.3.2 Synthesis of compounds 5a-o 89

3.3.3 Synthesis of compounds 6a-o 90

3.4 Synthesis of alkyne building block A 93

3.5 Synthesis of alkyne building block B 95

3.5.1 Synthesis of naphthalene-2,2-diyl (trifluoromethanesulfonate) 96

3.5.2 Synthesis of 2,7-bis((trimethylsilyl)ethynil)naphthalene 97

3.5.3 Synthesis of 2,7-diethynylnaphthalene 100

3.6 Synthesis of the final compounds: the click reaction 101

3.7 Conclusions 109

4. Biophysical studies 111

4.1 Mono-click series 111

4.1.1 FRET assay 111

4.2 Di-click series 115

4.2.1 FRET assay 115

4.3 Tri-click SQnts 120

4.3.1 UV degradation studies 121

4.3.2 ESI-MS studies 123

4.3.3 Circular dichroism studies 129

4.3.4 Telomere repeat amplification protocol (TRAP) asay 133

4.4 General conclusions from the biophysical analyses 137

5. Biological studies 140

5.1 Methods for biological activity evaluation 141

5.1.1 Short term cytotoxicity evaluation 141

5.1.2 Long term studies 144



5.2 Biological activity of the mono-click series 146

5.2.1 SRB studies 146

5.2.2 Long term studies 151

5.2.3 Biological activity of the mono-click series: conclusions 153

5.3 Biological activity of the di-click series 154

5.3.1 SRB studies with MCF7 and A549 154

5.3.2 SRB studies with renal cancer cells 156

5.3.3 Biological activity of the di-click series: conclusions 159

5.4 Biological activity of the tri-click series 160

5.4.1 SRB studies on the tri-click series 160

5.4.1.1 New SRB conditions for cytotoxicity evaluation of the tri-click series 160

5.4.1.2 Experimental results 163

5.4.2 Long term studies 164

5.4.2.1 New long term studies conditions for the investigation of the tri-click series 164

5.4.2.2 Experimental results 164

5.4.3 TRAP-Lig assay 166

5.4.4 Senescence study 167

5.4.5 Biological activity of the tri-click series: conclusions 168

5.5 General conclusions 168

Final conclusions 170

6 . Final conclusions 171

Material and methods 172

7. Material and methods 173

7.1 Chemistry 173

7.1.1 General methods 173

7.1.2 Synthesis of alkyne building blocks A 174



7.1.3 Synthesis of the azide building blocks 179

7.1.4 Synthesis of alkine building block B (9) 210

7.1.5 Synthesis of the mono-click series 212

7.1. 6  Synthesis of the di-click series 230

7.1.7 Synthesis of the tri-click series 240

7.2 FRET methods 252

7.3 Electrospray mass spectrometry methods 253

7.4 Cicrcular dichroism methods 255

7.5 Cell culture 257

7.6 Sulforhodamine B assay 257

7.7 Short term cell growth in HBSS 259

7.8 Long term studies 259

7.9 TRAP-Lig assay 260

7.10 Senescence 261

Bibliography 263

8 . Bibliography 264

Structure and activity of final compounds Back
pocket



LIST OF FIGURES AND TABLES

Introduction

1.G-quadruplex: a DNA tertiary structure with interesting biological 
applications

Figure 1.1-The G-quartet 19
Figure 1.2-G-quadruplex stoichiometry and polarity 20
Figure 1.3-G-quadruplex loops 21
Figure L4-Glycosidic bond conformation 22
Figure L5-Telomeres t- and d-loops 23
Figure 1.6 -Shelterin complex 24
Figure L7-The end replication problem 25
Figure L8 -Telomerase elongation mechanism 27
Figure L9-Telomeres behaviour vs number of cell divisions for different types of 28

cell
Figure 1.10-Telomeric G-quadruplexes in sodium and potassium 29
Figure 1.11 -Crystal structure of telomeric G-quadruplex in potassium 30
Figure 1.11-c-myc G-quadruplexes 31
Figure 1.13-Ckit-1 G-quadruplex NMR structure 34
Figure 1.14-Ckit-2 G-quadruplex NMR structures 35
Figure 1.15-TERRA RNA G-quadruplex crystal structure 37
Figure 1.16-FRET mechanism for G-quadruplex investigation 40
Figure 1.17-Example of melting curves obtained with FRET and related first 42

derivatives
Figure 1.18-Graphic representation of ellipticity 43
Figure 1.19-Typical CD curves for telomeric G-quadruplex 44
Figure 1.20-Anthraquinone and fluorenone-based G-quadruple ligands 46
Figure 1.21-Acridine-based G-quadruplex ligands 48
Figure 1.22-Natural compounds-based G-quadruplex ligands 50
Figure 1.23-Perilene-based G-quadruplex ligands 52
Table 1.1 -Melting points of G-quadruplex sequences used for FRET 41

2. A click approach to drug discovery: Cu(I) catalysed Huisgen 1,3-cycloaddition
Figure 2.1-Tautomeric forms of triazole rings 55
Figure 2.2-Antifungal drugs based on 1,2,4-triazole 56
Figure 2.3-One of the first synthesis of 1,2,3-triazole 57
Figure 2.4-Huisgen 1,3-dipolar cycloaddition 58
Figure 2.5-Cu(I) catalysed 1,3-dipolar cycloaddition 59
Figure 2.6-Triazole-based hexameric mannosylated dendrimers as antibiotics 61
Figure 2.1-In situ click chemistry for Fuc-T inhibitors 62
Figure 2.%-In situ click chemistry for CDC25 phosphatase inhibitors 63



Figure 2,9-/« vivo imaging with click chemistry: DIFO 65
Figure 2.10-Click reaction for TERRA G-quadruplex folding studies 67
Figure 2.11 -First series of G-quadruplex ligands based on click chemistiy 6 8

Figure 2,12-Diarylurea G-quadruplex ligands based on click chemistry 69
Figure 2.13-Disubstituted acridines based on click chemistry as G-quadruplex 70

ligands

Results and discussion

3.Chemistry
Figure 3.1-Differences between the new ligands and the first series based on click 75

chemistry
Figure 3.2-Synthetic approach A 78
Figure 3.3-General structure of the mono-click series 79
Figure 3.4-Synthetic approach B 80
Figure 3.5-Retrosynthesis of the new series of ligands 81
Figure 3.6-Synthesis of the azide building blocks 6 a-o 82
Figure 3.7-Mechanism for the synthesis of compounds 4a-o 83
Figure 3.8-Finkelstein reaction 85
Figure 3.9-'H and NMR of compound 4n in CDCI3 8 6

Figure 3.10-*H NMR for the different acid chlorides used 87

Figure 3.11 H NMR for the different amines used 8 8

Figure 3.12-*H NMR for the different substitution patterns chosen 89

Figure 3.13-Characterisation of compound 5k 90

Figure 3.14-Mechanism for the formation of diazonium salt 91
Figure 3.15-Characteristion of the azide 6 f  93

Figure 3.16-Synthesis of the alkyne building block A, compounds 2a-e 94
Figure 3.17-^H and NMR of compound 2d in CDCI3 95

Figure 3.18-Synthesis of the alkyne building block B, compound 9 96
Figure 3.19-Attempt of formation of 2,7-dibromomaphthalene 96
Figure 3.20-^H and NMR of compound 7 in CDCI3 98

Figure 3.21 -Sonogashira coupling mechanism 99
Figure 3.22-^H and NMR of compound 8  in CDCI3 100

Figure 3.23-‘H and NMR of compound 9 in CDCI3 101

Figure 3.24-Synthesis of final compounds 10-46 102
Figure 3.25-Possible mechanism of the Cu(I) catalysed Huisgen 1,3-cycloaddition 104
Figure 3.26-Catalyst used for the click reaction 106
Figure 3.27-HMQC of compound 44 in CDCI3 108

Figure 3.28-NOESY of compound 44 in CDCI3 109

10



Table 3.1 -Click reaction conditions optimisation 107

4.Biophysical studies
Figure 4.1-Correlation between mono-click FRET ATm with F21T and c-kit 113

sequences
Figure 4,2-Bar graph of mono-click series FRET AT^ according to the substitution 114

patterns
Figure 4.3-Bar graph of mono-click series FRET ATg, according to the side chain 115

lengths
Figure 4.4-Correlation between di-click FRET AT^ with F21T and c-kit sequences 117

Figure 4.5-Comparison between the FRET curves of compound 25 and 32 118
Figure 4.6-Bar graph of di-click series FRET AT^ according to the substitution 119

patterns
Figure 4.7-Bar graph of di-click series FRET ATg, according to the terminal amines 120

Figure 4.8-Bar graph of di-click series FRET ATg, according to the side chain 121
lengths

Figure 4.9-UV degradation study of compound 45 122
Figure 4.10-' H NMR and HRMS of the degraded compound 45 124

Figure 4.11 -ESI-MS spectra of Telo-22 alone and in the presence of ligand 46 125
Figure 4.12-ESI-MS competition experiment bar graph for the tri-click series 128
Fi gure 4.13-Examples of ESI-MS spectra for the competition experiment 129
Figure 4.14-CD spectra of ligand 46 with pre-annealed telomeric G-quadruplex in 131

Na^andK^
Figure 4.15-CD spectra telomeric G-quadruplex annealed in the presence of ligand 132

46 in Na^ and
Figure 4.16- Comparison between 46 and BRACO-19 complexes with telomeric 133

G-quadruplex
Figure 4.17-Scheme of the TRAP assay 135
Figure 4.18-TRAP assay gels and EC50 for ligands 39 and 46 137

Table 4.1 FRET ATg, of the mono-click series 112

Table 4.2 FRET ATg, of the di-click series 116

Table 4.3 ATj of th e /r/-c//cÂ: series evaluated by ESI-MS 126

5.Biological studies
Figure 5.1 -SRB profile of ligand 25 144
Figure 5.2-Example of plot for a long term study 146
Figure 5.3-Bar graph of the IC50 values for the mono-click series with MCF7, A549 148

and WI38; ratios between the IC50 values of WI38 and cancer cell lines 
Figure 5.4-Correlation plot between mono-click FRET ATg, with F21T and IC50 149

with MCF7 and A549; correlation plot between mono-click IC50 values 
obtained with A549 and MCF7 

Figure 5.5-Bar graph of mono-click series IC50 values according to the substitution 150
patterns

Figure 5.6-Long term study on compounds 24 and 25 with MCF7 cell line 153

11



Figure 5.7-Bar graph of the IC50 values for the di-click series with MCF7, A549 156
and WI38; ratios between the IC50 values of WI38 and cancer cell lines 

Figure 5.8-Bar graph of the IC50 values for the di-click series with RCC4 and 158
WI38; ratios between the IC50 values of WI38 and RCC4 cell lines 

Figure 5.9-Bar graph of the IC50 values for the di-click series with RCC4, MCF7 159
and A549; ratios between the IC50 values 

Figure 5.10-Bar graph of the IC50 values for the di-click series with RCC4 and 160
RCC4VHL; ratios between the IC50 values of RCC4VHL and RCC4 
cell lines

Figure 5.11 -Dependence of cell growth to HBSS exposure 163
Figure 5.12-Modified SRB results for compounds 39 and 46 with WI38 and A549 164

cell lines
Figure 5.13-Long term study on compound 46 with A549 cell line 166
Figure 5.14-Dependence of the population doubling for A549 to 46 concentration 167

(1 week exposure)
Figure 5.15-Percentage of telomerase activity in A 549 cell line after 2 weeks 168

treatment with ligand 46 
Table 5.1-ICso of the mono-click series with MCF7, A 549 and W138 147

Table 5 .2 -IC50 of the mono-click series with pancreatic cancer cell lines Mia 151
PaCa-2, PANC-1 and HPAC 

Table 5.3 Ratios between WI38 and pancreatic cell lines IC50 values 151

Table 5.4 IC50 of the mono-click series with renal cell lines RCC4 and RCC4VHL; 152
ratios between WI38 and renal cell lines IC50 

Table 5.5-ICso of the di-click series with MCF7, A 549 and WI38 154

Table 5.6 IC50 of the di-click series with renal cell lines RCC4 and RCC4VHL 157

12



LIST OF ABBREVIATIONS

A Acceptor

ALT Alternative lengthening o f telomeres

aq Aqueous

app. Apparent

bp Base pairs

°C Degrees Celsius

CD Circular dichroism

Cone. Concentrated

COSY Correlation spectroscopy

D Donor

dd Doublet doublet

dc Decomposition point

DCM Dichloromethane

DFT Density functional theory

DMAP 4-Dimethylaminopyridine

DM F Dimethylformamide

DMSG Dimethyl sulfoxide

Eq Equivalent/s

ESI-M S Electrospray ionization mass spectrometry

et aL Et altera

EtOAc Ethyl acetate

FAM 6 -carboxyfluorescein

FR ET Fluorescence resonance energy transfer

Fuc-T a-1,3-Fucosyltransferase

G Guanine

GDP Guanosine diphosphate

HBSS Hank's buffered salt solution

H PLC High pressure liquid chromatography

13



HRM S High resolution mass spec

K a Dissociation constant

M eOH Methanol

min Minutes

mp Melting point

PC R Polymerase chain reaction

Pd(PPh3)4 Tetrakis(triphenylphosphine) pal ladium(O)

PPhs T ripheny Iphosphine

R t Retention time

rt Room temperature

R f Retention factor

SAR Structure Activity Relationship

sd Standard deviation

SiNAz N-azidoacetyl sialic acid

SRB Sulforhodamine B

t triplet

TAM RA 6 -carboxytetramethy Irhodam ine

*BuONO Tert-butyl nitrite

TCA Trichloroacetic acid

td Triplet doublet

TEA Triethyl amine

Telo-22 Telomeric 22-mer sequence

TERRA Telomeric repeat containing RNA

TfzO Triflic anhydride

THE Tetrahydrofuran

TIE Telomere dysfunction-induced focus

TLC Thin layer chromatography

Tmax Maximum temperature

TRAP Telomerase repeat amplification protocol

UV Ultra violet

VC Vehicle control

14



INTRODUCTION

15



G-QUADRUPLEX DNA

16



1. G-QUADRUPLEX: A DNA TERTIARY STRUCTURE WITH INTERESTING 

BIOLOGICAL APPLICATIONS

The G-quadruplex is a tertiary structure characteristic o f G-rich oligonucleotides and nucleic 

acids. Although accounts o f quadruplexes first appeared in the literature in 1962 (Gellert et 

aL, 1962), there was little biological interest in this type o f structure until the early 1990s. It 

was then discovered that the end o f chromosomes are G-rich sequences that can fold into G- 

quadruplex structures in vitro under conditions very similar to the physiological environment 

(Henderson et ah, 1987). Since then, an increasing number o f crucial genomic G-rich 

sequences have been found, such as in a number o f oncogenes (Huppert et ah, 2007), 5' DNA 

untranslated regions (Kumari et aL, 2007; Wieland et aL, 2007; Bugaut et aL, 2010) and 

introns (Eddy et aL, 2008; Kuryavyi et aL, 2010). Many o f these G-quadruplexes have now 

been fully characterised and there is some evidence o f G-quadruplex existence in vivo (Lipps 

et aL, 2009). The increasing knowledge in this area indicates that this structural type may 

indeed play an active role in cell regulation; thus the need for further investigation o f this 

field.

In this chapter the basic characteristics o f G-quadruplex conformations will be described, 

along with illustrations o f some particular G-quadruplexes o f biological interest. 

Furthermore, the biological potential o f this structure will be explained, in particular in 

relation to chromosome ends and oncogenes, with a description o f the most common 

techniques used for G-quadruplex investigation. Finally, there will be a general overview o f 

the results obtained to date on the targeting o f G-quadruplex with small organic molecules.

1.1 G-QUADRUPLEX: STRUCTURAL FEATURES

G-rich oligonucleotides having the sequence d(G]4-Ni .7G 3+N1.7G 3+N1.7 G3+) can be organised 

into G-quadruplexes, where N  are sequences o f between one and seven bases that may or 

may not themselves contain guanines. They are highly-ordered structures based on a 

fundamental unit, the G-quartet (also known as a G-tetrad). G-quartets are planar alignments 

constituting four guanines interacting via Hoogsteen hydrogen bonds (an alternative to the
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classic Watson and Crick base pairings), to generate a cyclic hydrogen-bonded square 

arrangement (Figure 1.1). The resulting structure has an aromatic surface, with the negatively 

charged phosphate groups relegated to the peripheral region o f the square. Four carbonyl 

groups face the centre o f the quartet and are always coordinated by mono- or divalent 

cations, most commonly (Parkinson et aL, 2002) and Na^ (Phan et aL, 2003), but also 

N H / (Schultze et aL, 1999), Pb^^ (Kotch et aL, 2000), or Sr^^ (Kankia et aL, 2001). The 

presence o f a coordinating cation is a fundamental requirement for G-quadruplex stability, 

since the vicinity o f the carbonyl groups generates a strong negative electrostatic potential, 

which otherwise would destabilise the structure (Amott et aL, 1974).

Cl

K
-  -NH

H,N

Groove

Groove

N -

0 1

=o

• HN .

C l

NH'
I

N NHy- ■ ■ 

Groove

Groove

NH.:

- C l

F igure  I . l .  Representation o f  the G-quartet, with the four guanines organised in a square arrangement by 
Hoogsteen hydrogen bonds. In the centre, the cation coordinating the four carbonyl groups (picture taken from 
Burge et al., 2006).

Two or more G-tetrads can stack on top o f each other, to generate the G-quadruplex. The 

overall scaffold is generally a quadruple helix, characterised by a central hydrophobic core 

and four lateral negatively charged grooves, which are the cavities formed by the 

phosphodiester backbone. Oligonucleotide bases are naturally non-polar, thus they tend to 

associate in order to minimise the unfavourable interaction with the polar solvent. Due to 

steric constraints, the quartets cannot stack directly on top o f each other, but are slightly 

twisted, with the result that the G-quadruplex exists as a quadruple helix. The centre o f  the
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hydrophobic core constitutes a tunnel o f positively charged ions, which coordinate the four 

carbonyl groups o f each G-quartet (Burge et al., 2006).

This basic structure is characterised by a high degree o f polymorphism, depending on six 

different features: the stoichiometry o f the strands, the polarity o f each strand, the type of 

connections between loops and strands, the glycosidic bond conformation, the type of 

coordinating cation, and obviously the sequence involved.

Stoichiometry.

G-quadruplexes can be formed by guanines belonging to the same strand or by interactions 

among guanines from different strands. In the first case a monomeric intramolecular G- 

quadruplex will be formed, in the second case an intermolecular quadruplex, being dimeric 

or tetrameric, depending on the number o f strands involved (Figure 1.2).

a) b) c)

( G

(3/1
< G

(3̂
( G

g I 13/ I

LJ ▼

F igure  1.2. Representation o f  possible G-quadruplex arrangements, a) Parallel intermolecular tetram eric G- 
quadruplex; b) antiparallel intermolecular dimeric structure, with strands o f  alternated polarities; c) anti parallel 
intram olecular monomeric G-quadruplex, with two neighbouring strands in one direction and the other two in 
the same direction (picture taken from Nelson et al., 2004).

Strand polarities.

The strands forming G-quadruplex DNA can either run parallel or antiparallel, with 

antiparallel referring to a structure where at least one o f the strands is not parallel to the 

others (Figure 1.2). There are four possibilities (Huppert, 2008): four strands oriented in the
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same direction (parallel G-quadruplex, Figure 1.2a), three strands oriented in the same 

direction and one in the opposite direction, two neighbouring strands in one direction and the 

other two in a different direction (Figure 1.2c), or all o f the strands antiparallel with respect 

to each neighbouring strand (G-quadruplex, Figure 1.2b).

Type of loops.

Depending on the strand polarity and on the sequence, there can be different types of 

interconnections between two strands (Figure 1.3, Patel et aL, 2007): lateral loops, generally 

composed by a minimum o f two bases and connecting two antiparallel adjacent strands 

(Figure 1.3a); diagonal loops, composed o f a minimum three bases and connecting two 

antiparallel opposite strands (Figure 1.3b); propeller or double chain reversal loops, 

composed o f between one and six bases, connecting two adjacent parallel strands (Figure 

1.3c); V-shaped loops, linking adjacent corners o f the quartet when one strand is missing 

(Figure 1.3d).

F igure 1.3. Representation o f  the possible loops connecting the strands o f  G-quadruplexes. a) lateral edge
wise loop; b) diagonal loop; c) propeller loop; d) V-shaped loop (picture taken from Patel et aL, 2007).

Glycosidic bond conformation.

The overall topology controls the orientation o f the glycosidic bond, and it can either be syn 

or anti (Figure 1.4). For example, in parallel strand structures only the anti conformation has 

been observed, while in antiparallel G-quadruplexes both syn and anti conformations exist 

(Burge et aL, 2006).
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'NH

H 0

</1 r
HO^ /  ^  HO

0^ / I ^O

'̂ OH Ĥ  ÔH Ĥ
Anti Syn

F igure  1.4. The two possible conformations o f the G-quadruplex glycosidic bond.

Type o f cation.

The same sequence can assume different G-quadruplex topologies, depending on the 

coordinating cation stabilising the structure. For example, telomeric DNA is parallel in 

containing crystals (Parkinson et al., 2002), and mostly antiparallel in Na"  ̂ solution (Wang et 

aL, 1993) and N H /  (Baker et a l ,  2006).

Sequence.

Monomeric G-quadruplexes are usually formed by sequences with the general structure 

GmXnGmXoGmXpGm, where Xn, Xo and Xp are different combinations o f bases forming the 

loops, including G, while m represents the number of Gs per G-tract. Dimeric G- 

quadruplexes are usually formed by sequences such as Xn Gm Xo Gm Xp, while tetrameric 

quadruplexes by Xn Gm Xo or GmXnGm.

1.2 THE G-QUADRUPLEX AND BIOLOGICAL SYSTEMS

It has been estimated that the human genome contains about 375,157 putative quadruplex 

sequences (Todd et aL, 2005; Huppert et aL, 2005). The most investigated G-quadruplex 

forming sequence of biological relevance is the telomeric single stranded overhang of 

eukaryotic chromosomes; furthermore, a large number o f putative quadruplexes have been 

detected in oncogene promoter regions, with evidence that suggests their involvement in the 

regulation o f transcription at these sites (Huppet et aL, 2007).
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In this section the biological function o f telomeres will be described, along with the 

properties o f G-quadruplexes formed by telomeric repeats and their potential involvement in 

cancer biology (e.g., inhibition o f the enzyme telomerase). Additionally, the properties o f the 

G-quadruplexes formed by a number o f oncogenes and RNAs will also be illustrated.

1.2.1 THE TELOMERE: A MULTIPROTEIN-DNA COMPLEX AT THE END OF 

EUKARYOTIC CHROMOSOMES

The termini o f  eukaryotic chromosomes are known as ‘telomeres’ (from the Greek telos 

(rfvloç), ‘end’, and meros (jiépoç), ‘part’). Telomeres are a complex architecture o f DNA and 

proteins, the main role o f  which is to protect chromosomes from instability, i.e. preventing 

their end-to-end fusion, degradation or inappropriate recombination (McEachern et aL, 2000; 

Ferreira el aL, 2004; Blackburn, 2005). Human telomeric DNA can be as much as 15 kb long 

and consists o f tandem repeats o f highly conserved G-rich oligonucleotides; telomeric 

sequences differ between species in sequence and length, e.g. d(TTGGG) for the protozoa 

tetrahymena (Yao el aL, 1981), d(TTTTGGGG) for the ciliate Oxytricha nova (Haider et aL, 

2002) and d(TTAGGG) for homo sapiens (Moyzis et aL, 1988). Furthermore, telomeric 

DNA presents a single stranded, non-coding region at the 3' terminus, the length o f which in 

humans is 200-275 nucleotides (Wright et aL, 1997).

The single stranded overhang is not usually exposed to the cell environment, but is often 

organised instead in a highly ordered structure, termed the t-loop (Griffith et aL, 1999; de 

Lange, 2002; Figure 1.5). In the t-loop conformation the 3' G-rich terminus is embedded in 

the duplex telomeric DNA, paring with the C-rich strand by displacing its complementary 

counterpart, which thus forms a d-loop (Figure 1.5).

t-loop

F igure 1.5. Representation o f  the t-loop: the single strand is embedded in the duplex DNA, which forms a d- 
loop (picture taken from de Lange, 2005).
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This type o f arrangement is induced and maintained by a group o f specific proteins, which 

constitute the ‘shelterin complex’ (De Lange, 2005; Figure 1.6). This structure is based on 

six main members: TRFI, TRF2, TIN2, Rap I, TPPI and POTl (Zhong e/ a/., 1992; Broccoli 

et aL, 1997; Kim et aL, 1999; Bauman et aL, 2001 ).

TIN2 TPP1

POTl

f^RQQfifTTAGQQ
JAATCéCAATC5’

G<iTTAGiGG-3
AAT CCBA

6 ’ TTAGGGTl 
3 ’-AATCCCA. ^

TRFI TRF2map1

F igure 1.6. Schematic representation o f  the shelterin complex (picture taken from de l.ange, 2005).

FRF I, TRF2 and POTl directly bind to the telomeric DNA, with TRFI and 2 having a 

binding site which recognises duplex DNA (Court et aL, 2005), while POTl specifically 

binds to single stranded DNA (Lei et aL, 2004). TIN2 is the linchpin o f the complex, binding 

to TRFI, TRF2 and TPPI-POT I, while TPPI connects TIN2 with PO Tl, and Rap I only 

binds to TRF2. The shelterin complex is involved in telomere maintenance by protecting the 

3' overhang and 5' end and regulating the DNA damage response effect (de Lange, 2005). 

For example, the TRF2 component was found to have a crucial function in the formation and 

stabilisation o f the t-loop (Stansel et aL, 2001). Furthermore, TRF2-depleted telomeres are 

the target for the DNA damage response machinery (de Lange, 2002), while deactivation o f 

POTl determines a diminution o f the G-rich overhang by 30-50%, resulting in a DNA 

damage response (Hockermeyer et a l ,  2005).

Telomeres are a biological answer to the end replication problem o f linear DNAs 

(Olovnikov, 1973), which depends on the inability o f  DNA polymerase to fully replicate the 

lagging strand (Figure 1.7). This results in the loss o f a number o f bases every time that DNA 

replication occurs. However, the presence o f a non-coding single stranded overhang at the
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chromosomes end guarantees the protection o f genetic information. Telomeres lose a number 

o f telomeric repeats until they reach a critical length (the Hayflick limit, Hayflick, 1965), 

when cell growth stops and the cell enters into a replicative senescence phase (Shay et aL, 

2005). Therefore, telomeres are the ‘biological clock’ responsible for the aging o f normal 

cells. This is possible since telomeres are dynamic structures: the DNA single strand can be 

either fully protected (‘capped’), or available for the DNA replicating machinery, (‘open’), or 

fully deprotected ( ‘uncapped’), when it is too short; in which instance the telomere becomes 

dysfunctional (Cong et aL, 2002; de Gian et a l ,  2008).

A) 3 '

5 '

B)

C)

5 '

F igure  1.7. Representation o f  the ‘end replication problem ’. The DNA polymerase can only operate in the 5' 
to 3' direction, this causing the loss o f  part o f  the 3 ’ terminus. A) Telomeric DNA, with the 3 'single stranded 
overhang. B) When the DNA replication starts, the leading strand (S') is continuously replicated, while the 
lagging strand (3') is replicated discontinuously; the reaction starts from small RNA primers (in black), which 
are elongated forming short, discrete DNA sequences (Okazaki fragments, small red arrows). C) At the end o f  
the replication, the leading strand is fully synthesized; in the lagging strand all the small fragments are bound 
together by a DNA ligase. However, the impossibility o f  replicating the terminal part o f the 3' end causes the 
shortening o f  the lagging strand.

24



One o f the critical processes in the evolution o f malignancies is the bypassing of senescence 

(cell immortalisation), which can be achieved by maintenance o f the telomeric single 

stranded 3 ’ overhang (Shay et a i ,  2005). In about 80-85% of cancers, this is due to the up- 

regulation o f the expression o f the enzyme telomerase (Dunham et aL, 2000), while another 

possibility is a recombination mechanism between telomeres, known as Alternative 

Lengthening o f Telomere (ALT, Bryan et al., 1995).

1.2.2 TELOMERASE: FUNCTION AND ROLE IN CANCER DEVELOPMENT

The human telomerase enzyme is a reverse transcriptase, whose role is the maintenance o f 

telomere length by addition o f discrete d(TTAGGG) repeats onto the 3’ single stranded 

overhang (Bryan et a l ,  1999). The active part o f the enzyme is composed o f a catalytic 

subunit, hTERT and a ribonucleic acid subunit, hTR, containing a 11-bp sequence 

complementary to the telomeric repeat d(TTAGGG), which is the scaffold for DNA 

retrosynthesis (Figure 1.8). In the past three years the role o f a previously known component 

o f the holoenzyme, known as ‘diskerin’, has been emphasised (Cohen et aL, 2007): it seems 

that its expression is crucial for hTR functioning (Montanaro et aL, 2008; Montanaro, 2010). 

Telomerase is a processive enzyme: it adds six bases onto the 3' single stranded telomeric 

overhang, then pauses while translocating, adding subsequently an extra six base sequence 

(Shay et aL, 2005). Telomerase is expressed in ca 85% of human tumours (Dunham et aL, 

2000; Shay et a l ,  2006), but it is almost undetectable in normal somatic cells (Mergny et aL, 

2007). Telomerase activity has also been discovered in adult male germline cells and in 

general in all the proliferative cells o f renewal tissues, such as activated lymphocytes and 

stem cells (Shay et aL, 2005). However, the enzyme in the last case mainly has the role o f 

retarding senescence, rather than immortalising the cells (Shay et aL, 2005; Figure 1.9). The 

reason for telomerase inactivity in normal cells is mainly related to the suppression o f the 

gene transcribing hTERT (Cong et a l,  2002) and telomerase activity in general is also 

strongly regulated by the shelterin telomeric complex (De Lange, 2005).
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F igu re  1.8. The enzyme telomerase elongates the telomeric 3' single stranded overhang adding discrete 
repeats o f TTAGGG units. Telomerase is a processive enzyme: it locates on the telomere, adding six bases to 
the single stranded overhang. Subsequently it pauses to translocate, then adding six more bases.

In normal cells, when telomeres reach the Hayflick limit there is usually an arrest o f cell 

growth, known as senescence or mortality stage 1 (M l, Figure 1.9). Nevertheless, some cells 

can escape replicative senescence by inactivation o f p53, thus experiencing further telomere 

shortening, until they reach a mortality stage 2 (M2, Figure 1.9), where massive cell death 

occurs, due to dysfunctional telomeres. However, in the case o f telomerase activation, cells 

can escape these two checkpoints and proliferate indefinitely, which is a common feature o f 

the development o f many tumours (Cong et aL, 2002; Figure 1.9).
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Germ line cells

hTERT transduced  cells

Stem cellsCD
Co
s A brogation of p53O
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Telom erase activationM2
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Cell divisions

F igure 1.9. Scheme representing telomere length v.v the num ber o f cell division for cancer, stem and germ line 
cells. Normal cell telomeres shorten at each replication cycle, until they reach the critical length M l, when they 
undergo replicative senescence; another possibility is that cells bypass this checkpoint, with their telomeres 
shortening further, until they reach the length M2, where apoptotic crisis occurs. However, with telomerase 
activation (85%  o f cancers), the telomeres length is maintained, thus cells are immortalized. Germ cell lines 
show a stable length o f  the telomeres, while in stem cells they shorten more slowly (taken from Cong et a l,  
2002 ).

As a consequence, telomerase became an appealing target for cancer research in the past few 

years (Kelland, 2005). Telomerase targets the G-rich telomeric single stranded overhang, 

which has been found able to form G-quadruplex structures in vitro. Thus, one o f the 

possibilities for inhibiting the effect o f telomerase is the stabilisation o f G-quadruplex 

structures in the telomere.

1.2.3 TELOMERIC G-QUADRUPLEXES

The telomeric G-rich single stranded overhang can form a number o f G-quadruplex 

structures in vitro (Wang et aL, 1993; Parkinson et aL, 2002; Renciuk et aL, 2009). These all 

possess different properties, depending on the coordinating cation used and its concentration. 

The first telomeric G-quadruplex characterised was d[AG 3 (T2AG 3 )3 ], which was studied 

using NMR in Na^ solution (Wang et aL, 1993, Figure 1.10a). This structure has a 

monomeric stoichiometry, arranged in an anti-parallel topology. The loops connecting the 

strands can either be lateral or diagonal and the glycosidic bonds have mixed conformations.
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The first crystal structure o f the same sequence with ions was obtained almost ten years 

later (Parkinson et a l ,  2002) and the differences to the results with Na^ are very substantial 

(Figure 1.1 Ob). The crystal structure showed a monomeric parallel G-quadruplex, with all o f 

the glycosidic bonds in an anti conformation and propeller type loops connecting the four 

strands.

Lateral loop

A
3' G22

^  G8

txtem al TTA loopsDiagonal loop
5 A1

Figure 1.10. Schematic representation o f  the telomeric G-quadruplex structure obtained with NMR in N a'(A ) 
and with X-ray crystallography, in (B). The two results are very different, since in N a’ the conformation is 
antiparallel, with lateral and diagonal loops and the glycosidic bonds both in syn and anti conformation. In the 
case o f  crystallography, the structure is parallel, with two propeller loops and all o f  the glycosidic bonds in anti 
conformation (taken from Parkinson et at., 2002).

The propeller type loops are formed by the TTA bases, where the adenine intercalates 

between the two thymines (Figure 1.11). The loops are extended, since they are formed by 

three bases, and they confer to the grooves a characteristic v-shape form. The potassium ions 

are located between two tetrads, coordinating the carbonyl groups from both.

Since the cation o f biological relevance to telomeres is potassium, the telomeric sequence in 

dilute solution has been investigated and it has been found that it forms a number o f 

different structures at equilibrium, as observed by CD (Paramasivan et a l ,  2007) and NMR 

studies (Phan et al., 2003). However, further studies performed in molecular crowding to 

mimic the cell environment, demonstrated that in these conditions the preferred conformation 

is parallel (Paramasivan et a i ,  2007; Martino et al., 2009). For this reason, the structure o f 

biological relevance is with good probability the parallel structure obtained with 

crystallography methods (Parkinson et a l ,  2002).
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a)

F igure 1.11. a) Side view o f the telomeric quadruplex, where it is possible to see the intercalation o f the 
adenine (red) between the two thymines (light blue) in the propeller loops, b) Top view o f  the structure, with the 
potassium ion indicated by an arrow. Guanines are coloured in green (taken from Parkinson et al., 2002).

The biological function o f induced G-quadruplex structures in human telomeres is still an 

object o f studies, although its existence in vivo has been documented in ciliates (Schaffltzel 

et aL, 2001 ; Paeschke el aL, 2008; Lipps et aL, 2009). G-quadruplex specific antibodies were 

devised, then introduced in Stylonychia lemnae, where labelling was observed in the 

macronucleous, but not in the micronucleous (Schaffltzel et aL, 2001). This indicates that G- 

quadruplex structures are cleaved during replication. Further studies also demonstrated that 

these G-quadruplexes play a role in telomerase recruitment (Paeschke et aL, 2008).

1.2.4 PUTATIVE G-QUADRUPLEXES IN THE GENOME OTHER THAN TELOMERES

The formation o f G-quadruplexes in the promoter regions o f oncogenes is more difficult than 

in telomeres, since these regions are involved in duplex DNA arrangements (although some 

G-quadruplex binding ligands displayed the ability to convert G-rich sequences involved in 

duplex DNA formation, into quadruplex DNA, Rangan et aL, 2001). However, during DNA 

replication, transcription and recombination, these regions o f double-stranded DNA become 

transiently single-stranded and it is possible at this stage that G-quadruplexes could be 

formed (Lipps et aL, 2009). Although there is no direct evidence o f G-quadruplex formation 

in oncogenes, there is some indirect proof o f its existence in vivo.
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c-mvc.

C-myc proto-oncogene is a transcription factor involved in normal cell proliferation, the up- 

regulation o f which is responsible for the development o f a large number o f malignancies 

(Simonsson et a i,  1998). Furthermore, it has been demonstrated that c-myc is also involved 

in the regulation o f hTERT promoter expression (Wang ct aL, 1998). The sequence 

responsible for the 90% o f the transcription o f this gene is located -142 to - 1 15 bp upstream 

to the promoter region and it is referred to as ‘ nuclease hypersensitivity element (NHE) III,. 

This sequence presents a poly-purine tract (Pu27, Figure 1.12a), which has been found able 

to form G-quadruplex structures in vitro (Siddiqui-Jain ct aL, 2002). Hurley and co-workers 

showed by DMS footprinting experiments the coexistence o f multiple G-quadruplex 

topologies for Pu27 in potassium buffer. The same group later demonstrated that c-myc exists 

as equilibrium o f four parallel G-quadruplexes (Seenisamy ct at., 2004, Figure 1.12c), and at 

the same time a NMR structure for the sequence myc2?>A5 (Figure 1.12b) was resolved (Phan 

ct aL, 2004).

a) TGGGGAGGGTGGGGAGGGTGGGGAAGG Pu 27
1 5  10 IS 20 25

h) GAGGGTGGGGAGGGTGGGGAA m yc2345
5 1 0 16 20 25

023

18TiO Gt

A6
5

19 T1 T19 TIB TIO T19

1:2:1 1:2:2 2 :1:1 2:1:2

F igure  1.12. a) Poly-purinic promoter region o f  c-myc sequence, b) Modified c-myc sequences adopted for 
NMR structure studies, c) The four isomers formed by Pu27. They all exist in solution and they all have 
biological relevance. However, the isomer 1:2:1 is the most stable (taken from Seenisamy et al., 2004).
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All the four structures have three G-quartet stacks, with the bases in anti conformation, and 

three propeller loops; however, the length o f the loops is different for each structure 

(Seenisamy et aL, 2004, Figure 1.12c). It was also observed that the 5' 5-mer is not involved 

in the G-quadruplex formation; however, this sequence is fundamental for the stabilisation o f 

the structure, as shown by the decrease in the melting temperature observed when these bases 

were depleted (Hatazakis et aL, 2010). The reason for the polymorphism resides in the 

presence o f two G-repeats o f four bases in Pu27 (Gh-Gm and G 2 0 - G 2 3 ,  Figure 1.12a). Usually 

only three bases per G-repeat are involved in the G-tetrad formation, thus two o f the extra

guanines in Pu27 (Gii, G h, G 2 0  and G 2 3 )  are included in the central core o f the quadruplex, 

while the remaining pair participates in the formation o f the loops. This determines the 

existence o f four G-quadruplex structures, with the most stable being the 1:2:1 isomer 

(Figure 1.12c). The NMR results produced by Patel and co-workers supported this 

observation, since the structure described had the characteristics o f the 1 :2 : 1  isomer, and 

further NMR studies came to a similar conclusion (Ambrus et aL, 2005).

There have been to date many insights o f an active role o f G-quadruplex in c-myc 

transcription (Siddiqui-Jain et aL, 2002; Leonetti et aL, 2004; Gonzales et aL, 2009). Ramos 

lymphoma cell line expressing c-myc showed a decrease o f gene expression in the presence 

o f the G-quadruplex binding ligand TMPyP4 (Siddiqui-Jain et aL, 2002), and c-myc down- 

regulation was also observed in melanoma cell lines in the presence o f the G-quadruplex 

ligand RHPS4 (Leonetti et aL, 2004). Furthermore, it was recently found that the nucleolar 

phosphoprotein nucleolin is a c-myc G-quadruplex binding protein (Gonzales et aL, 2009). 

This protein was already known for regulating c-myc expression and one o f the possible 

mechanisms could involve G-quadruplex formation. In fact, nucleolin showed the ability to 

stabilise and induce G-quadruplex formation on Pu27 in vitro', furthermore, it caused down- 

regulation o f c-myc in HeLa cells in a dose-dependent manner. This finding supports the 

thesis that G-quadruplexes could play a regulative role in the cell, since many nuclease are 

known to bind putative G-quadruplexes in vivo (Huppert et aL, 2007).
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C-kit.

The human proto-oncogene c-kit encodes for a family o f growth factor receptors with 

tyrosine-kinase activity. This gene is responsible for cellular proliferation, differentiation and 

survival (Shaw et aL, 2002). A major consequence o f its mutation is indiscriminate cell 

proliferation in a small number o f tumours, e.g. prostrate, gastrointestinal and 

adenocarcinoma lung cancers (Rankin et aL, 2005). Although the majority of cancers do not 

involve c-kit over-expression, this makes c-kit an appealing target in order to develop specific 

treatments for these types o f malignancies. Two G-rich sequences have been found in c-kit 

promoter region (ckit87up, from now on referred to as Ckit-1, at -87 to -109 bp, and Ckit-2 at 

-140 to -160 bp) and it has been demonstrated that they can form G-quaduplex structures in 

vitro (Rankin et aL, 2005; Fernando et aL, 2006).

The G-quadruplex structure o f Ckit-1 (5 -AGGGAGGGCGCTGGGAGGAGGG-3 ') has been 

fully characterised by NMR in solution (Phan et a l ,  2007), with the results showing an 

unusual topology (Figure 1.13). The structure is an intramolecular parallel G-quadruplex, 

formed by three G-tetrads, and with the glycosidic bonds all in anti conformation. However, 

a guanine not belonging to a G-tract (Gio, Figure 1.13) is involved in the G-quartet formation 

(Figure 1.13), and therefore there are four loops in the structure. Two o f them are constituted 

by only one base (A 5 and C9) and present a double-chain reversal conformation; furthermore, 

there is a two base loop (C 11T 12), which connects two adjacent guanines, and a five base loop 

(Ai6 to C2 0 ), connecting two comers o f two different G-quartets. In addition, a Watson-Crick 

base pairing between Ai and T 12 has been observed, which is very important for the stability 

o f the stmcture. The unique topology o f Ckit-1 G-quadruplex is an appealing target for small 

organic molecule, since a focused design may lead to the synthesis o f a drug specific for its 

conformation.
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G13

G15

...F ig u re  1.13. Schematic representation o f  Ckit-1 structure. GIO does not belong to a G-tract. However, it is 
involved in the G-tetrad formation (taken from Phan el a i,  2007).

The study o f Ckit-2 G-quadruplex was very challenging, and preliminary attempts by the 

Neidle and Balasubramanian groups to obtain an NMR structure in potassium were not 

successful (Fernando et al., 2006). The imino protons were not resolved and showed the 

presence o f more than one structure and CD studies suggested an average parallel 

conformation. In analogy to c-myc, the reason for this polymorphism is the presence o f one 

G-tract having four guanines (Ckit-2 sequence 5 -CGGGCGGGCGCGAGGGAGGGG-3 ). 

Similarly to the study o f c-myc structures, more information was obtained using the sequence 

c k i t lM  (analogue to Ckit-2, but having T instead of G in position 21), resolving the 

ambiguity related to the four-G tract. The study o f this sequence led to the partial solution o f 

Ckit-2 structure by the same groups in 2009 (Danny Hsu et at., 2009). The final conclusion 

o f the authors was that Ckit-2 presents at least two different topologies in equilibrium, as 

demonstrated by an excess o f imino protons with respect to the 1 2  peaks expected for a 

structure based on three G-quartet. However, after long exposure (weeks) o f the sample and 

at higher temperatures (from 25 °C to 28 °C) one conformation was predominant and it is 

reported in Figure 1.14a. This structure represents a parallel arrangement, with anti 

glycosidic bonds and three propeller loops L,, L] and L3 , o f  one, five and one bases 

respectively. This structure presents some source o f dynamicity, since the two guanines at the 

bottom, G2 0  and G2 1 , could alternatively be involved in the G-quartet formation and L3 could 

also be formed by two bases rather than one. Furthermore, the imino NMR showed a series 

o f satellite peaks, which still indicate the co- presence o f other structures.
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A few months later Patel and co-workers also proposed the NMR structure o f Ckit-2 (using 

as model sequence ck it2 \J , Kuryavyi et a i ,  2010). They proposed the existence o f two forms 

in equilibrium, a monomeric parallel G-quadruplex, analogus to the one just discussed, and 

an unprecedented dimeric parallel topology (Figure 1.14b). The monomeric structure was 

obtained at 20 mM KCI concentration, while the dimeric one at 100 mM KCI concentration. 

Patel and co-workers proposed that the thermodynamically stable conformation is the 

dimeric, since the monomeric form started assuming a dimeric topology after a few months. 

This novel structure is formed by the interaction o f six G-tetrads, which form a 5' monomer 

and a 3 ' monomer, with all the strands running parallel, and the glycosidic bonds in anti 

conformation (Figure 1.14b). An unusual A i7-A*i7 base pairing is observed between the two 

monomers and their grooves are aligned to form one continuous groove (Kuryavyi et a i,  

2010 ).

a)

G8*

G14*0
A13

G15

F igure 1.14. Schematic representation o f  the two conformations obtained by Patel and co-workers, a) 
M onomeric G-quadruplex, very sim ilar to the structure obtained by Neidle and Balasubramanian groups, b) The 
new, unexpected dimeric G-quadruplex topology (taken from Kuryavyi el at., 2010).
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Hypoxia Inducible Factor la  Promoter (H IF -la).

The hypoxia inducible factor 1 (HIF-1) is composed o f a constitutive subunit (H IF-lp) and a 

hypoxia induced subunit (HIF-1 a) and is involved in carcinogenesis (Zhong et aL, 1999). 

HIF-1 is only active when the two subunits interact, i.e. when HIF-1 a  is expressed. This is 

the case in intratumoral hypoxic conditions (Zhong et aL, 1999), as well as in normoxia, 

when the VHL tumour suppressor gene is lost (in renal cancer. De Armond et a l ,  2005). For 

this reason, HIF-1 is a target for anticancer therapy. The promoter region o f the HIF-1 a  gene 

has a polypurine/polypyrimidine tract (-65 to -85) which overlaps with the binding site o f 

several transcription factors. The properties o f the polypurine strand have been investigated 

with DMS-footprinting by Hurley and co-workers (De Armond et aL, 2005), who discovered 

that it can form G-quadruplex structures. Furthermore, CD studies showed the general trend 

o f these sequences to form a parallel G-quadruplex conformation. Considering the similarity 

between HIF-1 a  and c-myc sequences, the authors proposed for HIF-1 a  an intramolecular 

propeller parallel G-quadruplex topology in the presence o f K^, by analogy with c-myc. 

Mutagenesis experiments demonstrated a diminishing o f HIF-1 a  expression when the G- 

quadruplex forming sequence was modified, showing its fundamental role in HIF-1 a  

regulation.

G-quadruplex RNA.

G-rich RNA sequences can fold into G-quadruplexes in the same conditions as DNA. An 

interesting example o f G-quadruplex RNA is the Telomeric Repeat-containing RNA 

(referred to as TERRA), an untranslated RNA comprising UUAGGG repeats o f 

heterogeneous length (Azzalin et aL, 2007). The role o f these sequences is still unclear; 

however, there is evidence o f their possible involvement in telomerase inhibition, by hTERT 

binding (Redon et aL, 2010). Furthermore, it has been demonstrated that human RNA and 

DNA sequences can form a hybrid G-quadruplex structure in solution (Xu et aL, 2008), 

and this could suggest a mechanism for telomere protection in cells. The TERRA sequence 

r(UBrAGGGUUAGGGU) has recently been crystallised by Parkinson and co-workers (Collie 

et aL, 2010a), and was found to form a parallel four-stranded bimolecular G-quadruplex in 

(Figure 1.15). The strands are connected by propeller-type loops and the glycosidic bonds 

are all in an anti conformation. Although there seems to be a striking similarity between
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telomeric RNA and DNA structures, their behaviour in solution is very different. In fact, 

although telomeric DNA usually exists as an equilibrium between different G-quadruplexes 

in solution, telomeric RNA has been shown to adopt the same conformation in solution as its 

crystal structure; furthermore, the structure maintains the same characteristics using different 

ions (Xu et aL, 2008; Martadinata et aL, 2009). The superior stability o f G-quadruplex RNA 

is partially ascribed to the presence o f 2 '-0H  groups in the ribose sugars, which can establish 

more inter- and intra-molecular hydrogen bonds than the DNA deoxyribose.

5' 5'

Strand A Strand B

Propeller loop P ropeller loop

F igure  1.15. Side view o f  the crystal structure o f  the bimolecular TERRA RNA, where the position o f  the 
cations and the two propeller loops (taken from Collie et al., 2010a).

Komiyama and co-workers recently demonstrated that TERRA sequences previously labelled 

with pyrene-based probes tend to spontaneously fold into G-quadruplex structures when 

introduced into living cells (Xu et aL, 2010). This reinforces the hypothesis that the function 

o f these RNAs is correlated with their G-quadruplex conformation.

1.3 STABILISATION OF G-QUADRUPLEX WITH SMALL ORGANIC MOLECULES

The peculiar structural features o f G-quadrupIex DNA (the presence o f a hydrophobic core 

hosting a tunnel o f  cations, and four negatively charged lateral loops) make it suitable for 

focused targeting with small organic molecules. A considerable number o f small organic 

molecules have been found to stabilise G-quadruplexes (De Cian et aL, 2008). These ligands 

mainly interact with G-quadruplex DNA through the combination o f electrostatic and
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hydrophobic forces, in addition to the formation o f hydrogen bonds. In general (but not in all 

the cases), these molecules share some common structural features: an extended aromatic 

surface, to maximise the hydrophobic interaction with the G-quartets, and positively charged 

side chains, for establishing electrostatic interactions with the negatively charged phosphate 

groups residing in the grooves (Ou et ah, 2008).

One o f the major challenges o f the G-quadruplex as a biological target is selectivity over 

duplex DNA, the targeting agents o f which have characteristics similar to the G-quadmplex 

ligands (Martinez et aL, 2005). This is due to duplex and quadruplex DNA having similar 

hydrophobic and polar regions. Although G-quadruplex DNA presents a wider aromatic 

platform and a larger number o f grooves with respect to duplex DNA, careful design o f G- 

quadmplex targeting ligands is essential if  specificity is to be achieved.

Many o f the most popular G-quadruplex binding ligands derive from the focused 

modification o f known duplex DNA targeting agents, e.g. acridine (Harrison et a l ,  1999; 

Read et a l,  2001), berberine (Naasani et a l ,  1999; Franceschin et a l ,  2006) and porphyrin 

(Wheelhouse et al., 1998) derivatives, by introducing stmctural features that made them more 

‘G-quadruplex selective’. In addition, the use o f modem combinatorial chemistry approaches 

has more recently led to the discovery o f novel interesting stmctures for G-quadruplex 

targeting (Moorhouse et aL, 2006; Bugaut et al., 2008; Waller et a l ,  2008). The last aspect 

will be further discussed in Chapter 2.

A  brief description o f the most significant G-quadmplex binding ligands synthesised to date, 

together with some o f the techniques to investigate the interaction with G-quadmplex, and 

their biological impact on cancer therapy will be presented in the following section.

1.3.1 METHODS FOR THE IDENTIFICATION OF LIGAND-G-QUADRUPLEX- 

INTERACTIONS

There are a wide number o f techniques for studying the interaction between G-quadmplex 

DNA and ligands:
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- X ray crystallography and NMR. With these techniques the details o f the complex 

formed between the G-quadruplex and ligand can be determined, with the NMR 

showing conformation in solution;

Spectroscopic methods. Techniques such as UV, fluorescence, CD, and FRET can 

be used for the investigation o f the equilibrium between the G-quadruplex and ligand;

- Calorimetry. This technique can be used to provide information about the energy 

exchanged during the complex formation;

- ElectroSpray Ionisation-Mass Spectrometry (ESI-MS). Can be used to evaluate 

the non-covalent interactions;

- Surface Plasmon Resonance (SPR). Formation o f G-quadruplex-ligand complex on 

the surface o f a sensor can be analysed by monitoring the change in refractive index, 

thus providing information about that complex.

Electrophoresis. With this technique the sample is exposed to a uniform electric field 

when trapped in a porous matrix, thus molecules can be separated depending on their 

charge, shape and mass.

O f all these techniques, only FRET, CD and ESI-MS are relevant to this work, thus they will 

now be explained in greater detail.

Fluorescence Resonance Energv Transfer (FRET).

FRET is a non-radiative energy transfer between two chromophores, a donor (D) and an 

acceptor (A) (Darby et aL, 2002). The fundamental requirement for the energy transfer to 

occur is that the emission spectrum o f D and the absorption spectrum of A overlap. The 

FRET efficiency is defined as the number o f times the energy transfer transpires, over the 

number o f  times the donor is excited, and it is expressed as follows:

E = 1/ [1+ (R/Ro)^] (1)

where R is the distance between D and A, while Ro is the Forster distance , i.e. the distance at 

which the energy transfer efficiency is 50%, and it is a parameter specific for each D/A 

system. Thus, the efficiency o f this process is very sensitive to the distance between D and A, 

with FRET only being possible when the two chromophores are in close proximity.
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The couple mostly used for G-quadruplex studies is D = 6 -carboxyfluorescein (FAM) and A 

= 6 -carboxytetramethylrhodamine (TAMRA, Mergny et aL, 2001 ; Figure 1.16).

If a D/A couple is used to label a macromolecule in opportune positions, it is possible with 

FRET to observe conformational changes, since this involves a variation in distance between 

the chromophores. For example, the observation o f energy transfer in a G-rich sequence 

labelled at the 3' and 5' ends with a D/A couple, would suggest the formation o f G- 

quadruplex structure. In other words, this conformation would result in the close proximity o f 

the two probes, hence the energy transfer, which would not happen if the structure was 

unfolded (Figure 1.16). In general, such sequences are decorated with FAM at the 5’ end and 

with TAMRA at the 3’ end, using 6  carbon linkers.

Unfolded DNA

hv

G-Quadruplex
formation

Folded structure

^  A

Donor emission Energy transfer

Donor fluorophore 

Acceptor fluorophore FAM TAMRA

F igu re  1.16. Schematic representation o f  the FRET method applied to G-quadruplex analysis. When the 
donor is excited with the right wavelength, its emission can be detected if  the acceptor in not close in space. 
This is the case o f  unfolded DNA. If the structure is forced to fold, the excitation o f  the donor will lead to 
FRET, since the acceptor is close. At the bottom, FAM and TAMRA are the two probes attached to the DNA by 
a 6 carbon linker.
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With FRET it is also possible to monitor the melting profiles o f labelled oligonucleotides. 

The sequence o f interest is annealed in the presence of a suitable concentration o f a cationic 

solution, in order to favour G-quadruplex formation. The melting o f the G-quadruplex can 

then be observed by measuring the change of energy transfer with temperature (Figure 

1.17a). This phenomenon is usually monitored either by detecting the increase in 

fluorescence o f D, or the decrease in fluorescence o f A. In general, the results are more 

reproducible when the parameter observed is the increase in fluorescence. The measurement 

o f the emission of A could lead to underestimation, since some o f the energy released from D 

could be dissipated in solution in fomis other than FRET (De Cian et al., 2007; Figure 

1.17a). The melting point of the sequence is measured as the maximum o f the first derivative 

of the melting curve obtained (Figure 1.17b). This value depends on the type o f ion present in 

solution, i.e. on the type of G-quadruplex conformation adopted, as well as on the sequence 

itself. In this work the sequences studied were:

F21T: 5'-F/4M-GGGTTAGGGTTAGGGTTAGGG-7WM/L4-3’

Ckit-1: 5 -F7jM-AGAGGGAGGGCGCTGGGAGGAGGGGCT-7WMÆ4-3'

Ckit-2: 5’-FAM-CCCGGGCGGGCGCGAGGGAGGGGAGG-TAMRA-3’ 

ds: 5 ’-/vlA/-TATAGCTATA-//£'G-TATAGCTATA-r^M /M -3’

(//E G  linker: [(-CH 2 -CH 2 -0 -)6 ])

The experiments were performed in potassium cacodylate buffer (pH = 7.4, [K^] = 60 mM); 

in these conditions, the melting points expected for each sequence are reported in Table 1.1.

Sequence A im  in K* cacodylate [°C]
F21T 58.4 ± 0.9
Ckit-1 52.5 ±1.1
Ckit-2 53.5 ± 0.5

ds 54.7 ± 0.5

T ab le  1.1. M elting temperatures o f F21T, Ckit-1, Ckit-2 and duplex DNA in potassium cacodylate buffer, pH 
= 7.4, [K"l = 60 mM.

The melting point is directly informative about the stability o f a structure. When a potent G- 

quadruplex stabilising ligand is added to quadruplex DNA, an increase in the melting
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temperature o f the sequence is observed; in terms o f FRET, this means that to increase the 

distance between D and A, i.e. to observe D emission, higher temperatures are necessary.

This technique has been adapted for use in a PCR machine for real time analysis, thus the 

experiments can be run in 96-well plates. This means that only small amounts o f material are 

required and it also reduces dramatically the time of experiments, since 96 samples can be 

processed simultaneously. FRET has been largely used to investigate the stabilisation o f G- 

quadruplex structures with small organic molecules, representing an important preliminary 

screen for new ligands (Moore et aL, 2006; Drewe et aL, 2008; Cuenca et al., 2008; 

Sparapani et al., 2010; Granzhan et aL, 2010; Hampel et aL, 2010). The large amounts o f 

data reported in the literature on this use o f FRET and the general standardisation o f the 

conditions adopted (De Cian et aL, 2007) gives the possibility to directly compare activities 

o f old and new ligands.

a) DNA melting curve of different concentrations 
of tfie ligand

b) Slope of curve

43 10020 @0 80

: 05

0 04

0 0 2

0 0 0

30 50 03
TFC] TFC]

Figure 1.17. Representation o f  the typical curves obtained by FRET assay, a) Dependence o f  the melting 
temperature over the ligand concentration; b) slope o f  graph a), where the maximum corresponds to the melting 
temperature.

Circular Dichroism (CD).

Circular dichroism is a technique based on the differential absorption o f right and left 

circularly polarised light. It is based on the observation that asymmetrical molecules absorb
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the two types o f light differently; the result is that light exits the sample possessing elliptical 

polarisation, as a consequence o f the combination o f two different absorptions o f right and

left polarized light (van Holde et aL, 1998). The UV activity o f the molecule to be analysed

is a fundamental requirement for the use o f CD and the two right- and left-hand contributions 

follow the Beer-Lambert law. Hence CD can be expressed as:

AA = Ai,-Ar = 1-c - ( £ l - 8 r )  = Ae-Lc ( 2 )

where A is the absorbance for each polarised component, 8 1 . and 8 r are the molar extinction 

coefficients for right and left handed polarised light, 1 is the path length and c is the 

concentration o f the sample . However, the parameter o f historical use for the measure o f CD 

is the molar ellipticity, which is represented by the angle in Figure 1.18 and is directly 

correlated to Ac by:

[0] = 3298.2 Ac (3)

Where [0] is the molar ellipticity.

