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Abstract
Analogues of distamycin which retain the parent ligand’s ability to bind in the DNA 

minor groove with sequence specificity are widely recognised as potential candidates for 

drug development. Distamycin binds to DNA with significant, albeit not complete, AT 

specificity, spanning five base pairs. Its pyrrole rings can partially accommodate the bulky 

guanine C2 -NH2 groups in the minor groove especially at the edges of the binding site, thus 

leading to some tolerance of GC base pairs.

A key objective of this project was to modify a portion of the distamycin structure 

by substituting its N-terminal pyrrole(-4yl)formamido unit with novel biaryl motifs in an 

attempt to enhance the AT specificity of the parent ligand. In order to achieve this, solution 

and solid phase combinatorial approaches were adopted and parallel libraries synthesised 

using a variety of heterocycles as building blocks. Solid phase combinatorial chemistry, 

performed on Mimotope Lanterns™, was employed to accelerate the synthesis of 

polyamides. A protocol for the assembly of the polyamide chain was successfully 

developed, and Library 3.1 and 3.2 compounds (3.1a-f and 3.2a>f) were prepared rapidly 

and efficiently. FRET-based DNA melting experiments revealed that some of these 

molecules are capable of stabilizing a DNA-hairpin oligonucleotide.

Library members synthesized in solution phase (2.3a-g) were screened against a 

512-member hairpin-DNA oligonucleotide library, containing all possible (non-degenerate) 

sequences in order to identify recognition events. This screen was based on the ethidium 

bromide displacement assay reported by Boger, and revealed that enhanced AT sequence 

selectivity had been achieved with some molecules. In particular, a compound containing 

the pyrazole-thiazole motif (2,3{5.16}) was found to bind to AT-rich sequences more 

selectively than distamycin. This result was confirmed by quantitative DNA footprinting 

experiments using two different DNA fragments in which 2.3(5.76} was shown to bind to 

TATA sequences with greater selectivity than distamycin, which bound to additional AT- 

containing sites. Some studies have also been carried out on the synthesis of novel 

lexitropsins (4.1a-c) specifically designed to target GC sequences.

In summary, the results obtained have demonstrated the usefulness of biaryl 

building blocks in modifying the sequence selectivity of minor-groove binding agents, and 

lay the foundation for third generation compounds spanning up to five base pairs and 

designed to have specific recognition of individual bases within their binding site span.
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Abbreviation

AT Adenine-Thymine
bp base pair
DCM Dichloromethane
D ie V,V’-Diisopropylcarbodiimide
DMSO Dimethylsulphoxide
DNA Deoxyribonucleic acid
EtBr Ethidium Bromide
ES Electrospray
FID Fluorescent Intercalator Displacement
Fu Furan
GC Guanine-Cytosine
HOBt 1 -Hydroxybenzotriazole
Hp Hydroxypyrrole
HPLC High Pressure Liquid Cromathography
HRMS High Resolution Mass Spectrometry
Hz Hydroxybenzimidazole
Im Imidazole
LCMS Liquid Chromatography Mass Spectrometry
pw Microwave
MS Mass-Spectrometry
NMR Nuclear Magnetic Resonance
PDA Photo Diode Array
PIP Piperidine
Py Pyrrole
Pz Pyrazole
RAM Rink Amide linker
RNA Ribonucleic acid
RT Retention Time
SAR Structure-Activity Relationship
TATA Goldstein-Hogness box
TBP TATA Binding Protein
TF Transcription Factor
TFA Trifluoroacetic acid
Thz Thiazole
TLC Thin Layer Chromatography
TOF Time of Light
UV Ultra Violet
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Introduction

1.1 DNA: a molecular target for anticancer agents

A variety of therapeutic strategies are currently available for the treatment of malignant 

tumours. If the tumour mass is discrete and located at an accessible site, surgical 

removal is the treatment of choice. This is followed by localised radiotherapy to destroy 

tumour cells which might remain at the borders of the excision site. When a tumour 

mass is not discrete, as for example in leukaemia, or when it has metastasized, 

chemotherapy is the elective method of treatment. In this case, single or multiple 

chemical agents are utilised in order to control cell proliferation either by inhibiting cell 

growth or by inducing apoptosis (Thurston, 2007). These compounds, usually small, 

seem to be particularly useful in tumours with raised rates of proliferation, which are 

sensitive to agents blocking DNA replication and transcription (Hurley, 2002).

Cancer therapeutic agents can be catalogued, with respect to their mechanism of action, 

into different classes: antimetabolites, antimitotic antibiotics, immunological agents, 

radiosensitizers, hormones and DNA-interactive agents. The latter can be further 

divided into three sub-classes.

(1) The alkylating agents, which react with the DNA bases to form covalent bonds (i.e., 

nitrogen mustards, cis-platin, anthramycin, temozolomide). These agents, except for 

anthramycin, which shows minor groove preference, bind in the DNA major groove, 

notably at N7 or 0 6  of guanine. (2) The intercalator agents, which are generally flat, 

fused aromatic or heteroaromatic molecules. These molecules bind non-covalently to



DNA, with modest sequence selectivity, by fitting and stacking between the base pairs 

(i.e., actinomycin, anthracyclines).

(3) The third category is represented by DNA non-covalent minor groove binding 

agents, which are oligoaromatic cations with a common crescent-like elongated 

molecular shape maintaining isohelicity with the DNA helix. These agents bind 

specifically in the minor groove of the DNA helix through a combination of hydrogen 

bonding to the N3 of adenines and 0 2  of thymines, van der Waals forces and 

hydrophobic interactions (i.e., netropsin, distamycin, Hoechst 33258).

Chemotherapy is often correlated with a high rate of patient morbidity, due to the fact 

that the major drug families used in this form of cancer treatment show a limited 

selectivity and can damage DNA in a non-specific manner.

The anticancer drugs, in fact, induce unselective growth inhibition and death, both in 

neoplastic and highly proliferative normal tissues. This toxicity restricts the therapeutic 

index of the anticancer agents used, resulting in only slight difference between the 

effective treatment dose and lethal dose. Furthermore, some patients can experience 

drug resistance, whereby a sub-population of tumour cells escapes the effects of the 

cytotoxic drugs. In recent years the aim of novel anticancer strategies has been to refine 

the selectivity and delivery of therapeutic agents whilst minimising associated systemic 

toxicity (Neidle & Thurston, 2004). For this reason, there has been a considerable 

interest in the design of new DNA-interactive agents, such as the DNA minor-groove 

binding agents, whose rationale is not only to increase DNA specificity and to reduce 

systemic toxicity, but also to modulate the expression of genes associated with genetic 

disease, including cancer. However, to achieve this goal an understanding of DNA 

structure is essential.



1.2 The structure of DNA

DNA occurs in the nucleus of eukaryotic cells, encoding the genetic information of an 

entire organism. It is a flexible macromolecule consisting of two right-handed 

polynucleotide helical chains running in opposite directions to form a double-stranded 

helix. The latter can be right or occasionally left-handed, adopting different forms (A- 

DNA, B-DNA, C-DNA, D-DNA and Z-DNA) depending on the chemical environment. 

However, B-DNA is the most common form in the eukaryotic cells. Each chain 

comprises a deoxyribose pentose sugar and a phosphate group joined through 3 '-end 5'- 

linkages. Purine (adenine, A or guanine, G) or pyrimidine (thymine, T or cytosine, C) 

bases are attached through a glycosidic bond to each sugar unit (Figure 1.1).

5-end
NHz

^  Adenine

O
O -P -0 -II

O
-O- o

NH Guanine

-  N ^ N ^ N H 2

3'- 5' 
phosphodiester 
internucleotide 

linkage

O -P -0

O -P -0

O -P -0

NH Thymine

N "O
NH,

N Cytosine 

N '^ O

N-glycosidic bond

O
0 - P “ 0'~^

O 3 '-end

Figure 1.1 A tetranucleotide sequence showing phosphodiester and glycosidic linkages.



These base pairs are responsible for holding two chains together via hydrogen bonding. 

Adenine forms two specific hydrogen bonds with thymine while guanine forms three 

hydrogen bonds with cytosine (Figure 1.2).

MAJOR GROOVE SIDE

D A

\
H

/

\  \ \

/ \ \
MINOR GROOVE SIDE

Figure 1.2 A schematic view of the hydrogen bonds formed between the bases of the 

Watson-Crick base pair (dashed lines). The diagram also shows the potential hydrogen bond 

donating (D) and accepting (A) functional groups at the edges of A:T and G:C base pairs in the 

major and minor groove (coloured arrows).

In the predominant and most stable intracellular form of DNA, B-DNA, the base pairs 

are rotated by 36° with respect to each adjacent pair, so there are 10 base pairs per 

helical turn and each base pair is separated by 3.4 Â. This structure gives rise to two 

well-defined channels known as the major groove and minor groove. The floor of each 

groove is comprised of the edges of consecutive base pairs running along the helical 

axis, whilst the two sugar phosphate backbones form the walls on either side.



The major groove is 11.7 A in width and 8.8 A  in depth, whereas the minor groove is 

only 5.7 Â in width and 7.5 Â in depth (Figure 1.3).

2 nanometers

Major
groove

Minor
groove

Figure 1.3 Major and Minor Grooves in DNA B-Form. The major groove is depicted in 

orange, and the minor groove in yellow. The carbon atoms of the backbone aie shown in white 

(adapted from Berg J. M.; Timoczko, J. L.; Stryer L. BIOCHEMISTRY, Fifth edition, 2002).

Both grooves contain numerous functional groups protruding from the edges of the base 

pairs running along the groove floor. Therefore, a number of hydrogen bond donating 

and accepting (Figure 1.2) functional groups are available for interactions with either
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DNA-binding proteins or small molecular ligands, such as naturally occurring and 

synthetic antibiotics.

The wider major groove is richer in information, defined by the larger proportion of 

donor and acceptor sites, compared to the minor groove. Thus, the majority of 

regulatory proteins bind selectively by forming hydrogen bonds predominantly into the 

major groove (Berg & Hippel, 1988). However, this rule is not obeyed by some 

important regulatory proteins, such as RNA polymerases and TATA binding protein 

(TBP) that utilise the minor groove as a binding site.

In contrast, the floor of the minor groove offers fewer protein recognition sites and its 

narrower dimensions allow a preferential association with many small DNA-interactive 

ligands, which may require electrostatic interactions, notably van der Waals forces and 

hydrophobic interactions, in order to bind to DNA (Zimmer et al., 1986).



1.3 TATA-binding protein (TBP) and eukaryotic RNA 

polymerases

Transcription of rRNA, mRNA and small RNAs in eukaryotic cells is achieved by RNA 

polymerases 1, II and III. This process requires the intervention of additional proteins, 

the general transcription factors, which bind to promoter sites usually on the 5 '-side of 

the gene to be transcribed (Geiduschek, 1992). One transcription factor that is present at 

promoters used by all three RNA polymerases is the TATA-binding protein (TBP) 

(Figure 1.4).

T B P '

Figure 1.4 TATA binding protein c-terminal domain (adapted from Alberts A., Bray D., 

Lewis J.; Raff M.; Roberts K.; Watson J. D. THE MOLECULAR BIOLOGY OF THE CELL, 

Third edition, 1994).

TBP binds specifically into the DNA minor groove recognizing an alternating thymine 

and adenine residue-containing sequence, the TATA box (Goldberg-Hogness box) that 

is found approximately 25-30 base pairs upstream of the transcription site in some 

eukaryotic gene promoters (Komberg, 2007). TBP is a subunit of TFIID, a general 

transcription factor that, along with a variety of TBP-associated factors (TFIIA, TFIIB,

7



TFIIF), makes up part of the RNA polymerases pre-initiation complex (Lee & Young, 

1998). As one of the few proteins in the pre-initiation complex that binds DNA in a 

sequence-specific manner, TBP helps position RNA polymerases over the transcription 

start site of the gene (Figure 1.5).

start of tra n s c rip tio n
TATA box

TBP-TFIID

TFIIB

TFIIF o th e r  fac tors

TFIIE

o - R N A  p o lv m e ra s e  II
TFIIH

ATP

h UTP. ATP 
CTP, GTP

TRANSCRIPTIO N BEGINS

Figure 1.5 Assembly of the general transcription factors required for the initiation of 

transcription by RNA polymerase II (reproduced from Alberts et al., 1994).

When TBP binds to a TATA box within the DNA, it distorts the DNA inducing a 90° 

bend by inserting amino acid side chains between base pairs, partially unwinding the 

helix and doubly kinking it (Whittington et a!., 2008). The distortion is accomplished



through a large amount of surface contact between the protein and the DNA. The sharp 

bend in the DNA is produced through projection of bulky phenylalanine residues into 

the minor groove. The strain imposed on the DNA through this interaction initiates 

melting or separation of the strands, which, in this region, are rich in adenine and 

thymine and more easily separated (only two hydrogen bonds between adenine and 

thymine are formed compared to three for guanine and cytosine).

Separation of the two strands exposes the bases and allows the polymerases to begin the 

transcription of the gene (Komberg, 2007) (Figure 1.6).

Figure 1.6 Model of the RNA polymerase II-TBP-TFIIB-DNA complex. C-terminal 

region of TFIIB (pink), TBP (green), TATA-box containing DNA (red/white/blue), RNA 

polymerase II (grey). The views shown at the left and right are related by a 90° rotation about an 

axis, as indicated by the arrow (reproduced from Komberg, 2007).



1.4 Targeting DNA using small molecules

Small molecules can interact with DNA through a variety of molecular mechanisms as 

summarised in Figure 1.7, and may involve either irreversible or reversible binding, as 

reviewed by Hurley (Hurley, 2002). Chemical agents can bind irreversibly to DNA 

through covalent interactions. Depending on the number of functional groups, these 

agents can elicit a wide range of base modifications in both grooves of the DNA.

Single 
stiantl break

Figure 1.7 A schematic view  o f  the general mechanisms o f  DNA binding and induced damage by 

small DNA-interactive ligands (adapted from Hurley, 2002).

Mono-functional agents may form single adducts by alkylating single bases. This occurs 

in the case of the prodrug temozolomide (Stevens, 1984), whose active component, the 

methyldiazonium ion, is responsible for the méthylation of electron donors within DNA
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nucleotides, mainly the 0 6  and N7 positions of guanine, but also the N1 and N3 of 

adenine and the N3 of cytosine (Denny et aL, 1994).

On the other hand, bifunctional ligands can extend their interaction over more than one 

base pair to create cross-links (intrastrand or interstrand). Single strand breaks can also 

occur, being introduced into the DNA by a number of mechanisms, including oxygen 

radicals. Small molecular ligands may also bind non-covalently to the DNA. In this 

case, reversible electrostatic interactions, such as van der Waals forces, hydrogen 

bonding and hydrophobic interactions are involved. Intercalation and groove binding 

are the main forms of non-covalent interaction with DNA. Intercalation occurs when 

flat, aromatic compounds are inserted between stacked base pairs, causing a local 

deformation of the DNA helix, which stiffens and unwinds in order to accommodate the 

intercalator. Some potent antitumor agents form complexes with the DNA primarily 

intercalating between bases, inserting, at the same time, part of their structure in the 

minor groove. For example some anthracycline antibiotics, such as daunomycin and 

adriamycin, primarily intercalate, but also place their bulky oligosaccharide groups into 

the minor groove. Non-covalent groove binding, as mentioned, occurs via electrostatic 

interactions, which are sensitive to distance. Thus binding can depend on the three- 

dimensional shape of the ligand, and so groove-binding is favoured by small ligands 

which fit neatly into the DNA groove. Isohelicity (i.e., an inherent helical shape) of 

ligands with respect to the curvature of the DNA helix also facilitates insertion into 

either the major or minor grooves of DNA.

11



1.5 Minor groove: factors affecting recognition

Whilst complex and elaborate macromolecules, such as control proteins, preferably bind 

in the major groove of the DNA, many small molecules, including xenobiotics less than 

1000 Da in size, usually bind in the minor groove, probably due to optimized van der 

Waals interactions in this more narrow groove. This phenomenon may have resulted 

from the evolutionary adaption of some prokaryotic species to produce antibiotics 

capable of disrupting the protein-DNA interactions of competing organisms (Reddy & 

Lown, 2001). Therefore, considering its relative lack of occupancy by control proteins, 

the minor groove of DNA represents a more-indirect site of attack that can lead to subtle 

changes in the 3-dimensional structure of the helix, thus interfering with functions such 

as transcription.

There are many factors contributing to the molecular recognition in the minor groove. 

These include the ligand charge, shape, flexibility, chirality and stereochemistry, as well 

as the presence and disposition of hydrogen bond donors and acceptors. A critical 

requirement for ligands, especially for recognition of 14-16 base pairs or more, is the 

“phasing”, that is, the spatial correspondence between the repeating units of the ligand 

and corresponding interacting DNA bases (Lown et aL, 1994).

Many naturally occurring non-covalent binding ligands show general AT selectivity. 

One possible explanation of this behaviour is provided by analysing the structural 

features of the minor groove. A large number of minor groove binders are positively 

charged (Dervan, 2001; Neidle, 2001; Bailly and Chaires, 1998), and these cationic 

species strongly interact with the significant negative charge potential near the bottom 

of the minor groove in the AT-rich regions (Pullman & Pullman, 1981). Conversely, for 

GC-regions, the deepest negative potential well is associated with the major groove.

12



The minor groove floor is formed from the base pair edges which provide a convex 

surface. This is complemented by the crescent-like shape of many minor groove 

binders. As a consequence, the shape dependence is strongly affected by altering the 

chirality of portions of the ligands, with racemates often demonstrating poor binding.

The stereochemistry of functionality within the groove-binding ligands, along with their 

ability to accept or donate hydrogen bonds, determines, once the groove binders are 

positioned in the groove, their alignment alongside specific base pairs. For example, the 

protrusion of the guanine C2 -NH2 groups into the minor groove may cause severe steric 

hindrance to ligand binding, thus inducing an AT binding preference. Also, the minor 

groove within AT-rich sequences is narrower than for GC-rich sequences. Ligands, 

snugly inserted in the narrower environment provided by polyA.polyT stretches, can 

more closely associate with the groove floor and walls. This tight contact permits other 

electrostatic interactions, such as van der Waals forces and hydrophobic interactions to 

be introduced, further stabilising hydrogen bonds by shortening their distances.

However, as DNA is relatively flexible, it can also accommodate some bulky ligands 

within its structure. Sometimes, these molecules are able to bind despite causing major 

distortion to the local DNA structure. For example, trabectidin (ET-743) is a marine 

natural product recently licensed as a DNA-interactive antitumour agent, which is 

composed of eight rings and has a molecular weight of 781.64 g/mol, but still manages 

to bind in the DNA minor groove (Corey et a l, 1996; Roylance et a l, 2007).

Other ligands which bind exclusively in the minor groove in a non-covalent manner 

only cause minor distortion due to their small size and isohelicity with the DNA helix. 

This class of agents includes naturally occurring antibiotics, such as distamycin 1.1 and 

netropsin 1.2, and related synthetic molecules of analogous molecular structure, such as

13



the diarylamidines (e.g., berenil 1.3) and bis-benzimidazoles (e.g., Hoechst 33258 1.4, 

Hoechst 33342 1.5) (Figure 1.8).

©J]
NH

HoN' HN

'NH

O

K Ï O

1.1

HgN

h n "
NH

O
/ O

1.2

H,N

HN

2 ^
NH

NH

r \
N'

O

N. cN

HoN

1.3 Hoechst 33258 1.4, R=H, 
Hoechst 33342 1.5, R=CH 2 CH 3

Figure 1.8 Examples of well-known DNA minor-groove non-covalent binding agents.

Berenil (1.3) is an aromatic diamidine (Jensch, 1955) which has both trypanocidal and 

bactericidal activity, and is used in veterinary medicine for the treatment of 

trypanosomiasis (Newton, 1975). It exhibits high affinity for AT-rich sequences 

(Wierenga, 1991) and spans three DNA base pairs (ATT). The bis-benzimidazole 

derivatives, Hoechst 33258 (1.4) and Hoechst 33342 (1.5), are part of a family of 

fluorescent stains used for labelling DNA in fluorescence microscopy. Hoechst 33258 

(1.4) is an AT-selective binder, spanning four to five base pairs (Harshman and Dervan,

1985). Hoechst 33342 (1.5), in which the terminal phenoxy moiety is alkylated, exhibits 

greater cytotoxicity compared to its analog, due to a superior ability to permeate cell 

membranes and reach its DNA target (Finaly and Baguley, 1990).
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1.6 Distamycin and netropsin. Sequence-specific DNA 

minor groove binders

Distamycin (Dis) 1.1 and netropsin (Net) 1.2 are naturally occurring antibiotics 

originally derived from the Streptomyces species S. netropsis (Finlay et aL, 1951) and S. 

distallicus (Arcamone, 1964), respectively. The drugs consist of an N-terminal 

guanidinium (Net) or formyl group (Dis), followed by two (Net) or three (Dis) N- 

methylpyrrole carboxamide units, and a C-terminal propylamidinium group (Figure 

1.8). These compounds have shown potent biological effects, exhibiting both 

anti tumour and antiviral activities (Arcamone, 1993). They were arguably the first 

agents discovered to bind selectively to AT-rich sequences in the minor groove of 

DNA. Early studies of the interactions of netropsin with the simple polymers 

polyA.polyT and poly d(A.T) demonstrated a strong selectivity for AT base pairs 

(Zasedatelev et aL, 1974; Zimmer et a/., 1979). The binding preference was thought to 

be limited to AT tracts due to protrusion of the guanine C2-NH2 group into the minor 

groove, causing a steric clash with the A-methylpyrrole C3-hydrogen and thus 

preventing binding to GC-rich regions (Wartell et aL, 1974) (Figure 1.9). The fact that 

the C2 -NH2 group appears to constitute a critical “negative” recognition element for the 

binding of small molecules, including netropsin and distamycin, has now been 

unambiguously demonstrated using DNA molecules in which that group has been either 

deleted from guanines (e.g., inosine) and/or added to adenines (Bailly et aL, 1993, 1995; 

Waring & Bailly, 1994). Various footprinting methodologies, examining a wide variety 

of AT-rich sequences, has confirmed the AT preference and further demonstrated that 

netropsin and distamycin target four and five base pairs, respectively (Van Dyke & 

Dervan, 1982; Lane t t  aL, 1983; Fox & Waring, 1984; Portugal & Waring, 1987) with
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preferential binding at 5-A ATT-3' and 5'-AAATT-3' compared to alternating AT 

sequences (Kopka et aL, 1985a, 1985b; Coll et al., 1987, 1989). Extensive 

crystallographic and NMR studies of netropsin (Coll et aL, 1989; Kopka et aL, 1985a, 

1985b) and distamycin (Coll et aL, 1987; Klevit et aL, 1986; Pelton & Wemmer, 1988) 

have allowed detailed elucidation of the mechanism of binding of these small ligands.

Adenine Thymine Guanine Cytosine

Hydrogen 
bond acceptor 
Adenine N3 |

Hydrogen 
bond acceptor 
Thymine 02

Hydrogen || 
bond acceptor eB 
Guanine N3 W

Hydrogen 
bond 
acceptor 
Cytosine 02

Hydrogen

MINOR GROOVE SIDE

Figure 1.9 Schematic diagram showing the protrusion o f  the guanine CZ-NH; group into the minor 

groove as indicated by the dashed box. The available hydrogen bond donors and acceptors in the minor 

groove are also detailed. Van der Waals interactions may also take place between the ligand and base 

protons such as adenine C2-hydrogen (dashed circle).

As cationic molecules, they are initially attracted by the negatively charged phosphate 

backbone of DNA. Subsequently, their crescent-shaped geometry and planar molecular 

structure allow them to follow the curvature of the DNA helix, inserting tightly into the 

minor groove (Berman et aL, 1979; Patel, 1982; Kopka et aL, 1985a, 1985b). The
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cationic ends of the molecules are then positioned deep within the groove, an area of 

high negative electrostatic potential, with the carboxamide groups of the ligands 

oriented toward the groove floor thus enabling close contact between the pyrrole rings 

and the base edges. Here the amidic hydrogens of the Af-methylpyrrolecarboxamide 

units form bifurcated hydrogen bonds with N3 of adenines and 0 2  of thymines (Coll et 

al., 1987) in AT stretches thus providing the correct orientation for strong van der 

Waals interactions with the groove walls (Figure 1.10). As a result, the pyrrole rings 

stack into the minor groove with their hydrogens deeply inserted in the channel and not 

allowing space for any guanine CZ-NH] groups associated with GC base pairs.

CHj

K. ■CH2
H,N-

NH

N-3
0-2N-3

0-2 N -3 H 
0-2 1

A-T

Figure 1.10 Representation of the binding of netropsin to DNA (adapted from Bailly & 

Chaires, 1998). Arrows indicate hydrogen bonding from donor to acceptor, while dashed lines 

indicate close van der Waals non-bonded contacts between the ligand and the DNA.

Thermodynamic studies later provided exhaustive information concerning the 

mechanism of groove binding. The interaction is now thought to be driven by a number 

of entropie and enthalpic factors based on a combination of van der Waals interactions,
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hydrogen bonding and hydrophobic interactions, including the displacement of water 

molecules from the minor groove which provides part of the binding energy for this 

process (Marky et a l ,  1987; Rentzeperis et a i ,  1995). Therefore, the general 

mechanism of binding may be hypothetically divided into at least two steps, as shown 

schematically in Figure 1.11. First, the minor groove binder undergoes a hydrophobic 

transfer from solution into the DNA minor groove. If the groove binder is positively 

charged, the condensed counterions that surround the DNA will be released. Second, 

once in the minor groove, specific molecular interactions may then form, including van 

der Waals attractions and hydrogen bonds.

1  V -

+ ) - )
) -  Ï

Figure 1.11 Schematic representation of the hypothetical mechanism of minor groove 

binding of small non-covalent ligands. Step One: A groove binding agent is transferred from 

solution into the minor groove. If the agent is charged, counterions previously bound to DNA 

will be released. Step Two: Once in the minor groove, the agent may participate in a number of 

molecular interactions including hydrogen bonding and van der Waals attractions (adapted from 

Bailly, 1998).



Although the detailed energetics of groove binding interactions have yet to be fully 

elucidated, it is useful to consider the following elements. When a bimolecular complex 

is formed between a ligand and duplex DNA, a significant amount of disfavourable 

entropie energy affects the system. This is the result of a loss of rotational and 

translational degrees of freedom as two reactants (counting duplex DNA as a single 

reactant) form a single complex. Other favourable contributions may then balance the 

raised entropie energy. For example, the hydrophobic transfer process of the ligand 

from solution to the groove channel, together with DNA counterion release and the 

formation of non-bonded molecular interactions between the ligand and DNA will all 

play a crucial role in balancing and overcoming the entropie penalty. Therefore, the 

stability of the final complex will be a balance of a variety of favourable and 

disfavourable energy contributions in the multistep reaction pathway (Bailly, 1998).
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1.7 Lexitropsins or information-reading oligopeptides

In the last two decades the synthesis of a number of structural derivatives of distamycin 

and netropsin has been undertaken by several research groups in an effort to explore 

their strong minor groove binding and base-pair recognition properties.

A key hypothesis to be explored was whether it may be possible to modify the structure 

of the natural ligands to change their AT specificity to a GC preference. It was 

anticipated that through this approach it may eventually be possible to design analogs 

with mixed sequence-recognition properties potentially useful for targeting certain gene 

sequences (e.g., oncogenes) for therapeutic purposes (Kopka et al., 1985b; Lown et al.,

1986). In particular, Lown and co-workers extensively exploited this concept and 

synthesised a large number of distamycin/netropsin-based analogs which they termed 

“lexitropsins” or “information-reading oligopeptides” (Lown, 1988). Molecules of this 

type have also become known as “polyamides” due to their repeating peptide linkage. 

The overall intention was that sequence-reading molecules might recognize specific 

DNA sequences with a binding affinity equivalent to native DNA-binding control 

proteins, thus allowing the possibility of artificial regulation of gene expression.

1.7.1 The development o f GC recognition

The design strategy employed to generate lexitropsins was to introduce GC-recognition 

elements in the original netropsin structure. To this end, one or more of its N- 

methylpyrrole rings was substituted with alternative heterocycles capable of 

accommodating the guanine Cl-NHz group which protrudes into the minor groove and 

obstructs the access of ligands to the floor of the groove (Kopka et al., 1985b; Lown et
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a i,  1986). Aromatic heterocycles introduced in the new molecules included imidazole, 

triazole, pyrazole, furan, pyridine, oxazole and thiazole, all with their, or one of their, N 

atoms directed into the groove (Figure 1.12).

Thiazole Furan

S inward

Pyrazole

Thiazole

N inward

ImidazoleN H ;

HzN

Thiophene

Triazole'

— C;

Oxazole Pyridine

Figure 1.12 Schematic diagram of a hypothetical “Lexitropsin”. Representation of the use 

of putative “GC recognition” heterocycles in a hypothetical polyamide (adapted from Bailly & 

Chaires, 1998). Hydrogen bonding is indicated with solid aiTow.
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Eventually, it emerged that imidazole was the most favourable candidate heterocycle for 

GC recognition because it was able to fit alongside guanine in the minor groove 

enabling the formation of a hydrogen bond between the guanine Cl-NHz group (it is the 

only H donor in the minor groove) and the imidazole nitrogen (Kopka et a l, 1985b; 

Lown et a l, 1986). Thus, imidazole was utilised to replace the guanine-excluding N- 

methylpyrrole ring of netropsin in a library of dicationic netropsin-derived analogues 

(Figure 1.13b) (Lown et a l, 1986). Although these analogues exhibited an increased 

acceptance of GC-rich base pairs, footprinting studies indicated that they, nevertheless, 

retained some attraction for AT regions. In order to decrease the tolerance for AT base 

pairs tracts which have a strong negative electrostatic potential (Lavery & Pullman, 

1985), a series of analogues was designed which contained two imidazole rings with a 

non-polar N-terminal “neutral” formyl group instead of the charged cationic 

guanidinium group. This resulted in monocationic diimidazole molecules more-closely 

related to the distamycin structure (Krowicki & Lown, 1987). Again, footprinting 

experiments demonstrated that the methodical substitution of the A-methylpyrrole ring 

with imidazole produced an increased GC selectivity (Kissinger et a l, 1987). However, 

high field ^H-NMR studies later revealed that the monocationic diimidazole lexitropsin 

1.6 (Figure 1.13c) in fact bound the 5 -CCAT-3' motif of the decadeoxyribonucleotide 

sequence 5 -CiA2T3G4G5C6C7A8T9G 10-3 ' with the N-terminus oriented at the 5 -end and 

with the C-terminus positioned above the 3 -thymine (Lee et a l,  1988a). Steric clashes 

between the hydrogen atoms in the C-terminal methylene chain of diimidazole 

polyamide and the guanine C2 -NH2 group was thought to be responsible for alignment 

of the C-terminus over the 3 -thymine rather than over the GC base pairs. Subsequent 

synthesis of the monocationic lexitropsin 1.7 with a truncated methylene chain (Figure 

1.13d) enabled GC recognition at the C-terminus. These results demonstrated that the
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3 '-AT base pair recognition by lexitropsin 1.6 was dictated by the strong van der Waals 

interactions between the C-terminus methylene chain and the DNA (Lee et ciL, 1988b).

(a)
.  NH?

(b)
NH2

INTRODUCTION OF IMIDAZOLES

NHz
X = C H ,Y  = N, n = l( T v /m )
X = N, Y = CH, n = 1 (ImPy)
X = N, Y = N, n = 1 (Imlm)
X = N, Y = N, n = 2 {Imlmlm)

(c)

REPLACEMENT 

OF N-TERMINAL GUANIDINIUM  

WITH AN N-TERMINAL  

FORMAMIDO GROUP

NH2

(d)
TRUNCATION OF C-TERMINAL  

METHYLENE

NHs

NH2

Figure 1.13 The concept of GC-recognition development in distamycin/netropsin-like molecules 

showing the evolution of (a) netropsin into (b) a dicationic mono, bis and tri-imidazole, (c) a 

monocationic formamido di-imidazole 6, and (d) a truncated C-terminal formamido di-imidazole 1.7

23



Rao and co-workers expanded the scope of the lexitropsin approach by introducing the 

thiazole heterocycle to the repertoire of DNA-sequence-reading elements as a potential 

adenine discriminator. In order to evaluate the properties of thiazole-containing 

polyamides, a series of analogs was synthesized with the thiazole nitrogen atom directed 

either into or out of the minor groove (Rao et a i ,  1990a). Footprinting studies 

demonstrated that thiazole-lexitropsins can either accept or avoid GC base pair 

depending on the position of the sulphur atom. Thiazole-lexitropsin 1.8, whose thiazole 

nitrogen atoms are oriented towards the DNA minor groove floor had a tolerance for 

GC base pairs in addition to binding AT rich regions, probably due to hydrogen bonding 

between the nitrogen atom and the amino group of guanine (Rao et al., 1990b). In 

contrast, thiazole-lexitropsin 1.9, whose thiazole nitrogen atom was pointing out from 

the minor groove, exhibited a strict AT selectivity, even greater than that for the parent 

agents netropsin and distamycin (Figure 1.14). This was rationalised as resulting from a 

steric clash between the bulky thiazole sulphur atom and the C2-amino group of 

guanine, thus leading to an avoidance of GC base pairs (Kumar et at., 1990, 1991).

minor groove minor groove
NHo

HN

O

1.8

NH

NH
HN

N

O \
1.9

Figure 1.14 Structure o f thiazole-lexitropsin analogues with the thiazole nitrogen pointing 

either inward (1.8) or outward (1.9).
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To summarise, this initial lexitropsin approach based on a 1:1 complex of DNA ligand 

was successful in demonstrating that the introduction of an imidazole moiety could 

provide this type of minor groove binding agent with a degree of GC tolerance. 

However, this finding was clearly an insufficient basis on which to design analogues 

with pure GC-specificity.
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1.7.2 Distamycin'DNA 2:1 side-by-side complex

A major breakthrough for lexitropsin design strategy arose from the discovery, by 

NMR, that two molecules of distamycin could bind side-by-side cooperatively in the 

minor groove in an antiparallel head-to-tail orientation (Pelton & Wemmer, 1989). The 

observation of this 2 : 1  complex led to the design of polyamide ligands capable of 

reading structural information on both strands of the DNA helix simultaneously. Pelton 

and Wemmer reported in their seminal study that while at low concentrations 1:1 

binding is prevalent, at higher concentrations two molecules of distamycin can stack on 

top of each other with overlapping aromatic rings and amide bonds, and with each 

molecule contacting one strand of DNA. The 2:1 complex revealed a strong orientation 

preference with the N-terminal formamido group of each distamycin molecule pointing 

toward the 5 '-end of the contacted strand (Figure 1.15).

H,N

T -© — © —\
1 ,.-H N

T T ^ — G H
----

HN
NH

___
NH HN'

HN;

NHj

Figure 1.15 Schematic representation o f a 2:1 distamycin DNA complex with putative 

hydrogen bonds between the ligand molecules and DNA shown as dashed lines. Circles with 

dots represent lone pairs o f the N3 positions o f purines and 0 2  positions o f pyrimidines.
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In contrast, netropsin did not form a 2:1 complex, interacting with DNA strictly in a 1:1 

binding fashion, possibly due to repulsion of the positive charges at both ends of the 

molecule. Further analysis of this dimeric binding mode later demonstrated that the 

minor groove expands slightly to accommodate the two distamycin molecules 

associated in a 2:1 complex, leading to a distortion of the phosphate backbone (Pelton & 

Wemmer, 1990).

In light of these discoveries, it was now possible to explain the binding preference for 

two netropsin derivatives previously synthesised, l-methylimidazole-2 - 

carboxamidonetropsin (2-ImNet) 1.10 and pyridine-2-carboxamido-netropsin (2- 

PyridineNet) 1.11 (Figure 1.16a). These molecules, which consisted of either an N- 

terminal imidazole or pyridine ring followed by two N-methylpyrrole rings, were 

expected to target the sequence 5 -TGTTA-3 ' by forming a 1:1 complex (Wade & 

Dervan, 1987). However, footprinting and affinity cleavage experiments revealed that, 

rather than targeting this sequence, 2-PyridineNet (1.11) bound preferentially at two 

distinct 5 -T lT lT -3' and 5 -TGTCA-3' sites, whereas 2-ImNet (1.10) bound to a 5 -  

TGTCA-3' sequence (Wade & Dervan, 1987; Wade et a l, 1992, 1993). Structural 

characterization of the 2-PyridineNet (1.11) and 2-ImNet (1.10) binding modes later 

demonstrated that, like the parent distamycin, these compounds could bind in a 2 :1  

stacked antiparallel fashion in the minor groove. The dimeric binding mode, favouring 

alignment of the GC recognition elements, notably the imidazole N3 in 1.10 and the 

pyridine ring nitrogen in 1.11, with the hydrogens of the amino group of guanine 

enabling recognition of GC base pairs through hydrogen bonds (Figure 1.16b). The 

formation of this cooperative complex explained the preference of these netropsin 

analogues for 5 -TGTCA-3' over the anticipated 1:1 target 5 -TGTTA-3' (Mrksich et al..
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1992; Dwyer er al., 1992). For a 1:1 DNA ligand complex, the polyamide would not be 

able to differentiate between AT and GC base pairs, and would have indiscriminate 

recognition of AT versus TA bases.

(a)

I o in
‘N

O

2-ImNet (1.10)

/n
'N

O

2-PyridineNet (1.11)

ÇH3

'd^CH3

H3C

■CH,

A T

--- -"C-G

T-AJ1.10 1.10

G-Q

C-G

T A1.11

G-Gi
HN-

Figure 1.16 (a) Structure o f l-methylimidazole-2-carboxamidonetropsin (2-ImNet, 1.10)

and pyridine-2-carbidoxaminonetropsin (2-PyridineNet, 1.11) (b) Schematic representation of 

the 2:1 binding mode o f  1.10 and 1.11 with likely hydrogen bonds between the imidazole and 

pyridine nitrogen atoms and the amino groups o f guanines showed as red dashed lines.
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In the 2:1 binding mode each polyamide ligand forms close contact with a single strand 

of DNA so that each of the constituent heterocycles interacts with a single base instead 

of the centre of the base pair, thus allowing potential recognition along both strands. As 

an imidazole specifically recognizes a guanine base, the pairing of an imidazole ring 

with opposing pyrrole (Im/Py) enables GC recognition with strict AT/TA base pair 

avoidance. Thus the Im/Py and Py/lm pairs are capable of targeting GC and CG base 

pairs respectively (Wade el ciL, 1992, 1993; Mrksich et al., 1992). These findings led to 

the synthesis of the imidazole-containing homodimer 1.12 which can bind specifically 

to GCGC sequences (Figure 1.17). This was the first case of a minor groove binding 

lexitropsin specifically designed to be uniquely GC selective (Geierstanger el a i ,  1994).

CHj

NH

lA-T•NH

€ -1.12 1.12
HN,

,NH
N-------G-cr

c- HN

NH

HN-AT
HjC

CHj

Figure 1.17 Structure o f the first example o f a minor-groove binding lexitropsin specifically  

designed to be GC selective.
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Numerous footprinting and structural studies of lexitropsins containing Im/Py pairs 

have confirmed this observation (Kopka et al., 1997; Mrksich et al., 1995; Kielkopf et 

al., 1998a). Furthermore, focused quantitative DNase I footprinting titration 

experiments have elucidated the binding site sizes of 2:1 Im/Py polyamide-DNA 

complexes. In dimeric 2:1 complexes the binding affinity is maximal for five, six and 

seven rings, but its sequence specificity decreases as the length of the polyamides 

increases beyond five rings, presumably due to the fact that multiple Im/Py residues are 

overcurved with respect to the DNA helix (Kelly et al., 1996). For this reason p-alanine 

was introduced, as an aliphatic substitute for a pyrrole ring as a substitutive AT 

selective residue. This flexible spacer relaxes the structure of the crescent-shaped ligand 

enabling it to match the curvature of the DNA helix (de Clairac et al., 1999).

1.7.3 Hairpin polyamides: design o f specific DNA 

minor groove binders

Dervan and co-workers further explored the lexitropsin approach to DNA targeting, 

focussing on the cooperative antiparallel 2:1 binding mode of pyrrole-imidazole 

polyamides. By covalently linking two antiparallel polyamide heterodimers with a short 

methylene linker, they obtained a new class of compounds termed “hairpin 

polyamides”. In particular, the amino- and carboxyl termini of antiparallel heterocycle 

(Py and Im) trimers were connected with four different aliphatic aminoacid-based 

linkers of incremental length, including glycine, p-alanine, y-aminobutyric acid and 8- 

aminovaleric acid amino acids. The resulting hexapeptides had, as a common feature, a 

U-shaped or hairpin motif. The polyamide hairpin 1.13, which included the y-
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aminobutyric acid residue (y-tum) (Figure 1.18), was found to bind predetermined 

DNA sequences with 100-fold higher affinity compared to non-covalently linked 

lexitropin analogues. The y-tum motif exhibited a binding preference for AT over GC 

base pairs, possibly due to the steric clash of guanine C 2 -NH 2  groups protruding into 

the minor groove floor (Mrksich et aL, 1994).

o

/  -NH
1.13

o . / I
- N H " - . . .  I  1  HN.

 ! - ^1
I I / = o

..............HN

_
/= = ,  G / - f V r i y ^ /

   1

T /< n )---- 0 : : - /  °

S' ^  3 ' /

CH]

Figure 1.18 Schematic diagram o f the hairpin polyamide-DNA com plex ImPyPy-y-

PyPyPy/5 -TGTTA-3'. Circles containing dots represent lone pair electrons o f N3 atoms of 

purines and 0 2  atoms o f pyrimidines, whereas circles containing an H represent guanine C2- 

NH] groups. Hydrogen bonds are shown as dashed lines.

NMR characterization of hairpin polyamides/DNA complexes, along with molecular 

modelling studies, later revealed that although polyamides with p, y and 6  linkers might 

all adopt a hairpin structure, only the y-tum linker provided the most energetically- 

favourable turn geometry when included in hairpin polyamide structure. These studies
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demonstrated that a y-aminobutyric acid linker locks the conformation of heterodimers. 

This enables them to fully overlap their DNA binding sites, preventing the “slipped 

m otif’ option in which the tethered polyamide components bind to DNA partially in the 

2:1 mode and partially in the 1:1 mode (de Clairac et al., 1997). A further aspect is that 

the y-linker polyamides retain the same orientation preference of unlinked lexitropsin- 

type polyamides, that is, aligning N ^ C  with respect to the 5 '^ 3 ' direction of the 

adjacent strand (White et al., 1997).

A further increase in specificity and affinity of the hairpins was achieved by optimising 

the y-tum spacer. The introduction of a chiral centre through replacement of the y- 

aminobutyric acid linker with a-aminosubstituted analogues consistently influenced the 

ligand-DNA interaction. In particular, the use of a chiral 2,4-diaminobutyric acid linker 

allowed stereochemical control of DNA binding affinity, with the (/?)-enantiomer 

increasing (and S decreasing) the equilibrium binding constant relative to the non-chiral 

y-tum linker. The chiral y-tum led to hairpins with high DNA sequence-selectivity, 

presumably due to electrostatic interactions between the cationic amine group and the 

anionic DNA backbone (Herman et al., 1998). For example, eight-ring hairpin 

polyamides, which span six base pairs in terms of the recognition event, were shown to 

possess affinity and sequence specificity characteristics comparable with transcription 

factors and other DNA binding regulatory proteins (Trauger et al., 1996a; Geierstanger 

et al., 1996). They are also, depending on the nature of the y-linker-tethered polyamide 

components, capable of discriminating between GC-rich sequences such as GCGC and 

GGCC (Swalley et al., 1997).
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With the application of solid-phase synthesis techniques the exploration of novel hairpin 

polyamide structures was greatly accelerated (Baird et al., 1997), and many new motifs 

were introduced, such as extended hairpins, cooperatively binding hairpins, (3- 

alanine/ring pairs, chiral turns, cycles, hairpin dimers, and major/minor groove hybrids 

(see Figure 1.19, and Dervan, 2001). Figure 1.19 shows a series of polyamide 

configurations along with their equilibrium association constants (%a). In particular, 

amino-substitution at the a-position of the y-turn residue with the consequent 

introduction of a chiral centre led to enhanced binding affinity ( 1 0 -fold) without loss of 

specificity, higher orientational selectivity, and offered potential for further substitution. 

Cyclic polyamides revealed even higher affinity with respect to the standard hairpin 

structure. In this case, pairing of a p-alanine residue with a heterocyclic ring relaxed the 

ligand curvature.

Chiral lurr̂  Cycle [iVring pan
5 ' - T  V :  .3  r  h - y  5 ' - T  . a - ; <  =' ?  g  t  3  t  a  ?
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j ' - A  C A 7  G T - ÿ  j ' - A  C  A  7  C  T - S *  ] ' - A  C A C A T - 5 ’

6 bp 6 bp 6 bp

K a = 1 0 " M ' '  K a = 1 0 ’" W '
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Figure 1.19 Schematic diagram of various polyamide configurations along with their 

equilibrium association constants (/fa)- Imidazoles are represented as black circles, pyrroles as 

open circles, p-alanine residues as diamonds, and dimethylamino-propylamide tails as a curved 

line with plus sign (reproduced from Dervan, 2001).
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In some cases, the binding affinity of the P-alanine/ring-polyamides was significantly 

higher than that of the ring/ring analogues. Finally, hairpin polyamides exhibited 

generally higher binding affinity compared to their non-linked polyamide analogues, 

and the tandem-polyamides recognized longer DNA sequences with excellent binding 

affinity and specificity.

1.7.4 The“pairing rules

Whilst strong specificity for GC recognition has been attained with Im/Py pairings, AT 

discrimination with Py/Py pairs remained partially degenerate. Unfortunately, as pyrrole 

has similar affinity for A or T, parallel pyrrole pairs (Py/Py) in a 2:1 binding fashion 

cannot discriminate between AT or TA base pairs (White et al., 1996). As a 

consequence, an alternative type of heterocycle ring was devised to overcome the AT 

degeneracy. Extensive molecular modelling studies provided the necessary background 

for the design of a new adenine-thymine discriminating moiety. The hydroxypyrrole 

(Hp) was identified as the most likely candidate and was introduced into hairpin 

polyamide structures to test its potential use. For example, it was used as a thymine- 

selective recognition element when unsymmetrically paired with an opposite Py in a 2:1 

DNA-polyamide binding complex. High resolution X-ray crystallography demonstrated 

that the hydroxyl group of the hydroxypyrrole ring can fit tightly into the asymmetric 

cleft between thymine and adenine bases in the minor groove, hydrogen bonding with 

the thymine 0 2  (Kielkopf et al., 1998b, 2000). Thus the appropriate combination of Py, 

Im and Hp, in the context of an eight-ring hairpin polyamide resulted in the first 

successful recognition of the four Watson-Crick base pairs in the DNA minor groove
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(White et a i ,  1998), Im/Py being specific for GC and Hp/Py for TA (Figure 1.20). 

These interactions have been described as the “pairing rules”. However, although more 

selective than pyrrole for thymine, unfortunately hydroxypyrrole exhibited a reduced 

affinity for this base compared to pyrrole (Kielkopf et al., 1998b, 2000; White et al., 

1999). It was also found to degrade in the presence of acid or free radicals (Marques et 

al., 2002). As a result, alternative heterocycles have been investigated in an attempt to 

improve both the affinity and specificity of AT versus TA discriminatory moieties 

( Bremer et al., 2000; Ellervik et al., 2000; Nguyen et al., 2001). However, none of the 

heterocyle rings tested to date have better discrimination properties than the original 

Py/Hp and Hp/Py pairings for AT and TA base pairs, respectively.

(a)

Pair G C  C G  T A  A T

Im/Py + - - -

Py/lm + - -

Hp/Py - + -

Py/Hp - - +

- - 0-j

'n-m - y
<  . ?/CKHK>'y

Py/lm targets C*G 

Py/Hp targets A*T 

Hp/Py targets T*A 

Im/Py targets G*C
y e —t y y i  \

/  / J o  5 ' -  T - 3 '

4  3 ' 2 T c T r G  T - S '
P.B. Dervan et al. 1996

Figure 1.20 a) Summary of the heterocycle “pairing rules”. Plus and minus signs indicate 

favoured and disfavoured interactions, respectively, b) An eight-ring hairpin polyamide 

containing three aromatic ring amino acids, hydroxypyrrole (Hp), imidazole (Im), and pyrrole 

(Py). A Im/Py pair recognizes a G-C base pair, whereas a Py/lm combination targets a C-G base 

pair. An Hp/Py pair distinguishes T-A from A T base pairs (adapted from Dervan, 2001).
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Hydroxybenzimidazole (Hz) has emerged as a possible candidate for replacing Hp due 

to its more chemically robust structure and its ability to mimic the interactions of Hp 

with thymine (Renneberg & Dervan, 2003). However, studies have showed that even 

small modifications to a single heterocycle incorporated in an eight-ring polyamide may 

cause relatively large alterations to the structure and electronic properties of the ligand 

(Dervan & Edelson, 2003). Nevertheless, work continues in elucidating new 

heterocycles pairings with potentially improved recognition properties.

The development of the pairing rules was intended to lead to the ability to design 

rationally minor groove binding hairpin polyamides to target specific DNA sequences 

(Wemmer & Dervan, 1997). However, their potential for manipulating gene expression 

in vitro was revealed when Gottesfeld and co-workers showed that an eight-ring 

polyamide (ImPyPyPy-y-ImPyPyPy-^-Dp) targeted to the binding site of the 

transcription factor TFIIIA entered into the nucleus of cultured frog fibroblast cells and 

specifically inhibited the transcription of the 5S RNA gene (Gottesfeld et al., 1997). 

Furthermore, in a unique example of altering gene expression in a complex organism, 

Janssen and co-workers targeted satellite regions of Drosophila melanogaster 

chromosomes with Py/lm polyamides and succeeded in inducing gain- and loss-of- 

function phenotypes resulting in a change of eye colour (Janssen et al., 2000).

Despite these promising results along with interesting antiviral and antiprotozoal 

activities exhibited by some lexitropsins (Filipowski et al., 1996; Alfieri et al., 1997), to 

date it is still uncertain whether the lexitropsin chemical approach to DNA recognition 

will yield useful therapeutic agents.

In the case of hairpin polyamides themselves, a major disadvantage relates to their high 

molecular weight, which increases proportionally with the targeted binding site size.

36



This along with other factors appears to limit severely their cellular and nuclear uptake 

(Anthony and Waigh, 2004). It appears that specific DNA sequence recognition with 

binding constants in the nanomolar range comes at the expense of molecular size and 

weight. The molecular weight range of hairpin polyamides capable of uniquely targeting 

15-17 base pairs of sequence is generally 900-1900 Da (Dervan, 2001; Neidle, 2001). 

Thus the large size of these molecules contravenes at least one of the “five rules” of 

Lipinski (Lipinski, 1997). Poor absorption or permeation is more likely when the 

molecular weight is greater than 500 Da. In contrast, smaller molecules which obey this 

rule might have a better chance of permeating the cell membrane and targeting 

predicted DNA sequences. Such molecules may have an overall greater chance of 

becoming commercial therapeutic drugs.
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1.8 Solid phase synthesis and combinatorial chemistry

Combinatorial chemistry “combichem” has its origins in solid phase synthesis. The 

techniques for solid phase synthesis are based on the seminal work of Merrifield, whose 

invention involved the combination of reliable reaction conditions for peptide couplings 

with the use of a polymeric unreactive support to permit the separation of products from 

reagents and by-products (Merrifield, 1963). Since the discovery of this method, solid 

phase techniques have been refined allowing the synthesis of a broad array of peptide 

molecules in high yield and purity. More recently, combinatorial chemistry has exerted 

a large impact on both academic and industrial chemistry research groups, due to its 

ability to generate large, diversified libraries. This has facilitated the identification of 

chemical structures with the necessary potency and efficacy towards nominated 

biological targets (Figure 1.21).

Drug

Lead Discovery

Therapeutic Target

Lead Optimisation

Development Candidate

Combichem Impact

Figure 1.21 Key steps in drug discovery process, and steps that can be influenced by the 

application of combinatorial chemistry (reproduced from Teirett, 1998).
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Combinatorial chemistry is based on efficient, parallel synthesis in that many more 

compounds can be generated in a library than the number of steps used in the synthesis 

(Terrett, 1998). For example, instead of reacting compound A with compound B to give 

product AB, combichem offers the potential to make every possible combination of 

compound Ai to A„ with compound Bi to B„ (Figure 1.22).

A + B ^AB

Figure 1.22 The difference between traditional chemistry where products are prepared 

individually (left) and combinatorial chemistry that has the ability to generate large numbers of 

compounds very quickly (right) (reproduced from Terrett, 1998).

By employing a “building block” collection and systematic assembly of the blocks 

using appropriate chemical procedures, it is possible to create large combinatorial 

libraries in which the number of molecular entities (N) that can be generated is given 

by:

N = b’

where b is the number of building blocks available and x is the number of synthetic 

steps.
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Although combinatorial methods are suitable for solution phase chemistry, the synthesis 

of combinatorial libraries has historically employed solid phase chemistry. The 

advantage to this is that the solid support allows the use of filtration and separation 

techniques to purify both intermediates and final compounds. Moreover, in solid phase 

chemistry the reactions can be forced to completion by the addition of excess reagents 

and monomers, and any unwanted materials can be conveniently removed by simple 

filtration and washing.

The power of combinatorial chemistry stems from the ability to create repetitive 

covalent connections between different building blocks of varying structure to yield a 

large array of diverse molecules. In particular, the combinatorial technique that has had 

the greatest impact on productivity is a method pioneered by Furka, described as “split- 

and-mix” synthesis (Furka, 2005), a technique suitable for the preparation of large 

libraries of molecules. However, methods to allow deconvolution or tagging are 

required, given that complex mixtures are usually formed, which can give rise to 

synergistic effects during screening, thus leading to false positives.

According to this method, the starting material (i.e., resin) is split into n portions, which 

are allowed to react with n building blocks, and recombined in one flask. The procedure 

is repeated until the required number of synthetic steps has been performed. As shown 

in Figure 1.23, in the first step, one reaction is carried out in each vessel. In the second 

step, three reactions are performed in each vessel at the same time, and in the third step 

nine reactions are carried out at the same time (not shown in Figure 1.23). In this 

manner, the number of reactions that can be carried out at each step increases 

geometrically, and in just a few steps a vast population of molecules can be generated.
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For example, with 20 amino acid building blocks an 8000-member tripeptide library can 

be generated (i.e., 2 0 )̂.

«

React

First Step Second Step

Figure 1.23 The split-and-mix technique o f  Furka (Furka, 2005).

Although, solid phase combinatorial chemistry is a powerful tool, it is not the only 

approach to high-throughput lead discovery. Generating large numbers of molecules in 

itself will not necessarily generate new drug leads. Furthermore, meaningful biological 

data must be extracted and assays developed that are fast and sufficiently sensitive to 

identify lead compounds without generating too many false positives, thus transferring 

the challenge from the synthesis to the screening of compounds.

However, despite these limitations combinatorial chemistry has undeniably changed the 

nature and practise of chemistry.
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1.9 Solution phase library synthesis

As discussed previously, the synthesis of combinatorial libraries on solid phase benefits 

from several advantages, especially when there is a need to separate excess reagents and 

by-products from reaction products attached to resin. Rapid purification can be achieved 

by simple filtration, allowing substrates to be readily available for the next synthetic 

step. On the other hand, solid phase chemistry suffers from a number of disadvantages. 

These include the sometimes difficult optimisation of the chemistry that can be 

performed on solid phase and the problems that arise from attempting to monitor 

reaction progress whilst the substrate and products are still attached to the polymer 

support. Although there is a large number of chemical reactions that can be performed 

on solid phase and numerous techniques are available for monitoring reactions (i.e., IR 

and NMR) while compounds are still attached to the polymer support, it is possible to 

avoid these disadvantages by using solution phase chemistry to produce combinatorial 

libraries.

Solution phase chemistry can be successfully employed provided that the chemistry is 

simple and reliable, restricted to short synthetic routes and conducted with the aid of 

automated processes to purify the large number of compounds produced. For example, 

manual or automated approaches can be used for parallel synthesis of a large number of 

analogues of a biologically active substrate. The compounds are synthesised using 

reliable coupling and functional group interconversion chemistry and, after removal of 

solvent and volatile by-products, are forwarded for biological screening.

Parallel and traditional synthesis methodologies are compared in Figure 1.24. 

Traditional synthesis usually involves a multi step sequence, e.g. from A through to a
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final product D which is then purified and fully characterised before screening. The next 

analogue is then designed, guided by the biological activity of the previous compound, 

synthesized, and then screened. This process is repeated to optimise both activity and 

selectivity.

Parallel Analogue Synthesis and Screening

R1
^  SR1 

S ,  5 R 2

R3 S R 3

High th roughput sc reen

Traditional Analogue Synthesis and Screening

Next 
C om pound

Low th roughput sc reen

Purify
C harac te rise

Figure 1.24 Comparison between traditional and parallel analogue synthesis (reproduced 

from Tei rett, 1998).

In contrast, parallel analogue synthesis involves reaction of a substrate S with multiple 

reactants, R% R , R^ ... R”, to produce a compound library of n individual products 

SR% SR , SR^ ... SR" The library is screened, usually without purification, and with 

only minimal characterisation of individual compounds, using a rapid throughput 

screening technique. If any active compounds are identified, they are resynthesised on a 

larger scale for purification, characterisation and screening by traditional methods. 

Subsequently, newly discovered leads and the SAR generated are used to design new 

substrate templates, which are in turn prepared using parallel synthesis methodology 

(Terret, 1998). Therefore, this process is similar to conventional lead optimisation, only 

much faster and involves many more analogues.
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Typical procedures for the parallel synthesis of single compounds in solution phase 

involve few reaction steps, (three - four) using reliable solution chemistry, such as 

reductive aminations, peptide couplings, acylations and Suzuki cross-coupling

reactions, usually performed on a small scale (0.01 to 0.1 mmol). After optimising

reaction conditions through trial reactions, a set of reagents with appropriate functional 

groups is assembled and dissolved, along with the substrate, in a suitable solvent. The 

reaction mixtures are subjected to appropriate reaction conditions, following which the 

crude products can be analysed by thin layer chromatography (TLC) and LC-MS to give 

an indication of the extent of reaction and the quantity of products formed. Solid phase 

reagents, such as polymer-bound coupling agents, are used where possible since they 

can be removed by simple filtration, thus enhancing the product purity (Bailey et al., 

1996).

The parallel synthesis of single compounds is an important tool, as it allows the rapid 

synthesis of many compounds for biological evaluation. Indeed, solution phase parallel

synthesis combines processes typical of orthodox chemistry, such as reaction

monitoring processes (TLC and MS) and the combinatorial approach, to the design and 

synthesis of diversified libraries of single compounds. Single compounds are 

particularly valuable for lead optimisation because there is a high probability that there 

will be a number of active components within the library. While preparing a library in 

the form of mixtures is inappropriate because too many components of the library may 

display activity, and deconvolution can be a lengthy procedure, producing and testing 

discrete compounds permits the rapid identification of both active compounds and 

structure-activity relationship information.
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In summary, combinatorial chemistry, performed either in solid or in solution phase, 

provides the medicinal chemist with a valuable instrument to generate a large number of 

compounds for lead discovery. Although powerful, this tool suffers from a number of 

disadvantages and, above all, it cannot substitute for traditional chemistry in the process 

of drug discovery. In Figure 1.25, the advantages and disadvantages of both solid and 

solution phase combinatorial synthesis are highlighted.

Solid-Phase

Synthesis

Advantages

• Ability to generate quickly 

large, diversified libraries

• Rapid purification

• Excess of reagents and 

monomers can be added to 

force reactions to completion

Disadvantages

• Need of development of 

high-throughput screening 

adequate for the large number 

of molecules generated

• Sometimes optimisation of 

the chemistry is difficult

• Problems in monitoring 

reactions

Solution-Phase

Synthesis

• Synthesis of laige number of 

single compounds in parallel

• Reaction progress can be 

more easily monitored

Can be used only when the 

chemistry is simple and 

reliable

Short synthetic routes

Need of automated process 

for quick purification

Figure 1.25 Advantages and disadvantages of solid and solution phase combinatorial 

chemistry.
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Aims

Distamycin belongs to a large class of compounds which bind non-covalently in the 

minor groove of DNA with a strong preference for AT-rich sequences. These agents 

share several common features including the presence of planar heteroaromatic rings, an 

elongated, crescent-like shape that matches the curvature of the DNA minor-groove, the 

availability of hydrogen-bond donating groups and one or more positive charges. The 

aim of this project was to investigate the synthesis of novel distamycin analogues and to 

evaluate their DNA minor-groove recognition properties.