E r- E

E r+ E |

F igure 1.18. Representation o f  the molar ellipticity (red angle). The ellipse (purple) is the result o f  the 
differential absorption o f  right and left polarised light and represents the shape described by the edge o f  the 
resulting electric field vector, oscillating in a direction 90° to the plane o f  the paper (z). Er and Ei are the 
electric field vectors o f  the right-circularly and left-circularly polarised light, respectively.

This technique is particularly useful for the study of G-quadruplexes, since the G-quadruplex 

itself is a dichroic molecule and diverse conformations show very different CD profiles. In

42



particular, parallel and antiparallel structures display characteristic behaviour (Figure 1.19), 

with the parallel showing a negative minimum at 240 nm and a positive maximum at 265, 

while the antiparallel spectrum demonstrates a shift o f these two bands to 260 nm and 295 

nm respectively (Ambrus et aL, 2006; Dai et aL, 2008). Furthermore, the effect o f a ligand on 

the G-quadruplex can be visualised as a change in the CD profile o f the oligonucleotide at 

increasing ligand concentrations and sometimes it is possible to obtain structural information 

on the type o f complex formed. For example, the telomeric G-quadruplex exists in solution 

as an equilibrium mixture o f different conformations, thus the spectrum observed is an 

average o f their single contributions (Figure 1.19). The addition o f ligands can move the 

equilibrium towards a particular structure and this can be easily observed with CD (Martino 

et aL, 2009).

j A n ti-p a ra lle l !3 0 -
P a ra lle l

h -T el

220 240 260 280 300 320 3 4 0

W a v e le n g h t  [nm ]

Figure 1.19. Exam ple o f  parallel (dashed line) and antiparallel (dashed and dotted line) telomeric G- 
quadruplexes CD spectra. The solid line (h-Tel) represents the usual mixed conformation o f  telomeric G- 
quadruplex in diluted solution (picture modified from Garner et al., 2009).

ElectroSprav Ionisation Mass Spectrometrv (ESI-MS).

The first non-covalent interaction visualised with this technique was a complex between the 

immunosuppressant rapamycin and its receptor FKBP (Gamen et al., 1991) and since then 

the use o f this technique has been extended to nucleic acids and their complexes (Gale et aL,
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1994). Now it is often used for the study o f DNA (Rosu et aL, 2002) and RNA (Collie et aL, 

2010b) G-quadruplexes.

ESI-MS permits the identification o f macromolecules and o f their complexes with organic 

molecules in the gas phase, by measuring their mass (m) to charge (z) ratio in vacuo. A 

solution o f the sample is injected as a fine aerosol in the mass spectrometer, using an 

injection capillary subjected to a voltage, which results in the formation o f charged droplets 

(Rosu et aL, 2008). For nucleic acid studies the ‘negative m ode’ is chosen, since DNA and 

RNA are normally negatively charged in solution. These fine particles reduce their sizes for 

solvent evaporation by collision, then finally fragment, generating particles containing only 

one single ion. The mass analyzer sorts the ions depending on their masses, by means o f a 

magnetic field. For the study o f nucleic acids it is usually recommended to work in 150 mM 

ammonium acetate solutions, to avoid perturbation o f  the structures (Rosu et aL, 2008). The 

ions obtained are easily visualized as m/z peaks (Figures 4.11 and 4.13); however, for a 

single ion it is common to observe a small group o f peaks, rather than a single peak, because 

o f  the formation o f some adducts with the counter-ion. The reason for using ammonium 

acetate instead o f potassium buffers is related to the high sensitivity o f the technique to single 

ions, even in small concentrations. Experiments in potassium display a too wide range o f 

adducts, which makes it impossible to quantify the complexation. With ESI-MS it is in fact 

possible to obtain two items o f information:

- The stoichiometry o f the complex formed, identified by the measured m/z values;

- The dissociation constant (.^d), which can be calculated by measuring the intensities 

o f the m/z profile obtained.

If we refer to the concentration o f the quadruplex as ‘Q ’, the ligand as ‘L ’, the complex as 

‘Q L’ (for convenience, only the case o f the formation o f a 1:1 complex is described- 

however, the calculation would be similar for complexes with different stoichiometries) and 

to the peak area for component x as ‘Ax’:

^ d = ( Q L ) / ( Q L f r e e )  ( 3)
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Where

Q -  Qtotal'AQ/(AQ +  A ql)  

Q L  =  Qtotal’AQ L/(A Q  +  A ql) 

L b o u n d  Q L  

L fr e e  “  L to ta l ~  L b o u n d

(4)

(5)

(6) 

(7)

with Lfree being the concentration o f the ligand not involved in the complex and Lbound the 

concentration o f bound ligand.

In this way it is possible to determine K^, which gives a measure o f the stability o f the 

complex formed, and thus the ability o f the ligand to stabilise the G-quadruplex. 

Furthermore, this technique requires the use of very diluted solutions, facilitating the study o f 

interactions with the minimum consumption o f material.

1.3.2 G-QUADRUPLEX-BINDING LIGANDS

First generation: anthraquinone and fluorenone based molecules.

a) b)

N
HO

OH

ANTHRAQUINONE FLUORENONES

NR,

Figure 1.20 . a) An anthraquinone derivative: the first telomerase inhibitor based on G-quadruplex 
stabilisation (Sun et a\., 1997); b) General structure o f fluorenone derivatives (Perry et al., 1999).
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The first G-quadruplex binding ligand having an effect on telomerase activity was discovered 

in 1997 as a result o f the collaboration between the Neidle and Hurley groups (Sun et aL, 

1997, Figure 1.20a). This anthraquinone derivative showed affinity for the G-quadruplex 

formed by the telomeric 7-mer d(T2AG 3T) and demonstrated some telomerase inhibitory 

ability O '̂ECso = 23 pM). Subsequently, structure activity relationship studies were 

performed by Neidle and co-workers, investigating different substitution patterns and side 

chains (Perry et al. 1998a; Perry et al. 1998b); however, these ligands showed high levels o f 

cytotoxicity, possibly due to redox cycling (Gutierrez, 2000). An attempt to improve the 

anthraquinone-based compounds was made by the rational design o f novel 2,7-disubstituted 

fluorenone derivatives, where the central six-membered ring was replaced by a five- 

membered ring with a single carbonyl substituent (Perry et al. 1999, Figure 1.20b). However, 

despite showing a decrease in cytotoxicity, these compounds also demonstrated lower 

efficacy in telomerase inhibition assays.

Acridine derivatives.

The first series o f acridine based ligands was the result o f focused structural design. The 

acridine core was chosen for its similarity with anthraquinones in terms o f interaction with 

G-quadruplex DNA. Furthermore, the presence o f a single nitrogen in the core, which is 

protonated at physiological pH, represented an extra source o f compatibility with the G- 

quadruplex core, since it was hypothesised that the positive charge could be aligned with the 

cationic tunnel in the centre o f the structure. Based on these preliminary studies, a small 

library o f 3,6-disubstituted acridines was synthesised (Figure 1.21a, Harrison et a l ,  1999), 

which showed a substantial improvement with respect to the previous series o f ligands, i.e. 

micromolar telomerase inhibition and lower cytotoxicity.
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b)

3,6-DISUBSTITUTE ACRIDINES BRACO-19

RHPS4

F igure  1.21. a) Generic structure o f the family o f  3,6-disubstituted acridines; b) Structure o f the pentacyclic 
acridine RHPS4; c) structure o f the 3, 6, 9-tri substituted acridine BRACO-19.

This work encouraged the development o f subsequent classes o f acridine based compounds, 

leading to the discovery o f two important G-quadruplex binding ligands with anti tumour 

activity.

Stevens and co-workers based their design on the extension o f the acridine aromatic core, 

developing the pentacyclic acridine RHPS4 (Figure 1.21b, Gowan et aL, 2001), which 

displayed a ‘̂ 'ECso = 0.33 pM and the ability o f forming 2:1 complexes with the telomeric 

sequence d(TTAGGGT ) 4  (Gavathiotis et a l ,  2003). The target o f this ligand in vitro and in 

vivo is the telomere; furthermore, telomerase inhibitory efficacy in vitro was also observed 

(Leonetti et aL, 2004; Biroccio et aL, 2006; Salvati et aL 2007). RHPS4 inhibits melanoma 

cell growth in a dose dependent manner, generating cell cycle alteration and apoptotic 

response (Leonetti et al., 2004). The drug acts through a telomere damage mechanism, 

resulting in the uncapping o f the telomeres (Leonetti et aL, 2004), which is related to the 

immediate loss o f POTl (Salvati et aL, 2007), while TRF’2 remains localised at the 

telomeres. The telomeres undergo end-to-end fusion in vitro, and in M l4 melanoma 

xenografts anaphase/telophase bridges were also observed after treatment with RHPS4 

(Salvati et a l ,  2007). The ligand also causes the formation o f Telomere dysfunction-induced 

Focus (TIF), where phosphorylated y-H2AX and other damage response factors are recruited 

to the telomeres, along with the immediate loss o f POTl (Salvati et aL, 2007). There is no 

evidence o f telomerase inactivation; however, a decrease o f telomerase expression is
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observed, probably as a consequence o f c-myc down-regulation (Leonetti et aL, 2004). In 

combination with taxol, RHPS4 caused tumour regression in uterine carcinoma UXF1138L 

xenograft (Phatak et aL, 2007).

Neidle and co-workers instead increased the number o f side chains on the acridine core, 

s>nthesising a library o f 3, 6 , 9-trisubstituted acridines (Read et aL, 2001). The lead 

compound, BRACO-19 (Figure 1,21c) is one o f the most studied G-quadruplex binding 

ligands to date, showing significant telomerase inhibitory activity O '̂ECso = 6.3 pM, Reed et 

aL, 2007). In vitro, BRACO-19 has been found to inhibit cell growth at sub-cytotoxic 

concentrations for a number o f  cancer cells, to induce senescence (Gowan et aL, 2002), 

telomere shortening (Burger et aL, 2005), telomere end-to-end fusion (Incles et aL, 2004) and 

displacement o f the protein POTl (Gunaratnam et aL, 2007) from telomeres o f treated cells. 

In vivo, it has been studied in xenograft models o f the vulval carcinoma cell line A431 in 

combination with paclitaxel, (Gowan et aL, 2002), showing a larger antitumor effect than 

that observed with paclitaxel alone. Furthermore, it was tested as a single agent with the 

uterine carcinoma xenograft U XFl 138L (Burger et aL, 2005). The compound was found to 

enter the nuclei, and cancer cells exposed to the ligand in vitro and in vivo showed complete 

loss of hTERT expression and very rapid telomere shortening. The rapid loss o f telomeric 

sequences and the time o f  response (few days) observed suggested that BRACO-19 does not 

act as a simple telomerase inhibitor, and instead it activates a more rapid damage response, 

which might be ascribed to G-quadruplex formation at telomere ends.

A BRACO-19 complex with the bimolecular telomeric quadruplex d(TAGGGTTAGGGT) 

has been crystallised (Campbell et aL, 2008, Figure 4.16): the core o f the molecule is packed 

in a sandwich-type manner between the two monomers; the positively charged side chains in 

position 3 and 6  each extend into a wide groove, while the side chain in position 9 inserts 

into a narrow hydrophobic pocket.
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Natural compound derivatives: telomestatin, porphyrins and berberine.

a) b) c)

TELOMESTATIN

© MeMe,

© MeMê  ®

MeO

OMe

BERBERINE

TMPyP4

F igure 1.22. a) structure o f  telomestatin; b) PMPyP4, the m ost investigated porphyrin; c) berberine

Telomestatin (Figure 1.22a) is a natural compound produced by Streptomyces anulatus and is 

the most potent telomerase inhibitor known to date (‘̂ 'ECso = 5.0 nM, Shin-ya et aL, 2001), 

which showed the ability to induce the formation o f intramolecular G-quadruplexes with 

telomeric sequences in vitro (Kim et aL, 2002). It is also one o f the few non-aromatic G- 

quadruplex binding ligands. This compound caused growth inhibition in a wide range o f 

cancer cells, with the development o f senescence, as well as POTl displacement from 

telomeres (Gomez et aL, 2003, 2004, 2006). Telomestatin caused telomere end-to-end fusion 

in a series o f leukemic cancer cells, which led to apoptosis, which was found to be correlated 

to the activation o f the ATM pathway (Tauchi et aL, 2003). An analogue effect was observed 

after U937 xenograft treatment with increasing doses o f telomestatin (Tauchi et aL, 2006), 

where histological examination o f treated tumour showed a large number o f apoptotic cells. 

The main problem with this ligand is that its synthesis is very challenging (Doi et a l ,  2007) 

and the analogues designed to date do not reproduce the same efficacy (Tera et a l,  2006).

In the porphyrin family, the compound studied most extensively is TMPyP4 (Figure 1.22b, 

Wheelhouse et aL, 1998), despite it also showing interactions with duplex DNA (Ren et aL, 

1999). Its poor selectivity is probably due to its particular mode o f binding the G-quadruplex: 

instead o f establishing n-n  stacking interactions with the G-quartet surface, the ligand also 

binds to the G-quadruplex in the grooves (Parkinson et aL, 2007). This compound caused a
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large down-regulation o f telomerase expression, with chromosomal destabilisation in in vivo 

models (Izbicka et aL, 1999). Telomerase down-regulation was demonstrated to be related to 

the suppression o f c-myc, the gene expressing hTERT (page 30), rather than to a direct 

interaction with the enzyme itself (Grand et aL, 2002). TMPyT4 showed antitumour activity 

in xenograft o f human breast cancer MX-1 and prostate cancer PC-3 (Grand et al., 2002).

Berberine is an alkaloid antibiotic (Gosh et al., 1985), which also displayed antitumor 

properties, due to telomerase inhibition (Wu et aL, 1999). Berberine analogues have been 

successfully synthesised and their G-quadruplex binding properties were investigated with 

gel electrophoresis, demonstrating that its strongest interactions were with parallel structures 

compared to anti-parallel ones (Franceschin et aL, 2006).

Pervlene derivatives.

The first perylene derivative synthesised as a quadruplex ligand, PIPER (Figure 1.23a) was 

the result o f a design strategy specifically focused on targeting G-quadruplex DNA (Fedoroff 

et aL, 1998). The compound displayed G-quadruplex stabilisation and telomerase inhibition 

in the micromolar range. Furthermore, PIPER showed an ability to form G-quadruplex 

structures in the c-myc promoter sequence when in duplex conformation, and it displayed the 

same property towards ciliate telomeric sequence, but not for the human one (Rangan et aL,

2001). Based on this scaffold, a series o f derivatives have been developed. The modifications 

to the original structure were focused mainly on the type o f terminal amine (Rossetti et aL,

2002), the nature o f the side chain (Franceschin et aL, 2008), the number o f side chains 

(Franceschin et aL, 2007), and the extension o f the aromatic core (Franceschin et aL, 2004). 

In particular, the disubstituted perylene derivatives with polyamine side chains demonstrated 

good G-quadruplex binding efficacy with FRET, showing particular affinity for the parallel 

G-quadruplex conformation in gel electrophoresis and CD experiments (Micheli et aL, 2009). 

Furthermore, compounds POL-3 and POL - 8  (Figure 1.23b and c) showed improved 

telomerase inhibitory activity with respect to PIPER.
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F igure 1.23. Structures o f a) PIPER and o f its analogues with polyamine side chains b) POL-8 and c) POL-3

1.3.3 G-QUADRUPLEX-BINDING LIGANDS: BIOLOGICAL ASPECTS

The behaviour o f G-quadrupex binding ligands is quite complex and cannot be ascribed 

solely to telomerase inhibition, although a decrease o f telomerase activity is one o f the 

consequences o f this treatment (Grand et aL, 2002; Tauchi et aL, 2006).

The sole inhibition o f the enzyme would not explain the fast response to the treatment 

observed in some cases (Tauchi et aL, 2003; Burger et aL, 2005; Salvati et aL, 2007). In fact, 

when telomerase only is inhibited, there is a lag time before the effect is visible, due to the 

cycles o f telomere shortening, which depends on telomeric length (Kelland, 2007). Specific 

telomerase inhibitors can only have a therapeutic impact on cancer cells with short telomeres. 

Furthermore many G-quadruplex ligands showed an effect also in cells which do not follow a 

telomerase-related carcinogenic pathway (ALT cells; Kim et aL, 2003; Incles et aL, 2004; 

Temime-Smaali et aL, 2009).

The G-quadruplex ligand effect in cancer cells is mainly related to telomere destabilisation,

i.e. telomere end-to-end fusion (Leonetti et aL, 2004; Incles et aL, 2004), or telomere 

shortening (Burger et aL, 2005; De Cian et aL, 2008). These events cause a DNA damage 

response which has a more rapid effect than telomerase inhibition: this is the case o f RPHS4, 

which during the treatment of M l4 resulted in the immediate formation o f TFI at telomeres.
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with phosphorylation o f y-H2AX; an analogous effect shown by telomestatin (Salvati et aL, 

2007), which caused an apoptotic response driven by ATM phosphorylation in the treatment 

of leukemic cancer (Tauchi et aL, 2003).

Furthermore, G-quadruplex binding ligands often cause telomere uncapping, displacing the 

shelterin proteins, e.g. POTl (Gomez et aL, 2006; Gunaratnam et aL, 2007; Salvati et aL, 

2007), which often causes the formation o f TIP and the recruitment o f DNA damaging 

response factors at the telomeres. In some cases, these molecules interfere indirectly with 

telomerase, by down-regulating its transcription via c-myc inhibition (Grand et aL, 2002; 

Leonetti et aL, 2004).

In conclusion, G-quadruplex ligands are good candidates as therapeutic agents. They display 

a multi-target effect, inhibiting telomerase, which is active in 80-85% of cancers, by 

destabilising telomeres and by generating a DNA damage response. This combination of 

effects usually results in rapid apoptosis or senescence development, in a time scale much 

smaller than caused by telomerase inhibitors.
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2. A ‘CLICK APPROACH’ TO DRUG DISCOVERY: CU(I) CATALYSED HUISGEN 1,3- 

CYCLOADDITION

2.1 THE TRIAZOLE RING: MORPHOLOGY, STRUCTURE AND IMPORTANCE IN 

DRUG DEVELOPMENT

The term ‘triazole ring’ can refer to two different regioisomers, both constituting a five 

membered aromatic heterocycle, containing three nitrogens, either contiguous (1,2,3-triazole, 

also known as v-triazole) or separated by one carbon (1,2,4-triazole, also known as s- 

triazole).

Both the isomers can show tautomerism (Figure 2.1).

1,2,3-
triazole

1,2,4-
triazole 2 Nc=:y' HN^' 

2 3

NH

F igure 2.1. Tautomeric forms o f  the the 1,2,3 and 1,2,4-triazoles

In the case o f 1,2,3-triazole structures, 1 and 3 are identical. The most common form in 

solution was found to be the structure 2. It has been speculated that structure 1(3) could be 

destabilised by the proximity o f the two lone pairs, which are more distant in structure 2  

(Eicher et a l ,  2003). In the case o f the 1,2,4-isomer, structures I and 2 are identical, being 

also the most stable in solution, as shown by NMR studies (Eicher et a l ,  2003).

Both the isomers are weak bases (Mriazole pKa = 2.19 and v-triazole pKa = 1.17) and show 

some acidic properties (^-triazole pKa = 10.26 and v-triazole pKa = 9.30), having very similar 

behaviour in solution (Clayden et a l ,  2004; Eicher et a l ,  2003).
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The 1,2,4-triazole structure was first discovered by Bladin in 1885, but the interest towards 

its chemistry was not an object of detailed investigation, until the herbicidal properties o f 

some of its derivatives became o f industrial interest (Potts, 1961).

The first synthetic attempts were all characterised by poor yields and drastic conditions. One 

o f those was developed by Guido Pellizzari in early 1894, and employs the distillation o f 

mono formyl hydrazide and formamide (Pellizzari, 1894):

o

This method was then extended to the synthesis o f substituted triazoles, using appropriate 

starting materials (Pellizzari, 1911). However, 5 -triazole derivatives were generally 

synthesised using reagents already containing a triazole ring. The 1,2,4-triazole has been the 

first isomer o f interest, due to its antifungal and herbicidal properties. An example o f 

triazole-based herbicide is Tebuconazole (Figure 2.2, de Freine et a l ,  1991). Fluconazole is a 

popular triazole-based antifungal drug (Figure 2.2) used in the treatment and prevention o f 

superficial and systemic fungal infections and produced by Pfizer (Richardson, 1983).

OH

F

Tebuconazole Fluconazole

F ugure  2.2. The structures o f  the 1,2,4-triazole-based herbicidal Tebuconazole (left) and antifungal drug 
Fluconazole (right)

The discovery o f the 1,2,3-triazole derivatives dates back to the same period as the 1,2,4- 

triazoles. They were first discovered in 1860, but the majority o f the work on this core started 

in 1888 (Benson et aL, 1950). The first and easiest synthesis o f the 1,2,3-triazole core was 

developed in 1910, combining acetylene and hydrogen azide.
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In this reaction acetylene was dissolved in acetone and the azide in absolute alcohol; the 

reactants were then heated in a sealed tube at 100°C for 70 hours.

-  :  +  HN3  ►  [1^

The obvious inconvenience o f this type o f reaction is the high risk o f explosions associated 

with the azido-substrate. Different popular approaches used reagents already containing the 

triazole ring, e.g., by decarboxylation o f l,2,3-triazole-4,5-dicarboxylic acid (Wiley et a l,  

1954), or by di-decarboxylation and débenzylation o f l-benzyl-l,2,3-triazole-4,5-dicar- 

boxylic acid (Figure 2.3, Wiley et a l ,  1955).

[T  y I— D [T  y [ = ! >  HO2C —  C02H +

71%

F igu re  2.3 Retrosynthetic scheme for the synthesis o f 1,2,3-triazole proposed by W iley and co-workers 
(W iley e/ a l,  1954).

These methods were usually preferred because the synthesis o f the substituted triazole 

intermediate involved azides which are more stable than hydrogen azide. For this reason, the 

formation o f substituted 1,2,3-triazoles is in general less hazardous.

The most famous synthesis o f di-substituted 1,2,3-triazoles is ascribed to Huisgen, who 

introduced the concept of 1,3-dipolar cycloaddition (Huisgen, 1963; Huisgen, 1984; Huisgen, 

1989). The Huisgen cycloaddition is the reaction o f a dipolarophile with a 1,3-dipolar 

derivative, that leads to 5-membered cycles. An example o f a 1,3-dipolar class o f compounds 

is the azides, with their mesomeric structures representing a charged dipole (Figure 2.4), 

while an example o f dipolarophiles are alkynes.

56



© © 
N = N = N —R'

© 0  

N E N - N - R ' N - R ’

1 ,4-disubstituted 1,5-disubstituted

F igure 2.4. The 1,3-dipolar cycloaddition proposed by Huisgen. The products are the two regioisomers (1,4 
and 1,5-disubstituted). The arrows show the movement o f  the electrons to obtain the 1,4-disubstituted isomer.

The process is strongly thermodynamically favored (AHo = -45 to -55 kcal/mol) because o f 

the high-energy nature o f the two reaction components, but it has a relatively high kinetic 

barrier (-26 kcal/mol for methyl azide and propyne, Himo et a i ,  2005).

The popularity o f 1,2,3-triazoles is due to Sharpless, who combined Cu(I) catalysis with 

Huisgen 1,3-dipolar cycloaddition, making this process regioselective for the 1,4- 

disubstitution and 10  ̂ times faster than the non-catalysed reaction (Himo et a i,  2005). The 

Cu(I) catalysed Huisgen 1,3-cycloaddition (Kolb et a i ,  2001) is the main representative o f 

the more general synthetic philosophy called ‘click chemistry’, the high synthetic potential 

and wide impact on drug discovery of which will be fully explained in the next paragraphs.

2.2. CLICK CHEMISTRY

The concept o f ‘click chemistry’ was introduced for the first time less than 10 years ago by 

Sharpless and co-workers (Kolb et a l ,  2001). Click chemistry is a modular approach that 

employs a set o f highly reliable reactions to assemble fragments and facilitate the discovery 

and optimisation o f new lead structures. It focuses exclusively on highly energetic, ‘spring- 

loaded’ reactants and a pure, kinetically controlled outcome. A click reaction must be o f wide 

scope, giving consistently high yields with a variety o f starting materials. It must be easy to 

perform in ‘environmentally-friendly’ conditions (e.g. water as the solvent or solvent-free 

conditions), be insensitive to oxygen, and use only readily available reagents. Reaction work

up and product isolation must be simple, without requiring chromatographic purification.
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A look at nature’s favourite molecules reveals a preference for making carbon-heteroatom 

bonds over carbon-carbon bonds. Nucleic acids, proteins and polysaccharides, for example, 

are condensation polymers o f simple subunits stitched together by carbon-heteroatom bonds. 

Following nature’s lead, Sharpless et al. defined click chemistry by suggesting the limitation 

o f targets to those which can be generated easily and efficiently by joining small building 

blocks through heteroatom links for a rapid synthesis o f useful new compounds and 

combinatorial libraries.

A few reactions satisfy these requirements, for example additions to carbon-carbon multiple 

bonds (oxidative addition, and Michael additions o f N u-H  reactants), as well as nucleophilic 

ring opening reactions (epoxides, aziridines, etc.) and cycloaddition reactions. In particular, 

the main representative o f  the category is the synthesis o f 1,4-disubstituted triazoles with the 

Cu(I) catalysed Huisgen 1,3-cycloaddition (Figure 2.5). This reaction involves an azide and a 

terminal alkyne in the formation o f disubstituted triazoles, which at the time o f the 

modification was already a well known methodology (Huisgen, 1984).

1,4-
regioisom er p.

1.5-
regioisom er

N - R

N - R

R’— =

Cu(l)

©

N - R

E xclusive  
1 ,4-disubstitution

F igure 2.5. The Hiusgen 1,3-dipolar cycloaddition and the click chemistry.

The regioselectivity was introduced by Cu(I) catalysis, which speeds up the reaction via 

acetylide formation. This innovation was previously investigated in solid phase synthesis by 

Meldal and co-workers (Tomoe et al., 2002), then its use was extended to the solution phase 

by the Sharpless group (Rostovtsev et al., 2003). The mechanism involved is still an object of 

study (Himo et a l ,  2005; for a small review Bock et a l ,  2006, Spiteri et a l,  2010), and one 

o f the possibilities is reported on Figure 3.26.
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This reaction has been investigated and applied so extensively, that nowadays it is common 

to refer to it as ‘The click reaction’ (Moses et al., 2007).

In the research database PubMed, the entry ‘Click chemistry’ gives 1146 results. Considering 

that all the research related to this field started in 2001, this gives an average o f more than 

127 publications per year, including 53 reviews on the uses explored in nine years.

The click reaction has found extensive applications in many diverse subjects, such as 

supramolecular chemistry (Hua et a l ,  2010), electrochemistry (Decréau et al., 2010), 

material sciences (Lee et a l,  2007; Golas et a l ,  2010), and in particular medicinal chemistry. 

The specific reactivity o f azide and alkyne building blocks in the reaction conditions makes 

them ideal candidates for combinatorial synthesis and structure activity relationship (SAR) 

investigations.

Furthermore, the azide is a bioorthogonal functionality, i.e. it is absent from all known 

natural compounds and is thus invisible to the metabolic machinery; it can therefore be 

inserted into biomolecules o f interest using the cell biochemical pathway, without being 

cleaved. In a second step, the azide can be specifically targeted via the click reaction using 

alkynes flmctionalised with an appropriate small molecule, such as fluororescent dyes, 

ligands, chelates, radioisotopes, affinity tags and antibodies. This process is called 

bioconjugation and is a very powerful tool for extending the labelling o f biomolecules in 

vivo.

In the next paragraphs will be reported a few examples o f how the click reaction has 

revolutionised research in medicinal chemistry, which will demonstrate the high potential o f 

this novel approach.

2.3. CLICK CHEMISTRY IN DRUG DISCOVERY 

The development o f antibacterial dendrimers.

A wide number o f antibacterial agents target carbohydrates on the host cell surface at the 

beginning o f  an infection. Therefore, research into new inhibitors is focusing on the design o f 

antiadhesins as multivalent, structurally defined glycoconjugates. A particularly interesting
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strategy is the synthesis of multi-branched carboydrate derivatives, such as glycodendrimers. 

Roy and co-workers (Touaibia et a l ,  2007) used click chemistry to combine the flexibility of 

dendrimers with the preference o f E. coli for mannopyranosides aglycones by synthesising a 

series o f different mannosylated G(0) dendrimers with polyazide/polyalkyne cores and 

alkynyl/azido mannopyranoside branches. Huisgen 1,3-dipolar cycloaddition has already 

been widely applied to dendrimer chemistry because o f its stereospecificity and its tolerance 

to many functional groups (Wu et a l ,  2004; Wu et a l,  2005; Femandez-Megia et a l ,  2006; 

Gil et a l ,  2007). With only small modifications to commercially available substrates, a 

straightforward synthesis produced three different glycodendrimers (two tetramers and one 

hexamer. Figure 2.6), whose activity was extensively studied. In particular, SPR experiments 

were carried out with both the new clusters and synthetic monomeric mannosides in order to 

study the relative affinity o f these derivatives for the lectin domain o f  the E. Coli surface 

membrane. Surprisingly, the hexamer displayed a K^ct 3 nM, while the best synthetic 

mannoside monomer a Â'eq= 5 nM and mannose itself only a 2300 nM, suggesting that 

the multivalent interactions are important for relevant biological associations. These results 

encouraged the investigation o f these clusters more extensively as promising potential 

antiadhesin antibiotics.

AcO
AcO -'^O  AcO.V̂

CUSO4 , Na ascorbate  
THF/H?0_____________

then MeONa, MeOH

HO, OH 01 OHHO'
HO. OH

OH
HO .HO(-0 'OH

OH

n -n

M.
N'N
V n

OH

' 1
OH

'OH
OH

F igu re  2.6. First class o f antibiotics based on a hexameric mannosylated dendrimer assembled using click 
chemistry (figure based on Touaibia et a l ,  2007).
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In situ click chemistry.

The almost total chemoselectivity of this reaction, along with the ‘biologically-friendly’ 

conditions required (i.e. the use o f water as solvent and ambient temperatures) gave in many 

cases the possibility of compound screening directly from the reaction mixture. One o f the 

first uses o f ''in situ' click chemistry has been published by the Sharpless group (Lee et al,

2003) and describes the development o f novel a -1,3-Fucosyltransferase (Fuc-T) inhibitors. 

This enzyme catalyses the final glycosylation step in the biosynthesis and expression of 

many important saccharides, and is involved in cancer metastasis. The transition state o f the 

enzymatic reaction is complex, thus only inhibitors in the micromolar range were developed 

at the time. Fuc-T binding energy for its substrate is mainly based on a guanosine 

diphosphate P-L-fucose (GDP-fucose) moiety. Furthermore, a hydrophobic pocket adjacent to 

the binding site o f the acceptor molecule increases acceptor molecule affinity by 70-fold. 

Therefore, Sharpless and co-workers designed a library o f compounds retaining the GDP 

moiety, but varying the linker length and hydrophobic group (Figure 2.7).

\\ IIO—P—O—P—o
i- i

OH OH

Cu(l)

GDP

VGDP
R—

85 azid es

Screen ing  
in s itu

HIT IDENTIFICATION

o —p— o —P—o

i- i
OH OH

Kj 6 2nM (a-1 ,3 -Fuc-T V I)
IC5 0  = 0 .15  mM (a-1,3-Fuc-T VI)

F igure 2.7. Schematic representation o f  the in situ development o f Fuc-T inhibitors via click chemistry. The 
GDP-alkyne was reacted with 85 different azides in a 96 well microplate and the potential inhibitors were 
screened as such (figure based on Lee et al, 2003).
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A range o f 85 azide fragments containing diverse hydrophobic groups and alkyl chain linkers 

were prepared, while the GDP moiety was decorated with an alkyne. The 85 click reactions 

were performed in a 96-well microplate and the crude products subsequently screened in situ 

against human Fuc-T VI. Three hits emerged from this process, including the first reported 

nanomolar inhibitor o f Fuc-T {K\ o f 62 nM).

A similar approach was adopted by Garbay and co-workers (Duval et a l ,  2009) in the 

development o f novel CDC25 phosphatase inhibitors. This class o f enzymes controls the cell 

cycle, and is strongly correlated to cancer development. A series o f benzyldiene- 

thiazolopyrimidines (BTP) inhibitors were previously synthesised by the same group (Figure 

2 .8).

FIRST GENERATION OF CDC25 PHOSPHATASE INHIBITORS

■COOEt

Interaction with the side pocket;
HO

Interaction with the catalytic site

NOVEL CLICK CDC25 PHOSPHATASE INHIBITORS

COOEt Cu(l) .COOEt Screening 
in situ

87 products29 terminal alkynes

Lead compound

F igure  2.8. Schematic representation o f the in situ discovery o f  new CDC25 phosphatase inhibitors via click 
chemistry. The first generation o f  ligands was used as a scaffold for the design o f the new  click derivatives.
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Molecular modelling studies suggested that the benzodioxolane moiety is responsible for 

specific interaction with the catalytic site of the enzyme, while the phenol binds to an 

adjacent pocket. This suggested that improvement o f the BTP derivatives could be achieved 

by orientating (i.e. ortho, meta or para  substitution) and modifying the phenol moiety for a 

better interaction (Figure 2.8). The 2-thiocinnamide system was azido-functionalised; then a 

range o f 29 terminal alkynes (commercially available or o f straightforward synthesis) were 

‘clicked’ to the azide in a 96 well microplate and tested in situ against the target, with the 

identification o f the lead compound p-TBTP-A29 (Figure 2.8).

Click chemistrv and bioconiugation.

The use o f click chemistry for the imaging o f biomolecules has been one o f its most 

successful applications. The bioorthogonal properties o f the azide make it a good candidate 

for the decoration o f biological molecules o f interest. Furthermore, its specific reactivity 

towards appropriately labelled alkynes results in the almost exclusive tagging o f the target of 

interest (Fokin, 2007). In addition, the mild and ‘biologically-friendly’ conditions o f this 

reaction (as previously mentioned) increase the interest towards this process for its 

application in living organisms. However, the Cu(I) catalysed 1,3-Huisgen cycloaddition has 

the main limitation o f severe copper cytotoxicity (Seo et al., 2003; Agard et a l ,  2004), and 

the reaction performed in absence o f catalyst requires high temperatures, which are not 

compatible with physiological conditions. For this reason, the efforts o f  many groups in the 

past few years have been directed towards the development o f new catalysts and reaction 

conditions to integrate the click reaction into a living environment.

The most interesting results have been obtained by the team o f Prof. Bertozzi, which in the 

last six years has managed to develop and improve a new Cu(I) free click alternative (Agard 

et a l ,  2004), for the real time labelling o f cells (Chang et a l ,  2007), later extending these 

results to living animals (Chang et a l ,  2010). In their first publication, Bertozzi and co

workers propose the use o f a cyclooctyne to activate the reaction by ring strain, without need 

o f a catalyst (Agard et a l,  2004). Thus, the azide function was introduced in Jurkat cells as 

A-azidoacetyl sialic acid (SiaNAz) residues into their cell-surface glycoproteins. The 

labelling was then performed with the cyclooctyne decorated with biotin as shown in Figure
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2.9. The exposure at 1.5 h demonstrated a successful dose-dependent labelling o f cells 

displaying SiaNAz. However, these compounds showed a certain degree o f instability. The 

result o f improvement studies was achieved by the same group in 2007 (Chang et al., 2007), 

with the synthesis o f the difluorinated cyclooctyne DIFO (Figure 2.9). The new compound 

was conjugated with different probes (Alexa Fluor 488, Alexa Fluor 568 and biotin), while 

natural products were decorated with an azide. The DIFO derivatives displayed a very good 

selectivity for the azide, saturating a recombinant dihydrofolate reductase expressing 

azidohomoalanine within one hour.

Dynamic in vivo imaging requires not only good affinity for the bioorthogonal group, but 

also a minute-scale labelling speed. In this timeframe DlFO-488 was able to tag cells with 

azide-containing sialic acid in their surface glycans, thus enabling the study o f glycan 

trafficking on a 24-hour time scale, with no evidence o f probe interference. This result has 

opened the door to a new cell-friendly method o f biomolecule labelling, allowing real-time 

monitoring o f their in vivo activities.

R = cyclooctine label

First generation of cy c lo o cty n es DIFO-R

DIFO

-q
GAc

Labelling C opper-free click reaction

F igure 2.9. Top left: generic structure o f  the first generation o f  cyclooctynes (Agard et a i ,  2004). Top right: 
DIFO cyclooctyne (Chang et a i,  2007). In both the structures R represents the tag decorating the alkyne. 
Bottom:schem atic representation o f DIFO cellular labelling (figure based on Chang et a i,  2007).
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Bertozzi and co-workers divulged the first in vivo results in 2010 (Chang et al., 2010), 

performing experiments on mice, using a panel o f DIFO-analogues, to improve the solubility 

and investigate the labelling efficacy. In this case the cyclooctynes were decorated with a 

peptide, and subsequently visualised with antibody detection. The best results were obtained 

with the DIFO tag, which displayed the most robust labelling o f splenocytes after the 3 h in 

vivo reactions. However, this compound also showed some binding to the serum albumin, 

which seriously affected its bioavailability. Thus, further studies will be required to improve 

the performance o f these novel biological tags, which however represent a remarkable 

innovation in the bioconjugation field.

Click chemistrv and G-quadruplex DNA.

The G-quadruplex is a tertiary structure characteristic o f oligonucleotides having G-rich 

sequences and it is an interesting target in cancer therapy, as extensively explained in 

Chapter 1. For example, the recent discovery that telomeric DNA is transcribed into 

Telomeric Repeats containing RNA (TERRA), a G-rich RNA sequence forming G- 

quadruplex structures (which structure and possible biological implication is explained on 

page 35) drew the attention o f many research groups (Azzalin et al., 2007; Redon et al., 

2010; Xu et al., 2008).

Komiyama and co-workers developed a method to identify G-quadruplex structure 

morphology using click chemistry, obtaining substantial evidence for the formation o f 

hybrids between telomeric RNA and DNA in solution (Xu et al., 2009). They designed 

telomeric RNA and DNA 12-mers respectively decorated with a 5’-alkyne and a 5 ’-azide; 

these oligonucleotides were treated with Cu(I) in conditions suitable for G-quadruplex 

formation (K^ buffer. Figure 2.10).

The reaction was followed by denaturing gel electrophoresis, which showed the appearance 

o f a new band that was attributed to the formation o f a hybrid G-quadruplex between RNA 

and DNA telomeric sequences. The same oligonucleotides did not display any reactivity in 

absence o f Cu(I) catalysis.

To further demonstrate that the triazole formation was promoted by G-quadruplex formation, 

the reaction was attempted between the telomeric azido-12-mer DNA and an alkyno-12-mer

65



RNA which did not contain the telomeric sequence. As expected, no reaction occurred under 

Cu(I) catalysis, thus demonstrating that the triazole formation is favoured by G-quadruplex 

folding (Figure 2.10).

A particular advantage o f  this approach is that it permits the investigation o f a particular G- 

quadruplex arrangement in solution, without the interference o f other possible structures. In 

fact, G-quadruplexes usually exist as equilibrium mixtures o f different structures in solution. 

In particular for this experiment, the formation o f DNA-DNA and RNA-RNA dimeric G- 

quadruplexes was also a possibility in solution (Figure 2.10). However, with the 

complementary decoration o f DNA and RNA 12-mers only the click product generated by 

the hybrid G-quadruplex structure could be observed. Thus, this method can be considered as 

an adjunct to the usual techniques used in G-quadruplex investigation in solution (Chapter I).

T e lom eric  RNA

5 ’ N

K \ Cu(l)

T e lo m e n c  DNA

Click reaction

RNA-DNA hybrid 

N.
Click reaction  
not p o ss ib le

b)
DNA-DNA quadruplex RNA-RNA quadruplex

T e lo m e n c  DNA

N o n -te lo m e n c  RNA

Cu(l) N-N

F igure 2.10. a) Click reaction between telomeric RNA and DNA respectively functionalised with an alkyne 
and an azide. The reaction is only possible if  the hybrid G-quadruplex structure is formed, while it is not 
possible in DNA-DNA and RNA-RNA G-quadruplex formation, b) The click reaction between telomeric DNA 
and non-telomeric RNA does not happen, thus demonstrating that the triazole formation is only possible along 
with G-quadruplex formation (figure based on Xu et al., 2009).

66



G-quadruplex DNA can be targeted by small organic molecules for cancer therapy, as 

already explained in Chapter 1. These molecules usually present an aromatic surface for the 

interaction with the G-quartets and a minimum of two positively charged side chains 

(Monchaud et al., 2008). Click chemistry in the past four years has been a valuable tool for 

the design and synthesis o f this type o f drug, using a semi-combinatorial approach. To a 

chosen pharmacophore presenting either an alkyno or an azido-functionality, side chains are 

attached with the Cu(I) catalysed Huisgen 1,3-cycloaddition, at the same time extending the 

aromatic surface via triazole formation.

The first generation o f G-quadruplex binding ligands synthesised via click chemistry was 

published in 2006 by Moses and co-workers (Moorhouse et al., 2006). A small series of 

azide building blocks was designed in order to study the effect o f a small diversification on 

the activity o f the final ligand. They were then ‘clicked’ onto a commercially available 1,3- 

diethynylbenzene, to generate a small library o f eight compounds (Figure 2.11). These 

compounds showed high affinity for G-quadruplex over duplex DNA in FRET (Moorhouse 

et al., 2008) and ESI-MS experiments (Gamer et al., 2009), along with some telomerase 

inhibition in vitro. However, the most significant achievement o f this work was to propose a 

new approach for the synthesis o f ligands, by designing easy building blocks containing all 

the important features o f the new molecule.

R,N

n — 1, 2
NR2 = pyrrolidinyl-, piperidinyl-,

dimethylamino-, diethylamino-

Compound n=2, dimethylamino-

ATm telo DNA: 18.7 °C

ATm duplex DNA: 0
fel7'ECso=23.5 pM

F igure 2.11. Generic structure o f  the first small library o f  G-quadruplex binding ligands based on click 
chemistry. In the table, the FRET AT^ values at 1 pM  drug concentration for the most interesting compound are 
reported, along with its EC50  in theTRAP assay (for a description o f  TRAP, see section 4.3.4).

Two further examples o f the use o f this synthetic strategy were published by Prof. Neidle and 

co-workers. A new series o f diarylurea derivatives were functionalised via click chemistry.
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obtaining a series o f 14 compounds that showed selective affinity for G-quadruplex DNA 

over duplex in a FRET experiment (Drewe et al., 2008, Figure 2.12).

ortho, m eta, para

\ = > N Hmeta, para

)n
R

n=2,3
R=pyrrolidino-, dimethylamino-, morpholino-, piperidino

F igu re  2.12. General structure o f  the diarylurea derivatives series based on click chemistry (Drewe et al., 
2008).

Furthermore, this approach led to the identification o f new acridine-based ligands specific for 

human telomeric quadruplexes (Sparapani et al. 2010). A library o f 27 compounds was 

designed, containing a central acridine pharmacophore and two side chains. These 

compounds were prepared by decorating the acridine moiety twice with an azide 

functionality, then clicking it to a series o f alkyne-functionalised side chains (Sparapani et al. 

2010). Among the 27 compounds in this library, the lead compound (Figure 2.13) 

demonstrated selectivity for telomeric G-quadruplex DNA over duplex and Ckit-1 and 2 

quadruplex DNAs in a FRET assay. This behaviour was confirmed by CD studies. 

Furthermore, this compound showed some some selective cytotoxicity towards cancer cells 

expressing telomerase (Sparapani et al. 2010).
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,N ,
N

n—1,2,3N
n'R

R= pyrrolidino-, diethylamino-, piperidino-, morpholino-,
cyclopentanamino-, methyl piperidino-, diethoxypropanamino- 
methylthioethanamino-, ethylthioethanamino-

ATm telomeric 
DNA

ATm Ckit-1 
DNA

ATm Ckit-2 
DNA

Duplex
DNA

n=2,
pyrrolidlno-

15.8 °C 0.8 °C 1.4 °C 0.4 °C

F igure 2.13. Generic structure o f  the acridine derivatives based on click chemistry. The FRET data at 1 fiM 
drug concentration against three G-quadruplex forming sequences and a duplex DNA are reported in the table 
for the lead compound. The high AT^ obtained with telomeric G-quadruplex demonstrated high stabilisation o f 
this structure with respect to the others.

6 9



RESULTS AND 

DISCUSSION

70



CHEMISTRY

71



3. CHEMISTRY

3.1. LIGAND DESIGN

In this thesis three different series o f ligands have been developed and studied. The key 

feature that they all have in common is the presence o f a 1,2,3 triazole-based core.

The first series o f triazole-based G-quadruplex binding ligands (from now on referred to as 

the firs t click series. Figure 2.11) has been the starting point o f this work (Moorhouse et a l ,  

2006; Moorhouse et a l ,  2008). The general structure o f these molecules follows the widely 

accepted assumption that it is necessary to combine an extended aromatic region with a 

minimum o f two basic side-chains for effective target recognition. In particular, there are five 

structural features which play a crucial role in the activity o f G-quadruplex binding ligands, 

and that have been investigated in the firs t click series (Figure 3.1):

Structure of the aromatic core. This is the region o f the molecule responsible for n- 

n stacking with the G-quartet. In this library the pharmacophore is an extended 

surface o f five non-condensed aromatic rings. To confer major rigidity to the 

structure, two carbonyl groups have been chosen to connect side chains to the 

aromatic core.

- Substitution pattern of the benzene ring. This is the feature that influences the 

direction o f the side chains departing from the core. In the firs t click series only the 

para  position has been explored. As modeling studies confirmed, this choice favoured 

the insertion o f the side chains into the two opposing TTA loops (Moorhouse et a l,  

2008).

- Number of side chains. These ‘arms’ are an important feature for ‘embracing’ the G- 

quadruplex, by inserting into the grooves and establishing electrostatic interactions 

with the negatively charged phosphate backbone. Although the potent telomerase 

inhibitor BRACO-19 is functionalised with three side chains, which have an 

important role in target recognition (Campbell, et a l,  2008), the firs t click series 

components have only two side chains. However, it is important to note that the 

structure o f these side chains mimics the composition o f those o f BRACO-19.
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Side chain linkers. These determine the length of the side chains (parameter ‘n ’ in 

Figure 3.1), and thus the efficacy in reaching the grooves. In the firs t click series only 

two side chain lengths have been explored, n = 1 and n = 2 , with n = 2  resulting in the 

optimal distance (Moorhouse et a l ,  2008);

Basic end groups. Terminal aliphatic amines are an important feature for G- 

quadruplex recognition. They are usually charged in physiological conditions, 

therefore they can establish electrostatic interactions with the negatively charged 

phosphate backbone. The group o f amines selected for the firs t click series were: 

pyrrolidine, piperidine, dimethylamine, diethylamine and morpholine; the last being 

uncharged at physiological pH.

Taking these ligands as a reference model, the purpose of this thesis is to investigate the 

correlation between designed structural modifications and activity (SAR).

In this work three different series o f compounds are described, each o f them presenting some 

modifications with respect to the firs t click series (Figure 3.1). The series have been named 

mono-click, di-click and tri-click, depending on how many simultaneous click reactions have 

been performed in the final step o f their synthesis. All the series maintained the general 

scaffold o f an aromatic core and a minimum of two aliphatic side chains with basic terminus, 

linked to the core with an amide bond. Also in this case, the structure o f the side chains 

mimics those o f  BRACO-19. All the modifications are ascribed to the main features 

described above; preliminary molecular modelling studies were also used to determine the 

most significant changes to make.

Mono-click series (compounds 10-26).

The pharmacophore o f this series consists o f three non-condensed aromatic systems, a central 

triazole ring and two lateral benzene rings (Figure 3.1), being smaller than the core o f the 

firs t click series. Preliminary molecular modelling studies (Shozeb Heider personal 

communication) suggested that the length o f the core was adequate for covering the length of 

the G-quartet and the basic groups o f the side chains had the right orientation to intrude into 

the grooves.
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First click library

NRj Linker length (n) Sub pattern

r'l 0 
0  0

1 .2 para

M ono-click library

NRg. N Rz Linker length (n) Sub pattern

O

(o.m.p) H

0 2 .3 ortho, meta, para

Di-click library

(m.p) (m.p)"

NR , Linker length (n) Sub pattern

0  0  

r ”' !

1 .2 meta, para

Tri-click library

Q U '
NRj

2,3

NRg Linker length (n) Sub pattern

0  0  n 1 . 2 ,
3

meta, para

F igure 3.1. The general scaffolds o f  the first click series together with the three new series o f  compounds. 

Highlighted are the central core (blue), the substitution pattern (red), the side chain linkers (purple), the basic 

end groups (green).
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The length o f the linkers explored were n = 1, 2 and 3; the pyrrolidino- and dimethylamino- 

end groups were selected as these demonstrated significant activity in the firs t click series. 

The substitution patterns mainly chosen for the phenyl ring were meta and para. In addition, 

an ortho compound, 26, was also synthesised. The distance between the benzylic hydrogen 

and the carbonyl group in the molecule is shorter than the hydrogen bond distance (Stephen 

Neidle personal communication). This extra interaction could enhance the rigidity o f the 

structure and was an interesting aspect to investigate.

Di-click series (compounds 27-35). The aromatic core is very similar to the firs t click series, 

except for the replacement o f the central benzyl ring with the aromatic condensed 

naphthalene system. The length o f the linkers explored was the same as the firs t click series 

(n = 1 and 2), with pyrrolidine, diethylamine and piperidine as the end groups. Another 

difference with respect to the firs t click series is the investigation o f both meta and para  

substitution patterns.

Tri-click series (compounds 36-46)

These consist o f seven uncondensed rings in the aromatic core, with three repeats o f triazole- 

benzene rings symmetrically departing from positions 1, 3 and 5 o f a central benzene 

nucleus. There are three side chains attached via an amide linkage to this hydrophobic 

surface, with linker lengths o f n = 1, 2 and 3. The end groups explored were pyrrolidine, 

diethylamine and piperidine with the side chains meta or para  with respect to the phenyl ring. 

The structure o f these compounds is very similar to the firs t click series, except for the 

central core having one more substituent. The presence o f a third side chain suggested the 

possibility for these compounds to bind telomeric G-quadruplex in a similar fashion to 

BRACO-19, which was the reason for studying these compounds. Molecular dynamics 

simulations indicated that the central and three attached benzene rings (constituting the core 

o f the ligand) may be involved in n- n  stacking with G-quartet guanine bases at the binding 

site. The three side-chains were predicted to be positioned in a groove structure, in a similar 

manner to the side-chains in the BRACO-19 complex crystal structure (Lombardo et a l,  

2010).
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3.2. SYNTHETIC STRATEGY

Following the same strategy as the firs t click series, the synthesis adopted was based on a 

convergent approach for all three series o f ligands: the final compounds were the result o f a 

one-pot formation o f two {di-click series), three {tri-click series) or only one {mono-click 

series) triazole rings via Huisgen 1,3-dipolar cycloaddition. The alkyne and azide building 

blocks were synthesised in order to both extend the aromatic surface (with the triazole ring as 

the initial nucleus) and to introduce basic side chains with focused structural diversities.

Two main synthetic approaches were used, which are now described separately:

Approach A ('mono-click series)

The synthesis o f these molecules was based on a combinatorial strategy (Figure 3.2). Both 

the alkyne and the azide functions were designed as building blocks containing all the 

important features for G-quadruplex interaction (phenyl ring with different substitution 

patterns, different side chain linkers, terminal amines). Disubstituted phenyl rings with 

different substitution patterns were the starting materials for the synthesis o f both the 

building blocks. Onto these cores the linker o f appropriate length and the required amine 

were subsequently attached. In this way, many building blocks were prepared, functionalised 

either with an alkyne or an azide and possessing an aromatic core (phenyl ring) and one side 

chain with a basic terminus. In the final step, two complementary building blocks were 

‘clicked together’, to enhance the aromatic surface via triazole ring formation.
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ALKYNE BUILDING BLOCKS 

Ĥ L FINAL CO M PO UN DS

n X . NR. .%

/

K .

N' AZIDE BUILDING BLOCKS

Nj □ 'NH,

V /NR,

F igure 3.2. Schematic representation o f Approach A. Horizontal axis: azide building blocks; vertical axis: 
alkyne building blocks. The aromatic moiety is represented as a rectangle, the side chain linkers as curves, with 
the amines attached at the end (NR 2 ). M ono-cycloaddition between the two building blocks is represented at the 
origin, with examples o f  possible combinations for the final com pounds shown between the two axis. In the 
final products the side chains can be identical (example in blue) or different, as shown by the two different 
colours in the other examples.

In this way, very small diversities were introduced in each molecule and all possible 

combinations were investigated. Sixteen compounds were obtained with this strategy. Each 

compound had two side chains, which were either identical (compound 2 0 ) or different in: 

the phenyl ring substitution pattern (compound 21), side chain linker (compound 17), or 

terminal group (compound 10). All these diversities can appear independently or 

simultaneously and can be ascribed to the alkyne moiety, the azide moiety, or both (Figure 

3.3).
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Alkyne moiety Azide moiety

N'R;

a

F igure  3.3. General structure o f the mono-click series members. On the right, the azide moiety and all its 
components are highlighted with dashed lines; on the left, the alkyne moiety and its components are highlighted 
with dash and double dots. The terminal amines (a, a’), the side chain linkers (b, b ’) and the phenyl ring 
substitution pattern (c, c ’) represent the points o f  diversity.

Approach B (di-click and tri-click series)

This strategy has greater similarity to that adopted for the firs t click series, and is an approach 

which is common in SAR-drug discovery studies (Figure 3.4). A central aromatic core 

containing the alkyne function was synthesised {di-click series) or commercially available 

{tri-click series) as a common feature for all the compounds o f each series. All the structural 

diversities were introduced through the addition o f azide building blocks containing a phenyl 

ring. Derivatisation occurred in one or two steps with the linker o f the appropriate length, and 

with a different panel o f amines (azide building blocks identical to those used in Approach 

A). Each final compound for these two libraries contains an extended aromatic core (the 

hydrophobic surface is largely increased in the last step, with the simultaneous formation o f 

two or three triazole rings) and two or three identical side chains. All the compounds o f each 

library (nine for the di-click series, eleven for the tri click series) have the same aromatic 

core, but side chains with different lengths and substitution patterns, with respect to the core 

and terminal amino-groups.

The retrosynthetic scheme o f each library is reported in Figure 3.5.
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ALKYNE C O R E

FINAL C O M P O U N D S

NH,

BUILDING B L O C K S

F igure 3.4. Schem atic representation o f  Approach B. Horizontal axis: azide building blocks; vertical axes: 
alkyne core. The arom atic moieties are represented as rectangles. The alkyne is either di- or tri-substituted (n = 
2 or 3). Differently from Approach A, the side chains (coloured curves) are only attached to the azide building 
blocks. Represented at the origin are either two {di-click series) or three {tri-click series) simultaneous click 
reactions; each final compound (between the two axis) has two or three side chains (n = 2 or 3), all identical.

The compounds can be disconnected in four main building blocks, the azide, common to all 

the libraries and three different alkyne fragments, for which a synthesis was independently 

developed for each library. The synthesis o f these main components will be described 

individually. All compounds have been characterised with *H, '^C, COSY, HMQC NMR and 

HRMS. In some cases, HMBC and NOESY experiments have been necessary for 

characterisation o f  the triazole substitution pattern in the final step. When possible, CHN 

analysis and LC/MS have been reported and in addition azide building blocks have been 

characterised with IR. All these data are reported in the Material and Method chapter, 

although some are also included in the text for the purpose o f clarity. A table with all the 

fina l compounds synthesised is reported in the back pocket o f  this thesis.
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M ono-click  series Azide building block

NR;
.Alkxnejb.uijding b

R'zN,

(o.m.p ) "

>2,3

|2,3

(o.m.p )

(o.m.p )

■NH;
.(o,nn,p_)

H;N
(o,m,p )

D i-click  series Alkyne building block B

OH

(m.P)

Azide building block

Tri-click series

Alkyne building block C

(m ,p) HN

R2N—r  )2,3
Azide building block

F igure 3.5. Retrosynthetic description o f  the three libraries. The curved lines represent bond disconnections 
and functional group interconversions. Four main building blocks are highlighted; the azide bu ild ing  block 
(dashed line), common to the three libraries and therefore illustrated only once; the alkyne build ing  block A 
(dotted line), the alkyne building block B (dashed and dotted line) and the alkyne build ing block C (dashed 
and double dotted line).
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3.3 SYNTHESIS OF THE AZIDE BUILDING BLOCK

O2N
b)

'2''* (o.m,p)
NHz

a.1 ), a.2 )

(o,m,p) H 

4a-o

d)

(o,m.p) n 
5a-o

N3

(m,p) H

6a-n

F igu re  3.6. Synthesis o f the azide building blocks 6 a-o. Reaction conditions: a .l)  TEA, acetyl chloride (4e- 
j)/3-chloropropionyl chloride (4k-o), THF, 4 °C to rt, 2.5 hours; a.2) pyrrolidine (4e, h, k, m , o)/piperidine (4f, 
lydiethylam ine (4g, j ,  I, n), 4 °C to rt, overnight; b) 3-choropropionyl chloride (3a-b)/4-chlorobutyryl chloride 
(3c-d) used as solvents, 4 °C to rt, overnight; c) dimethylamine 2 M in THF (4a-b)/pyrrolidine as solvent (4c-d), 
4 °C to rt, overnight; d) H 2 , Pd/C, anhydrous THF, N 2 , rt, overnight; e.l)  HCl (conc.), ‘BuONO, THF, 4 °C, 1.5 
hours; e.2) NaN], H 2 O, 4 ®C to rt, overnight; f . l )  NaN ;, Tf^O, DCM, H 2 O, 4 “C, 2 hours; f.2) TIN], 
triethylamine, CUSO4  5 H2 O, DCM, H2 O, rt, overnight.