Distamycin itself binds in the DNA minor groove with significant, albeit not complete, 

AT selectivity, and spans five base pairs. Its pyrrole rings can partially accommodate 

guanine C2 -NH2 groups, especially at the edges of the binding site, where they protrude 

into the minor groove. A key aim of this project was to modify a portion of the 

distamycin structure by substituting its N-terminal pyrrole(-4yl)formamido unit with 

novel biaryl motifs to attempt to enhance the AT-specificity of the parent ligand. The 

objective was to use solution and solid phase combinatorial approaches with a view to 

synthesizing parallel libraries of tetra-heterocyclic polyamides, using a variety of 

heterocycles as building blocks. The polyamides were planned to be screened against a 

512-member hairpin-DNA oligonucleotide library containing all possible (non

degenerate) sequences of bases, using a modified version of the fluorescent intercalator 

displacement (FID) assay originally reported by Boger and co-workers (Boger et al., 

2001a, 2001b; Tse et al., 2004). It was anticipated that this would reveal whether 

enhanced AT sequence selectivity had been achieved with any of the novel polyamides.
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Quantitative DNAse I footprinting experiments would then be carried out using two 

different DNA fragments to confirm these findings.

Investigation of a solid phase combinatorial approach using a SynPhase™ 

radiofrequency tagging system was also planned to try to accelerate the synthesis of 

libraries of DNA-binding polyamides. An over-riding objective was to make a sufficient 

number of novel polyamides to allow SARs to be studied.

Based on a successful outcome from this phase of the project, further plans included the 

synthesis of novel lexitropsins specifically designed to target GC sequences
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Results and Discussion 1: 

Solution phase synthesis

2.1 Solution phase synthesis of Library 2.1

Adoption of a solution phase combinatorial approach led to the synthesis of a library 

(Library 2.1) consisting of 112 novel tetra-heterocycle polyamides (2.3a-g). In these 

compounds, the constituent N-terminal pyrrole formamido unit of distamycin was 

replaced with different heterocycles, assembled as biaryl units. Each library template 

consisted of a C-terminal (dimethylamino) propylamino tail followed by a dipyrrole 

unit, and then a N-terminal biaryl motif (Figure 2.1).

M o tif/ 16 Boronic 
Acid/esters

^  7 Aryl/heteroaryl
Tail NH H I— { 6  Carboxylic acids

/  °
C-terminal . . N-terminal

Dipyrrole unit

Figure 2.1 Solution phase “Library 2.1” template.

It was reasoned that the introduction of biaryl motifs (Frenette, 1994; Piettre, 1997) in 

the distamycin framework may overcome H-bond registry issues relating to polyamides
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containing repetitive sequences of A^-methylpyrrole rings which are thought to be over

curved with respect to the DNA helix (Kelly et al., 1996). Polyamides containing biaryl 

motifs, while retaining the distamycin-like AT-rich sequence affinity and minor groove 

recognition features, could show an enhanced AT specificity.

Two major diversifications were introduced at the polyamide N-terminus by exploiting 

amide coupling chemistry and Suzuki cross-coupling reactions, with aryl/hetaryl 

carboxylic acids (2.1 {7-7}) and boronic acids/esters (2.2 {7-76}) used as building- 

blocks (Figure 2.2).

Aryl/heteroaryl carboxylic acids 2.^{1-7)

r S  iTY-Br j [ S  C p
• ^ S  HOOC O HOOC N u n n r ' ^ S  T  THOOCHOGGHOOC COONCOOH

Boronic acid/esters 2.2(7-76}

HN
A.

0'='0

O CH 3

O'̂ 'O B (0H )2

^^0CH3

9
ÇH3

B (0H )2

4

B(0H )2

5

BfOHU T T U  UB (0H )2  

6
B (0H )2

B (0H )2  

8
B (0H )2  

9
o 

10

b(oh)2 y
IL  ̂ 0^B(OHk

12 13 14 15 16 \

Figure 2.2 Aryl/heteroaryl carboxylic acids (2.1 {7-7}) and boronic acids/esters (2.2(7- 

76}) used to introduce diversification at the N-terminus o f solution phase library polyamides 

2.3a-g.

49
PhD I hr IS 1 cdi i brucoli



This resulted in seven sub-libraries depending on the identity of the third 

heterocycle/aromatic moiety. These included 3-thiophene (2.3a), 2-thiophene (2.3b), 

furan (2.3c), pyrrole (2.3d), thiazole (2.3e), para-benzoic (2.3f) and mgfa-benzoic (2.3g) 

libraries (Figure 2.3).

3-thiophene 2.3a

NH

furan 2.3c

thiazole 2.3e

NH

2-thiophene 2.3b

pyrrole 2.3d

NH

para-benzok>  2.3f

NH

me/a-benzoic- 2.3g

CH3HN

R =

Figure 2.3 Library 2.1 can be divided into 7 sub-libraries: 3-thiophene (2.3a), 2-thiophene 

(2.3b), furan (2.3c), pyrrole (2.3d), thiazole (2.3e), para-benzoic (2.3f) and mgfa-benzoic (2.3g) 

libraries.
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2.1.1 Synthetic Strategy

Initially, the amino-dipyrrole platform 2.10 was assembled in six steps from N- 

methylpyrrole (2.4) using standard procedures (Scheme 2.1).

Scheme 2.1 General procedure for the synthesis of Library 1 polyamides (2.3a-g).

NO2

0
1
2.4

CIX. / V
N

O I 
2.5

O I 
2.6

NO2

'! W
N
I

2.7

NH2

'! \\
NO I 

2.8

—N
NO,

2.9

—N
NH,

O N-
2.10

Br

H O O C ' X
2.1{t-7}. NH

Br

(H0 )2B ^  Y

2.2{M6}. NH

VIII

2.3a-g

50-80%

1) CbCCOCl/dry EtsO, 3h, rt; ii) HNO3 /ACO2 , Ih, -15°C to 20°C; iii) (CH3 )2 N(CH2 )3 NH2/DCM, 
30min, rt; iv) H2/ Pd/C/EtOAc, 4h, rt; v) 2.6, dry THF, 6 h, rt; vi) H2/ Pd/C/EtOAc, 16h, rt; vii) 
appropriate bromoheterocycle carboxylic acid 2.1 {7-7} (1.3 equiv), HOBt (2 equiv), DIG (1.5 
equiv), 16h, rt; vit!) appropriate boronic acid 2.2 {7-76} (1.2 equiv), Pd(PPh3 ) 4  (0.2 equiv), 
K2 CO3 (3 equiv), Toluene:EtOH:H2 0 /l: 1:0.1, pw, 10-15min.
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The first step (i) involved the electrophilic substitution at C2 of pyrrole 2.4 using 

trichloroacetyl chloride at room temperature. The reaction went to completion in 3 

hours to give product 2.5. Subsequently (step ii), concentrated nitric acid was added 

dropwise to a solution of 2.5 over 1 hour at -15 °C in acetic anhydride to afford the 

nitropyrrole 2.6,. A tail unit (step iii) was then introduced by coupling 2.6 to the NJ^- 

dimethylaminopropylamine to produce ^-(3-(dimethylamino)propyl)-1 -methyl-4-nitro- 

l//-pyrrole-2-carboxamide 2.7, whose nitro group was reduced using a Parr 

hydrogenator (step iv), to obtain the free amine 2.8. The latter was coupled (step v) with 

another nitro-trichloroacetylpyrrole unit (6) to provide the nitro compound 2.9, which 

was reduced (step vi) to afford the amino-dipyrrole unit 2.10.

The latter was then employed as the starting point for a combinatorial synthetic 

approach leading to the generation of 112 novel potentially DNA interactive ligands 

(2.3a-g).

After reduction of 2.9, amino-dipyrrole unit 2.10 was immediately coupled (step vii) in 

a parallel fashion with the appropriate bromo-substituted aryl/heteroaryl carboxylic 

acids (2.1 {7-7}, Figure 2.2) to provide the bromo-polyamides 2.11(7-7}. The amide 

coupling reaction between the amino-dipyrrole platform 2.10 and carboxylic acids 

2.1 {7-7} was successfully conducted in dry DCM using the activating agents 1- 

hydroxybenzotriazole 2.12 (HOBt) and 1,3-diisopropylcarbodiimide 2.13 (DIG). 

Initially, the carboxylic acids 2.1{7-7} reacted with DIG to form the adducts 2.14(7-7}. 

Subsequent nucleophilic attack of 2.12 on 2.14(7-7} and elimination of urea derivatives 

as by-products resulted in formation of benzotriazolyl esters 2.15(7-7}. These reacted 

rapidly with the amine group of dipyrrole unit 2.10 to give the bromo-substituted 

polyamides 2.11(7-7} (Scheme 2.2).
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Scheme 2.2 General reaction mechanism of amide coupling using HOBt and DIG to form 

polyamides 2.11 {7-7}.

n= c = n 
H X

_  'Br

N—C = N

Br

2AA[1-7) 2.12

—N

OH

œ
2.12

Br

NHz

2.10

—N

~NH

C)

HN

Br

2 .1 1 (1 -7 }

HN

' y

'NH
Br

The bromo-substituted polyamides 2.11 {7-7} served as substrates for the Suzuki- 

Miyaura cross-coupling reaction (step viii) with boronic acid/esters 2.2(7-76} (Figure 

2.2), to provide the desired polyamides 2.3a-g. The Suzuki chemistry was performed 

under microwave (pw) conditions over a 8-10 minute period in a mixture of ethanol, 

toluene and water (1:1:0.2), employing 2.2(7-76} as coupling partners.
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The Suzuki cross-coupling reaction was first reported by Akira Suzuki and co-workers 

in 1979 (Miyaura & Suzuki 1979), and is regarded as one of the most powerful tools for 

C-C bond formation. This is a boron-based palladium-mediated cross-coupling reaction 

and current understanding of its mechanism proposes the widely accepted catalytic 

cycle shown in Scheme 2.3. The catalytic cycle consists of oxidative addition of organic 

halides to the palladium species (step A), reaction with a base (Step B), a 

transmétalation step to transfer the group from the metal to the palladium to generate 

an intermediate containing R' and R  ̂ (step C), isomerization (step D) and then 

reductive elimination of the desired product (R‘-R^) to regenerate the active palladium 

catalyst (step E).

Scheme 2.3 The catalytic cycle of the Suzuki cross-coupling reaction (adapted from Suzuki, 

2005).

reductive
elimination

oxidative
addition

Pd(0) R '-X

R^Pd-XR^-Pd-L

NaOH

R'-Pd-R R'PdOH

® e
Na BH(0H)4 r 2-B(OH)3

transmétalation

NaOH
r 2-B(OH)2

R'/R^= alkyl/aryl
X = halides 
L = ligands
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The presence of the dimethyl aminopropyl tail in the structure of polyamides 2.3a-g 

allowed the use of solid phase extraction to purify the library members in parallel. All 

compounds were passed through silica-based sulphonic acid cartridges (SCX-2) to 

remove excess reagents and related impurities. Where necessary, final purification was 

achieved by either flash chromatography or mass-directed preparative HPLC, to yield 

final compounds with moderate to good yield (50-80%). The purity of the products was 

determined by reverse-phase HPLC (UV at 250 nm). In Table 2.1 are illustrated the 

purities and the retention times of selected members of Library 2.1.

Table 2.1. Selected Library 2.1 compounds.

Entry 2J a Purity
(%y

RT
(min) Entry 2 J b

Purity
(%)"

RT
(min) Entry 2 J c

Purity
(%)"

RT
(min)

1 { / . / ) 99 4.95 8 [2.1] 99 4.95 15 [3.1] 99 4.80

2 [1.2) 98 4.92 9 [2.2] 97 4.90 16 [3.2] 99 4.95

3 [ I I O] 95 5.10 10 [2.10] 99 5.17 17 [3.10] 99 4.88

4 { / . / / } 99 5.12 11 [2.11] 99 5.20 18 [3.11] 96 4.90

5 [I . I2] 99 5.05 12 [2.12] 99 5.27 19 [3.12] 99 4.52

6 [1.13] 97 5.00 13 [2.13] 99 5.30 20 [3.1J] 99 4.98

7 [1.16] 98 4.78 14 [2.16] 96 5.07 21 [3.16] 98 5.08

Entry 2Jd Purity
(% )'

RT
(min) Entry 2 Je Purity

(%)"
RT

(min)
22 [4.1] 99 4.88 29 [5.1] 90 4.87

23 [4.2] 98 4.90 30 [5.2] 93 4.92

24 [4.10] 98 5.06 31 [5.10] 98 4.90

25 [4.11] 99 5.10 32 [5.11] 94 4.88

26 [4.12] 96 4.56 33 [5.12] 99 4.80

27 [4,13] 99 4.60 34 [5.13] 99 4.84

28 [4.16] 99 5.60 35 [5.16] 96 4.57

" Purity was determined by reversed-phase HPLC with peak areas detected by UV (250 

nm).
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2.2 Biological evaluation 1. Ethidium bromide 

displacement assay

Compounds of sub-libraries 2.3a-e were screened against a 512-member hairpin-DNA 

combinatorial library that contained all possible five base-pair sequences, employing a 

modified version of the fluorescent intercalator displacement (FID) assay originally 

developed by Boger and co-workers (Boger et al., 2000; 2001a). Members of sub

libraries 2.3f-g are still awaiting biological evaluation. In contrast to the use of the assay 

by Boger, single compounds rather than complex mixtures were screened. Furthermore, 

the hairpin oligonucleotide library used in this study was constructed in such a way that 

the synthesised compounds did not exceed the length of the target binding site. The 

assay was carried out in Prof. John Hartley’s laboratory at University College London 

under the supervision of Dr. Piku Basu, who validated the assay. The intercalating agent 

ethidium bromide (EtBr) was used as a detection probe. The FID assay is a useful 

medium-throughput screening technique for determining relative DNA binding affinity 

and potentially sequence selectivity of large compound libraries against the DNA 

hairpin oligonucleotides (Figure 2.4). The DNA-hairpin oligonucleotide library was 

purchased from GeneBase, Ltd.

A A
5-CGXXXXXC A
3-GCXXXXXG A

^  A

X = A, T, G, C

Figure 2.4 Example of a DNA-hairpin oligonucleotide with a five-base pair variable 

binding region designated with “X”.
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The rationale behind this assay was to determine the target sequence preference of each 

ligand by measuring the decrease in fluorescence that occurs when the ligand displaces 

the ethidium bromide (Figure 2.5). The screening results provided a rank order of 

binding of each polyamide to all possible five base-pair sequences and identified the top 

high-affinity sequences for each one.

EtBr + Hairpin

EtBr + Hairpin + Ligand

Relative binding affinity (%) = 

100-(Y/Zx 100)

Z = initial fluorescence

(1 0 0 % ) f lu o r e s c e n c e  b e fo r e  

a d d it io n  o f  ligan d

Y = (%) decrease of initial Z

% f lu o r e s c e n c e  m e a s u r e d  a f t e r  

a d d it io n  o f  lig a n d

Z fluorescence = 0%

V fluorescence -  1 0 0 , o

-  100%  relative binding  
affinity = 100%  B in d in g

Z fluorescence = 100% 

Y fluorescence = 0%

= 0% relative binding affinity 
= NO b in d in g

Figure 2.5 Schematic view of the mechanism of the EtBr assay. The percentage decrease 

in fluorescence (Y) is directly proportional to the relative binding affinity.

Initially, the ethidium bromide intercalates non-specifically into the DNA-hairpin 

oligonucleotides placed in 96-well plates. The binding event between EtBr and DNA is 

measured in terms of fluorescence (Z, Figure 2.5) by an En Vision plate reader. A 

solution of each library I compound is then added to the DNA-hairpin oligonucleotides
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and incubated. The compounds which effectively bind to the DNA hairpins displace the 

bound EtBr and determine a decrease in fluorescence (Y, Figure 2.5). This percentage 

decrease in fluorescence is directly proportional to the relative binding affinity and 

defines the sequences selectivity of a compound (Figure 2.6).

yüüüüüüüüOTTO
o o o o o o o o o o o o //  

b o o o o o o o o o o o / '
, %.wel,pla,ewi,h[̂ A

3 0 0 0 0 0 0 0 0 0 0 0 /  (each well contains a hairpin 
possessing a unique 5 base 

V pair sequence)

Addition of 
ethidium bromide

Ethidium bromide intercalates 
non-specifically

Addition of a compound

711 Affinity is m easured as decrease in

displacement of ethidium bromide)

Establish rank order binding 
and define DNA sequence 
selectivity of a compound

Figure 2.6 General procedure for determination of sequence selectivity for a DNA binding 

agent using the FID assay (as adapted from Boger, 2001a).

This procedure allows a rank order of binding to be established and defines the DNA 

sequence selectivity of each compound. It is therefore possible, with the aid of DNA 

binding profile graphs, to assess the ligands behaviour towards the DNA hairpin library. 

These graphs, in fact, show the relative binding affinity values (%), in descending order, 

of each compound against the whole set of DNA hairpin sequences and allow 

identification of the sequences to which the ligand binds with the highest affinity. A
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compound, for instance, which binds in an unselective manner and with high affinity to 

all the DNA-hairpin sequences, will show, in its binding profile graph, a curve with a 

shallow slope, spanning the whole DNA-hairpin library (Figure 2.7a). In contrast, a 

compound which binds with low affinity to all the DNA hairpins but with high 

selectivity to specific DNA sequences will yield a graph with a sharply sloping curve 

(Figure 2.7b).

DNA Binding Affinity P rofile of a  ligand  (2 uM) with high  b ind ing  affinity and  
^  ^ low aelec tiv itv  a g a in s t 512 DNA hairpin library

1Î7 14$ 1«$ 1*0 Î11 292 253 274 2*5

512 DNA Hairpins (8 uM bp)

DNA Binding Affinity Profile of a ligand <2 uM) with low bm ding affinity and  
high se lec tiv ity  a gain st 512 DNA hairpin library

512 DNA H airpins (8 uM bp)

Figure 2.7 Two examples of DNA binding affinity profile graphs, (a) Graph of a 

compound with a high binding affinity and low selectivity against the whole set of DNA-hairpin 

sequences, showing a shallow sloping curve, (b) Graph of a compound which binds with low 

affinity to all the DNA hairpins, but with high selectivity to specific DNA sequences, showing a 

sharply sloping curve.

Furthermore, in order to evaluate better the relative binding affinity and the sequence

specificity of the ligands, distamycin was used as a control (Figure 2.8a, b). The

distamycin binding affinity profile graphs show how the natural product interacts with

the DNA hairpin library. In the graph of Figure 2.8a, distamycin relative binding

affinity values (%) against the DNA hairpin library are ranked in descending order,

whereas in the graph of Figure 2.8b the same values are ranked on the basis of the

sequences GC content, the latter increasing from left to right on the abscissa axis. It can

be observed, in fact, that the highest peaks of relative binding affinity are on the left, in
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the AT rich region of the graph. This indicates that distamycin, although showing a 

substantial AT binding preference, binds with low selectivity to the entire DNA-hairpin 

library and is not capable of discriminating AT rich from GC rich DNA-hairpin 

sequences and vice versa.

a) DNA Binding Affinity Profile of Distamycin (2uM) against 512 DNA fiairpin 
_______________________________ library _________________________

INCRKASING A FFIN ITY

19 37 55 73 91 109 127 145 163 181 199 217 235 253 Z71 289 307 325 343 361 379 397 415 433 451 « 9  « 7  505 

512 DNA Hairpins (8uM bpi

b) Distamycin A AT Binding Affinity Profile Against 512 DNA Hairpin Library 
DNA hairpins GC content increasing from left to right

Distamycin (2uM)

GC C O N T EN T IN CREA SIN G

56 73 01 100 127 145 153 181 100 217 235 253 271 280 307 325 343 361 370 307 415 433 451 460 487 506 

512 DNA Hwrpin* (8uM bp)

Figure 2.8 Binding affinity profile o f distamycin against 512 DNA-hairpin sequences: (a) 

binding affinity values ranked in descending order and (b) on the basis o f the sequences GC 

content. The GC content o f DNA-hairpin sequences increases from left to right on the abscissa 

axis o f the graph.

Nevertheless, the ethidium bromide displacement assay presents certain disadvantages.

In fact, it is important to realise that, in order to increase reproducibility, it is necessary

to carry out multiple experiments, at least three, and that the obligatory GC-motif to
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hold the commercially available hairpins together might potentially take part in a 

binding interaction, such that a DNA ligand could be recognising 5 -CGX1X2 ' rather 

than the central X 1X2X3X4 (Figure 2.4). However, its relative simplicity and ability to 

screen large libraries in a relative short amount of time make this assay a very suitable 

tool to determine the relative DNA binding affinity and DNA binding sequence 

selectivity of our compounds.

2.2.1 Investigation into DNA minor groove binders 

employing the EtBr assay

The polyamides of sub-libraries 2.3a-e, being distamycin analogues, were predicted to 

bind in to the minor groove of DNA with a preference for AT rich sequences. In fact, 

the EtBr assay screening results showed that the majority of library members were 

mainly AT binders, with only two exhibiting a promiscuous AT/GC affinity.

The relative binding affinity (%) of the screened compounds against the DNA hairpins 

varies: the lowest being 16% and the highest 43%. It has to be noticed that distamycin 

highest binding affinity in the EtBr assay is 79%. However, these relative binding 

affinity values cannot be directly compared, as they were observed for different DNA 

sequences. Further conclusions can be drawn by analysing the most interesting 

screening results of the five 2.3a-e sub-libraries.
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2.2.1.1 3-thiophene sub-library (2.3a)

The para-phenylacetamide substituted member of this sub-library, 2.3(7,/}, exhibited 

the highest AT affinity, 43%, out of the whole Library 2.1. However, the slope of the 

curve in the binding affinity profile (Figure 2.9a) suggests that 2.3{7,7} bound to the 

DNA-hairpins with low selectivity. It is worthwhile mentioning that on modification of 

the fourth moiety of 2.3a sub-library polyamides, the AT affinity decreased.

para-phenyl 
acelam ide group

2 .3 0 , Ï

72 Top 5 High Affinity Sequence

o I
DNA Binding Profile

INCRKASIN<; AKKINITV

1 34 67 100 133 166 199 232 265 298 331 364 397 430 463 496

m AAAAA A A n A  T n C A  ATGGT

512 DNA Hairpins

b)

mefa-phenyl 
acetam ide group

H N

HN'

H N -

Top 5 High Affinity Sequence DNA Binding Profile

37 73 109145  181 217 253  289325361  397 433  469  50!

DNA Sequences 512 DNA Hairpins

Figure 2.9 (a) Polyamide 2.3{7,7} exhibited the highest AT sequence affinity out of the

whole Library 2.1, whereas (b)its meta isomer, 2.3{7,2}, did not show reasonable AT affinity.
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This feature can be observed for 2.3{1,2}, the meta isomer of 2.311,1}, which failed to 

exhibit reasonable AT affinity (27%) (Figure 2.9b).

Other examples of decreased AT affinity, due to diversification of the fourth moiety, are 

represented by the isomers 2.3(7,72} and 2.317,72} (Figure 2.10). These isomers were 

obtained utilising Suzuki chemistry by capping the third moiety (a thiophene ring) of 

the 2.3a sub-library platform with another thiophene ring. The double thiophene motif 

of 2.3(7,72} and 2.3( 7,7.?}, not only reduced the AT affinity, but also influenced the 

DNA sequence selectivity of the two isomers

3,3'-bithiophene
moiety

HN

HN-

2.3{1.12}

3,2'-bithiophene
moiety

HN

Top 5 Hig#) Affinity Sequences of OSfrTB-OAM

AAAAT AATAT AAATA AATTA TC CCA

Top S High Affinity Sequences of 066-FB4M1 2

I  I I  i - r

Figure 2.10 Examples of how diversification of the fourth moiety of two 3-thiophene sub- 

libraiy members, 2.3(7,72} and 2.3(7,73}, affects their DNA sequence selectivity.
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Whilst the 3,3-bithiophene isomer, 2.3(7,72}, bound to AT rich sequences with low 

affinity (35%), the 3 ,2 -bithiophene isomer, 2.3(7,73), appeared to bind to a GC 

containing sequence (5 -CTTGC-33, albeit with even lower affinity (20%).

By comparing the DNA binding affinity profile graphs and the top five high affinity 

sequences of five 2.3a sub-library compounds (2.3(7,7}, 2.3(7,2), 2.3(7,70), 2.3(7,77) 

and 2.3 (7,7b)) it is possible to understand better their behaviour towards the DNA- 

hairpin sequences. As illustrated in Figure 2.11, the curves of the binding affinity 

profile graphs of these five compounds are not steeply sloped and span the entire 

hairpin library. This clearly indicates that these compounds bind with high affinity, yet 

with low selectivity, to the whole DNA-hairpin library.

However, two observations can be made. The first one concerns the para- 

phenylacetamide substituted compound, 2.3(7,7), which, although binding across the 

whole DNA hairpin library with low selectivity, showed a moderate preference for a 

specific sequence (5 -AAATT-3 43%). The other observation regards the pyrazole 

substituted compound, which certainly bound to the whole DNA-hairpin library with 

low affinity, but, at the same time, it appeared to exhibit a moderate AT selectivity. The 

binding profile curve of 2.3(7,76), in fact, is slightly steeper compared to the others in 

this set of graphs. Bearing in mind that steeply sloped curves indicate high sequence 

selectivity (Figure 2.7), the moderate sloped curve shown by 2.3(7,76) indicates that 

the pyrazole ring, attached via a C-C bond to the third moiety of this polyamide, might 

affect its sequence selectivity. This salient feature was consistently observed in the 

evaluation of other pyrazole-bearing polyamides.
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V

2.3{7,7}

2.3{7,2)

2.3(7,70}

2.3(7,77}

2.3a sub-library
DNA Binding Profile

512 DNA H airp ins 

DNA Binding Profile

A F F I N I T I L

512 DNA H airpins 

DNA Binding Profile

CR EA SIN G  A F F IN IT Y

512 DNA H airpins 

DNA Binding Profile

IN C R E A S IN G A E F IN IIY

512 DNA H airpins

DNA Binding Profile

T op 5 High Affinity Sequences

IN CREA SIN G  A FFIN ITY

AAATT 43%

AAAAA 35%

AATTA 35%

TTTCA 31 %

ATGCIT 30%

Top 5 High A ttinity Sequences

AATTA 27%

AÜÜCG 27%

AAAAA 27%

GTTTG 25%

AAATT 25%

l op 5 High Affinity Sequences

AAATT 33%

AAAAC 32%

AAATG 30%

AATTC 29%

AATGT 29%

Top 5 High Affinity Sequences

AAAGT 29%

AAAAC 28%

AAATC 28%

AAAGA 27%

AAGCT 26%

IN CREA SIN G  A FFIN ITY

t 33 65 »7 129 161 193 225 257 289 321 353 385 417 449 481 513

Top 5 High Affinity Sequences

512 DNA H airpins

2.3(7,76}

AAATT 28%

AAAAA 28%

AAAAC 28%

AAAAT 26%

TTTTC 25%

Figure 2.11 Comparison of DNA binding profile and top 5 high affinity sequences of five 3- 

thiophene sub-libraiy (2.3a) members.
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2.2.1.2 2-thiophene sub-library (2.3b)

Similar conclusions arise when comparing sub-library 2.3a with sub-library 2.3b 

members. The polyamides that exhibited the highest AT affinity values out of the whole 

Library 2.1, 2.3{2,7} (2.3b) and 2.3{ 7,7} (2.3a), incorporate in their structure the para- 

phenylacetamide group (Figure 2.12).

para-phenyl 
acetam ide group

QTO

2.3(2./}

para-phenyl 
acetamide group

Top 5 High Affinity Sequece DNA Binding Profile

IN CREA SIN C A FFIN ITY

AAAAT AAATT T T T T A  AAATC AAATA

DNA Sequences

X  Top 5 High Affinity Sequence  
ST

HN-

,3 (7.7 }

DNA Sequences

512 DNA Hairpins

DNA Binding Profile

AAAAA AA H A  m C A  ATGGT

INCREASING A F F IN ITY

1 34 67 100 133 166 199 232 265 298 331 364 397 430 463 496

512 DNA Hairpins

Figure 2.12 Sub-library 2.3b compound 2.3(2,7} and its sub-library 2.3a analogue, 

2.3(7,7}, which both incorporate in their structure the carboxamide pr/ra-phenyl acetamide 

group, exhibited the highest AT affinity out o f the whole Library 2.1.
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Although 2.3 {2,7} and 2.3 {7,7} bound with high affinity to AT sequences, they could 

still not discriminate AT from GC base pairs.

Another similarity between sub-libraries 2.3a and 2.3b resides in the fact that a decrease 

in AT binding affinity can be observed when the substituents appended to the third 

moiety of the 2.3a and 2.3b sub-libraries platforms are different from the para- 

phenylacetamide group, notably mer<3-phenylacetamide, 2-furan, 3-furan and pyrazole 

groups (as shown on the top five affinity sequences tables in Figure 2.11 and Figure 

2.13). Yet, at the same time, 2.3b sub-library members differ from those of sub-library 

2.3a in two important aspects. First, although 2.3b sub-library members exhibited an 

overall reduction in binding affinity compared to their 2.3a analogues, activity against 

specific AT sequences is not only maintained, but also slightly enhanced.

This can be seen when comparing the DNA binding profile graphs of five 2.3b sub

library compounds (Figure 2.13) with those of their 2.3a sub-library analogues (Figure 

2.11). The binding affinity curves for 2.3b sub-library compounds are sharper 

(enhanced selectivity) compared to those shown in the graphs of their 2.3a sub-library 

analogues. The second aspect concerns the homogeneity of the DNA binding profile 

graphs. The members of 2.3b sub-library, in fact, exhibited similar behaviour in DNA 

binding affinity and it clearly appears that the curves of their DNA binding profile 

graphs are shaped in the same way, with the first two values in each curve consistently 

higher than the others (Figure 2.13).

As shown in Figure 2.14, the pyrazole substituted member of 2.3b sub-library, 

2.3(2,76}, although retaining a reasonable AT affinity, 38% (the highest AT affinity of 

sub-library 2.3b, 40%, is exhibited by 2.3(2,7}), refused to bind to a significant number 

of DNA-hairpin sequences (list of non binders in Figure 2.14).
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2.3b sub-library

DNA B inding Profile Top 5 High AfTinity Sequences
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ATTTA 29%

ATTAA 29%
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Figure 2.13 DNA binding profiles and top 5 affinity sequences of five 2-thiophene sub

library (2.3b) members.
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3 '-pyrazole-2-lhiophene 
moiety

HN'

HN-

^ Top 5 High Affinity Sequence

AAATT AAAAT ATTTA ATTAA AAAAA
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DNA Sequences 

DNA Binding Profile
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512 DNA Hairpins

NON-BINDERS
GATTG ACCCG

ATGTG ACAGC

CTGCA TAACC

TGCTA TCGGC

GTCCG AGGGG

CAGTA GCAGA

ACACG CAGTA

CCAGG AGGGG

CAGTC AAGTG

CTGOG GTGGG

CTCCA GGGGA

CGCCA GGGGA

TAGTC AGGGG

ACACC AGTGG

TCCGC GTATA

ACTGC AGTAG

CGTGC GTGGG

CGTGG GGAGT

CGAGG TAGGA

CTCAT ATGTG

TGTGA AAGGG

AGTCC TAGGA

GAGTA AGAAT

AAGCA AGAGT

AGTCA GTTTA

ACTAT ATTTG

Figure 2.14 Compound 2.3(2,76} not only exhibited a reasonable AT affinity (38%, as 

shown in the top five high affinity sequence graph), but also a discrete selectivity (non-binders 

list on the right side of the figure).

This behaviour is probably due to the pyrazole attached to thiophene with a 3 -2  linkage. 

In this case, the 3'-pyrazole-2-thiophene moiety appears to be responsible for the 

increased AT selectivity of 2.3(2,76), with the pyrazole ring presumably acting as a 

selectivity enhancer.
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2.2.1.3 Furan sub-library (2.3c)

Once again, the screening results of the furan sub-library show similarities to the 

previous ones. As seen for the 2.3a and 2.3b sub-libraries members, the compound with 

the highest affinity (39%) toward the whole DNA-hairpin library, 2.3{3,/}, is the one 

incorporating the p<3ra-phenylacetamide group, whereas the most AT selective 

compound within this sub-library, 2.3(3,76}, is the one including the pyrazole moiety 

(Figure 2.15).

para-phenyl 
acetam ide group NH

HN'

HN-

DMA Binding  Affinity P ro f il , o f  0 5 8  FB 0 4 7  2 (2uM ) 
a g s in n  512  ho irp in  lib ra ry

- -

IN CREA SIN G  A F F IN I1 V

H airpins (8uM bp)

First sequence not to be considered as the 
error band is too high.

pyrazole group

HN

HN

DNA Binding ABinily Prodle o) 056-FB-M7 1 (2 uM) again.) 512 haiipin liwary

IN CREA SIN G  A FFIN ITY

21 41 41 41 101 121 141 141 141 201 221 241 241 241 M

512 DNA Hairpin» (8 uM bp)

DNA Binding Mfinity Profile of 0S$.FB4X7 1 (2uM) against 512 hairpin Ubraiy

Figure 2.15 Two examples of furan sub-library (2.3c) compounds. Polyamide (2.3(3,7} 

exhibited the highest AT affinity toward the whole DNA-hairpin library, whereas polyamide 

2.3(3,76} appealed to be the most AT selective in this sub-library.
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2.2.1.4 Pyrrole sub-library (2.3d)

From the screening results it emerged that all 2.3d sub-library members exhibited a very 

low AT affinity. In particular, the pr/ra-phenylacetamide-substituted compound, 

2.3{4,7}, which was expected to exhibit high affinity toward the DNA-hairpins, only 

managed a 15-20% reduction in fluorescence, even for the most favoured sequences. In 

contrast, it should be noted that 13{4,2], the meta isomer of 2.3{4,/}, bound, although 

with extremely low affinity (17%), to the 5-G TTCC-3' sequence (Figure 2.16).

para-phenyl 
acetamide group

m eta-pheny l 
ace tam id e  group

2.3{4.1}

DNA Binding Affinity ProFile of 056 -F B -0S 7-1 (2uM ) 
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 JNC&EASINGj UTINITY.

Top 25 High Affinity S oquenoes of 056 -F B -0 5 7 -i

O
2 .3 (4 2 }

Top 25  High Affinity S e q u e n ce s of 056-FB -057-2

Figure 2.16 Poor AT binding affinity exhibited by pynole sub-library (2.3d) members. Two 

isomers, 2.3>{4,1} and 23{4,2} exhibited exUemely different binding aftmity.
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The 2.3d sub-library pyrazole-containing compound, 2 3 {4 ,16], unlike its 2.3b and 2.3c 

sub-library analogues (2.3(2,76} and 2.3(3,76} respectively) bound across the entire 

DNA hairpin library with very low selectivity (Figure 2.17).

pyrazole moiety

N—

2°3{4,16}

?  Too 5 High Affinity Sçauençe

»CCOI AA.TC
24.70 %
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 DNA Binding Profile

INCKKASING AFKINITV
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Figure 2.17 Polyamide 2.3(4,76} did not exhibit either relevant AT affinity or AT 

specificity.
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2.2.1.5 Thiazole sub-library (2.3e)

As observed in the pyrrole sub-library screening results, the 2.3e sub-library para- 

phenylacetamide substituted compound, 2.3{5,/}, did not bind to AT rich sequences as 

much as its 2.3a, 2.3b and 2.3c sub-libraries analogues. Furthermore, 2.3{5,7) along 

with its meta isomer 2.3{5,2} exhibited the lowest AT binding affinity values (28% and 

23%, respectively) among the other members of 2.3e sub-library (Figure 2.18).

para-phenyl 
acetamido group mefa-phenyl 

acetam ido group

HN

2°3{5,n
o
2.3(5,2}

Top IS High Arnnitv scouencot of 0SS.PS^»4.l

INCREASING AFFINITY

Top 2S High Afflnfty Sequencof of 0S«-Pft-0S4-2

Figure 2.18 Thiazole sub-library (2.3e) isomers 2.3(5,7} and 2.3{5,2} exhibited poor AT 

binding affinity.

On the other hand, the pyrazole-containing polyamide, 2.3(5,76}, appeared to be the

most AT sequence selective among all compounds screened with the EtBr assay
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(Figure 2.19a, d). As illustrated in Figure 2.19a, ail top five high affinity sequences 

included AT base pairs (highest value 38%), with the first two values of the graph 

higher than the others.
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GTTGG A ACTA
ATGTC TTGTA
CGAGG ACAAG
AACGC AGAAG
AGACT ACTCT
GAGGA AACTG
ACCGA CTGCC
CCATG AGTTG
CGCGA AGGTA
CAGTA TGGCC
GTCTA AAGCA
GTATA ATGGA
GTTTA ATGTA
GTGAA AACCA
GTCCG ATACC
CGATA TAATC
ACACC AAGTA
CTATA ATATC
CGCTA TGTTA
ATCCA CGCTA
TTAGA CTCTA
TTTTG ATCTG
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AACGC TGGGC
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Figure 2.19 The pyrazole-thiazole biaryl motif including polyamide, 2.3(5,76}, exhibited 

the highest AT binding selectivity, retaining a reasonable AT affinity (38%), among the other 

polyamides. See text for the explanation of the graphs.

In the graph of Figure 2.19b are compared the relative binding affinity values, ranked on 

the basis of the sequences GC content (see Figure 2.8), of distamycin and 2.3(5,76}. It 

can be seen that the natural ligand shows the highest affinity (highest blue bands) in the 

AT-rich region of the graph. However, high blue bands are present throughout the 

graph, including the GC rich region. This indicates that distamycin bound across the
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whole set of DNA-hairpin sequences with low selectivity, are not discriminating 

between AT and GC sequences. In contrast, 2.3{5,7<5}, although binding with low 

affinity to the entire DNA-hairpin library, exhibited high selectivity towards a number 

of sequences in the AT-rich region of the graph, where the highest red bands are 

located, and interacted poorly with GC rich sequences. Finally, the sharply sloped curve 

(see Figure 2.7) in the graph of Figure 2.19c confirms the high AT selectivity of 

2.3{5,7(5} and shows that the polyamide did not bind to a number of DNA sequences, 

which are illustrated in the non-binders list of Figure 2.19d.

From the analysis of the 2.3e sub-library screening results, stemmed the idea that the 

pyrazole ring in itself might not be responsible for the polyamides AT sequence 

selectivity. It would appear, on the other hand, that the ligands discrimination power 

could be modulated only when the pyrazole ring is attached via a C-C bond to an 

appropriate third heterocyclic moiety. Therefore, it was the resulting biaryl motif, and 

not the pyrazole ring in itself, that might be responsible for enhancing the AT sequence 

selectivity of the compounds.

As illustrated in Scheme 2.4, the biaryl motifs included in the structure of five 

polyamides affected their AT-sequence selectivity in different manners. In particular, 

2.3(7,76} and 2.3(4,76}, respectively 2.3a and 2.3d sub-libraries members, bound to 

the DNA-hairpin library with no discrimination between AT and GC rich DNA 

sequences. In contrast, three compounds, 2.3(3,76}, 2.3(2,76} and 2.3(5,76}, 

belonging respectively to 2.3c, 2.3b and 2.3e sub-libraries, bound with strong 

preference to AT sequences, and, among them, 2.3(5,76} exhibited the highest AT 

sequence selectivity of all the polyamides screened.
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Scheme 2.4 Five biaiyl motifs influence the AT selectivity of Library 2.1 polyamides in a 

different manner. In brackets are indicated the sub-libraries.

Third  
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A steric factor seems to be involved in the sequence discrimination of AT from GC 

sequences. Scheme 2.5a, b shows the diagrammatic representation of two biaryl motifs 

with different substitution patterns. When the third polyamide heterocyclic moiety is 

substituted at the 3-position with a pyrazole ring, the resulting biaryl motif does not 

confer AT-sequence selectivity to the polyamide (Scheme 2.5a). In contrast, the 

attachment of a pyrazole ring at the 2-position of the polyamide third moiety leads to a 

biaryl motif capable of enhancing the molecule AT-sequence selectivity (Scheme 2.5b).

Scheme 2.5 Diagrammatic representation of two biaryl motifs with different substitution 

patterns which yield different recognition properties: (a) the substitution, with a pyrazole ring, 

at 3-position of the third moiety of polyamides 2.3a-e does not confer AT-sequence selectivity; 

(b) on the other hand, substitution at the 2-position confers AT-sequence selectivity.

V X
third moiety

third moiety \  

X =  N . S . O

/ \ NO A T -sequence selectivity

A T -sequ en ce selectivity
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2.3 Biological evaluation 2. DNase I footprinting 

experiments

Originally developed for investigating the DNA binding sites of proteins (Galas & 

Schmitz, 1978), DNA footprinting has also been extensively employed for detecting the 

sequence selectivity of triple-helix-forming oligonucleotides and small molecules (Fox 

& Waring, 1984, 2001).

Footprinting is a “protection’' assay in which the digestion of double-stranded DNA by 

a cleaving agent such as DNase 1 or hydroxyl radicals is locally inhibited by the 

presence of a ligand at specific binding sites within a DNA fragment (Hampshire et al., 

2007). In a typical experiment (Fox & Waring, 2001), a 200-400 base pair (bp) double- 

stranded DNA substrate is labelled at one of its 5 ' or 3' ends with a radioactive isotope 

(usually “̂P) or a fluorophore (Figure 2.20). The end-labelled DNA is then exposed to 

the ligand and the mixture allowed to equilibrate.

DNase I 
cleavage

hg<r>d

Denaturhg 
polyacrylamide 
gel electrophoresis >footprint

Figure 2.20 Schematic representation of a footprinting experiment. After exposure to a 
ligand, the DNA fragment is labelled (asterisk) at one end of one strand and digested with a 
cleaving agent such as DNase 1. The ligand protects the DNA from cleavage and this results in a 
footprint (or gap) when the products of digestion are resolved on a gel (reproduced from 
Hampshire et a!., 2007).
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The complex is treated with a chemical or enzymatic cleaving agent, which cleaves the 

DNA at sites that are not protected by the ligand, so that on average each molecule is 

only cleaved once (i. e., single-hit kinetics). The resulting mixture of fragments is 

separated on a denaturing polyacrylamide gel. The patterns of cleavage are compared to 

control experiments carried out in the absence of ligand, and the presence of a bound 

ligand appears as a gap (footprint), which is a region that lacks (or has attenuated) bands 

due to protection against the cleaving agent. By running suitable markers alongside the 

experimental lanes, the exact binding sites for the ligand can be determined.

DNAse I is a double-strand-specific endonuclease (34.000 Da) which binds to about 10 

bp (approximately one turn of the DNA helix) by inserting an exposed loop into the 

minor groove. This enzyme acts by introducing single strand nicks into the 

phosphodiester backbone by cleaving the 0 3 -P bond (Laskowski, 1975). It requires 

divalent cations for activity, usually magnesium and calcium, and the reaction can be 

stopped by chelating these ions with EDTA. The most important factors affecting the 

cleavage are the local minor groove width and the flexibility of the DNA. A^-T  ̂ tracts 

and GC-rich regions are generally poor cleavage sites. Narrow minor groove regions, 

such as A„-T„ tracts, make the binding of DNAse I more difficult and rigid DNA 

sequences such as GC-rich regions hinder the distortion of the DNA which is a 

requirement of the catalytic mechanism. Another issue is that DNAse I is a large 

glycoprotein and its size can affect the accuracy of estimating preferred binding sites by 

up to 2-3 base pairs (Hampshire et a l, 2007).

Despite these limitations DNAse I is simple and economic to use and it is the most 

popular footprinting probe. The reaction can be easily controlled and it can be stopped 

by simply adding EDTA.
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Other footprinting methods are based upon the use of hydroxyl radical (OH ) to cleave 

DNA. For example, Dervan and Van Dyke (Van Dyke and Dervan, 1983) first reported 

the use of methidiumpropyl-EDTA-Fe(II) (MPE) as a chemical probe. The small size of 

MPE allows it to approach very close to a bound ligand and the hydroxyl radical 

generated by the Fe(II) ion can cleave the DNA backbone more precisely than the 

DNase I enzyme. Therefore, the footprint (gap) on an MPE gel very closely defines the 

size of the ligand binding site.

However, MPE footprinting, despite its better sensitivity, is a lengthy procedure and 

often results in high background noise.

2.3.1 Choice o f DNA substrate

Two different approaches can be used to design appropriate DNA sequences for 

footprinting analysis. The first approach involves a “combinatorial library” concept. 

Fox and co-workers have recently developed a series of fragments that together contain 

all 64 symmetrical hexanucleotide sequences. It was reasoned that since many DNA 

binding small ligands are either (pseudo)symmetrical (such as echinomycin and 

actinomycin) or can bind as dimers (mithramycin or distamycin), these fragments 

should serve either as good substrates for the characterisation of compounds of 

unknown binding properties or to probe the effects of local DNA sequence on the 

interaction of known DNA ligands with their preferred binding sites (Hampshire & Fox, 

2007). For example, in footprinting experiments carried out using these DNA 

fragments, it was found that distamycin binds to A„-T„ better than d(AT)„, with TpA 

steps, but not ApT steps, thus reducing the binding affinity (Hampshire & Fox, 2008). 

This not only indicated that continuous stretches of adenine and thymine (i.e., A„*T„) are
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better binding sites than alternating AT base pairs (i.e., (AT)«) but also demonstrated 

that the presence of thymine at the beginning of a site might disfavour the binding of the 

natural ligand. Furthermore, these experiments have shown that distamycin is more 

tolerant of a GC base pair at the end of the binding site, confirming the ligand’s low 

discrimination already revealed in previous footprinting experiments (Portugal and 

Waring, 1987; Zimmer <3 / . ,  1979).

The second approach involves the rational design of specific sites created to address 

focussed questions about binding specificity. These sites can be separated by regions of 

DNA to which the ligand is known not to bind, thereby enabling the discernment of 

footprints at the designed target sites, provided the ligand binds as anticipated. This 

more rational approach enables controlled studies of small changes in binding site size 

or single base pair mutations (Urbach & Waring, 2005).

The footprinting analysis used in this study has incorporated both these approaches to 

evaluate the binding properties of Library 2.1 compounds. The ethidium bromide 

displacement assay revealed that Library 2.1 compounds showed an overall AT- 

selectivity when screened against 512 DNA hairpin oligonucleotides containing all 

possible combination of five base pairs.

From this preliminary screening, a number of selected compounds belonging to 2- 

thiophene, 3-thiophene, thiazole, pyrrole and furan sub-libraries emerged as potential 

candidates for further investigation (Figure 2.21). In particular, 2.3(5,76}, a compound 

containing a thiazole-pyrazole biaryl motif, was found to exhibit a higher AT-selectivity 

compared with distamycin. These findings prompted the use of further footprinting
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experiments to corroborate the EtBr screening assay data and to fully characterise the 

binding profile of the selected Library 2.1 compounds.

2-thiophene

\  y -N H C O C H g

2.3(2, n

2.3(2,10}

2.3(2,13}

2.3(2,76}

pyrrole

NHCOCH

2.3(4,2}

thiazole3-thiophene
NHCOCH

NHCOCH;

2.3(5,2}

2.3(5,70}

2.3(5,7 7}

2.3(5,72}

furan

NHCOCH 2.3(5,76}2.3(3,2}

—N
R =

-NH

O N'
/

HN-^

n
N

Figure 2.21 Library 2.1 polyamides studied in the footprinting experiments.

In this instance, the evaluation of the ligands binding profile was conducted by using

two different types of DNA fragments. The first fragment, HexB, contained 31

symmetrical hexanucleotide sequences with a broad range of AT and GC base-pair
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combinations and was originally designed by Fox and co-workers (Hampshire & Fox, 

2007) to explore a range of potential binding sites in different contexts (Figure 2.22).

c '-G G A T C C G G C C G A T C G C G A G C T C G A G G C C C T M T T A G C C G G 'C A A T T G C A A G C T T A T A A G C G C G C T A C G T A T A C G C G T A C G C G C G
3 -C C T A G G C C G G C T A G C G C T C G A G C T C C C G G A T T A A T C G G C C G T T A A C G T T C G A A T A T T C G C G C G A T G C A T A T G C G C A T G C G C G C

TA TA TA CA TATG TA .C ATG TC G A CG TCA TG A TC .A ATA TTCG AA TTA ATG CA TG G ATCC -  3 ' 
A TA TA TG TA TA C A TG TA C A G C TG C A G TA C TA G TTA TA A G C TTA A TTA C G TA C C TA G G  -  5

Figure 2.22 Sequences of the HexB DNA fragments. The symmetrical hexanucleotides are 

indicated by bars.

This multi-site footprinting substrate provided, in initial experiments, a complete 

binding profile for the selected ligands and led to the identification, once again, of 

2.3(5,76} as the polyamide with the most interesting sequence-selective binding 

properties amongst Library 2.1 compounds, thus confirming the previous data obtained 

from the EtBr assay. Alternating AT residues with a strict avoidance of GC tracts were 

found to be preferred binding sites for polyamide 2.3(5,76}. This result allowed more 

focussed experiments to be carried out, and so a second DNA fragment, ATlo, was then 

utilized that contained three different arrangements of 10 consecutive AT base pairs, 

together with AATT, separated by four GC base pairs (Figure 2.23). By examining the 

interaction of 2.3(5,76} with the ATlo fragment it was possible to demonstrate that this 

polyamide can discriminate between different arrangements of AT residues and is 

highly selective for alternating AT sequences with strong GC avoidance.

5 ‘ -  CGCGTTTTTAAA7\ACGCGTATATATATACGCGA7\AAATTTTTCGCGAATTCG - 3 ‘

Figure 2.23 Sequences of the ATm DNA fragment.
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2.3.2 Footprinting experiments

DNA fragment HexB was initially utilised to probe the sequence selectivity of 16 

polyamides. These included 2-thiophene sub-library compounds 2.3{2,7}, 2.3{2,76>}, 

23{2,13], 2.3(2,76), 3-thiophene sub-library compounds 2.3(7,7), 2.3(7,2), 

2.3(7,77), 2.3(7,73), thiazole sub-library compounds 2.3(5,7), 2.3(6,2), 2.3(5,76), 

2.3(5,77), 2.3(5,72), 2.3(5,73), 2.3(5,76), pyrrole sub-library compounds 2.3(4,2), 

2.3(4,76) and the furan sub-library compound 2.3(3,2) (Figure 2.21). Footprinting 

studies commenced with an examination of the interaction of these polyamides with 

fragment HexB at a concentration of 10 pmol. Distamycin (dis), 2.3(5,76) and 2.3(5,7) 

were tested at decreasing concentrations, with lanes a, b and c corresponding to 

concentrations of 10, 7 and 5 pmol (Figure 2.24a and 2.24b). In each footprinting gel, 

marker lanes labelled “GA” and specific for purines, allowed identification of the 

sequences of footprinting sites. A “control” lane showed digestion of DNA in the 

absence of ligand. Distamycin was included in a number of footprinting gels for 

comparison purposes.

Visual inspection of the DNAse I footprinting gel in Figure 2.24a shows that distamycin 

protects from DNAse I cleavage at eight hexanucleotide binding sites. Five of these 

sites, T AATTA, CAATTG, TTATAA, AATATT, and ATT A AT contain A„T„ steps, 

whereas the other three, TATATA, CATATG and TACATG are contiguous and 

generate a large region of protection.

In a similar manner to distamycin, thiazole sub-library compound, 2.3(5,76) shows 

clear protection around three sites, TATATA, CATATG, TACATG. However, in this 

case the region of protection generated was smaller than the one produced by the natural 

ligand and included the sequence TATACATAT.
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Figure 2.24a-b Footprinting gels showing the interaction of (a) 2.3{2,/}, 2.3{2,/O}, 

2.3{2./3},2.3{2./6},2.3{5./},2.3{5,2},2.3{5,/0},2.3{5,//},2.3{5,/2},2.3{5./J},2.3{5,/6} 

and distamycin (dis), and (b) 2.3{5,/}, 2.3{J,2}, 2.3{4,2}, 2.3{</0}, 2.3{/,/}, 2.3{/,2}, 

2.3{/ , / / } ,  2.3{ /, / j } with the HexB fragment. The ligand concentration was 10 gmol in each 

lane. For dis, 2.3{5,/6} and 2.3{5,/}  lanes a, b and c correspond to 10, 7 and 5 gmol 

respectively.

Clear footprints were also evident in the lower part of the gel at two sites, AATATT and

ATTAAT. The footprinting gel illustrated in Figure 2.24b reveals that CATATG is a

poor binding site for the thiazole sub-library polyamide 2.3{5,/} and also shows that the
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same sequence, CATATG, appears to be the preferred binding site of the 3-thiophene 

sub-library ligand 2.3{7,77}.

Following these preliminary footprinting experiments further investigations were 

carried out with 2.3(7,77}, 2.3(2,76} and 2.3(5,76}.

Figure 2.25 shows the DNAse I footprinting patterns for 2.3(7,77} against the ATlo 

fragment, along with the results for two other 3-thiophene sub-library compounds, 

2.3(7,76} and 2.3(7,75}, which offered no protection from DNAse 1 cleavage. As for 

2.3(7,77}, a weak footprint was observed at (TA)^, suggesting that the molecule can 

tolerate binding sites containing different base steps surrounding central d(AT)„ steps 

(i.e., CATATG or T ATATATA).

2 .3 (7 ,77}  2 .3 (7 .70}  2 .3 (7 .73}

c b a f e d c b a f e d c b a

I

(TA);

I
5

s  

%

Figure 2.25 DNAse 1 footprinting pattern for 2.3(7,//}, 2.3(7,76} and 2.3(7,75} at 

increasing concentrations against the ATlo fragment. Lanes a, b, c, d, e and f correspond to 

concentrations of 10, 7, 5, 3, 1, 0.3 and 0.1 pmol.
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DNAse I footprinting patterns for the interaction of 2.3{2,76} and two other 2- 

thiophene sub-library polyamides, 2.3(2,70} and 2.3(2,7j} , with the HexB fragment, 

are shown in Figure 2.26.

2.3{2.10} 2.3(2.13} 2.3(2.16}

CA ATTG

TA TA TA

CA TA TG

AA TA TT

A T TA A T -

Figure 2.26 DNAse I cleavage patterns for the three 2-thiophene sub-library ligands 

2.3(2,70}, 2.3(2,73} and 2.3(2,76} at decreasing concentrations against the HexB fragment. 

Lanes a, b, c, d and e correspond to concentration of 10, 5, 3, I, 0.3 and 0.1 pmol respectively.

It is evident that only the thiophene-pyrazole polyamide 2.3(2,76} produces a defined 

footprinting pattern, although only at the highest concentration (10 pmol), and five 

regions of protection are evident (i.e., CAATTG, TATATA, CATATG, AATATT, and
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ATTAAT). Polyamide 2.3{2,70} appears to “coat” the gel, that is the molecule binds 

without discrimination across many hexanucleotide binding sites.

From examination of the interactions of the 16 polyamides illustrated in Figure 2.21 

with the HexB fragment, it emerged that 2.3{5,76}, a thiazole/pyrazole-containing 

ligand, possessed a unique binding profile. Thus, two further footprinting experiments 

using the HexB and ATio DNA fragments were carried out to further characterise its 

binding profile.

In the gel presented in Figure 2.27 are directly compared the interactions of 2.3(5,76} 

and distamycin (dis) with the HexB fragment. Although distamycin and 2.3(5,76} are 

both AT selective and show similar footprinting patterns, differences arise if the two 

ligands are carefully compared in terms of their DNA sequence selectivity. For 

example, 2.3(5,76} binds to only three sequences, whereas many more footprints are 

evident for distamycin. Polyamide 2.3(5,76} appears to discriminate between different 

binding sites and does not interact with three of the hexanucleotide sequences, 

T AATT A, CAATTG and TTATAA, which conversely are good binding sites for 

distamycin. As seen previously in Figure 2.24a, distamycin protects from DNAse I 

cleavage at three contiguous sites, TATATA, CATATG and TACATG, thus generating 

a large region of protection, whilst 2.3(5,76} binds only to the central portion of the two 

contiguous hexanucleotide sequences TATATA CATATG (the dot indicates the 

separation between adjacent hexanucleotides), providing a much more restricted region 

of protection, TATACATAT. This clearly indicates the preference of 2.3(5,76} for 

alternating AY sequences (Y = pyrimidine), but does not explain the binding site size of
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the polyamide, nine base pairs being far wider than the hypothetical five base pairs span 

based on its structure.

2.315.16}

H N ' " 0

T4ATTA
/ 0 / 

d is ta m y c in

TTATAA

H -

h H Is S

« S

- = #
M S  Z

= N  
N .  ^  .N -

HN

2.3(5,16}

TATATA CATATG-TACATG %
*

TATACATAT

• —  <---------------G

: — * # # # #

AATATT AATATT

ATTAAT-GC ATTAAT

Figure 2.27 DNAse I footprinting patterns for 2.3{5,/6} and distamycin (dis) against the 

HexB fragment. Lanes a, b, c, d and e correspond to concentrations of 10, 7, 5, 3 and 0.1 pmol. 

G is the guanine base avoided by 2.3{5,76}. The dots indicate the separation between 

contiguous hexanucleotides.
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One possible explanation for the anomalous nine base-pair binding site (TATACATAT) 

is that two molecules of 2.3{5,7b} may “slip” to the ends of the binding sequence, thus 

occupying a space that is larger in width than expected. In the future, structural NMR or 

X-ray crystallography studies may be required to fully understand the binding mode and 

binding site size of 2.3{5,7b|.

Interestingly, as highlighted in Figure 2.27, polyamide 2.3(5,76} seems to avoid the 

guanine base at the end of the hexanucleotide sequence CATATG. Furthermore, while 

distamycin exhibits protection from DNAse I cleavage at the sequence ATTAAT GC, 

2.3(5,76} avoids the GC residue contained at the end of that sequence and binds only to 

the hexanucleotide sequence ATTAAT.

The only similarity between 2.3(5,76} and distamycin in terms of preferred binding 

sites is that both ligands bind to the AATATT sequence, although with lower binding 

affinity for 2.3(5,76}.

These results were quantified by generating footprinting plots of the relative intensity of 

bands within each footprint at different ligand concentrations as shown in Figures 

2.28a-b. The intensity of bands within each footprint was estimated using ImageQuant 

software and this was normalised relative to the total intensity of all the cleavage 

products in the same lane. C50 values, representing the ligand concentration that reduced 

the intensity of bands in the footprint by 50%, were estimated from this by fitting the 

data to a binding curve. Examination of the footprinting plots, as presented in Figure 

2.28a, for the interaction of distamycin with the HexB sequences reveals that a central 

tetranucleotide, AATT, is contained in the strongest binding site, TAATTA, and in
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another sequence, CAATTG, with a 10-fold difference in C5 0  value between these two 

sites. Distamycin was found to bind to sites with central ATAT and TATA sequences.

(a) CAATTGTAATTA

AATATT

±U.S)

ATTAAT

L,»- 1.2/t 1/1/

TATATA CATATG

\ f,o= 1 TO+ 0 60

Concentratian (t.iM)

TTATAA

TACATG

C^»= 1.20 IC .19

Sequence

TAATTA
0.1 = 0 1 7

CAATTG
1 5 1 2 . 8

TTATAA
0 .4810 .17

TATATA
1 310 .0

CATATG
1 2 5 1 0  16

TACATG
1.210.19

AATATT
0 7 4 1 0 5 5

ATTAAT
1.211.47

(b) TATACATAT

€ 5 0 = 1 .6 3 1 0 .3 6
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1 0
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\ 050 = 2.3410 16
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S e q u e n c e
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1.6310.36
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2.11C.35

ATTAAT
2.310.16

C o n cen tra tio n  (nlV)

Figure 2.28a-b Quantitative footprinting plots for the interactions of (a) distamycin and (b) 

2.3{5,76} with HexB binding sites. The abscissa shows the ligand concentration (pM ), and the 

ordinate corresponds to the relative band intensity in the presence o f the ligand.
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Three sites contain a central ATAT nucleotide, CATATG, AATATT and TATATA, 

whereas only one (TTATAA) contains the central TATA nucleotide. It is well known 

that distamycin and netropsin bind less well to sites containing TpA steps (Ward et al., 

1988), and this feature can be observed when distamycin interacts with the 

ATTAAT-GC nucleotide. The natural ligand may interact initially with the central 

TTAA contained in the hexanucleotide ATTAAT and then, avoiding the TpA step, slip 

to one end of the sequence and contact the GC base pair of the adjacent hexanucleotide 

GCATGC. As shown in figure 2.28b, the best binding site for polyamide 2.3{5,7(5} is 

TATACATAT, a region containing nine base pairs, and it would appear that YpA (TpA 

or CpA) steps enhance the binding affinity.