3.3.1 SYNTHESIS OF COMPOUNDS 4a-o 

Synthesis o f  compounds 4e-o: a one pot stratesv (step a).

In most cases, the first step was acétylation with the appropriate acid chloride (step a .l) , in a 

one-pot procedure, using the required amine (step a.2). In the literature these two steps are 

usually performed independently (Moorhouse et al, 2008; Drewe, 2008), but we have found
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that the one-pot method reported here represents a faster alternative. Similar yields were 

obtained with the three different starting matherials {ortho-, meta-, para- nitroaniline). 

However, the amines used in step a.2 showed very different reactivity, with pyrrolidine and 

piperidine being more reactive than diethylamine, and dimethylamine completely unreactive. 

The cause o f the different behaviour is probably a steric effect: cyclic amines are better 

nucleophiles than the corresponding aliphatic counterparts, since the rotation o f their 

substituents is impeded, thus the lone pair is easier to access for the electrophile (Clayden et 

a l,  2004). Dimethylamine did not react in these conditions and the reaction was performed in 

two steps (steps b and c, described below). This is probably due to the smaller inductive 

effect produced by the methyl substituents.

As expected, the products containing cyclic amines were obtained in higher yields than those 

containing diethylamine. In particular, yields for the pyrrolidino derivatives 4e, h, k, m  and o 

were between 97 and 91%, and for the piperidino derivatives 4f and i reached a maximum of 

93%. In contrast, yields for the diethyl amino derivatives were between 63 and 36%.

While it offered greater rapidity, our one-pot strategy was successful only for two o f the acid 

chlorides used: acetyl chloride and the 3-chloropropionyl chloride. This reaction did not 

work for the 4-chlorobutyryl chloride, for which we used the two-step strategy previously 

reported in the literature (step b).

It is interesting to note that reactions using the 3-chloropropionyl chloride were observed to 

produce an elimination side product, which is common in these conditions: after the 

nucleophilic substitution happens, the amine formed can sometimes be eliminated, extracting 

the proton a  to the carbonyl (Figure 3.7).

OzN

© © 
NHRz Cl

+ HCl

0 ,N NRz

Figure 3 .7 . The nucleophilic substitution o f step a2) and the formation o f the elimination side product.
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Synthesis o f  compounds 4a-d (steps b and c).

Since the one-pot strategy was unsuccessful for the production o f compounds 4a-d, this 

synthesis was performed following the classic two-step approach reported in literature 

(Moorhouse et a l ,  2008; Drewe, 2008).

The commercially available m-nitroaniline (compounds 3a and c) or p-nitroaniline 

(compounds 3b and d) were treated with an excess o f the required acid chloride, also used as 

a solvent. This mixture was stirred overnight at room temperature and the products were 

isolated and purified. This resulted in yields o f 65-67% for the 3-chloropropionyl chloride 

derivatives 3a and b and 76-86% for the 4-chlorobutyryl chloride derivatives 3c and d. 

Precipitation o f the products from the basified reaction mixture allowed them to be isolated 

without requiring further purification.

The amides obtained were treated with the required amines (pyrrolidine and dimethylamine) 

in excess at room temperature, to obtain the desired products 4a-d. Pyrrolidine was used as 

solvent for the synthesis o f compounds 4 c and d, while dimethylamine was used as a 2 M 

solution in THF (compounds 4 a and b). Although the yields were low for the pyrrolidino 

derivatives (79 and 42% respectively), the yields for the dimethylamino derivatives where 

quite high (90% in both the cases), perhaps indicating that a longer distance between the 

amide and alkyl chloride groups results in a lower substitution efficiency for the former.

This strategy was not useful for synthesising the dimethylamino derivatives o f  compounds 3c 

and d (the amides obtained from 4-chlorobutyryl chloride):

C

The desired products could not be obtained, despite increasing reaction duration, the 

temperature, and the number o f equivalents o f amine used. The solvent used was also 

investigated, taking advantage o f the fact that dimethylamine is commercially available as a 

solution in ethanol, methanol or water. While these solvents may also act as nucleophiles in 

the reaction, this was not found to be the case, since unfortunately the majority o f starting
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material remained unmodified. A small quantity o f ^-elimination products were also isolated 

(characterised by NMR).

Again, the amine replaces the chlorine with an SN2 reaction. However, since the distance 

from the carbonyl group is increased, this reaction is more difficult than with a 3- 

chloropropionyl chloride side chain. Thus dimethylamine is not nucleophilic enough to react. 

Furthermore, the elimination is not achieved very readily in this case, since the double bond 

formed is not conjugated with the carbonyl.

The synthesis o f the dimethylamino derivatives o f compounds 3c and d was attempted 

through another strategy with the conversion of the chloride to one with a superior ability as 

a leaving group (iodide), which could enhance the possibility o f dimethylamine being 

introduced (Figure 3.8).

1.7 eq Kl

H acetone-acetonitrile
reflux 84 h

O2N

F igure  3.8. The Finkelstein reaction, followed by dimethylamine substitution.

On the substrate 3d was first performed a Finkelstein nucleophilic substitution in potassium 

iodide excess, in order to convert the alkyl chloride to the corresponding iodide (Baughman 

et a l,  2004).

The reaction was initially carried out in a small scale (20 mg o f starting material) in acetone 

and acetonitrile, under reflux and was monitored by LC/MS. The ideal time for the reaction 

was found to be 84 hours; longer reaction times resulted in the formation o f significant 

quantities o f elimination products.

The solvents were evaporated and the crude material used in the substitution step without 

further purification, using the same conditions as for the synthesis o f compound 4b.
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The desired product (characterised by NMR) was obtained in the good yield o f 81% over the 

two steps. Disappointingly, attempts to reproduce this successful procedure on a larger scale 

always failed and it was not possible to obtain the product in sufficient amount for 

proceeding to azide formation.

Purification and characterisation o f  products 4a-o.

All the compounds were purified with silica gel flesh chromatography and then characterised 

with LC-MS, HRMS, ’H and NMR and, when possible, CHN analysis. When necessary, 

COSY, HMQC and HMBC NMR were used to solve structural ambiguities.

In contrast to the literature (where NMR spectra are reported in DMSO-^/b) all compounds 

were analysed in C D C I 3 .  As an example, the *H and ’^C NMR of compound 4n are reported 

in Figure 3.9.
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F igure 3.9. Fragments o f  the NM R spectra o f  compound 4n in C D C f. Below: assigned 'H  signals; above: the 
related assigned '^C signals. The aromatic protons Ha and Hh show the typical splitting pattern o f para systems; 
peaks //c  (amide) and / / f  and g (diethylamine) show the formation o f  the bonds required.
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The evidence o f amide bond formation is peak He, integrating for one proton and having a 

chemical shift o f 1 2 . 0 0  ppm, characteristic o f amides conjugated with an aromatic system. 

Evidence o f alkyl chloride substitution by the amine derives from the presence o f the peaks 

H Ï and g, which correspond to the diethylamine, with the characteristic quartet-triplet 

multiplicity.

The ’H spectra o f the compounds 4a-o all have similar profiles, with some differences in the 

splitting, related to the phenyl ring substitution pattern, the type o f acid chloride incorporated 

and the nature o f  the terminal amine.

Acid chloride. The compounds with a shorter linker (4e, f, g, h, i, j)  show a singlet instead o f 

the two triplets reported for compound 4n and those with the longest side chains (4c and d) 

show two triplets (one at very shielded chemical shift) and a quintuplet, that however very 

often appears as a multiplet (Figure 3.10).
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Figure 3.10. Examples o f  'H NM R for different side chains . (Top) a detail o f  the spectrum o f compound 3c, 
showing the characteristic peaks o f  the butyryl side chain; (bottom) peak o f  the acetyl side chain from the 
spectrum o f  compound 4e.
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Am ine. Compounds ending with a pyrrolidine (4c, d, e, h, k, m, o) usually show two 

multiplets integrating for four protons, one o f them being much more deshielded, belonging 

to the four protons on the carbon a to the nitrogen (Figure 3.11). Compounds terminating 

with piperidine (4f and i) present the same profile as the analogues pyrrolidino derivatives, 

having in addition a multiplet (rarely quintuplet) at high fields, corresponding to the CH2  at 

position 3 on the ring. Finally, compounds with dimethylamine as terminal group (4a and b) 

show a characteristic singlet at around 2.40 ppm and integrating for 6  protons, corresponding 

to the two magnetically equivalent CH3  groups attached to the nitrogen.
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F igu re  3.11. Details o f  the ‘H NMR spectra o f  different compounds, to show pyrrolidine (4k), piperidine (4f) 
and dim ethylam ine (4b) characteristic peaks.

Phenyl r in s. The compound with substituents in the ortho position (4o) shows four aromatic 

peaks, integrating for one proton each (Figure 3.12). The two doublet o f doublets (dd) related 

to the protons in position 3 and 6  can be observed, split by an ortho and a meta coupling
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constant (./-value). The two doublet o f double doublets (ddd) with two ortho and one meta J- 

value that should correspond to protons 4 and 5 were in fact obtained as multiplets. Although 

the two protons in the ortho position with respect to protons 4 and 5 are not magnetically 

equivalent, their difference is too small to be observed at this instrument resolution, thus the 

average signal appears as a triplet with an inconsistent long range coupling pattern.

RHN NO;
Trr

1.00
)350 6X10

H2

, . ; ' L .  '

‘“T"' ‘-I-'
1.05 1.06

7,850 7 800

H4, H6

1.07

H5

L

coco coco
' I  1 /

H3, H6

Î Î II

L

II

1,08

H4, H5

F igure  3.12. Details o f  the 'H NMR spectra o f  different compounds, to show meta (4k) and ortho (4o) 
substitution characteristic peaks.

The meta substituted compounds also show four peaks in the aromatic region, all integrating 

for one proton. There is an apparent triplet, belonging to the proton between the substituents, 

showing a meta J-value with protons in positions 4 and 6 . This signal should theoretically be 

a dd, since this proton couples with two non-magnetically equivalent protons in the meta 

position, but the power o f the instrument used was not enough to distinguish the two protons, 

which are seen equivalent. The two dd observed correspond to the two protons in position 4



and 6 , which are split by one o rth o  and one m eta  J-va\\XQ. Furthermore, the peak of the proton 

in position 5 is usually observed as a triplet with an o rth o  J-value, even though it should be a 

dd. This effect is due once again to the inadequate intensity o f the instrument magnetic field.

3.3.2 SYNTHESIS OF COMPOUNDS 5a-o (step d)

In this step the nitro-group was reduced to the amine.

The method used was the classic catalytic hydrogenation with palladium on carbon (Pd/C). 

The products obtained after the work up did not require any further purification, with yields 

varying between 29 and 100%. All the compounds were characterised with HRMS, HRMS, 

'H and '^C NMR and, when possible, CHN analysis. The formation o f the amine from the 

nitro group was clearly observed by 'H NMR, with the peak corresponding to the aniline 

(Figure 3.13).

OjN o
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F igure 3.13. As an example, a comparison between the spectra o f  compounds 4k (top) and 5k (bottom). The 
reduction to amine is demonstrated by the manifestation o f  the peak at 3.68 ppm.
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3.3.3 SYNTHESIS OF COMPOUNDS 6 a-o (steps e andf )

The formation o f the azide was performed with a diazotization (step e .l)  with one pot azide 

substitution (step e.2), as previously reported in the literature (Koza et a l ,  2000, Figure 3.6). 

The reactive species, the cation N O \ was formed from tert-hniyX nitrite and hydrochloridric 

acid (Figure 3.14). The aryl diazonium salt is relatively stable and a good leaving group, 

easily replaced by the azide, which was introduced as the sodium salt.

O'

©  H  '

©
N E C

OH

© H

NRz

HzO, H®

® / /  ®

F igu re  3.14. Illustration o f  the diazonium salt formation. The first step is the formation o f the reactive species 
NO^ from an alkyl nitrite and hydrochloric acid (top); the second step is the attack o f  the electrophile formed by 
the aniline lone pair, with subsequent loss o f HzO.

The compounds could be used immediately after the work up, which consisted o f slow 

basification with aqueous sodium bicarbonate solution, followed by extraction o f the product 

with ethyl acetate.

It is generally agreed to be good practice to avoid the use o f chlorinated solvents and to work 

with diluted solutions when handling azides, because they can release gaseous nitrogen, and 

are thus potentially explosive. However, all the azides descibed here are stabilised by 

conjugation with the phenyl ring, therefore the NMR could be performed in C D C I 3  without 

any hazard.

90



The yields for this step varied between 6 6  and 100%. All the compounds were characterised 

with LC-MS, HRMS, and NMR, IR and, when possible, CHN analysis.

This strategy was unsuccessful for the synthesis o f the orr/zo-substituted azide 6 0 ; the 

possible reason being that the access o f the nucleophile could be impeded by the presence of 

the side chain ortho to the aniline. To circumvent the problem, freshly made triflyl azide 

(step f . l )  was reacted with the aniline 5o using copper catalysis (step f.2 ), following the 

procedure reported in literature (Liu et a l,  2003).

The triflyl azide was prepared in a mixture of H2O and dichloromethane, to avoid the risk o f 

explosion, already documented for this type o f reaction (Cavender et a l ,  1972).

After purification by flash chromatography, the product 6 0  was obtained in a quantitative 

yield and characterised with the same analysis as compounds 6 a-n.

The formation o f the azide was be observed with *H NMR (which demonstrates removal o f 

the amine peak at about 3.7 ppm) and with IR, which showed the characteristic azide 

vibrational peak at around 2100 cm'* (Socrates, 2004). As an example, the *H NMR spectrum 

and the IR profile o f compound 6 f  has been reported in Figure 3.15.
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F igure 3.15. (Left) comparison between the 'H  NMR o f  compounds 5 f and 6 f: the former shows a peak at 
3.71 ppm (the N//^ peak) which is missing in the latter. (Right) IR profile o f  compound 6 f, where the typical 
peak corresponding to the azide stretching is highlighted.
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3.4. SYNTHESIS OF ALKYNE BUILDING BLOCK A

The synthesis o f this building block did not require more than two steps, with the reactions 

being performed in the same conditions as steps a. 1-2), b) and c) o f the azide building block 

synthesis (paragraph 3.3.1) and as recently reported in literature (Sparapani et al, 2010).

(o,m,p) H

(o.m.p)

b)

(m,p) H

1a-b

a.1 ), a.2 )

(o,m,p) H

2a-e

>2.3

F igure 3.16. Synthesis o f  the alkyne building block A 2a-e. Reaction conditions: a .l)  TEA, 3-chloropropionyl 
chloride, THF, 4 °C to rt, 2.5 hours; a.2) pyrrolidine, 4 “C to rt, overnight (compounds 2c-e); b) 3- 
choropropionyl chloride used as solvent, 4 °C to rt, overnight (compounds la -b ); c) pyrrolidine as solvent, 4 °C 
to rt, overnight (compounds 2 a-b).

In this case the starting material was ethynyl aniline with the required substitution pattern and 

the two reactions performed were again an amide formation with an acid chloride, and 

subsequent substitution o f  the alkyl chloride with the desired amine. In this case only 3- 

chloroacetyl chloride and 4-chlorobutyryl chloride were used to define the length o f the 

linker and the only amine used in the following substitution was pyrrolidine.

As described for the azide building blocks, the one pot strategy was adopted for the synthesis 

o f 3-chloropropionyl chloride derivatives (compounds 2 c-e), with yields between 71 and 

76%.

As observed for the azide building blocks, the one pot strategy was unsuccessful for 4- 

chlorobutyryl chloride derivatives, and thus it was again necessary to isolate the amide
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obtained as an intermediate (compounds la-b) before performing the substitution with 

pyrrolidine (compounds 2a-b). in this case (as before), both steps were performed in neat 

reagent, with yields o f 71 and 90% for compounds la-b and of 62 and 93% respectively for 

compounds 2a-b.

The mechanism for this reaction has already been reported in paragraph 3.3.1 and the related 

remarks can also be applied to compounds 2a-e.

All the compounds were purified with silica gel flesh chromatography and then characterised 

with LC-MS, HRMS, 'H and '^C NMR and, when possible, CHN analysis. When necessary, 

COSY, HMQC and HMBC NMR were used to solve structural ambiguities.

As an example, the 'H and '^C NMR o f compound 4n are reported in Figure 3.17.
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F igure 3.17.‘H (bottom) and '^C NM R (top) o f  compound 2d. H ighlighted in red the peaks corresponding to 
the alkyne, with the typical singlet at 3ppm for *H NM R and the peaks at 83 and 76 ppm for the '^C NMR.
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3.5. SYNTHESIS OF ALKYNE BUILDING BLOCK B

This building block was synthesised in three steps, only two o f which required 

chromatographic purification.

TfO

F igure  3.18. Synthesis o f  alkyne building block B. a) TF2O, DMAP, 2,6-lutidine, anhydrous THF, anhydrous 
DCM, molecular sieves, Ar, -78 °C 2 hours, 0 °C 5 hours; b) Ethynyltrimethylsilane, Cul, Pd(PPh3 )4 , PPha, 
piperidine, molecular sieves, Ar, reflux overnight; c) NaOH IM  in H2O, THF, rt, 2 hours.

First attempt: conversion o f  naphthalene-l, 7-diol into 2 ,7-dibromonavhthalene.

This synthetic strategy was initially also attempted starting from the conversion o f 

naphthalene-2,7-diol into its dibromo derivative.

However, despite using a variety o f conditions and reagents, the product was not obtained . 

One o f the attempts followed the procedure described by Neenan and co-workers (Neenan et 

a l,  1988, figure 3.19).

OH dry acetonitrile Br 
70°C 30 min 
250  °C 50 min

HO

HO

Br

Figure 3.19. Attempt o f  synthesis o f  2,7-dibromonaphthalene following the conditions reported by Neenan 
and co-workers.

The authors achieved the di-bromo substitution by reacting naphthalene-2,7-diol with 

bromine and triphenylphosphine at high temperature. When the same conditions were applied
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to the synthesis of the alkyne building block B, the sole product obtained was the mono- 

brominated compound.

This route was abandoned, since successful results were achieved using the triflate (step a).

3.5.1 SYNTHESIS OF NAPHTHALENE-2,7-DIYL BIS

(TRIFLUOROMETHANESULFONATE) (compound 7, step a)

The conversion o f naphthalene-2,7-diol into the corresponding di-triflate was performed 

following the conditions reported in literature (Yao et a l ,  1998).

The triflic anhydride was easily substituted by the nucleophilic hydroxyl group o f 

naphthalene and a small excess o f anhydride was used in order to achieve disubstitution.

After flash chromatography purification, the yield o f the reaction was 62% and the pure 

product was characterised with HRMS, CHN analysis, ’H, HMQC and HMBC NMR.

^H and *̂ C NMR o f compound 7 are reported in Figure 3.20.
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Figure 3.20. 'H  and '^C NMR spectra o f  compound 7. The 'H  NMR (bottom) shows three peaks, 
corresponding to the aromatic protons o f  the naphthalene core. Proton h appears as a doublet with an ortho J  
(9.2 Hz), while the signal o f proton c is a doublet with a meta J  {2.4 Hz) and proton a  is a doublet doublet with 
one ortho J  (8 . 8  Hz, coupling with proton b) and one meta J  (2.4 Hz, coupling with proton c). The '^C NMR 
(top) shows the quartet corresponding to the carbon o f  the triflate, which couples with the three fluorine atoms 
(peaks a t l23.562, 120.372, 117.183 and 113.995 ppm).

3.5.2 SYNTHESIS OF 2,7-BIS((TRlMETHYLSILYL)ETHYNYL)NAPHTHALENE 

(compound 8, step h)

The modification o f the hydroxyi-group into an electrophile (triflate) in step a was performed 

in order to insert the alkyne function through Sonogashira coupling in step h.

The reaction was performed following the procedure reported by Cavender and co-workers 

(Cavender et a i ,  1997), using tetrakis(triphenylphosphine)paliadium(0) and copper iodide as 

catalysts and piperidine as base and solvent.
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The most accepted mechanism o f this reaction is reported in Figure 3.21.

The Cu cycle described still presents many obscure aspects; for example, the existence o f the 

K alkyne-Cu complex in step 1) it is not supported by enough experimental evidence, 

however its presence could justify the extraction o f the alkyne proton with a base (piperidine 

in this case), which normally would not be strong enough to remove it (Chinchilla et a l,  

2007).

IM S '

3PPh;

TM S-

R

-P d -O T f

P P h ;

Pd cycle

ROTf

R

P h g P -P d -O T f

PPha

TM S— = ^ C u I© 0

TMS PPh; Cu cycle
Cu

© ® 
ICu

TM S—

T M S - -~ — H

F igu re  3.21. The m ost accepted mechanism for Sonogashira coupling. For convenience, the reaction is only 
represented for one alkyne insertion, but in the case o f compound 8 two alkynes were inserted simultaneously. 
Pd cycle: A) oxidative insertion o f  naphthalene-2,7-diyl bis(trifluoromethanesulfonate) (here represented as 
ROTf); B) transmetallation; C) trans-cis isomérisation; D) reductive elimination with formation o f the desired 
product and regeneration o f  Pd(0). Cu cycle: 1) formation o f a it alkyne-Cu complex; 2) proton extraction and 
formation o f the alkynyl copper; 3) transmetallation and regeneration o f copper iodide.
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The reaction was performed under reflux overnight and purified with flash cromatography, to 

afford dialkyne 8 with 90% yield. The colourless product obtained was characterised with 

HRMS, CHN analysis, *H, '^C, HMQC and HMBC NMR. 'H and ’̂ C NMR are reported in 

Figure 3.22, where the characteristic peak of trimethylsilane can be observed at shielded 

fields.
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Figure 3.22. 'H and '^C NM R o f  compound 8 . 'H NM R (bottom) in the aromatic region (left) shows a trend 
o f  peaks sim ilar to compound 7, although in this case proton c is the most deshielded, while for compound 7 the 
highest ppm corresponded to proton b. The peaks corresponding to trim ethylsilane are at high fields either in 'H 
NMR (0.28 ppm) and in '^C NMR (top right, 0.03 ppm).
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3.5.3 SYNTHESIS OF 2,7-DlETHYNYLNAPHTHALENE (compound 9, step c)

The final alkyne building block B was readily obtained by deprotecting trimethylsilane in an 

aqueous inorganic base. The reaction reached completion in only two hours, with a 

quantitative yield and the product was characterised with HRMS, CHN analysis, *H, '^C, 

HMQC and HMBC NMR. 'H and '^C NMR are reported in Figure 3.23.
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F igu re  3.23. 'H  and '^C NMR o f  compound 9. In the *H NM R (bottom) he success o f  the deprotection is 
shown by the singlet corresponding to the alkyne proton at 3.17 ppm.
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3.6. SYNTHESIS OF FINAL COMPOUNDS: THE CLICK REACTION

The final compounds 10-46 were obtained by a one pot formation o f three (compounds 36- 

46), two (compounds 27-35) or only one (compounds 10-26) 1,4-disubstituted triazole rings 

(Figure 3.24).

The aromatic core was therefore extended in this step via formation o f the triazole ring(s), 

and the side chains were also inserted.

Alkyne building block A

2 a-e

Azide building block

2.3

^ (O.m.p ) Io,m,p) H (o.m.p) H

6 a-d, 6 k-o 10-26

Alkyne building block B Azide building block

(m,p) H

6 e-h, 6j-n 27-35

NRz
2

1,3,5-triethy ny Ibenzene

Azide building block

(m.p) H

6 c, 6 e-n

NR2PA.:

NRz

F igu re  3.24. Scheme o f  the synthesis o f final compounds 10-46. a) CuSO^ 5 H2 O, sodium ascorbate, 50% 
H20-50%  ‘BuOH, room  temperature, overnight; b,c) CUSO4 5 H2 O, sodium ascorbate,
bathophenanthrolinedispufbnic acid disodium salt hydrate, 50% H2 O- 50% ‘BuOH, microwave irradiation, 110 
°C, 15 minutes.
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The alkyne building blocks (synthesis previously described) were reacted with one (alkyne 

building block A), two (alkyne building block B) or three (commercially available 1,3,5- 

trietbynylbenzene) azide building block units, to obtain the desired products through 

simultaneous cycloadditions.

This process presented two main difficulties:

The possible formation o f  the 1,5-disubstituted regioisomer as a side product;

The risk o f only partial reaction in the case o f polyvalent substrates, resulting in the 

presence o f multiple by-products, with varying numbers o f side chains.

Resioisomeric purity: Huissen 1.3 dipolarcvcloaddition Cu(I) catalysed

The risk o f froming both regioisomers was avoided by using the copper(I) catalysed Huisgen

1,3-dipolar cycloaddition, known as ‘the click reaction’, as described in the introduction

section.

The Huisgen dipolar cycloddition of organic alkyne and azides is the most important source 

o f 1, 2, 3-disubstituted triazoles (Huisgen, 1984). However, this reaction can give rise to two 

regio-isomers in 1:1 ratio, the 1,4- and the 1,5-disubstituted derivatives.

The Cu(I) catalysis is critical to obtain the 1,4- triazole as the exclusive product, with no 

traces o f its 1,5 isomer.

The mode o f action o f this specific catalyst is still an object o f study; the mechanism 

proposed by Sharpless and co-workers is reported in Figure 3.25 and is based on density 

functional theory (DPT) calculations and was validated by some experimental evidence 

(Himo et a l,  2005; for a small review Bock et ah, 2006).
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step  5

step  1

step 4
R

step  2

step  3

F igure  3.25. Catalytic mechanism proposed by Sharpless and co-workers (Himo et a l,  2005). Step 1. 
Formation o f the acetylide. Step 2. Coordination o f the azide by Cu(I). Step 3. Formation o f the six membered 
Cu(III) metallacycle. Step 4. Formation o f  cuprate-triazole intermediate. Step 5. Formation o f the product, with 
catalyst regeneration.

The conversion o f the alkyne to the acetylide {step 1) is a well established intermediate of 

many Cu(I) catalysed C-C forming reactions. However, the possibility o f a concerted 1,3- 

dipolar cycloaddition o f the azide to the acetylide in the subsequent step was excluded: the 

high activation energies predicted for that process (between 23 and 27 kcal/mol) would not 

explain the high rate increase observed for the catalysed reaction with respect to the non 

catalysed one, which has an activation energy o f 26 kcal/mol. Sharpless and his group instead 

proposed that replacement o f one o f the Cu(I) ligands with the azide may initially occur {step 

2), followed by formation o f an uncommon six membered Cu(III) metallacycle {step 3). DFT 

calculations showed that the energies associated with this process could justify the rate 

enhancement observed with Cu(I) catalysis. The formation o f a cuprate-triazole intermediate 

{step 4) anticipates the release o f the 1,4-disubstituted triazole, with regeneration o f the 

catalyst {step 5). The existence o f the cuprate-triazole intermediated is supported by
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experimental evidence, as a similar intermediated has been isolated and characterised (Nolte 

et a l ,  2007).

In this work the regioisomeric purity o f compounds 10-46 was easily achieved by producing 

Cu(I) in situ, through a mixture o f CUSO4 pentahydrate and sodium ascorbate. Cu(I) is not 

used directly in this case, as this particular oxidation state is very sensitive to humidity; since 

this reaction is often performed in water, this could negatively affect its efficiency. The use 

o f ascorbate as a reducing agent ensures a constant presence o f the right catalytic amount of 

Cu(I) in solution and avoids the use o f inert atmosphere. The most common catalytic mixture 

used is CUSO4  and ascorbate in a ratio o f 1 :1 0 ; this was also used for the synthesis o f the di

click series. However, it was possible to achieve the synthesis o f the mono-click and the tri

click series with CUSO4  and ascorbate in a 1:4 ratio.

Synthesis o f  the di-click and tri-click series and the problem o f  simultaneous click reactions 

For the synthesis o f the mono-click series mild conditions were used (room temperature) and 

satisfactory yields (between 50 and 100%) were obtained, using an equimolar amount o f 

reagents.

However, the same conditions were not adequate for the synthesis o f the di-click (27-35) and 

the tri-click (36-46) series and the formation o f a number o f sub-products was observed.

The primary source o f undesired products was partial substitution o f the alkyne terminus. 

Monitoring the reactions by LC/MS demonstrated molecular peaks corresponding to the 

mono-, di-, and (for the tri-click series only) tri-substitution.

Another source o f by-products was the elimination o f the amine for side chains with n = 2 

and 3. As mentioned in paragraph 3.3.1, in particular conditions the amine can extract the a  

proton, giving the corresponding enamide. This behaviour has been observed also during the 

click reaction, in cases when the reagents were exposed to high temperatures for extended 

period.

A  facile solution to this last problem was to regenerate the original side chain by adding an 

excess o f the appropriate amine to the reaction mixture; this did not interfere with the 

reaction itself.

104



To enhance the performance o f the click reaction a number o f organic catalysts have been 

already explored (Spiteri at a i ,  2010). In particular, Sharpless and co-workers discovered 

that the reaction rate o f some polyvalent substrates was unusually high, hence these reactions 

were self-catalytic (Chan et a l ,  2004). In particular, one o f these compounds, TBTA (Figure 

3.26), has been hypothesised to work as a tetradentate binder o f Cu(I), impeding any possible 

destabilising interactions o f the metal in the reaction medium.

N - N

■̂N

TBTA

©
Na

©
Na

CLICK CATALYST

F igure  3.26. The structures o f TBTA (left), the catalyst already widely used by Sharpless and co-workers, and 
o f  bathophenanthrolinedispufonic acid di sodium salt hydrate ( ‘cick catalyst’, right), the catalyst finally chosen 
in this work.

On this basis, TBTA was also utilised to improve the synthesis o f di- and tri-click series. Its 

synthesis is not described in this work, but was performed following the procedure reported 

in the literature (Chan et a l ,  2004), with a yield o f 53%.

In addition, the catalytic properties o f bathophenanthrolinedisulfonic acid disodium salt 

hydrate (from now on referred to as the ‘click catalyst’. Figure 3.26) were exploited, since 

some members o f the phenanthroline family are well established as Cu(I) binders, and have 

previously used in many different cases (Meadows et a l ,  1993; Felder et a l,  2001). This 

compound is commercially available and was utilised for catalysing the multiple click 

reactions without further purification.

Table 3.1 reports some o f the conditions exploited for the synthesis o f compound 37, one o f 

the members o f the tri-click series, having an para  substitution pattern, a 3-chloropropionyl
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chloride linker and pyrrolidino terminal base. The conditions optimised for the synthesis o f 

this compound were used for all the members o f the di-click and tri-click series.

T
r c ]

Azide
(eq)

t
[min]

TBTA
(eq)

Click C atalyst 
(eq)

Mono-
(%)

Di-
(%)

Tri-
(%)

Elim ination
(%)

1 r.t. 3 180 0 0 14 0 0 0
2 r.t. 3 1380 0 0 15 22 0 0
3 100 3 3 0 0.2 10 0 38 0
4 100 3 5 0.1 0 34 51 0 0
5 100 3 10 0.1 0 32 54 0 0
6 100 3.5 15 0.1 0 29 53 11 0
7 100 4.6 15 0.1 0 36 14 43 0
8 110 4.6 15 0.1 0 29 56 13 0
9 120 4.6 15 0.1 0 7 15 28 55
10 110 4 15 0 0.1 0 0 100 0

T ab le 3.1. Some o f  the conditions explored to optimise the click reaction for polyvalent substrates. The 
conditions applied to all the synthesis are underlined in yellow. Mono-, di- and tri- indicate the percentages o f 
mono-, di- and tri- substitution.

When the reaction was performed at room temperature, with a stoichiometric amount o f 

azide, only mono- and di- substitution occurred.

Increasing the temperature along with microwave irradiation resulted in an improvement in 

trisubstitution, but extended exposure led to elimination o f the side chain terminal amines. 

Also the use o f an excess o f azide had a positive effect, but the element that dramatically 

influenced the outcome of the reaction was the addition o f a catalyst. In particular, the 

presence o f the click catalyst led to the conversion o f 38% of the substrate into compound 37 

at room temperature.

In the optimised procedure the trialkyne reacted for 15 minutes at 110 °C under microwave 

irradiation with four equivalents o f azide, in presence o f 0.1 equivalents o f click catalyst. 

This method gave total conversion of the trialkyne into the tri-click derivative and was adopted for 

the remaining syntheses.

Purification and characterisation o f  the click final compounds.

The crude products obtained after work up were purified with semi-prep HPLC, to obtain 

purities above 95% in most cases. All compounds were characterised with analytic HPLC,
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HRMS, ' h , '^C, HMQC, HMBC and NOES Y NMR; the latter in particular being important 

for confirming the presence o f the triazole 1,4-substitution pattern.

As an example, the HMQC and the NOESY NMR for compound 44 are respectively reported 

in figures 3.27 and 3.28.

In particular, from the HMQC spectrum it is possible to identify the coupling o f protons 6 

with its carbon, which are hidden under the solvent peak, thus not visible in the normal 'H 

spectrum (for more details, material and methods, chapter 7).
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F iugre 3.27. HMQC spectrum o f compound 44. (Bottom-left) a detail o f  the aromatic region, where the 
central aromatic carbon, the triazole carbon and the para-carbons o f  the lateral phenyl ring couple with their 
own protons. (Bottom right) a detail o f  the aliphatic region, where the couplings between protons and carbons 
for the amine (6, 7, 8) and the linker (5) are visible.
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The NOESY spectrum was crucial to identify the 1,4- substitution pattern, where the 

coupling between protons 1-2, and 2-3 can only be possible. In the case o f a 1,5-substitution 

pattern, instead o f the 2-3 coupling, a 1-3 coupling would be expected, which is not visible in 

the spectrum.

0.0

5.0

10.0

I.Stnazole

5.0 0.0

10.0
ppm

1.4 triazole
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Figure 3.28. NOESY NM R for compound 44. The detail (bottom right) shows the couplings between protons 
1-2 and 2-3, confirm ing the existence o f  a 1,4 substitution pattern. No signal is observed in the area that would 
correspond to the coupling between protons 1 and 3 (red arrow).
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3.7 CONCLUSIONS

The synthesis o f three new series o f G-quadruplex targeting agents (compounds 10-46) has 

been successfully achieved. The variety in aromatic substitution patterns, terminal amines, 

side chain number and linkers offered the possibility o f structure-activity relationship studies 

(data reported in chapters 4 and 5).

The use o f click chemistry allowed the synthesis o f the final products in a small number of 

steps, with good yields and no stmctural ambiguities, confirming the fundamental impact o f 

this reaction in drug discovery (Kolb et ah, 2003).

The absence o f the 1,5-triazole substitution was assessed by NOESY NM R and this validated 

the efficiency o f Cu(I) as a regioselective catalyst.

Multiple substitutions were successfully achieved using a phenanthroline derivative (the click 

catalyst) to improve the reaction yield. It was hypothesised that this catalyst mode o f action is 

based on Cu(I) complexation.

For reagents having side chains with n>l elimination side products were observed in the 

intermediate steps and either in the final click reaction. In the last case the problem was 

easily resolved using an excess o f  the required amine in the reaction mixture.
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4. BIOPHYSICAL STUDIES

A summary o f  all the biophysical results is reported in the back pocket o f  this book.

4.1 MONO-CLICK SERIES

4.1.1 FRET ASSAY

The ability o f  this series to bind G-quadruplex structures was first assessed by FRET 

methods. Different G-quadruplex-forming sequences were investigated, in addition to duplex 

DNA, to confirm the selectivity o f ligands for various G-quadmplexes.

The G-quadmplexes studied were the telomeric 21-mer (F2IT), and Ckit-1 and Ckit-2 

promoter region quadmplexes. The experiments were all run in potassium cacodylate 60 

mM, buffer. The sequences are reported on page 40.

The maxima o f  the first derivatives o f  the melting curves obtained (ATm) are reported in 

Table 4.1.

F21T6Tm r c ] Ckit-1 [X] Ckit-2 ATn, [X] ds ATm[X]
[drug] 1|jM [drug] 2pM [drug] 5pM [drug] 1 pM [drug] 2pM [drug] 5pM [drug] 1 pM [drug] 2pM [drug] 5pM [dmg] 1 pM [drug] 2pM [drug] 5pM

10 1.8 3.7 8.1 0.2 0.8 3.0 1.6 2.5 7.4 0.1 0.1 0.3
11 3.1 5.4 10.6 0.3 1.0 5.1 1.2 3.6 9.3 0.2 0.3 0.7
12 6.7 8.9 12.9 1.7 2.6 9.3 6.6 9.3 13.8 0.5 0.9 2.2
13 2.0 5.4 11.0 0.7 2.1 6.4 1.0 4.3 11.1 0.3 0.5 0.8
14 2.3 5.9 11.2 1.0 2.2 6.3 2.4 4.9 11.7 0.0 0.2 0.6
15 4.2 6.8 10.9 0.2 0.2 5.7 4.2 7.3 11.8 0.4 0.5 1.7
16 5.2 8.1 12.2 3.7 3.5 6.4 3.7 4.5 13.2 1.3 1.7 2 2
17 2.9 7.6 14.2 1.5 2.7 9.6 2.6 6.1 14.6 0.1 0.1 1.3
18 4.1 6.7 10.8 3.0 4.1 6.7 3.0 4.1 11.8 1.1 1.2 2.2
19 3.7 5.9 10.3 1.2 2.3 6.3 4.6 6.0 11.3 0.7 1.0 1.6
20 2.1 5.8 12.0 0.0 0.6 5.8 2.3 5.0 13.2 0.2 0.3 1.0
21 6.1 8.8 12.7 3.6 5.2 7.3 3.6 5.2 13.6 1.5 1.7 2.7
22 2.2 5.9 12.3 0.2 1.2 5.2 1.4 3.9 11.3 0.0 0.0 0.5
23 1.7 5.3 11.1 0.0 0.8 4.8 1.4 3.5 10.5 0.0 0.1 0.7
24 0.8 9.5 14.2 0.0 2.5 9.7 2.2 10.3 16.8 0.6 0.9 1.5
25 3.7 8.0 14.5 0.1 1.6 10.4 2.4 7.2 14.2 0.2 0.2 0.9
26 3.6 5.2 9.1 2.6 4.6 9.2 5.2 7.4 15.4 1.2 1.7 1.3

BRACO-19 * 25.9 n/a n/a 20.1 n/a n/a 25.3 n/a n/a 11.2 n/a n/a

T able 4.1. The AT^ values o f  the compounds with each oligonucleotide are reported at different ligand 
concentrations. The uncertainty o f  AT„, values is ±  0.5°C. BRACO-19 is reported as a reference (*Sparapani et 
a l, 2010).
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All the compounds o f this series showed selective G-quadruplex binding ability over duplex 

DNA. However, this property was only displayed at high ligand concentrations There is also 

a correlation between F21T and Ckit-1 or F21T and Ckit-2 ATm values (Figure 4.1).
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F igure 4.1. Correlation between mono-click series ATm values with F21T and Ckit-1 (left) and F21T and 
Ckit-2 (right) at 5gM  drugs concentration.

The correlation o f the results obtained with F21T and Ckit-1 and 2 could be ascribed to a 

similar binding mode o f the compounds with the three sequences.

These compounds in general showed lower potency than the acridine BRACO-19, but higher 

selectivity. To investigate some structure activity relationships, the results have also been 

analysed with respect to the influence o f  the substitution pattern (Figure 4.2) and the side 

chain length (Figure 4.3). Since no particular correlations were found regarding the influence 

o f different terminal amino-groups, the detailed analysis o f this feature is not reported here.

Substitution pattern.

In this series there are two variable substitution patterns to consider, which can either be 

identical or non-identical: that o f the phenyl ring o f the azide building block and that o f the 

alkyne building block. Four different combinations were explored: meta-meta, para-para, 

ortho-ortho or meta-para. It was not possible to define a general trend for all the substitution 

patterns against the three G-quadruplexes investigated. However, it is clear from the results 

that the para-para  substitution led to a lower binding efficacy o f the compounds to all the G-
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quadruplex forming sequences analysed. In the case o f F2IT, meta-meta and para-meta  

substitutions gave rise to higher ATm values. Although the ortho-ortho substituted compound 

26 is not a good ligand with F2IT, it displayed higher affinity toward Ckit-1 and Ckit-2 than 

the other compounds (Figure 4.2).

F21T ATm at [5 pM] drug concentration

2  4  6  8  1 0  12
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Ckit-2 ATm at [5 pM] drug concentration m o
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Figure 4.2. AT^ o f  all mono-click compounds at 5 pM drug concentration, divided by phenyl ring substitution 
pattern: meta-meta (violet bars), para-para (yellow bars), meta-para (blue bars), ortho-ortho (green bar).

Side chain length

Regarding this feature, the two building blocks can generate a considerable number o f 

variables. The combinations explored were: n = 2,2, n = 3,3 and n = 2,3. It was possible to 

identify the most favourable linker for all the G-quadruplex sequences, as the compounds 

showing highest stabilisation were 24 and 25; these ligands possess two butyryl side chains 

(n = 3). These results indicate that out o f all linker lengths studied this is the optimum
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distance for efficient interaction o f the mono-click core with the G-quadruplexes studied, it is 

also important to note that the least powerful ligand, compound 10, has two n = 2 side chain 

linkers.

F21T  ATm at [5 pM] drug concentration \— ;

0 2 4 6 8 10 12 14

F 21T A T m  r C ]

Ckit-1 ATm at [5 pM] drug concentration

2,3

2 4 6 8

Ckit-1 ATm [X ]

Ckit-2 ATm at [5 pM] drug concentration

zx.
in
■Dc05
05

0 2 4 6 8 10 12 14 16

Ckit-2 ATm [X ] ES3:

F igure 4.3. ATm values o f  all mono-click compounds at 5 pM drug concentration, arranged by side chain 
linkers length: n = 2,2 (red bars), n = 2,3 (light grey bars), n = 3,3 (orange bars).

To summarise, five compounds (12, 17, 21, 24, 25) demonstrated the highest G-quadruplex 

binding efficacy. In contrast, compound 10 always induced the lowest ATm o f the series. This 

compound is characterised by two n = 2 side chain linkers, two non-identical terminal amines 

(dimethylamine and pyrrolidine) and a para-para  substitution pattern. The combination o f 

these features seems to be the least favourable arrangement for interaction o f the mono-click 

series core with G-quadruplex structures.
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4.2 DI-CLICK SERIES

4.2.1 FRET ASSAY

The affinity o f the di-click series for G-quadmplexes was assessed with FRET methods, 

using the same sequences studied for the mono-click series. The ATm values obtained are 

reported in Table 4.2.

F21TAT„.rC] Ckit-1 ATm[°C] Ckit-2 AT„ [X] ds ATm r q
fdmg] I mM [drugl 2pM fdrugl 5mM rdrugl luM [drug] 2mM [drug] 5mM [drug] I mM [drug] 2uM [drug] 5yM [drug] IpM [drug] 2mM [drug] 5uM

27 4.6 5.0 5.1 1.4 1.7 1.2 3.7 4.0 4.5 1.4 1.4 0.6
28 1.2 1.3 30.8 0.4 0.5 41.9 2.0 2.1 37.8 0.2 0.3 4.8
29 2.6 4.2 11.0 0.8 1.4 6.6 1.1 7.1 14.0 0.5 0.6 0.8
30 2.8 3.1 2.9 0.6 1.0 1.6 3.1 4.2 5.5 0.2 0.2 0.1
31 1.5 1.6 18.2 0.8 0.8 21.5 3.1 3.2 23.7 0.4 0.4 3.8
32 1.7 2.0 31.0 0.1 0.2 23.6 2.3 2.0 39.2 0.3 0.4 5.8
33 4.4 6.3 7.7 1.2 1.4 1.5 5.0 5.4 6.6 0.7 0.7 1.8
34 2.1 2.1 1.8 0.6 0.7 0.2 3.4 2 9 2.4 0.3 0.2 0.0
35 0.5 8.3 25.3 0.0 0.0 18.2 0.6 2.8 15.7 0.0 0.4 3.0

BRACO-19 25.9 n/a n/a 20.1 n/a n/a 25.3 n/a n/a 11.2 n/a n/a

T able 4.2. The AT^ values o f  compounds with each oligonucleotide are reported at different ligand 
concentrations. The uncertainty on the AT^ is ± 0.5°C. BRACO-19 is reported as a reference reference 
(*Sparapani et al., 2010).

These compounds showed some similarities to the previously described mono-click series. 

Firstly (as before) compounds demonstrated significant selectivity for G-quadmplex over 

duplex DNA, although only at high ligand concentrations. Moreover, the ATm values o f 

quadmplex DNA sequences with certain compounds were considerably higher, such as in the 

case o f ligands 28, 31, 32, and 35. However, an increase in the ATm o f duplex DNA was also 

observed, even though it was significantly less than that observed for quadmplex sequences. 

As previously described for the mono-click series, there is a correlation between the ATm of 

F21T and Ckit-1 and 2, although it is greater here (Figure 4.4).
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F igure 4.4. Corrélation between di-click series ATm values with F21T and Ckit-1 (left) and F21T and Ckit- 
2 (right) at 5gM ligand concentration. The correlation is very strong, as indicated by the R  values o f  the 
curves. This could indicate a similar mode o f  binding o f  the ligands to the two G-quadruplex sequences 
analysed.

The major difference observed between the di-click and the mono-click series is that the 

former has a higher rate o f ATm increase. The general trend for ATm curves typically shows a 

gradual increase in ATm when the ligand concentration is increased, as previously observed 

for the mono-click series. However, with the di-click series, the ATm values for the G- 

quadruplexes displayed dramatic increases with just small enhancements o f drug 

concentrations. A comparison between the curves obtained with compound 25 {mono-click 

series) and compound 32 {di-click series) is reported in Figure 4.5.

As detailed for the mono-click series, a description o f the influence o f  the substitution pattern 

(Figure 4.6), the side chain linker (Figure 4.8) and the terminal amine (Figure 4.7) will 

follow.

16



3 0 -

p
2 5

E
<
c
<ü</)
g

1 0 -

oc

0 1 2 3 4 5

Drug concentration [ îM]

F igure 4.5. Comparison between the behaviour o f  a mono-click series member (compound 25, in black) and 
one o f  the di-click series (compound 32, in red) with the F21T sequence.

Substitution pattern.

For this series o f eompounds there are only pairs o f identical features, since diversity was 

introduced solely via the azide building blocks. Two substitution patterns were explored: 

meta-meta and para-para. Figure 4.6 demonstrates that the substitution pattern did not 

appear to significantly intluence the affinity o f the di-elick compounds for G-quadruplexes. 

However, it is perhaps worth noting that the two compounds (28 and 32) displaying the 

highest ATm values o f all the sequences analysed both have a meta substitution pattern.
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Figure 4.6. AT^ values o f  all di-click compounds at 5 pM drug concentration, divided by phenyl ring 
substitution pattern: meta (violet bars) and para (yellow bars).

Terminal amine.

In this series three structurally distinct terminal amines were explored: pyrrolidine, piperidine 

and diethylamine. In general, the compound terminating in a piperidine moiety (ligand 27) 

showed low affinity for all G-quadruplex sequences (Figure 4.7). Regarding Ckit-1 

stabilisation, pyrrolidino-derivatives appear largely the most selective for this sequence with 

respect to the other ligands (i.e. Ckit-1 showed the highest AT^ with compounds 28, 31 and 

32).
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Figure 4.7. ATm values o f all di-click compounds at 5 yM drug concentration, divided by terminal amine: 
diethylamine (blue bars), pyrrolidine (orange bars) and piperidine (grey bars).

Side chain linker.

Two side chain linkers were explored, o f lengths n = 1 and n = 2. In this case, there is a 

general trend for this feature, since all oligonucleotides tested showed the highest ATm in the 

presence o f compounds with the longer n = 2 side chain. In summary, the propionyl side 

chain length results in the greatest G-quadruplex interaction for the di-click series core 

(Figure 4.8).
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F igure 4.8. AT^ values o f  all di-click compounds at 5 pM drug concentration, organised by side chain linkers 
length; n = 2 (red bars), n = 1 (green bars).

In summary, three compounds o f the di-click series (28, 31 and 32) showed particular ability 

for G-quadruplex stabilisation. In particular, compound 28 interacts with all the three 

sequences used, while compounds 31 and 32 showed higher affinity for Ckit-1 and Ckit-2.

4.3. TRI-CLICK SERIES (Lombardo et a l ,  2010)

The compounds o f this series degraded in FRET experiment conditions, and this was thought 

to be due to a combination o f UV irradiation and temperature. Therefore, their ability to bind 

G-quadruplexes was assessed using ESI-MS. The features that favoured the degradation were 

also studied and the results are reported here.
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4.3.1. UV DEGRADATION STUDIES

The stability o f the tri-click series has been studied using the reference compound 45, 

investigating the influence o f different variables (Figure 4.9).
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F igure 4.9. Compound 45 degradation study, a) Absorbance vs temperature at 295 nm; b) Absorbance profile 
o f  degraded and non degraded compound; c) Effect o f  295 nm UV irradiation at two different temperatures; d) 
Effect o f  temperature exposure only (95 °C, measurements at 295 nm).

Firstly, an analysis o f the absorbance profile at 295 nm while increasing the temperature 

showed a dramatic drop in absorbance. The profile o f this degradation is shown in Figure 

4.9a. The sample was heated to 95 °C and cooled to 30 °C several times. A linear decrease in 

the absorbance was observed, which stabilised at a value close to zero. This effect was 

irreversible, since on cooling the system no increase o f the absorbance was observed.
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Furthermore, the absorbance profiles o f compound 45 and o f the degraded sample were 

compared (Figure 4.9b). Compound 45 before degradation showed a maximum of absorption 

at 265 nm. The degraded product instead did not show any UV activity in that region.

To assess the conditions responsible for the degradation, the effect o f temperature and UV 

irradiation were independently investigated. Figure 4.9c shows the influence that UV 

exposure alone had on the absorbance profile o f ligand 45 at 295 nm. The measurements 

were performed at two different temperatures (25 and 95 °C). Analysis at 25 °C showed that 

the compound, even under permanent UV irradiation (black curve), maintained its usual 

absorbance. However, the absorbance considerably decreased when the system was heated at 

95 °C (for example at time = 0 the absorbance was 0.53, compared to 0.88 at 25°C) and with 

continued exposure to UV irradiation a diminution o f the absorbance was observed (red 

curve). Figure 4.9d shows the influence that a continued exposure o f the ligand to high 

temperatures had on its absorbance. A sudden drop in the absorbance was observed even 

after a short period. However, this effect was not sufficient to completely reset the 

absorbance o f compound 45 at 295 °C, as observed in the experiment reported in Figure 4.9a. 

It therefore seems that the degradation could be ascribed to a combined effect o f temperature 

and absorbance.

It is evident that the disappearance o f UV absorption is related to the degradation o f the 

aromatic core, as shown by the NMR o f the degraded compound 45, where no signals are 

visible at low field (Figure 4.10).

Unfortunately, it was not possible to identify the degradation product even using a 

combination o f HRMS and NMR.
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4.3.2. ESI-MS STUDIES

The affinity o f the tri-click series for G-quadruplex structures was studied using ESI-MS. As 

described in the introduction (paragraph 1.3.1), with this technique it is possible to analyse 

the complexes formed between G-quadruplexes and ligands, visualising their mass in 

negative mode. Using the areas o f the peaks obtained in the spectrum, it is often possible to 

calculate the dissociation constants (Æj) o f the complexes formed. Three different types o f 

experiment were performed, in order to assess:

a) Telomeric G-quadruplex affinity;

b) Duplex affinity;

c) G-quadruplex vs duplex DNA selectivity.
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a) Telomeric G-quadruplex affinity study.

The samples were analysed in the presence o f the 22-mer telomeric sequence 

d[AGGG(TTAGGG)3 ] (Telo-22) at 1:1 and 2:1 drug:DNA ratios. The DNA was annealed in 

ammonium acetate buffer, in which Telo-22 mostly has an antiparallel G-quadruplex 

conformation (Baker et al., 2006). At the voltages used, all the compounds formed 1:1 

complexes with Telo-22, with the most intense charge state being [Telo-22 + ligand]^'. An 

example o f the type o f spectra obtained is reported in Figure 4 .1 1.
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F igure 4.11. Fragmentation profile o f  Telo-22 (top), with its three main charge states, and o f  the complex that 
Telo-22 formed with compound 46 (bottom) for the 1:1 ratio experiment. The peak at 880 m/z corresponds to 
the control sequence T 6  in its charge state 2-. The experiments were all performed in ammonium acetate buffer 
150 pM, pH = 7.4.

The constant (Kd) for the equilibrium

[Telo-22 + ligand] [Telo-22] [ligand]
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was then calculated for each compound as described in the introduction and is reported in 

Table 4.3.

Compound Substitution
pattern

n NRz KdlpM] Error

36 meta- 1 pyr 6 ±0.59

37 para- 2 pyr 70.7 ±54.18

38 meta- 3 pyr 35.3 ±8.51

39 meta- 2 dieth 5 ±19.19

40 para- 2 dieth 99. 7 ±1.54

41 para- 1 pyr 49.2 ±25.63

42 meta- 1 pip 251.3 ±127.03

43 meta- 1 dieth 3 ±0.60

44 para- 1 pip 76.9 ±12.30

45 para- 1 dieth 32.4 4±.88

46 meta- 2 pyr 4.9 ±1.27

BRACO-19 N/A N/A N/A 7.9 ±1.4

T able 4.3. o f  the complexes formed between the tri-click ligands and Telo-22. Each compound was 
analysed at two different DNAidrug ratios and at three different set o f  voltages. The value for BRACO-19 is 
reported for comparison purposes (Collie et ah, 2009).

The Æd values range between 3.0 and 251.3 pM, thus individual compounds o f this series 

have very different affinities for the Telo-22 sequence. In particular, four compounds (36, 39, 

43, 46) have a lower than the potent G-quadruplex ligand BRACO-19. All contain a meta- 

substitution pattern, with a short side chain linker (not n=3) and diethylamine or pyrrolidine
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as the terminal amine. In general, all the meta- substituted compounds have a lower than 

the corresponding para- substituted counterparts (compounds 36, 39, 43, 46 form more stable 

complexes than 41, 40, 45 and 37 respectively). Furthermore, the compounds showing the 

highest Kà all terminate with a piperidine (ligands 42 and 44). In addition, the compound 

with the longest side chain linker (38), formed less stable complexes than its shorter 

counterparts (36 and 46).

In summary, these experiments gave some important information about the SAR of the 

members o f the tri-click series, classifying the meta- substitution as a key feature for 

effective interaction with G-quadruplex DNA. On the other hand, the presence of piperidine 

as the terminal amine and o f a long side chain linker destabilises the interaction o f the tri

click core with the target.

b) Duplex affmitv.

Thanks to Dr. Valérie Gabelica fo r  performing this experiment.

The affinity for the duplex sequence d(CGCGAATTCGCG ) 2  (DK-6 6 ) was analysed under 

the same conditions as the Telo-22 affinity for the ligands showing a strongest G-quadruplex 

stabilisation (36, 39, 43 and 46). The drug:DNA ratios injected were 1:1, 2:1 and 8:1 and in 

none o f these cases a complex o f  the drug with the duplex sequence was detected. A further, 

more detailed, evaluation o f these results is reported in the Material and Methods section 7.3.

c) G-quadruplex vs duplex DNA affinitv.

With ESI-MS it was also possible to perform a competition experiment, where three 

oligonucleotides and a ligand were injected at the same time. In these conditions it was 

possible to observe the selectivity o f the ligands for each sequence. The oligonucleotides 

investigated were the antiparallel G-quadruplex Telo-22 (Baker et a l ,  2006), the parallel 

intermolecular G-quadruplex (dTG4T ) 4  and the duplex DK-6 6 . Each compound was injected 

at 2 : 1  ratio with respect to each sequence and was analysed at three different set o f voltages. 

A diagram representing the results obtained is reported in Figure 4.12.
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F ig u re  4.12. ESI-MS competition experiment o f  the tri-click series with an anti parallel G-quadrupex 
(telomeric 22-mer, black bars), a parallel G-quadruplex ((TG^T)^, dark grey bars) and a duplex sequence (light 
grey bars). The vertical axe represents the fraction free o f  DNA, i.e., the fraction o f oligonucleotide not 
involved in any complex formation (Lombardo et a i,  2010).

All the ligands showed high affinity for the G-quadruplex sequences, except for compound 

37, which also demonstrated some degree o f stabilisation o f duplex DNA. Interestingly, the 

majority o f the compounds revealed a striking selectivity for the parallel sequence (dTG 4 T ) 4  

over the antiparallel Telo-22 (Baker et a i ,  2006). Compound 42, which had the highest 

for Telo-22, did not show any binding affinity for (dTG 4 T)4 . Only the compounds with low 

Âd for Telo-22 (ligands 36, 39, 43 and 46) displayed some binding to that sequence, even in 

the presence o f (dTG 4 T ) 4  and duplex DNA. Compounds 40 and 41 showed unambiguous 

selectivity for (dTG 4T ) 4  over the other two sequences involved in the experiment.

The affinity o f a compound for each oligonucleotide was deduced from the amount o f non- 

complexed DNA (fraction free). The areas underneath the peaks corresponding to 

olignucleotide alone gave an indirect measure o f the amount o f DNA involved in interactions 

with the ligand, being thus ‘not free’ DNA. This approach was more accurate than the direct 

measure o f the complexes formed between the sequences and each ligand. In fact, although
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the ligands mainly bound to Telo-22 with a 1:1 ratio, their complexes with (dTG4 T ) 4  were 

stoichiometrically complicated and some of them could not be unambiguously assigned. 

These structures could be observed with mass spec and an example is reported in Figure 

4.13.
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Figure 4.13. Competition experim ent between the telomeric G-quadruplex dAGGG(TTAGGG)] (Telo-22), 
the duplex (dCGCGAATTCGCG)?, and the tetrameric G-quadruplex [dTG 4T]4 , 5 pM each. The single strand 
dTft is added (2 pM ) as an intensity reference. Ammonium acetate concentration was 150 mM. (a) No ligand 
added, (b) addition o f  10 pM ligand 45, (c) addition o f  10 pM ligand 43. Note the 20 x intensity zoom in m/z 
range [1920-2950] (Lombardo el a i ,  2010).