Interestingly, a slightly weaker binding site AATATT, which includes the central 

tetranucleotide AT AT, shows that 2.3(5,76} may be selective for AT alternating 

sequences. However, another site with similar binding affinity ATTAAT, containing a 

central TTAA nucleotide, indicates that 2.3(5,76} is tolerant towards TpA steps. 

Indeed, unlike distamycin, which binds to the ATTAAT-GC sequence, 2.3(5,76} only 

binds to the hexanucleotide ATTAAT, strictly avoiding the GC base pair belonging to 

the adjacent hexanucleotide GCATGC.

In order to confirm the selectivity of 2.3(5,76} towards AT alternating sequences, the 

interaction of this ligand with the DNA fragment ATio, which contains different 

arrangements of AT base pairs separated by four GC base pairs, was examined (Figure 

2.29). The quantitative DNAse I footprinting results shown in Figure 2.29 reveal that 

(TA)s is the only preferred binding sites for 2.3(5,76} within the ATio fragment and 

provided further confirmation that the molecule’s selectivity is directed towards 

alternating AT residues with avoidance of GC base pairs.
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Figure 2.29 DNAse I digestion patterns o f ATi» fragment in the presence of decreasing 

concentration of 2.3{5,/6 } . Lanes a, b, c, d and e, correspond to concentrations of 10, 3, I, 0.3 

and 0.1 pmol.

In conclusion, the DNAse I footprinting experiments demonstrated that 2.3(5,76}, a 

distamycin analogue containing a thiazole-pyrazole biaryl motif, exhibits a significantly 

different binding affinity profile compared with the parent drug, with the biaryl motif 

probably modulating its selectivity.

Although both the synthetic and natural ligands bind to AT rich sequences, from these

studies it emerged that, unlike distamycin, 2.3(5,76} (1) is selective towards alternating

AT residues (i.e., d(AT)n) rather than continuous stretches of adenine and thymine (i.e.,

An-Tn), (2) tolerates TpA steps and the presence of thymine at the beginning of the
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binding site does not disfavour the binding of this ligand, and (3) shows higher 

discrimination and avoids the GC base pair at the end of the binding site.

Considering these sequence selectivity features, it was thought that 2.3(5,76} would be 

a suitable candidate to target the TATA-box sequence of the promoter region of a gene, 

and EMSA (electrophoretic mobility shift assay) studies are presently underway to 

evaluate the ability of 2.3(5,76} to inhibit or attenuate the binding of TATA binding 

protein (TBP) to the TATA element of a double-stranded oligonucleotide.

2.4 Gel (electrophoretic) mobility shift assay (EMSA)

A  gel mobility shift assay (EMSA) represents an efficient method to determine the 

specificity of protein binding to DNA, and a means of quantitating a DNA/protein 

complex. In this study, EMSA was used to evaluate the ability of the polyamide 

2.3(5,76} to inhibit the TATA binding protein (TBP) from binding to the TATA box of 

a double-stranded oligonucleotide. This is of particular importance as, in a cell, the 

polyamide would have to compete with the endogenous transcription factor (TBP) in 

order to inhibit transcription. It is therefore necessary for the polyamide to have an 

equal or greater affinity for the cognate DNA sequence compared to the transcription 

factor for any inhibitory effects to be observed. As TBP binds to the TATA box with 

high affinity and selectivity, this is challenging.

Zhang & Kiechle (Zhang & Kiechle, 1998) have demonstrated, using a gel mobility 

shift assay, that the AT-sequence selective Hoechst 33342 (1.5, page 14) can alter the
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initiation of RNA polymerase activity by inhibiting the formation of a TBP complex 

with a [^^P]-labelled TATA element-containing 24-mer oligonucleotide (Figure 2.30).

5’-GAAGGGGGGCTATAAAAGGGGGTG-3’ 
3'-CTTCCCCCCGATATTTTCCCCCAC-5'
Figure 2.30 The 24 base pair oligonucleotide containing a TATA element used in the EMSA 

carried out by Zhang & Kiechle (Zhang & Kiechle, 1998).

The objective was to employ the same 24 base pair oligonucleotide as used by Zhang & 

Kiechle to compare the ability of both Hoechst 33342 and 2.3(5,76} to inhibit the 

binding of TBP to the above 24-mer oligonucleotide. Unfortunately, initial attempts 

proved unsuccessful. This was probably due to the type of double-stranded 

oligonucleotide employed in the EMSA. One of the DNA strands contained two long 

stretches of guanine bases ( 5 - 6  bases) which might adopt a G-quadruplex structure 

once dissolved in the annealing buffer, thus preventing the formation of the double

stranded oligonucleotide.

Ideally the assay could be repeated using a less guanine-rich oligonucleotide duplex 

(e.g., Figure 2.31) which might circumvent the technical problems encountered with 

annealing the oligonucleotide shown in Figure 2.30.

5'-GCAGAGGATATAAAGTGAGGTAGG-3'
5'-CGTCTCGTATATTTCAGTGGATGC-3'

Figure 2.31 A less GC-rich 24-mer oligonucleotide containing a TATA element which could be 
used for future EMSA studies.

Unfortunately time constraints did not permit the continuation of this work.
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Results and Discussion 2: 

Solid phase synthesis

3.1 Solid phase combinatorial synthesis

Combinatorial chemistry has exerted a great influence on the process of drug discovery. 

The possibility of generating multiple and diversified libraries simultaneously has inspired 

many researchers in the quest for lead compounds. Furthermore, the synthesis of 

combinatorial libraries may be complemented by solid phase methodology, resulting in a 

great acceleration of the rate of the construction of numerous chemical entities. Whilst 

solution phase combinatorial chemistry has been successfully applied for the synthesis of 

distamycin derivatives (Boger et ai,  2000) and an efficient solid-phase based method, 

involving mass-directed preparative HPLC purification, has been developed towards the 

synthesis of higher homologues of the natural product (Wurtz et al., 2001), to date there 

are few examples of solid phase combinatorial approaches exclusively directed to the 

design of novel distamycin analogues (Hamy et al., 2000).

Therefore, a solid phase combinatorial chemistry based on the SynPhase™ radiofrequency 

tagging system was developed to produce libraries of heteroaromatic polyamides. 

Synphase Lanterns are products of cylindrical appearance in which the Fmoc-protected 

Rink Amide linker (RAM) is grafted onto a rigid polymer (Figure 3.1a). The modular 

nature of SynPhase Lanterns gives rise to several fundamental advantages over 

conventional resins. These include defined loading (35 pmol), easy manual handling and 

the possibility to accommodate radiofrequency transponders (Figure 3.1b).
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Figure 3.1. (a) Schematic illustration showing the surface configuration of the derivatized solid- 

phase and (b) picture showing the SynPhase"^’ radiofrequency tagging system  

(http://www.mimotopes.com/PatteContent.aspx?linkId=l()0).

The concept of radiofrcquency encoded combinatorial chemistry was first introduced by 

Nicolau and co-workers in 1995 (Nicolau et a i ,  1995). In this case, encoding of 

combinatorial libraries is based on radiofrcquency signals and semiconductor memory 

devices. This allows identification of library members by retrieval of the recorded history 

and other information relating to the construction of each compound. The practicality of 

this method was demonstrated with the solid-phase synthesis of a library of epothilone A 

analogues generated by the “split-and-mix” method (Nicolau el aL, 1997).

The application of solid phase techniques allowed the use of excess reagents and building- 

blocks to drive reactions to completion and to remove unwanted materials by simple 

washing and filtration, leading to final compounds with moderate to good purity. At the 

end of the coupling cycle (Scheme 3.1), the majority of these molecules (see Table 3.4) 

did not require further HPLC purification and were suitable for high-throughput screening 

assays, such as the ethidium bromide displacement assay (Boger et a!., 2001a).

96
Phi i ill .IS 1 vd. 1 =: P n  L'di

http://www.mimotopes.com/PatteContent.aspx?linkId=l()0


In particular, the solid phase synthetic approach involved: (1) deletion of the distamycin 

C-terminus amidine chain, attained by performing amide coupling reactions on Rink 

Amide linker SynPhase Lanterns, which yield primary carboxamides after acid cleavage, 

and (2) replacement of the natural drug N-terminus pyrrole (-4yl) formamido unit with 

novel biaryl motifs (Figure 3.2).

Amidine chain

C-terminus

(A/-methylpyrrole-
4-formamido)-2-yl

Unit

HN
Introduction of 

2 points of 
diversificationV

N-terminus

Figure 3.2. Points of diversification introduced in the distamycin structure.

In this instance, Pd-catalysed Suzuki-Miyaura reaction of aryl halides with boronic acids 

was considered the most promising approach (Erase, 2003) for the formation of the 

carbon-carbon bond in the biaryl motifs (Frenette, 1994; Piettre, 1997). In order to achieve 

the modification of the distamycin structure, an efficient coupling cycle, involving 

optimised protocols for the assembly of the heteroaromatic polyamide chain and the 

Suzuki-Miyaura cross-coupling reaction, was developed (Scheme 3.1) (Brucoli, Howard 

and Thurston, 2009, in Press).

Thus, a library of 72 tetraheteroaromatic polyamides (Library 3.1, Figure 3.3) was 

generated quickly and effectively and two points of diversity were included at the third 

and fourth moiety of the library template using a portion of reagents 2.1{/-7) and 2.2{/-
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16] (see Figure 2.2, page 50), which in this chapter will be referred to as reagent chemsets 

3.4 and 3.7 (Figure 3.4).

Scheme 3.1. Coupling cycle for Libraiies 3.1 and 3.2 compounds.

I e n d I

ISTARTi

Lanl&ms Deprotection 
30min,20%PIP/DMF

Wash 
DCM3x5min 
DMF3x5i«n 
DCM3x5min

Coupling Solution 
12h.rt

W ash
DCM3x5nân 
DMF 3x5min 
DCM3x5min

\

Cleavage
50%TFAÆ»CM.1h.rt

Fmoc-Pyirole
Deprotection

2x30min,
80%PIP/DMF

Wash
[)CM3x5min 
DMF 3x5min 
DCM3x5nin

\

Suzuki Coupling‘s 
1 6 h ,8 0 “C

W ash
DCM3x5min 
DMF 3x5min 
DCM3x5min

I
Coupling Solution B"

2x1.5 h.rt

W ash ^
Coupling Solution A= DOM 3x5min

2x1.5 h.rt DMF3x5min
^DCM 3x5min^

Fmoc-Pyrroie
Deprotection

2x30min.
80%PIP/DMF

" 3.8 (0.2 M), HOBt (0.2 M), DIG (0.2 M), dry DMF/DCM (50/50).  ̂Reagent Chemset 3.4 (0.2 
M), HOBt (0.2 M), DIG (0.2M), dry DMF/DGM (50/50). '  Reagent Ghemset 3.7 (0.05 M), 
Pd(PPh3 ) 4  (0.02 M), Na2G0i (0.25 M), 10% HjO/DMF. PIP = piperidine.

For descriptive purposes the compounds were divided according to their third moiety into

six sub-libraries 3.1a-f (see appendix, page 239). In addition. Library 3.2 (Figure 3.3)
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was prepared to provide 72 biaryl carboxamide compounds, whose intermediate 3.5 

served as the substrate for an optimised Suzuki cross coupling reaction. By analogy with 

Library 3.1 compounds, Library 3.2 members were divided according to their first moiety 

into six sub-libraries 3.2a-f.

Library 3.1

Third M oiety
NH,

NH,

o

/
3.1b

Library 3.2

F irst M oiety

H,N

H,N

Y

O 3.2a

0  3.2e

H,N. // \\
O Y

3.2f

CHgOCH;
NHCOCH; .OCH;

NO

Figure 3.3. Library 3.1 and 3.2 templates.
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HOOCCOOH HOOC HOOC HOOCCOOH

Reagent Chem set 3 .4

HN
NH

OCH3 CH3
.OCH3

B(0H)2B(0H)2 B(0H)2

B(0H)2
B(0H)2

R eagent Chem set 3.7

Figure 3.4. Reagent chemsets 3.4 and 3.7.

3.1.1 Solid phase synthesis of Library 3.1 and 3.2

Initially, efforts focussed on optimisation of the Suzuki-Miyaura cross-coupling reaction 

and the synthesis of 3.2a{ /,/) (Scheme 3.2). Quantitative coupling of reagent 3.4{7) to 

deprotected Rink-amino Lanterns 3.3 was achieved in 12 h with HOBt-DIC (0.2 M) to 

yield the polymer-bound bromoderivative 3.5{ 7 }. It has to be noticed that the use of other 

triazolols (i.e., HOAt) or carbodiimide-omitting coupling reagents, such as HBTU and 

HATU, was found to be less effective than the HOBt-DIC activating system.

In this case, the loading was determined after cleaving 3.5(7} from one lantern (50% 

TFA/DCM, Ih); the resulting 3.6( 7} was then weighed and analysed by LC-MS.
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Scheme 3.2. Reaction scheme for the synthesis of Libraries 3.1 and 3.2̂

HO.

3.4

a

RinkI—NHg 

3.3

NH-Fmoc

HO,

d

NH-Fmoc

HO,

3.8

f

3.2a-f
b, c

R = (OH)2: Mê CzOz

3.6

-{Ring—NH^^-y^NH-Fmoc

3.9

RinkI—NH

o'
3.10

side product
H,N

iFbnkJ—NH

/
3.12

3.11

NH-Fmoc
iRinkj—NH

o'

NHo

:r x 9
3.13

HO.

3.4

g

HN

3.14

HN-
H2N

3.15

b, c

g r  R "  (OH)2: M e4C202

3.1 a-f

"Reaction Conditions: (a) Reagent Chemset 3.4 {1-6} (Carboxylic acids) (0.2 M), HOBt (0.2 M), 

Die (0.2M), dry DMF/DCM (50/50), 12h; (b) Reagent Chemset 3.7{7-72} (Boronic acid/esters) 

(0.5 M), Pd(PPh3 ) 4  (0.018 M), NazCO] (0.25 M), DMF/H2 O (90/10), 80 °C, 16 h; (c) 50% 

TFA/DCM, Ih; (d) 3.8 (0.2 M), HOBt (0.2 M), DlC (0.2 M), dry DMF/DCM (50/50), 12h; (e) 

80% PIP/DMF, 30 min (x 2); (f) 3.8 (0.2 M), HOBt (0.2 M), DlC (0.2 M), dry DMF/DCM 

(50/50), 1.5 h (x 2); (g) Reagent Chemset 3.4{7-6} (Carboxylic acids) (0.2 M), HOBt (0.2 M), 

DlC (0.2M), dry DMF/DCM (50/50), 1.5 h, rt (x 2).
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Optimisation of the Suzuki cross-coupling reaction of 3.5{7} with 1.4 equivalents of 

reagent 3.7{/} was achieved using two catalytic systems, Pd(PPh3 ) 4  and Pd(dba)2 /P(o- 

tol)3 , at four different concentrations (0.005, 0.01, 0.015 and 0.02 M), two bases, Na2 C 0 3  

(0.25 M) and Ef3 N (0.35 M), and two solvent mixtures (toluene/EtOH/H20:1/1/0.1 and 

DMF/H20:9/1) to give a total of 32 separate experiments. The reactions were heated at 80 

°C for the designated time, then cooled, washed and cleaved with 50% TFA/DCM to 

produce 3.2{/,/}. The crude samples were weighed and analysed by analytical HPLC. 

Table 3.1 illustrates the most significant results, with Pd(PPh3 ) 4  proving to be the best 

catalyst system.

Table 3.1. Optimisation of Suzuki cross-coupling reaction for the synthesis of 3.4{1,1

Experiment Cauilytic System (M) Hase (M) Solvent Reaction 
time (h)

Yield"
(%)

IHirit/
(%)

1 Pd(PPh3)4 (0.(K)5) NajCOj (0.25) toluene/l£t()H/H2()
l/l/O.I 48 30 55

2 Pd(PPh3)4 (0.01) Na2CÜ3 (0.25) toluene/EtOH/H2()
l/l/O.I 24 40 60

3 Pd(PPhj)4 (0.01 ) P;t3N (0.35) toluene/P4 ()H/H2()
l/l/O.I 32 40 65

4 Pd(PPh3)4 (0.01) F43N (0.35) DMI7 H2O
9/1 16 45 75

5 Pd(PPh3)4 (0.015) EtjN (0.35)
DM1/H2O 

9/1 16 70 85

6 Pd(PPh3)4 (0.01) NazCO, (0.25)
DMI/H 2O

9/1 16 50 75

7 Pd(PPh3)4 (0.015) Na^Cü, (0.25)
DMI/H2O

9/1 16 75 90

8 Pd(PPh3)4 (0 .0 1  ) Na2C03 (0.25)
DMF/H2O

9/1 16 85 90

9 Pd(PPh3)4 (0.02) NaiCO) (0.25)
DMI7 H2O

9/1 16 >99 >99

10 Pd(dba)2 (0.015)/ P(o-tol)3 (0.15) Na2C03 (0.25)
toluene/EtOH/H2Ü

l/l/O.I 46 50 40

II Pd(dba)2 (0.02)/ P(o-tol)3 (0.02) Na2C03 (0.25)
DMI/H 2O

9/1 16 50 42

" Yields were based on recovery and were relative to the initial loading of the lanterns. ^The purity 

of the crude material was determined by reverse-phase HPLC with peak areas detected by UV 

(250 nm).
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The employment of P(o-tol3) as the supporting ligand for the in situ formation of the 

active Pd complex was inefficient. Initial attempts to utilise chelating phosphine catalysts, 

such as PdChCdppf), did not yield satisfactory results, as traces of the ligand were evident 

in the final samples. As a result this particular approach was not investigated further. The 

presence of unreacted bromo-heteroaromatic carboxamide 3.6 in the cleavage solutions of 

experiments 3-5 suggested that a stronger base than EtgN was required; replacement with 

Na2C0 3  resulted in a more efficient reaction. Finally, the observation that cross-coupling 

reactions proceeded at higher rates when using DMF/H2O as the solvent system, enabled 

the synthesis of 3.2{7,7} (Experiment 9, Table 3.1) to be optimised. An exploratory 

library was then synthesised (Library 3.2) in a combinatorial manner using the split-and- 

mix technique in order to assess the scope and limitations of the optimised Suzuki cross

coupling method. Reagent chemset 3.4{7-6} was quantitatively loaded onto 

radiofrequency tagged lanterns 3.3 to yield lantern-bound bromoderivatives 3.5{7-6}, 

which were in turn cross-coupled with chemsets 3.7(7-72} to give 3.2a-f using the 

optimised Suzuki reaction conditions (Table 3.2). All products were analysed by 

analytical HPLC (UV 250 nm) and the yield was calculated with respect to the initial 

loading of the lantern. The excellent overall yield and purity of library compounds 3.2a-f 

show that the Suzuki optimised conditions are suitable for a broad variety of lantern- 

bound aryl/hetaryl halides 3.5{7-6| and boronic acid/esters 3.7(7-72). However, 

compounds 3.2( 7-6,6} are an exception, because members of this subset were produced in 

very low yield or not formed at all. This is probably due to the fact that 4-pyridineboronic 

acid 3.7(6} may form a pyridyl-palladium complex, that is catalytically inactive (Wolfe et 

aL, 1998). Conversely, the yield and purity observed for sub-libraries 3.2c, 3.2d and 3.2e 

were the highest among all sub-libraries, suggesting that lantern-bound 5-bromofuran 

3.5(5}, 5-bromothiophene 3.5(4} and 4-bromo-3-methylthiophene 3.5(5} are better
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substrates for Suzuki cross-coupling reactions in comparison with the other lantern-bound 

bromosubstituted derivatives. In this instance, the high electrophilicity of 5- 

halosubstituted furans and 5-halo/4-halo-3-methyl-substituted thiophenes might favour the 

rate determining oxidative addition step in the Pd(0) catalytic cycle.

Table 3.2. Library 3.2 compounds

linlry 3.2a l îrily"
(%)

RT
(min)

Yield''
(%)

Rniry 3.2b Purity"
(%)

RT
(min)

Yield"
(%)

Pntry 3.2c l*urity"
(%)

RT
(min)

Yield"
(%)

1 { 1, 1] 99 4.45 99 13 { 2. 1] 90 4.58 90 25 (5.7) 80 4.45 79

2 [ 1 . 2] 87 4.58 90 14 (2.2) 82 4.68 60 26 (5.2) 97 4.38 99

3 [ 1 , 3] 94 5.37 90 15 (2.3) 72 5.38 72 27 (5.5) 98 5.05 99

4 { 1 . 4} 99 5.40 99 16 (2.4) 95 5.37 99 28 (5.4) 99 5.17 99

5 { 1. 5] 84 5.71 90 17 (2.5) 97 5.71 99 29 (5,5) 99 5.43 99

6 { 1. 6] 50 5.64 40 18 (2.6) 43 5.60 40 30 (5.6) 40 5.65 35

7 { 1. 7] 82 5.35 76 19 (2,7) 98 5.32 99 31 (5.7) 99 5.08 99

X { l . K] 92 5.50 90 20 (2.8) 80 5.48 75 32 (5.8) 99 5.10 99

9 { 1. 9] 58 4.47 70 21 (2.9) 57 4.48 50 33 (5,9) 84 4.35 64

10 { 1 . 10} 41 4.47 41 22 (2.70) 86 4.38 40 34 (5.70) 85 4.85 50

11 { 1 . 11} 88 5.17 90 23 (2.77) 96 5.18 93 35 (5.77) 99 4.82 99

12 { 1 . 12] 81 4.47 59 24 (2.72) 39 4.37 35 36 (5.72) 82 4.66 40

Ilnlry 3.2d
l*urily“

(%)
RT

(min)
Yield"

(%)
Rntry 3.2e Purity"

(%)
RT

(min)
Yield"

(%)
Pntry 3.2f Purity"

(%)
RT

(min)
Yield"

(%)

37 { 4 . 1} 99 4.52 99 49 (5,7) 99 4.63 99 61 (6.7) 86 4.40 50

38 99 4.68 99 50 (5.2) 99 4.55 99 62 (6,2) 83 4.42 50

39 95 5.50 93 51 (5.3) 99 5.37 99 63 (6.5) 80 5.08 77

40 { 4 . 4] 96 5.52 92 52 (5.4) 99 5.40 99 64 (6.4) 83 5.15 83

41 99 5.91 99 53 (5.5) 94 5.73 92 65 (6,5) 80 5.42 77

42 (4,6) - - - 54 (5.6) - - - 66 (6.6) 40 5.66 35

43 92 5.43 90 55 (5.7) 99 5.33 99 67 (6.7) 65 5.18 45

44 99 5.60 99 56 (5.8) 96 5.45 93 68 (6.8) 82 5.17 60

45 95 4.72 60 57 (5.9) 36 4.32 32 69 (6.9) - - -

46 { 4 , 10} 94 4.72 64 58 (5.70) 83 4.33 62 70 (6.70) - - -

47 { 4 . 11} 84 5.33 60 59 (5.77) 89 5.12 86 71 (6.77) 22 4.67 18

48 { 4 . 12] - - - 60 (5.72) 99 4.32 99 72 (6.72) - - -

" Purity was determined by reversed-phase HPLC with peak areas detected by UV (250 nm). 

 ̂Yield based on recovery and purity.
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After optimising the Suzuki cross-coupling method, the focus shifted to the development 

of the amide coupling protocol for the synthesis of polymer-bound bromo-triheterocycle 

polyamides 3.14{7-6}. The latter served as substrates for the Suzuki cross-coupling 

reactions with 3.7(7-72} to give the title tetraheterocycle polyamides 3.1a-f, diversified at 

their third and fourth moieties employing the aforementioned split-and-mix technique. The 

coupling of Fmoc-protected 4-amino-pyrrole-2-carboxylic acid 3.8 with 3.10 to produce 

the lantern-bound amino-dipyrrole platform 3.13, followed by subsequent coupling of the 

latter with reagent chemsets 3.4 {7-6} to afford the polymer-bound bromo derivative 

3.14(7-6} initially posed a complex challenge. Preliminary amide coupling experiments to 

synthesise one of the title polyamides in high yield and purity were unsuccessful. During 

the polyamide chain assembly, in fact, insufficient deprotection of lantern-bound Fmoc- 

protected derivatives 3.9 and 3.12 or incomplete amide coupling of carboxylic acids 3.8 

and 3.4{7-6}, with lantern-bound unprotected amino derivatives 3.10 and 3.13 

respectively, occurred and after acid cleavage unwanted polyamide oligomers of different 

chain lengths were formed. In particular, formation of 3.11 was prevalent, indicating that 

the crucial steps for modification were the Fmoc deprotection of polymer-bound residue 

3.9, the coupling of 3.8 with lantern-bound amino derivative 3.10 and the Fmoc 

deprotection of 3.12 to form 3.13 The assembly of 3.12 and its deprotection to provide 

3.13 were investigated first and coupling efficiencies per step were analysed by UV-based 

quantitative Fmoc assay. After carrying out a number of experiments, in which the 

reaction conditions were gradually improved, it was found that, whilst the first pyrrole 

residue was loaded onto the lantern 3.3 with a 95% efficiency within 12 h (Experiment 3, 

Table 3.3), attachment of the second pyrrole residue proceeded in 95% yield, only after 

two additions of fresh coupling solution A to 3.10 and two deprotection cycles of 3.12 

with deprotection solution C (Experiment 6, Table 3.3).
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Table 3.3. Optimisation of lanterm-bound amino-dipyrrole platform 3.13 and bromo-polyamide 

3.15{7-/} assembly.

Amino-Dipyrrolc Fiatl'orm 3.13 Bromo-Polyamide 3.15{ 7-7}

Apcrimenis

First Pyrrole Residue Second l ^ o l e  Residue 3.4 {7-7}

Coupling 
Solution A" 

time 
(repeat)

Oeprotection 
Solution 

time (repeat)

% Fmoc 
Released'

Coupling 
Solution A" 

time 
(repeat)

Deprotection 
Solution 

time (repeat)

% Fmoc 
Released'

Coupling 
Solution B"̂  

time (repeat)

%
Area'

for
3.11

(RT = 
5.34)

% 
Area' 

for 
3.15 

(RT = 
5.52)

1 1.5 h (x  1) 30 min (x 1 ) 45 - - - - - -

2 1 2 h (x  I) 30 min (x 1) 75 - - - - - -

3 1 2 h (x  1) 30 min (x 2) 95 1.5 h (x  1) 30 min (x 1 ) 60 - - -

4 1 2 h (x  1) 30 min (x 2) 95 1 .5 h (x 2 ) 30 min (x 1 ) 80 - - -

6 12 h ( X  1) 30 min (x 2) 95 1.5 h (x  2) 30 min (x 2) 95 1.5 h (x  1) 35 55

7 1 2 h (x  1) 30 min (x 2) 95 1.5 h (x  2) 30 min (x 2) 95 1 .5 h (x 2 ) <5 95

" 4-(9H-Fluoren-9-ylmethoxycarbonylamino)-l-methyl-1 H-pyiTole-2-carboxylic acid 3.8, HOBt- 

DIC (0.2 M), rt. ’̂80% PIP/DMF, rt. ^Absorbance for quantitative Fmoc analysis was read at 301 

nm (see experimental section). Reagent chemset 3.4{7-6} (0.2 M), HOBt-DIC (0.2 M), rt. 

Purity was determined by reversed-phase HPLC with peak areas detected by UV (250 nm).

In this manner, the quantitative loading of amino-dipyrrole platform 3.13 onto Lantern 3.3 

was achieved and the subsequent amide coupling reaction of 3.4{7-6} with 3.13 for the 

formation of Suzuki cross-coupling substrate 3.14{ 7-6} was attempted. The coupling 

efficiency of this step was measured by loading 3.4{7-7j onto lantern-bound amino- 

dipyrrole platform 3.13, followed by acid cleavage of 3.14{7-7} (50% TFA/DCM, Ih) 

from the polymer support and LC-MS analysis of the bromo-polyamide 3.15(7-7}. After 

several experiments, it was observed that two consecutive additions of coupling solution B 

were required for the formation of 3.15(7-7} in high purity (Experiment 7, Table 3.3). 

This result allowed a standard amide coupling protocol to be optimised for the formation 

of lantern-bound bromo-heterocycle polyamides 3.14(7-6}, which were finally cross-
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coupled with 3.7{/-/2}, using the Suzuki reaction conditions described above (Table 3.1, 

Experiment 9) to afford 3.1a-f (Table 3.4).

Table 3.4. Libraiy 3.1 compounds

tin try 3.1a l\irily
(%)" RT (min) Fnlry 3.1b Purity

(%r
RT

(min) Entry 3.1c Purity
(%)'

RT
(min)

1 { i . n 80 5.25 13 (2 J ) 90 5.38 25 (3.7) 90 5.20
2 {1.2] 87 5.32 14 (2.2) 82 5.38 26 (3.2) 99 5.25

3 {1.3} 95 5.97 15 (2.3) 72 5.98 27 (3.3) 99 5.90

4 { i . 4} 80 5.90 16 (2.4) 92 5.92 28 (3.4) 92 5.97

5 {1.5} 63 6.15 17 (2.5) 99 6.15 29 (3.5) 99 6.22
6 {1.6} - - 18 (2.6) - - 30 (3.6) 39 5.88
7 {1.7} 90 5.35 19 (2.7) 89 5.92 31 (3.7) 99 5.08
8 {1.8} 92 5.50 20 (2.8) 80 5.48 32 (3.8) 99 5.45
9 {1.9} 85 5.58 21 (2.9) 57 5.48 33 (3.9) 84 5.45
10 {1.10} 39 5.47 22 (2.70) 42 5.38 34 (3.70) 85 5.45

11 {1.11} 87 5.57 23 {2. 11} 96 5.58 35 (3.77) 95 5.55

12 {1.12} 55 5.51 24 (2.72) 39 5.47 36 (3.72) 42 5.66

lintry 3.1(1 IHirily
(%)"

RT (min) Fnlry 3. le Purity RT
(min) Entry 3.11 l\irity

(%)'
RT

(min)

37 {4.1} 99 5.33 49 (5.7) 99 5.32 61 {6.1} 96 5.15

38 95 5.33 50 (5.2) 93 5.33 62 (6.2) 94 4.47

39 (4.3) 80 5.90 51 (5.3) 99 5.97 63 (6.3) 81 5.98
40 {4.4} 96 5.92 52 (5.4) 99 5.90 64 (6.4) 84 5.95
41 {4.5} 99 5.90 53 (5.5) 94 5.73 65 (6.5) 80 5.72

42 I-',6) - - 54 (5.6) - - 66 (6.6) 45 5.78
43 (4.7) 92 5.93 55 (5,7) 99 5.93 67 (6.7) 80 5.98
44 (4.X) 99 5.60 56 (5.8) 96 5.65 68 (6.8) 85 5.67

45 {4.9} 85 5.73 57 (5.9) 86 5.72 69 (6.9) - -
46 {4.10} 86 5.74 58 (5.70) 93 5.73 70 (6.70) - -
47 {4.11} 64 5.33 59 (5.77) 89 5.12 71 (6.77) 30 5.67

48 { 4. 12} - - 60 (5.72) 99 4.32 72 (6.72) - -

" Purity was determined by reversed-phase HPLC with peak areas detected by UV (250 nm).