To summarise, ESI-MS studies demonstrated a general lack o f affinity o f the tri-click core 

for duplex DNA. Furthermore, it was possible to identify some important features for the 

interaction with G-quadruplexes, such as the wc/a-substitution pattern o f the phenyl ring and 

short side chain linkers. Four compounds in particular, 36, 39, 43 and 46, demonstrated 

affinity for Telo-22 that is even higher than the well-studied G-quadruplex ligand BRACO- 

19. However, it is interesting to note that the use o f piperidine as a terminal group always 

resulted in low G-quadruplex binding efficacy. In addition, the competition study pointed out 

a general preference o f the tri-click series for a tetrameric parallel G-quadruplex without 

loops over an antiparallel one. This aspect was further investigated by mean o f circular 

dichroism.
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4.3.3. CIRCULAR DICHROISM STUDIES

The asymmetry o f G-quadruplexes makes these tertiary structures suitable for CD analysis. 

As previously explained in detail in the introduction section (paragraph 1.3.1), the presence 

o f an ellipticity maximum at 260 nm is usually characteristic for a parallel G-quadruplex, 

while antiparallel structures generally have a maximum at 290 nm, although in solution the 

two conformations are sometimes in equilibrium, e.g. for the human telomeric quadruplexes 

(Paramasivan et a l,  2007). The changes in the CD spectrum of a particular sequence in the 

presence o f ligands can give important information about their mutual interaction.

In the case o f the tri-click series, the interaction of compound 46 with the telomeric 23-mer 

d[TA(GGGTTA)2GGG] was investigated by CD. Two different studies were performed:

a) Effect o f titration o f pre-annealed DNA with the drug;

b) Effect o f different drug concentrations on DNA annealing.

All the experiments were carried out either in sodium and potassium phosphate buffer. In the 

former solution the telomeric quadruplex is mostly antiparallel, in the latter it is in a mixture 

o f parallel and antiparallel arrangements.

a) Titration o f pre-annealed DNA with the drug.

The DNA was previously annealed and the drug was systematically added to the solution, in 

order to evaluate its effect at different DNAidrug ratios. This type o f experiment is useful to 

visualise the interaction o f the ligands with the quadruplex DNA in terms o f a change in the 

intensities o f the curves, as observed in Figure 4.14.

The UV and CD profiles o f the ligand alone were previously analysed. Compound 46 did not 

show any CD properties and its UV profile was always subtracted from each measurement. 

The samples were analysed immediately after preparation.

Compound 46 interacted with both structures generated in the presence o f sodium and 

potassium ions, as demonstrated by the presence o f non-overlapping curves for each ratio. 

However a substantial change was not observed in the wavelength o f the maxima. This 

means that the type o f structure formed during the annealing was not modified by the 

presence o f  the ligand. Potentially this structure is kinetically favoured. However, it is also 

possible that the activation energy for the conversion into a thermodynamic ally more stable
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conformation could be too high to be observed at room temperature. Nonetheless a longer 

incubation o f the DNA in the presence o f ligand did not result in any changes in the shape o f 

the curves (results not shown). This could indicate a slow kinetic interconversion between 

conformations.
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Figure 4.14. CD titration o f  the telomeric 23-mer quadruplex with compound 46. The experiment in sodium 
phosphate 100 mM is shown on the left, the one with potassium phosphate 100 mM on the right. On top o f  each 
CD, the corresponding UV profile.

b) Experiments annealing the DNA in the presence o f the ligand.

To overcome the activation energy barrier, thus studying the thermodynamically more stable 

conformation generated by the ligand, the annealing o f the DNA was also performed in the 

presence o f compound 46 at different concentrations. Although the structure in sodium did 

not display any significant changes at increasing drug concentrations, the DNA profile in
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potassium appeared significantly different from the one obtained in the simple titration 

experiment a) (Figure 4 .15).

The structure started as a hybrid o f parallel and antiparallel G-quadruplexes in the absence o f 

ligand (black curve, right chart) and adopted a parallel character with increasing 

concentrations o f  ligand, as demonstrated by the increase in intensity o f the 260 nm 

maximum and the decrease o f the ellipticity for the 290 nm maximum. At ligandiDNA ratios 

4:1 and 5:1 the telomeric 23-mer clearly showed the complete preponderance o f the parallel 

conformation (curves pink and light blue).
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Figure 4.15. CD o f  the telomeric 23-mer quadruplex annealed in the presence o f  different concentrations o f 
compound 46. The experiment in sodium phosphate 100 mM is shown on the left, the one with potassium 
phosphate 100 mM on the right. On top o f  each CD, the corresponding UV profile.

In conclusion, CD studies suggested that the telomeric 23-mer conformation 

thermodynamically favoured by compound 46 is the parallel arrangement. This result, along
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with the ESI-MS observations, enforces the theory that the tri-click series have a preference 

to bind parallel G-quadruplexes.

A model o f interaction between parallel telomeric G-quadruplex and compound 46 is shown 

in Figure 4.16 {thanks to Dr. Shozeh Haider for performing the modelling study here 

described).

F igure 4.16. Docking o f  compound 46 with a 45-mer bis telomeric quadruplex (left) and crystal structure o f 
BRACO-19 with the d(TAGGGTTAGGGT) telomeric sequence (right, taken from Campbell el at., 2008).

Considering the structural similarities between the acridine BRACO-19 and compound 46, 

the mode o f  binding o f BRACO-19 observed in the crystal structure with telomeric G- 

quadruplex (Campbell et a i ,  2008) was used as a template for this prediction study. 

BRACO-19 forms a 2:1 complex with the telomeric sequence, with the core packed between 

the two quadruplexes in a ‘sandwich manner’ and the side chain interacting with the grooves. 

Therefore, a 45-mer bis-quadruplex ligand sandwich complex modelled structure was used 

for an in silico study o f ligand 46. The model reported in Figure 4.16 shows that in the low 

energy docked position the core o f 46 is comfortably packed between two G-quartets and the 

side chains intrude into the groves for electrostatic interactions between the negatively 

charged phosphates and the amines, which are positively charged under physiological 

conditions.
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4.3.4. TELOMERE REPEAT AMPLIFICATION PROTOCOL (TRAP) ASSAY 

Thanks to Dr. Mekala Gunaratnam fo r  running the experiments described here.

The affinity o f the tri-click series for the telomeric G-quadruplex raised interest in their 

possible ability to inhibit telomerase. The substrate o f this enzyme is the single stranded 

telomeric DNA overhang and it was demonstrated that telomerase activity can be 

compromised by the presence o f G-quadruplex structures (Zahler et.al., 1991). Many G- 

quadruplex binding ligands have demonstrated telomerase inhibition efficacy (De Cian et a l ,  

2008), including the acridine BRACO-19 and the natural product telomestatin.

The Telomere Repeat Amplification Protocol (TRAP) (Figure 4.17) is an in vitro assay that 

uses PCR amplification on the elongation products obtained by the action o f telomerase. The 

enzyme used is usually extracted from exponential growing cancer cells. The TRAP is one o f 

the most popular techniques for the study o f telomerase activity in vitro, and has thus been 

employed to provide data on the new series o f compounds described here.

Assav development and description.

The assay used in this thesis (TRAP-LIG assay) was performed according to the conditions 

developed in our group (Reed et a l ,  2008).

The method is based on four main steps:

1) Performance o f telomerase activity. The extracted protein is incubated with the 

forward primer TS (5’-AAT CCG TCG AGC AGA GTT-3’), in presence o f 

increasing concentrations o f ligand or alone (control). Normally, the enzyme 

elongates the primer by discrete additions of dTTAGGG repeats.

2) Ligand elimination. The ligand is removed by trapping the DNA (only sequences > 

17 bases) onto a positively charged membrane.

3) PCR amplification. The telomerase elongation products are mixed with the reverse 

primer ACX [5’-GCG CGG [CTTACCjs CTA ACC-3’), then amplified with the 

enzyme Taq polymerase.

4) Visualisation. The results are visualised on an electrophoresis gel with the use o f 

SYBR Green, a fluorescent intercalator of double stranded DNA. The lane o f the 

control sample presents a series o f  bands corresponding to different numbers of
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dTTAGGG repeats additions. In the case o f a telomerase inhibitor, the lanes o f the 

ligand present weak bands o f intermediate electrophoretic mobility, corresponding to 

the different telomerase elongation products. This could be explained with G- 

quadruplex formation o f the telomeric sequence after n > 4 elongation cycles.

= pnmer =  TTAGGG telomerase

poor ligand good ligand

N o ligand 
or

Alter 4
elongations

Long elongation 
products

PCR am plification

and visualisation

No ligand 
or^> )

Short elongation 
products

F igure 4.17. Representation o f  the TRAP assay. In the presence o f  a poor ligand or without any ligand, 
telomerase performs discrete elongations o f  the primer. In the presence o f  a G-quadruplex ligand after four 
elongations the ligand can sequestrate the substrate by G-quadruplex stabilisation, thus only short products can 
be obtained. These informations can be visualised on electrophoresis gel after PCR amplification.

The TRAP assay was first proposed in 1994 by Kim and co-workers (Kim et a l ,  1994). 

Despite a number o f subsequent modifications (for example, the optimisation o f the primer 

sequences, Kim et a i ,  1997) all the first protocols were based only on a three step process 

(steps I, 3 and 4 in the procedure previously described). The main limitation o f this assay 

was that the PCR step can have sensitivity to the presence o f the ligand and its complexes.
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producing artefacts and unreliability in the assay. The introduction o f a pre-screen against 

Taq polymerase (Harrison et a l ,  1999) only partially resolved the problem. A few years later 

a direct TRAP assay was reported, using radiolabelled oligonucleotides, thus no PCR 

amplification was required (De Cian et al., 2007). However, considering the low expression 

o f telomerase in cancer cells, this method is not generally convenient for widespread use, 

since it would have involved the use o f a high level o f harmful radioactive material.

The introduction o f the purification step proposed by Reed and co-workers resolved the 

problem o f Taq polymerase inhibition by a ligand and has thus been the approach adopted in 

this work.

TRAP-LIG assav for the tri-click series.

Three compounds o f the tri-click series (39, 43 and 46) were studied with the TRAP-LIG 

assay. They were selected since all o f their complexes with Telo-22 showed low ÆjS with 

ESI-MS methods (Table 4.3). All the three compounds have a meta- substitution pattern, n = 

1 or 2 and diethylamine or pyrrolidine as terminal amines. The electrophoresis gels from the 

assay with compounds 39 and 46 are shown in Figure 4.18. The results corresponding to 

compound 43 are not reported, because this ligand did not show any telomerase inhibitory 

activity in this TRAP-LIG assay. The fluorescent bands corresponding to the telomerase 

elongation products demonstrated a consistent decrease in intensity with increasing ligand 

concentrations with both the compounds. The band indicated as ‘+ ’ represents the positive 

control, i.e. telomerase with no drug, while the line is the negative control, i.e. no 

telomerase, nor ligand. For the two compounds reported it was possible to calculate the half 

maximum effective concentration ( E C 5 0 ) ,  defined as the concentration o f the ligand required 

for 50% enzyme inhibition. The values were all normalised by the positive control and the 

negative control was always deducted.
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Figure 4.18. Electrophoresis gel o f  in vitro TRAP-LIG assay with com pounds 46 and 39. Line ‘+ ’ refers to 
the positive control (TS primer, telomerase, no ligand), line ‘- ‘corresponds to the negative control (no 
telomerase, no drug). The EC50 were all subtracted o f  the negative controls and normalised by the positive 
control. BRACO-19 and telomestatin EC50 are reported as calculated in literature (Reed et al., 2008).

As comparison, the EC 50  o f the potent telomerase inhibitor BRACO-19 and telomestatin are 

reported. Although telomestatin displays telomerase inhibition at lower concentrations than 

the other ligands, compounds 39 and 46 showed EC 50  in the micromolar range, and are 

somewhat more effective than BRACO-19. On the contrary, for compound 43 it was not 

possible to determine an EC 5 0 . Despite the structural affinities among these three ligands, 

their responses to the TRAP-LIG assay were very different. In particular, compounds 39 and 

43 are identical {meta- substituted, terminating with diethylamine), except for the side chain 

length (n = 2 for 39 and n = 1 for 43), while compound 46 has a n = 2 linker along with 

pyrrolidino- terminal amine. This suggests that a side chain linker with n = 1 reduces the 

telomerase inhibitory activity o f this type o f compounds.

136



4.4 GENERAL CONCLUSIONS FROM THE BIOPHYSICAL ANALYSES

The three libraries proposed in this thesis displayed very different properties.

Mono- and di-click series have high tolerance o f combined UV and high temperature 

exposures, thus could be studied with FRET methods. On the contrary, the tri-click series 

displayed high sensitivity to those conditions, therefore its G-quadruplex affinity was studied 

only with ESI-MS. The data obtained with these two different experiments cannot be directly 

compared, since the mass spec analysis refers to G-quadruplex structures obtained in a 

solvent free environment, while FRET is measured in solution. Furthermore, the telomeric G- 

quadruplex ligand complexes obtained in potassium buffer (FRET) are mainly parallel, 

whereas the telomeric G-quadruplex complexes in ammonium acetate are assumed to have a 

prevalent antiparallel conformation. Nonetheless, it is possible to identify some general 

features o f interaction that can be summarised for all the series.

1) Selectivitv for G-quadruplex over duplex DNA. All the series showed a general 

preference for G-quadruplex DNA (telomeric DNA, Ckit-1, Ckit-2 and T G 4 T )  over 

duplex DNA (Dk- 6 6  and ds DNAs). However, this property is only displayed at high 

concentration in a FRET assay for di-click and mono-click members.

2) Selectivitv for different G-quadruplex structures. Taking into account the ATm 

obtained independently with each sequence, the mono- click members showed 

particular affinity for the telomeric G-quaduplex, as well as for Ckit-2, but no strong 

affinity for Ckit-1. However, the di-click series did not show any selectivity among 

telomeric DNA, Ckit-1 and Ckit-2. Since the G-quadruplex conformations o f these 

sequences are very different, this behaviour indicates a lack o f selectivity among G- 

quadruplexes for these types o f cores. On the contrary, the tri-click ligands in a 

competition experiment showed a general preference for the parallel sequence TG4T. 

Furthermore, the CD study o f compound 46 demonstrated its ability for promoting 

the formation o f a parallel G-quadruplex for the telomeric 23-mer. However, these 

results cannot be taken as a defining proof o f the tri-click preference for the parallel 

structures over the antiparallel.

3) SAR. There was no general trend o f activity identified for the mono-click series. 

However, some negative features for the interaction with G-quadruplexes can be
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noted, i.e. the presence o f two n = 2  side chain linkers, two different terminal amines 

(dimethylamine and pyrrolidine) and a para-para substitution pattern (compound 1 0 ). 

The di-click series showed particular G-quadruplex affinity for compounds with n = 2 

linkers and the piperidino- terminal group usually resulted in a weaker interaction 

with the target. The analysis o f the tri-click series showed very clear structure activity 

relationships, with the meta- substitution pattern being a key feature for G-quadruplex 

stabilisation. Furthermore, the TRAP-LIG assay showed that side chain linkers with n 

= 2  are an important feature for effective telomerase inhibition in vitro.
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5. BIOLOGICAL STUDIES

Probably one o f the most challenging steps towards the development o f a new drug is to find 

a correspondence between the preliminary biophysical evaluation and the in vitro behaviour 

in a real cell environment. In many cases, molecules which looked promising in a number o f 

cell free experiments showed non-specific cytotoxicity. This is the case o f many o f the first 

generation o f G-quadruplex binding ligands designed for telomerase inhibition, such as the 

2,7-fluorenones (Perry et a l ,  1999). In other cases, compounds displaying interesting 

biophysical activity revealed low potency when tested in cell culture, i.e. a group o f 

dihydroxypyrimidines developed as HIV-1 integrase inhibitors (Pace et a l ,  2007). 

Furthermore, some agents developed for a specific objective have been found to act on a 

different target, such as the antidepressant iproniazid, which was originally designed as a 

drug for tuberculosis (Cunningham Owens, 1999).

Additionally, to define a correlation between the affinity o f a molecule for G-quadruplex 

structures and its biological activity is even more complicated, since there have been no 

direct assays to demonstrate G-quadruplex interaction in the cellular environment. However, 

many experiments can be performed to investigate how plausible this hypothesis is. For 

example, the natural product telomestatin is a potent G-quadruplex binding ligand (Kim et 

a l,  2002; Rosu et a l ,  2003) and telomerase inhibitor according to the TRAP assay ( E C 5 0  =  

0.6 pM, Reed et a l ,  2008). Cell studies demonstrated that exposure o f a panel o f cancer cells 

to this compound caused telomere shortening, with subsequent induction o f a DNA damage 

response and senescence (Tauchi et a l,  2003); there is some evidence that these effects could 

be ascribed to G-quadruplex structure stabilisation (Gomez et a l ,  2004). The other potent G- 

quadruplex ligand BRACO-19 instead induced senescence on prostate cancer cells via 

chromosomal end-to-end fusion (Incles et a l ,  2004); furthermore, it demonstrated anticancer 

activity in a human tumor xenograft carcinoma (Gowan et a l ,  2002) and showed an ability to 

displace the shelterin protein POT-1 from the telomeric single stranded overhang 

(Gunaratnam et a l ,  2007). All these properties could be ascribed to G-quadruplex DNA 

stabilisation. Although the majority o f the G-quadruplex ligands were tested for telomerase 

inhibition, some o f them showed effects on other G-rich genes. For example, the porphyrin 

derivative TMPyP4 (Figure 1.22) caused a reduction in the expression o f the telomerase
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subunit hTERT, via inhibition o f the related gene c-myc (Rangan et al., 2001), which forms 

G-quadruplexes in vitro (Siddiqui-Jain et a l ,  2002; Gabelica et a l ,  2006; introduction, page 

30).

The aim o f this chapter is to investigate some preliminary biological features o f the three 

different series o f compounds and, where possible, to establish a correlation between the 

biophysical properties and the biological activity.

5.1 METHODS FOR THE BIOLOGICAL ACTIVITY EVALUATION

Firstly, an evaluation o f acute cytotoxicity o f the three series o f ligands was performed, 

followed by long term cytotoxicity studies on selected compounds. When there was an 

indication o f a possible mode o f action involving telomerase, studies on telomerase activity 

extracted from treated cells were performed.

5.1.1 SHORT TERM CYTOTOXICITY EVALUATION

The compounds were screened against a small panel o f cancer cells, derived from human 

tissues, and a non-cancer cell line (from now on also referred to also as ‘normal cell line’). 

The cancer-derived cell lines studied were the human lung adenocarcinoma A549, the human 

breast adenocarcinoma MCF7, the pancreatic cancer cell lines Mia PaCa-2, PANC-1 and 

HP AC, the renal cancer RCC4 and the mutant renal cancer RCC4VHL. The foetal lung WI38 

non-cancer cell line was used as a control. The proliferation o f all the cancer cell lines chosen 

is correlated to G-rich DNA sequences: A549 (Riou et a l ,  2002), MCF7 (Kim et a l ,  2001) 

and the three pancreatic cancer cell lines (Sato et a l ,  2000 and Ramakrishnan et a l ,  1998) 

express telomerase. In contrast, RCC4 follows a HIF-dependent pathway (page 35, Sowter et 

a l,  2001) and the H IE -la promoter region has been found able to fold into a parallel G- 

quadrulex structure in vitro (De Armond et a l ,  2005 and introduction, page 35). RCC4VHL 

is a mutant cell line derived from RCC4, where the Von Hippel-Lindau tumor suppressor, 

(VHL) is expressed, and therefore it does not express H IF-1 a  in normoxia conditions and it 

was used as a control (Sowter et a l ,  2001).
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The experiment consisted o f a short term cell exposure (4 to 96 hours) to different 

concentrations o f drug, in order to calculate the IC 50  o f each ligand.

This type o f procedure is important to identify two features:

- The selectivity o f drugs for cancer cells over normal cells.

- The potency o f new drugs. Generally, the drug activity is a combination o f cytotoxic 

and cytostatic effect, the former being mainly caused by indiscriminate cell damage, 

and the latter being mostly ascribed to specific targets. The IC50 is a measure o f the 

drug concentration that causes an uncontrolled effect on the cells and therefore it has 

to be considered as the concentration limit for future investigations.

The short term cytotoxicity assay adopted in this study is the sulforhodamine B colorimetric 

assay (SRB).

Sulforhodamine B assav.

The SRB is a widely used and accepted assay for the screening o f the short term cytotoxicity 

o f cancer drugs. It is a colorimetric assay, based on the ability o f the bright purple dye 

sulforhodamine B to interact with the basic amino acid residues o f cellular proteins. This 

molecule is UV active, and the quantification o f the dye attached to the cells at 540 nm is an 

indirect evaluation o f the amount o f cells in the sample.

o
0 ;vM̂0 Na

N

SRB

This assay has been the accepted drug screening method by the National Cancer Institute 

since the early 1990s; it was first proposed in 1990 by Skehan and co-workers (Skehan et a l ,  

1990) and was subsequently optimised (Papazisis et a l,  1997). This latter protocol was the 

one adopted for the screening o f the click-libraries proposed here (for a detailed description
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o f the method, see Materials and methods, page 253). Briefly, a number o f cells (depending 

on the cell line) were seeded in a 96-well plate and incubated for 24 hours; an incubation o f 

96 hours with different drug concentrations was subsequently performed. On completion, the 

supernatant was removed and remaining cells were fixed with trichloroacetic acid (TCA), 

and then stained with SRB. The readings collected were all corrected by the negative control 

(only cells, without drug, nor SRB) and normalised by the positive control (only cells and 

SRB, no drug), to obtain a percentage o f cell survival. The IC50 values were evaluated as the 

concentrations responsible for a 50% reduction o f cell viability (Figure 5.1).
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F igure 5.1. Representation o f  the SRB profile o f  compound 25 {mono-click series). A decrease in cell survival 
is observed with an increase in the drug concentration in cancer cells. The IC 50 can be visualised on the curve, 
as the abscissa related to the 50% o f  cell survival (dashed red lines). In normal cells (W I38) the cytotoxic effect 
o f  the drug is not strong enough to cause 50%  cell death. Each value is the results o f  three measurements. The 
table reports the IC50 values and the related standard deviations. The error bars are reported in the graph but 
they are too small to be visible.

143



5.1.2 LONG TERM STUDIES

Cells were treated with a number o f sub-cytotoxic concentrations (lower than the IC50  

concentration) o f drug for long periods o f time (between two and four weeks). With this 

approach it was possible to study the eventual cytostatic effects o f the drugs, which are 

related to specific target alteration, rather than to indiscriminate cell damage. The cells used 

in these experiments were MCF7 and A549 cancer cell lines. The compounds selected for 

this type o f studies usually had greater selectivity between cancer cells and non-cancer cells 

cytotoxicity in the SRB assay.

These experiments are usually performed using normal conical flasks, since a greater number 

o f cells is required (for a detailed description o f the method, see Material and methods, page 

255). Briefly, on week one a number o f cells (usually 10^) was seeded in the presence o f 

different concentrations o f drug (day one). Cells were re-treated twice per week (on day three 

and five): the old media containing the drug was discarded, cells washed with PBS and then 

freshly made solutions o f drug in the media added. This step was important to guarantee the 

right amount o f nutrients to the cells during all the experiment. After one week (day one o f 

week two) cells were counted, and then the same number o f cells as day one o f week one was 

reseeded. Each population was re-treated exactly with the same concentration o f drug, 

following the same procedure as in week one (two re-treatments). The parameter used in the 

following analysis is population doubling, which is calculated as follows:

N f  =  N o 2^  ̂ I [)> pd = log (N f/N o) / log 2

where pd is the population doubling, N f  is the number o f cells counted before re-seeding and 

No is the number o f cells seeded each time.

In Figure 5.2 a typical behavior o f a cytostatic drug is represented.
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T.ong term  study

VC

Drug cone 1 

D nie cone 2

weeku weekl week 2  week 3

Figure 5.2. Example o f  long term study o f  a cytostatic drug. VC represents the vehicle control (no drug), 
whereas cone I and 2 are two samples exposed to different concentrations o f  the same drug (cone 2 > cone I ).

A swnmary o f  all the biological results is reported in the back pocket o f  this thesis.
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5.2 BIOLOGICAL ACTIVITY OF THE MONO-CLICK SERIES

5.2.1 SRB STUDIES

Thanks to Dr. Mekala Gunaratnam for running the SRB on pancreatic cells and to Dr. Sarah 

Welsh for the SRB on renal cells.

The IC5 0  values o f the mono-click series against A549, MCF7 and WI38 are reported in 

Table 5 .1.

M CF7 [pM] A 549 [pM] W I38 [pM]

10 2 .9  ± 0 .1 1.7 ± 0 .3 2 7 .7  ± 0 .1

11 35 .8  ± 0 .2 35 .7  ± 0 .1 4 4 .8  ± 0 .5

12 2 .3  ± 0 .4 4 .3  ± 0 .2 15 0 ± 0  1

13 24 .6  ± 0 .1 33 .6  ± 0.2 > 50

14 34.3  ± 0 .3 2 0 . 0  ± 0 . 1 42.1 ± 0 .6

15 16.6  ± 0 .5 8 . 8  ± 0 .3 19 .2  ± 0 .4

16 14.7  ± 0 .1 14.7  ± 0.4 30 .2  ± 0.2

17 23 .7  ± 0 .7 2 0 . 0  ± 0 . 1 > 50

18 1.4 ± 0 .4 2 .5  ± 0 .1 4 4 .8  ± 0.1

19 3 .9  ± 0 .3 3 .6  ± 0 .4 4 3 .8  ± 0 .7

20 1 0 . 2  ± 0 . 6 1 0 . 2  ± 0 . 1 > 50

21 3.1 ± 0 .1 3 .0  ± 0 .3 32 .9  ± 0 .3

22 8 .4  ± 0 .2 8 . 6  ± 0 . 1 > 50

23 5.5  ± 0 .5 4 .4  ± 0 .3 > 50

24 13.5 ± 0 .2 15.7 ± 0 .2 > 50

25 16.0  ± 0 . 1 13.8 ± 0 .8 > 50

BR A CO -19 2.5 2 .4 10.7

T ab le  5.1. IC50 values for the mono-clicti series. The values are the result o f eight repeats o f  each 
measurement. Highlighted in red is the normal cell line WI38. BRACO-19 is reported as a reference 
(Gunaratnam et al., 2007).
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Almost all the compounds were found to be selectively cytotoxic for cancer cell lines over 

normal cells (Figure 5.3), with the IC5 0  values being all in the micro-molar range. All the IC50  

ratios WI38:cancer cells (Table in Figure 5.3) were greater than 1 and in many cases they 

suggest the existence o f a concentration window for treating cancer cells without affecting 

normal cells.

M o n o -c lick  s e r ie s MCF7

WI38

I C 5 0  [pM]

WI38/MCF7 WI38/A549
10 9.5 16.3
11 1.2 1.2
12 6 .5 3.4
13 >2.0 >1.5
14 1.2 2.1
15 1.1 2.2
16 2.0 2.0
17 >2.1 >2.5
18 32 .0 17.9
19 11.2 12.2
20 >4.9 >4.9
21 3.2 3.3
22 >9.5 >5.8
23 >9.1 >11.4
24 >3.7 >3.2
25 >3.1 >3.6

BRACO-19 4 .3 4.4

F igure 5.3. The bar graph shows the IC50 o f  each mono-click ligand in A549 (green bars), MCF7 (blue bars) 
and WI38 (red bars). The bars corresponding to WI38 exposures are consistently longer than the ones 
corresponding to A549 and MCF7. Each measurem ent was replicated eight tim es and the error bars represent 
the standard deviations. The table represents the ratio between WI38 and cancer cells IC50 values. The ratios are 
always higher than 1 , thus each compound is more cytotoxic for cancer cells than for normal cells.

Since A549 and MCF7 express telomerase, their I C 5 0  values were compared with the ATm 

values obtained for the mono-click series with F21T (Figure 5.4a). However, no linear 

correlation between the two results was found. For example, compound 10 showed the 

lowest ATm in the FRET experiment, but it is between 9.5 and 16.3 fold more cytotoxic
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towards cancer cells over normal cells. Furthermore, its cytotoxicity for cancer cells is one of 

the lowest o f the series. Nevertheless, a significant correlation between A549 and MCF7 I C 5 0  

values was observed instead (Figure 5.4b), which suggested that the ligands could operate in 

the two cell lines through a similar mechanism of action.

a)
FRET vs IC5 0  CORRELATION PLOT

b)
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F igure 5.4. a) Correlation plots between MCF7 IC50 values and F 2IT  AT^ and between A549 IC50 values and 
F21T ATm. To each point corresponds one o f  the mono-click series compounds. The AT^ values were obtained 
with 5pM drug concentration, b) Correlation between MCF7 and A549 IC5 0 values.
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Observing the results from a substitution pattern point o f view, it is worth pointing out that 

compounds with a para-para  substitution pattern showed the highest cytotoxicity (Figure 

5.5).

IC5 0  [pM] of m ono-click ser ie s  with A 549 I 110 
a i 8

L _ J 1 8  
12 
10 

IZZ121
19
23 
22
20
24 
16
25 
15 
17
13
14 
11

IC5 0  [pM] of m ono-click ser ie s  with MCF7

IC5 0  [pM]IC50 [pM]

I m eta-para  
para-para  
m eta-m eta

Figure 5.5. Representation o f  the substitution pattern dependence o f  the mono-click IC50 values with A549 
(left) and MCF7 (right). The meta-meta substitution pattern is represented in purple, the meta-para in blue and 
the para-para in yellow. The lowest values were obtained for para-para substituted compounds.

Some o f the compounds were also tested with SRB to investigate their acute cytotoxicity 

properties with pancreatic cancer cells (10, 17, 19, 20, 23 and 24) and renal cancer cells (10 

and 19). Compounds 17, 20, 21 and 24 were chosen since they displayed the highest ATm for 

F2IT in FRET experiments, while compound 10 is the ligand showing the worst FRET 

results. Compound 19 was chosen as representative o f average ligand in terms o f FRET 

results, but having a high ratio WI38/cancer cell I C 5 0  (Table in Figure 5.3).

The IC5 0  evaluated for these compounds are reported in Table 5.2

In the case o f pancreatic cancer cells there is not a clear correspondence between the FRET 

data on F2IT and the IC50 values. However, the results were in general encouraging, since 

some of the compounds analysed ( 1 0  and 2 0  in particular) displayed fairly high cytotoxicity
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for this type o f cancer and, to date, not many molecules are known to have this effect (for an 

example, Hampel et al., 2010).

F21TATm [°C] WI38 [pM] Mia PaCa-2 [pM] PANC-1 [pM] HPAC [pM]

10 8 . 1 27 .7 2 .7  ± 0 .2 3.1 ± 0 .4 3 .5  ± 0 .1
17 14.2 > 50 38 .0  ± 0.5 4 5 .4  ± 0 .5 > 50
20 1 2 . 0 > 50 2 .8  ± 0 .3 4 .0  ± 0 .2 1 1 . 1  ± 0 . 2

21 12.7 32.9 1 0 . 6  ± 0 . 6 19 .0  ± 0 .2 35 .0  ± 0 .4
23 1 1 . 1 > 50 1 2 . 0  ± 0 . 6 13 .9  ± 0 .3 35 .0  ± 0.7
24 14.2 > 50 > 50 > 50 > 50

T ab le  5.2. IC50 values o f  the selected mono-click compounds (in green) with pancreatic cancer cells (Mia 
PaCa-2, PANC-1 and HPAC). All the experiments were performed in quadruplicate. The F21T AT^ values with 
the com pounds at 5 pM concentration are reported as comparison, as well as the IC50 values o f  WI38 (in red).

Compound 10 (surprisingly) is the most cytotoxic o f the ligands analysed, despite its poor 

FRKT activity. It showed a similar cytotoxic effect with all the pancreatic cancer cells, with 

high selectivity for cancer cells over normal cells (up to 10.2 folds for Mia PaCa-2, Table 

5.3).

WI38/ Mia PaCA-2 WI38/ PANC-1 WI38/HPAC
10 1 0 . 2 8.9 7 .9
17 >1.3 > 1 . 1 > 1

20 >17.8 >12 .5 >4 .5
21 3.1 2 .7 0 .94
23 >4.2 >3.6 > 1 .4
24 > 1 > 1 > 1

T ab le  5.3. Ratios between the 1C% values o f normal cells and cancer cells.

Compound 20 showed the same type o f effect as 10, while compounds 21 and 23 were 

mainly cytotoxic for Mia PaCa-2 and PANC-1, but less for HPAC. Compounds 17 and 24 

did not demonstrate strong cytotoxicity, in contrast with the results obtained with A549 and 

MCF7. Probably in these types o f cancer cells ligand activity follows a different pathway 

than with the cells previously studied.
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Only compound 10 and 20 were tested on the renal cancer cells RCC4 and in the modified 

RCC4VHL line and the results are reported in Table 5.4. Compound 10 showed an 

interesting cytotoxic effect, while compound 20 did not display a large effect. However, the 

difference between the results on RCC4 and RCC4VHL was not substantial (ratios reported 

in Table 5.4), thus the target o f  these molecules is unlikely to be HIF-a itself.

R C C 4 [pM] RCC4VHL[pM] W I38/R C C 4 R C C V H U R C C 4
10 2.6  ± 0 .5 2 .3  ± 0 .8 1 0 . 6 0 . 8 8

20 31 ± 3 .5 41 ± 6 .1 > 1 . 6 1.32

T able 5.4. IC 50 values in renal cancer cells RCC4 and modified RCC4VHL (columns 2 and 3). Ratios are 
between W I3 8  and renal cells IC 5 0  values and between modified renal cells and renal cells IC 5 0  values.

5.2.2 LONG TERM STUDIES

Long term cell viability studies were performed on compounds 24 and 25 with the MCF7 cell 

line. These ligands were chosen since they displayed selective cytotoxicity for cancer cells 

over WI38, and they were found to be the best F21T-G-quadruplex binders in FRET studies 

(ATm2 4  = 14.2 °C and ATmzs = 14.5 °C at [drug] = 5 pM). The cells were exposed to two 

subcytotoxic drug concentrations (5 and 10 pM) for three weeks, with compound 24 having 

I C 5 0  = 13.5 pM and compound 25 having an I C 5 0  = 16 pM. The results are reported in Figure 

5.6. In general, the two compounds both showed a cytostatic effect on MCF7. This can be 

observed as a decrease in the population doubling at increasing concentrations o f drug, 

compared to vehicle control (VC). The difference in cell growth was small after one week 

(less than one population doubling for cell exposed to drug and VC) and it increased with the 

exposure time. Compound 25 showed a larger effect than compound 24, as displayed in the 

detail o f the curves at [10 pM] (Figure 5.6, bottom left). Cells exposed to 24 responded with 

1.7 population doubling less than the VC, while samples exposed to 25 showed 3.1 

population doublings less than the untreated cells.
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F igure  5.6. Long term studies on compounds 24 and 25. Top: a summary o f  all the results for all the 
com pounds at both the concentrations tested. Bottom left: showing the most effective concentration 10 pM for 
both the ligands. Bottom right: showing the two concentrations for the most active compound 25. All the 
experiments were repeated in triplicate and the error bars represent the standard deviations.

The effect o f ligand 25 on population doubling is larger as its concentration increases, as 

confirmed by the curves o f ligand 25 at 5 and 10 pM (Figure 5.6, bottom right).

Cells exposed to a 5 pM concentration o f 25 showed a population doubling decrease o f 1.8 

with respect to the VC, which is an effect comparable with the cells exposure to a 10 pM 

solution o f  compound 24. It is important to point out that the only structural difference 

between these two ligands is the substitution pattern o f the alkyne moiety, which is para- for 

compound 25 and meta- for compound 24 (pages 223 and 224, Materials and methods 

chapter). The ligands both contain two n = 3 linkers and two pyrrolidino- end-groups; 

however compound 24 has a meta-meta substitution pattern, while compound 25 is meta

para  substituted.
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This is an example o f how small structural diversities can lead to substantial activity 

differences.

5.2.3 BIOLOGICAL ACTIVITY OF THE MONO-CLICK SERIES: CONCLUSIONS

The compounds o f this series generally showed selective cytotoxicity for cancer cells over 

normal cells. 10, 18, 19, 20, 22, 23, 24 and 25 showed low IC50 and high ratios between 

WI38 and cancer cell cytotoxicity data. On the contrary, compound 15 did not show 

particular selectivity among all the cell lines.

A correlation between the IC 50 o f  the compounds in MCF7 and A549 was also detected, 

suggesting a common mode o f action o f the compounds on both cell lines.

Compounds 10 and 20 also showed effects on pancreatic cancer cells, with compound 10 

also being active in renal cancer cells. However, its effect does not seem to be HIF-a 

dependent.

The cytotoxicity data did not correlate with the FRET results. For example, despite 

compound 10 having the lowest ATm values in FRET experiments, its cytotoxicity for cancer 

cells was high and specific towards all the cancer cells analysed.

The long term response o f MCF7 to sub-cytotoxic concentrations o f compounds 24 and 25 

was investigated. The compounds both showed a cytostatic effect (exposure time dependent), 

with compound 25 being twice as active as compound 24. The cytostatic effect o f these 

ligands is due to these molecules acting on a specific target, rather than because o f 

indiscriminate cell damage. However, based on the experiments performed, it is not possible 

to identify the target, and more specific studies will need to be performed to define the mode 

o f action o f these ligands, with a telomerase involvement being one o f the possibilities.
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5.3 BIOLOGICAL ACTIVITY OF THE DI-CLICK SERIES

5.3.1 SRB STUDIES WITH MCF7 AND A549

Thanks to Dr. Sarah Welsh for running the SRB reported here

The IC50  values o f this series against A549, MCF7 and WI38 are reported in Table 5.5.

MCF7 [pM] A549 [pM] WI38 [pM]
27 >100 >100 10.3 ±0.2
28 30.0 ±7.5 76.0 ± 3.8 9.8 ± 0.9
29 >100 72.0 ±2.9 2.9 ± 0.9
30 >100 80.5 ±4.6 25 ±2.2
31 8.1 ±0.7 17.0 ±4.5 2.5 ± 0.2
32 21.0 ± 1.6 29.0 ±2.5 8.5 ± 0.4
33 63.0 ±6.7 60.0 ± 5.5 3.2 ± 0.6
34 100 ± 3.8 >100 30.0 ± 3.0
35 9.2 ±0.2 7.6 ± 0.5 2.5 ±0.2

BRACO-19 2.5 2.4 10.7

T ab le  5.5. IC50 values o f  the di-click series. The values are the result o f  four repeats o f  each measurement. 
Highlighted in red the normal cell line WI38. BRACO-19 is reported as a reference (Gunaratnam et a!., 2007).

The results displayed in Table 5.5 show the largest cytotoxic effect o f these compounds on 

the normal cell line WI38 over cancer cells (Figure 5.7). The compounds showed poor 

cytotoxicity for cancer cells apart from two cases (compound 31 and 35); however their 

effect on normal cells was larger. All the ratios between the IC5 0  values o f normal cells and 

cancer cells are lower than 1 (Table in Figure 5.7), with some compounds being even ten 

times more cytotoxic for W138 than for MCF7 or A549 (compounds 27, 28 and 31).
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ICso [pM] of di-click series

MCF7

m S S S S B E M ^

40  60 80

IC50 [pM]

WI384V1CF7 WI38/A549
27 <0 10 <0.10

28 0.32 0.13

29 <0.03 0.04

30 <0.40 0.31

31 0.31 0.15

32 0.40 0.29

33 0.05 0.05

34 0.30 <0.3

35 0.27 0.33
BRACO-19 4 3 4 4

F ig u re  5.7. Graphic representation o f  the IC50 values o f  the di-click series against MCF7 (blue), A549 (green) 
and WI38 (red). The table shows the ratios between normal and cancer cell IC 50 values
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5.3.2 SRB STUDIES WITH RENAL CANCER CELLS 

Thanks to Dr. Sarah Welsh for running the SRB reported here

These compounds were also evaluated in normal and modified renal cancer cells and the 

results are reported in Table 5.6.

RCC4 RCC4-VHL WI38
27 2.6± 0 .2 2 .7 1 0 .3 1 0 .310 .2

28 4 .2± 0 .7 6 .8 1 O. 5 9 .8 1 0 . 9

29 3.2±0 .3 2 .4 1 0 .4 2 .9 1 0 .9

30 5.110 .6 6 .4 1 0 .9 2 5 1 2 .2

31 2 .510 .2 2 .6 1 0 . 2 2 .5 1 0 .2

32 I . 6 1 O. 4 2 .7 1 0 .3 8 .5 1 0 .4

33 1.410 .4 2 .6 1 0 . 3 3 .2 1 0 .6

34 2212 .6 261 2 .6 3 0 1 3 .0

35 1.910 .3 2 .410 .2 2 .5 1 0 .2

T ab le  5.6. IC50 values o f  the di-click series with renal cells. The values are the result o f  four repeats o f  each 
measurement. Highlighted in red the normal cell line W138.

The activity o f these compounds in these cancer cell lines is very different from the profile 

showed with A549 and MCF7. In this case, all the compounds were selectively cyototoxic 

for renal cancer cells and all the ratios between normal and cancer cell I C 50 values are 

generally higher than 1 (Table in Figure 5.8). Compounds 32 and 33 showed the lowest I C 50  

values, which were comprised between 1.4 and 1.6 pM, while compound 34 displayed the 

highest value o f the series (Table 5.6). However, despite their high cytotoxicity, compounds 

29, 31 and 35 did not exhibit high selectivity against normal cells (Table in Figure 5.8).
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F igure 5.8. Graphie representation o f  the IC50 values o f  the di-click series against RCC4 (yellow) and WI38 
(red). The table shows the ratios between nonual and cancer cell IC50 values.

The selectivity o f the di-click series for renal cancer cells compared to the other cancer cell 

studied was very high (Figure 5.9), with the IC50 values being over 40 times lower in some 

cases (compound 33, Table o f Figure 5.9). This is an interesting result, as there are to date 

very few drugs specific for this type o f cancer.
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RCC4ICcQ [pM] of di-click ser ies
MCF7
A549

40 60.
IC50 [pM]

M CF7/RCC4 A 549/R CC 4

27 >38.5 >38 5

28 7.1 18.1

29 >31.2 22 5

30 >19.6 15.8

31 3.2 6.8
32 13.1 18.1

33 45 42.8

34 4 5 >4 5

35 4.8 4 0

F igure 5.9. Graphic representation o f  the IC50 values o f  the di-click series against RCC4 (yellow), A549 
(green) and MCF7 (blue). The table shows the ratios o f  IC 50 between MCF7 and RCC4 and between A549 and 
RCC4 cell lines.

The ligands were tested in both normal RCC4 and modified RCC4VHL, which are unable to 

express HIF-a, because o f the presence o f the VHL gene. Different behaviour towards these 

two cell lines would suggest the involvement o f the HIF-a pathway in the mechanism of 

action o f these ligands. However, the IC50  values obtained did not show any substantial 

differences in the two cell lines (Figure 5.10), thus HIF-a is unlikely to be the target o f the 

di-click series. Nevertheless, compounds 28, 30, 32, 33 and 35 showed a certain degree o f 

selectivity for RCC4 over RCC4VHL, as the ratios o f the two IC5 0  values are higher than I 

(Figure 5.10), so the possibility o f HIF-a down-regulation is still being investigated for these 

four compounds.
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F igure 5.10. Graphic representation o f  the IC50 values o f  the di-click series against RCC4 (yellow) and 
RCC4VHL (purple). The table shows the ratios between RCC4VHL and RCC4 IC50  values.

5.3.3 BIOLOGICAL ACTIVITY OF THE DI-CLICK SERIES: CONCLUSIONS

The short term cytotoxicity o f this series was investigated against a range o f cancer cells and 

the normal cell line WI38. The di-click derivatives displayed remarkable selectivity for 

RCC4 renal cancer cells, with compounds 32 and 33 being particularly active.

The mechanism of action o f these ligands is still unknown and the subject o f further study. 

The involvement o f HIF-a is a possibility, although preliminary SRB studies on RCC4 cells 

expressing VHL did not show significant differences with respect to the unmodified RCC4. 

However, in normoxia the level o f HIF-a expressed in RCC4 is considerably lower than in 

hypoxia (Maxwell et a l,  1999); thus before discarding the involvement o f the HIF-a
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pathway, a further investigation is required, in particular with the compounds showing some 

selectivity for RCC4 over RCC4VHL (ligands 28, 30, 32, 33 and 35).

The study o f the di-click series mode o f action is potentially o f some significance, since there 

are to date very few drugs specifically targeting renal cancer, therefore this study could give 

some key insights for the development o f new and specific drugs targeting kidney cancer.

5.4 BIOLOGICAL ACTIVITY OF THE TRI-CLICK SERIES

5.4.1 SRB STUDIES ON THE TRI-CLICK SERIES

These compounds could not be tested following the classic SRB method previously described 

(page 138, Papazisis et al., 1997), due to the exceptionally poor solubility o f these ligands in 

cell media. The SRB was initially attempted in normal conditions, to see if  uptake o f the drug 

was possible with the drug being a fine suspension in the media. However, all the compounds 

showed no effect in any o f the cell lines analysed, probably because o f a lack o f uptake.

The development o f new conditions for the experiment was thus necessary, and the results 

are reported below.

5.4.1.1 NEW  SRB CONDITIONS FOR CYTOTOXICITY EVALUATION OF THE TRI

CLICK SERIES

Cell growth in absence o f media.

The compounds showed good solubility in Hank's buffered salt solution (HBSS), which is a 

buffered saline water solution at physiological pH, often used in cell culture to maintain pH 

and osmotic balance as well as to provide the cells with water and essential inorganic ions 

(Langdon, 2004). Thus, cells in general have a good tolerance for this buffer, which has 

already been also used for short term cell exposures in the absence o f media. For example, 

human comeal epithelial (HCE) and normal human conjunctival (lOBA-NHC) cell lines 

have already been involved in long HBSS exposure (five hours) in the development o f new 

nanoparticle carriers for ocular gene therapy (de la Fuente et a l ,  2008). Furthermore HT29
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cells (human colon adenocarcinoma) have been incubated for one hour in HBSS to study the 

uptake o f the tea polyphenol (-)-epigallocatechin-3-gallate (Hong et a l ,  2002).

On this basis, it was decided to administrate the tri-click compounds by exposing the cells to 

drug solutions in HBSS, in order to improve the drug internalisation (Dr. Maria de la Fuente, 

personal communication). It was first necessary to maximise the exposure length, i.e. 

identifying the maximum period o f incubation in HBSS which was not harmful to the cells. 

The drug would then be administrated for that time length, then the supernatant removed and 

the cells incubated in normal conditions. In this way the internalised drug, if  active, could 

induce its toxicological effect, without the experiment conditions affecting the cells growth.

The behaviour o f A549, MCF7 and WI38 in HBSS was first evaluated. The cells were 

incubated in media in the normal manner for 24 hours in a 96 well plate; they were then 

incubated in only HBSS for a different number of hours (n). After that time, the HBSS was 

replaced by cell media and the plates were incubated as usual for the remaining (96-n), hours. 

Staining and the reading o f  the results were performed as previously reported (Section 7.6). 

The results obtained are illustrated in Figure 5.11.

A  decrease in cell growth was displayed by all the cell lines after 4 hours exposure. This 

result was quite dramatic for MCF7 (40% cell growth), less substantial for WI38 (6 8 % cell 

growth) and small for A549 (91% cell growth).

Exposure for four hours was therefore selected as an appropriate period o f time, which would 

not too adversely affect growth in A549 and WI38 cells.

MCF7 sensitivity to the new conditions was too great to perform the experiment, hence this 

cell line was not used further. In addition, to afford an accurate final visualisation, a higher 

number o f cells per well was seeded, to compensate for the diminution o f cell growth.
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F iugre 5.11. Dependence o f  cell growth on HBSS exposure. Cells were treated with HBSS for 6 different 
periods o f  tim e (4, 8, 12, 16, 20 and 24 hours). Each experiment was repeated in quadruplicate and the standard 
deviations are all less than 0.25, thus error bars are not visible in the graph.

Drua dispensing.

Cells were exposed to different concentrations of drug in HBSS for four hours; after that 

time, the supernatant (and thus the drug) was removed, and cells were incubated for the 

remaining 92 hours in the normal growing media. Two blanks were used, the first with the 

cells incubated for 96 hours in cell media (VC media), and the second with the cells exposed 

for four hours to HBSS, then to media for 92 hours (VC HBSS). The I C 5 0  values were 

calculated from VC HBSS, while VC media was used as a qualitative control o f the cell 

growth in HBSS.
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5.4.1.2 EXPERIMENTAL RESULTS

The drugs studied were compounds 39 and 46, since they already showed telomerase 

inhibitory activity in vitro (section 4.3.4). Their IC50  values with WI38 and A549 are 

reported in the Table in Figure 5.12. Both compounds did not show any cytotoxicity towards 

normal cells. However, compound 46 had a significant IC50 value in A549 cells after four 

hours exposure. This shows that the period o f time chosen is sufficient for the drug to be 

taken up by the cells and that the negative results obtained with the normal SRB conditions 

were probably due to poor drug internalisation.

C om pound 39 Com pound 46
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1 0 0
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Ü
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Figure 5.12. Illustration o f  the modified SRB assay results for compounds 39 and 46 o f  the tri click series. 
The IC 5 0  values are reported in the table. All the experiments were replicated eight times. The IC 5 0  values were 
calculated as reported on paragraph 5.1.1, except for using VC HBSS as blank.
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5.4.2 LONG TERM STUDIES

Compound 46 was studied in a long term experiment with A549 cells, since it displayed an 

IC50 with this cell line even after only four hours exposure. Also in this case it was necessary 

to modify the conditions o f the experiment reported on paragraph 5.4.1, taking into account 

the poor solubility o f the ligand in cell media.

5.4.2.1 NEW LONG TERM STUDY CONDITIONS FOR THE INVESTIGATION OF THE 

TRl-CLlCK SERIES

As in the normal long term study, cells were re-seeded on a weekly basis. The only 

difference is that they were seeded in media for 24 hours, then exposed to subcytotoxic 

concentrations o f drug in HBSS for four hours. After that time, the supernatant was replaced 

with media, and thus the drug was removed. In the normal experiment instead, cells remained 

in incubation with the drug until a fresh solution of the ligand was prepared.

Although in the normal experiment cells were exposed for a longer period o f time to the 

drug, this does not imply that the drug was active for the whole exposure time, since this 

factor depends on the half-life o f the specific compound.

Furthermore, the issue o f the short exposure time was easily solved by regularly repeating the 

exposure to the drug during the seven days. In particular, two different experiments were 

performed exposing the cells to the drug two (on days two and five)  or three (on days two, 

fo u r  and six) times per week. The results obtained are reported in the next paragraph.

5.4.2.2 EXPERIMENTAL RESULTS

A549 cells were exposed to compound 46 in HBSS at the subcytotoxic concentrations o f 5, 

10 and 15 pM. In the first experiments, cells were treated three times per week and the 

results are reported in Figure 5.13. The population doubling was calculated as reported at 

page 140, except that the value related to VC HBSS was used as No. There was an evident 

decrease o f  the population doubling with time at increasing concentrations o f dmg. 

Furthermore, a 15 pM  concentration of drug caused the death o f the population after only
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one week o f treatment. After two weeks the cells exposed to 5 pM drug solutions exhibited a 

decrease o f 2.2 population doublings over the VC HBSS, and o f 4.8 when exposed to 10 pM 

drug concentration.

Long term study compound 46 with A549
1 20

1 00
46 5uM

O)c VC media

46 lOuMn
3
O 6 0  
T3 
C

4 0

46 15uM

VC H BSS

«
3Q.O

0 .
2.0

0 0

-2 0

Week

Population doubling per week of 
treatment with compound 46

5,00
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300

1 w eek

0 0 0
0.00 5.00 10.00 i.00

-1 00

Drug concentration [pM]

Figure 5.13. (Left) Long term study o f  compound 46 with A549, three exposures per week. The graph 
represents how the population doubling is affected by the exposure to a 5 pM (blue line), 10 pM (yellow line) 
or 15 pM (light blue line) solution o f  46 in HBSS. The vehicle control in media (pink line) and HBSS (green 
line) are also reported. (Right) Dependence o f  population doubling on the drug concentration after one week 
exposure.

The same experiment was also performed for one week with the same drug concentrations, 

except that cells were exposed twice instead o f three times. The results are shown in Figure 

5.14.

Treating the cells only twice a week reduced the effect o f the drug, as expected. However, 

the general trend remained the same, i.e. a decrease o f the population doubling at increasing 

concentrations o f drug.

Considering that compound 46 showed telomerase inhibitory activity in vitro, an 

involvement o f telomerase in the effect shown in this experiment was hypothesised and 

investigated.
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F igure 5.14. Dependence o f  population doubling on the drug concentration after one week exposure, when 
cells were treated twice per week.

5.4.3 TRAP-LIG ASSAY

Thanks to Dr. Mekala Gunaratnam for running the experiment described here.

The protein telomerase was extracted from cells treated for one week (three exposures) with 

the three different concentrations o f drug, and its activity was evaluated by the TRAP-LIG 

assay (Gunaratnam et a i ,  2007). In this case, no drug was added during the elongation o f the 

primer, since the protein was extracted from cells which had already been treated with 

compound 46. The percentage o f telomerase activity was thus evaluated and the results are 

reported in Figure 5 .15.

The results clearly show an effect on telomerase activity, which increased at increasing 

concentrations o f drug. In particular, there is a remarkable difference in the telomerase 

activity between the samples treated with 10 and 15 pM drug concentrations. This indicates 

that the window o f concentrations between 10 and 15 pM is probably crucial for the efficacy 

o f  the drug.
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Figure 5.15. Percentage o f  telom erase inhibition in A549 cells treated for one week with different 
concentrations o f  46. All the com pounds are analysed with reference to VC HBSS.

5.4.4 SENESCENCE STUDY

One of the possible consequences o f telomerase targeting by G-quadruplex ligands is the 

induction o f senescence in cancer cells (de Cian et al., 2008). A biomarker for senescence is 

the enzyme (3-galactosidase, a hydrolase enzyme that cleaves beta-linked terminal galactosyl 

residues from gangliosides, glycoproteins, and glycosaminoglycan. P-Galactosidase activity 

at pH 6  is only detected in senescent cells and is not found in pre-senescent, quiescent or 

immortal cells (Dimri et a l ,  1995). Senescence can be identified using a commercially 

available senescence kit (Cell Signaling Technology, USA), containing a chemically 

modified galactoside, X-gal, whose cleavage by the enzyme produces a blue precipitate. 

Therefore the activity o f p-galactosidase in cells can be evaluated with a microscope by 

observing the number o f cells coloured in blue.

In particular, A549 cells exposed to compound 46 twice per week were stained for 

senescence after treatment for one week, following the procedure reported in material and
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methods, section 7.10. However, after overnight incubation no blue cells were detected, thus 

indicating that the mode o f action o f compound 46 probably does not involve senescence 

induction.

5.4. BIOLOGICAL ACTIVITY OF THE TRI-CLICK SERIES: CONCLUSIONS

Based on the results, a potential lead compound was identified. Ligand 46 showed short term 

cytotoxicity on A549 cancer cells after only four hours exposure. Furthermore, this drug 

displayed a cytostatic effect on A549 in a long term study, with this result depending on the 

number o f exposures per week. The telomerase extracted from cells treated with different 

concentrations o f compound 46 for one week showed a degree o f inhibition increasing with 

the drug concentration.

It is therefore highly likely that compound 46 is a telomerase inhibitor, and consequently 

future work will be directed towards studying its mode o f action.

5.5 GENERAL CONCLUSIONS

The three series o f compounds displayed very different properties towards the cancer cells 

analysed. The results will be summarised referring to the type o f experiment and cell line 

chosen.

1) Short term cytotoxicity.

MCF7 and A549. Compounds 10, 18, 19, 20, 22, 23, 24 and 25 {mono-click series) 

showed selective cytotoxicity for MCF7 and A549 cells, with the two sets o f data 

being correlated. Treatment with the di-click series did not result in any particular 

effect on these cell lines, while compound 46 {tri-click series) displayed cytotoxicity 

towards A549 after only four hours exposure.

Pancreatic cell lines. Only the mono-click derivatives were evaluated in Mia PaCa-2, 

PANC-1 and HPAC cells, with compounds 10 and 20 showing particular cytotoxicity 

towards this type o f cancer cells.

RCC4 and RCC4VHL. Compound 10 {mono-click series) displayed cytotoxic 

properties for these cell lines, confirming its potency against cancer cells in general.
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On the contrary, the di-click series showed specific cytotoxicity towards renal cancer 

cells, with compounds 32, 33 and 35 being particularly effective. The similarity 

between the data obtained for RCC4 and the modified RCC4VHL suggested that 

HIF-a may not involved in the mode o f action o f these ligands.

2) Long term studies.

MCF7. Compounds 24 and 25 {mono-click seires) showed a cytostatic effect towards 

human breast adenocarcinoma, with compound 25 being twice as potent as compound 

24. Compound 25 led to a diminution o f 3.1 population doublings with respect to the 

control after three weeks o f treatment.

A549. Compound 46 {tri-click series) showed a cytostatic effect in human lung 

adenocarcinoma cells, with particular efficacy at three exposures per week. The 15 

pM concentration caused cell death after only one week exposure.

3) Mechanism o f action.

Based on the current data, no definite mechanism o f action can yet be hypothesised 

for the mono- and di-click series. However, it can be stated that for the di-click series 

the similar behaviour in the RCC4 and modified RCC4VHL cell lines suggests that 

the target o f these ligands may not be HIF-a, although this cannot be totally ruled at 

this stage.

On the other hand, the results obtained with compound 46 indicate an involvement o f 

telomerase inhibition in the antiproliferative activity o f this ligand, even though this 

does not involve development o f senescence. This ligand could cause immediate 

apoptotic response, as observed for a series o f 2 ,6 -pyridine-dicarboxamides 

(Pennarun et al., 2005). This possibility needs further investigation.

The general effect o f G-quadruplex ligands is a DNA damage response (Neidle, 

2010), which can be correlated to the telomere uncapping (d’Adda di Fagagna et a l ,  

2003), POTl displacement (e.g., with telomestatin, Gomez et a l ,  2006), telomere 

shortening (e.g., with triazine derivatives, Riou et a l ,  2002) or chromosome end-to- 

end fusion (Incles et a l ,  2004). These are just some o f the possibilities that would 

need to be evaluated to more fully establish the mode o f action o f the new ligands 

reported in this work.
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6. FINAL CONCLUSIONS

This work provides examples o f  choosing click chemistry for drug discovery. Three series o f 

diverse G-quadruplex binding ligands have been synthesised in a small number o f steps, 

using a convergent approach, in order to perform a focused structure activity relationship 

analysis. All the compounds synthesised contain an aromatic core and several side chains, 

which were combined in a combinatorial manner, in order to establish the best parameters for 

the interaction with G-quadruplex. In view o f the likely polymorphism o f telomeric G- 

quadruplex, a number o f other biologically relevant sequences have been investigated as 

well, and the compounds showed different behaviour toward them. Even compounds 

belonging to the same series displayed a diverse activity for the targets investigated. The 

more interesting ligand for targeting telomeric quadruplex DNA is compound 46. This ligand 

showed a strong binding affinity in gas phase and in potassium solution to the telomeric G- 

quadruplex, and its biological activity could be related to this ability. The attempts to study 

with crystallography the interactions between telomeric DNA and ligand 46 have been 

successful and produced micro-erystals. The crystallisation conditions are being optimised 

(thanks to Dr. Nancy Campbell for working on this project). Although at this stage it is still 

not possible to propose a mode o f action for this ligand in cancer cells, it is clear that one o f 

its effects is telomerase inhibition, surprisingly without senescence development. According 

to this observation, one could investigate if  the ligand activates other pathways o f the DNA 

damage response instead, leading to telomerase down-regulation and apoptosis. This is one 

o f  the directions which will be undertaken in any future studies.

Another interesting observation worth pointing out is the selectivity that the di-click series 

showed for renal cancer cells over other types o f cancer cells. It is still difficult to identify a 

lead compound for this series, although ligand 33 showed particular selectivity for renal 

cancer cells expressing H IP -la  in normoxia conditions. It is still not possible to state if  its 

activity is due to G-quadruplex formation; however, if  future investigation will confirm the 

selectivity for renal tumours, this drug could be good candidate for renal cancer 

chemotherapy. The study currently in progress will involve a larger panel o f renal and non- 

renal cancer cells and experiments in normoxia and hypoxia conditions (thanks to Dr. Sarah 

Welsh for working on this project).
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7. MATERIAL AND METHODS

7.1 CHEMISTRY

7.1.1 GENERAL METHODS

Reagents, solvents and chemicals were purchased from Sigma-Aldrich, Alfa Aesar, GOSS, 

Lancaster Synthesis, Novabiochem, Avocado Organics or ABCR GMBH & CO (1,3,5- 

triethynylbenzene) and were used as supplied without further purification. All the organic 

solvents used for the reactions were purchased from VWR and Fisher scientific. Microwave 

irradiation was performed with an Initiator microwave (Biotage, Sweden). Flash 

chromatography was carried out with BDH silica gel (BDH 153325P).

HPLC analyses were performed using a Gilson apparatus combining a 322 PUMP and an 

Agilent 1100 SERIES detector. The column was C l 8  5 p (100 x 4.6 mm) (41622271 (W), 

YMC, Japan).

LC/MS were performed using a Waters system combining a 2695 separation module, a 

Micromass ZQ spectrometer and a 2996 photodiode array detector. Method description: 

mode: electrospray positive (ES+); MS running conditions: 5 min run time; cone: 25; offset: 

1; skimmer: 1.5; RF lens: 0.1; source heater: 150°C; gas: 400 1/h; method used [Solvents: A 

= H2 O, 0.1% formic acid; B = CH 3CN, 0.1% formic acid. 0 min (95% A, 5% B), 1 min 

(95% A, 5% B), 3 min (50% A, 50% B), 5 min (95% A, 5% B)]. Melting points (mp) were 

recorded on a Stuart Scientific SM Pl melting point apparatus and are uncorrected; dc refers 

to observed decomposition. IR spectra were recorded using a Perkin Elmer SPECTRUM 

1000 FT-IR spectrometer. NMR spectra were recorded at 400 or 500 MHz ('H  NMR) and 

100 or 125 MHz (’^C NMR) on a Bruker spectrometer in CDCI3 , MeOD or DM S0-d6 using 

the residual solvent peaks as internal standards. Coupling constant J  values are given in hertz 

(Hz) designated as s (singlet), br s (broad singlet), d (doublet), t (triplet), dd (doublet o f 

doublets), td (triple o f doublets), tt (triplet o f triplets) and m (multiplet). High resolution mass 

spectra (HRMS) and elemental analysis (CHN) services were provided by The School o f 

Pharmacy. HRMS were conducted upon a Micromass Q-TOF Ultima Global tandem mass 

spectrometer run under electrospray ionisation (ESI) or matrix assisted laser
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desorption/ionisation (MALDI) modes. CHN were conducted upon a Carlo Erba CHN 1108 

elemental analyser.

7.1.2 SYNTHESIS OF ALKYNE BUILDING BLOCKS A

General procedure for the synthesis o f compounds l a  and lb

4-chlorobutyryl chtoride o

w " " '  4-C to r.t. overnighT

The required ethynyl aniline (1 eq) was cooled in ice bath and treated with an excess o f 4- 

chlorobutyryl chloride (4 eq) and the resulting mixture allowed to warm to room temperature 

and stirred overnight. Once the reaction was complete (TLC 5% MeOH in DCM) the mixture 

was poured onto ice, slowly basified with saturated aqueous NaHCO] solution until pH 9 and 

stirred for 3 hours. The precipitate that formed was filtered and washed several times with 

water and diethyl ether. The NaHCO] solution was also extracted with diethyl ether 3 times 

(100 ml), dried (MgS0 4 ), filtered and the solvent was removed in vacuo. The products 

obtained (1 and 2) did not require further purification, as judged by TLC and NMR.

4-Chloro-A-(3-ethynylphenyl)butananiide (la )

Chemical Formula: C1 2 H1 2 CINO 
Molecular Weight: 2 2 1 .6 8 2 8

3-Ethynylaniline (5.60 g, 47.80 mmol) and 4-chlorobutyryl chloride (26.96 g, 191.20 mmol) 

reacted overnight to give compound 1, that was purified by recrystallisation, to give a 

colourless sold [hexane/EtOAc, 9:1]; R f 0.86 [2% MeOH in D C M ] ;  mp 82-85 °C; Ôh 

( C D C I 3 ,  400 MHz) 7.63 (IH , s, N //), 7.53-7.51 (IH , m, A r//), 7.46 (IH , broad s, KxH), 7.28-
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7.24 (2H, m, 2 X AxH), 3.64 (2H, X,J=  6.0 Hz, C%), 3.06 (IH , s, C=CH), 2.56-2.53 (2H, m, 

CH2), 2.22-2.15 (2H, m, C%); @c (*-D M SO , 100 MHz) 170.00 (C =0), 137.67 (Ar-C),

129.04 (Ar-CH), 128.11 (Ar-CH), 123.24 (Ar-CH), 122.89 (Ar-CH), 120.37 (Ar-C), 83.04 

(O C H ), 77.53 (O C H ), 44.35 (CH2 ), 34.10 (CH2), 27.82 (CH 2); LC-MS (5 min) m/z 222.14 

[C iiH n’^ClN O +H f (75), 224.18 [Ci2 H ,2^^CINO+H]+ (25), Rt 2.85 min; HRMS m/z calc. 

C ,2H |3 C1N 0  [M-t-Hf 222.0680, found [M + H f 222.0675; anal CHN calc. C 12H 12CINO C 

65.0%, H 5.5%, N 6.3%, found C 64.9%, H 5.3%, N 6.2%.

4-Chloro-A^-(4-ethynylphenyl)butanamide (lb )

Cl

Chemical Formula: C 1 2 H1 2 CINO 
Molecular Weight: 2 2 1 .6 8 2 8

4-Ethynylaniline (0.50 g, 4.30 mmol) and 4-chlorobutyryi chloride (2.42 g, 17.20 mmol) 

reacted overnight to givecompound 2 as a light brown solid (0.86 g, 90%); R f 0.37 [DCM]; 

mp 168-171 °C; 0» (CDCI3 , 400 MHz) 7.49-7.43 (4H, m , 4 x  AxH), 7.40 (IH , s, N //), 3.66- 

3.63 (2H, m, C76), 3.04 (IH , s, C=CH), 2.56 (2H, X, J  = 7.2 Hz, CHi), 2.22-2.16 (2H, m, 

C76); ÔC (CDCI3 , 100 MHz) 170.01 (C=0), 138.10 (Ar-C), 132.95 (2 x Ar-CH), 119.37 (2 x 

Ar-CH), 117.83 (Ar-C), 83.25 (O C H ), 76.86 (C=CH), 44.33 (CHz), 34.14 (CH2 ), 27.76 

(CH 2 ); LC-MS (5 min) m/z 222.21 [C,2H ,2 ^^ClNO+H]^ (75), 224.28 [C,2H ,2 ^^ClNO+H]^ 

(25), Rt 2.85 min; HRMS m/z calc. C 12H 13CINO [M+H]^ 222.0680, found [M+H]^ 

222.0691; anal. CHN calc. C 12H 12CINO C 65.0%, H 5.5%, N 6.3%, found C 65.3%, H 

5.3%, N 6.4%.

General procedure for the synthesis o f alkynes derivatives (2a-e).

METHOD A 

I ^  THF, TEA, acid chloride, HNR2

(m,p) 4 ° 0  to r.t. overnight (m,p) H

(m,p) |_|

pyrrolidine 
4°C to r.t. overnight
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Method A . A solution o f the required ethynylaniline (1 eq) in THF was cooled to 4 °C in an 

ice bath. To this stirred mixture TEA (2 eq), then the appropriate acid chloride (1.2 eq) were 

added sequentially. The reaction was allowed to warm to room temperature and after 2,50 

hours the mixture was cooled in an ice bath, the required amine was added (3 eq) and the 

reaction stirred overnight at room temperature.

Method B . The required chloro-A-(ethynylphenyl)butanamide was treated with an excess o f 

pyrrolidine (5 eq) in an ice bath, then stirred overnight at room temperature.

Method A and method B work up and purification. After approx 14 hr (TLC 5% MeOH in 

DCM), solvent was evaporated in vacuo. The crude product was dissolved in DCM (75 ml), 

washed 3 times with saturated aqueous NaHCOs solution (50 ml), dried (MgS0 4 ) and taken 

to dryness in vacuo. The crude product thus obtained was purified by flash column 

chromatography (0%-10% MeOH in DCM).

A^-(3-EthynyIphenyl)-4-(pyrroIidin-l-yl)butanamide (method B) (2a)

N 
H

Chemical Formula: C 1 6 H2 0 N 2 O 
Molecular Weight: 256.3428

Compound la  (3.00 g, 13.00 mmol) was treated with pyrrolidine (3.80 g, 54.00 mmol) to 

give compound 2a as a yellow oil (3.10 g, 93%); R f 0.37 [3% MeOH in DCM]; Ôh (CDCI3 , 

400 MHz) 9.97 (IH , s, N //), 7.60 (IH , broad s, AxH), 7.57-7.55 (IH , m, ArH), 7.25-7.21 

(IH , m, AxH), 7.18-7.16 (IH , m, AxH), 3.03 (IH , s, C=CH), 2.61-2.56 (6 H, m, 3 x CH2 ), 

2.51-2.49 (2 H, m, CH2), 1.90-1.87 (2 H, m, CH2 ), 1.85-1.82 (4H, m, 2 x CH2 )', ôc (CDCI3 , 

100 MHz) 171.77 (C =0), 138.88 (Ar-C) , 128.85 (Ar-CH), 127.26 (Ar-CH), 122.95 (Ar- 

CH), 122.57 (Ar-CH), 120.16 (Ar-C), 83.33 (C^CH), 77.09 (C=CH), 55.93 (2 x CH2), 53.94 

(CH 2), 37.11 (CH2 ), 23.84 (CH2 ), 23.53 ( 2  x CH2); LC-MS (5 min) m/z 257.28 

[Ci6 H2 oON2 0 +H]^ (100), Rt 1.93; HRMS m/z calc. C 16H2 1 ON2 O [M + H f 257.1259, found 

[M + H f 257.1279.
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A^-(4-Ethynylphenyl)-4-(pyrroIidin-l-yl)butanamide (method B) (2b)

#
C hem ical Formula: CigHgoNgO 

Molecular Weight: 256 .3428

Compound lb  (0.37 g, 1.70 mmol) was treated with pyrrolidine (0.71 g, 8.40 mmol) to give 

compound 2b as a yellow oil (0.27 g, 62%); R f 0.39 [3% MeOH in DCM]; Ôh (CDCI3 , 400 

MHz) 9.99 (IH , s, N //), 7.49-7.46 (2H, m, 2 x AxH), 7.43-7.40 (2H, m, 2 x AxH), 3.02 (IH , 

s, C=CH), 2.63-2.58 (6 H, m, 3 x CH2 ), 2.51-2.49 (2H, m, CH2 ), 1.91-1.87 (2H, m, CH2 ), 

1.85-1.82 (4H, m, 4 X C //2); ôc (CDCI3 , 100 MHz) 171.75 (C =0), 138.99 (Ar-C), 132.83 ( 2  

X Ar-CH), 119.37 (2 x Ar-CH), 117.10 (Ar-C), 83.54 (C=CH), 76.46 (C=CH), 57.38 (2 x 

CH2 ), 54.24 (CH2 ), 35.81 (CH2 ), 24.15 (CH2 ), 22.04 (2 x CH2 ); LC-MS (5 min) m/z 257.28 

[C16H2 0 ON2 O+H]* (100), Rt 1.93 min; HRMS m/z calc. Ci^HziONzO [M+H]+ 257.1259, 

found [M +H f 257.1263.

A-(3-EthynyIphenyI)-3-(pyrroIidin-l-yl)propanamide (method A) (2c)

:
Chemical Formula: C 1 5 H1 8 N2 O 

Molecular Weight: 242.3162

3-Ethynylaniline (2.00 g, 17.00 mmol), TEA (3.40 g, 34.00 mmol), 3-chloropropionyl 

chloride (2.6 g, 20.50 mmol) and pyrrolidine (3.60 g, 50.70 mmol) reacted in THF (21 ml) to 

give compound 2c as an orange semi-solid (2.88 g, 71%); R f 0.22 [10% MeOH in DCM]; Ôh 

((/g-DMSO, 400 MHz): 10.18 (IH , s ,^ H ) ,  7.81(1H, m, AxH), 7.56 (IH , m, AxH), 7.32 (IH , t, 

J =  8.0 Hz, AiH ), 7.15 (IH, m, AxH), 4.16 (IH , s, C=CH), 2.75-2.73 (2H, m, CHi), 2.52-2.48 

(6 H, m, 3 X CH2 ), 1.70 (4H, m, 2 x CH2)', ôc ((/^-DMSO, 100 MHz): 170.81(C=O), 139.86 

(Ar-C), 129.65 (Ar-CH), 126.65 (Ar-CH), 122.38 (Ar-CH), 122.23 (Ar-CH), 119.99 (Ar-C), 

83.82 (C=CH), 80.84 (C=CH), 53.81 (2 x CHz), 51.83(CH2), 36.47 (CH2), 23.57 (2 x CH2 );
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LC-M S (5 min) m/z 243.32 [C 15H 18N 2O+H] (100), 1.87 min; H RM S m/z calc. C 15H 19N 2 O 

[M +H f 243.1492 , found [M+H]+ 243.1485.

A^-(4-Ethynylphenyl)-3-(pyrroIidin-l-yI)propanamide (method A) (2d)

O
Chemical Formula: C1 5 H1 8 N 2 O 

Molecular Weight: 24 2 .3 1 6 2

4-Ethynylaniline (0.50 g, 4.30 mmol), TEA (0.87 g, 8.60 mmol), 3-chloropropionyl chloride 

(0.65 g, 5.20 mmol) and pyrrolidine (0.92 g, 13.00 mmol) reacted in THF (10 ml) to give 2d 

as a yellow solid (0.79 g, 76%); R f 0.14 [5% MeOH in DCM]; mp 77-79 °C; Ôh (CDCI3, 400 

MHz) 11.41 (IH , s, N/y), 7.46-7.43 (2H, m, 2 x hiH ), 7.42-7.40 (2H, m, 2 x A r//), 3.02 (IH , 

s, C=CH), 2.84-2.82 (2H, m, CH2 ), 2.68-2.65 (4H, m, 2 x C //2 ), 2.53-2.50 (2H, m, CHi), 

1.90-1.87 (4H, m, 2 X CHi)\ ôc (CDCI3, 100 MHz) 170.93 (C =0), 139.38 (Ar-C), 132.84 (2 

X Ar-CH), 119.12 (2 x Ar-CH), 116.68 (Ar-C), 83.64 (C=CH), 76.31 (C=CH), 53.02 (2 x 

CH2), 51.17 (CH2 ), 34.57 (CH2 ), 23.66 (2 x CH2); LC-MS (5 min) m/z 243.22 

[C isH isN jO +H f (100), Rt 1.97 min; HRMS m/z calc. C isH ^N jO  [M + H f 243.1492, found 

[M +H f 243.1502; anal. CHN calc. C 15H 18N 2O. C 74.3%, H 7.5%, N 11.6, found C 74.3%, 

H 7.5%, N 11.6%.

/V-(2-Ethynylphenyl)-3-(pyrroIidin-l-yI)propanamide (method A) (2e)

Chemical Formula: C 1 5 H1 8 N2 O 
Molecular Weight: 24 2 .3 1 6 2

2-Ethynylaniline (0.30 g, 2.56 mmol), TEA (0.52 g, 5.12 mmol), 3-chloropropionyl chloride 

(0.39 g, 3.07 mmol) and pyrrolidine (0.55 g, 7.68 mmol) reacted in THF (10 ml) to give 2e as 

a dark yellow oil (0.44 g, 71%); R f 0.15 [5% MeOH in DCM]; Ôh (CDCI3, 400 MHz) 10.61 

(IH , s, N //), 8.34-8.32 (IH , m, Ar/7), 7.45 (IH , dd, Jj = 6.0 Hz, ^ 2 = 1.2 Hz, AxH), 7.35-7.32
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(IH , m, A r//), 7.02 (IH , td, Jy = 6.0 Hz, J 2 = 0.8 Hz, A r//), 3.34 (IH , s, C=C//), 2.88-2.85 

(2H, m, CHi), 2.69-2.66 (4H, m, 2 x CHi), 2.64-2.61 (2H, m, C //2 ), 1.87-1.81 (4H, m, 2 x 

C //2 ); ÔC (CDCI3 , 100 MHz) 171.12 (C=0), 140.21 (Ar-C), 132.96 (Ar-CH), 129.82 (Ar-CH), 

123.26 (Ar-CH), 121.15 (Ar-CH), 111.85 (Ar-C), 82.58 (C=CH), 79.85 (C=CH), 53.48 (2 x 

CH2 ), 51.65 (CH2), 35.49 (CH2 ), 23.62 (2 x CH2); LC-M S (5 min) m/z 243.32 

[Ci5HigN2 0 +H]^ (100), Rt 1.17 min; H RM S m/z calc. C 15H 19N 2 O [M+H]^ 243.1492, found 

[M+H]^ 243.1480.

7.1.3 SYNTHESIS OF THE AZIDE BUILDING BLOCKS 

General procedure for the synthesis o f compounds (3a-d)

O2N ' 4 “C to r.t. overnight O ^ N N(m,p) (m,p) H

The required nitroaniline (1 eq) was treated with an excess o f the required acid chloride (4 

eq) in an ice bath and the mixture stirred overnight at room temperature. After completion 

(TLC 5% MeOH in DCM), the mixture was poured onto ice and carefully basified with 

saturated aqueous NaHCO] solution until pH 9, then stirred for 3 hours. The precipitate thus 

obtained was filtered and washed several times with water and diethyl ether. The NaHCOg 

solution was further extracted with diethyl ether 3 times (100 ml) and the combined extracts 

were dried (MgS0 4 ), filtered and the solvent was removed in vacuo. The solids obtained (3a- 

d) were used in the next step without any further purification.
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3-Chloro-iV-(3-iiitrophenyl)propanamide (3a) (D re w e , 2 0 0 8 )

O2N ^  N ^  X I

Chem ical Formula: C9 H9 CIN2 O3  

M olecular W eight: 2 2 8 .6 3 2 4

3-Nitroaniline (10.00 g, 70.24 mmol) reacted with 3-chloropropionyl chloride (38.10 g,

300.00 mmol), to give compound 3a as a yellow solid {Lit. white solid, Drewe, 2008) (10.46 

g, 65%); R f  0.23 [2% MeOH in DCM]; m p 91-93 °C {Lit. 100-102 °C, Drewe, 2008); 0» 

(c/ô-DMSO, 400 MHz) 10.55 (IH , s, N/7), 8.64 (IH , t, J  = 2.4 Hz, AxH), 7.92-7.91 (IH , m, 

AxH), 7.90-7.89 (IH , m, AxH), 7.63-7.59 (IH , m, AxH), 3.90 (2H, X,J=  2.4 Hz, Œ 2), 2.89-

2.86 (2H, m, C /6 ); ôc (Jô-DMSO, 100 MHz) 168.74 (C=0), 147.89 (Ar-C), 139.93 (Ar-C), 

130.19 (Ar-CH), 124.92 (Ar-CH), 117.82 (Ar-CH), 113.07 (Ar-CH), 40.47 (CHz), 38.90 

(CH2 ); LC-M S (5 min) m/z 229.91 [CgHg^^CINzOa+Hr (75), 232.54 [CgHg^ClNzOs+H]* 

(25), Rt 2.67 min; HRM S m/z calc. C 9H 10CIN2O 3 [M+H]* 229.0374, found [M+H]* 

229.0395; anal. CHN calc. C 9H 9CIN2O3 . C 47.3%, H 4.0%, N 12.2%, found C 47.0%, H 

3.9%, N 12.0%.

3-C hIoro-A -(4-nitrophenyI)propanam ide (3b) (Drewe, 2008)

0 2 N

N" X I
H

Chem ical Formula: C9 H9 CIN2 O3  

M olecular W eight: 2 2 8 .6 3 2 4

4-Nitroaniline (10.00 g, 70.24 mmol) reacted with 3-chloropropionyl chloride (38.10 g,

300.00 mmol), to give compound 3b as a yellow solid (10.70 g, 67%); R f 0.40 [2% MeOH in 

DCM]; mp 162-164 °C {Lit. 167-169 °C, Drewe, 2008); Ôh ((6-DMSO, 400 MHz) 10.74 

(IH , s, N /6 , 8.23-8.19 (2H, m, 2 x AxH), 7.87-7.84 (2H, m, 2 x AxH), 3.91-3.88 (2H, m, 

CH2), 2.91 (2H, X,J=  6.4 Hz, C /6 ); ôc (J^-MeOH, 100 MHz) 171.24 (C =0), 145.97 (Ar-C),

144.71 (Ar-C), 125.81 (2 x Ar-CH), 120.42 (2 x Ar-CH), 40.88 (CH2) , 40.61 (CH2 ); LC-M S 

(5 min) m/z 229.73 [C9 H9 ’̂C1N 2 0 3 +H]* (75), 232.73 [C9H9” C 1N 2 0 3 +H]’" (25), Rt 2.67 min;
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HRM S m/z calc. C 9 H 1 0 C I N 2 O 3  [M +H f 229.0374, found [M + H f 229.0380; anal. CHN 

calc. C 9 H 9 C I N 2 O 3 .  C 47.3%, H 4.0%, N 12.2%, found C 47.0%, H 3.7%, N 12.1%.

4-Chloro-A^-(3-nitrophenyl)butanainide (3c) (Drewe, 2008)

Chem ical Formula: C 1 0 H1 1 CIN2 O3  

Molecular Weight: 2 4 2 .6 5 8 9

3-Nitroaniline (1.00 g, 7.24 mmol) reacted with 4-chlorobutyryl chloride (4.23 g, 30.00 

mmol), to give compound 3c as a yellow solid {Lit. white solid, Drewe, 2008) (1.52 g, 8 6 %); 

R f 0.65 [5% MeOH in D C M ] ;  m p 81-83 °C {Lit. 65-67 °C, Drewe, 2008); 0» ( C D C I 3 ,  400 

MHz) 8.41 (IH , s, NT/), 7.96-7.93 (IH , m, A r//), 7.94-7.93 (IH , m, A r//), 7.83 (IH , broad s, 

A r//), 7.48 (IH , t, 8.0 Hz, Ar//), 3.66 (2H, t, J =  6.0 Hz, CH2 ), 2.63 (2H, t, J =  7.2 Hz, 

C / / 2 ) ,  2.25-2.18 (2H, m, C / / 2 ) ;  ôc ( C D C I 3 ,  100 MHz) 170.65 (C=0), 148.49 (Ar-C), 138.83 

(A r-Q , 129.85 (Ar-CH), 125.54 (Ar-CH), 118.95 (Ar-CH), 114.61 (Ar-CH), 44.25 (CH2 ),

34.03 (CH2 ), 27.66 (CH2); LC-M S (5 min) m/z 243.16 [CioH,f^ClN 2 0 3 + H f  (75), 245.13 

[C ioH if’ClNzOs+H]'" (25), Rt 2.78 min; H RM S m/z calc. C 10H 12CIN2 O3 [M +H f 243.0531, 

found [M + H f 243.0535; anal. CHN calc. C 10H 11CIN2 O3 . C 49.5%, H 4.6%, N 11.5%, found 

C 49.3%, H 4.5%, N 11.5%.

4-ChJoro-A^-(4-nitrophenyl)butanamide (3d)

0 ,N

Chem ical Formula: C 1 0 H 1 1 CIN2 O 3  

Molecular Weight: 2 4 2 .6 5 8 9

4-Nitroaniline (10.00 g, 70.20 mmol) reacted with 4-chlorobutyryl chloride (42.30 g, 300.00 

mmol), to give compound 3d as an off white solid (11.71 g, 76%); R f 0.19 [2% MeOH in 

DCM]; m p 101-103 °C; 0» (c/^-DMSO, 400 MHz) 10.56 (IH , s, N /0 , 8.21-8.19 (2H, m, 2 x 

Ar//), 7.84-7.81 (2H, m, 2 x Ar//), 3.72-3.69 (2H, m, CH2), 2.58-2.54 (2H, m, C //2 ), 2.08-
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2.02 (2H, m, C //2 ); ôc K -D M SO , 100 MHz) 171.18 (C =0), 145.27 (Ar-C), 141.94 (Ar-C), 

124.92 (2 X Ar-CH), 118.57 (2 x Ar-CH), 44.85 (CH2 ), 33.48 (CH2 ), 27.47 (CH2); LC-M S (5 

min) m/z 243.16 [C ioH n^^C ^O g+ H r (75), 245.17 [C,oHn^^ClN2 0 3 + H f  (25), Rt 2.80 min; 

H RM S m/z calc. C 10H 12CIN2 O3 [M+H]^ 243.0531, found [M+H]^ 243.0528; anal. CHN 

calc. C,oH,iC1N 2 0 3 . C 49.5%, H 4.6%, N 11.5%, found C 49.7%, H 4.4%, N 11.3%. 

Spectroscopic data are in accordance with those reported in the literature (Drewe, 2008; 

Sedlak et al., 2002).

General procedure for the synthesis o f nitro-derivatives (4a-o)

I n r ,  I CM, auiu c n io n u e ,  n iN n 2 | ii

(m %  4 X  to r.t. overnight ^  / J - .

o

(m ,p)

pyrrolidine 

4°C  to r.t. overnight

O2N ^  N >-72,3

Method A . A solution o f the required nitroaniline (1 eq) in THF was cooled to 4° C in an ice 

bath. To this stirred mixture TEA (2 eq), then the appropriate acid chloride (1.2 eq) were 

sequentially added. The reaction was allowed to warm up to room temperature and after 2 

and a half hours the required amine was added (3 eq) in ice bath and the resulting mixture 

stirred overnight at room temperature.

Method B . The required chloro-#-(ethynylphenyl)butanamide was treated with an excess o f 

pyrrolidine (5 eq) in an ice bath, then stirred overnight at room temperature.

Method A and method B work up and purification. After completion (TLC 5% MeOH in 

DCM), solvent was evaporated in vacuo. The crude product was dissolved in DCM (75 ml), 

washed 3 times with saturated aqueous NaHC 0 3  solution (50 ml), dried (MgS0 4 ), filtered 

and taken to dryness in vacuo. The crude product thus obtained was purified by flash column 

chromatography (0%-5% MeOH in DCM).
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3-(Dimethylamino)-A^-(3-nitrophenyl)propanamide (method B) (4a)

0.N-

Chemical Formula; C 1 1 H1 5 N3 O 3  

Molecular Weight: 237.2551

Compound 3a (4.00 g, 17.00 mmol) was treated with a 2M dimethylamine solution in THF 

(3.47 g, 77.00 mmol) to give compound 4a as a yellow solid (3.58 g, 90%); R f 0.16 [6 % 

MeOH in DCM]; m p 74-76 °C; Ôh (CDCl3,400 MHz) 11.44 (IH , s, N //), 8.30 (IH , t ,J =  2.0 

Hz, Ar//), 7.90-7.85 (2H, m, 2 x  A r//), 7.44-7.40 (IH , m, A r//), 2.67-2.64 (2H, m, C//?),

2.53-2.50 (2H, m, C //2), 2.39 (6 H, s, 2 x  CH3); ôc (CDCI3 , 100 MHz) 171.14 (C=0), 148.47 

(Ar-C), 139.78 (Ar-C), 129.53 (Ar-CH), 125.48 (Ar-CH), 118.04 (Ar-CH), 114.32 (Ar-CH),

5 4 . 8 6  ( Œ 2), 4 4 . 3 5  (2 X Œ 3), 33.19 (CH2); LC-M S (5 m in ) m /z  238.22 [CnHisNsOs+H]'" 

(100), Rt 1.24 m in; H RM S m /z calc C 11H 16N 3 O3 [M+H]* 238.1186 , fo u n d  [M+H]* 

238.1177; anal. CHN calc. C ]iH i5N 3 0 3 . C 55.7%, H 6.4%, N 17.7%, found C 55.6%, H 

6.3%, N 17.8%.

3-(D im ethyIam ino)-A -(4-nitrophenyI)propanam ide (m ethod B) (4b)

OzN

Chemical Formula: C1 1 H1 5 N3 O3  

Molecular Weight: 237.2551

Compound 3b (4.00 g, 17.00 mmol) was treated with a 2M dimethylamine solution in THF 

(3.47 g, 77.00 mmol) to give compound 4b as a yellow solid (3.59 g, 90%); R f 0.19 [6 % 

MeOH in DCM]; mp 93-96 °C; Ôh (CDCl3,400 MHz) 11.27 (IH  , s, N //), 7.76-7.74 (2H, m, 

2 X A r//), 7.26-7.24 (2H, m, 2 x  ArH), 2.29-2.26 (2H, m, C //2), 2.14-2.11 (2H, m, C //2), 2.00 

(6 H, s, 2 X C //5); ÔC (CDCI3 , 100 MHz) 171.22 (C =0), 144.65 (A r-Q , 142.87 (A r-Q , 124.91 

(2 X Ar-CH), 119.03 (2 x  Ar-CH), 54.73 (CH2 ), 44.27 (2 x  CH3), 33.27 (CH2); LC-M S (5 

min) m/z 238.45 [CiiH]5N 3 0 3 +H]^ (100), Rt 1.35 min; HRM S m/z calc C nH i6N 3 0 3  [M+H]^ 

238.1186 , found [M +H f 238.1190; anal. CH N  calc. CnHijNjOs. C 55.7%, H 6.4%, N
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17.7%, found C 55.5%, H 6.4%, N 17.6%. Spectroscopic data are in accordance with those 

reported in the literature (Drewe et al., 2008).

A^-(3-Nitrophenyl)-4-(pyrroIidin-l-yl)butanam ide (m ethod B) (4c)

O2N ^  N

Chemical Formula; C 1 4 H1 9 N3 O3  

Molecular Weight: 2 7 7 .3 1 9 0

Compound 3c (1.45 g, 6.00 mmol) was stirred overnight in excess o f pyrrolidine (2.12 g,

30.0 mmol) to give 4c as a pale yellow oil (0.66 g, 79%); Rf: 0.17 [5% MeOH in DCM]; Ôh 

(CDCI3 , 400 MHz) 11.14 (IH , s, N /0 , 8.20-8.19 (IH , m, ArH), 8.07-8.05(lH, m, ArH), 7.90-

7.87 (IH , m, AxH), 7.47-7.43 (IH , m, AxH), 2.69-2.64 (6 H, m, 3 x CH2 ), 2.60-2.57 (2H, m, 

C //2 ), 1.93-1.87 (6 H, m, 3 X CH2 )', ôc (CDCI3 , 100 MHz) 172.22 (C =0), 148.47 (A r-Q ,

140.30 (A r-Q , 129.72 (Ar-CH), 125.34 (Ar-CH), 117.97 (Ar-CH), 113.96 (Ar-CH), 56.64 

(CH2), 54.08 ( 2  X CH2 ), 38.06 (CH2 ), 23.60 (CH2 ), 23.47 ( 2  x CH2 ); LC-M S (5 min) m/z

278.08 [CmHiçNjOj+H]"^ (5), 207.06 [(C14H 19N 3O3+H) - 71]+ (60), Rt 1.85 min; H RM S m/z 

calc. C 1 4H20N 3O 3 [M+H]+ 278.1505, found [M+HJ+ 278.1500. Spectroscopic data are in 

accordance with those reported in the literature (Drewe et ah, 2008).

A -(4-N itrophenyl)-4-(pyrrolidin-l-yl)butanam ide (m ethod B) (4d)

0 2N

Chemical Formula: C 1 4 H1 9 N 3 O3  

Molecular Weight: 2 7 7 .3 1 9 0

Compound 3d (1.00 g, 4.10 mmol) was stirred overnight in excess o f pyrrolidine (1.46 g,

20.60 mmol) to give 4d as a yellow solid (0.47 g, 42%); Rf: 0.77 [20% MeOH in DCM]; mp 

157 °C; ÔH (CDCI3 , 400 MHz) 10.89 (IH , s, N Q , 8.20-8.16 (2H, m, 2 x AxH), 7.69-7.65 

(2H, m, 2 X AxH), 2.69-2.65 (6 H, m, 3 x CH2 ), 2.61-2.57 (2H, m, CH2 ), 1.95-1.89 (6 H, m, 3 

X C //2 ); ÔC (CDCI3 , 100 MHz) 172.24 (C =0), 144.99 (A r-Q , 142.99 (A r-Q , 125.02 (2 x Ar-
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CH), 118.75 (2 X  Ar-CH), 56.09 (CHz), 53.99 (2 x CHz), 37.61 (CHz), 23.65 (CHz), 23.47 (2 

X CHi); LC-M S (5 min) m/z 278.24 [ C 1 4 H 1 9 N 3 O 3  +H]^ (100), Rt 1.59 min; HRM S m/z calc. 

CMH2 0N 3 O3 [M + H f 278.1505, found [M +H f 278.1510; anal. CHN calc. Ci4H ,9N 3 0 3 . C 

60.6%, H 6.9%, N  15.2, found C 60.9%, H 6.9%, N 15.2%. Spectroscopic data are in 

accordance with those reported in the literature (Drewe et ah, 2008).

A -(3-N itrophenyl)-2-(pyrrolidin-l-yl)acetam ide (m ethod A) (4e) (Drewe et al, 2008).

O2N N
Chemical Formula: C 1 2 H1 5 N3 O 3  

Molecular Weight: 2 4 9 .2 6 5 8

3-Nitroaniline (1.00 g, 7.24 mmol), TEA (1.47 g, 14.50 mmol), chloroacetyl chloride (0.98 g,

8.70 mmol) and pyrrolidine (1.51 g, 21.7 mmol) reacted in THF (20 ml) to give 4e as a 

yellow oil (1.76 g, 97%); R f  0.23 [5% MeOH in DCM]; 0» (CDCI3 , 400 MHz) 9.40 (IH , s, 

N //), 8.35 (IH , t, y  = 2.0 Hz, A r//), 8.09 (IH , dd, J^ = 8.0, J2  = 2.0 Hz, A r//), 7.96-7.93(lH, 

m, A r//), 7.51-7.47 (IH , m, A r/^ , 3.32 (2H, s, C //2), 2.73-2.71 (4H, m, 2 x CHi), 1.90-1.87 

(4H, m, 2 X CHi)', ôc (CDCI3 , 100 MHz) 169.67 (C =0), 148.59 (A r-Q , 138.88 (A r-Q , 

129.85 (Ar-CH), 125.15 (Ar-CH), 118.59 (Ar-CH), 114.08 (Ar-CH), 59.65 (CH2), 54.69 (2 x 

CH2), 24.11(2 X CH2 ); LC-M S (5 min) m/z 250.14 [CuHisNsOa+H]* (100), Rt 1.27 min; 

HRM S m/z calc. C 12H 16N 3O3  [M+H]^ 250.1186, found [M + H r 250.1190. Spectroscopic 

data are in accordance with those reported in the literature (Drewe et aL, 2008).

A -(3-N itrophenyI)-2-(piperidin-l-yl)acetam ide (m ethod A) (4f)

'N 
H

Chemical Formula: C1 3 H1 7 N3 O3  

Molecular Weight: 263 .2924

3-Nitroaniline (1.00 g, 7.24 mmol), TEA (1.47 g, 14.50 mmol), chloroacetyl chloride (0.98 g,

8.70 mmol) and piperidine (1.85 g, 21.7 mmol) reacted in THF (20 ml) to give 4f as an
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orange solid (1,47 g, 93%); R f 0.25 [5% MeOH in DCM]; m p 100-102 °C; 8 » (CDCI3 , 400 

MHz) 9.55 ( lH ,s ,N / f ) ,  8.35-8.34 ( lH ,m , A r//), 8.05 (IH , dd ,7 | = 8.1 Hz , 7 2  = 2.1 Hz, A r// 

), 7.96-7.93 (IH , m, A r//), 7.51-7.48 (IH , m, ArH), 3.11 (2H, s, CH 2 ), 2.57-2.55 (4H, m, 2 x 

CH2 ), 1.67 (4H, quintet, J =  5.6 Hz, 2 x C//?), 1.54-1.49 (2H, m, C //2); ôc (CDCI3 , 100 

MHz) 169.50 (C =0), 148.63 (Ar-C), 138.85 (Ar-C), 129.86 (Ar-CH), 125.06 (Ar-CH),

118.60 (Ar-CH), 114.01 (Ar-CH), 62.64 (CH;), 54.98 (2 x CH;), 26.26 (2 x CH2), 23.52 

( Œ 2 ); LC-M S (5 min) m/z 264.39 [C nH nN sO s+H f (100), Rt 1.42 min; HRM S m/z calc. 

C 13H 18N 3 O3 264.1343, found 264.1335; anal. CHN calc. C 13H 17N 3 O3 . C

59.3%, H 6.5%, N 16.0%, found C 59.2%, H 6.4%, N 15.7%.

2-(Diethylamino)-A^-(3-nitrophenyI)acetamide (m ethod A) (4g)

o

----O2 N ^  N

Chemical Formula: C 1 2 H1 7 N 3 O3  

Molecular Weight: 251 .2 8 1 7

3-Nitroaniline (1.00 g, 7.24 mmol), TEA (1.47 g, 14.50 mmol), chloroacetyl chloride (0.98 g,

8.70 mmol) and diethylamine (1.59 g, 21.7 mmol) reacted in THF (20 ml) to give 4g as a 

yellow semi-solid (0.92 g, 50%); R f 0.26 [5% MeOH in DCM]; Ôh (CDCI3 , 400 MHz) 9.68 

(IH  , s, N //), 8.36-8.35 (IH , m, ArN), 8.05-8.03 (IH , m, ArN), 7.93 (IH , dd, Jj = 8.4 Hz, J 2 

= 1.6 Hz, ArH), 7.51.7.57 (IH , m, ArH), 3.18 (2H, s, C i/2), 2.67 (4H, quartet, J =  7.2 Hz, 2 x  

CH2), 1.10 (6 H, t, J =  7.2 Hz, 2 x  CH3); ôc (CDCI3 , 100 MHz) 169.95 (C =0), 147.27 (Ar-C), 

138.64 (Ar-C), 129.61 (Ar-CH), 110.74 (Ar-CH), 109.17 (Ar-CH), 105.92 (Ar-CH), 58.14 

(CH2 ) , 48.79 (2 X CHz), 12.39 (2 x  CH3); LC-M S (5 min) m/z 252.37 [Ci2 Hi7N 3 0 3 + H f  

(100), Rt 0.83 min; H RM S m/z calc C 12H 18N 3O3 [M + H f 252.1353, found [M+H]+ 

252.1358; anal. C H N  calc. CuH nNsO j. C 57.4%, H 6 .8 %, N 16.7%, found C 57.3%, H 

7.1%, N 16.6%.
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A^-(4-NitrophenyI)-2-(pyrrolidin-l-yl)acetamide (method A) (4h)

0 2N
Chemical Formula: C 12H15N3O 3 

Molecular Weight: 249.2658

4-Nitroaniline (1.00 g, 7.24 mmol), TEA (1.47 g, 14.50 mmol), chloroacetyl chloride (0.98 g,

8.70 mmol) and pyrrolidine (1.59 g, 21.70 mmol) reacted in THF (20 ml) to give 4h as a 

yellow solid (1.47 g, 91%); R f 0.23 [5% MeOH in DCM]; mp 76-79 ° C ;  Ôh (CDCI3 , 400 

MHz) 9.51 (IH , s, N //), 8.20(2H , d, J =  8 . 8  Hz, 2 x A r//), 7.76 (2H, d, 8 . 8  Hz, 2 x  A r//),

3.13 (2H, s, C //2 ), 2.71-2.69 (4H, m, 2 x C / / 2 ) ,  T87 (4H, quintet, J =  3.2 Hz, 2 x C / / 2 ) ;  ôc 

(CDCI3 , 100 MHz) 169.78 (C =0), 143.49 (A r-Q , 143.43 (A r-Q , 125.04 (2 x Ar-CH), 

118.83(2 X Ar-CH), 59.72 (CH2 ), 54.67 ( 2  x CH2), 24.09 (2 x CH2); LC-M S (5 min) m/z 

250.21 [CizHisNsOa+Hr (100), Rt 1.35 min; H RM S m/z calc. C 12H 16N 3O3 [M + H f 

250.1186, found [M+H]^ 250.1192. Spectroscopic data are in accordance with those reported 

in the literature (Drewe et aL, 2008; Moorhouse et al, 2006).

A -(4-N itrophenyl)-2-(piperidin-l-yl)acetam ide (m ethod A) (4i)

Chemical Formula: C 13H17N3O3 
Molecular Weight: 263.2924

4-Nitroaniline (1.00 g, 7.24 mmol), TEA (1.47 g, 14.50 mmol), chloroacetyl chloride (0.98 g,

8.70 mmol) and piperidine (1.85 g, 21.7 mmol) reacted in THF (20 ml) to give 4i as a yellow 

oil (0.88 g, 46%); R f 0.24 [5% MeOH in D C M ] ;  0» ( C D C I 3 ,  400 MHz) 9.66 (IH  , s, N //), 

8.17-8.13 (2H, m, 2 X  Ar//), 7.73-7.69 (2H, m, 2 x A r//), 3.08 (2H, s, CHi), 2.53-2.50 (4H, 

m, 2 X CHi), 1.65-1.59 (4H, m, 2 x CHi), 1.48-1.44 (2H, m, CHi)\ ôc ( C D C I 3 ,  100 MHz) 

169.52 (C =0), 143.40 (A r-Q , 143.21 (A r-Q , 124.88 (2 x Ar-CH), 118.63 (2 x Ar-CH),

62.55 (CH2 ), 54.77 ( 2  x CHz), 26.10 ( 2  x CH2 ), 23.34 (CH2); LC-M S (5 min) m/z 264.54 

[Ci3 H nN 3 0 3 + H f  (100), Rt 1.13 min; H RM S m/z calc C 13H 18N 3O3 [M+H]* 264.1343, found
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[M+H]^ 264.1340. Spectroscopic data are in accordance with those reported in the literature 

(Moorhouse et a l ,  2006).

2-(Diethylamino)-A^-(4-nitrophenyl)acetainide (m ethod A) (4j)

H

Chemical Formula; C 12H17N3O3 
Molecular Weight: 251.2817

4-Nitroaniline (1.00 g, 7.24 mmol), TEA (1.47 g, 14.50 mmol), chloroacetyl chloride (0.98 g,

8.70 mmol) and diethylamine (1.59 g, 21.7 mmol) reacted in THF (20 ml) to give 4j as a 

yellow oil (0.63 g, 36%); R f  0.26 [5% MeOH in DCM]; Ôh (CDCI3 , 400 MHz) 9.80 (IH , s, 

N77), 8.21-8.19 (2H, m, 2 x AxH), 7.79-7.71 (2H, m, 2 x AxH), 3.18 (2H, s, CHi), 2.66 (4H, 

quartet, J =  7.2 Hz, 2 x CHi), 1.09 (6 H, t, J =  7.2 Hz, 2 x CHi)\ ôc (CDCI3 , 100 MHz) 170.74 

(C =0), 143.39 (2 X A r-Q , 125.08 (2 x Ar-CH), 118.66 (2 x Ar-CH), 58.03 (CH2), 48.89 (2 x 

CH2), 1 2 . 3 3  (2 X CH,); LC-M S (5 m in ) m /z  252.37 [C 12H 17N 3 O3+H]* (100), Rt 0.8 m in ;  

H R M S nt/z calc C 12H 18N 3O 3 [M+H]* 252.1353, found [M+H]* 252.1345. Spectroscopic data 

are in accordance with those reported in the literature (Moorhouse et a l, 2006).

A -(3-N itrophenyl)-3-(pyrrolidin-l-yI)propanam ide (m ethod A) (4k)

Chemical Formula: C 13H17N3O3 
Molecular Weight: 263.2924

3-Nitroaniline (3.00 g, 21.72 mmol), TEA (4.44 g, 43.96 mmol), 3-chloropropionyl chloride 

(2.77 g, 21.81 mmol) and pyrrolidine (4.70 g, 66.20 mmol) reacted in THF (40 ml) to give 4k  

as a yellow solid {Lit. brown oil, Brewe, 2008) (5.55 g, 96%); R f  0.24 [5% MeOH in DCM]; 

m p 124-126 °C; Ôh (400 MHz, C D C I 3 )  11.71 (IH , s, N Q , 8.33-8.32 (IH , m, AxH), 7.88-

7.87 (IH , m, A xH ), 7.86-7.85 (IH , m, AxH), 7.42 (IH , m, AxH), 2.90-2.87 (2H, m, CHi), 

2.73-2.70 (4H, m, 2 x CH 2  ), 2.59-2.56 (2H, m, CHi), 1.93-1.90 (4H, m, 2 x CHi)\ ôc
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(CDCls, 100 MHz) 171.21 (C =0), 148.52 (Ar-C), 139.92 (A r-Q , 129.55 (Ar-CH), 125.24 

(Ar-CH), 117.99 (Ar-CH), 114.20 (Ar-CH), 53.08 (CHz), 51.09 (2 x CHz), 34.38 (CHz), 

23.67 (2 X CH2 ); ); LC-M S (5 min) m/z 264.24 [CnH^NgOg+H]^ (100), Rt 1.50 min; 

H R M S m/z calc CigHigNgO] [M+H]^ 264.1343 , found [M+H]^ 264.1351; anal. CHN calc. 

CisHivNsOs. C 59.3%, H 6.5%, N 16.0%, found C 59.5%, H 6 .6 %, N 15.8%.

3-(D !ethylam ino)-A -(3-nitrophenyl)propanam ide (m ethod A) (41)

O2N N

Chemical Formula: C13H19N3O3 
Molecular Weight: 265.3083

3-Nitroaniline (1.00 g, 7.24 mmol), TEA (1.47 g, 14.50 mmol), 3-chloropropionyl chloride 

(1.10 g, 8.70 mmol) and diethylamine (1.59 g, 21.70 mmol) reacted in THF (20 ml) to give 41 

as a yellow solid (0.74 g, 63%); R f  0.12 [5% MeOH in D C M ] ;  mp 42-45 °C; Ôh ( C D C I 3 , 400 

MHz) 11.79 (IH  , s, N Q , 8.35 (IH , X ,J=  2.0 Hz, A r//), 7.91-7.87 (2H, m, 2 x A r//), 7.46- 

7.41(1 H, m, A r//), 2.82-2.80 (2H, m, C /Q , 2.13 (4H, quartet, J  = 7.2 Hz, 2 x C//?), 2.56- 

2.53 (2H, m, C //2), 1.15 (6 H, t, J  = 7.2, 2 x C //j); ôc ( C D C I 3 ,  100 MHz) 171.26 (C=0),

148.61 (A r-Q , 139.87 (A r-Q , 129.65 (Ar-CH), 125.09 (Ar-CH), 118.02 (Ar-CH), 114.03 

(Ar-CH), 48.70 (CH2 ), 45.95 (2 x CHz), 32.89 (CH2), 11.37 (2 x CH 3); LC-M S (5 min) m/z 

266.43 [C 13H 19N 3O3+H]* (100), Rt 0.9 min; HRM S calc C 13H20N 3O 3 [M +H f 266.1505, 

found [M+H]* 266.1492.

A ^-(4-N itrophenyl)-3-(pyrroIidin-l-yI)propanam ide (m ethod A) (4m)

OzN̂  /

H o
Chemical Formula: C 13H17N3O3 

Molecular Weight: 263.2924

4-Nitroaniline (2.00 g, 14.48 mmol), TEA (2.94 g, 29.11 mmol), 3-chloropropionyl chloride 

(2.19 g, 17.38 mmol) and pyrrolidine (2.90 g, 40.84 mmol) reacted in THF (35 ml) to give
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4m as a yellow oil {Lit. yellow solid, Moorhouse et a l, 2006) (3.60 g, 97%); R f 0.18 [5% 

MeOH in DCM]; Ôh (CDCI3 , 400 MHz) 11.99 (IH  , s, N //), 8.19-8.15 (2H, m, 2 x 

A r//),7.63-7.59 (2H, m, 2 x Ar//), 2.89-2.86 (2H, m, C //2 ), 2.73-2.69 (4H, m, 2 x C //2), 2.58-

2.55 (2H, m, CHi), 1.95-1.91 (4H, m, 2 x CHi)', ôc (CDCI3 , 100 MHz) 171.42 (C =0), 144.86 

(A r-Q , 142.93 (A r-Q , 125.07 (2 x Ar-CH), 118.92 (2 x Ar-CH), 53.04 (CH2 ), 51.03 (2 x 

CH2), 3 4 . 5 5  (CH2), 23.74 ( 2  X CH2 ); LC-M S (5 min) m/z 264.27 [CnHnNsOj+H]"" (100), 

Rt 1.50 min; H RM S m/z calc C 13H , 8N 3O3 [M+H]+ 264.1343 , found [M+H]+ 264.1348.

3-(Diethylamino)-A^-(4-nitrophenyl)propanamide (m ethod A) (4n)

0

Chemical Formula: C 1 3 H 1 9 N 3 O 3  

Molecular Weight: 265 .3083

4-Nitroaniline (1.00 g, 7.24 mmol), TEA (1.47 g, 14.50 mmol), 3-chloropropionyl chloride 

(1.10 g, 8.70 mmol) and diethylamine (1.59 g, 21.7 mmol) reacted in THF (20 ml) to give 

4m as a yellow solid (1.14 g, 60%); R f 0.15 [5% MeOH in DCM]; m p 90-92 °C; Ôh (CDCI3 , 

400 MHz) 12.00 (IH  , s, N //), 8.20-8.16 (2H, m, 2 x A r//), 7.68-7.64 (2H, m, 2 x Ar//), 2.81- 

2.78 (2H, m, CHi), 2.70 (4H, quartet, J  = 7.2 Hz, 2 x CHi), 2.55-2.52 (2H, m, CHi), 1-15 

(6 H, X ,J=  7.2, 2 X CH 3 )', ÔC (CDCI3 , 100 MHz) 171.43 (C =0), 144.72 (A r-Q , 142.94 (Ar- 

Q ,  125.12 (2 X Ar-CH), 118.74 (2 x Ar-CH), 48.67 (CH2 ), 45.90 (2 x CHz), 33.06 (CH2 ), 

11.46 (2 X CH3); LC-M S (5 min) m/z 266.34 [Ci3H ,9N 3 0 3 +H]^ (100), Rt 0.9 min; HRM S 

calc C 13H2 0N 3O 3 [M+H]^ 266.1505, found [M+H]^ 266.1501. anal. CHN  calc. C 13H 19N 3O3 . 

C 58.8%, H 7.2%, N  15.8%, found C 58.9%, H 7.3%, N  15.8%.

190



A^-(2-Nitrophenyl)-3-(pyrrolidin-l-yl)propanamide (method A) (4o)

NO 2
O

-  M— Q

Chemical Formula: C13H17N3O3 
Molecular Weight: 26 3 .2 9 2 4

2-Nitroaniline (1.00 g, 7.20 mmol), TEA (0.52 g, 5.12 mmol), 3-chloropropionyl chloride 

(0.39 g, 3.07 mmol) and pyrrolidine (0.55 g, 7.68 mmol) reacted in THF (10 ml) to give 4o as 

a brown oil (1.77 g, 93%); R f  0.39 [5% MeOH in DCM]; Ôh (CDCI3 , 400 MHz) 11.83 (IH , 

s, N //), 8.54 (IH , dd, Jj = 8.2 Hz, ^  = 1.2 Hz, ArH), 8.06 (IH , dd, Jy = 8.0 Hz, J 2  = 1.6 Hz, 

ArH), 7.61-7.57 (IH , m, ArH), 7.18-7.14 (IH , m, ArH), 2.86-2.83 (2H, m, CH2), 2.67-2.61 

(4H, m, 2 X CH2 ), 1.90-1.87 (4H, m, 2 x CH2 ); ôc (CDCI3 , 100 MHz) 171.96 (C=0), 138.80 

(Ar-C), 134.61 (A r-Q , 133.95 (Ar-CH), 125.23 (Ar-CH), 124.30 (Ar-CH), 123.31 (Ar-CH),

53.65 (2 X CH2 ), 51.33 (CH2), 36.05 (CH2), 23.56 (2 x CH2); LC-M S (5 min) m/z 264.07 

[C nH nN ^O s+H r (100), Rt 0.78 min; HRM S m/z calc CnHigNjOj [M+H]+ 264.1343 , found 

[M + H f 264.1337.

General procedure for the synthesis o f amino-compounds (5a-o)

H2 , Pd/C, THF anhydrous 

NR2 I t overnight

The required nitro-compound (2) (1 eq) was dissolved in anhydrous THF in atmosphere o f 

N 2 and 10% Pd/C (10% m/m) was added. The atmosphere was then saturated with H2 and the 

mixture stirred overnight. The crude product was filtered through celite, the celite washed 

with EtOAc and the organic solution evaporated in vacuo. The crude was dissolved in DCM 

(75 ml), washed 3 times with 5N aqueous NH 4 OH solution (50 ml), dried (MgS0 4 ), filtered 

and the solvent evaporated in vacuo. The product obtained was utilised in the next step 

without any further purification.
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N-(3-Aminophenyl)-3-(dimethylamino)propanamide (5a)

H2N N N
H  I

Chemical Formula; C1 1 H1 7 N3 O 
Molecular Weight: 207 .2722

Compound 4a (3.00 g, 13.00 mmol) was dissolved in anhydrous THF (40 ml) under an 

atmosphere o f N 2 , then Pd/C (0.30 g) and H 2 were added, to give 5a as a dark orange oil 

(1.36 g, 51%); R f  0.16 [10% MeOH in DCM]; 5» (CDCI3 , 400 MHz) 10.71 (IH , s, 

7.15-7.14 (IH , m, A r//), 7.04 (IH , t, 8.0 Hz, A r//), 6 .6 8 -6 . 6 6  (IH , m, A r//), 6.40-6.37 

(IH , m, ArH), 3.49 (2H, broad s, N //2), 2.63-2.60 (2H, m, C //2 ), 2.48-2.45 (2H, m, CH2 ),

2.34 (6 H, s, 2  X CH3 ), 1.12 (6 H, t , J =  7.2, 2 x CH3); ôc (CDCI3 , 100 MHz) 170.58 (C=0), 

147.14 (A r-Q , 139.62 (A r-Q , 129.46 (Ar-CH), 110.44 (Ar-CH), 109.80 (Ar-CH), 106.55 

(Ar-CH), 55.09 (CH2), 44.37 (2 x CH3), 33.50 (CH2 ); H RM S m/z calc. C ,,H i8N 3G [M+H]^ 

208.1444, found [M+H]* 208.1451; anal. CHN calc. C 11H 17N 3O C 63.7%, H 8.3%, N 

20.3%, found C 63.5%, H 8.5% ,N 20.2%.