In summary, an efficient coupling cycle protocol on polymer support, involving a standard 

method for the assembly of the heteroaromatic polyamide chain and a standard procedure 

for Suzuki-Miyaura cross-coupling reaction, was developed. As a result, 72 analogues of 

distamycin 3.1a-f were synthesised, rapidly and with acceptable purity, in a combinatorial
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manner and two points of diversification were introduced at the third and fourth moieties 

of their structure, employing a split-and-mix technique. The usefulness of this standard 

protocol will be further investigated for more robust modifications of the distamycin 

structure, leading to the replacement of all its constituent pyrrole rings with other well 

established DNA sequence-reading heteroaromatic building-blocks. Both Library 3.1 and 

3.2 compounds will be screened to evaluate their DNA recognition properties.
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3.2 Fluorescence Resonance Energy Transfer (FRET)- 

Based DNA Melting Assay of eight Library 3.1 

compounds

Fluorescence (or Forster) resonance energy transfer (FRET) is a mechanism involving 

energy transfer between two fluorophores and can be employed as a powerful tool for 

detecting DNA-ligand interactions (Figure 3.5).

no FRET

Donor Fluorophore 
Molecule

Eenergy
re-emitted

Acceptor Fluorophore 
Molecule

Excitation energy 
absorbed

FRET

Nor> radtOtK'C C'Ofgy transfer

Higher 
energy 

re emitted

Excitation energy 
absorbe

V"Donor Fluorophore 
Molecule

W dw Bfvjtn (rr

Donor
Fluorophore

Molecule

Acceptor Fluorophore 
Molecule

Wa’.'e'efKjth (tvn)

Figure 3.5 Schematic representation of the transfer of energy from an excited donor fluorophore 

(blue) to an acceptor fluorophore (yellow). FRET occurs when the donor emission and acceptor 

excitation spectra overlap considerably (not shown) and the two dipoles are very close to each 

other (< 10 nm). This results in changes in the emission spectrum at constant excitation (adapted 

from Nature Reviews Molecular Cell Biology 4; 579-586, 2003).
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In FRET experiments (Figure 3.5), the excitation energy initially absorbed by a donor 

fluorophore (blue) at a specific wavelength may be transferred, at a different (but equally 

specific) wavelength, to an acceptor fluorophore molecule (yellow) in close proximity 

(typically <10 nm), through non-radiative dipole-dipole interaction. This creates a much 

larger emission peak which allows identification of interactions. (Stryer & Flaugland, 

1967). This mechanism is termed "Forster resonance energy transfer" and is named after 

the German scientist Theodor Forster. Although the energy is not actually transferred by 

fluorescence, the term "fluorescence resonance energy transfer" is often used instead.

In the FRET-Based DNA melting assay, the process involves measuring changes in 

fluorescence as FRET donor and acceptor fluorophores, which are attached to the ends of 

“hairpin-like” oligonucleotides, are moved farther apart as a result of DNA melting (or 

dénaturation) (Figure 3.6).

Hairpin
oligonucleotideHairpin

oligonucleotide

Denature

Figure 3.6 Schematic representation of the FRET-Based DNA melting assay. An acceptor (A) and 

donor (D) moieties are attached to the ends of a DNA-hairpin oligonucleotide. The donor 

fluorophore molecule absorbs excitation energy and delivers this via dipole-dipole interaction to a 

nearby acceptor fluorophore. The assay involves measuring changes in fluorescence as FRET 

donor and acceptor moieties are moved farther apart as a result of DNA dénaturation (adapted 

from Howell W. M. et.al. Genome Res. 2002;12:1401-1407).
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The biological screening of Library 3.1 compounds has recently commenced and in this 

section are presented preliminary data derived from a FRET-based DNA thermal 

dénaturation assay. A representative set of compounds (3.1a{/.7), 3.1b{2.7), 3.1c{3./}, 

3 .1a(/ . / /} ,  3.1d{^.2}, 3.1d{47}, 3.1e{5.2} and 3.1f{6.7}) was selected to allow the 

DNA-binding properties of the library to be assessed in a timely fashion.

A tluorescent-tagged hairpin DNA sequence, Seq-1, (FAM-5 -TAT-AGA-TATA-TATA- 

TTT-TTT-TATA-TATA-TCT-ATA-3-TAMRA) was employed for the study (Figure 

3.7). The initial stock concentration of the compounds was 10 mM in DMSO. The 

compounds were tested at three different concentrations (100 pM, 50 pM and 10 pM). 

Distamycin was used as the positive control and the FRET buffer as the negative control.

COOH

HO'

FAM (6-carbofuorescein) 
f lu o rescen ce  donor

N

FAM-5’-TAT-AGA-TATA-TATA-T

TAM R A-3’-ATA-TCT-ATAT-ATAT- T 

Seq-7

T

T

H O O C

TAMRA (tetramethylrodam ine) 
f lu o re scen ce  accep to r

Figure 3.7 The fluorescent-tagged hairpin DNA sequence, Seq-1, and the structure of the 

fluorescence donor FAM and acceptor TAMRA.
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Thermal dénaturation temperatures (Tm) were determined from optical absorbance versus 

temperature curves to give the Tm for both ligand and untreated DNA. The change in Tm 

(ATm) following incubation of Seq-1 with the polyamides was calculated from:

A T f f i  — 7m(DNA-ligand) “ T ^(DNA)

The FRET-based DNA melting experiments were kindly performed by Mr. Khondaker 

Mirazur Rahman at the School of Pharmacy, London. Fluorescence readings were taken at 

intervals of 0.5 °C over the range 30-100 °C, with a constant temperature maintained for 

30 seconds prior to each reading. The incident radiation was in the range of 450-495 nm 

and the detection was set at 515-545 nm (see experimental section).

The data presented in Table 3.5 show that three polyamides, 3.1b{2,7}, 3.1d{4,2} and 

3.1f{6,7}, appear to stabilize the DNA-hairpin, Seq-I, as can be noted by the increase in 

melting temperature values (Tm) of ligand-DNA complexes compared to the negative 

control (DNA only). In particular, polyamide 3.1b{2,7} induced, after incubation with 

DNA {Seq-1), the highest ATm shift increase (9.2), resulting in it being the most active 

compound among those tested. However, the change in Tm (ATm) induced by 3.1b {2,7} 

approaches approximately one third of that of distamycin (26.0), under identical 

conditions, thus indicating that the binding affinity of the synthetic ligand is far lower than 

that of the parent DNA-binding agent. This is probably due to the fact that Library 3.1 

polyamides, unlike distamycin, lack an ionisable tail that can interact closely with the 

minor groove-DNA phosphate backbone.
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This result shows that some Library 3.1 members are potentially able to interact with 

DNA, although with less affinity than distamycin. Further FRET studies will be discussed 

in the future work section of this thesis.

Table 3.5 Effect o f eight Library 3.1 members and distamycin on the thermal dénaturation o f Seq- 

] ,  using a FRET-based DNA melting assay (Tm and ATm values o f eight DNA-ligands incubation 

mixtures).

Tm of Ligand-DNA Incubation m ixture (in “C) A im  Values (in °C)

Concentration of Ligands (nM)Compound Concentration of Ligands (pM)

OpMlO pM 100 pM 50 pM100 pM 50 pM

.N HCOCH)

52.9 51.9 50.5 2.4 2.4 1.452.9

T f j r  &o 3.1a{J,f}

3.359.7 58,6 53.1 50.5 9.2

"FYT &
o r  3.10(3.1)

50.5 0,3 0.252.1 50.1 50.7

2.9 0.155.1 53.4 50.6 50.5 4.6

-NH B
03.1d{4,2}

6.7 2.057.3 57.2 52.5 50.5 6.8

NH.
•OCH 3

50.5 0.451.7 50.9 50.5

3.1 d{ 4,3}

50.5 50.5 2.9 2.653.4 53.1

6.0 2.257.4 56.5 52.7 50.5 6.9

HgN
50.5 23.3 16.176.5 73.1 66.6 26.0HN

■NH H

distamycin

113



Results and Discussion 3: 
Design of a novel lexitropsin

4.1 Rational design fo r  targeting GC sequences

The main objective of this project was focussed on the design of distamycin analogues 

with AT selectivity greater than that of the parent drug. The experiments illustrated in 

chapters 2 and 3 revealed that the replacement of the N-terminus formamido-pyrrole of 

distamycin with biaryl building blocks led to compounds, which not only retained the 

parent drug AT specificity, but in some instances exhibited an improved AT preference. 

After the synthesis of AT selective distamycin analogues, a more robust alteration of the 

natural drug structure was planned in order to switch its selectivity from AT to GC 

residues. It has long been established that the guanine C2-amino group, protruding into 

the minor groove, is the only H-bond donor exposed in this channel and constitutes a 

recognition element for binding of small molecules (Lown, 1988; Bailly & Chaires, 

1998). Therefore, oligopeptides might be designed ab initio to selectively bind to 

sequences containing one or two GC base pairs. This section presents the unfinished 

studies that incorporate strategies developed in the past two decades for the synthesis of 

GC selective distamycin analogues.

The strategy adopted for the synthesis of lexitropsins 4.1a-c (Figure 4.1) involved the 

attachment of a pyrrole-thiazole dipeptide to 2',4-disubstituted 2 ,4 -bithiazole systems. 

The bithiazole units are present in the structure of several natural products, including 

both antitumor drug bleomycin and antibiotic myxothiazol.
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bithiazole system

pyrrole-thiazole 
O dipeptide

S^2- R J<H
4 .1a  R = ' '  ^

4 .1b  R =

4 .1 c  R =  '

Figure 4.1 Lexitropsins 4.1a-c; 2',4-disubstituted 2,4'-bithiazole system containing 

molecules designed to target GC rich sequences.

The bleomycins are a family of glycopeptide antitumor antibiotics, which possess 

clinical utility for the treatment of lymphomas, squamous cell carcinomas and testicular 

carcinomas (Carter et ai, 1978). The structure of bleomycin, exemplified by one 

member of this family (A2), can be subdivided into three domains, the metal chelating 

domain, the C-terminal bithiazole-containing domain and the carbohydrate moiety 

(Thomas et aL, 2002) (Figure 4.2).

C-terminal domain

HnH

metal binding domain <

// r

°----------- ^--------------Y -----------
carbohydrate moiety

H

Figure 4.2 Structure of bleomycin A] incorporating the 2',4-disubstituted 2,4'-bithiazole 

system (highlighted in the rounded rectangle).
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The therapeutic effect of bleomycin is believed to arise from its ability to cleave double- 

stranded DNA at 5'-GpY-3' (Y = pyrimidine) sequences by the abstraction of the H-4' 

atom of the deoxyribose moiety in pyrimidine residues through a process involving a 

redox-active metal ion, such as Fe^ ,̂ and a source of oxygen (Huang & Lown, 1986). 

Extensive studies indicated that the bithiazole moiety in the C-terminal side chain may 

contribute to site specificity (Hecht, 1986). This recognition has stimulated studies to 

design bleomycin models by replacing the bithiazole moiety with various 

oligonucleotides, including distamycin. Onho and co-workers have reported a series of 

bleomycin-distamycin derivatives devoid of the bithiazole moiety, where the sequence 

selectivity is apparently dominated by the distamycin residue (Owa et aL, 1992). Bailly 

and co-workers synthesised two hybrid molecules, lexitropsins 4.2 and 4.3, with the 

bithiazole moiety linked to a netropsin residue (Figure 4.3). Electric linear dichroism 

(ELD) spectroscopy and DNase I footprinting experiments demonstrated that the 

bithiazole moiety of 4.3 might offer opportunities to recognise GC sequences with 

apparently preference (although not absolute) for a YGW (Y = pyrimidine) motif (Bally 

et a l, 1992).

H,N

Figure 4.3 Structure of bithiazole-including hybrid molecules 4.2 and 4.3.
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Kuroda and co-workers have prepared a number of model compounds containing one or 

more thiazole rings (Kuroda et al, 1995) and have shown that the bithiazole-containing 

compound 4.4 binds DNA at the consensus sequence 5-AAATG-3', while the 

structurally related trithiazole-containing compound 4.5 exhibited selectivity for 5 - 

GpY-3' (Y = pyrimidine) sequences (Figure 4.4).

0;N

OoN

Figure 4.4 Structure of bithiazole 4.4 and trithiazole 4.5 analogues that mediate sequence- 

selective DNA binding.

These studies suggested that the bithiazole moiety, included in the structure of a 

lexitropsin, might be capable of recognising guanine residues and that an additional 

thiazole ring, inserted in the same structure, might further enhance the lexitropsin GC 

sequence selectivity.

As mentioned before, the bithiazole system is also present in the molecular structure of 

a family of fungicides, myxothiazol, isolated from myxobacteria, e.g. Myxococcus 

fulvus, and Angiococcus disciformis. In this case, the bithiazole skeleton is linked to a 

P-methoxyacrylate pharmacophore and the antifungal activity is caused by the 

inhibition of the ubiquinokcytochrome c reductase system (Gerth et ai, 1980).
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The attachment of the isopropyl- and propan-2-ol- side chains of two members of this 

family of antibiotics, cystothiazole A and B (Figure 5.5), to the bithiazole skeleton of 

lexitropsins 4.1a-c was considered to be beneficial to the cell permeability and 

reactivity of these molecules.

OMe OMe

R = H : Cyslothiazol A 
R = OH : Cyslothiazol B

Figure 5.5 Structure of two members of myxothiazole family, cystothiazole A and B.

In particular, the isopropyl chain might increase the partition coefficient, log P, of the 

molecules, conferring enhanced lipophilicity and, therefore, cell permeability. On the 

other hand, the hydroxyl group could be either amenable to enzymatic transformation 

within the cell (phosphorylation, acylation) or else it could hydrogen bond with H- 

acceptors of GC and TA base pairs.
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4.2 Approaches towards the synthesis of 2\4- 

disubstituted 2,4'-bithiazoles

The synthesis of the 2',4-disubstituted 2,4'-bithiazole system has been studied by 

different research groups and several synthetic approaches are available for the 

preparation of this unit. The most common approach relies on the classical Hantzsch 

reaction to establish one or both thiazole rings (Hantzsch, 1881). This strategy was 

adopted by Bailly and co-workers for the synthesis of the bithiazole moiety of 

lexitropsins 4.2 and 4.3 (Scheme 4.1). In this instance, the access to the bithiazole core 

was based on two consecutive Hantzsch condensations (Bailly et ai, 1992; Houssin, 

1984). The first condensation between 0-benzoylthioacetamide 4.6 and ethyl 

bromopyruvate 4.7 provided the ethyl 2-[l-benzoyloxy)ethyl]thiazole-4-carboxylate 

4.8. Transterification of 4.8, followed by oxidation and bromination provided 4.9, which 

underwent a second cyclocondensation with benzamidothiopropionamide 4.10 to give 

the ethyl 2 '-(2-benzamidoethyl)-2,4'-bithiazole-4-carboxylate 4.11

Scheme 4.1 Synthesis of the bithiazole moiety of hybrid molecules 4.2 and 4.3.

OBz Q

NHz /  Br ^

4.6 4.7 4.8 4.9 4.10

BzHN COoEt

4.11
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However efficient, this proved to be a lengthy synthetic route and alternative shorter 

approaches to bithiazoles have been investigated in more recent years. Kelly and Lang 

successfully applied selective lithium-halogen metal exchange reactions on 2,4- 

dibromothiazole to establish the substitution pattern in one ring of the 2',4-disubstituted 

2,4'-bithiazoles (Kelly & Lang, 1995). Indeed, bromo- and iodo-heterocycles react 

rapidily with alkyllithiums, even at temperatures as low as -100 °C, to give the lithio- 

heterocycle (Joule et al., 1995). Mechanistically, the exchange process may involve a 

four-membered transition state or a direct nucleophile attack (Scheme 4.2).

Scheme 4.2 Proposed mechanism for the lithium-halogen exchange process (reproduced 

from Joule et a i, 1995).

-Li

B'r"

fo u r-m em b ered  
transition  s ta te

R-Li' S '  Br 

nucleophilic a ttack

+ Br-R
S - ^ L i

In particular, 1,3-azoles lithiate very readily at C2, and this may be understood in terms 

of a combination of both inductive and mesomeric electron withdrawal, caused by the 

nitrogen atom, and the inductive effect of the sulphur, which makes the C2-hydrogen 

very acidic (Scheme 4.3).

Scheme 4.3 Acidifying effect in the thiazole ring caused by the nitrogen and sulphur atoms 

(reproduced from Joule et at., 1995).

m e so m e ric  an d  inductive

y
inductive

H m ost acid ic
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Another strategy for the design of 2',4-disubstituted 2,4'-bithiazoles involves site 

selective Pd(0)- or Ni(0)-catalysed cross-coupling reactions performed on a thiazole 

nucleus containing multiple halogens. In fact, a site selective cross-coupling can be 

achieved at the most electron deficient position in dibromohetarenes, because the 

transition metal acts as a nucleophile in the oxidative addition step (Li & Gribble, 2000) 

(Scheme 4.4).

Scheme 4.4 Preferred sites for cross-coupling reactions on dibrominated furans, 

benzofurans and thiazoles (reproduced from Bach & Heuser, 2002).

Br Bfv

As outlined in Scheme 4.5, this feature was exploited by Bach & Heuser in their 

synthesis of 2',4-disubstituted 2,4'-bithiazoles (Bach & Heuser, 2002).

Scheme 4.5 General scheme for the synthesis of 2',4-disubstituted 2,4'-bithiazole using site 

selective Pd(0)-catalysed cross-coupling reactions (Negishi cross-coupling reaction).

" t V e .  + M . & s
4.12 4.13

1)f-BuLi;ZnCl2
\ r N  \ - N  2) PdCl2(PPh3)2

(T + (T y~-Br '
s s

4.14
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Cross-coupling of an organometallic reagent (M-R) with thiazole 4.12 to provide 4.13 

should occur at C2 of 4.12 In this manner, the electrophilicity at C4 of 4.12 could be 

used for a subsequent bromo-lithium exchange. This would generate a carbon 

nucleophile that can react in a second step with another molecule of compound 4.12 to 

provide the desired product 4.14 Only two reaction steps are necessary to establish the 

carbon framework of the bithiazole moiety.

4.3 Retrosynthesis o f trithiazole lexitropsins 4.1a-c

The retrosynthetic strategy for the novel trithiazole lexitropsins 4.1a-c is illustrated in 

Scheme 4.6. The title compounds could be disconnected to afford two subunits, the 

pyrrole-thiazole dipeptide 4.15 and the bithiazole units 4.16a-c, which could be coupled 

at late stage using amide coupling reaction.
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Scheme 4.6 Retrosynthetic analysis of the structure of the novel trithiazole lexitropsins 

4.1a-c.

NH
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The dipeptide fragment 4.15 could be obtained by coupling the 2-substituted-4-amino 

pyrrole 4.17, which was derived from a reduction of the already prepared building-block
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2.7 (see page 51), with the Boc-protected aminothiazole moiety 4.23. The latter would 

be available through the reliable Hantzsch thiazole condensation of a-haloketone 4.20 

with thiourea 4.21 The bithiazole fragments 4.16a-c could be prepared by Pd-catalysed 

carbonylation of 4.19a-c. These could be prepared by regioselective Stille coupling 

reactions with the 2,4-dibromothiazole 4.12 and 2-substituted 4-bromo-thiazole 4.13a-c. 

The 2,4-dibromothiazole 4.12 is either commercially available or easily synthesised in 

almost quantitative yield from 2,4-thiazolidinedione 4.22.

4.4 Synthesis o f pyrrole-thiazole dipeptide 4.15

The focus was initially centred on the synthesis of the aminothiazole moiety 4.18. 

Reaction of thiourea 4.21 with ethyl 3 -bromo-2-oxopropanoate 4.20 provided the 

desired ethyl 2-aminothiazole-4-carboxylate 4.18, which was protected with the 

anhydride B0 C2O to give 4.23 (Kim & Kahn, 1999). Scheme 4.7 illustrates the 

synthesis, protection and deprotection of the aminothiazole 4.18
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Scheme 4.7 

a)

J ?HzN^NHz
4.21

Synthesis (a), protection (b) and deprotection (c) of aminothiazole 4.18.
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The mechanism for the formation of thiazole 4.18 involved initial nucleophilic attack by 

the sulphur of thiourea 4.21 to the a-bromoketoester 4.20, followed by a 

cyclocondensation. The formation of Boc-protected amine 4.23 was conducted under 

anhydrous conditions, by reaction with a base and the anhydride B0 C2O. Active esters 

and other derivatives such as B0 C-ONH2 and B0 C-N3 could also be used, but not t-
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BuOCOCl because it is very unstable. The Boc group is stable towards most 

nucleophiles and bases but can be cleaved under anhydrous acidic conditions (HCl, 

dioxane) with the production of free amine, a r^rr-butyl cation and carbon dioxide.

The pyrrole-thiazole dipeptide 4.15 was easily synthesised by coupling the 4-amino-7V- 

(3-(dimethylamino)propyl)-l-methyl-lH-pyrrole-2-carboxamide 4.17 with the Boc- 

protected ethyl 2-aminothiazole-4-carboxylate 4.23, using EDCI/DMAP in dry DMF.

4.5 Synthesis of bithiazole moieties 4.19a-c

After the assembly of the dipeptide platform 4.15, attempts focussed on the synthesis of 

the bithiazole moieties 4.19a-c. These fragments were derived in turn from three 

different 2-substituted thiazoles (4.13a-c), as illustrated in Scheme 4.8.

Scheme 4.8 Bithiazole moieties 4.19a-c and 2-substituted thiazoles 4.13a-c.

4.19a

Brv

4.12+  ([ /

4.13a

OTBS

4.19b

Bts

4 .12+  If .

4.13b
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Br>

OTBS 4 .12+  H ^^^T M S

4.13c

Initial investigations centred upon the synthesis of 4.13a using Negishi cross-coupling

reaction of organozinc reagent with dibromothiazole 4.12 As shown in Scheme 4.9,
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/PrZnCl (4.25) was prepared by transmétalation of the commercially available 

organolithium compound 4.24 with ZnCh in dry THF (Bach & Heuser, 2002).

Scheme 4.9 Synthesis of 4.13a by Negishi cross-coupling reaction.

) - L i  + ZnCl2 -  ^ Z n C I  + LiCI

4.24 dry THF 4.25

Br, Br,

\ q / ^ B r  /  -78 °C tort,' q '  D l  /  - / O  U  l U  I I ,  ' q

4.25

Subsequently, 4.25 was used in excess (2.5 equiv) relative to dibromothiazole 4.12 to 

provide the 4-bromo-2-isopropylthiazole 4.13a. To avoid y^-hydride elimination and 

isomérisation of 4.25, 1,1 -bis-(diphenylphosphino)ferrocene (dppf) was used as the 

ligand (Bishop et a i, 1971). The catalyst-ligand complex was prepared in situ from 

Pd2(dba)3 (dba = dibenzylidene acetone) and dppf, and a catalystisubstrate ratio of 1 :2 0 0  

(0.5 mol%) was used (Figure 4.6).

Figure 4.6 The bidentate ligand bis(diphenylphosphino)ferrocene.

Although attractive, this synthetic route did not afford good yields of the intermediate 

4.13a (10-15%). Moreover, homocoupling of 4.12, with formation of 4 -4-dibromo-2,2-
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bithiazoles, was observed and purification of 4.13a was complicated by unreacted 

starting material (4.12) found in the reaction mixture, which exhibited a retention time 

similar to that of the final compound.

For this reason, an alternative approach for the synthesis of 4.13a was adopted and 

Suzuki-Miyaura cross-coupling chemistry was considered. Although alkylboronic acids 

are often refractory to cross-coupling reactions with electrophiles (Chan, 1996) there are 

methods available to improve their reactivity. One of these involves conversion of the 

boronic acids into electron-rich potassium trifluoroborate salts (Molander & Chang- 

Soo, 2002). It was decided to explore this synthetic route and compare the reactivity of 

both boronic acids and borate salts with the same substrate, 2,4-dibromothiazole 4.12, 

under different reaction conditions. The reaction scheme is outlined below (Scheme

4.10).

Scheme 4.10 S u zu k i-M iyau ra  a lkylation  perform ed  on d ib rom oth iazo le  4.12 to g iv e  4.13a. 

Bn Br
V n

4.12 4.26a X = (0 H)2 4.13a
4.26b X = F3K

Suzuki cross-coupling reactions of 4.12 with excess of either commercially available 

isopropyl-boronic acid (4.26a, 1 . 1 equiv) or potassium isopropyl-trifluoroborate (4.26b,

1.3 equiv), were carried out using two sets of solvent conditions, THFiHiO (10:1) and 

DME:H2 0  (5:1), and, in all instances, PdCb (dppf) CH2CI2 (10 mol%) as a catalytic 

system and K2CO3 (3 equiv) as a base. The reactions were performed at reflux or under
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microwave conditions. On two occasions, Ag(I) was added to promote the Suzuki cross

coupling of the alkylboronic acids (Zou & Falk, 2001).

Dibromothiazole 4.12 and the appropriate substrate, 4.26a or 4.26b, were allowed to 

react at 80-120 °C for the designated time, then the crude samples were analysed by 

analytical LC-MS. In Table 4.1 are illustrated the most significant results.

Table 4.1 Suzuki-Miyaura reactions performed on 4.26a and 4.26b to give 4.13a.

Reaction Conditions

Reflux Microwave^

Entry

Alkyl
boranes/

Boronates
(Equiv)"

Additive
(Equiv)

Temp
(°C)

Time
(h)

Yield"
(%)

Temp
(°C)

Time
(h)

Yield"
(%)

1 4.26a (1.3) - 80 16 <5‘" 100 3 <5'̂
2 4.26a (1.3) - 90 24 14̂ 100 5 -

3 4.26a (1.3) AgzO (2.5) 80 72 trace 80 3 -

4 4.26b (1.1) - 80 18 j 100 3 _d

5 4.26b ( 1. 1) - 90 48 <10 100 7 d

6 4.26b ( 1.1) AgzO (2.5) 80 18 <5̂ " 120 18 trace

"Catalyst: PdCl2(dppf)-CH2Cl2 (10 equiv); Base: K2CO3 (3 equiv).
 ̂Solvent system: THF:H20 (10:1).

" Solvent system: DME:H20 (5:1).
'^Presence of starting material and homocoupling, with formation of 4 '-4-dibromo-2,2 '-bithiazoles.
 ̂The yield of the crude material was based on reverse-phase HPLC analysis, with peak areas detected by 

UV (250 nm)

The results showed that 4.13a was formed, although in very low yield (14%), when 4.12 

was cross-coupled at 90 °C (reflux) for 24 hours with the boronic acids 4.26a (Entry 2), 

whereas the use of the more electron-rich trifluoroborate salt 4.26b as a coupling partner 

only managed a low 10% yield, after reflux at 90 °C for 48 hours (Entry 5). The use of 

microwave conditions was not beneficial and the addition of Ag2Û to promote the 

reactions was ineffective.
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A literature survey centred on this topic later revealed that to date there are no examples 

of alkyl Suzuki reactions that involve secondary alkyl boranes (4.26a-b) in preparative 

synthetic chemistry (Danishefsky et al., 2001). This is probably due to the fact that 

secondary alkyl boranes are too weak for the transmétalation step in the Suzuki-Miyaura 

cross-coupling catalytic cycle (see page 54).

In contrast, Suzuki cross-coupling of the isoprenyl boronic acid pinacol ester (4.27) 

with 4.12 proceeded smoothly and compound 4.28 was formed in 90% yield (Scheme

4.11). Subsequent hydrogenation of 4.28 to provide the desired 4.13a (80%) proceeded 

at a pressure of 3 bar and went to completion in 16 hours. However, the product was 

prone to hydrodebromination and care should be taken in monitoring the reaction 

progress.

Scheme 4.11 Synthesis of intermediate 4.13a by Suzuki coupling reaction.

...^Pd/cÜl
DME;HoO(3:1) FtHAr0 - ^  DME;H20 (3:1) S \ EtOAc, S

90% 2 5 ° C 1 6 h  80%
4 .1 2  4 .27  4 .28  4 .13a

The bisthiazole fragment 4.19a was formed through a Stille cross-coupling reaction. 

The required 4-tributylstannylthiazole 4.29a was prepared from the bromide (4.13a) by 

bromine-lithium exchange and subsequent quench with BugSnCl. The crude 

organostannane (4.29a) was subjected directly to the Stille cross-couling reaction with 

the dibromothiazole 4.12 using Pd(PPh3)4 as a catalyst, LiCl as an additive and dioxane 

as solvent (Scheme 4.12), to afford 4.19a in 72% yield.
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Scheme 4.12 Synthesis of bithiazole 4.19a.

Br

Br

S

4 .1 3 a

BuaSn

1) '-BuLi, EtgO, -78 °C 

2) BugSnCI, rt

4 .2 9 a

l î - . ,
4 .1 2

Pd( PPh3)4, LiCI

Dioxane, 100 °C

Br

4 .1 9 a

The synthesis of 2-(4-bromothiazol-2-yl)propan-2-ol, 4.13b, involved a bromine- 

lithium exchange at the C2 position of 4.12, followed by the addition of anhydrous 

acetone to provide the derived secondary alcohol 4.30 in 64% yield (Shao & Panek, 

2004). Subsequent treatment of 4.30 with TBSOTf and 2,6-lutidine provided the silyl- 

protected bromothiazole 4.13b (98%), which was converted in the stannane 4.29b and 

employed in the next Stille cross-coupling step with 4.12 to give the bithiazole moiety 

4.19b in 6 8 % yield (Scheme 4.13)

Scheme 4.13 Synthesis and protection of intermediate 4.19b.

Br. 1)'-BuLi, Br 
N EtgO, -78 °C

'  X  -------------
S' 

4.12

Br
2) acetone, 
-78 °C

'I V 

8
64%

4.30

OH

TBSOTf,
2,6-Lutidine

DOM,
0 X  to rt,

Br

s
98%

4.13b

1) ^-BuLi, Et^O, -78 X  

OTBS 2) BujSnCI, rt

Buc,Sn

S' rOTBS 

4.29b

OTBS

Dioxane, 100 X 68%
4.19b
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A similar approach was adopted for the synthesis of 4.19c. In this instance, the synthetic 

route involved selective lithiation at C2 of thiazole 4.12 by halogen-metal exchange and 

quenching with chlorotrimethilsylane, to provide the (trimethylsilyl)thiazole 4.13c 

(Dondoni et al., 1988). After protecting its most electrodeficient position (C2), 4.13c 

was converted in the stannane 4.29c, which was coupled with another molecule of 4.12, 

via Stille cross-coupling protocol, to provide the silylprotected bithiazole fragment 4.31, 

which was selectively protodesislylated to give the desired 4.19c (Scheme 4.14)

Scheme 4.14 Synthesis of bithiazole 4.19c.

1)n-BuLi/-78°C BuaSn
/ T f t  2) MesSiCI / T \ \  1)'-BuLi, EtjO ,-78 “C

'  ^ S ^ S iM e s  2)Bu,SnC W  '  ^ s ^ S I M e ,
4.12 4.13c 4.29c

V ..

4.31 4.19c

As a general remark, it should be explained that only shortage of time impeded the 

accomplishment of the synthesis of lexitropsins 4.1a-c Indeed, dipeptide 4.15 was 

successfully prepared and characterised, and the bithiazole moieties 4.19a-c were also 

synthesised using a series of halogen-metal exchange reactions. However, these studies 

were left unfinished and the carbonylation reaction of 4.19a-c to give 4.16a-c and the 

subsequent amide coupling of the latter with 4.15 were not investigated.
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Overall Conclusions and Future Work

A series of tetra-heterocyciic polyamides structurally related to the natural product 

distamycin has been synthesized in order to enhance the AT sequence selectivity of the 

parent ligand. In these novel compounds, the N-terminal pyrrole formamido unit of 

distamycin has been replaced with different heterocycles, assembled as biaryl motifs, in 

an attempt to overcome H-bond registry issues associated with repetitive co-joined N- 

methylpyrrole rings. Both solution and solid phase synthetic processes (SynPhase™ 

radiofrequency tagging system) were successfully developed and afforded libraries of 

compounds in good yield and purity (i.e., 2.3a-g, 3.1a-f and 3.2a-f).

Screening results against a library of 512 DNA-hairpin oligonucleotides revealed that 

one solution-phase library (Library 2.1) member containing a pyrazole-thiophene biaryl 

motif (2,3{1-16)) interacted with AT-rich sequences more selectively than distamycin. 

This was confirmed by quantitative DNase I footprinting experiments which revealed 

that 23{1-16) bound to TATA sequences within two different DNA fragments (HexB 

and ATio) with greater selectivity than distamycin.

FRET-based DNA melting studies showed that one solid-phase library (Library 3.1) 

member (3.1b {2,7}) induced a ATm approaching approximately one third of that of 

distamycin, thus indicating that distamycin analogues (3.1a-f) lacking ionisable tails can 

still interact with DNA.

A suitable strategy was also developed for the design and synthesis of novel lexitropsins 

with potentially enhanced GC sequence-selectivity.
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Based on the results obtained through this project, future studies may involve further 

DNA melting studies and DNase I footprinting experiments on library members 3.1a-f 

and 3.2a-f in order to evaluate their binding profiles. Further EMSA (electrophoretic 

mobility shift assay) studies could also be carried out to evaluate the ability of 2.3(7- 

16] to inhibit or attenuate the binding of TATA binding protein (TBP) to the TATA 

element of a double-stranded oligonucleotide.
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Experimental Section

HPLC analyses were carried out on a Phenomenex Monolithic Gig reversed-phase 

column (50 x 4.6 mm) with a flow rate of 1.5 mL min'^ and a linear gradient of 5-95% B 

over 10 min. Eluent A: H2O/0 .1 % formic acid; eluent B: CH3CN/0 .1 % formic acid. 

Peak areas were integrated with UV at 250 nm. The LC/MS consisted of a Waters 

Alliance 2695 HPLC coupled to a Micromass ZQ mass spectrometer using positive 

electrospray ionization mode (ESI^).

*H-NMR spectra were acquired using a Brucker Advance 400 spectrometer at 400 

MHz. *^C-NMR spectra were acquired using a Bruker Advance 400 spectrometer at 

400 MHz or Bruker Advance 500 spectrometer at 500 MHz. Chemical shifts are 

reported in parts per million (ppm) with the solvent resonance as the internal standard 

(DMSO-i/ô, S 2.50) and coupling constants (7) are quoted in Hertz (Hz). Spin 

multiplicities are described as: s (singlet), bs (broad singlet), d (doublet), dd (doublet of 

doublets), t (triplet) and m (multiplet). Data are reported as follows: chemical shift, 

multiplicity, coupling constant, integration and assignment (py = pyrrole, th = 

thiophene, fu = furan, thz = thiazole, pz = pyrazole).

Microwave assisted chemistry was performed on an Emry’s Optimizer Personal 

Chemistry, Biotage AG. The progress of the reactions was monitored by either TLC, 

using precoated aluminium plates (Merck keisegel 60 F254) and visualised by exposure 

to UV light (254 or 360 nm), or LCMS, using a Waters HPLC system coupled to a 

Micromass ZQ mass spectrophotometer. Reaction mixtures of Library 2.1 compounds
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were initially purified using Isolute SCX-2 (silica-based sulphonic acid) cartridges. 

Final purification was achieved either by conventional column chromatography or by 

mass directed preparative HPLC using a Waters 2996 PDA detector. Waters 515 HPLC 

pump and Waters 2525 binary gradient module. Solvents were removed from the 

purified compounds using a VC3000 Genevac and freeze dried using a Heto Lyolab 

3000 freeze drier.

High resolution mass spectra (HRMS) were obtained on a Thermo Navigator mass 

spectrometer coupled to LC using electrospray ionization (ES) and time-of-light (TOP) 

mass spectrometry. Accurate molecular masses were determined using either [Glu]- 

Fibrinopeptide B ([M+2H]^^ = 785.8426) or cortisone ([M+H]^ = 361.2010) as an 

internal standard.

Quantitative Fmoc absorbance values were recorded on a Libra S22 Spectrophotometer 

Biochrom Ltd. All chemicals, except for 4-(9H-Fluoren-9-ylmethoxycarbonylamino)- 

1-methyl-lH-pyrrole-2-carboxylic acid, which was obtained from Onyx Scientific 

(batch CG137H), were purchased from Sigma-Aldrich, Lancaster and Maybridge and 

used without further purification.

Fmoc-protected D-series Rink Amide Linker (RAM) SynPhase™ Lanterns (batch 1770- 

2197), the TranSort software and TranStems were purchased from Mimotopes, Pty, 

Clayton, Australia. In order to guarantee a working volume of 0.5 mL/Lantem, all 

deprotection, washing and amide coupling steps were carried out in polypropylene 

Alltech Columns of different capacity (1.5 mL, 4.0 mL, 8.0 mL, 75 mL) able to
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accommodate varying number of Lanterns depending on the stage of the split-and-mix 

synthesis.

Confirmation of structure:

Library 2.1 compounds conform to the appropriate criteria for purity and structural 

identity required by the Journal of Medicinal Chemistry (see guidelines for authors 

http://pubs.acs.org/userimages/ContentEditor/1230948856355/imcmar authguide.pdf).

Library 3.1 and 3.2 compounds conform to the appropriate criteria for purity and 

structural identity required by the Journal of Combinatorial Chemistry (see guidelines 

for authors

http://pubs.acs.org/userimages/ContentEditor/1218551Q28279/icchff authguide.pdf).
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5.1 Chapter 2 experimental section

General procedure for the synthesis of 2-(trichloroaeetyl)-l-methylpyrrole (2.5)

O  0 ^ c c i 3
N Dry EtgO N J

O
2.4 2.5

MW = 226 .5

A solution of A-methylpyrroie 2.4 (180 g, 197.4 mL, 2.20 mol) in dry ether (600 mL) 

was added dropwise over 3 hours to a mechanically stirred solution of trichloro- 

acetylchloride (400 g, 245.6 mL, 2.20 mol) in dry ether (600 mL) in a 4 L flask. The 

HCl gas produced during the course of the reaction was flushed out by a flow of 

nitrogen. The reaction mixture was stirred for an additional 3 hours and then quenched 

by the dropwise addition of aqueous potassium carbonate (160 g in 600 mL water). The 

layers were separated and the ether layer concentrated under reduced pressure to 

provide the desired 2-(trichloroacetyl)-l-methyl pyrrole (2.5) as a white crystalline solid 

(473.38 g, 95%), which was used in the next step without further purification. H-NMR 

(C D C I3) (400 MHz) Ô 7.51 (dd, J  = 4.41, 1.54 Hz, IH), 6.97 (d, J  = 1.89 Hz, IH), 6.23- 

6.21 (m, IH), 3.98 (s, 3H, N-CHj py). '^C-NMR (CDCI3) (400MHz) S 219.1, 172.8, 

133.5, 123.9, 121.8, 108.8, 96.2, 38.5. MS m/z (ES*) (relative intensity) 227.95 (M+1).

Baird, E. E.; Dervan, P. B. (1996) Solid phase synthesis o f  polyamides containing im idazole and pyrrole 

amino acids. J. Am. Chem. Soc., 118, 6141-6146.
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General procedure for the synthesis of 4-nitro-2-(triehIoroacetyl)-l-m ethylpyrroIe 

(2.6)

O2N

HNO3 fuming

I o AC2O I o
2.5 2.6

MW = 271.5

Fuming nitric acid (44 mL) was added dropwise over 1 hour to a mechanically stirred 

solution of 2.5 (118 g, 0.51 mol) in acetic anhydride (500 mL) at -40 °C 

(chloroform/liquid nitrogen). The temperature was kept close to -40 °C during the 

course of the addition. After complete addition of the nitric acid, the reaction 

temperature was allowed to rise to 15 °C and the reaction mixture was maintained at 

this temperature with the aid of an acetone/ice bath for 4 hours. It was then cooled to - 

30 °C and isopropanol (600 mL) was added. The mixture was stirred at -20 °C for 30 

minutes and then allowed to stand for 15 min. The precipitate was collected by vacuum 

filtration to provide 4-nitro-2-(trichloroacetyl)-1 -methylpyrrole (2.6) as a white solid 

(87 g, 63%). TLC system: 80/20 hexane/EtOAc. *H-NMR (CDCI3) (400 MHz) S 7.95 

(d, J  = 1.76 Hz, IH, py), 7.75 (d, J  = 1.73 Hz, IH, py), 4.05 (s, 3H, N-CHj py). '^C- 

NMR (CDCb) (400MHz) <5 173.7, 134.3, 130.1, 129.2, 121.4, 117.5, 39.7. MS m/z 

(ES*) (relative intensity) 272.93 (M+1).

Baird, E. E.; Dervan, P. B. (1996) Solid phase synthesis of polyamides containing imidazole and pyrrole 

amino acids. J. Am. Chem. Soc, 118,6141-6146.
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Synthesis of iV-(3-(dimethylamino)propyl)-l-methyl-4-nitro-lH-pyrrole-2-

carboxamide (2.7)

O2N
^ ' I H

N^ h,N.
THF

2.7
O

2.6
MW =254.29

3-Dimethyiamino-l-propylamine (7 mL, 0.055 mol) was added to a mechanically 

stirred solution of 2.6 (15 g, 0.055 mol) in THF (20 mL). The reaction mixture was 

allowed to stir for 2  hours and subsequently diluted with hexane in order to precipitate 

the product. The precipitate was collected by vacuum filtration to provide 2.7 as a cream 

coloured crystalline solid (13 g, 87%). TLC system: 40/60 hexane/EtOAc. ^H-NMR 

(CDCI3) (400 MHz) Ô 8 .6 6  (s, IH, NH-amide), 7.51 (d, J  = 1.81 Hz, IH, py), 6.91 (d, J 

= 1.85 Hz, IH, py), 4.0 (s, 3H, N-CH3 py), 3.61-3.36 (m, 2H, CH2 aliphatic chain), 

2.59-2.43 (m, 2H, CH2 aliphatic chain), 2.31 (s, 6 H, N(CH3)2 aliphatic chain), 1.81-1.61 

(m, 2H, CH2 aliphatic chain). "C-NM R (CDCI3) (400MHz) S 159.7, 134.4, 126.5,

125.7, 105.9, 59.2, 44.9, 40.0, 37.3, 24.2. MS m/z (ES*) (relative intensity) 255.15 

(M+1).
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Synthesis of 4-amino-iV-(3-(dimethyiamino)propyl)-l-methyl-lH-pyrroIe-2-

carboxamide (2.8)

O2N H2N

H;, Pd/C I N.

T & 1 0
2.7 2.8

MW = 224.32

A slurry of 10% w/w Pd/C (1.3 g) in EtOAc was added to a solution of the nitro

compound 2.7 (13 g, 0.051 mol) in EtOH (100 mL) and hydrogenated in a Parr 

hydrogenator at 40 psi until no further H2 uptake was observed (3.5 h). The reaction 

mixture was filtered through celite and the solvent removed under reduced pressure to 

obtain a pale yellow oil (11.80 g, 99%). The resulting amine 2.8 was used directly in the 

next step. R f034  (DCM:MeOH:NH/OH7100:20:l). MS m/z (ES^) (relative intensity) 

225.15 (M+1).

Synthesis of A-(3-(dimethylamino)propyI)-l-methyl-4-(l-methyl-4-nitro-lfl^- 

pyrroIe-2-carboxamido)-l^-pyrroie-2-carboxamide (2.9)

O2N H2N

Ç ^ C C b  .  H ^ l

' O  ' o

2.6 2.8 2.9
MW = 376.41

The trichloroacetyl pyrrole 2.6 (11.44 g, 0.051 mol) and the pyrrole amine 2.8 (13.9 g, 

0.051 mol) were dissolved in anhydrous DCM (50 mL) and allowed to stir for 1 h at
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room temperature. A precipitate was formed and collected by vacuum filtration. The 

solid was resuspended in EtOAc and concentrated under reduced pressure to yield 2.9 as 

a yellow solid (13.58 g, 65.5%). 'H-NMR (DMSO-*) (400 MHz) S 8.26 (s. IH, NH- 

amide.), 8.16 (d, J  = 1.92 Hz, IH, py), 7.56 (d, J = 1.99 Hz, IH, py), 7.19 (d, J = 1.82 

Hz, IH, py), 6.81 (d, 7 = 1.87 Hz, IH, py), 3.94 (s, 3H, N-CH3 py), 3.80 (s, 3H, N-CH3 

py), 3.23-3.14 (m, 2H, CH2 aliphatic chain), 2.26 (t, J  = 7.09 Hz, 2H, CH2 aliphatic 

chain), 2.15 (s, 6 H, N(CH3 )2  aliphatic chain), 1.61 (p, J  = 7.04 Hz, 2H, CH2 aliphatic 

chain). ‘^C-NMR (CDCI3) (400MHz) S 160.9, 156.7, 133.6, 128.0, 126.2, 123.2, 121.1,

117.7, 107.4, 103.7, 56.8, 44.9, 37.3, 36.9, 35.8, 26.9. MS m/z (ES*) (relative intensity) 

377.55 (M+1). HRMS [M*] calculated for C,7H24N« 0 4  m/z 377.1859, found 376.1831.

Synthesis of 4-amino-Ar-(5-(3-(dimethylamino)propylcarbamoyl)-l-methyl-17f- 

pyrrol-3-yI)-l-methyl-17f-pyrrole-2-carboxamide (2.10)

H2N

O v V
I o

2.10
MW =346.21

A slurry of 10% w/w Pd/C (0.05 g) in EtOAc was added to a solution of the nitro

compound 2.9 (5 g, 0.013 mol) in EtOH (100 mL) and hydrogenated in a Parr 

hydrogenator at 40 psi until no further H2 uptake was observed (10 h). The reaction 

mixture was filtered through celite and the solvent removed under reduced pressure to 

obtain a brown foam (0.4 g, 84.5%). The resulting amine 2.10 was used directly in the 

next step. MS m/z (ES )̂ (relative intensity) 347.24 (M+1).

O

2.9
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General procedure A: Amide coupling of dipyrrole platform 10 with bromo- 

substituted aryl/betaryl carboxylic acid 2.1{i-7} to give bromo-substituted 

polyamides 2.11(7-7}

HOBt (2 equiv) and DIG (1.5 equiv) were added to a solution of amine and the 

appropriate bromo-substituted aryl/hetaryl carboxylic acid 2.1{7-7} (1.3 equiv) in dry 

DCM (10 mL). The reaction mixture was allowed to stir for the required amount of 

time. The resulting solution was subsequently passed through a SCX-2 cartridge 

(sorbent mass > 10 times of the product mass) and washed with DCM (3 x 10 mL), 

DMF (3 X 10 mL) and MeOH (2 x 10 mL). A solution of NH3 in MeOH (60 mL, 2 M) 

was utilised to release the product from the cartridge. After removing the solvent under 

reduced pressure, the products (2.11 {7-7}) were directly utilised as a substrate for the 

following Suzuki chemistry.

General procedure B: Suzuki cross-coupling reaction of bromopolyamides 2.11(7- 

7} with boronic acid/esters 2.2(7-76} to give 2.3a-g

Pd(PPh3 )4  (43 mg, 0.2 equiv) was added under a nitrogen atmosphere to a solution of 

bromopolyamides 2.11(7-7} (0.2 nunol), the appropriate boronic acid/ester 2.2(7-76} 

(1.2 equiv) and K2CO3 (77 mg, 3 equiv) in a mixture of ethanol, toluene and water 

(1:1:0.2) (2.2 mL) in a 10 mL microwave vial containing a magnetic stirrer. The 

reaction mixture was sealed in an inert N2 environment and heated with microwave 

radiation in an EMRYS™ Optimizer Microwave Station (Personal Chemistry) at 100 °C 

for the required amount of time. After LC-MS analysis revealed the absence of starting 

material, the reaction mixture was passed through an Isolute™ SCX-2 cartridge and
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washed with DCM (3 x 10 mL), DMF (3 x 10 mL) and MeOH (2 x 10 mL). Cleavage 

solution of NH] in MeOH (60 mL, 2 M) released the product from the cartridge. MeOH 

was removed under reduced pressure and the crude mixture was purified using a 

preparative HPLC coupled to a mass directed fraction collector. Pure fractions were 

combined and lyophilised to yield the solid product.

Synthesis of 4-(4-bromothiophene-2-carboxamido)-iV-(5-(3-(dimethylaniino)

propylcarbamoyl)-l-metbyl-lÉf-pyrrol-3-yl)-l-metbyl-lÆr-pyrrole-2-carboxamide

2.11{7}

NH:

.N.

Br

N-X? ° ' H O ^  HOBt. PIC. o '
& V ^ 5  ® dry DCM g  Y

2.10 2.1(0 2.11(0

MW = 534

The dipyrrole amine 2.10 (0.47 g, 1.3 nunol) and the 5-bromothiophene-2-carboxylic 

acid 2.1(7} (0.320 g, 1.3 equiv) were dissolved in anhydrous DCM (20 mL) and treated 

with HOBt and DIC according to general procedure A and allowed to stir for 2.5 h at 

room temperature. The crude mixture was purified using a SCX-2 cartridge and, after 

removing the solvent under reduced pressure, 2.11(7} was obtained as a brown solid 

(85%). The product was directly utilised as the substrate for the following Suzuki 

chemistry. ^H-NMR (DMSO-cfg) (400 MHz) S 7.99 (s, IH, NH-amide), 7.95 (d, J  = 

3.93, 2H, th), 7.90 (m, IH, th), 7.27 (d, 7 = 1.80 Hz, IH, py), 7.19 (d, 7 =  1.84 Hz, IH, 

py), 7.04 (d, 7 = 1.77 Hz, IH, py), 6.87 (d, 7 = 1.70 Hz, IH, py), 3.86 (s, 3H, N-CH3- 

py), 3.80 (s, 3H, N-CHg-py), 3.27-3.12 (m, 2H, CH% aliphatic chain), 2.26 (t, 7 = 7.03 

Hz, 2H, CH2 aliphatic chain), 2.20 (s, 6 H, N(CH] ) 2  aliphatic chain), 1.71 (p, 7 = 7.05
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Hz, 2H, CH2 aliphatic chain). MS m/z (ES^) (relative intensity) 535 (M+1). HRMS [M̂ ] 

calculated for C2 2H2?BrN6 0 3 S m/z 535.1049, found 535.1031.

Synthesis of 4-(5-bromothiophene-2-carboxaniido)-^-(5-(3-(dimethylamlno)

propyIcarbamoyl)-l-metbyl-lH-pyrrol-3-yl)-l-metbyl-lH-pyrrole-2-carboxamide

2.11(2}

2.10 2.1{^  2.11(2}

MW = 534

A solution of the dipyrrole amino platform 2.10 (0.500 g, 1.44 mmol) and the 5- 

bromothiophene-2-carboxylic acid 2.1(2} (0.380 g, 1.8 nunol) in dry DCM (5 mL) was 

treated with HOBt and DIC according to general procedure A and allowed to react for 3 

hours. The crude mixture was purified using a SCX-2 cartridge and, after removing the 

solvent under reduced pressure, 2.11(2} was obtained as a dark grey solid (80%). The 

product was directly utilised as the substrate for the following Suzuki chemistry. ^H- 

NMR (DMSO-Jô) (400 MHz) Ô 8.20 (s, IH, NH-anüde), 7.51 (m, IH, th), 7.40 (m, IH, 

th), 7.06 (d, J  = 1.81 Hz, IH, py), 7.03 (d, J  = 1.79 Hz, IH, py), 6.94 (d, /  = 1.79 Hz, 

IH, py), 6.83 (d, 7 =  1.80 Hz, IH, py), 3.86 (s, 3H, N-CH3 py), 3.80 (s, 3H, N-CH3 py),

3.24-3.14 (m, 2H, CH2 aliphatic chain), 2.38 (t, J -1 X 1  Hz, 2H, CH2 aliphatic chain), 

2.24 (s, 6 H, N(CH3 )2  aliphatic chain), 1.65 (p, J -  7.01 Hz, 2H, CH2 aliphatic chain). 

MS m/z (ES )̂ (relative intensity) 535 (M+1). HRMS [M'̂ J calculated for 

C2 2H2?BrN6 0 3 S m/z 535.1049, found 535.1089.
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Synthesis of 4-(5-bromofuran-2-carboxamido)-^-(5-(3-(d!methyIamino) propyl

carbamoyl)-l-metbyl-lH-pyrrol-3-yl)-l-metbyl-lff-pyrrole-2-carboxamide 2.11 {3}

2.10 2.1(3} 2.11(3}

MW= 518.12

A solution of the pyrrole dimer amine 2.10 (0.500 g, 1.44 mmol) and the 5-bromofuran- 

2-carboxylic acid 2.1(5} (0.300 g, 1.5 mmol) in dry DCM (5 mL) was treated with 

HOBt and DIC according to general procedure A and allowed to react for 2 h. The 

crude mixture was purified using a SCX-2 cartridge and, after removing the solvent 

under vacuum, 2.11(5} was obtained as a brown solid (77%) and directly utilised as the 

substrate for the following Suzuki chemistry. ^H-NMR (DMSG-rf )̂ (400 MHz) ô 8.01 

(s, IH, NH-amide), 7.29 (d, J  = 3.52 Hz, IH, fu), 7.26 (d, 7 = 1.81 Hz, IH, py), 7.19 (d, 

7 = 1.82 Hz, IH, py), 7.07 (d, 7 = 1.92 Hz, IH, py), 6.82 (d, 7 = 1.90 Hz, IH, py), 6.74 

(d, 7 =3.50 Hz, IH, fu), 3.86 (s, 3H, N-CHj-Py), 3.80 (s, 3H, N-CHs-Py), 3.24-3.12 (m, 

2H, CHi aliphatic chain), 2.26 (t, 7 = 7.06 Hz, 2H, CH2 aliphatic chain), 2.20 (s, 6 H, 

N(CHs) 2  aliphatic chain), 1.71 (p, 7 = 7.09 Hz, 2H, CH2 aliphatic chain). MS m/z (ES^) 

(relative intensity) 519 (M+1). HRMS [M ]̂ calculated for C22H2?BrN6 0 4  m/z 519.3916, 

found 519.3906.
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Synthesis of 4-bromo-iV-(5-(5-(3-(dimethylamino)propylcarbamoyl)-l-methyl-lfir-

pyrrol-3-ylcarbamoyl)-l-methyl-l^-pyrrol-3-yl)-l-methyl-lÉf-pyrrole-2-

carboxamide 2.11(4}

Br

NH:,  .

Br W n  S '

• o ' H O ^  HOBt. DIC. O '
S i * S '  dry DCM $  Y

2.10 2.1(4} 2.11(4}

MW =531.43

A solution of the dipyrrole amine 2.10 (0.775 g, 2.23 mmol) and the 4-bromopyrrole-2- 

carboxylic acid 2.1(4} (0.550 g, 2,7 mmol) in dry DCM (5 mL) was treated with HOBt 

and DIC according to general procedure A and allowed to react for 1.5 h. The product, 

2.11(4}, was purified using a SCX-2 cartridge and, after removing the solvent under 

vacuum, the product was directly utilised as the substrate for the following Suzuki 

chemistry. MS m/z (ES+) (relative intensity) 532 (M+1). HRMS [M ]̂ calculated for 

C23H3oBrN703 m/z 532.4334, found 532.4325.
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Synthesis of 2-bromo-iV-(5-(5-(3-(dimethylamlno)propylcarbamoyl)-l-methyl-lfir-

pyrrol-3-ylcarbamoyl)-l-methyl-lH-pyrrol-3-yl)-4-methylthiazole-5-carboxamide

2.111{5}

2.10 2.1(5} 2.11(5}

H /TN
NHg N ^ 5 > ^ B r

MW = 550.47

A solution of the pyrrole dimer amine 2.10 (0.775 g, 2.23 mmol) and the 2-bromo-4- 

methylthiazole-5-carboxylic acid 2.1(5} (0.640 g, 2.9 mmol) in dry DCM (5 mL) was 

treated with HOBt and DIC according to general procedure A and allowed to react for 3 

h. The product, 2.11(5}, was directly utilised as the substrate for the following Suzuki 

chemistry. A dark yellow solid (6 6 %). ^H-NMR (DMSO-Jô) (400 MHz) ô 8.07 (s, IH, 

NH-amide.), 7.06 (d, 7 = 1.66 Hz, IH, py), 7.01 (d, J = 1.69 Hz, IH, py), 6.94 (d, J  =

1.77 Hz, IH, py), 6.84 (d, J  = 1.77 Hz, IH, py), 3.86 (s, 3H, N-CHspy), 3.80 (s, 3H, N- 

CHg py), 3.23-3.15 (m, 2H, CH2 aliphatic chain), 2.57 (s, 3H, -CH3 thz), 2.39 (t, J  = 

7.07 Hz, 2H, CH2 aliphatic chain), 2.25 (s, 6 H, N-(CHg)2  aliphatic chain), 1.66 (p, J  =

7.09 Hz, 2H, CH2 aliphatic chain). MS m/z (ES )̂ (relative intensity) 551 (M+1). HRMS 

[M ]̂ calculated for C23H3oBrN7 0 3  m/z 551.4718, found 551.4789.
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Synthesis of 4-(4-bromobenzaniido)-N-(5-(3-(dimethylamlno)propylcarbamoyl)-l-

methyl-lff-pyrrol-3-yl)-l-methyl-lÉf-pyrrole-2-carboxamide 2.11(d)

H
NH, N

H O ^ C r " '  HOBt, D i e ,
S i "  dry DCM T  N

2.10 2.1(6} 2.11(6}

MW =528.44

Br

A solution of dipyrrole amine 2.10 (1.2 g, 3.47 mmol) and 4-bromobenzoic acid 2.1(6} 

(0.8 g, 1.05 eq) was treated with HOBt and DIC in anhydrous DCM (20 mL) according 

to general procedure A (3 h). The product, 2.11(6), obtained as a brown solid, was used 

directly as the substrate for Suzuki chemistry. MS m/z (ES" )̂ (relative intensity) 529 

(M+1). HRMS [M+] calculated for C24H29BrN6 0 3  m/z 529.4310, found 529.4295.
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Synthesis of 4-(3-bromobenzamido)-^-(5-(3-(dimethylamino)propylcarbamoyI)-l-

methyl-lH'-pyrrol-3-yl)-l-methyl-lff-pyrrole-2-carboxamlde 2.11(7}

Br

J r
A ,  o

g  Y ^ dn,DCM T  N

2 .1 0  2 .1(7} 2 .11(7}

MW = 5 2 8 .4 4

A solution of dipyrrole amine 2.10 (1.2 g, 3.47 mmol) and 3-bromobenzoic acid 2.1(7} 

(0.8 g, 1.05 eq) was treated with HOBt and DIC in anhydrous DCM (20 mL) and 

purified according to general procedure A (3 h). The product, 2.11(7), obtained as a 

dark yellow solid (80%), was used directly as the substrate for Suzuki chemistry. *H- 

NMR (DMSO-Jô) (400 MHz) S 8.13 (s, IH, NH-amide.), 8.01-7.91 (m, 2H, aromatic),

7.78 (d, J  = 7.97, IH, aromatic), 7.50 (t, J  = 7.89 Hz, IH, aromatic), 7.33 (d, J  = 1.66 

Hz, IH, py), 7.20 (d, J  = 1.68 Hz, IH, py), 7.09 (d, J  = 1.80 Hz, IH, py), 6.83 (d, J  =

1.81 Hz, IH, py), 3.86 (s, 3H, N-CH3 py), 3.80 (s, 3H, N-CH3 py), 3.27-3.12 (m, 2H, 

CH2 aliphatic chain), 2.26 (t, J = 7,03 Hz, 2H, CH2 aliphatic chain), 2.20 (s, 6 H, 

N(CH3)2 aliphatic chain), 1.71 (p, /  = 7.05 Hz, 2H, CH2 aliphatic chain), MS m/z (ES^) 

(relative intensity) 530 (M+1). HRMS [M^] calculated for C24H29BrN6 0 3  m/z 529.4010, 

found 529.4095.
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5.1.1 Library 2.1 compounds

4-(4>(4-acetamidophenyl)thiophene-2-carboxamido)-^-(5-(3-(dimethylamino)

propyIcarbamoyl)-l-methyI-ll^-pyrrol-3-yl)-l-methyl-l/f-pyrroIe-2-carboxamide

2.3{7,7}

MW = 589.71

The reaction was carried out as described for general procedure B using 107 mg of 

bromo-substituted polyamide 2.11(7} (0.2 mmol) and 56 mg of boronic ester 2,2(7}. 