N -(4-aiiiinophenyl)-3-(dim ethylam ino)propanam ide (5b)

H  I
Chemical Formula: C1 1 H1 7 N3 O 

Molecular Weight: 207 .2722

Compound 4b (3.00 g, 13.00 mmol) was dissolved in anhydrous THF (35 ml) under an 

atmosphere o f N 2 , then Pd/C (0.30 g) and H 2 were added, to give 5b as a dark brown oil 

(0.78 g, 29%); R f  0.20 [10% MeOH in DCM]; Ôh (CDCI3 , 400 MHz) 10.51 (IH , s, N //), 

7.32-7.29 (2H, m, 2 x ArH), 6.67-6.65 (2H, m, 2 x ArH), 3.59 (2H, broad s, N//?), 2.67-2.63 

(2H, m, CH2 ), 2.51-2.48 (2H, m, CH2 ), 2.39-2.37 (6 H, m, 2 x CH3 ); ôc (CDCI3 , 100 MHz)

170.18 (C=0), 142.67 (A r-Q , 130.19 (A r-Q , 121.55 (2 x Ar-CH), 115.36 (2 x Ar-CH),

49.04 (CH2 ), 55.17 (CH2 ), 44.41 ( 2  x CH3), 33.29 (CH2 ); H RM S m/z calc. C,,H]gN3 0
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[M+H]^ 208.1444, found [M+H]^ 208.1448. Spectroscopic data are in accordance with those 

reported in the literature (Drewe et aL, 2008).

iV -(3-A m inophenyl)-4-(pyrrolidin-l-yI)butanam ide (5c)

Chem ical Formula: C 1 4 H2 1 N3 O 
Molecular Weight: 247 .3360

Compound 4c (0.95 g, 3.40 mmol) was dissolved in anhydrous THF (20 ml) under an 

atmosphere o f N 2 , then Pd/C (0.095 g) and H 2 were added, to give 5c as a pale yellow oil 

(0.45 g, 53%); R f  0.10 [5% MeOH in DCM]; Ôh (CDCls,400 MHz) 9.25 (IH , s, N/7), 7.23-

7.20 (IH , m, A r//), 7.04 (IH , t, J =  8.0 Hz, A r//), 6.60 (IH , dd, Jj = 8.0 Hz, J 2 = 1.2 Hz, 

ArH), 6.40-6.37 (IH , m, A r//), 3.68 (2H, broad s, 'NH2 ), 2.59-2.44 (6 H, m, 3 x C//?), 2.47- 

2.44 (2H, m, C //2 ), 1.91-1.81 (6 H, m, 3 x CH2 ); ôc (CDCI3 , 100 MHz) 171.07 (C=0), 147.19 

(A r-Q , 139.71 (A r-Q , 129.50 (Ar-CH), 110.49 (Ar-CH), 109.37 (Ar-CH), 106.44 (Ar-CH),

55.61 (CH2 ), 53.93 ( 2  x CH2 ), 36.86 (CH2 ), 24.07 (CH2), 23.56 (2 x CH2); H RM S m/z calc. 

C 14H2 2N 3 O [M+H]^ 248.1757, found [M+H]^ 248.1754. Spectroscopic data are in accordance 

with those reported in the literature (Drewe et aL, 2008).

A -(4-A m inophenyl)-4-(pyrrolidin-l-yl)butanam ide (5d)

""CL.JL_.0
H

C hem ical Formula: C1 4 H2 1 N3 O 
Molecular Weight: 2 4 7 .3 3 6 0

Compound 4d (0.41 g, 3.40 mmol) was dissolved in anhydrous THF (10 ml) under an 

atmosphere o f N 2 , then Pd/C (0.041 g) and H2 were added, to give 5d as a pale yellow oil 

(0.12 g, 33%); R f  0.19 [50% MeOH in DCM]; 0» (CD Cb,400 MHz) 9.12 (IH , s, N //), 7.27-

7.25 (2H, m, 2 X ArH), 6.64-6.62 (2H, m, 2 x ArH), 3.54 (2H, broad s, N /Q , 2.60-2.55 (6 H, 

m, 3 X C //2 ), 2.46-2.43 (2H, m, C /Q , 1.91-1.85 (2H, m, C /Q , 1.81-1.76 (4H, m, 2 x C /Q ;
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8 c (CDCI3 , 100 MHz) 171.12 (C=0), 142.76 (A r-Q , 130.17 (A r-Q , 121.52 (2 x Ar-CH), 

115.40 ( 2  X Ar-CH), 55.76 (CH 2), 53.92 ( 2  x CH 2), 36.60 (CH2), 24.13 (CH2 ), 23.54 ( 2  x 

CH2); H RM S m/z calc. C 14H22N 3O [M+H]* 248.1757, found [M+H]+ 248.1760. 

Spectroscopic data are in accordance with those reported in the literature (Drewe et al, 2008). 

I am leaving you to do this now

A^-(3-Aminophenyl)-2-(pyrrolidin-l-yl)acetam ide (5e)

HjN N

Chemical Formula: C 1 2 H1 7 N 3 O 
Molecular Weight: 219 .2829

Compound 4e (1.26 g, 5.00 mmol) was dissolved in anhydrous THF (28 ml) under an 

atmosphere o f N 2 , then Pd/C (0.126 g) and H2 were added, to give 5e as a yellow oil (0.84 g, 

76%); R f 0.50 [20% MeOH in DCM]; Ôh (CDCl3,400 MHz) 8.99 (IH , s, N /^ , 7.22 (IH , t, J  

= 2.0 Hz, ArH), 7.08 (IH , t, J =  4.0 Hz, ArH), 6.74-6.72 (IH , m, ArH), 6.42 (IH , dd, J| = 2.5 

Hz, J2 = 8.0 Hz, ArH), 3.70 (2H, broad s, N //2 ), 3.25 (2H, s, CHi), 2.69-2.66 (4H, m, 2 x 

CHi), 1.86-1.83 (4H, m, 2 x CHi)', ôc (CDCI3 , 100 MHz) 169.06 (C =0), 147.23 (A r-Q , 

138.74 (A r-Q , 129.64 (Ar-CH), 110.84 (Ar-CH), 109.46 (Ar-CH), 106.18 (Ar-CH), 59.82 

(CH2), 5 4 . 5 4  ( 2  X CH2), 24.07 (2 X CH2 ); H RM S m/z calc. C ,2H ,;N 3 0  [M +H f 220.1444, 

found [M+H]^ 220.1446. Spectroscopic data are in accordance with those reported in 

literature (Drewe, 2008).

A^-(3-Aminophenyl)-2-(piperidin-l-yl)acetam ide (5f)

Chemical Formula: C-1 3 H 1 9 N3 O 
Molecular Weight: 233 .3095

Compound 4 f (1.08 g, 4.10 mmol) was dissolved in anhydrous THF (22 ml) under an 

atmosphere o f N 2 , then Pd/C (0.108 g) and H 2 were added, to give 5 f as a dark yellow oil
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(0.94 g, 99%); R f  0.44 [5% MeOH in DCM]; ô» (CDCI3 , 400 MHz) 9.16 (IH , s, N /f), 7.21-

7.20 (IH , m, Ar/f), 7.10-7.06 (IH , m, A r//), 6.73-6.71 (IH , m, AxH), 6.42 (IH , dd, Jy = 8.0, 

J2= 2.4 Hz, AxH), 3.71 (2H, broad s, N //2 ), 3.04 (2H, s, C / / ? ) ,  2.54-2.53 (4H, m, 2 x  C / 6 ) ,

1.63 (4H, quintet, J  = 6 . 8  Hz, 2 x  C / 6 ) ,  1.50-1.46 (2H, m, C /6 ); ôc (CDCI3 , 100 MHz)

168.84 (C =0), 147.26 (Ar-C), 138.72 (Ar-C), 129.65 (Ar-CH), 110.80 (Ar-CH), 109.32 (Ar- 

CH), 106.04 (Ar-CH), 62.82 (CH2 ), 54.86 (2 x  CH2 ), 26.29 (2 x  CH2 ), 23.61 ( C H 2 ) ;  H RM S 

m/z calc. C ,3H2oN3 0  [M + H f 234.1601, found [M +H f 234.1608.

A -(3-Am inophenyI)-2-(diethylam ino)acetainide (5g)

.X1X&H,N -  N

Chemical Formula: C1 2 H1 9 N3 O 
Molecular Weight: 2 21 .2988

Compound 4g (0.73 g, 2.90 mmol) was dissolved in anhydrous THF (20 ml) under an 

atmosphere o f N 2 , then Pd/C (0.073 g) and H2 were added, to give 5g as a yellow oil (0.58g, 

90%); R f  0.44 [5% MeOH in DCM]; 0» (CDCI3 , 400 MHz) 9.28 (IH  , s, N //), 7.26-7.20 

(IH , m, AxH), 7.07 (IH , t, J  = 8.0 Hz, AxH), 6.74-6.72 (IH , m, AxH), 6.43-6.40 (IH , m, 

AxH), 3.71 (2H, broad s, N / 6 ), 3.11 (2H, s, C / 6 ) ,  2.65-2.59 (4H, m, 2  x C / 6 ) ,  1.69 (6 H , t, J  

= 7.2 Hz, 2 X C /6 ); ôc (CDCI3 , 100 MHz) 169.95 (C =0), 147.27 (Ar-C), 138.64 (A r-Q ,

129.61 (Ar-CH), 110.74 (Ar-CH), 109.17 (Ar-CH), 105.92 (Ar-CH), 58.14 ( C H 2 ) ,  48.79 (2 x 

CH2) , 12.39 (2 X CH3); H RM S m/z calc. C ,2H2oN3 0  [M + H f 222.1601, found [M+H]^ 

222.1694.
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A^-(4-Aininophenyl)-2-(pyrrolidin-l-yl)acetaiiiide (5h)

H

O
H ,N '

Chemical Formula: C1 2 H1 7 N3 O 
Molecular Weight: 219 .2829

Compound 4h (1.48 g, 5.93 mmol) was dissolved in anhydrous THF (25 ml) under an 

atmosphere o fN ], then Pd/C (0.148 g) and H2 were added, to give 5h as a yellow oil (0.91 g, 

70%); R f 0.19 [10% MeOH in DCM]; 0» (CDCI3 , 400 MHz) 8.87 (IH , s, N //), 7.36-7.33 

(2H, m, 2 X A r//), 6.69-6.62 (2H, m, 2 x A r//), 3.58 (2H, broad s, N //2 ), 3.25 (2H, s, C //2 ), 

2.69-2.66 (4H, m, 2 x C //2), 1.85-1.82 (4H, m, 2 x C //2); ôc (CDCI3 , 100 MHz) 168.67 

(C =0), 143.05 (A r-Q , 129.24 (A r-Q , 121.33 (2 x Ar-CH), 115.38 (2 x Ar-CH), 59.64 

(CH2), 54.54 (2 X CH2), 24.02 (2 x CH2); H RM S m/z calc. C]2 H,gN3 0  [M +H f 220.1444, 

found [M + H f 220.1447; anal. CHN calc. C]2 H nN 3 0  C 65.7%, H 7.8%, N 19.2%, found C 

65.5%, H 7.7%, N  19.0%. Spectroscopic data are in accordance with those reported in 

literature (Drewe, 2008).

A -(4-A m inophenyI)-2-(piperidin-l-yI)acetam ide (Si)

HjN' ^
Chemical Formula: C1 3 H1 9 N3 O 

Molecular Weight: 233 .3 0 9 5

Compound 4i (0. 8 8  g, 3.34 mmol) was dissolved in anhydrous THF (22 ml) under an 

atmosphere o f N 2 , then Pd/C (0.088 g) and H2  were added, to give Si as a yellow oil {Lit. 

yellow solid, Moorhouse et a l, 2006) (0.59 g, 76%); R f 0.42 [5% MeOH in DCM]; ôh 

(CDCI3 , 400 MHz) 9.03 (IH , s, N //), 7.35-7.31 (2H, m, 2 x A r//), 6.67-6.63 (2H, m, 2 x 

A r//), 3.58 (2H, broad s, N / 6 ), 3.03 (2H, s, C /6 ), 2.53-2.50 (4H, m, 2 x C /6 ), 1.65-1.59 

(4H, m, 2 X C /6 ), 1.49-1.45 (2H, m, C /6 ); ôc (CDCI3 , 100 MHz) 168.45 (C=0), 143.02 (Ar- 

Q ,  129.25 (A r-Q , 121.19 (2 x Ar-CH), 115.39 (2 x Ar-CH), 62.68 (CHz), 54.87 (2 x CH2 ),
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26.26 (2 X CHi), 23.62 (CH2); HRM S m/z calc. C 13H20N 3 O [M+H]^ 234.1601, found 

[M+H]^ 234.1606.

A^-(4-AminophenyI)-2-(diethylamino)acetamide (5j)

"'■a.JLC
H

Chemical Formula: C1 2 H1 9 N3 O 
Molecular Weight: 2 2 1 .2 9 8 8

Compound 4j (0.39 g, 1.55 mmol) was dissolved in anhydrous THF (18 ml) under an 

atmosphere o f N 2 , then Pd/C (0.039 g) and H2 were added, to give 5j as a yellow oil {Lit. 

yellow solid, Moorhouse et a l, 2006) (0.26 g, 78%); R f 0.44 [5% MeOH in DCM]; Ôh 

(CDCI3 , 400 MHz) 9.16 (IH , s, N //), 7.36-7.31 (2H, m, 2 x Ar//), 6.68-6.63 (2H, m, 2 x 

A r//), 3.57 (2H, broad s, N //?), 3.10 (2H, s, CH2 ), 2.62 (4H, m, 2 x C //2), 1.07 (6 H, X,J=  7.2 

Hz, 2 X C //j); ÔC (CDCI3 , 100 MHz) 169.60 (C=0), 142.99 (A r-Q , 129.33 (A r-Q , 121.09 (2 

X Ar-CH), 115.43 (2 x Ar-CH), 58.02 (CH2 ), 48.83 (2 x CH2), 12.42 (2 x CH3 ); HRM S m/z 

calc. C 12H20N 3O [M + H f 222.1601, found [M +H f 222.1605.

A -(3-A m inophenyI)-3-(pyrrolidin-l-yl)propanam ide (5k)

H,N N o
Chemical Formula: C 1 3 H 1 9 N3 O 

Molecular Weight: 233.3095

Compound 4k  (0.27 g, 1.16 mmol) was dissolved in anhydrous THF (18 ml) under an 

atmosphere o f N 2 , then Pd/C (0.027 g) and H2  were added, to give 5k as a yellow oil {Lit. 

brown oil, Drewe, 2008) (0.29 g, 6 8 %); R f 0.45 [5% MeOH in DCM]; Ô» (CD Cb,400 MHz)

11.05 (IH , s, N /0 , 7.18 (IH , m, A r//), 7.04 (IH , t, J  -  8.0, A r//), 6.60 (IH , dd, J  = 8.0, 1.20 

Hz, A r//), 6.38 (IH , dd, Jj = 7.6, J 2  1.6 Hz, Ar//), 3.68 (2H, broad s, N //2 ), 2.83-2.80 (2H, 

m, C //2), 2.69-2.61 (4H, m, 2 x C //2), 2.51-2.48 (2H, t, 6.0 Hz, CHi), 1.89-1.85 (4H, m, 2 

X C //2); ÔC (CDCI3 , 100 MHz) 170.79 (C=0), 147.16 (A r-Q , 139.83 (A r-Q , 129.49 (Ar-
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CH), 110.33 (Ar-CH), 109.60 (Ar-CH), 106.44 (Ar-CH), 53.04 (CH]), 51.32 (2 x CH]),

34.73 (CH]), 23.66 (2 x CH]); HRM S m/z calc. Cig^oNgO [M+H]^ 234.1601, found 

[M+H]^ 234.1610.

iV-(3-Am inophenyI)-3-(diethylaniino)propanam ide (51)

HgN N ^  N

L .
Chem ical Formula: C-1 3 H2 1 N3 O 

Molecular Weight: 235 .3253

Compound 41 (0.67 g, 2.54 mmol) was dissolved in anhydrous THF (20 ml) under an 

atmosphere o f N], then Pd/C (0.067 g) and H] were added, to give 51 as a yellow oil (0.31 g, 

51%); R f 0.10 [5% MeOH in DCM]; 0» (CDCI3 , 400 MHz) 11.11 (IH , s, ^ H ),  7.23-7.22 

(IH , m, Ar//), 7.05 (IH , t, J  = 8.0 Hz, AxH), 6.66-6.64 (IH , m, AxH), 6.40-6.37 (IH , m, 

AxH), 3.67 (2H, broad s, N //]), 2.75 (2H, t, J  = 6.0 Hz, CH2), 2.65 (4H, quartet, J  = 7.2 Hz, 2 

X C /6 ), 2.48-2.45 (2H, m, C/C), 1.12 (6 H ,t, J  = 7.2, 2 x C/C); ôc (CDCI3 , 100 MHz) 170.88 

(C =0), 147.18 (Ar-Q, 139.83 (Ar-Q, 129.54 (Ar-CH), 110.33 (Ar-CH), 109.50 (Ar-CH),

106.38 (Ar-CH), 49.00 (CH]), 45.92 (2 x CH]), 33.24 (CH]), 11.52 (2 x CH3); HRM S m/z 

calc. C 13H22N 3O [M + H f 236.1685, found [M +H f 236.1680.

A^-(4-Aminophenyl)-3-(pyrrolidm -l-yl)propanam ide (5m)

H

Chemical Formula: C1 3 H1 9 N3 O 
Molecular Weight: 233 .3095

Compound 4m (1.80 g, 6.80 mmol) was dissolved in anhydrous THF (20 ml) under an 

atmosphere o f N], then Pd/C (0.18 g) and H] were added, to give 5m as a brown oil (1.57 g, 

quantitative); R f 0.10 [10% MeOH in DCM]; ôh (CDCl3,400 MHz) 10.70 (IH , s, N //), 7.21-

7.18 (2H, m, 2 X AxH), 6.57-6.54 (2H, m, 2 x  AxH), 3.52 (2H, broad s, N /C), 2.76-2.73 (2H, 

m, C/C), 2.58-2.56 (4H, m, 2 x  C/C), 2.44-2.41 (2 H, m, C/C), 1.80-1.78 (4H, m, 2  x  C/C);
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ôc (CDCI3 , 100 MHz) 170.29 (C =0), 142.56 (Ar-C), 130.41 (Ar-C), 121.26 (2 x Ar-CH),

115.38 (2 X Ar-CH), 53.09 (CH2 ), 51.43 (2 x CHz), 34.53 (CH2 ) 23.62 (2 x CH2 ); HRM S m/z 

calc. C 13H 20N 3O [M+H]^ 234.1601, found [M+H]^ 234.1601. Spectroscopic data are in 

accordance with those reported in literature (Moorhouse et a l ,  2006).

A -(4-A m inophenyl)-3-(diethylam ino)propanam ide (5n)

Chemical Formula: C 1 3 H2 1 N3 O 
Molecular Weight: 235 .3253

Compound 4n (1.02 g, 3.86 mmol) was dissolved in anhydrous THF (20 ml) under an 

atmosphere o f N 2 , then Pd/C (0.102 g) and H2  were added, to give 5n as a yellow oil (0.49 g, 

54%); R f  0.10 [5% MeOH in DCM]; Ôh (CDCI3 , 400 MHz) 10.90 (IH , s, N //), 7.32-7.29 

(2H, m, 2 X ArH), 6.65-6.62 (2H, m, 2 x ArH), 3.54 (2H, broad s, N //2 ), 2.76-2.73 (2H, m, 

CH2 ), 2.64 (4H, quartet, J  = 7.2 Hz, 2 x CH2 ), 2.48-2.45 (2H, m, CH2), 1.11 (6 H, X ,J=  7.2 

Hz, 2 X C //i); ÔC (CDCI3 , 100 MHz) 170.46 (C =0), 142.49 (Ar-C), 130.50 (Ar-C), 121.14 (2 

X Ar-CH), 115.47 (2 x Ar-CH), 49.04 (CH2), 45.95 (2 x CH2 ), 33.01 (CH2 ), 11.55 (2 x CH3); 

H RM S m/z calc. C 13H22N 3O [M+H]'" 235.1685, found [M +H f 235.1686.

A -(2-A m inophenyI)-3-(pyrroIidin-l-yi)propanam ide (5o)

NHz 
O

o
Chemical Formula: C1 3 H1 9 N3 O 

Molecular Weight: 233 .3 0 9 5

Compound 4o (1.15 g, 4.40 mmol) was dissolved in anhydrous THF (20 ml) under an 

atmosphere o f N 2 , then Pd/C (0.115 g) and H2 were added, to give 5o as a yellow solid (0.64 

g, 69%); R f 0.13 [20% MeOH in DCM]; mp 96 °C; 0» (CDCI3 , 400 MHz) 10.71 (IH , s, 

N77), 7.20 (IH , dd, J / = 1.2 Hz, J 2 = 8.0 Hz, ArH), 7.02-6.90 (IH , m, ArH), 6.78-6.75 (2H, 

m, 2 X ArH), 3.95 (2H, broad s, N i/2 ), 2.86 (2H, X ,J=  4.8 Hz, CH2 ), 2.64-2.67 (4H, m, 2 x
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CH2 ), 2.58-2.56 (2H, m, CH2 ), 1.85-1.83 (4H, m, 2 x CH 2 )', ôc (CDCI3 , 100 MHz) 171.03 

(C =0), 140.09 (A r-Q , 126.22 (A r-Q , 124.92 (Ar-CH), 124.42 (Ar-CH), 119.05 (Ar-CH),

117.56 (Ar-CH), 53.26 (CH 2 ), 51.64 (2 x CH2 ), 34.37 ( Œ 2), 23.58 (2 x CH2 ); HRM S m/z 

calc. C 13H2 0N 3 O [M+H]^ 234.1601, found [M+H]^ 234.1598.

General procedure for the synthesis o f azides (6 a-o)

0  ‘BuONO, HCIconc., NaNa

H,N ^   ̂ THF/H2 O 4°C  to r.t. overnight
(m,p) (m.p)

NRz

The required amino-compound (1 eq) was dissolved in THF and cooled in an ice bath. The 

resulting stirred mixture was treated sequentially with concentrated aqueous HCl (5.5 eq), 

then with ‘BuONO (2.5 eq). The reaction was stirred in an ice bath for 1.5 hours and after 

that time NaN 3 (3 eq) was added, followed by careful addition o f water, until the reaction 

ceased to effervesse. The reaction was allowed to warm to room temperature and stirred 

overnight. The mixture was carefully neutralised with saturated aqueous NaHC 0 3  solution 

and THF was evaporated in vacuo. The aqueous solution was extracted three times with 

EtOAc (75 ml), dried (MgS0 4 ), filtered and the solvent evaporated in vacuo. The product 

obtained was utilised in the final step without any further purification.

A^-(3-Azidophenyl)-3-(dimethyIamino)propanamide (6 a)

N3

Chemical Formula: C1 1 H1 5 N5 O 
Molecular Weight: 233 .2 6 9 7

Compound 5a (1.00 g, 4.80 mmol) was dissolved in THF (20 ml), then conc. aq. HCl (2.50 

ml, 26.40 mmol), ^BuONO (1.24 g, 12.00 mmol) and NaN 3 (0.91 g, 14.00 mmol) were added, 

to give 6 a as a dark yellow oil (0.74 g, 6 6 %); R f 0.23 [20% MeOH in DCM]; IR  (film): 

3 3 5 3 .5 4 , 2975.21,2129.34, 1630.12, 1578.40 cm ''; Ôh (CDCl3,400 MHz) 11.06 (IH , s,N /7),
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7.37-7.35 (IH , m, ArH), 7.28-7.24 (IH , m, AiH), 7.19-7.17 (IH , m, AtH ), 6.75-6.73 (IH , m, 

ArH), 2.66.2.63 (2H, m, C%), 2.51-2.48 (2H, m, C % ), 2.54-2.51 (2H, m, C % ), 2.38 (6 H, 

m, 2 X CHi)- ÔC (CDClj, 100 MHz) 170.85 (C=0), 140.67 (Ar-C), 140.14 (Ar-C), 129.96 

(Ar-CH), 116.13 (Ar-CH), 114.00 (Ar-CH), 110.45 (Ar-CH), 55.03 (CHz), 44.38 (2 x CHj), 

33.37 (CHi LC-M S (5 min) m/z 234.32 [C11H15N5O -i-H]* (5), 206.36 [(C11H15N5O 4-H) - 

28]'" (100) Rt 2.02 min; HRM S m/z calc. CnHiaNsO [M4-H]" 234.1349, found 

[M-t-Hf234.1345.

A^-(4-Azidophenyl)-3-(dimethyIamino)propanamide (6 b)

O

H  I
Chemical Formula; C1 1 H1 5 N5 O 

Molecular Weight: 233 .2 6 9 7

Compound 5b (0.70 g, 3.40 mmol) was dissolved in THF (20 ml), then conc. aq. HCl (1.70 

ml, 20.00 mmol), ^BuONO (0.86 g, 8.40 mmol) and NaNg (0.65 g, 10.00 mmol) were added, 

to give 6 b as a yellow oil (0.79 g, quantitative); R f 0.25 [20% MeOH in DCM]; IR  (film): 

3014.12,2970.30,2110.02, 1653.85, 1375.01 cm‘‘; 8 h (CDCl3,400 MHz) 10.93 (IH , s. NT/), 

7.52-7.49 (2H, m, 2 x ArH), 6.98-6.94 (2H, m, 2 x ArH), 2.66-2.64 (2H, m, CM;), 2.51-2.48 

(2H, m, C % ), 2.37 (6 H, broad s, 2 x CHi); ôc (CDClj, 100 MHz) 170.67 (C=0), 135.82 (Ar- 

Q ,  135.01 (A r-Q , 121.20 (2 x Ar-CH), 119.38 (2 x Ar-CH), 55.09 (CHz), 44.43 (2 x CHj), 

33.34 (CHz); LC-M S (5 min) m/z 234.27 [CnHisNsO -t-H]+ (5), 206.34 [(C 11H 15N 5 O -t-H) - 

28]" (100) Rt 2.08 min; HRM S m/z calc. CnHisNsO [M4-H]" 234.1349, found 

[M+H]"234.1350. Spectroscopic data are in accordance with those reported in literature 

(Drewe, 2008).
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A^-(3-AzidophenyI)-4-(pyrrolidin-l-yl)butanaiTiide (6c)

N,- ^  N
Chemical Formula; C 14H19N5O 

Molecular Weight: 273.3336

Compound 5c (0.42 g, 1.70 mmol) was dissolved in THF ( 6  ml), then conc. aq. HCl (0.80 ml,

9.30 mmol), ^BuONO (0.43 g, 4.20 mmol) and NaN] (0.33 g, 5.10 mmol) were added, to give 

6 c as a brown oil (0.36 g, 76%); R f 0.25 [20% MeOH in DCM]; IR (film): 3192.73, 2958.15, 

2113.17, 1681.90, 1594.15 cm ''; Ôh (CDCI3 , 400 M H z) 10.10 (IH , s, N/T), 7.36-7.35 (IH , m, 

ktH ), 7.27-7.19 (2H, m, 2 x AxH), 6.74-6.71 (IH , m, kxH ), 2.65-2.61 (6 H, m, 3 x C % ),

2.54-2.51 (2H, m, C % ). 1.93-1.85 (6 H, m, 3 x C f t) ;  ôc (CDCI3 , 100 MHz) 171.78 (C=0),

140.72 (Ar-C), 140.33 (A r-Q , 130.02 (Ar-CH), 115.79 (Ar-CH), 114.13 (Ar-CH), 110.08 

(Ar-CH), 55.91 (CH2), 53.96 (2 x CH2), 37.25 (CH2), 23.70 (CH;), 23.60 (2 x CH2); LC-MS 

(5 min) m/z 274.33 [C,4 H ,9N 5 0  +H]* (5), 246.32 [(CuH ^N sO  +H) - 28]* (80) Rt 1.95 min; 

HRMS m/z calc. C 14H2 0N 5O [M+H]* 274.1668, found [M+H]* 274.1673. Spectroscopic data 

are in accordance with those reported in literature (Drewe, 2008).

A^-(4-Azidophenyl)-4-(pyrroIidin-l-yI)butanamide (6 d)

Chemical Formula: C14H19N5O 
Molecular Weight: 273.3336

Compound 5d (0.12 g, 0.47 mmol) was dissolved in THF (5 ml), then conc. aq. HCl (0.22 

ml, 2.60 mmol), ‘BuONO (0.12 g, 1.20 mmol) and NaNs (0.09 g, 1.40 mmol) were added, to 

give 6 d as a yellow oil (0.09 g, 72%); R f 0.23 [20% MeOH in DCM]; IR (film): 3275.21,

2940.15, 2100.05, 1644.96, 1510.31 cm '; Ôh (CDCl3,400 MHz) 9.83 (IH , s, N/7), 7.51-7.49 

(2H, m, 2 X kxH), 6.97-6.94 (2H, m, 2 x kxH ), 6.74-6.71 (IH , m, ArH), 2.65-2.61 (6 H, m, 3 

X CH?), 2.52-2.49 (2H, m, C % ), 1.93-1.90 (2H, m, C % ), 1.88-1.85 (4H, m, 2 x C % ); ôc 

( C D C I 3 ,  100 MHz) 171.51 (C =0), 135.92 (A r-Q , 135.06 (A r-Q , 120.99 (2 x Ar-CH),
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119.39 (2 X Ar-CH), 55.85 (CH;), 53.94 (2 x  CH;), 36.94 (CH;), 23.80 (CH;), 23.57 (2 x  

CH;); LC-MS (5 min) m/z 274.42 [ C 1 4 H 1 9 N 5 O  +H]^ (5), 246.40 [ ( C 1 4 H 1 9 N 5 O  +H) - 2 8 f  

(80) R t  1.97 min HRMS m/z calc. C i 4 H ; o N s O  [M+H]* 274.1668, found [M+H]* 274.1664. 

Spectroscopic data are in accordance with those reported in literature (Drewe, 2008).

A^-(3-AzidophenyI)-2-(pyrrolidin-l-yI)acetamide (6 e)

N3

Chemical Formula; C1 2 H1 5 N5 O 
Molecular Weight: 245 .2 8 0 4

Compound 5e (0.66 g, 3.03 mmol) was dissolved in THF (10 ml), then conc. aq. HCl (1.39 

ml, 16.67 mmol), BuONO (0.78 g, 7.57 mmol) and NaNg (0.59 g, 9.10 mmol) were added, 

to give 6 e as a dark brown solid (0.55 g, 74%); R f 0.35 [20% MeOH in DCM]; IR (film): 

3208.78, 2964.28, 2112.00, 1660.71, 1519.43 cm '; 6 » (CD Cb,400 MHz) 9.14 (IH  , s, N77),

7.42-7.41 (IH , m, ArH), 7.30-7.28 (2H, m, 2 x ArH), 6.79-6.76 (IH , m, ArH), 3.27 (2H, s, 

CHz), 2.72-2.69 (4H, m, 2 x C/7;), 1.88-1.85 (4H, m, 2 x C/7;); ôc (CDCb, 100 MHz) 169.34 

(C=0), 140.89 (Ar-C), 139.19 (A r-Q , 130.13 (Ar-CH), 115.80 (Ar-CH), 114.54 (Ar-CH), 

110.12 (Ar-CH), 59.77 (CH;), 54.63 (2 x CH;), 24.10 (2 x CH;); LC-MS (5 min) m/z 246.45 

[CnHisNsO +H]+ (50), 218.46 [ ( C 1 2 H 1 5 N 5 O  +H) - 28]* (50) Rt 2.12 min; HRMS m/z calc. 

CnHiôNsO [M+H]* 246.1506, found [M+H]* 246.1508.

A^-(3-AzidophenyI)-2-(piperidin-l-yl)acetamide (6 f)

Chemical Formula: C1 3 H1 7 N5 O 
Molecular Weight: 2 5 9 .3 0 7 0

Compound 5f (0.96 g, 4.12 mmol) was dissolved in THF ( 8  ml), then conc. aq. HCl (1.88 ml,

22.66 mmol), ‘BuONO (1.06 g, 10.30 mmol) and NaNg (0.80 g, 12.36 mmol ) were added, to 

give 6 f  as a dark brown solid (0.80 g, 75%). R f 0.25 [10% MeOH in DCM]; IR (film):
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3232.92,2942.05,2107.98, 1667.82, 1519.43 c m '. Ôh (CDCl,, 400 MHz) 9.31 ( lH ,s ,N / / ) ,

7.42-7.41 (IH , m, A tH ), 7.74-7.31 (2H, m, 2 x A tH ), 6.79-6.76 (IH , m, A tH ), 3.07 (2H, s, 

C % ), 2.55-2.53 (4H, m, 2 x CHi), 1.68-1.62 (4H, m, 2 x CHi), 1.52-1.48 (2H, m, CHi). 6 c 

(CDCb, 100 MHz) 169.12 (C =0), 140.96 (Ar-C), 139.22 (Ar-C), 130.15 (Ar-CH), 115.71 

(Ar-CH), 114.50 (Ar-CH), 110.07 (Ar-CH), 62.76 (CHj), 54.94 (2 x CH;), 26.30 (2 x CH;),

23.60 (CH;); LC-MS (5 min) m/z 259.14 [C1 3H 17N 5O -t-H]* (50), 231.14 [(CnHnNsO -t-H) - 

28]* (50) Rt 2.20 min; HRM S m/z calc. CnHigNsO [M-t-H]* 260.1506, found [M-t-H]*

260.1500.

A^-(3-Azidophenyl)-2-(diethylamino)acetamide (6 g)

Chemical Formula: C1 2 H1 7 N5 O 
Molecular Weight: 24 7 .2 9 6 3

Compound 5g (0.52 g, 2.35 mmol) was dissolved in THF ( 6  ml), then conc. aq. HCl (1.08 

ml, 12.92 mmol), ‘BuONO (0.61 g, 5.87 mmol) and NaN] (0.46 g, 7.05 mmol) were added, 

to give 6 g as a dark brown oil (0.56 g, 85%); R f 0.24 [10% MeOH in DCM]; IR (film):

3279.67, 2934.63, 2110.57, 1687.86, 1515.73 cm '; 5» (CDCb, 400 MHz) 9.43 (IH , s, N //),

7.41 (IH , m, A tH ), 7.30-7.23 (2H, m, 2 x A tH ), 6.76 (IH , td, = 8.0, 7 ; = 2.0 Hz, A tH ),

3.13 (2H, s, CHi), 2.64 (4H, m, 2 x CHi), 1.08 (6 H, m, 2 x  CHi)\ ôc (CDCb, 100 MHz)

170.25 (C=0), 140.95 (Ar-C), 139.18 (A r-Q , 130.14 (Ar-CH), 115.60 (Ar-CH), 114.48 (Ar- 

CH), 109.96 (Ar-CH), 58.11 (CH;), 48.92 (2 x CH;), 12.40 (2 x CH;); LC-MS (5 min) m/z 

248.49 [C12H17N5O -t-H]* (25), 220.07 [(C ijH ^N jO  -t-H) - 28]* (40) Rt 2.05 min; HRMS m/z 

calc. C 12H 18N 5O [M-t-H]* 248.1506, found [M-FH]* 247.1498.
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A^-(4-Azidophenyl)-2-(pyrroIidin-l-yI)acetaniide (6h)

./ 7 V 0

C hem ical Formula; C 1 2 H1 5 N5 O 
Molecular Weight: 245.2804

Compound 5h (0.57 g, 2.61 mmol) was dissolved in THF (5 ml), then conc. aq. HCl (1.20 

ml, 14.35 mmol), ‘BuONO (0.64 g, 6.26 mmol) and NaNg (0.51 g, 7.80 mmol) were added, 

to give 6 h as a yellow solid (0.45g, 71%); R f 0.55 [10% MeOH in DCM]; IR (film): 

3280.50, 2962.81, 2115.57, 1683.85, 1504.89 cm '; 8 h (CDCl3,400 MHz) 9.12 (IH  , s, N //), 

7.60-7.56 (2H, m, 2 x ArH), 7.00-6.96 (2H, m, 2 x ArH), 3.28 (2H, s, C % ), 2.72-2.68 (4H, 

m, 2  X CH2 ), 1.88-1.84 (4H, m, 2 x CH2); Ôc (CDCb, 100 M Hz) 169.05 (C =0), 135.50 (Ar- 

C), 134.86 (A r-Q , 120.91 (2 x Ar-CH), 119.46 ( 2  x Ar-CH), 59.69 (CH;), 54.62 (2 x CH2),

24.08 (2 X CH2); LC-MS (5 min) m/z 246.15 [C12H 15N 5O -FHf (60), 218.13 [(C 12H 15N 5O 

-t-H) - 28]* ( 100) Rt 2.03 min; HRMS m/z calc. C 12H 16N 5O [M-l-H]* 246.1506, found [M-t-H]*

246.1500. Spectroscopic data are in accordance with those reported in literature (Moorhouse 

et a l ,  2006).

A^-(4-Azidophenyl)-2-(piperidin-l-yI)acetainide (6 i)

H

N3

Chem ical Formula: C1 3 H1 7 N5 O 
M olecular Weight: 2 5 9 .3 0 7 0

Compound 5i (0.59 g, 2.50 mmol) was dissolved in THF ( 6  ml), then conc. aq. HCl (1.15 ml, 

13.75 mmol), ‘BuONO (0.64 g, 6.25 mmol) and NaNg (0.49 g, 7.50mmol) were added, to 

give 6 i as a orange solid (0.56g, 85%); R f 0.23 [10% MeOH in DCM]; IR (film): 3283.09, 

2934.63, 2116.65, 1648.31,1516.84 cm '; 0» (CDCb, 400 MHz) 9.28 (IH , s, N Q , 7.59-7.55 

(2H, m, 2 X AxH), 7.00-6.97 (2H, m, 2 x AxH), 3.06 (2H, s, CH 2 ), 2.54 (4H, X,J=  4.8 Hz, 2 x 

CH2), 1.67-1.61 (4H, m, 2 X  CH 2), 1.51-1.47 (2H, m, CH2 )', ôc (CDCI3 , 100 MHz) 168.91 

(C =0), 135.45 (Ar-C), 134.85 (A r-Q , 120.78 (2 x Ar-CH), 119.48 (2 x Ar-CH), 62.69
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(CH2 ), 54.92 (2 X CH2), 26.29 (2 x CH;), 23.58 (CH;); LC-MS (5 min) m/z 260.09 

[C13H 17N 5O + H f  (60), 232.13 [(C 13H 17N 5O +H) - 28]+ (100) Rt 2.20 min; HRMS m/z calc. 

C 13H 18N 5O [M+H]+ 260.1506, found [M+HJ+ 260.1511. Spectroscopic data are in 

accordance with those reported in literature (Moorhouse et a l,  2006).

A^-(4-Azidophenyl)-2-(diethylamino)acetamide (6 j)

"a.jLC
H

Chem ical Formula: C 1 2 H1 7 N5 O 
Molecular Weight: 247 .2963

Compound 5j (0.35 g, 1.60 mmol) was dissolved in THF ( 6  ml), then conc. aq. HCl (0.69 ml, 

8.80 mmol), ‘BuONO (0.39 g, 3.8 mmol) and NaNg (0.29 g, 4.50 mmol) were added, to give 

6 j as a orange oil (0.33 g, 83%); R f 0.24 [5% MeOH in DCM]; IR (film): 3280.78, 2969.49, 

2116.96, 1681.97, 1506.48 cm '; Ôh (CDCI3 , 400 MHz) 9.41 (IH , s, N //), 7.60-7.55 (2H, m, 

2 X ArH), 7.00-6.98 (2H, m, 2 x ArH), 3.14 (2H, s, CH2 ), 2.65 (4H, quartet, J  = 7.2 Hz, 2 x 

CH2 ), 1.09 (6 H, t, J =  7.2 Hz, 2 x C //j); ôc (CDCI3 , 100 MHz) 170.07 (C=0), 135.46 (Ar-C),

134.84 (Ar-C), 120.71 (2 x Ar-CH), 119.50 (2 x Ar-CH), 58.04 (CH;), 48.88 (2 x CH2) , 

12.41 (2 X CH3); LC-MS (5 min) m/z 248.24 [CizHnNsO + H f  (60), 220.21 [(C^H ^NsO  

+H) - 28]"  ̂(100) Rt 2.07 min; HRMS m/z calc. C^HigNsO [M + H f 247.1506, found [M+H]^

247.1500. Spectroscopic data are in accordance with those reported in literature (Moorhouse 

et a l ,  2006).

A-(3-Azidophenyl)-3-(pyrroIidin-l-yl)propanamide (6 k)

^  N o
Chemical Formula: C 1 3 H1 7 N5 O 

Molecular Weight: 259 .3070

Compound 5k (1.07 g, 4.6 mmol) was dissolved in THF (10 ml), then conc. aq. HCl (2.10 

ml, 25.3 mmol), ‘BuONO (1.19 g, 11.5 mmol) and NaN 3 (0.90 g, 13.80 mmol) were added,
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to give 6 k  as a brown oil (1.15 g, 96%); R f 0.22 [10% MeOH in DCM]; IR  (film): 3319.22 ,

2936.15, 2116.10, 1659.31, 1542.96 cm '. 6 » (CDCb, 400 MHz) 11.31 (IH , s, N //), 7.36 

(IH , t, J  = 2.0, ArH), 7.25 (t, J  = 8.0 Hz, IH), 7.14 (IH , m, ArH), 6.73 (IH , m, ArH), 2.88-

2 . 8 6  (2H, m, C % ), 2.72-2.69 (4H, m, 2 x C % ), 2.56-2.54 (2H, m, C % ), 1.92-1.89 (4H, m, 2 

X CH:)-, 8 c (CDCb, 100 MHz) 170.88 (C =0), 140.73 (Ar-C), 140.31 (A r-Q , 130.02 (Ar- 

CH), 115.93 (Ar-CH), 113.98 (Ar-CH), 110.25 (Ar-CH), 53.14 (CHz), 51.25 (2 x CH;), 

34.54 (CH;), 23.69 (2 x CH;); LC-M S (5 min) m/z 260.09 [C 13H 17N 5O +H]+ (60), 232.06 

[(CnHnNsO -t-H) - 2 8 f  (100) Rt 2.10 min; H RM S m/z calc. CnHigNjO [M-t-Hf 260.1506, 

found [M-t-Hr260.1520. Spectroscopic data are in accordance with those reported in 

literature (Drewe, 2008).

A^-(3-Azidophenyl)-3-(diethyIamino)propanamide (61)

Chemical Formula: C1 3 H1 9 N 5 O 
Molecular Weight: 261 .3229

Compound 51 (0.30 g, 1.27 mmol) was dissolved in THF (5 ml), then conc. aq. HCl (0.58 ml,

6.35 mmol), ^BuONO (0.33 g, 3.17 mmol) and NaNg (0.25 g, 3.80 mmol) were added, to give 

61 as a dark yellow oil (0.27 g, 81%); R f 0.25 [10% MeOH in DCM]; IR  (film): 3312.79, 

2968.39, 2109.20, 1664.21, 1595.29 cm '; Ôh (CDCb, 400 MHz) 11.45 (IH , s, N/7), 7.43-

7.42 (IH , m, ArH), 7.30-7.28 (IH , m, ArH), 7.22-7.19 (IH , m, ArH), 6.77-6.74 (IH , m, 

ArTT), 2.81-2.78 (2H, m, CH 2), 2.69 (4H, quartet , J = 1 2  Hz, 2 x C //2), 2.54-2.51 (2H, m, 

CH2 ), 1.15 (6 H, X , J =  7.2, 2 X C //j); ôc (CDCI3 , 100 MHz) 171.07 (C=0), 140.73 (A r-Q ,

140.25 (A r-Q , 130.02 (Ar-CH), 115.72 (Ar-CH), 113.90 (Ar-CH), 110.11 (Ar-CH), 48.87 

(CH2 ), 45.91 (2 X CH2), 33.06 (CH2), 11.47 (2 x CH 3); LC-M S (5 min) m/z 263.21 

[CnH igNsO-tH f (60), 234.11 [(C13H 19N 5O+H) - 28]+ (100) Rt 2.25 min; HRM S m/z calc. 

C |3H;oN5 0  [M-l-Hf 262.1506, found [M-t-H]+262.1518.
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A^-(4-Azidophenyl)-3-(pyrrolidin-l-yl)propanamide (6m)

N

" O ' '  ° O
Chemical Formula: C1 3 H1 7 N5 O  

Molecular Weight: 259 .3070

Compound 5m (0.20 g, 0.86 mmol) was dissolved in THF (5 ml), then conc. aq. HCl (0.39 

ml, 4.70 mmol), ‘BuONO (0.22 g, 2.10 mmol) and NaN] (0.17 g, 2.60 mmol) were added, to 

give 6 m as an orange solid (0.36 g, 99%); R f 0.36 [20% MeOH in DCM]; IR (film): 

3239.99, 2962.10,2116.20, 1669.39, 1505.43 cm '';0H  (CDCl3,400 MHz) 10.70 (IH , s, NT/),

7.56 (2H, d , J =  8.0 Hz, 2 x ArH), 6.95 (2H, d , J =  8.0 Hz, 2 x ArH), 3.13-3.10 (2H, m, CH2), 

2.97-2.92 (4H, m, 2  x CH2), 2.78-2.77 (2H, m, CH2), 1.95-2.00 (4H, m, 2 x CH2); ôc (CDCI3 , 

100 MHz) 169.46 (C=0), 135.74 (Ar-C), 135.18 (Ar-C), 121.13 (2 x Ar-CH), 119.38 (2 x 

Ar-CH), 53.60 (CH2), 51.42 (2 x CH2 ), 34.06 (CH2), 23.55 (2 x CH2); LC-MS (5 min) m/z 

260.17 [CnH nNsO + H f  (60), 232.14 [(CnH^NgO +H) - 2 8 f  (100) Rt 2.17 min; HRMS 

m/z calc. C 13H 18N 5 O [M+H]^ 260.1511, found [M+H]^ 260.1506. Spectroscopic data are in 

accordance with those reported in literature (Drewe, 2008).

A-(4-Azidophenyl)-3-(diethyIamino)propanamide (6 n)

Chemical Formula: C1 3 H1 9 N 5 O 
Molecular Weight: 261 .3 2 2 9

Compound 5n (0.45 g, 1.89 mmol) was dissolved in THF (15 ml), then conc. aq. HCl (0.87 

ml, 10.40 mmol), ‘BuONO (0.48 g, 4.70 mmol) and NaN 3 (0.37 g, 5.70 mmol) were added, 

to give 6 n as a yellow oil (0.42 g, 8 6 %); R f 0.23 [10% MeOH in DCM]; IR (film): 3303.30,

2969.68, 2112.62, 1683.85, 1504.78 cm ‘; 0» (CDCI3 , 400 MHz) 11.31 (IH , s, N //), 7.54-

7.51 (2H, m, 2 x  ArH), 6.98-6.94 (2H, m, 2 x  ArH), 2.78 (2H, t , J =  6.0 Hz, CH2), 2.70-2.65 

(4H, m, 2 X CH2), 2.52-2.49 (2H, m, CH2), 1.14 (6 H, t , J =  7.2 Hz, 2 x  CH3); ô c  ( C D C I 3 ,  100 

MHz) 170.82 (C=0), 135.95 (Ar-C), 134.85 (Ar-C), 120.80 (2 x  Ar-CH), 119.45 (2 x  Ar-
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CH), 48.93 (CHz), 45.96 ( 2  x CHi), 33.00 (CHz), H.45 ( 2  x CH3); LC-M S (5 min) m/z

262.51 [CuHiçNsO +H]^ (40), 235.24 [(CnHiçNsO +H) - 28]^ (90) Rt 2.08 min; HRM S m/z 

calc. C 13H2 0N 5 O [M+H]^ 262.1668, found [M+H]^ 262.1660.

Synthesis of/V-(2-azidophenvl)-3-(pvrrolidin-l-vl)propanamide (6 0 ) (Liu et al., 2003).

TfjO  ♦ N aN 3---------------- ► Tf-Ns

b) T fN . EbN, C U SP, (a^) ^

NH,
MeOH/DCM, rt ^

N]
Chemical Formula: C1 3 H1 7 N5 O 

Molecular Weight: 2 5 9 .3 0 7 0

a) A solution o f NaN 3 (0.40 g, 6.17 mmol) was dissolved in a mixture o f  H2 O (5 ml) and 

DCM (1.5 ml) and cooled in an ice bath. Tf^O (0.29 g, 1.03 mmol) was carefully added to 

this vigorously stirred mixture. After 2 hours, the organic phase was separated and the 

aqueous phase was extracted with DCM ( 3 x 3  ml) and the combined organic phases were 

washed once with saturated aqueous NaHC 0 3  solution (10 ml). The resulting organic phase 

was immediately used in step b).

b) Triethylamine (0.09 g, 0.90 mmol) and CUSO4 • 5 H2 O (4 mg, 0.01 mmol) were added to a 

solution o f compound 5o (0.07 g, 0.30 mmol) in DCM (2 ml) and H 2 O (0.5 ml) at room 

temperature. Solution a) was added to this stirred mixture and the reaction was stirred at 

room temperature overnight. The reaction was poured into saturated aqueous NaHC 0 3  

solution and was extrected 3 times with DCM (3 x 30 ml), washed once with brine (30 ml), 

dried (MgS0 4 ), filtered and the solvent removed in vacuo. The crude obtained was purified 

by silica gel chromatography (20% MeOH in DCM) to give the pure product 6 0  as a beige 

solid (0.08 g, quantitative); R f 0.44 [20% MeOH in DCM]; IR  (film): 3258.04, 2965.32, 

2094.92, 1673.68, 1545.11 cm '; Ôh ( C D C I 3 , 400 MHz) 11.27 (IH  , s, N /0 , 8.38 (IH , d, J  =

4.4 Hz, A r//), 7.15-7.12 (IH , m, A r//), 7.10-7.08 (2H, m, 2 x AxH), 2.87-2.84 (2H, m, CH2), 

7.27-2.70 (4H, m, 2 x CH2), 2.56 (2 H, t, J =  6.0 Hz, C //2), 1.92-1.89 (4H, m, 2  x C //2 ); ôc 

(CDCI3 , 100 MHz) 171.16 (C=0), 130.61 (Ar-C), 128.21 (A r-Q , 125.55 (Ar-CH), 123.90
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(Ar-CH), 121.61 (Ar-CH), 117.87 (Ar-CH), 53.21 (CHz), 51.08 (2 x CHz), 50.83 (CHz),

23.66 (2 X CHz); LC-M S (5 min) m/z 259.75 [CnHnNsO  + H f  (40), 231.75 [(CnHivNgO 

+H) - 28]^ (5) Rt 1.05 min; HRM S m/z calc. CnHigNgO [M + H f 260.1511, found [M+H]^ 

260.1507.

7.1.4 SYNTHESIS OF ALKYNE BUILDING BLOCK B (9)

Procedure for the synthesis o f naphthalene-2.7-divl bisftrifluoromethanesulfonate) (7) (Yao 

e ta l ,  1998)

DMAP, 2,6 lutidine, T f02

molecular sieves, Ar, DCM ^
anhydrous, THF anhydrous,
-7 f t O h -  n  fth

Chemical Formula: C 12H 6F 606S2  
Molecular Weight: 424.2929

A mixture o f 2,7-dihydroxynaphthalene (3.00 g, 18.73 mmol), DMAP (0.42 g, 3.75 mmol) 

and 2,6-lutidine (4.41 g, 41.18 mmol) was suspended in anhydrous DCM (30 ml) and 

anhydrous THF (30 ml) in the presence o f molecular sieves under an Ari atmosphere at -78 

°C. TfiO (11.10 g, 39.33 mmol) was added dropwise to this stirred mixture over 15 minutes 

and the reaction was stirred at -78 °C for 2 hours, then for 5 hours at 0 °C. After that time, 

the reaction was carefully neutralised with saturated aqueous NaHCO] solution (70 ml), 

extracted with DMC ( 6  x 120 ml), dried (MgS0 4 ), filtered and the solvent removed in vacuo. 

The orange oil thus obtained was purified by flash column chromatography (petroleum 

etheriEtOAc , 95:5) to give compound 7 as a white solid (4.94 g, 62%); R f 0.27 [5% EtOAc 

in petroleum ether]; mp 60-62 °C; Ôh (CDCI3 , 400 MHz) 7.92 (2H, d, J= 9.2 Hz, 2 x AxH),

7.73 (2H, d, J= 2.4 Hz, 2 x ArH), 7.40 (2H, dd, Jj = 8 . 8  Hz, J 2  = 2.4 Hz, 2 x ArH); ôc 

(CDCI3 , 100 MHz) 148.26 (2 x A r-Q , 133.62 (A r-Q , 131.27 (A r-Q , 130.80 (2 x Ar-CH),

121.13 (2 X Ar-CH), 119.48 (2 x Ar-CH), 118.77 (2 x CF3); HRMS m/z calc. 

C i2H6 F6 0 2 S2Na [M+Na]^ 446.9408, found [M+Na]^ 446.9424; anaLCHN calcd. 

C 12H 6F6 O2 S2 C 34.0%, H 1.4%; found C 34.2%, H 1.2%. Spectroscopic data are in 

accordance with those reported in literature (Yao et a l ,  1998)
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Procedure for the synthesis o f 2.7-bis(('trimethvlsilvl)ethvnvnnaphthalene (8 ) (Crisp et ah, 

1997)

Cul, Pd(PPh 3 )4 , PPh3 ,ethynyltrimethylsilane

molecular s ieves, Ar, piperidine, reflux overnight
TfO " ^  ^  'O T f

TMS IM S

Chemical Formula: C 2oH24Si2 

Molecular Weight: 3 2 0 .5 7 5 6

A mixture o f 7 (1.00 g, 1.19 mmol), Cul (0.023 g, 0.12 mmol), Pd(PPh3 ) 4  (0.14 g, 0.12 

mmol) and PPI13 (0.062 g, 0.24 mmol) was dissolved in piperidine (30 ml) in presence o f 

molecular sieves and under an Ar] atmosphere. Ethynyltrimethylsilane (0.69 g, 7.06 mmol) 

was added and the stirred mixture heated at reflux overnight. The solvent was evaporated in 

vacuo and the resulting brown oil purified by flash column chromatography (5% EtOAc in 

hexane). Compound 8 was obtained as a colourless solid (0.69 g, 90%); R f 0.37 [3% EtOAc 

in hexane]; mp: 127-129 °C {Lit. 62.5 °C, Crisp et a l ,  1997); Ôh (CDCI3, 400 MHz) 7.91 

(2H, s, 2 X ArH), 7.71 (2H, & ,J=  8.4 Hz, 2 x ArH), 7.50 (2H, m, 2 x ArH), 0.28 (18H, m, 6  x 

C /^S i); ô c (C D C l3 , 100 MHz) 132.34 (Ar-C), 132.26 (Ar-C), 131.64 (2 x Ar-CH), 129.48 (2 

X Ar-CH), 127.70 (2 x Ar-CH), 121.17 (2 x Ar-C), 105.01 (2 x C^C), 95.17 (2 x C=C), -0.03 

( 6  X CHîSi); HRMS m/z calc. CzoHzsSiz [M+H]^ 321.1495, found [M+H]* 321.1499; 

anal.CHN calcd. CzoHisSiz C 74.9%, H 7.5%; found C 74.6 %, H 7.5 %.

Procedure for the svnthesis 2.7-diethvnvlnaphthalene (9) (Crisp et a l ,  1997)

NaOH 1M, THF, rt, 2 hours

TMS TMS
Chemical Formula: C uH s 

Molecular Weight: 176.2133

Compound 8  (0.45 g, 1.39 mmol) was dissolved in THE (80 ml) and aqueous IM NaOH 

solution (80 ml) and the mixture stirred fro two hours at room temperature. The reaction was 

extracted with DCM (3 x 250 ml), dried (MgS0 4 ) and taken to dryness in vacuo. The pale 

yellow solid obtained, 9 (0.24 g, quantitative), did not require further purification; R f 0.56
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[5% EtOAc in hexane]; mp: 124-126°C; Ôh (CDCI3 , 400 MHz) 7.97 (2H, s, 2 x AxH), 7.76 

(2H, d, J  = 8 . 8  Hz, 2 x AxH), 7.54 (2H, dd, Jj= 8.4 Hz, J 2= 1.6 Hz, 2 x AxH), 3.17 (2 x 

HC^C); 0c (C D C l3 , 100 MHz) 132.57 (A r-Q , 132.30 (A r-Q , 132.00 (2 x Ar-CH), 129.58 (2 

X Ar-CH), 127.90 (2 x Ar-CH), 120.33 (2 x A r-Q , 83.57 (2 X C=C), 77.99 (2 X HC=C); 

H RM S m/z calc. CwHg [M]^ 176.0620, found [M+H]^ 176.0625; anal. C R N  calcd. C^H g C 

95.4%, H 4.6%; found C 95.3 %, H 4.3%.

7.1.5 SYNTHESIS OF THE MONO-CLICK SERIES

General procedure for the svnthesis o f mono-click series o f ligands.

(o,m,p) H (o,m,p) H

CUSO4 , Na ascorbate 

H2O , *BuOH rt overnight  ̂ °
o,m.p)

(o,m,p) H

The required alky ne (1 eq) was dissolved in the appropriate volume o f solvent (50% H2 O- 

50% ‘BuOH), followed by the required azide (1 eq) and reacted with the catalytic mixture o f 

CUSO4 • 5 H2 O (0.05 eq) and sodium ascorbate (0.2 eq). This mixture reacted under vigorous 

stirring overnight at room temperature and was monitored by LC-MS [Solvents: A = H2 O, 

0.1% formic acid; B = CH 3 CN, 0.1% formic acid. 0 min (95% A, 5%B), 1 min (95%A, 

5%B), 3 min (50%A, 50%B), 5 min (95%A, 5%B)]. After completion, the reaction was 

filtered in vacuo and the solid obtained dried and the crude mixture thus obtained was 

sonicated in EtOAc, filtered and washed several times with EtOAc. The solid, where purity 

lower than 90%, was purified by preparative HPLC [(Solvents: A=H2 0 , 0.1% formic acid; 

B= CH3CN, 0.1% formic acid; for compound 26 4 min (100%A, 0%B), 21 min (80%A, 

20%B), 24.5 min (80%A, 40%B), 26.5 min (0%A, 100%B); for all the other compounds 2 

min (100%A, 0%B), 17 min (80%A, 20%B), 20.5 min (80%A, 40%B), 22.5 min (0%A, 

100%B)] to give the final compounds with purities > 95%. The yields were calculated 

measuring the integrals of the crude LC-MS peaks.
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3-(Dimethylamino)-A^-(4-(4-(4-(3-(pyrrolidin-l-yl)propanamido)phenyI)-l^-l,2,3-

triazoI-l-yl)phenyI)propanainide (10)

N=:N

HN

Chemical Formula: CofiH^gNyO-

/

O , 'N
N Chemical Formula: C 2 6 H3 3 N7 O- \

Molecular Weight: 475 .5859

2d (100 mg, 0.43 mmol) was dissolved in H 2 O (2 ml) and ‘BuOH (2 ml), and 6 b (100 mg, 

0.43 mmol), CUSO4  (3 mg, 0.02 mmol), sodium ascorbate ( 8  mg, 0.04 mmol) were 

sequentially added and following the general procedure compound 10 was obtained as a dark 

green solid crude (201 mg, 77%). Prep HPLC gave a yellow solid; HPLC Rt 19.20 minutes, 

purity 96%; mp 73-76 °C; Ôh ((/g-DMSO, 400 MHz): 10.32 (IH , s, N /0 , 10.22 (IH , s, N77), 

9.12 (IH , s, C=CH), 7.87-7.84 (4H, m, 4 x A r//), 7.83-7.80 (2H, m, 2 x hxH), 7.71-7.69 (2H, 

m, 2 X A r//), 2.84 (2H, t, J =  8.5 Hz, CHi), 2.65-2.59 (6 H, m, 3 x CHi), 2.57-2.54 (2H, m, 

CHi), 2.23 (6 H, s, 2 X CHi), 1.74-1.72 (4H, m, 2 x CHi)\ ôc (100 MHz, ^/g-DMSO): 170.36 

(C =0), 169.91 (C =0), 147.03 (C=CH), 139.47 (A r-Q , 139.15 (A r-Q , 136.01 (A r-Q , 

131.685(Ar-Q, 125.77 (Ar-CH), 120.56 (Ar-CH), 119.76 (Ar-CH), 119.30 (Ar-CH), 118.73 

(C=CH), 54.80 (CH2 ), 53.37 ( 2  x CH2), 51.25 (CH2), 44.73 ( 2  x CH3), 35.51 (CH2), 34.50 

(CH2), 23.07 (2 X CH2); HRMS m/z calc. C2 6H 34N 7 O2 [M+H]^ 476.2775, found [M+H]^ 

476.2774.
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A^-(3-(l-(4-(3-(DimethyIamino)propanamido)phenyI)-l^-l,2,3-triazoI-4-yI)phenyl)-4-

(pyrrolidin-l-yl)butanamide (11)

Nz=N

NH

\  I Chemical Formula: C2 7 H3 5 N7 O2

Molecular Weight: 489.6125

2a (110 mg, 0.43 mmol) was dissolved in H2 O (2 ml) and *BuOH (2 ml), and 6 b (100 mg, 

0.43 mmol), CUSO4 (3 mg, 0.02 mmol), sodium ascorbate ( 8  mg, 0.04 mmol) were 

sequentially added and following the general procedure compound 1 1  was obtained as a dark 

yellow solid crude (206 mg, 63%). Prep HPLC gave a yellow solid; H PLC Rt 18.04 minutes, 

purity 99%; mp 75-78 °C; Ôh (J^-DMSO, 500 MHz) 10.39 (IH , s, N //), 10.13 (IH , s, N /^ ,

9.16 (IH , s, C=CH),  8.27 (IH , m, ArH), 7.89 (2H, d, J =  9.00 Hz, 2 x ArH), 7.82 (2H, d ,J  =

9.00 Hz, 2 X ArH), 7.60-7.59 (IH , m, ArH), 7.56-7.54 (IH , m, ArH), 7.40 (IH , t, J  = 8.00 

Hz, ArH), 2.74-2.65 (6 H, m, 3 x CH2), 2.54-2.52 (2H, m, CH2), 2.24 (6 H, s, 2 x CH3), 1.87- 

1.83 (2H, m, CH2),  1.78-1.75 (4H, m, 2  x CH2),  1.22-1.25 (4H, m, 2  x CH2); ôc (f/g-DMSO, 

125 MHz) 171.53 (C =0), 170.29 (C=0), 147.05 (C=CH), 139.77 (A r-Q , 139.47 (A r-Q ,

131.53 (A r-Q , 130.62 (A r-Q , 129.19 (Ar-CH), 120.51 (2 x Ar-CH), 120.51 (Ar-CH),

119.64 (2 X Ar-CH), 119.29 (C=CH), 118.77 (Ar-CH), 115.77 (Ar-CH), 54.68 (CH2), 54.39 

(CH2), 53.15 (2 X CH2 ), 44.73 (2 x CH 3), 35.43 (CH2 ), 33.48 (CH2 ), 26.62 (CH2), 22.89 (2 x 

Œ 2); HRM S w/z calc. C2 7 H36N 7O2  [M+H]'" 490.2931, found [M+H]'"490.2932.
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3-(Dimethylainino)-A^-(3-(4-(4-(3-(pyrrolidin-l-yl)propanamido)phenyl)-l/r-l,2,3-

triazol-l-yl)phenyl)propanamide (12)

N=:N

HN
HN

O '  /N-
Chem ical Formula: C2 6 H3 3 N7 O 2  

M olecular W eight: 4 7 5 .5 8 5 9

2d (104 mg, 0.43 mmol) was dissolved in H2 O (2 ml) and *BuOH (2 ml) and 6 a (100 mg, 

0.43 mmol), CUSO4  (3 mg, 0.02 mmol), sodium ascorbate ( 8  mg, 0.04 mmol) were 

sequentially added and following the general procedure compound 1 2  was obtained as a dark 

yellow solid crude (198 mg, 95%). Prep HPLC gave an o ff white solid; HPLC Rt 18.56 

minutes, purity 96%; mp 79-81°C; Ôh (^o-DMSO, 400 MHz) 10.66 (IH , s, N77), 10.51 (IH , 

s, NiT), 9.41 (IH , s, C=C//), 8.14 (2H, d ,J =  8.4 Hz, 2 x ArH), 7.94 (2H, d ,J =  8.0 Hz, 2 x 

ArH), 7.89-7.87 (IH , m, ArH), 7.80 (2H, m, 2 x ArH), 3.16-3.11 (2H, m, CH2), 2.92 (6 H, 

broad s, 2 x CH3), 2.86-2.82 (2H, m, CH2), 2.81-2.78 (2H, m, CH2), 2.74-2.77 (4H, m, 2 x 

CH2), 2.20-1.98 (4H, m, 2  X CH2); ôc (üf^-DMSO, 100 MHz) 170.42 (C =0), 169.74 (C=0),

147.11 (C=CH), 140.41 (Ar-C), 139.11 (A r-Q , 136.84 (A r-Q , 130.14 (A r-Q , 125.78 (Ar- 

CH), 124.92 (Ar-CH), 119.24 (2 x Ar-CH), 118.85 (C=CH), 118.81 (2 x Ar-CH), 114.31 

(Ar-CH), 110.42 (Ar-CH), 54.62 (CH2), 53.21 (2 x CH2 ), 51.04 (CH2), 44.56 (2 x CH3), 

35.21 (CH2), 34.34 (CH2), 22.98 (2 x CH2 ); HRMS m/z calc. C2 6 H 34N 7 O2 476.2768 [M + H f, 

found 476.2776 [M+H]"^.

215



iV-(4-(l-(3-(3-(Dimethylaiiiino)propanamido)phenyl)-l^-l,2,3-triazol-4-yl)phenyI)-4- 

(pyrrolidin-l-yl)butanainide (13)

HN

N =N

HN

Chem ical Formula: C27H35N7O2 
M olecular Weight: 4 8 9 .6 1 2 5

2a (110 mg, 0.43 mmol) was dissolved in H 2 O (2 ml) and ‘BuOH (2 ml) and 6 a (100 mg, 

0.43 mmol), CUSO4  (3 mg, 0.02 mmol), sodium ascorbate ( 8  mg, 0.04 mmol) were 

sequentially added and following the general procedure compound 13 was obtained as a 

brown solid crude (190 mg, 87%). Prep HPLC gave a yellow solid; H PLC  Rt 18.38 minutes, 

purity 99%; mp 82-84 °C; 0» (de-DMSO, 400 MHz) 10.38 (IH , s, N/7), 10.08 (IH , s, N/7),

9.19 (IH , s, C=CH), 8.38 (IH , s, A tH), 8.29 (IH , app s, ArH), 7.64-7.54 (5H, m, 5 x ArH),

7.40 (IH , t, J =  8.0 Hz, ArH), 2.65-2.55 (8 H, m, 4 x CH2 ), CH2  peak hidden under DMSO 

peak, 2.42-2.39 (2H, m, CH 2), 2.21 (6 H, broad s, 2 x CH3), 1.80-1.85 (2H, m, CH2 ), 1.75- 

1.70 (4H, m, 2 X CH2 ); ôc ((/g-DMSO, 100 MHz) 171.05 (C =0), 170.60 (C=0), 147.28 

(C=CH), 140.51 (Ar-C), 139.88 (Ar-C), 136.87 (Ar-C), 130.60 (A r-Q , 130.18 (Ar-CH),

129.29 (Ar-CH), 120.31 (2 x Ar-CH), 119.56 (C=CH), 118.92 (2 x Ar-CH), 115.92 (Ar-CH),

114.40 (Ar-CH), 54.85 (CH 2), 54.73 ( 2  x CH2 ), 53.38 (CH2 ), 44.78 (2 x CH3), 34.66 (CH2),

34.13 (CH2), 23.57 ( Œ 2), 23.00 (2 x CH;); HRMS m/z calc. C2 7 H 36N 7O2 [M + H f 490.2931, 

found [M + H f 490.2947.

2 1 6



3-(Dimethylamino)-A^-(3-(4-(3-(3-(pyrrolidin-l-yl)propanamido)phenyI)-l^-l,2,3-

triazol-l-yl)phenyl)propanamide (14)

N=N

Cr̂ '-
NH

o
Chemical Formula: C2 6 H3 3 N7 O2  

Molecular Weight: 475.5859

2c (103 mg, 0.43 mmol) was dissolved in H2 O (2 ml) and ‘BuOH (2 ml) and 6 a (100 mg, 

0.43 mmol), CUSO4  (3 mg, 0.02 mmol), sodium ascorbate ( 8  mg, 0.04 mmol) were 

sequentially added and following the general procedure compound 14 was obtained as a 

brown solid crude (210 mg, 96%). Prep HPLC gave a yellow solid; H PLC Rt 19.15 minutes, 

purity 96%; mp 71-73 °C; 0» (Jg-DMSO, 400 MHz) 10.40 (IH , s, N/7), 10.25 (IH , s, N //), 

9.23 (IH , s, C=CH), 8.38-8.37 (IH , m, AxH), 8.29-8.27 (IH , m, AxH), 7.64-7.61 (2H, m, 2 x  

AxH), 7.59-7.57 (2H, m, 2 x  AxH), 7.43-7.39 (IH , m, AxH), 2.89-2.86 (2H, m, CHi), 2.65- 

2.64 (6 H, m, 3 X CHi), 2.60-2.57 (2H, m, CHi), 2.55-2.53 (2H, m, CHi), 2.24 (6 H, s, 2 x  

CH3 ), 1.75-1.73 (4H, m, 2 X CHi)\ be (cfg-DMSO, 100 MHz) 170.49 (C=0), 169.86 (C=0),

147.22 (C=CH), 140.51 (A r-Q , 140.46 (A r-Q , 139.75 (A r-Q , 136.85 (A r-Q , 130.62 (Ar- 

CH), 130.21 (Ar-CH), 129.37 (Ar-CH), 120.41 (Ar-CH), 119.61 (C=CH), 118.87 (Ar-CH),

115.81 (Ar-CH), 114.41 (Ar-CH), 110.48 (Ar-CH), 54.72 (CH2 ), 53.34 (2 x  CH2 ), 51.17 

(CH2), 44.67 (2 X CH3), 35.31 (CH2 ), 34.44 (CH2 ), 23.03 (2 x  CH2); HRM S m/z calc. 

C2 6 H34N 7 O2  [M+H]"" 476,2774, found [M + H f 476.2754.

2 1 7



3-(Pyrrolidin-l-yl)-A^-(3-(4-(4-(3-(pyrrolidin-l-yl)propanamido)phenyJ)-l/r-l,2,3-

triazoI-l-yl)phenyI)propanamide (15)

N=N

HN

HN

o
Chemical Formula: C2 8 H3 5 N7 O2  

Molecular Weight: 501.6232

2d (95 mg, 0.37 mmol) was dissolved in H2 O (2 ml) and ‘BuOH (2 ml) and 6 k  (90 mg, 0.37 

mmol), CUSO4 (mg, 0.02 mmol), sodium ascorbate ( 6  mg, 0.03 mmol) were sequentially 

added and following the general procedure compound 15 was obtained as a yellow solid 

crude (200 mg, 97%). Prep HPLC gave a yellow solid; H PLC  Rt 17.16 minutes, purity 97%; 

m p 76-79 °C; 0» (de-DMSO, 400 MHz) 10.45 (IH , s, ^ H ),  10.25 (IH , s, N //), 9.44 (IH , s, 

C=CH), 8.31 (IH , s, Ar//), 7.85 (2H, d, J  = 8  Hz, 2 x ArH), 7.67 (2H, d, J  = 7.6 Hz, 2 x 

ArH), 7.59-7.57 (IH , m, ArH), 7.52-7.50 (2H, m, 2 x ArH), 2.83-2.87 (4H, m, 2 x CH2), 2 

CH2  o f the side chain are hidden underneath DMSO peak, 2.44-2.47 (8 H, m, 4 x CH2), 1.67-

1.72 ( 8 H, m, 4 X CH2 ); ôc (^/g-DMSO, 100 MHz) 170.15 (C =0), 169.71 (C=0), 147.12 

(C=CH), 140.42 (A r-Q , 139.15 (A r-Q , 136.85 (A r-Q , 132.28 (A r-Q , 130.18 (Ar-CH), 

125.79 (Ar-CH), 124.91 (Ar-CH), 119.23 (Ar-CH), 118.88 (C=CH), 114.32 (Ar-CH), 110.39 

(Ar-CH), 53.23 (4 x CH2 ), 51.01 (CH2), 50.98 (CH2), 35.27 (CH2 ), 35.16 (CH2), 22.99 (4 x 

Œ 2 ); H RM S m/z calc. C2 8 H36N 7 O2  [M+H]+ 502.2925, found [M+H]+ 502.2923.

218



4-(PyrroIidin-l-yi)-7V-(4-(l-(3-(3-(pyrroIidin-l-yI)propanamido)phenyl)-l/r-l,2,3-

triazol-4-yl)phenyl)butanamide (16)

N =N

HN
HN

Chemical Formula; C2 9 H3 7 N7 O2  

Molecular Weight: 515.6498

2b ( 8 6  mg, 0.32 mmol) was dissolved in H2 O (2 ml) and ‘BuOH (2 ml) and 6k (84 mg, 0.32 

mmol), CUSO4  (4 mg, 0.02 mmol), sodium ascorbate ( 6  mg, 0.03 mmol) were sequentially 

added and following the general procedure compound 16 was obtained as a yellow solid 

crude (178 mg, quantitative). Prep HPLC gave a yellow solid; HPLC Rt 19.25 minutes, 

purity 99%; mp 80-83 °C; Ôh (J^-DMSO, 400 MHz) 10.45 (IH , s, N / / ) ,  10.10 (IH , s, N //) ,

9.13 (IH , s, C=CH), 8.33 (IH , s, A r//), 7.84 (2H, d, J =  8 . 8  Hz, 2 x Ar//), 7.68 (2H, d, J  =

8.4 Hz, 2 X A r//), 7.59-7.57 (IH , m, KvH), 7.51-7.50 (2H, m, 2 x A r//), 2.87-2.83 (2H, m, 

CHi), 2.78-2.74 (4H, m, 2 x CHi), 2.72-2.67 (4H, m, 2 x CHi), CH2  peak hidden under 

DMSO peak, 1.83-1.79 (2H, m, C //2), 1.74-1.70 (8 H, m, 4 x CHi)\ ôc ((/g-DMSO, 100 MHz)

170.73 (C =0), 170.13 (C=0), 147.15 (C=CH), 140.42 (A r-Q , 139.23 (A r-Q , 136.86 (A r-Q ,

130.20 (2 X Ar-CH), 125.76 (A r-Q , 124.83 (2 x Ar-CH), 119.24 (Ar-CH), 118.86 (Ar-CH),

118.81 (Ar-CH), 114.32 (Ar-CH), 110.39 (C=CH), 54.21 (CH2 ), 53.21 (2 x CH2 ), 53.05 (2 x 

CH2 ), 50.49 (CH2 ), 35.21 (CH2), 33.78 (CH2 ), 22.99 (CH2 ), 22.85 ( 2  x CH2 ), 22.79 (2 x 

CH2 ); HRMS m/z calc. C2 9 H 38N 7O2  [M+H]+ 516.3087, found [M+H]+ 516.3092.

2 1 9



4-(PyrroIidin-l-yI)-A^-(3-(4-(3-(3-(pyrrolidin-l-yl)propanamido)phenyI)-l^-l,2,3-

triazol-l-yl)phenyl)butanamide (17)

N=N

HNNH

Chemical Formula; C2 9 H3 7 N7 O2

Molecular Weight: 515.6498

2c (114 mg, 0.47 mmol) was dissolved in H2 O (2 ml) and ‘BuOH (2 ml) and 6c (127 mg, 

0.47 mmol), CUSO4 (4 mg, 0.02 mmol), sodium ascorbate ( 6  mg, 0.03 mmol) were 

sequentially added and following the general procedure compound 17 was obtained as a 

yellow solid crude (240 mg, 73%). Prep HPLC gave a yellow solid; HPLC Rt 19.14 minutes, 

purity 99%; mp 8 6 - 8 8  °C; 0» (J^-DMSO, 500 MHz) 10.41 (IH , s, N //), 10.32 (IH , s, N //),

9.20 (IH , s, C=CH), 8.41-8.40 (IH , s, ArH), 8.30-8.29 (IH , m, ArH), 7.65-7.63 (IH , m, 

ArH), 7.60-7.58 (3H, m, ArH), 7.54 (IH , t , J =  8.0 Hz, ArH), 7.41 (IH , t , J =  7.5 Hz, ArH),

3.01 (2H, t, y  = 7.0 Hz, CH2), 2.95-2.92 (4H, m, 2 x CH2 ), 2.87 (2H, t, J  = 7.5 Hz, CH2 ), 

2.81-2.78 (4H, m, 2 x CH2), 2.68-2.65 (2H, m, CH2 ), 2.48-2.45 (2H, m, CH2), 1.94-1.88 (2H, 

m, CH2), 1.85-1.81 (4H, m, 2 x CH2), 1.79-1.77 (4H, m, 2 x CH2); ôc (^g-DMSO, 125 MHz) 

170.90 (C=0), 169.36 (C =0), 147.15 (C=CH), 140.43 (Ar-C), 139.63 (A r-Q , 136.78 (A r-Q ,

130.56 (A r-Q , 130.09 (Ar-CH), 129.29 (Ar-CH), 124.46 (Ar-CH), 120.42 (Ar-CH), 119.53 

(C=CH), 118.87 (Ar-CH), 115.82 (Ar-CH), 114.33 (Ar-CH), 110.50 (Ar-CH), 53.89 (CH2),

53.17 ( 2  X CH2), 53.00 ( 2  x CH2), 50.75 (CH2), 34.50 (CH2), 33.51 (CH2), 22.89 (CH2 ), 

22.76 (2 X CH 2), 22.20 (2 x CH2); HRMS m/z calc. C 2 9 H38N 7O2 [M+H]+ 516.3087, found 

[M +H f 516.3065.

2 2 0



4-(PyrroIidin-l-yI)-iV-(4-(4-(4-(3-(pyrrolidin-l-yl)propanamido)phenyl)-l^-l,2,3-

triazol-l-yl)phenyl)butanamide (18)

Chemical Formula: C2 9 H3 7 N7 O2  

Molecular Weight: 515.6498

o

2d (82 mg, 0.34 mmol) was dissolved in H2 O (2 ml) and ‘BuOH (2 ml) and 6d (93 mg, 0.34 

mmol), CUSO4  (4 mg, 0.02 mmol), sodium ascorbate ( 6  mg, 0.03 mmol) were sequentially 

added and following the general procedure compound 18 was obtained as a light brown solid 

crude (190 mg, 82%); HPLC Rt 17.65 minutes, purity 90%; mp 79-81 °C; Ôh (^g-DMSO, 

500 MHz) 10.16 (IH , s, N77), 10.12 (IH , s, 'NH), 9.07 (IH , s, C=CH), 7.82-7.81 (4H, m, 4 x 

ArH), 7.78-7.77 (2H, m, 2 x ArH), 7.67-7.65 (2H, m, 2 x ArH), 2.69 (2H, t ,J =  7.0 Hz, CH2 ), 

2.47-2.43 (8 H, m, 2 x CH 2), 2.41-2.34 (8 H, m, 4 x CH2 ), 1.76-.70 (2H, m, CH2), 1.66-1.62 

(8 H, m, 4 X CH2); ÔC (de-DMSO, 125 MHz) 171.41 (C =0), 170.17 (C=0), 146.95 (C=CH),

139.54 (A r-Q , 139.13 (A r-Q , 132.23 (A r-Q , 131.50 (A r-Q , 125.67 (Ar-CH), 120.44 (Ar- 

CH), 119.62 (Ar-CH), 119.19 (Ar-CH), 118.69 (C=CH), 54.97 ( Œ 2 ), 53.41 (2 x CH2), 53.31 

( 2  X CH2), 51.42 (CH2 ), 36.03 (CH2 ), 34.37 (CH 2), 24.10 (CH2 ), 23.06 ( 2  x CH2 ), 23.01, ( 2  x 

CH2 ); HRMS m/z calc. C2 9 H 38N 7 O2 [M + H f 516.3087, found [M + H f 516.3059.

221



4-(Pyrrolidin-l-yl)-A^-(4-(l-(4-(3-(pyrroIidin-l-yl)propanamido)phenyl)-l//-l,2,3-

triazoï-4-yl)phenyl)butanamide (19)

N=zN

HN

I /  Chemical Formula: C2 9 H3 7 N7 O2

Molecular Weight: 515.6498

2b (41 mg, 0.16 mmol) was dissolved in H2 O (2 ml) and ‘BuOH (2 ml) and 6m (41 mg, 0.16 

mmol), CUSO4  (2 mg, 0.008 mmol), sodium ascorbate (3 mg, 0.02 mmol) were sequentially 

added and following the general procedure compound 19 was obtained as a brown solid 

crude (94 mg, 89%). Prep HPLC gave a yellow solid; HPLC Rt 21.86 minutes, purity 96%; 

mp 82-85 °C; Ôh (Jg-DMSO, 500 MHz) 10.33 (IH , s, N //), 10.01 (IH , s, N //), 9.11 (IH , s, 

C=CH), 7.87-7.84 (4H, m, 4 x AvH), 7.82-7.80 (2H, m, 2 x AxH), 2.75-2.72 (2H, m, CHi), 

2.52-2.51 (2H, m, CH2 ), 2.46-2.40 (8 H, m, 4 x CHi), 2.38 (2H, X,J=  7.5 Hz, CHi), 1.79-1.74 

(2H, m, CHi), 1.70-1.67 (10 H, m, 5 x CHi)', ôc (ds-DMSO, 125 MHz) 171.25 (C=0),

170.48 (C =0), 147.07 (C=CH), 139.51 (A r-Q , 139.32 (A r-Q , 131.66 (A r-Q , 125.72 (Ar- 

Q ,  124.91 (Ar-CH), 120.56 (Ar-CH), 119.73 (Ar-CH), 119.25 (Ar-CH), 118.69 (C=CH),

55.09 (CH2 ), 53.50 ( 2  x CH2), 53.40 ( 2  x CH2), 51.44 , (CH2 ), 36.13 (CH2), 34.46 (CH2),

24.25 (CH2), 23.15 (2 x CHj), 23.09 (2 x CH 2); HRMS m/z calc. C2 9 H38N 7O2  [M + H f 

516.3087, found [M + H f 516.3066.

222



3-(Pyrrolidin-l-yl)-7V-(3-(4-(3-(3-(pyrrolidin-l-yl)propanamido)phenyI)-l^-l,2,3-

triazol-l-yI)phenyl)propanamide (20)

Chemical Formula: C2 8 H3 5 N7 O2  

Molecular Weight: 501.6232

2c (168 mg, 0.69 mmol) was dissolved in H 2 O (2 ml) and ‘BuOH (2 ml) and 6 k  (179 mg, 

0.69 mmol), CUSO4  (9 mg, 0.04 mmol), sodium ascorbate (14 mg, 0.07 mmol) were 

sequentially added and following the general procedure compound 2 0  was obtained as a 

yellow solid crude (306 mg, 50%). Prep HPLC gave a yellow solid; H PLC  Rt 18.48 minutes, 

purity 99%; m p 83-85 °C; Ôh ((/g-DMSO, 500 MHz) 10.61 (IH , s, N /^ , 10.39 (IH , s,

9.22 (IH , s, C=CH), 8.42 (IH , s, ArH), 8.32 (IH , s, ArH), 7.63-7.56 (5H, m, 5 x ArH), 7.44 

(IH , t , J =  8.0 Hz, ArH), 3.47 (2H, t , J =  7.0 Hz, CH2), 4 x CH2  peaks hidden under DMSO 

water peak, 2.90-2.85 (4H, m, 2 x CH2), 2.0-1.92 (8 H, m, 4 x CH2 ); ôc (ùfg-DMSO, 125 

MHz) 168.27 (C =0), 167.91 (C =0), 147.11 (C=CH), 140.01 (A r-Q , 139.32 (A r-Q , 136.80 

(A r-Q , 130.60 (A r-Q , 130.25 (Ar-CH), 129.38 (Ar-CH), 127.33 (Ar-CH), 120.71 (Ar-CH),

119.57 (Ar-CH), 118.97 (C=CH), 115.59 (Ar-CH), 114.65 (Ar-CH), 110.60 (Ar-CH), 53.4 (4 

X CH2 ), 49.88 (CH2 ), 49.74 (CH 2 ), 32.08 (CH2), 32.03 (CH2 ), 22.54 (4 x  CH2 ); HRM S m/z 

calc. C2 8 H 36N 7 O2 [M + H f 502.2931, found [M+H]* 502.2932.

223



3-(Pyrrolidin-l-yl)-A^-(4-(4-(3-(3-(pyrrolidin-l-yl)propanamido)phenyI)-l^-l,2,3-

triazol-l-yI)phenyI)propanamide (21)

Chemical Formula: C2 8 H3 5 N7 O2  

Molecular Weight: 501.6232

2c (104 mg, 0.43 mmol) was dissolved in H2 O (2 ml) and *BuOH (2 ml) and 6m (112 mg, 

0.43 mmol), CUSO4  ( 6  mg, 0.02 mmol), sodium ascorbate (9 mg, 0.04 mmol) were 

sequentially added and following the general procedure compound 2 1  was obtained as a dark 

green solid crude (230 mg, 82%). Prep HPLC gave a yellow solid; HPLC Rt 18.27 minutes, 

purity 94%; mp 78-80 °C; Ôh (c/^-DMSO, 500 MHz) 10.55 (IH , s, ^ H ),  10.39 (IH , s, N /0 ,

9.19 (IH , s, C=CH), 8.30 (IH , s, AtH ), 7.93-7.91 (2H, m, 2 x ArH), 7.84-7.82 (2H, m, 2 x 

ArH), 7.61-7.57 (2H, m, 2 x ArH), 7.45-7.42 (IH , m, ArH), 3.58-3.56 (4H, m, 2 x CH2), 

3.49-3.46 (4H, m, 2 x CH2 ), 3.10-3.05 (4H, m, 2 x CH2 ), 2.90-2.85 (4H, m, 2 x CH2), 2.06- 

1.99 (4H, m, 2 X CH2 ), 1.91-1.85 (4H, m, 2 x CH2); ôc (^/g-DMSO, 125 MHz) 168.06 (C =0),

167.89 (C=0), 146.97 (C=CH), 139.32 (A r-Q , 139.05 (A r-Q , 131.85 (A r-Q , 130.73 (Ar- 

Q ,  129.38 (Ar-CH), 120.63 (2 x Ar-CH), 119.89 (2 x Ar-CH), 119.40 (C=CH), 118.91 (Ar- 

CH), 118.19 (Ar-CH), 115.85 (Ar-CH), 53.41 (4 x CH2), 49.88 (CH2 ), 49.75 (CH2), 32.01 (2 

X CH2), 22.54 (4 X CH2); HRMS m/z calc. C2 8H36N 7O2 [M + H f 502.2931, found [M + H f 

502.2935.

224



4-(Pyrrolidin-l-yI)-A^-(3-(4-(4-(3-(pyrrolidin-l-yl)propanamido)phenyl)-l/r-l,2,3-

triazol-l-yI)phenyI)butanainide (22)

N=N 
.N

HN̂  ^

b
HN

C j '
Chem ical Formula: C 2 9 H3 7 N7 O 2  \— '

M olecular W eight: 5 1 5 .6 4 9 8

2d (114 mg, 0.43 mmol) was dissolved in H 2 O (2 ml) and ‘BuOH (2 ml) and 6 c (128 mg, 

0.47 mmol), CUSO4 ( 6  mg, 0.02 mmol), sodium ascorbate (9 mg, 0.04 mmol) were 

sequentially added and following the general procedure compound 2 2  was obtained as a 

brown solid crude (250 mg, 62%). Prep HPLC gave a yellow solid; H PL C  Rt 18.11 minutes, 

purity 99%; m p 80-83 °C; 0» ((/g-DMSO, 500 MHz) 10.32 (IH , s, 10.26 (IH , s, N /^ ,

9.16 (IH , s, C=CH), 8.37 (IH , s, ArH), 7.89-7.88 (2H, m, 2 x ArH), 7.72-7.70 (2H, m, 2 x 

ArH), 7.64-7.62 (IH , m, ArH), 7.56-7.53 (2H, m, 2 x ArH), 2.83 (2H, t, J  = 7.0 Hz, CH2 ),

2.67-2.65 (4H, m, 2 x CH2 ), 2.62-2.60 (4H, m, 2 x CH2), 2.56 (2H, t, 7.0 Hz, CH2 ), 2.44-

2.41 (2H, m, CH2 ), 1.87-1.81 (2H, m, CH 2), 1.76-1.71 (8 H, m, 4 x CH 2); 6 c (^g-DMSO, 125 

MHz) 171.26 (C =0), 169.85 (C =0), 147.10 (C=CH), 140.51 (A r-Q , 139.15 (A r-Q , 136.81 

(Ar-C), 130.07 (A r-Q , 125.75 (2 x Ar-CH), 124.86 (Ar-CH), 119.20 (2 x Ar-CH), 118.82 

(C=CH), 118.77 (Ar-CH), 114.19 (Ar-CH), 110.40 (Ar-CH), 54.42 (CH2 ), 53.20 (2 x CH2),

53.13 ( 2  X CH2 ), 51.12(CH2), 35.98 (CH 2), 35.43 (CH2), 23.17 (CH2 ), 23.00 ( 2  x CH2), 22.89 

(2 X CH2 ); H RM S m/z calc. C2 9 H38N 7 O2  [M+H]^ 516.3085, found [M+H]^ 516.3087.

225



4-(Pyrrolidin-l-yI)-A^-(3-(l-(4-(3-(pyrrolidin-l-yl)propanamido)phenyl)-l^-l,2,3-

triazol-4-yl)phenyI)butanainide (23)

N =N

NH

C hem ical Formula: C 2 9 H3 7 N7 O 2

I
o ' M olecular W eight: 5 1 5 .6 4 9 8

2a (101 mg, 0.39 mmol) was dissolved in H 2 O (2 ml) and ^BuOH (2 ml) and 6 m (100 mg, 

0.39 mmol), CUSO4 (5 mg, 0.02 mmol), sodium ascorbate ( 8  mg, 0.04 mmol) were 

sequentially added and following the general procedure compound 23 was obtained as a 

brown solid crude (235 mg, 63%). Prep HPLC gave a yellow solid; H PLC  Rt 20.22 minutes, 

purity 98%; mp 8 6 - 8 8  °C; 0» (de-DMSO, 500 MHz) 10.34 (IH , s, NH), 10.04 (IH , s, NH),

9.15 (IH , s, C=CH), 8.26 (IH , s, AvH), 7.90-7.88 (2H, m, 2 x  ArH), 7.82-7.80 (2H, m, 2 x  

ArH), 7.59-7.58 (IH , m, ArH), 7.55-7.54 (IH , m, ArH), 7.40 (IH , t , J =  8.0 Hz, ArH), 2.76 

(2H, t , J =  7.0 Hz, CH2), 2.40-2.38;(2H, m, CH 2), 6  x  CH2 hidden under DMSO peaks, 1.81- 

1.78 (2H, m, CH2 ), 1.71-1.69 (8 H, m, 4 x  CH 2); ôc (^/^-DMSO, 125 MHz) 171.48 (C =0),

169.72 (C=0), 147.24 (C=CH), 140.01 (Ar-C), 138.97 (A r-Q , 136.43 (A r-Q , 129.46 (Ar- 

Q , 125.25 (2 X Ar-CH), 122.75 (Ar-CH), 119.27 (2 x  Ar-CH), 118.22 (C=CH), 117.15 (Ar- 

CH), 115.00 (Ar-CH), 109.99 (Ar-CH), 54.88 (CH2), 53.42 (2 x  CH2), 53.33 (2 x  CH2),

51.32 (CH2 ), 35.88 (CH2 ), 34.01 (CH2 ), 23.78 (CH2 ), 23.05 (2 x  CH2), 22.14 ( 2  x  CH2); 

H RM S m/z calc. C2 9 H 38N 7 O2 [M +H f 516.3085, found [M + H f 516.3086.
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4-(Pyrrolidin-l-yl)-A^-(3-(4-(3-(4-(pyrrolidin-l-yl)butanamido)phenyl)-l//-l,2,3-triazol-

l-yl)phenyl) butanamide (24)

N r z N

o
HN

NH

o
Chem ical Formula: C 3 0 H3 9 N 7 O 2  

Molecular W eight: 5 2 9 .6 7 6 4

2a (100 mg, 0.39 mmol) was dissolved in H2 O (2 ml) and ‘BuOH (2 ml) and 6 c (108 mg, 

0.39 mmol), CUSO4  (5 mg, 0.02 mmol), sodium ascorbate ( 8  mg, 0.04 mmol) were 

sequentially added and following the general procedure compound 24 was obtained as a 

yellow solid crude (213 mg, 62%). Prep HPLC gave a yellow solid; H PL C  Rt 19.88 minutes, 

purity 98%; mp 86-89 °C; 0» ((/g-DMSO, 500 MHz) 10.23 (IH , s, N //), 10.03 (IH , s, N //),

9.19 (IH , s, C=CH), 8.37 (IH , t , J =  2.0 Hz, ArH), 8.28-8.26 (IH , m, ArH), 7.63-7.60 (2H, 

m, 2 X ArH), 7.59-7.56 (2H, m, 2 x ArH), 7.53 (IH , t , J =  8.0 Hz, ArH), 7.40 (IH , t , J =  8.0 

Hz, ArH), 4 x CH2  hidden under DMSO peaks, 2.45-2.42 (8 H, m, 4 x CH2), 1.78 (4H, 

quituplet, J =  7.0 Hz, 2 x CH2 ), 1.69-1.66 (8 H, m, 4 x CH2); ôc (<76-DMSO, 125 MHz) 

170.26 (C=0), 169.79 (C =0), 147.82 (C=CH), 141.39 (Ar-C), 138.07 (A r-Q , 136.45 (A r-Q , 

129.49 (A r-Q , 129.68 (Ar-CH), 128.28 (Ar-CH), 126.96 (Ar-CH), 120.56 (Ar-CH), 119.01 

(Ar-CH), 118.80 (C=CH), 115.11 (Ar-CH), 113.75 (Ar-CH), 110.43 (Ar-CH), 55.03 (CH2 ),

53.02 ( 2  X CH2), 52.89 ( 2  x CH2), 51.43 (CH2 ), 35.98 (CH2 ), 38.37 (CH2 ), 23.78 (CH2),

23.48 (CH2), 23.05 (2 x CH2 ), 22.14 (2 x CH2 ); H RM S m/z calc. C3 0H4 0N 7 O2 [M + H f 

530.3243, found [M + H f 530.3244.
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4-(Pyrrolidin-l"yl)-A^-(3-(4-(4-(4-(pyrroIidin-l-yl)butanamido)phenyI)-l^-l,2,3-triazol-

l-yl)phenyl)butanamide (25)

r  y  Chem ical Formula: C30H39N7O2 \ — ' 
M olecular W eight: 5 2 9 .6 7 6 4

2b (100 mg, 0.39 mmol) was dissolved in H 2 O (2 ml) and ‘BuOH (2 ml) and 6 c (108 mg, 

0.39 mmol), CUSO4  (5 mg, 0.02 mmol), sodium ascorbate ( 8  mg, 0.04 mmol) were 

sequentially added and following the general procedure compound 25 was obtained as a 

yellow solid crude (198 mg, 67%). Prep HPLC gave a yellow solid; H PL C  Rt 19.90 minutes, 

purity 95%; m p 84-86 °C; Ôh (c^-DMSO, 500 MHz) 10.34 (IH , s, N /0 , 10.04 (IH , s, N //),

9.15 (IH , s, C=C//), 8.36 (IH , s, A r//), 7.88 (2H, d, J  = 9.0 Hz, 2 x AxH), 7.71 (2H, d, J  =

8.5 Hz, 2 X A r//), 7.63-7.61 (IH , m, A r//), 7.54-7.53 (2H, m, 2 x A r//), 5 x CH2  hidden 

under DMSO peaks, 2.43-2.37 (6 H, m, 3 x CH2 ); 1.81-1.77 (4H, m, 4 x C //2 ), 1.70-1.69 (8 H, 

m,4 X C /6 ); ÔC (6/g-DMSO, 125 MHz) 171.45 (C =0), 169.54 (C =0), 147.29 (C=CH), 140.90 

(Ar-C), 138.76 (Ar-C), 136.09 (A r-Q , 128.99 (A r-Q , 124.99 (2 x Ar-CH), 122.57 (Ar-CH), 

119.45 (2 X Ar-CH), 118.90 (Ar-CH), 117.13 (C=CH), 115.18 (Ar-CH), 113.51 (Ar-CH),

54.57 (CH2 ), 53.45 ( 2  x CH2), 52.21 ( 2  x CH2 ), 50.98 (CH2), 35.23 (CH2 ), 34.26 (CH2 ), 

23.91 (CH2 ), 23.27 (CH2 ), 22.98 ( 2  x CH2 ), 22.34 ( 2  x CH2 ); H RM S m/z calc. C3 0H4 0N 7 O2 

[M + H f 530.3243, found [M + H f 530.3263,
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2-(Pyrrolidm-l-yI)-A^-(2-(4-(2-(3-(pyrrolidin-l-yl)propananiido)phenyI)-l/r-l,2,3-

triazol-l-yl)phenyl) propanamide (26)

o
HN

NH

Chemical Formula: C2 8 H3 5 N7 O 2  

Molecular Weight: 501.6232

2e (94 mg, 0.36 mmol) was dissolved in H2 O (2 ml) and ‘BuOH (2 ml) and 6 0  (87 mg, 0.36 

mmol), CUSO4 (5 mg, 0.02 mmol), sodium ascorbate (7 mg, 0.04 mmol) were sequentially 

added and following the general procedure compound 26 was obtained as a brown solid 

crude (188 mg, 81%). Prep HPLC gave a yellow solid; H PL C  Rt 14.90 minutes, purity 99%; 

m p 78-80 °C; Ôh (c^g-DMSO, 500 MHz) 10.83 (IH , s, 10.16 (IH , s, N77), 8.94 (IH , s, 

C=C//), 8.18 (IH , d, 8.0 Hz, AxH), 7,98 (IH , d, 8.0 Hz, A r//), 7.89 (IH , d, 8.0 

Hz, Ar//),7.60-7.56 (2H, m, 2 x A r//), 7.40-7.35 (2H, m, 2 x Ar//), 7.26-7.22 (IH , m, 1 x 

A r//), 2.78-2.76 (2H, m, CH2 ), 2.59-2.55 (4H, m, 2 x CH2 ), 2.47-2.46 (4H, m, 2 x Œ 2 ); 

2.42-2.40 (2 H, m, CH2 ), 2.32-2.30 (4H, m, 2 x CH2) 1.59-1.58 (4H, m, 4 x C //2), 1.52-1.51 

(4H, m, 2 X C //2 ); ÔC (de-DMSO, 125 MHz) 170.53 (C =0), 170.17 (C=0), 145.36 (C=CH), 

135.42 (Ar-C), 132.52 (A r-Q , 130.14 (A r-Q , 128.98 (A r-Q , 128.47 (Ar-CH), 127.86 (Ar- 

CH), 126.35 (Ar-CH), 125.42 (C=CH), 125.23 (Ar-CH), 125.20 (Ar-CH), 124.56 (Ar-CH), 

124.08 (Ar-CH), 122.82 (Ar-CH), 55.29 (2 x CH2), 53.02 (2 x CH2 ), 52.89 (CH2 ), 

51.43(CH2), 35.98 (CH2 ), 38.37 (CH2 ), 23.78 (CH2 ), 23.48 (CH2 ), 23.05 ( 2  x CH2), 22.14 ( 2  

X CHz); H R M S m/z c a lc . C2 8H3 6N 7 O2  [M+H]* 502.2931, fo u n d  [M+H]+ 502.2935.
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7.1.6 SYNTHESIS OF THE DI-CLICK SERIES

General procedure for the synthesis o f the di-click series o f ligands (27-35) (Lombardo et al., 

2010)

azide, CuSO^ Na ascorbate 
click catalyst, HNRg__________  '

H2O, ‘BuOH, microwave r, r,
110 °C, 15 min

n (m.p ;

Compound 9 (1 eq) was dissolved in the appropriate volume o f solvent (50% H 2 O - 50% 

*BuOH), followed by the addition o f the required azide (3 eq) and the catalytic mixture o f 

CUSO4 • 5 H 2 O (0.05 eq) and sodium ascorbate (0.5 eq). An extra catalyst, 

bathophenanthrolinedispufonic acid disodium salt hydrate (click catalyst, 0.1 eq) was added 

and in presence o f azides with n = 2, 3 (compounds 28, 31, 32 and 35) the reaction was 

performed in excess o f the required amine (6 eq), to avoid elimination. The mixture was 

heated under microwave irradiation for 15 minutes at 110 °C and was monitored by LC-MS 

[Solvents: A = H2 O, 0.1% formic acid; B = CH3 CN, 0.1% formic acid. 0 min (95% A, 5%B), 

1 min (95% A, 5%B), 3 min (50% A, 50%B), 5 min (95% A, 5% B)]. After completion, the 

reaction was evaporated in vacuo and the crude obtained was purified by HPLC [(Solvents: 

A = H2 O, 0.1% formic acid; B = CH3CN, 0.1% formic acid. 0 min (100% A, 0%B), 6  min 

(70% A, 30%B), 19 min (60% A, 40% B)] to give the final compounds (27-35) with purities 

> 95%. The yields were calculated measuring the integrals of the crude LC-MS peaks.
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A^^-((4»4’-(Naphthalene-2,7-diyI)bis(l/f-l,2,3-triazole-4,l-diyl))bis(3,l-

phenylene))bis(2-(piperidin-l-yl)acetamide) (27)

Chemical Formula: C4 0 H4 2 N1 0 O2  ^
Molecular Weight: 694.8273

9 (20 mg, 0.11 mmol) was dissolved in H2 O (2.5 ml) and ‘BuOH (2.5 ml), then 6 f  ( 8 8  mg, 

0.34 mmol), CUSO4  (2 mg, 0.005 mmol), sodium ascorbate (11 mg, 0.05 mmol) and click 

catalyst ( 6  mg, 0.01 mmol) were added, to give compound 27 as a green solid crude (137 mg, 

58%). Prep HPLC gave a yellow solid; H PL C  Rt 12.56 minutes, purity 98%; mp: 66-69 °C; 

ÔH (Jô-DMSO, 400 MHz) 10.04 (2H, s, 2 x N /f), 9.44 (2H, s, 2 x C=CH), 8.61 (2H, s, 2 x 

A r//), 8.44-8.43 (2H, m, 2 x A r//), 8.15-8.09 (4H, m, 4 x A r//), 7.78-7.76 (2H, m, 2 x A r//),

7.67-7.65 (2H, m, 2 x A r //) ,  7.59 (2H, i , J =  8.00 Hz, 2 x A r//), 3.14 (4H, s, 2 x C //2 ), the 

triplet o f the piperidine o f the side chain is hidden underneath DMSO peak, 1.62-1.57 (8 H, 

m, 4 X C //2 ), 1.43-1.42 (4H, s, 2 x C //2); ôc ((/g-DMSO, 100 MHz) 169.17 (2 x C=0), 147.15 

(2 X  C=CH), 139.91 (2 x Ar-C), 136.83 (2 x A r-Q , 133.25 (A r-Q , 132.37 (A r-Q , 130.20 (2 

X Ar-CH), 128.62 (2 x A r-Q , 128.36 (2 x Ar-CH), 123.98 (2 x Ar-CH), 123.91 (2 x Ar-CH),

120.17 (2 X C-CH ), 119.39 (2 x Ar-CH), 114.76 (2 x Ar-CH), 110.96 (2 x Ar-CH), 62.60 (2 

X CH2), 54.01 (4 X CH2 ), 25.34 (4 x CH2 ), 23.47 (2 x CH2 ); H RM S m/z  calc. C4 0 H43N 10O2 

[M + H f 695.3571, found [M + H f 695.3586.
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A ^^-((4,4’-(NaphthaIene-2,7-diyl)bis(l/T-l,2,3-triazole-4,l-diyl))bis(3,l-

phenyIene))bis(3-(pyrrolidin-l-yl)propanamide) (28)

HN NH

\  Chemical Formula: C4 0 H4 2 N1 0 O 2  /
Molecular Weight: 694 .8273  \ — .o o

9(14  mg, 0.08 mmol) was dissolved in H2 O (2 ml) and ‘BuOH (2 ml), then 6 k  (62 mg, 0.24 

mmol), CUSO4  (1 mg, 0.004 mmol), sodium ascorbate ( 8  mg, 0.04 mmol), click catalyst (4 

mg, 0.008 mmol) and pyrrolidine (28 mg, 0.40 mmol) were added, to give compound 28 as a 

brown solid crude (93 mg, quantitative). Prep HPLC gave a yellow solid. H PLC Rt 11.96 

minutes, purity 99%; mp > 250 °C; Ôh (^/(J-DMSO, 400 MHz) 10.49 (2H, s, 2 x 'NH), 9.42 

(2H, s, 2 X C=CH), 8.61 (2H, s, 2 x ArH), 8.43 (2H, broad s, 2 x ArH), 8.14-8.08 (4H,m, 4 x 

ArH), 7.65-7.62 (4H, m, 4 x ArH), 7.60-7.56 (2H, m, 2 x ArH), 2.94-2.91 (4H, m, 2 x CH2), 

2.72-2.67 (8 H, m, 4 x CH2 ), 2.64 (4H, m, 2 x CH2 ), 1.72-1.78 (8 H, m, 4 x CH2); ôc (de- 

DMSO, 100 MHz) 170.04 (2 x 0 = 0 ), 147.12 (2 x C=CH), 140.40 (2 x Ar-C), 136.82 (2 x 

A r-Q , 133.20 (A r-Q , 132.32 (A r-Q , 130.19 (2 x Ar-CH), 128.54 (2 x A r-Q , 128.32 (2 x 

Ar-CH), 123.95 (2 x Ar-CH), 123.87 (2 x Ar-CH), 120.06 (2 x C=CH), 118.91 (2 x Ar-CH),

114.41 (2 X Ar-CH), 110.50 (2 x Ar-CH), 53.18 (2 x CH2 ), 50.87 (4 x CH2), 35.09 (2 x CH2 ), 

22.95 (4 X CH2 ); HRM S m/z calc. C4 0 H43N 10O2  [M+H]^ 695.3571, found [M+H]^ 695.3575.
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A^^-((4»4’-(Naphthalene-2,7-diyl)bis(l^T-l,2,3-triazole-4,l-diyI))bis(3,l-

phenylene))bis(2-(pyrrolidin-l-yl)acetamide) (29)

HN NH

O 0=4
Chemical Formula: C3 8 H3 8 N1 0 O2  J  

Molecular Weight: 666.7741

9(14  mg, 0.08 mmol) was dissolved in H2 O (2 ml) and ‘BuOH (2 ml), then 6e (59 mg, 0.24 

mmol), CUSO4  (1 mg, 0.004 mmol), sodium ascorbate ( 8  mg, 0.04 mmol) and click catalyst 

(4 mg, 0.008 mmol) were added, to give compound 29 as a brown solid crude (63 mg, 8 6 %). 

Prep HPLC gave a yellow solid; H PL C  Rt 11.89 minutes, purity 100%; m p (dc) 190-193 °C; 

ÔH (J 6-DMSO, 400 MHz) 10.07 (2H, s, 2 x NT/), 9.42 (2H, s, 2 x C=CH), 8.61 (2H, s, 2 x 

ArH), 8.44- 8.43 (2H, s, 2 x ArH), 8.15-8.08 (4H,m, 4 x ArH), 7.78-7.76 (2H, m, 2 x ArH),

7.66-7.64 (2H, m, 2 x ArH), 7.58 (2H, t , J =  8.0 Hz, 2 x ArH), 3.33 (4H, s, 2 x CH2 ), 2.67-

2.63 (8 H, m, 4 X CH2), 1.78 (8 H, quintet, J =  3.2 Hz, 4 x CH2 ); ôc (J^-DMSO, 100 MHz)

169.17 (2 X C =0), 147.10 (2 x C=CH), 139.97 (2 x A r-Q , 136.76(2 x A r-Q , 133.21 (A r-Q ,

132.32 (A r-Q , 130.09 (2 x Ar-CH), 128.54 (2 x A r-Q , 128.33 (2 x Ar-CH), 123.94 (2 x Ar- 

CH), 123.86 (2 X Ar-CH), 120.09 (2 x C=CH), 119.39 (2 x Ar-CH), 114.66 (2 x Ar-CH),

111.01 (2 X Ar-CH), 59.36 (2 x CH 2), 53.59 (4 x CH2 ), 23.39 (4 x CH2); HRM S m/z calc. 

C3 8H40N 10O2  [M+H]^ 667.3257, found [M + H f 667.3256.
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iV ^ -((4 ,4 ’-(Naphthalene-2,7-diyI)bis(l^T-l,2,3-triazole-4,l-diyl))bis(4,l-

phenyIene))bis(2-(pyrrolidin-l-yl)acetamide) (30)

O “ Chemical Formula: C3 8 H3 8 N1 0 O 2  

Molecular Weight: 666.7741

9 (20 mg, 0.11 mmol) was dissolved in H2 O (2.5ml) and ‘BuOH (2.5 ml), then 6 h (84 mg, 

0.34 mmol), CUSO4 (2 mg, 0.005 mmol), sodium ascorbate (11 mg, 0.05 mmol) and click 

catalyst ( 6  mg, 0.01 mmol) were added, to give compound 30 as a brown solid crude (154 

mg, quantitative). Prep HPLC gave a beige solid; H PLC Rt 12.39 minutes, purity 95%; mp 

> 250 °C; ÔH (^/d-DMSO, 400 MHz) 10.04 (2H, s, 2 x N //), 9.40 (2H, s, 2 x C=CH), 8.57 

(2H, s, 2 X AvH), 8.10 (4H, broad s, 4 x AvH), 7.93 (8 H, broad s, 8  x AvH), 3.31 (4H, s, 2 x 

CH 2 ), 2.63-2.61 ( 8  H, m, 4 X CH2 ), 1.79-1.76 ( 8  H, m, 4 x CH2 ). ôc (^/^-DMSO, 100 MHz)

170.18 (2 X 0 = 0 ), 147.34 (2 x C=CH), 138.45 (2 x Ar-C), 133.29 (Ar-C), 131.95 (Ar-C),

131.48 (2 X Ar-C), 128.36 (2 x A r-Q , 128.18 (2 x Ar-CH), 123.67 (2 x Ar-CH), 123.42 (2 x 

Ar-CH), 120.50 (2 x Ar-CH), 120.03 (2 x Ar-CH), 119.76 (2 x C=CH), 58.87 (2 x CH2 ),

5 3 . 0 2  (4 X CH2), 23.15 (4 X CH2 ); H RM S m/z calc. C3 8 H40N 10O2  [M +2Hf+ 334.1668, found 

[M +2Hf* 334.1674.
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A ^^-((4,4’-(Naphthalene-2,7-diyl)bis(Lff-l,2,3-triazoIe-4,l-diyI))bis(4,l-

phenylene))bi$(3-(pyrrolidin-l-yl)propanamide) (31)

0^0
Chemical Formula: C4 0 H4 2 N1 0 O 2  

Molecular Weight: 694.8273

9 (20 mg, 0.11 mmol) was dissolved in H2 O (2.5 ml) and *BuOH (2.5 ml), then 6 m ( 8 8  mg, 

0.34 mmol), CUSO4  (2 mg, 0.005 mmol), sodium ascorbate (11 mg, 0.05 mmol), click 

catalyst ( 6  mg, 0.01 mmol) and pyrrolidine (39 mg, 0.55 mmol) were added, to give 

compound 31 as a brown solid crude (184 mg, quantitative). Prep HPLC gave a light orange 

solid; H PLC  Rt 11.69 minutes, purity 100%; m p > 250 °C; Ôh (û?6-DMSO, 400 MHz) 10.40 

(2H, s, 2 X N /0 , 9.39 (2H, s, 2 x C=CH), 8.57 (2H, s, 2 x ArH), 8.12-8.08 (4H, m, 4 x ArH), 

7.92 (4H, d , J =  8 . 8  Hz, 4 x ArH), 7.85 (4H, d , J =  9.2 Hz, 4 x ArH), 2.81-2.77 (4H, m, 2 x 

CH2), 2.58-2.54 (12 H, m, 6  x CH2 ), 1.72-1.78 (4 H, m, 4 x C/O). ôc (de-DMSO, 100 MHz)

170.29 (2 X C =0), 147.63 (2 x C=CH), 138.20 (2 x A r-Q , 132.97 (Ar-C), 132.08 (Ar-C),

131.65 (2 X A r-Q , 128.45 (2 x A r-Q , 128.08 (2 x Ar-CH), 123.73 (2 x Ar-CH), 123.01 (2 x 

Ar-CH), 120.67 (2 x Ar-CH), 120.40 (2 x Ar-CH), 119.34 (2 x C=CH), 52.97 (2 x CH2 ),

51.03 (4 X CH2 ), 35.14 (2 x CH2 ), 23.06 (4 x CH2 ); HRM S m/z calc. C4 0H 43N 10O2 [M+H]^ 

695.3571, found [M+H]^ 695.3608.
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A ^^-((4,4’-(NaphthaIene-2,7-diyl)bis(l/T-l,2,3-triazoIe-4,l-diyl))bis(3,l-

phenylene))bis(3-(diethylamino)propanamide) (32)

Chemical Formula; C4 0 H4 6 N 1 0 O2  

}  Molecular Weight: 698 .8590
r—N

/  \

9 (12 mg, 0.07 mmol) was dissolved in H2 O (1.5 ml) and ‘BuOH (1.5 ml), then 61 (52 mg, 

0.20 mmol), CUSO4  (1 mg, 0.004 mmol), sodium ascorbate (7 mg, 0.04 mmol), click catalyst 

(4 mg, 0.007 mmol) and diethyl amine (26 mg, 0.35 mmol) were added, to give compound 

32 as a brown solid crude ( 8 6  mg, quantitative). Prep HPLC gave a light brown solid; H PLC  

Rt 9.10 minutes, purity 99%; mp 127-130 °C; Ôh (^/g-DMSO, 500 MHz) 10.46 (2H, s, 2 x 

N //), 9.42 (2H, s, 2 X C = C ^ , 8.61 (2H, s, 2 x A r//), 8.42 (2H, s, 2 x A r//), 8.14-8.09 (4H, m, 

4 X A r//), 7.64-7.57 (6 H, m, 4 x A r//), 2.86 (4H, t, J =  7.0 Hz, 2 x C //2), 2.63-2.58 (8 H, m, 6  

X C //2), 2.54 (4H, t, J =  7.0 Hz, 2 x C /6 ), 102 (12H, t , J =  7.0 Hz, 4 x C /6 ); ôc ((/g-DMSO, 

125 MHz) 170.12 (2 x C =0), 147.04 (2 x C=CH), 140.63 (2 x Ar-C), 136.58 (2 x A r-Q ,

132.90 (A r-Q , 132.43 (A r-Q , 130.30 (2 x Ar-CH), 128.35 (2 x A r-Q , 128.21 (2 x Ar-CH),

124.01 (2 X Ar-CH), 123.94 (2 x Ar-CH), 120.56 (2 x C=CH), 119.01 (2 x Ar-CH), 113.98 (2 

X Ar-CH), 110.47 (2 x Ar-CH), 48.68 (2 x CH2 ), 46.59 (4 x CH2 ), 33.76 (2 x CH2 ), 11.09 (4 

X CH3); H RM S m/z calc. C4oH47N,o0 2  [M + H f 699.3884, found [M+H]^ 699.3885.
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AyV-((4,4’-(Naphthalene-2,7-diyl)bis(l//-l,2,3-triazole-4,l-diyl))bis(3,l-

phenylene))bis(2-(diethylamino)acetamide) (33)

Chemical Formula; C3 8 H4 2 N1 0 O 2  

N-^ Molecular Weight: 670.8059 )
9 (20 mg, 0.11 mmol) was dissolved in H2 O (1.5 ml) and ^BuOH (1.5 ml), then 6 g (84 mg, 

0.34 mmol), CUSO4  (2 mg, 0.005 mmol), sodium ascorbate (11 mg, 0.05 mmol) and click 

catalyst ( 6  mg, 0.01 mmol) were added, to give compound 33 as a brown solid crude (126 

mg, quantitative). Prep HPLC gave a beige solid; HPLC Rt 12.06 minutes, purity 97%; mp 

97-99 °C; Ôh (^/g-DMSO, 400 MHz) 10.01 (2H, s, 2 x NiT), 9.44 (2H, s, 2 x C=CH), 8.61 

(2H, s, 2 X KrH), 8.44-8.43 (2H, m, 2 x AvH), 8.17-8.09 (4H, m, 4 x AvH), 7.82-7.80 (2H, m, 

2 X AvH), 7.68-7.65 (2H, m, 2 x AvH), 7.61-7.57 (2H, m, 2 x AvH), 3.23 (4H, s, 2 x CH2 ),

2.64 ( 8  H, quartet, J  = 7.2 Hz, 4 x CH2 ), 1.05 (12 H, t, 7.2 Hz, 4 x C //j); ôc (^/^-DMSO, 

100 MHz) 170.39 (2 x C=0), 147.13 (2 x C=CH), 139.76 (2 x A r-Q , 136.84 (2 x A r-Q ,

133.25 (A r-Q , 132.36 (A r-Q , 130.22 (2 x Ar-CH), 128.61 (2 x A r-Q , 128.36 (2 x Ar-CH), 

123.97 (2 X Ar-CH), 123.89 (2 x Ar-CH), 120.15 (2 x C=CH), 119.30 (2 x Ar-CH), 114.74 (2 

X  Ar-CH), 110.88 (2 x Ar-CH), 57.25 (2 x CH2 ), 47.81 (4 x CH2 ), 11.83 (4 x CH3); HRM S 

m/z calc. C3 8H 43N 10O2 [M+H]^ 671.3571, found [M+H]^ 671.3594.
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A^^-((4,4'-(Naphthalene-2,7-diyl)bis(Lff-l,2,3-triazole-4,l-diyl))bis(4,l-

phenylene))bis(2-(diethylamino)acetainide) (34)

Chemical Formula: C3 8 H4 2 N1 0 O2  

Molecular Weight: 670.8059

9 (20 mg, 0.11 mmol) was dissolved in H2 O (2.5 ml) and ‘BuOH (2.5 ml), then 6 j (84 mg, 

0.34 mmol), CUSO4  (2 mg, 0.005 mmol), sodium ascorbate (11 mg, 0.05 mmol) and click 

catalyst ( 6  mg, 0.01 mmol) were added, to give compound 34 as a brown solid crude (123 

mg, quantitative). Prep HPLC gave an o ff white solid; H PLC Rt 12.06 minutes, purity 97%; 

m p 127-130 °C; Ôh (^/^-DMSO, 400 MHz) 9.98 (2H, s, 2 x NH),  9.44 (2H, s, 2 x C=CH),

8.57 (2H, s, 2 X ArH), 8.14-8.08 (4H, m, 4 x ArH), 7.96-7.92 (8 H, m, 8  x ArH), 3.25 (4H, s, 

2 X CH2),  2.68-2.62 (8 H, m, 4 x CH2), 1.09-1.03 ( 1 2  H, m, 4 x CH3); ôc ((/g-DMSO, 100 

MHz) 170.02 (2 X C =0), 147.02 (2 x C=CH), 138.77 (2 x A r-Q , 133.25 (A r-Q , 132.31 (Ar- 

Q , 131.91 (2 X A r-Q , 128.61 (2 x A r-Q , 128.47 (2 x Ar-CH), 123.93 (2 x Ar-CH), 123.77 

(2 X Ar-CH), 120.54 (2 x Ar-CH), 120.22 (2 x Ar-CH), 119.95 (2 x C=CH), 57.17 (2 x CH2 ), 

47.80 (4 X CH2 ), 11.73 (4 x CH 3); H RM S m/z calc. C3 8H44N 10O2  [M+2Hf"^ 336.1824, found 

[M + 2H f+ 336.1819.
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AVV-((4,4’-(Naphthalene-2,7-diyI)bis(l/T-l,2,3-triazole-4,l-diyl))bis(4,l-

phenylene))bis(3-(diethylamino)propanainide) (35)

Chemical Formula: C4 0 H4 6 N1 0 O2  

Molecular Weight: 698.8590

9 (13 mg, 0.07 mmol) was dissolved in H2 O (1.5 ml) and ‘BuOH (1.5 ml), then 6 n (56 mg, 

0.21 mmol), CUSO4  (1 mg, 0.004 mmol), sodium ascorbate (7 mg, 0.04 mmol), click catalyst 

(4 mg, 0.007 mmol) and diethyl amine (26 mg, 0.36 mmol) were added, to give compound 

35 as a brown solid crude (83 mg, quantitative). Prep HPLC gave a light brown solid; H PLC  

Rt 12.67 minutes, purity 100%; m p (dp) 174-177 °C Ôh (̂ /<5-DMS0 , 400 MHz) 10.45 (2H, s, 

2 X NN),  9.38 (2H, s, 2 x C=C/7), 8.57 (2H, s, 2 x ArH), 8.10 (4H, broad s, 4 x ArH), 7.92 

(4H, d , J =  8 . 8  Hz, 4 x ArH), 7.84 (4H, d , J =  8 . 8  Hz, 4 x ArH), 2.82 (4H, t , J =  6.8 Hz, 2 x 

CH2), 2.57 ( 8  H, quartet, J  = 7.2 Hz, 4 x CH 2), the triplet o f the side chain is hidden 

underneath DMSO peak, 1.01 (12 H, t, J  = 7.2 Hz, 4 x CHs); dc (c/^-DMSO, 100 MHz)

170.62 (2 X C =0), 147.03 (2 x C=CH), 139.61 (2 x A r-Q , 133.29 (A r-Q , 132.35 (A r-Q ,

131.62 (2 X A r-Q , 128.66 (2 x A r-Q , 128.52 (2 x Ar-CH), 123.97 (2 x Ar-CH), 123.80 (2 x 

Ar-CH), 120.74 (2 x Ar-CH), 120.00 (2 x Ar-CH), 119.55 (2 x C=CH), 48.08 (2 x CH2 ),

46.10 (4 X CH2), 33.87 (2 x CH2), 11.49 (4 x CH 3); H RM S m/z calc. C4 0 H48N 10O2  [M+2H]^+ 

350.1981, found [M+2H]^+ 350.1979.
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7.1.7 SYNTHESIS OF THE TRI-CLICK SERIES

General procedure for the synthesis o f the tri-click series o f ligands (36-46) (Lombardo ei al., 

2010)

azide, CUSO4  Na ascorbate  
click catalyst, HNR2

H2 O, ‘BuOH, microwave 
110 “C, 15 min

N - N

R,N

1,3,5-Triethynylbenzene (1 eq) was dissolved in the appropriate volume o f solvent (50% 

H 2 O- 50% *BuOH), followed by the required azide (4 eq), then by the catalytic mixture o f 

CUSO4 ■ 5 H2 O (0.05 eq) and sodium ascorbate (0.2 eq). An extra catalyst, 

bathophenanthrolinedispufonic acid disodium salt hydrate (click catalyst, 0 . 1  eq) was added 

and in presence o f azides with n = 2, 3 (compounds 6k, 6n, 61, 6c and 6m) the reaction was 

performed in excess o f the required amine ( 6  eq), to avoid elimination. The mixture was 

heated under microwave irradiation for 15 minutes at 110° C and was monitored by LC-MS 

[Solvents: A = H2 O, 0.1% formic acid; B = CH 3CN, 0.1% formic acid. 0 min (95% A, 5% 

B), 1 min (95% A, 5% B), 3 min (50% A, 50% B), 5 min (95% A, 5% B)]. After completion, 

the reaction was filtered in vacuo and the solid obtained was dried for further purification. A 

5N aqueous NH4  solution (20 ml) was added to the aqueous phase and the solution was 

extracted with DCM (30 ml), dried (MgS0 4 ), filtered and taken to dryness in vacuo. The 

solids obtained both by filtration and extraction were purified by HPLC [(Solvents: A = H2 O, 

0.1% formic acid; B = CH 3 CN, 0.1% formic acid. 0 min (100% A, 0% B), 6  min (70% A, 

30% B), 19 min (60% A, 40% B)] to give the final compounds with purities > 95%. The 

yields were calculated measuring the integrals o f the crude LC-MS peaks.
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A ^ ^ '^ '-((4 ,4 ’,4"-(Benzene-l,3,5-triyl)tris(l^-l,2,3-triazoIe-4,l-diyl))tris(benzene-3,l-

diyl))tris(2-(pyrrolidin-l-yI)acetamide) (36)

O'
-NH

N - N

HN

NH

Chemical Formula: C4 8 H5 1 N1 5 O 3

o

Molecular Weight: 886.0172

1,3,5-Triethynylbenzene (31 mg, 0.21 mmol) was dissolved in H2 O (2 ml) and ‘BuOH (2 ml), 

then 6 e (157 mg, 0.62 mmol), CUSO4  (3 mg, 0.005 mmol), sodium ascorbate ( 8  mg, 0.04 

mmol) and click catalyst (11 mg, 0.02 mmol) were added, to give compound 36 as a brown 

solid crude (117 mg, 63%). Prep HPLC gave a white solid; HPLC Rt 10.89 minutes, purity 

95%; mp (dc) 173-175 °C; Ôh (c/ô-DMSO, 400 MHz) 10.10 (3H, s, 3 x N/7), 9.46 (3H, s, 3 x 

C=CH), 8.47-8.45 (3H, m, 3 x ArH), 8.18 (3H, s, 3 x ArH), 7.78 (3H, d, J  = 8.0 Hz, 3 x 

ArH), 7.70 (3H, d ,J =  8.0 Hz, 3 x ArH), 7.61-7.57 (3H, m, 3 x ArH), 3.36 (6 H, s, 3 x CH2),

2.67-2.65 (12H, m, 6  x CH2 ), 1.81-1.75 (12H, m, 6  x CH2 ); ôc ((/g-DMSO, 100 MHz) 169.02 

(3 X C =0), 146.70 (3 x C=CH), 139.95 (3 x A r-Q , 136.74 (3 x A r-Q , 131.62 (3 x A r-Q ,

130.11 (3 X  Ar-CH), 121.90 (3 x Ar-CH), 120.16 (3 x C=CH), 119.42 (3 x Ar-CH), 114.67 (3 

X Ar-CH), 110.98 (3 x Ar-CH), 59.26 (3 x CH2 ), 53.62 ( 6  x CH2), 23.38 ( 6  x CH2); HRMS 

m/z calc. C4 8 HS4N 1SO3 [M+3H]^+ 296.15II, found [M+3H]^+ 296.1498.
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A ^ ^ '^ '-((4 ,4 ’,4"-(Benzene-l,3,5-triyl)tris(l/r-l,2,3-triazole-4,l-diyI))tris(benzene-4,l-

diyl))tris(3-(pyrrolidin-l-yl)propanamide) (37)

o
0= /

NH

N—N

o NH

Chemical Formula: C 5 1 H5 7 N1 5 O 3  

Molecular Weight: 928.0970

1,3,5-Triethynylbenzene (13 mg, 0.09 mmol) was dissolved in H2 O (2 ml) and ^BuOH (2 ml), 

then 6m (69 mg, 0.27 mmol), CUSO4  (1 mg, 0.005 mmol), sodium ascorbate (4 mg, 0.02 

mmol), click catalyst (5 mg, 0.009 mmol) and pyrrolidine (38 mg, 0.54 mmol) were added, to 

give compound 37 as a brown solid crude (101 mg, 76%). Prep HPLC gave a brown solid; 

HPLC Rt 9.83 min, purity 100%; mp (dc) 130-133 °C; Ôh ((/g-DMSO, 400 MHz) 10.40 (3H, 

s, 3 x N //) , 9.42 (3H, s, 3 x C=C//), 8.56 (3H, s, 3 x A r//), 7.95 (6 H, d, J =  8 . 8  Hz, 6  x A rH ), 

7.85 (6 H, d ,J =  8 . 8  Hz, 6  x ArH), 2.85 (6 H, t ,J =  6.9 Hz, 3 x CH2), 2.59 (18H, m, 9 x CH2 ),

1.74 (12H, m, 6  X C /6 ); ôc (t/^-DMSO, 100 MHz) 170.08 (3 x C =0), 146.57 (3 x C=CH), 

139.51 (3 X A r-Q , 131.70 (3 x A r-Q , 131.55 (3 x A r-Q , 120.58 (3 x Ar-CH), 119.94 (3 x 

Ar-CH), 119.70 (3 x C=CH), 105.46 (3 x Ar-CH), 53.24 (3 x CHz), 51.08 ( 6  x CH2), 35.46 (3 

X  CH2 ), 22.99 ( 6  X CH2); HRMS m/z calc. C5 1H59N 15O 3 [M+2H]^^ 464.7463, found 

[M +2Hf^ 474.7451.
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AVV'^''-((4,4',4"-(Benzene-l,3,5-triyI)tris(l/r-l,2,3-triazoIe-4,l-diyl))tris(benzene-3,l-

diyl))tris(4-(pyrroIidin-l-yI)butanainide) (38)

N - N

HN

•NH

o

Chemical Formula: C 5 4 H6 3 N 1 5 O 3  

Molecular Weight: 970.1767

1,3,5-Triethynylbenzene (14 mg, 0.09 mmol) was dissolved in H2 O (2 ml) and ‘BuOH (2 ml), 

then 6 c (102 mg, 0.37 mmol), CUSO4  (1 mg, 0.005 mmol), sodium ascorbate (4 mg, 0.02 

mmol), click catalyst (5 mg, 0.009 mmol) and pyrrolidine (39 mg, 0.55 mmol) were added, to 

give compound 38 as a yellow solid crude (86.3 mg, 72%). Prep HPLC gave a yellow solid; 

H PL C  Rt 8.82 min, purity 100%; mp (dc) 128-131 °C; Ôh ((76-DMSO, 400 MHz) 10.30 (3H, 

s, 3 X 'NH), 9.46 (3H, s, 3 x C=CH), 8.61 (3H, s, 3 x ArH), 8.46 (3H, broad s, 3 x ArH), 7.65 

(6 H, d ,J =  7.7 Hz, 6  x ArH), 7.57 (3H, t ,J =  8.0 Hz, 3 x ArH), 2.56 (18H, m, 9 x CH2), 2.44 

(6 H, t , J =  7.2 Hz, 3 X CH2 ), 1.83 (6 H, quintet, J =  7.2 Hz, 3 x CH2), 1.74-1.70 (12H, m, 6  x 

CH2 ); ÔC (6/6-DMSO, 100 MHz): 171.41 (3 x C -0 ) , 146.72 (3 x C=CH), 140.56 (3 x A r-Q ,

136.77 (3 X A r-Q , 131.61 (3 x A r-Q , 130.13 (3 x Ar-CH), 121.88 (3 x Ar-CH), 120.14 (3 x 

C=CH), 118.90 (3 X Ar-CH), 114.26 (3 x Ar-CH), 110.42 (3 x Ar-CH), 54.66 (3 x CH2), 

53.27 ( 6  X CH2 ), 34.15 (3 x CH2 ), 23.57 (3 x CH2 ), 22.93 ( 6  x CH2 ); HRM S m/z calc. 

C5 4H6 5N 1SO3 [M+2H]^+ 485.7697, found [M +2H f 485.7684.
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-((4,4\4*-(Benzene-1,3,5 -tr iy l)tr !s( l^ l,2,3-tr!azole-4,l-d!yl))tns(benzene-3,l-

diyl))tris(3-(diethylamino)propanamide) (39)

/= o
HN

N—N

HN NH

) = 0  0 = \

Chemical Formula: C5 1 H6 3 N1 5 O 3  \  
Molecular Weight: 934.1446 ^

I,3,5-Triethynylbenzene (15 mg, 0.10 mmol) was dissolved in H 2 O (2.5 ml) and *BuOH (2.5 

ml), then 61 (103 mg, 0.40 mmol), CUSO4  (1 mg, 0.005 mmol), sodium ascorbate (4 mg, 0.02 

mmol), click catalyst (5 mg, 0.009 mmol) and diethylamine (43 mg, 0.59 mmol) were added, 

to give compound 39 as a brown solid crude (87.5 mg, 84%). Prep HPLC gave a light yellow 

solid; HPLC Rt 10.56 min, purity 97%; mp (dc) 131-132 °C; Ôh (^/g-DMSO, 400 MHz) 

10.49 (3H, s, 3 X NT/), 9.46 (3H, s, 3 x C=C//), 8.61 (3H, s, 3 x A r//), 8.45 (3H, s, 3 x Ar//), 

7.65 (6 H, m, 6  X KxH), 7.58 (3H, m, 3 x A r//), 2.90-2.87 (6 H, m, 3 x CHi), 2.65- 2.60 (12H, 

m, 6  X C //2), 2.57-2.54 (6 H, m, 3 x C //2), 1.03 (18H, m, 6  x C//j); ôc ((/g-DMSO, 100 MHz) 

170.50 (3 X C =0), 146.74 (3 x C=CH), 140.44 (3 x A r-Q , 136.82 (3 x A r-Q , 131.62 (3 x 

A r-Q , 130.21 (3 x Ar-CH), 121.93 (3 x Ar-CH), 120.15 (3 x C=CH), 118.91 (3 x Ar-CH), 

114.37 (3 X Ar-CH), 110.44 (3 x Ar-CH), 47.89 (3 x CH2), 46.05 ( 6  x CH2), 33.55 (3 x CH2),

II.13 ( 6  X CHs); HRMS m/z calc. CsiHgsNisOs [M+2H]^^ 467.7697, found [M+2H]^^ 

467.7679
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A ^ ^ '^ '-((4 ,4 ’,4”-(Benzene-l,3,5-triyl)tris(l//-l,2,3-triazole-4,l-diyI))tris(benzene-4,l-

diyl))tns(3-(diethylamino)propanainide) (40)

)=o
HN

% (
N— N

HN •NH

Chemical Formula: C5 1 H6 3 N1 5 O 3  

Molecular Weight: 934.1446

1,3,5-Triethynylbenzene (15 mg, 0.10 mmol) was dissolved in H2 O (2.5 ml) and *BuOH (2.5 

ml), then 6n (116 mg, 0.40 mmol), CUSO4  (1 mg, 0.005 mmol), sodium ascorbate (4 mg, 

0.02 mmol), click catalyst (5 mg, 0.009 mmol) and diethylamine (43 mg, 0.59 mmol) were 

added, to give compound 40 as a o ff white solid crude (132 mg, 94%). Prep HPLC gave an 

o ff white solid; HPLC Rt 10.07 min, purity 100%; mp (dc) 131-132 °C; Ôh (^/^-DMSO, 500 

MHz) 10.43 (3H, s ,  3 xNiT), 9.41 (3H, s, 3 x C^CH), 8.55 (3H, s, 3 x ArH), 7.95 (6 H, d ,J  = 

8.9 Hz, 6  X ArH) 7.84 (6 H, d ,J =  8.9 Hz, 6  x ArH), 2.82 (6 H, t , J =  7.0 Hz, 3 x CH2 ), 2.59- 

2.55 (12H, m, 6  X  CH2), 3 x CH2  (triplet, 6 H) o f the side chain is hidden underneath DMSO 

peak, 1.01 (18H, t , / =  7 .1H z, 6  X C / / i ) ;  ôc («^g-DMSO, 125 MHz) 170.54 (3 x C =0), 146.59 

(3 X C=CH), 139.56 (3 x A r-Q , 131.72 (3 x A r-Q , 131.53 (3 x A r-Q , 121.74 (3 x Ar-CH), 

120.63 ( 6  X Ar-CH), 119.97 (3 x C=CH), 119.67 ( 6  x Ar-CH), 48.04 (3 x CH2 ), 46.04 ( 6  x 

CH2 ), 33.83 (3 X CH2 ), 11.42 ( 6  x Œ 3); HRMS m/z ca lc . C5 1H65N 15O3 [M +2Hf+ 485.7697, 

found [M +2Hf* 485.7678.
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-((4,4\4"-(Bcnzene-l,3,5-tnyl)tr!s(l^ l,2,3-tr!azole-4,l-diyl))tns(benzene-4,l

diyI))tris(2-(pyrrolidin-l-yI)acetamide) (41)

O
-O

HN

N - N

NH

' - N

H N - ^  V

Chemical Formula: C4 8 H5 1 N1 5 O3  

Molecular Weight: 886.0172

1,3,5-Triethynylbenzene (15 mg, 0.10 mmol) was dissolved in H2 O (2.5 ml) and ^BuOH (2.5 

ml), then 6h (101 mg, 0.40 mmol), CUSO4 (1 mg, 0.005 mmol), sodium ascorbate (4 mg, 

0.02 mmol) and click catalyst (5 mg, 0.009 mmol) were added, to give compound 41 as a 

beige solid crude (93 mg, 75%). Prep HPLC gave a white solid; H PLC  Rt 9.31 min, purity 

96%; mp (dc) 127-130 °C; 0» ((/g-DMSO, 500 MHz) 10.05 (3H, s, 3 x NTT), 9.43 (3H, s, 3 x 

C=CH), 8.56 (3H, s, 3 x ArH), 7.96 (6 H, d, 9.1 Hz, 6  x ArH), 7.93 (6 H, d, 9.1 Hz, 6  x 

ArH), 3.34 (6 H, s, 3 x CH2 ), 2.65 (12H, m, 6  x CH2 ), 1.78 (12H, m, 6  x CH2); ôc ((/g-DMSO, 

125 MHz) 168.90 (3 x C =0), 146.61 (3 x C-CH ), 139.04 (3 x A r-Q , 131.79 (3 x A r-Q , 

131.71 (3 X A r-Q , 121.75 (3 x Ar-CH), 120.45 (3 x C=CH), 120.23 ( 6  x Ar-CH), 119.96 ( 6  x 

Ar-CH), 59.30 (3 x CH2), 53.62 ( 6  x CH2 ), 23.38 ( 6  x CH2 ); H RM S m/z calc. C4 gH52N , 5 0 3  

[M +H f 886.4377, found [M+H]* 886.4388.
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A yV '^ '-((4 ,4 ’,4’’-(Benzene-l,3,5-triyl)tris(l/r-l,2,3-triazole-4,l-diyl))tris(benzene-3,l-

diyl))tris(2-(piperidin-l-yl)acetamide) (42)

NH

N - N

NH

HN

Chemical Formula: C 5 1 H5 7 N1 5 O3  

Molecular Weight: 928.0970

1,3,5-Triethynylbenzene (15 mg, 0.10 mmol) was dissolved in H2 O (2.5 ml) and *BuOH (2.5 

ml), then 6 f  (107 mg, 0.40 mmol), CUSO4 (1 mg, 0.005 mmol), sodium ascorbate (4 mg, 0.02 

mmol) and click catalyst (5 mg, 0.009 mmol) were added, to give compound 42 as a beige 

solid crude (89 mg, 96%). Prep HPLC gave a white solid; H PL C  Rt 10.14 min, purity 96%; 

m p (dc) 148-151 °C; Ôh (de-DMSO, 500 MHz) 10.03 (3H, s, 3 x N //), 9.48 (3H, s, 3 x 

C=CH), 8.62 (3H, s, 3 x ArH), 8.47-8.45 (3H, m, 3 x ArH), 7.80-7.78 (3H, m, 3 x ArH) 7.72- 

7.70 (3H, m, 3 X ArH), 7.62- 7.59 (3H, m, 3 xA rH ), 3.15 (6 H, s, 3 x CH2 ), 1.63-1.58 (12H, s, 

6  X CH2), group o f  6  CH2  o f pyrrolidine hidden underneath DMSO peak, 1.44-1.43 (6 H, m, 3 

X CH2); ÔC ((/g-DMSO, 125 MHz) 169.10 (3 x C=0), 146.72 (3 x C=CH), 139.88 (3 x A r-Q ,

136.78 (3 X  A r-Q , 131.6 (3 x A r-Q , 130.15 (3 x Ar-CH), 121.91 (3 x Ar-CH), 120.19 (3 x 

C=CH), 119.39 (3 X Ar-CH), 114.72 (3 x Ar-CH), 110.91 (3 x Ar-CH), 62.60 (3 x CH2 ), 

53.99 ( 6  X CH2 ), 25.31 ( 6  x CH2), 23.44 (3 x CH2 ); H RM S m/z calc. C5 1H59N 15O3 

[M +2H f’"464.7463, found 464.7455.
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A yV '^ '-((4 ,4 ’,4’’-(Benzene-l,3,5-triyl)tris(l/T-l,2,3-triazole-4,l-diyI))tris(benzene-3,l-

diyl))tris(2-(diethylamino)acetamide) (43)

NH

N - N

NH

HN

q

N

Chemical Formula: C4 8 H5 7 N 1 5 O3  

Molecular Weight: 892 .0649

1,3,5-Triethynylbenzene (17 mg, 0.11 mmol) was dissolved in H2 O (2.5 ml) and ‘BuOH (2.5 

ml), then 6 g (110 mg, 0.45 mmol), CUSO4  (1 mg, 0.005 mmol), sodium ascorbate (5 mg, 

0.024 mmol) and click catalyst ( 6  mg, 0.01 mmol) were added, to give compound 43 as a 

beige solid crude (98 mg, 93%). Prep HPLC gave a white solid; H PL C  Rt 9.75 min, purity 

95%; m p (dc) 128-130 °C; Ôh (üfg-DMSO, 500 MHz) 9.99 (3H, s, 3 x N //), 9.48 (3H, s, 3 x 

C=CH), 8.61 (3H, s, 3 X A r//), 8.45 (3H, X,J=  2.0 Hz, 3 x A r//), 7.84-7.82 (3H, m, 3 x Ar//), 

7.71-7.70 (3H, m, 3 X A r//), 7.61-7.58 (3H, m, 3 x A r//), 3.22 (6 H, s, 3 x C //2 ), 2.67-2.62 

(12H, m, 6  X  C //2) 1.07-1.04 (18H, m, 6  x CH3); ôc (ûf^-DMSO, 125 MHz) 170.46 (3 x 

C =0), 146.72 (3 X C=CH), 139.77 (3 x A r-Q , 136.81 (3 x A r-Q , 131.66 (3 x A r-Q , 130.21 

(3 X Ar-CH), 121.92 (3 x Ar-CH), 120.24 (3 x C=CH), 119.32(3 x Ar-CH), 114.73 (3 x Ar- 

CH), 110.84 (3 X Ar-CH), 57.28 (3 x CH2), 47.81 ( 6  x CH2), 11.85 ( 6  x CH3); HRM S m/z 

calc. C4 8 H59N 15O3 [M+2H]^+ 446.7463, found [M+2H]^* 446.7446.
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A ^ ^ '^ '-((4 ,4 ',4”-(Benzene-l,3,5-triyl)tris(l//-l,2,3-triazole-4,l-diyI))tris(benzene-4,l-

diyl))tris(2-(piperidin-l-yl)acetamide) (44)

N-

Ç o
HN

b
N - N

NH

Chemical Formula: C 5 1 H5 7 N1 5 O3

Molecular Weight: 928.0970

1,3,5-Triethynylbenzene (27 mg, 0.11 mmol) was dissolved in H2 O (2.5 ml) and ‘BuOH (2.5 

ml), then 6 i (183 mg, 0.78 mmol), CUSO4  (2 mg, 0.009 mmol), sodium ascorbate (7 mg, 

0.034 mmol) and click catalyst (9 mg, 0.02 mmol) were added, to give compound 44 as a 

light brown solid crude (146 mg, 93%). Prep HPLC gave a light orange solid; H PL C  Rt 9.31 

min, purity 95%; m p (dc) 148-151 °C; Ôh (<7 <5-DMS0 , 500 MHz) 9.96 (3H, s, 3 x 'NH), 9.43 

(3H, s, 3 X C=CH), 8.56 (3H, s, 3 x ArH), 7.97 (6 H, d , J =  9.0 Hz, 6  x ArH), 7.92 (6 H, d ,J  = 

9.0 Hz, 6  X ArH), 3.13 (6 H, s, 3 x CH2), group o f 6  CH2  o f piperidine hidden underneath 

DMSO peak, 1.61-1.58 (12H, m, 6  x CH2), 1.45-1.37 (6 H, m, 3 x C //2); ôc (^/é-DMSO, 125 

MHz) 168.91 (3 X C = 0), 146.62 (3 x C=CH), 138.92 (3 x Ar-C), 131.83 (3 x A r-Q , 131.72 

(3 X A r-Q , 121.77 (3 X  Ar-CH), 120.48 (3 x C=CH), 120.19 ( 6  x Ar-CH), 119.96 ( 6  x Ar- 

CH), 62.56 (3 X CH2 ), 53.99 ( 6  x CH2), 25.32 ( 6  x CH2 ), 23.45 (3 x CH2); H RM S m/z calc. 

C5 iH59N , 5 0 3  [M+2H]^* 464.7463, found [M+2H]^+464.7446.

24 9



-((4,4\4"-(BG nzene-l,3,5-tnyl)tris(lj^l,2,3-triazole-4,l-diyl))tns(benzene-4,l

diyl))tris(2-(diethylamino)acetaniide) (45)

N-

:0

HN

V\ //
\ - N

HN NH

C hem ical Formula: C4 8 H5 7 N 1 5 O 3

Molecular W eight: 8 9 2 .0 6 4 9

1,3,5-Triethynylbenzene (16 mg, 0.11 mmol) was dissolved in H2 O (2.5 ml) and ‘BuOH (2.5 

ml), then 6 j (106 mg, 0.43 mmol), CUSO4 (1 mg, 0.005 mmol), sodium ascorbate (4 mg, 

0.021 mmol) and click catalyst ( 6  mg, 0.01 mmol) were added, to give compound 45 as a 

beige solid crude (1 14mg, 93%). Prep HPLC gave a pale yellow solid; HPLC Rt 9.89 min, 

purity 95%; mp (dc) 133-135 °C; ôh (<^6-DMS0, 500 MHz) 9.93 (3H, s, 3 x 'NH), 9.44 (3H, 

s, 3 X C=CH), 8.60 (3H, s, 3 x ArH), 7.97 (6 H, d , J =  9.2 Hz, 6  x ArH), 7.94 (6 H, d , J =  9.2 

Hz, 6  X ArH), 3.21 (6 H, s, 3 x CH2), 2.63 (12H, quartet, J  = 1 A Hz, 6  x CH2 ), 1.05 (18H, t, J  

= 7.1 Hz, 6  X C //3); ÔC ((4-DMSO, 125 MHz) 170.14 (3 x C =0), 146.60 (3 x C=CH), 138.75 

(3 X A r-Q , 131.83 (3 x Ar-C), 131.69 (3 x A r-Q , 121.74 (3 x Ar-CH), 120.44 (3 x C-CH ),

120.13 ( 6  X Ar-CH), 119.91 ( 6  x Ar-CH), 57.26 (3 x CHi), 47.74 ( 6  x CH2), 11.78 ( 6  x CH3); 

HRMS m/z calc. C4 8H58N 15O3 [M+H]* 892.4847, found [M+H]^ 892.4823.
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-((4,4\4"-(Benzene-l,3,5-triyl)tr:s(l^l,2,3-tr!azole-4,l-d!yl))tris(benzene-3,l-

diyI))tris(3-(pyrrolidin-l-yl)propanamide) (46)

N—N

NH
0= \

Chemical Formula: C51H57N15O3 ^
Molecular Weight: 928.0970

1,3,5-Triethynylbenzene (33 mg, 0.22 mmol) was dissolved in H2 O (2.5 ml) and ‘BuOH (2.5 

ml), then 6 k  (224 mg, 0.86 mmol), CUSO4  (3 mg, 0.01 mmol), sodium ascorbate ( 8  mg, 0.04 

mmol), click catalyst (12 mg, 0.02 mmol) and pyrrolidine (94 mg, 1.32 mmol) were added, to 

give compound 46 as a brown solid crude (202 mg, 81%). Prep HPLC gave a pale yellow 

solid; H PL C  Rt 9.86 min, purity 98%; m p (dc) 131-132 °C; 0» (ds-DMSO, 500 MHz) 10.46 

(3H, s, 3 X N /^ , 9.46 (3H, s, 3 x C=CH), 8.61 (3H, s, 3 x ArH), 8.46 (3H, s, 3 x ArH), 7.70- 

7.62 (6 H, m, 6  X ArH), 7.60-7.56 (3H, s, 3 x ArH), 2.90-2.70 (6 H, m, 3 x CH2), 2.68-2.54 

(18H, m, 9 X CH2 ), 1.75-1.65 (12H, m, 6  x CH2 ); ôc (^/^-DMSO, 125 MHz) 170.28 (3 x 

C =0), 146.75 (3 X C=CH), 140.46 (3 x A r-Q , 136.81 (3 x A r-Q , 131.62 (3 x A r-Q , 130.22 

(3 X Ar-CH), 121.93 (3 x Ar-CH), 120.17 (3 x C=CH), 118.93 (3 x Ar-CH), 114.39 (3 x Ar- 

CH), 110.44 (3 X Ar-CH), 53.26 (3 x CH2 ), 51.07 ( 6  x CH2 ), 35.48 (3 x CH2 ), 23.01 ( 6  x 

CH2); H RM S m/z calc. Cs.HsgNisOs [M + H f 928.4847, found [M+H]+ 928.4829.
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1 2  FRET METHODS (Moses et a l,  2010)

Sequences preparation.

All oligonucleotides were purchased from Eurogentec (Belgium) and used without any 

further purification. Analyses were performed on the following oligonucleotides:

F21T: 5’-F^M-GGGTTAGGGTTAGGGTTAGGG-L4MiM-3’

Ckit-1: 5’-FytM-AGAGGGAGGGCGCTGGGAGGAGGGGCT-r/tM7M-3’

Ckit-2: 5 ’-F.^M-CCCGGGCGGGCGCGAGGGAGGGGAGG-L4MM-3 ’ 

ds: 5 ’-FMM-TATAGCTATA-/ffiG-TATAGCTATA-E4MiL4-3’

Where HEG is a hexaethyleneglycol linker [(-CH2 -CH2 -0 -)6 ] to make the hairpin loop, 

TAMRA (6 -carboxytetramethylrhodamine) is the acceptor fluorophore, FAM (6 - 

carboxyfluorescein) is the donor. The sequences were stored at -20 °C as 20 pM stock 

solutions in water. The oligonucleotides were annealed as 400 nM (2X) stock solutions in 

FRET buffer (potassium cacodylate 60 mM, pH = 7.4; cacodylic acid purchased from Sigma, 

UK), heating at 85 °C for 10 minutes, then slowly cooling to room temperature. The final 

concentration o f  the DNA in the FRET plate was 200 nM.

Sample preparation and measurement

The drugs were stored at 4 °C as 10 mM stock solutions in DMSO. The original stocks were 

first diluted with a 1 mM aqueous solution o f HCl to 1 mM concentration, and the further 

dilutions were performed in FRET buffer, in order to obtain 2X stock solutions o f the final 

concentrations. The experiments were performed in 96 well plates (MJ Research, Waltham, 

MA). Briefly, each well was loaded with 50 pi o f the 400 nM DNA solution, together with 

either 50 pi o f the 2X stock solutions o f the drug in FRET buffer (final volume per well = 

100 pi), or 50 pi o f  FRET buffer for the blank. All the measurements were taken on a DNA 

Engine Opticon (MJ Research) with excitation at 450-495 nm and detection at 515-545 nm. 

Fluorescence readings were taken at intervals o f 0.5 °C over the range 30-100 °C; a constant 

temperature was maintained for 30 seconds prior to each reading. All the experiments were 

performed in triplicate. The raw data were imported into the program Origin (version 7.0,
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OringinLab Corp.), where the curves were smoothed with a 1 0  point running average, then 

normalised. The melting temperatures were evaluated as the maxima o f the first derivative o f 

the normalised curves, using a script.

7.3 ELECTROSPRAY MASS SPECTROMETRY METHODS (Lombardo et a l ,  2010) 

Thanks to Dr. Valérie Gahelica fo r  the information reported here.

General methods.

All the oligonucleotides were purchased from Eurogentec (Belgium) and used without any 

further purification. The sequences analysed were: duplex (dCGCGAATTCGCG): (MW= 

7354.8), Telo-22 (d[AGGG(TTAGGG)s] ) (MW = 6966.6) and TG4T ([dTG4 T]4 ) (MW = 

7639). The sequence Te (dTô) (MW = 1763.2) was used in all the injections as an internal 

standard. The DNAs were annealed as 50 pM stock solutions in 150 mM ammonium acetate 

buffer (obtained by dilution o f a 5 M solution, molecular biology grade from Fluka), heating 

to 90 °C for 10 minutes, then slowly cooling down to room temperature. The annealed 

solutions were stored at 4 °C for at least 24 hours before the use. The final concentration o f 

all the oligonucleotides in each sample was 5 pM, except for the standard T^, whose 

concentration was 2 pM. The drugs were stored at 4 °C as 10 mM stock solutions in DMSO 

and were diluted in ammonium acetate 150 mM buffer to the required concentrations. 10 % 

MeOH was added to all the samples prior to the injection to improve the quality o f the signal.

ESI-MS studies were conducted on a Q-TOF Ultima Global mass spectrometer (Waters, 

Manchester, UK). All samples were infused at 4 pL/min in the electrospray source that was 

operated in negative ion mode (capillary voltage = -2.2 kV). Temperatures o f ESI source and 

nitrogen desolvation gas were 40 °C and 60 °C, respectively. The pressure o f the source was 

3.45 mbar. For each sample MS spectra were recorded using different sets o f acceleration 

voltages: cone voltage was varied from 50 to 100 V; RF Lens 1 voltage was varied from 50 

to 125 V; collision energy (acceleration voltage before the collision hexapole) was always set
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to 10 V. The lowest voltages give the softest source condition at the chosen source pressure, 

and have been used, for example, to preserve the ammonium cations inside the Telo-22 G- 

quadruplex. The voltage range described above did not determine the dissociation o f the 

ligand-DNA complexes.

Determination o f the equilibrium dissociation constants (ATh) o f the 1:1 complex between the 

Telo-22 DNA sequence dA GG GtTTAG GO i and the ligands

To determine the KdS o f ligand binding to the telomeric G-quadruplex Telo-22, ESI-MS 

spectra o f mixtures o f reference Te (2 pM) + 5 pM Telo-22 + 5 or 10 pM ligand were 

recorded. The reference was added to control that the sum o f intensities o f free and bound 

quadruplex was constant. As this is the case, it could be assumed that the response factors o f 

the free and bound quadruplex are equal, and the peak areas were used to calculate the 

concentration ratios, as explained on pages 44 and 45.

The data were recorded at a cone voltage o f 50 V, and three different RF lens voltages (75V, 

lOOV and 125 V). The spectra shown consisted in a sum o f at least 150 scans, processed as 

follows using MassLynx 4.0 software: smoothing (2 x mean, 20 channels), background- 

subtraction (polynomial order = 10, 1% below curve). For peak area determination, the 

spectra were converted to centroid.

Competition experiment

For the competition experiment, the mixtures injected contained 5 pM o f duplex 

(dCGCGAATTCGCG)2 , 5 pM  o f intramolecular telomeric quadruplex dAGGG(TTAGGG)3 , 

5 pM o f tetramolecular quadruplex [dTGGGGT]4 , 10 pM of ligand, and 2 pM o f single 

strand Te which is added as an intensity reference. The data were recorded at 3 different sets 

o f  voltages: [cone 50 V, RF lens 60 V]; [cone 100 V, RF lens 60 V]; [cone 100 V, RF lens 

100 V]. The spectra shown consist in a sum o f at least 150 scans, processed as follows using 

MassLynx 4.0 software: smoothing (2 x mean, 8  channels), background-subtraction
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(polynomial order = 50, 1% below curve). For peak area determination, the spectra were 

converted to centroid.

Each day, a spectrum of the mixture without ligand was recorded, and the areas o f the peaks 

o f DNA (DNA stands for the duplex or one o f the quadruplexes) and the peak o f the 

reference strand were recorded. The experiments were then conduced with each ligand at 10 

pL and the peak areas are measured. The data presented in main text is the fraction o f  free 

duplex or quadruplex after ligand addition, which was calculated as follows:

Fraction f r e e  DNA =  (7.1)

The fraction o f free DNA is therefore deduced solely from the peak areas o f the free species.

7.4 CIRCULAR DICHROISM METHODS (Lombardo et a l,  2010)

Thanks to Dr. Tam Bui fo r  the information reported here.

The oligonucleotide was synthesised in house by Anthony Reszka in this group. The DNA 

was stored at -20 °C as stock in DNAase-free water and it was further diluted in the required 

buffer (sodium phosphate 100 mM, pH = 7.4; potassium phosphate 100 mM, pH = 7.4).

Compound 46 was stored at 4 °C as a 10 mM stock solution in DMSO. The original stock 

was first diluted with a 1 mM aqueous solution o f HCl to 1 mM concentration, and the 

further dilutions were performed in the required buffer.

Two different experiments were performed:

a) titration o f pre-annealed DNA with the ligand;

255



b) study o f DNA annealed in the presence o f the ligand.

a) A 2.2 pM solution o f DNA in the required buffer was heated at 85 °C, and then gradually 

cooled to room temperature. To this annealed DNA the appropriate volumes o f ligand 46 in 

the required buffer were added and the spectra at ratios DNAidrug from 1:0 to 1:6 were 

immediately collected (for the 1 : 0  ratio the relevant buffer was used instead o f the drug).

b) The appropriate volume o f ligand 46 in the required buffer was added to a 2.2 pM DNA 

solution in the same buffer, in order to obtain DNA:drug ratios from 1:0 to 1:6 (for the 1:0 

ratio the relevant buffer was used instead o f the drug).

These mixtures were heated at 85 °C, and then gradually cooled to room temperature. These 

solutions were then used directly in subsequent analyses.

Simultaneous UV & CD spectra were measured on the Applied Photophysics Ltd 

(Leatherhead, UK) Chirascan Plus spectrometer. The UV absorbance & CD spectra were 

acquired between 400-220 nm in a rectangular 10 mm and 1 mm pathlength cell. The 

instrument was flushed continuously with nitrogen throughout the measurements. Spectra 

were recorded with a 1 . 0  nm step size, a 1 . 0  s measurement time-per-point and a spectral 

bandwidth o f 2 . 0  nm.

All spectra were buffer baseline corrected and measured at 20 °C. All CD spectra were 

smoothed using the Savitzky-Golay method with a window factor o f 4 for a better 

presentation.
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7.5 CELL CULTURE

Thanks to Dr. Sarah Welsh fo r  the information on renal cells reported here.

MCF-7 human breast cancer, A549 human lung cancer, and WI38 human fibroblast cells 

were obtained from the American Tissue Type Collection (Manassas, VA, USA). Human 

renal cell carcinoma RCC4 cells and RCC4/VHL, into which the wild-type von-Hippel 

Lindau gene (pVHL) had been transfected, were obtained from the European Collection o f 

Cell Cultures (Salisbury, UK) (Clifford et al., 2001). Cells were grown in humidified 95% 

air, 5% CO2 , at 37°C in Dulbecco’s MEM (Gibco, Invitrogen, UK) (MCF-7, A549, RCC4 

and RCC4/VHL cells) or RPMI (Gibco, Invitrogen, UK) (WI38 cells) supplemented with 

10% foetal bovine serum (Biosera, UK), 1% essential amino acids (GIBCO, Invitrogen, UK), 

2 mM L-glutamine, and 0.5 pg/ml hydrocortisone (Acros Organics, UK), in addition to 

1 mg/ml G418 for the RCC4 and RCC4/VHL cells. Cells were sub-cultured every 3 to 4 days 

by washing with phosphate buffered saline (Gibco, Invitrogen, UK), followed by 

tripsinisation (Gibco, Invitrogen, UK) and re-seeding into fresh medium adjusting the initial 

cell density to approximately 1 x 1 0  ̂ cells/ml.

7.6 SULFORHODAMINE B ASSAY (Skehan et a l ,  1990)

Incubation.

The assay was used to measure cell growth. In a 96 well plate (Nunc, Denmark) the required 

number o f  cells was seeded in 160 pi o f the appropriate media and incubated overnight at 37 

°C. The drugs were stored at 4 °C as 10 mM stock solutions in DMSO.

a) Mono and di-click series.

The number o f cells seeded was 4000 cells/well for MCF7 and WI38, and 2000 cells/well for 

A549, RCC4 and RCC4VHL.
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The original 10 mM stocks o f drugs in DMSO were first diluted with a 1 mM aqueous 

solution o f HCl to 1 mM concentration, and further dilutions were performed in the required 

cell culture media.

Then 40 pi o f the 5X stock solutions o f the drug were added to the cells, which were 

incubated for 96 hours. For positive and negative controls 40 pi o f media was added instead. 

The experiments were performed in quadruplicate.

b) Tri-click series.

The number o f cells seeded was 10000 cells/well for MCF7 and WI38 and 4000 cells/well 

for A549. The original 10 mM stocks o f the drugs in DMSO were further diluted in HBSS 

(Gibco, Invitrogen, UK) to the required concentrations. The media was removed from the 96 

well plates and each well was washed once with HBSS (200 pi). The cells were then seeded 

for four hours in the different stocks o f drug in HBSS (200 pi). Positive and negative controls 

were only exposed to HBSS. After four hours the supernatant was removed, the wells were 

rinsed once with HBSS (200 pi), then the cells were incubated for the remaining 92 hours in 

media. The experiments were performed in quadruplicate.

Plate staining and reading.

After 96 hours the plates were emptied and the cells fixed with 10% trichloroacetic acid 

solution (10 g TCA in 100 ml H2 O, 160 pi per well; Sigma-Aldrich, UK) for 30 minutes in 

ice. The supernatant was then removed and the plates were washed five times with distilled 

water and dried at 60 °C for at least one hour. Once dry, the plates were stained for 15 

minutes with sulforhodamine B (0.4% stain in 1% acetic acid w/v, 80 pi per well; Sigma- 

Aldich, UK), except for the well containing the negative control.

The excess o f SRB was then removed with 1% acetic acid (160 pi per well). The plates were 

thoroughly wiped and dried at 60 °C for at least 30 minutes.

The dye was extracted with 10 mM Tris base (100 pi per well, shaking for 10 minutes; 

Sigma-Aldrich, UK) for determination o f optical density in a computer-interfaced, 96-well
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microtiter plate reader (Anthos 2010, Anthos Labtec, Austria) at 540 nm. Data was detracted 

o f the negative control experiment, then normalised to the value o f 1 0 0  for the positive 

control experiment. IC5 0  values were obtained as the concentration o f drug required for a 

reduction o f 50% in the absorbance intensity

7.7 SHORT TERM CELL GROWTH IN HBSS

10000 cells/well for MCF7 and WI38 and 4000 cells/well for A549 in the required media 

were seeded in a 96 well plate and incubated overnight at 37 °C. The supernatant was 

subsequently removed, the wells were rinsed with HBSS and the cells were exposed to only 

HBSS for 4, 9, 15, 19 and 24 hours. The wells were then emptied and the HBSS was replaced 

with media, where cells remained in incubation for an overall o f 96 hours. The samples were 

then stained as previously described for the SRB assay and the percentage o f cell growth was 

evaluated in analogy with the I C 5 0 .

7.8 LONG TERM STUDIES

a) Mono-click series (Gunaratnam et al., 2007).

On day one 10^ cells (MCF7) were seeded in a 75 cm^ cell culture flask (Greiner Bio One, 

UK) in 10 ml o f  Dulbecco’s MEM, then the drug was added in the required concentration 

and the cells were incubated. The vehicular control was always treated with only media. The 

drug was prepared from 10 mM stock solutions in DMSO, diluting to I mM in 1 mM 

aqueous HCl, then performing further dilutions in media. Cells were re-treated twice per 

week, on day three and day five. On day one o f  week two cells were counted and re-seeded as 

described above. The population doubling was calculated as reported on page 140.
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b) Tri-click series.

On day one 10  ̂ cells (MCF7) were seeded in a 75 cm^ cell culture flask (Greiner Bio One, 

UK) in 10 ml o f Dulbecco’s MEM and incubated overnight at 37 °C. On day two the flask 

was emptied and rinsed once with 20 ml o f HBSS, then cells were exposed for four hours to 

different solutions o f the drug in HBSS, while HBSS vehicular control was exposed to only 

HBSS, and media vehicular control was only exposed to media. After that time, the drug was 

replaced by media in all the samples. This procedure was repeated on day four  and six (for 

the three exposures per week experiment), or on day five  (for the two exposures per week 

experiment). Cells were re-seeded on day one o f week two and the population doubling was 

evaluated as previously described.

7.9 TRAP-LIG ASSAY (Gunaratnam et al., 2009)

Thanks to Dr. Mekala Gunaratnam fo r  the information reported here.

Inhibition o f telomerase activity in vitro, or following long-term exposure to compound 46 

was measured using the TRAP-LIG modified telomere repeat amplification protocol assay 

(Reed et al., 2008). Protein (1000 ng) from A549 cells treated for one week with three 

exposures o f compound 46 was incubated with master mix containing the TS forward primer 

(0.1 pg 5'-AAT CCG TCG AGC AGA GTT-3'), TRAP buffer (20 mM Tris-HCl [pH 8.3], 6 8  

mM KCl, 1.5 mM MgCE, 1 mM EGTA, 0.05% v/v Tween-20), bovine serum albumin (0.05 

pg), and dNTPs (125 pM each), protein extract (500ng/sample) diluted in lysis buffer (10 

mM Tris-HCl, pH 7.5, 1 mM MgCli, I mM EGTA,0.5% CHAPS, 10% glycerol, 5 mM p- 

mercaptoethanol, 0.1 mM AEBSF).

The telomerase elongation step was carried out for 10 min at 30 °C, followed by 94 °C for 5 

min and a final maintenance o f the mixture at 20 °C. Elongated products were purified using 

QIA quick nucleotide purification kit (Qiagen) according to the manufacturer's instructions. 

The purified samples were freeze-dried and then re-dissolved in PCR-grade water at room 

temperature prior to the amplification step. Purified telomerase extended samples were then
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subject to PCR amplification. For this, a second PCR master mix was prepared consisting of 

ACX reverse primer (1 pM; 5 -GCG CGG [CTTACCJs CTA ACC-3'), TS forward primer 

(0.1 pg; 5'-AAT CCG TCG AGC AGA GTT-3'), TRAP buffer, BSA (5 pg), 0.5 mM dNTPs 

and 2U o f TAQ  polymerase (RedHot, ABgene, Surrey, UK). An aliquot o f lOpl o f the master 

mix was added to the purified telomerase extended samples and amplified for 35 cycles o f 94 

°C for 30 sec, at 61 °C for 1 min and 72 °C for 1 min. Samples were separated on a 12% 

PAGE and visualised with SYBR green (Aldrich) staining. Gels were quantified using a gel 

scanner and gene tool software (Sygene, Cambridge, UK). Intensity data were obtained by 

scanning and integrating the total intensity o f each PCR product ladder in the denaturing 

gels. Drug treated samples were normalised against positive control containing untreated 

protein only. All samples were corrected for background by subtracting the fluorescence 

reading o f  the negative control.

7.10 SENESCENCE

The experiment was conducted following the instructions o f the manufacturer (Senescence (3- 

galactosidase staining kit, Cell Signalling Technology, MA, USA). The A549 cell line 

employed in this experiment was involved in a one week long term exposure to compound 

46, twice per week, at 5, 10 and 15 pM drug concentrations. Briefly, 10  ̂cells were seeded in 

a six well plate (Nunc, Denmark) and were incubated in medium overnight at 37 °C. The 

medium was removed, rinsing twice with IX PBS solution ( 2 x 2  ml, Gibco, Invitrogen, 

UK), then cells were fixed with freshly prepared fixative solution (1 ml, 2% formaldehyde, 

0.2% gluatraldehyde in IX PBS) for 15 minutes at room temperature. The supernatant was 

removed and the wells washed twice with IX  PBS ( 2 x 2  ml). The staining solution provided 

(lOX) contained 400 mM citric acid/sodium phosphate (pH = 6.0), 1.5 M NaCl, 20 mM 

MgCl and was diluted with distilled water, to obtain a IX solution. X-gal was instead 

provided as a solid, and 20 mg was dissolved in 1 ml o f DMF (X-gal 20X stock). After 

fixation, each well was treated with 1 ml o f  a staining mix containing: 930 pi staining 

solution IX, 10 pi o f the 500 mM potassium ferricyanide provided; 10 pi o f the 500 mM
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potassium ferrocyanide provided, and 50 pi o f X-gal 2OX stock. The plate was incubated 

with the mix overnight at 37 °C. Cells were then checked under a microscope at 200X total 

magnification, to observe development o f a blue colour for senescent cells.
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Mono-click series



Mono-click series

Ô (o.m.P)

(o,m,p) H

NRj' n' Subst' NR2 n Subst
10 pyr 2 P- dimeth 2 P-
11 pyr 3 m- dimeth 2 P-
12 pyr 2 P- dimeth 2 m-
13 pyr 3 P- dimeth 2 m-
14 pyr 2 m- dimeth 2 m-
15 pyr 2 P- pyr 2 m-
16 pyr 3 P- pyr 2 m-
17 pyr 2 m- pyr 3 m-
18 pyr 2 P- pyr 3 P-
19 pyr 3 P- pyr 2 P-
20 pyr 2 m- pyr 2 m-
21 pyr 2 m- pyr 2 P-
22 pyr 2 P- pyr 3 m-
23 pyr 3 m- pyr 2 P-
24 pyr 3 m- pyr 3 m-
25 pyr 3 P- pyr 3 m-
26 pyr 2 0- pyr 2 0-

FRET results at 5^M drug concentration

F21TATm PCI Ckit-1 ATm PCI Ckit-2 ATm m ds ATm PCI
10 8.1 3.0 7.4 0.3
11 10.6 5.1 9.3 0.7
12 12.9 9.3 13.8 2.2
13 11.0 6.4 11.1 0.8
14 11.2 6.3 11.7 0.6
15 10.9 5.7 11.8 1.7
16 12.2 6.4 13.2 2.2
17 14.2 9.6 14.6 1.3
18 10.8 6.7 11.8 2.2
19 10.3 6.3 11.3 1.6
20 12.0 5.8 13.2 1.0
21 12.7 7.3 13.6 2.7
22 12.3 5.2 11.3 0.5
23 11.1 4.8 10.5 0.7
24 14.2 9.7 16.8 1.5
25 14.5 10.4 14.2 0.9
26 9.1 9.2 15.4 1.3

All the ICgQ values

MCF7 A549 Mia PaCa-2 PANC-1 HPAC RCC4 RCC4VHL WI38

10 2.9 ± 0 .1 1.7 ± 0 .3 2.7 ± 0 .2 3.1 ± 0 .4 3.5 ± 0 .1 2.6 ± 0 .5 2.3 ±  0.8 27.7 ± 0 .1

11 35.8 ± 0 .2 35.7 ± 0 .1 n/a n/a n/a n/a n/a 44.8 ±  0.5

12 2.3 ±  0.4 4.3 ± 0 .2 n/a n/a n/a n/a n/a 15 .0± 0 .1

13 24.6 ± 0 .1 33.6 ± 0 .2 n/a n/a n/a n/a n/a > 5 0

14 34.3 ± 0 .3 20.0 ± 0 .1 n/a n/a n/a n/a n/a 42.1 ± 0 .6

15 16.6 ±  0.5 8.8 ± 0 .3 n/a n/a n/a n/a n/a 19.2 ± 0 .4

16 14.7 ± 0 .1 14.7 ± 0 .4 n/a n/a n/a n/a n/a 30.2 ±  0.2

17 23.7 ± 0 .7 20.0 ± 0 .1 38.0 ± 0 .5 45.4 ± 0 .5 > 5 0 n/a n/a > 5 0

18 1.4 ± 0 .4 2.5 ± 0 .1 n/a n/a n/a n/a n/a 44.8 ± 0 .1

19 3.9 ± 0 .3 3.6 ± 0.4 2.8 ± 0 .3 4.0 ± 0 .2 1 1 .1 ± 0 .2 31 ± 3 .5 4 1 ± 6 .1 43.8 ± 0 .7

20 10.2 ± 0 .6 10 .2± 0 .1 10.6 ±  0.6 19.0 ± 0 .2 35.0 ± 0 .4 n/a n/a > 5 0

21 3 .U 0 .1 3.0 ± 0 .3 n/a n/a n/a n/a n/a 32.9 ± 0 .3

22 8.4 ± 0 .2 8.6 ± 0 .1 n/a n/a n/a n/a n/a > 5 0

23 5.5 ± 0 .5 4.4 ± 0 .3 12.0 ± 0 .6 13.9 ± 0 .3 35.0 ± 0 .7 n/a n/a > 5 0

24 13.5 ± 0 .2 15.7 ± 0 .2 > 5 0 > 5 0 > 5 0 n/a n/a > 5 0

25 16 .0± 0 .1 13.8 ± 0 .8 n/a n/a n/a n/a n/a > 5 0



Di-click series



Di-click series

NR: n Subst
27 pip. 1 m-
28 pyr 2 m-
29 pyr 1 m-
30 pyr 1 P-
31 pyr 2 P-
32 dieth 2 m-
33 dieth 1 m-
34 dieth 1 P-
35 dieth 2 P-

FRET results at 5fiM drug concentration

F21T ATmPCl Ckit-1 ATm 1°C1 Ckit-2 ATm T O ds ATm PC]
27 5.1 1.2 4.5 0.6
28 30.8 41.9 37.8 4.8
29 11.0 : 14.0 0.8 _
30 2.9 1.6 # 5.5 0.1
31 18.2 21.5 23.7 3.8

32 31.0 23.6 39.2 5.8

33 7.7 1.5 6.6 1.8

34 1.8 0.2 2.4 0.0

35 25.3 18.2 15.7 3.0

All the IC5Q values

MCF7 A549 RCC4 RCC4-VHL WI38

27 >100 >100 2.6±0.2 2.7±0.3 10.3±0.2

28 30.0 ± 7 .5 76.0 ± 3 .8 4.2±0.7 6.8±0.5 9.8±0.9

29 > 100 72.0 ± 2 .9 3.2±0.3 2.4±0.4 2.9±0.9

30 > 1 0 0 80.5 ± 4.6 5 .U 0 .6 6.4±0.9 25±2.2

31 8.1 ± 0 .7 17.0 ± 4 .5 2.5±0.2 2.6±0.2 2.5±0.2

32 21 .0± 1.6 29.0 ± 2 .5 1.6±0.4 2.7±0.3 8.5±0.4

33 63.0 ±  6.7 60.0 ± 5 .5 1.4±0.4 2.6±0.3 3.2±0.6

34 100 ± 3 .8 > 1 0 0 22±2.6 26±2.6 30±3.0

35 9.2 ± 0 .2 7.6 ±  0.5 1.9±0.3 2.4±0.2 2.5±0.2



Tri-click series



Tri-click series

NR;

N— N (m ,p )

R,N. NR;

(ra.p) H(m,p)
ESI-MS data

NR: n Subst

36 pyr 1 m-

37 pyr 2 P-
38 pyr 3 m-

39 dieth 2 m-

40 dieth 2 P-
41 pyr 1 P-
42 pip 1 m-

43 dieth 1 m-

44 pip 1 P-
45 dieth P-
46 pyr 2 m-

K,

36 6 ± 0 .5 9

37 70.7 ± 5 4 .1 8

38 35.3 ± 8 .51

39 5 ±  19.19

40 99.7 ±  1.54

41 49.2 ± 25.63

42 2 5 1.3± 127.03

43 3 ±  0.60

44 76.9 ± 1 2 .3

45 32.4 ± 4 .8 8

46 4.9 ± 1 .2 7

All the ICgQ values TRAP-Lig assay

MCF7 A549 WI38

39 > 5 0 > 5 0 > 5 0

46 > 5 0 24.0 ± 0 .2 > 5 0

ECso |HM|

39 5

46 2.49