The reaction mixture was irradiated at microwave frequencies for 10 min. A total of 90 

mg (76%) of 2.3(7,7} was obtained as a white solid. ^H-NMR (DMSO-Jg) (400 MHz) ô 

8.29 (d, J  = 1.33 Hz, IH, th), 8.20 (s, IH, NH-amide), 8.01 (d, 7 = 1.36 Hz, IH, th), 

7.68-7.63 (m, 4H, aromatic), 7.27 (d, J  = 1.79 Hz, IH, py), 7.19 (d, J = 1.79 Hz, IH, 

py), 7.04 (d, J  = 1.85 Hz, IH, py), 6.83 (d, J  = 1.84 Hz, IH, py), 3.87 (s, 3H, N-CH3 

py), 3.80 (s, 3H, N-CH3 py), 3.23-3.15 (m, 2H, CH2 aliphatic chain), 2.30 (t, J  = 7.05 

Hz, 2H, CH2 aliphatic chain), 2.18 (s, 6 H, N(CH3)2 aliphatic chain), 2.06 (s, 3H, CH3- 

acetamide), 1.61 (p, J  = 7.04, 2H, CH2 aliphatic chain). HRMS [M^] calculated for 

C30H35N7O4S m/z 590.2544, found 590.2519.
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4-(4-(3-acetamidophenyl)thiophene-2-carboxamido)-iV-(5-(3-(diinethylainino)

propylcarbamoyl)-l-methyl-lÉr-pyrrol-3-yl)-l-methyl-lff-pyrrole-2-carboxamide

2.3(7,2}

Ô ' 2.Z{1,2)

MW =689.71

The reaction was carried out as described for general procedure B using 107 mg of 

bromo-substituted polyamide 2.11(7} (0.2 nunol) and 56 mg of boronic ester 2.2(2}. 

The reaction mixture was irradiated at microwave frequencies for 10 min. A total of 80 

mg (6 8 %) of 2.3(7,7} was obtained as a white solid. ^H-NMR (DMSO-c?^) (400 MHz) ô 

8.27 (d, J  = 1.27 Hz, IH, th), 8.21 (s, IH, NH-amide), 8.07 (s, IH, aromatic), 8.00 (d, J  

= 1.29 Hz, IH, th), 7.46-7.44 (m, IH, aromatic), 7.38-7.36 (m, 2H, aromatic), 7.28 (d, J  

= 1.77 Hz, IH, py), 7.19 (d, J  = 1.77 Hz, IH, py), 7.06 (d, J  = 1.83 Hz, IH, py), 6.83 

(d, J  = 1.83 Hz, IH, py), 3.88 (s, 3H, N-CHapy), 3.81 (s, 3H, N-CHapy), 3.20-3.15 (m, 

2H, CH2 aliphatic chain), 2.33 (t, J = 7.21 Hz, 2H, CH2 aliphatic chain), 2.21 (s, 6 H, 

N(CHa)2 ahphatic chain), 2.08 (s, 3H, CHa-acetamide), 1.64 (p, J  = 7.04, 2H, CH2 

aliphatic chain). HRMS [M‘*‘] calculated for CaoHa5N7 0 4 S m/z 590.2544, found 

590.2534.

152
Phi) thesis - Fedei ico IF ucoli



iV-(3-(dimethyIamino)propyl)-4-(4-(4-(furaii-3-yl)thiophene-2-carboxamido)-l- 

methyl-l^-pyrrole-2-carboxamido)-l-methyl-lff-pyrrole-2-carboxamide 23{lylO}

2.Z{1,10) 

MW =522.62

The reaction was carried out as described for general procedure B using 107 mg of 

bromo-substituted polyamide 2.11(7} (0.2 mmol) and 24 mg of boronic acid 2,2(70}. 

The reaction mixture was irradiated at microwave frequencies for 8  min. A total of 65 

mg (62%) of 2.3(7,70} was obtained as a cream colored solid. ^H-NMR (DMSO-^o) 

(400 MHz) Ô 8.23 (s, IH, NH-amide), 8.10 (d, J  = 1.15 Hz, IH, th), 8.05 (bs, IH, th), 

7.89 (d, J  = 4.41 Hz, IH, fu), 7.76-7.75 (m, IH, fu), 7.26 (d, J  = 1.75 Hz, IH, py), 7.19 

(d, 7 =  1.74 Hz, IH, py), 7.05 (d, J  = 3.24 Hz, IH, fu), 6 .8 8  (d, 7 =  1.20 Hz, IH, py),

6.83 (d, 7 = 1.77 Hz, IH, py), 3.87 (s, 3H, N-CH3 py), 3.80 (s, 3H, N-CH3 py), 3.24-

3.13 (m, 2H, CH2 aliphatic chain), 2.30 (t, 7 = 7.21 Hz, 2H, CH2 aliphatic chain), 2.18 

(s, 6 H, N(CH3)2 aliphatic chain), 1.62 (p, 7 = 7.04, 2H, N(CH3)2 aliphatic chain). HRMS 

[M^] calculated for C26H30N6O4S m/z 523.2122, found 523.2120.
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iV-(3-(dimethylamino)propyl)-4-(4-(4-(furan-2-yl)thiophene>2-carboxamido)-l- 

m ethyI-l^-pyrrole-2-carboxam îdo)-l-m ethyl-lff-pyrrole-2-carboxam îde 2.3{/,7/}

H f/ \\ Ô I

O I

MW =522.62

The reaction was carried out as described for general procedure B using 107 mg of 

bromo-substituted polyamide 2.11(7} (0.2 mmol) and 24 mg of boronic acid 2.2(77). 

The reaction mixture was irradiated at microwave frequencies for 8  min. A total of 60 

mg (57%) of 2.3(7,77} was obtained as a cream colored solid. 'H-NMR (DMSO-J^) 

(400 MHz) Ô 8.32 (s, IH , NH-amide), 8.16 (dd, J  = 3.94, 1.18 Hz , IH, tb), 8.09 (d, J  =

1.21 Hz, IH, tb), 8.06-8.03 (m, IH, fu), 7.66-7.63 (m, IH, fu), 7.59 (d, 7 =3.01 Hz, IH, 

fu), 7.27 (d, J  = 1.79 Hz, IH, py), 7.19 (d, J  = 1.79 Hz, IH, py), 7.05 (d, J  = 1.85 Hz, 

IH, py), 6.83 (d, J  = 1.84 Hz, IH, py), 3.87 (s, 3H, N-CHgpy), 3.81 (s, 3H, N-CHspy), 

3.22-3.16 (m, 2H, CH2 aliphatic chain), 2.30 (t, J  = 7.21 Hz, 2H, CH2 aliphatic chain),

2.18 (s, 6 H, N(CH3)2 aliphatic chain), 1.63 (p, J = 7.04, 2H, CH2 aliphatic chain). 

HRMS [M^] calculated for C26H30N6O4S m/z 523.2122, found 523.2195.
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4-(3,3'-bithiophene-5-carboxamido)-A^-(5-(3-(dîmethylamino)propylcarbamoyl)-l-

methyl-lfir-pyrrol-3-yl)-l-methyl-l^-pyrrole-2-carboxamide 2.3{7,12}

o
s '

O
2.Z{1,12} 

MW= 538.68

The reaction was carried out as described for general procedure B using 107 mg of 

bromo-substituted polyamide 2.11(7} (0.2 mmol) and 31 mg of boronic acid 2.2(72}. 

The reaction mixture was irradiated at microwave frequencies for 10 min. A total of 70 

mg (65%) of 2.3(7,72} was obtained as a pale yellow solid. 'H-NMR (DMSO-^f^) (400 

MHz) Ô 8.25 (d, J  = 1.26 Hz, IH, th), 8.22 (s, IH, NH-amide), 8.01 (d, J  = 1.29 Hz, IH, 

th), 7.77-7.72 (m, IH, th), 7.67-7.63 (m, IH, th), 7.52-7.46 (m, IH, th), 7.27 (d, 7 =  1.77 

Hz, IH, py), 7.19 (d, J = 1.76 Hz, IH, py), 7.05 (d, 7 = 1.82 Hz, IH, py), 6.83 (d, 7 = 

1.82 Hz, IH, py), 3.87 (s, 3H, N-CH3 py), 3.81 (s, 3H, N-CH3 py), 3.22-3.16 (m, 2H, 

CH2 aliphatic chain), 2.29 (t, 7 = 7.19 Hz, 2H, CH2 aliphatic chain), 2.17 (s, 6 H, 

N(CH3)2 aliphatic chain), 1.63 (p, 7 = 7.04, 2H, CH2 aliphatic chain). HRMS [M^] 

calculated for C26H30N6O3S2 m/z 539.1893, found 539.1877.
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4-(2,3*-bithiophene-5'-carboxamido)-A^-(5-(3-(dimethylamino)propylcarbamoyl)-l-

methyl-l^-pyrrol-3-yl)-l-methyl-l^-pyrrole-2-carboxamide 2.3(7,73}

'■ " M o l

2.Z{1,13i 
MW =538.68

The reaction was carried out as described for general procedure B using 107 mg of 

bromo-substituted polyamide 2.11(7} (0.2 mmol) and 31 mg of boronic acid 2.2(73}. 

The reaction mixture was irradiated at microwave frequencies for 10 min. A total of 40 

mg (38%) of 2.3(7,73} was obtained as a pale yellow solid. ‘H-NMR (DMSO-c?^) (400 

MHz) Ô 8.32 (s, IH, NH-amide), 8.16 (s, IH, th), 8.06 (s, IH, th), 7.97-7.95 (m, IH, th), 

7.75-7.70 (m, IH, th), 7.49-7.45 (m, IH, th), 7.27 (d, 7 =  1.76 Hz, IH, py), 7.19 (d, J  = 

1.74 Hz, IH, py), 7.01 (d, J  = 1.74 Hz, IH, py), 6.82 (d, J  = 1.76 Hz, IH, py), 3.86 (s, 

3H, N-CH3 py), 3.80 (s, 3H, N-CHspy), 3.22-3.15 (m, 2H, CHz aliphatic chain), 2.26 (t, 

7 = 7.19 Hz, 2H, CH2 aliphatic chain), 2.15 (s, 6 H, N(CH3)2 aliphatic chain), 1.61 (p, 7 

= 7.04, 2H, CH2 aliphatic chain). HRMS [M^] calculated for C26H30N6O3S2 m/z 

539.1893, found 539.1879.
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Ar-(3-(dimethylamino)propyl)-l-methyl-4-(l-methyl-4-(4-(l-methyl-l/r-pyrazol-4-

yl)thiophene-2-carboxamido)-lH-pyrrole-2-carboxamido)-IiRr-pyrrole-2-

carboxamide 2 3 {1,16)

o  

o '
2 .Z {1, 16) 

MW = 536.20

The reaction was carried out as described for general procedure B using 107 mg of 

bromo-substituted polyamide 2.11(7} (0.2 mmol) and 50 mg of boronic ester 2.2(76}. 

The reaction mixture was irradiated at microwave frequencies for 10 min. A total of 38 

mg (35%) of 2.3(7,76} was obtained as a white solid.^H-NMR (DMSO-^f^) (400 MHz) 

Ô 8.31 (d, J  = 1.31 Hz, IH, tb), 8.21 (s, IH, pz), 8.00 (d, J  = 1.29 Hz, IH, tb), 7.95 (d, J  

= 3.90 Hz, IH), 7.80 (s, IH, pz), 7.26 (d, /  = 1.81 Hz, IH, py), 7.19 (d, J  = 1.80 Hz, 

IH, py), 7.02 (d, J  = 1 .8 6  Hz, IH, py), 6.82 (d, J  = 1.85 Hz, IH, py), 3.86 (s, 6 H, N- 

CH] py), 3.80 (s, 3H, N-CH3 pz), 3.22-3.16 (m, 2H, CH2 aliphatic chain), 2.30 (t, J  =

7.13 Hz, 2H, CH2 aliphatic chain), 2.18 (s, 6 H, N(CH3)2 aliphatic chain), 1.62 (p, J  =

7.04, 2H, CH2 aliphatic chain). HRMS [M^] calculated for C26H32N8O3S m/z 537.2391, 

found 537.2375.
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4-(5-(4-acetamidophenyl)thiophene-2-carboxamido)-^-(5-(3-(dimethylamino)

propylcarbamoyl)-l-methyI-lff-pyrrol-3-yl)-l-methyl-lff-pyrrole-2-carboxamide

2.3(2,7}

°  2.3(2, f)

MW = 589.71

The reaction was carried out as described for general procedure B using 107 mg of 

bromo-substituted polyamide 2.11(2} (0.2 mmol) and 50 mg of boronic ester 2.2(7). 

The reaction mixture was irradiated at microwave frequencies for 10 min. A total of 100 

mg (84%) of 2.3(2,7} was obtained as a pale yellow solid. ^H-NMR (DMSO- f̂ )̂ (400 

MHz) Ô 7.88 (d, J  = 3.94 Hz, IH, th), 7.66 (s, 4H, aromatic), 7.48 (d, J  = 3.95 Hz, IH, 

th), 7.26 (d, J  = 1.81 Hz, IH, py), 7.19 (d, J  = 1.80 Hz, IH, py), 7.04 (d, J = 1.85 Hz, 

IH, py), 6.82 (d, 7 =  1.85 Hz, IH, py), 3.86 (s, 3H, N-CH3 py), 3.80 (s, 3H, N-CH3 py), 

3.21-3.16 (m, 2H, CH2 aliphatic chain), 2.24 (t, J  = 7.06 Hz, 2H, CH2 aliphatic chain),

2.13 (s, 6 H, CH3-acetamide), 2.06 (s, 3H, N(CH3 )2  aliphatic chain), 1.61 (p, J = 7.04 

Hz, 2H, CH2 aliphatic chain). HRMS [M ]̂ calculated for C30H35N7 O4 S m/z 590.2544, 

found 590.2558.
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4-(5-(3-acetamidophenyl)thiophene>2>carboxamido)-^-(5-(3-(dimethylamino)

propylcarbamoyl)-l-methyl-lir-pyrrol-3-yl)-l-methyI-l/^-pyrrole-2-carboxamide

2.3{2,2}

HN^.O

O •
2.3(2,2}

MW = 589.71

The reaction was carried out as described for general procedure B using 107 mg of 

bromo-substituted polyamide 2.11(2} (0.2 mmol) and 50 mg of boronic ester 2.2(2}. 

The reaction mixture was irradiated at microwave frequencies for 10 min. A total of 90 

mg (76%) of 2.3(2,2} was obtained as a pale yellow solid. ^H-NMR (DMSO-Jg) (400 

MHz) Ô 8.02 (s, IH, aromatic), 7.92 (d, J  = 3.91 Hz, IH, th), 7.63-7.60 (m, IH, 

aromatic), 7.54 (d, J  = 8.11, IH, aromatic), 7.51 (d, J  = 3.91 Hz, IH, th), 7.38 (d, J = 

7.76 Hz, IH, aromatic), 7.28 (d, J = 1.77 Hz, IH, py), 7.19 (d, J = 1.77 Hz, IH, py), 

7.06 (d, J = 1.83 Hz, IH, py), 6.83 (d, J  = 1.83 Hz, IH, py), 3.88 (s, 3H, N-CH3 py),

3.81 (s, 3H, N-CH3 py), 3.24-3.16 (m, 2H, CH2 aliphatic chain), 2.33 (t, J = 7.04 Hz, 

2H, CH2 aliphatic chain), 2.21 (s, 6 H, N(CH3 )2  aliphatic chain), 2.08 (s, 3H, CH3- 

acetamide), 1.61 (p, 7 = 7.04, 2H, CH2 aliphatic chain). HRMS [M ]̂ calculated for 

C30H35N7O4 S m/z 590.2544, found 590.2552.
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iV-(3-(dimethylamino)propyl)-4-(4-(5-(furan-3-yl)thiophene-2-carboxamido)-l-

methyl-l^f-pyrrole-2-carboxamido)-l-methyl-lH-pyrrole-2-carboxamide 2.3(2,70}

"  // \\ 0  I

o '
2.Z{2,10} 

MW =522.62

The reaction was carried out as described for general procedure B using 107 mg of 

bromo-substituted polyamide 2.11 {2} (0.2 mmol) and 27 mg of boronic acid 2.2{70}. 

The reaction mixture was irradiated at microwave frequencies for 9 min. A total of 75 

mg (71%) of 2.3(2,70} was obtained as a cream colored solid. ^H-NMR (DMSO-dô) 

(400 MHz) S 8.24 (s, IH, NH-amide), 8.21 (s, IH, fu), 7.86 (d, J = 3.90 Hz, IH, th),

7.79 (m, IH, fu), 7.35 (d, /  = 3.84 Hz, IH, th), 7.26 (d, 7 = 1.73 Hz, IH, py), 7.19 (d, J  

= 1.77 Hz, IH, py), 7.05 (d, J  = 1.81 Hz, IH, py), 6.90 (m, IH, fu), 6.83 (d, J  = 1.81 

Hz, IH, py), 3.87 (s, 3H, N-CH3 py), 3.80 (s, 3H, N-CH3 py), 3.23-3.16 (m, 2H, CH2 

aliphatic chain), 2.28 (t, J  = 7.07 Hz, 2H, CH2 aliphatic chain), 2.17 (s, 6 H, N(CH3)2 

aliphatic chain), 1.62 (p, J  = 7.09 Hz, 2H, CH2 aliphatic chain). HRMS [M^] calculated 

for C26H30N6O4S m/z 523.2122, found 523.2115.
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iV-(3-(dimethylamino)propyl)-4-(4-(5-(furan-2-yl)thiophene-2-carboxamido)-l- 

m ethyl-lH -pyrrole-2-carboxam ido)-l-m ethyl-l^-pyrrole-2-carboxam îde 2.3{2,7i}

B .

O I
2.Z{2,11) 

MW= 522.62

The reaction was carried out as described for general procedure B using 107 mg of 

bromo-substituted polyamide 2.11(2} (0.2 mmol) and 27 mg of boronic acid 2.2(77}. 

The reaction mixture was irradiated at microwave frequencies for 9 min. A total of 80 

mg (76%) of 2.3(2,77} was obtained as a cream colored solid. ^H-NMR (DMSO-Jg) 

(400 MHz) Ô 8.34 (s, IH, NH-amide), 7.89 (d, J  = 3.90 Hz, IH, th), 7.78 (d, 7 =  1.26 

Hz, IH, fu), 7.42 (d, J  = 3.92 Hz, IH, th), 7.27 (d, J  = 1.87 Hz, IH, py), 7.19 (d, J  =

1.84 Hz, IH, py), 7.04 (d, 7 =  1.97 Hz, IH, py), 6.93 (d, 7 = 3.28 Hz, IH, fu), 6.82 (d, 7 

= 1.82 Hz, IH, py), 6.63 (dd, 7 = 3.40, 1.82 Hz, IH, fu), 3.86 (s, 3H, N-CH3 py), 3.80 

(s, 3H, N-CH3 py), 3.24-3.15 (m, 2H, CH2 aliphatic chain), 2.25 (t, 7 = 7.05 Hz, 2H, 

CH2 aliphatic chain), 2.14 (s, 6 H, N(CH3)2 aliphatic chain), 1.60 (p, 7 = 7.02 Hz, 2H, 

CH2 aliphatic chain). HRMS [M^] calculated for C26H30N6O4S m/z 523.2122, found 

523.2141.
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4-(2,3'-bithiophene-5-carboxamido)-A^-(5-(3-(dimethylamino)propylcarbamoyl)-l-

methyl-lH-pyrrol-3-yl)-l-methyl-lfir-pyrrole-2-carboxamide 2.3(2,72}

»

O I
2.3(2,72}

MW = 538.18

The reaction was carried out as described for general procedure B using 107 mg of 

bromo-substituted polyamide 2.11(2} (0.2 mmol) and 31 mg of boronic acid 2.2(72}. 

The reaction mixture was irradiated at microwave frequencies for 11 min. A total of 75 

mg (70%) of 2.3(2,72} was obtained as a yellow solid. ^H-NMR (DMSO-iig) (400 

MHz) Ô 8.23 (s, IH, NH-amide), 7.89 (dd, J  = 2.86, 1.31 Hz, IH, th), 7.87 (d, J  = 3.92 

Hz, IH, th), 7.68 (dd, J  = 5.02, 2.90 Hz, IH, th), 7.49 (dd, J  = 5.02, 1.28 Hz, IH, th), 

7.46 (d, J  = 3.88 Hz, IH, th), 7.26 (d, 7 =  1.77 Hz, IH, py), 7.19 (d, 7 =  1.77 Hz, IH, 

py), 7.04 (d, 7 = 1.81 Hz, IH, py), 6.83 (d, 7 = 1.82 Hz, IH, py), 3.87 (s, 3H, N-CH3  

py), 3.81 (s, 3H, N-CH3 py), 3.23-3.15 (m, 2H, CH2  aliphatic chain), 2.31 (t, 7 = 7.12 

Hz, 2H, CH2 aliphatic chain), 2.19 (s, 6 H, N(CH3)2 aliphatic chain), 1.63 (p, 7 = 7.07, 

2H, CH2 aliphatic chain). HRMS [M^] calculated for C26H30N6O3S2 m/z 539.1893, 

found 539.1891.
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4-(2,2'-bithiophene-5-carboxamido)-iV-(5-(3-(diinethylamino)propylcarbamoyl)-l- 

methyI-lff-pyrroI-3-yI)-l-methyl-lH-pyrrole-2-carboxamide 2.3{2,/5}

a.

o
2.3(2,73} 

MW =538.18

The reaction was carried out as described for general procedure B using 107 mg of 

bromo-substituted polyamide 2.11(2} (0.2 mmol) and 31 mg of boronic acid 2.2(73}. 

The reaction mixture was irradiated at microwave frequencies for 11 min. A total of 60 

mg (55%) of 2.3(2,73} was obtained as a yellow solid. ^H-NMR (DMSO-^f^) (400 

MHz) Ô 8.22 (s, IH), 7.86 (d, J  = 3.97 Hz, IH, tb), 7.60 (dd, J  = 4.78, 1.13 Hz, IH, tb), 

7.44 (dd, J  = 3.58, 1.13 Hz, IH, tb), 7.37 (d, J  = 3.90 Hz, IH, tb), 7.26 (d, J  = 1.80 Hz, 

IH, py), 7.19 (d, J  = 1.80 Hz, IH, py), 7.14 (dd, J  = 5.09, 3.62 Hz, IH, tb), 7.04 (d, J  = 

1.86 Hz, IH, py), 6.83 (d, J  = 1.85 Hz, IH, py), 3.87 (s, 3H, N-CHspy), 3.80 (s, 3H, N- 

CH] py), 3.22-3.16 (m, 2H, CH2 aliphatic chain), 2.29 (t, J  = 7.04 Hz, 2H, CH2 aliphatic 

chain), 2.18 (s, 6 H, N(CH3)2 aliphatic chain), 1.63 (p, J  = 7.04, 2H, CH2 aliphatic 

chain). HRMS [M ^ calculated for C26H30N6O3S2 m/z 539.1893, found 539.1812.
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A^-(3-(dimethylaminô)propyl)-l-methyl-4-(l-methyl-4-(5-(l-methyl-Lff-pyrazol-4-

yl)thiophene-2-carboxamido)-l/f-pyrrole-2-carboxamido)-lH-pyrrole-2>

carboxamide 2 3 {2,16]

.N,
O • 2.Z{2,16}

MW= 536.65

The reaction was carried out as described for general procedure B using 107 mg of 

bromo-substituted polyamide 2.11(2} (0.2 mmol) and 50 mg of boronic ester 2.2(76}. 

The reaction mixture was irradiated at microwave frequencies for 10 min. A total of 50 

mg (46%) of 2.3(2,76} was obtained as a brown solid. ^H-NMR (DMSO-^f^) (400 

MHz) Ô 8.21 (s, IH, NH-amide), 8.13 (s, IH, pz), 7.82 (d, J  = 3.90 Hz, IH, th), 7.80 (s, 

IH, pz), 7.25 (d, J  = 1.78 Hz, IH, py), 7.23 (d, J  = 3.84 Hz, IH, th), 7.19 (d, J  = 1.79 

Hz, IH, py), 7.03 (d, J  = 1.82 Hz, IH, py), 6.83 (d, J  = 1.81 Hz, IH, py), 3.86 (s, 6 H, 

N-CH] py), 3.80 (s, 3H, N-CH3 pz), 3.23-3.16 (m, 2H, CH2 aliphatic chain), 2.32 (t, J  =

7.13 Hz, 2H, CH2 aliphatic chain), 2.20 (s, 6 H, N(CH3)2 aliphatic chain), 1.64 (p, J  =

7.04 Hz, 2H, CH2 aliphatic chain). HRMS [M^] calculated for C26H32N8O3S m/z 

537.2391, found 537.2364.
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4-(5-(4-acetamidophenyl)thiophene-2-carboxamido)-^-(5-(3-(dimethylamino)

propylcarbam oyl)-l-m ethyl-l& -pyrrol-3-yl)-l-m ethyl-lff-pyrrole-2-carboxam ide

2.3{3,i}

wW-
O '

2.Z{3,1)
MW = 573.64

The reaction was carried out as described for general procedure B using 104 mg of 

bromo-substituted polyamide 2.11 {5} (0.2 mmol) and 56 mg of boronic ester 2.2{7}. 

The reaction mixture was irradiated at microwave frequencies for 8  min. A total of 90 

mg (80%) of 2 3 {3 J ]  was obtained as a white solid. ^H-NMR (DMSO-^/g) (400 MHz) ô

8.21 (s, IH, NH-amide), 7.88 (d, J  = 8.76 Hz, 2H, aromatic), 7.70 (d, J  = 8.77 Hz, 2H, 

aromatic), 7.29 (d, /  = 1.77 Hz, IH, py), 7.27 (d, J  = 3.58 Hz, IH, fu), 7.19 (d, J = 1.80 

Hz, IH, py), 7.09 (d, J  = 1.84 Hz, IH, py), 7.01 (d, J  = 3.56 Hz, IH, fu), 6.84 (d, J  =

1.84 Hz, IH, py), 3.88 (s, 3H, N-CH3 py), 3.81 (s, 3H, N-CH3 py), 3.20 (m, 2H, CH2 

aliphatic chain), 2.34 (t, J  = 7.16 Hz, 2H, CH2 aliphatic chain), 2.21 (s, 6 H, N(CH3)2 

aliphatic chain), 2.07 (s, 3H, CH3-acetamide), 1.64 (p, J  = 7.09 Hz, 2H, CH2 aliphatic 

chain). HRMS [M^] calculated for C31H39N7O4 m/z 574.3137, found 574.3131.
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4-(5-(3-acetamidophenyl)furaii-2-carboxamido)-A^-(5-(3-(dimethylamino)

propylcarbam oyl)-l-m ethyl-l& -pyrrol-3-yI)-l-m ethyl-lH -pyrrole-2-carboxam ide

2,3{3,2]

HN^.O

O ' 2.Z{3,2}
MW =573.64

The reaction was carried out as described for general procedure B using 104 mg of 

bromo-substituted polyamide 2.11 {5} (0.2 mmol) and 56 mg of boronic ester 2.2(2}. 

The reaction mixture was irradiated at microwave frequencies for 8  min. A total of 8 6  

mg (75%) of 2.3(3,2} was obtained as a white solid. ^H-NMR (DMSO-^fg) (400 MHz) S

8.21 (s, IH, NH-amide), 8.03 (s, IH, aromatic), 7.60 (m, 2H, aromatic), 7.42 (t, J  = 7.93 

Hz, IH, aromatic), 7.33 (d, J  = 3.59 Hz, IH, fu), 7.29 (d, J = 1.79 Hz, IH. py), 7.19 (d, 

J = 1.81 Hz, IH, py), 7.07 (d, J = 1.85 Hz, IH, py), 7.02 (d, J  = 3.57 Hz, IH, fu), 6.84 

(d, J  = 1.85 Hz, IH, py), 3.88 (s, 3H, N-CHspy), 3.81 (s, 3H, N-CHgpy), 3.24-3.16 (m, 

2H, CH2 aliphatic chain), 2.33 (t, J = 7.14 Hz, 2H, CH2 aliphatic chain), 2.21 (s, 6 H, 

N(CH ])2  aliphatic chain), 2.07 (m, 3H, CHg-acetamide), 1.64 (p, J  = 7.04 Hz, 2H, CH2 

aliphatic chain). HRMS [M^] calculated for C31H39N7O4 m/z 574.3137, found 574.3114.
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4-(2,3'-bifuran-5-carboxamido)-N-(5-(3-(dimethylamino)propylcarbamoyl)-l-

methyl-l^-pyrrol-3-yI)-l-methyl-lff-pyrrole-2-carboxamîde 2.3(3,70}

H J 1 Ï  °

O

^ 6  '

2.3(3, YO} 

MW = 506.55

The reaction was carried out as described for general procedure B using 104 mg of 

bromo-substituted polyamide 2.11(3} (0.2 mmol) and 24 mg of boronic acid 2.2(70}. 

The reaction mixture was irradiated at microwave frequencies for 10 min. A total of 55 

mg (54%) of 2.3(3,70} was obtained as a white solid. ^H-NMR (DMSO-i/g) (400 MHz) 

Ô 8.22 (s, IH, NH-amide), 7.81 (m, IH, fu), 7.27 (d, 7 = 1.76 Hz, IH, py), 7.25 (d, J  = 

3.52 Hz, IH, fu), 7.20 (d, 7 =3 .56  Hz, IH, fu), 7.19 (d, 7 = 1.81 Hz, IH, py), 7.06 (d, 7 

= 1.86 Hz, IH, py), 6.97 (dd, 7 = 1.84, 0.73 Hz, IH, fu), 6.83 (d, 7 =  1.85 Hz, IH, py),

6.81 (d, 7 = 3.55 Hz, IH, fu), 3.87 (s, 3H, N-CHspy), 3.81 (s, 3H, N-CHspy), 3.25.3-15 

(m, 2H, CH2 aliphatic chain), 2.30 (t, 7 = 7.16 Hz, 2H, CH2 aliphatic chain), 2.18 (s, 

6 H, N(CH3)2 aliphatic chain), 1.63 (p, 7 = 7.05 Hz, 2H, CH2 aliphatic chain). HRMS 

[M^] calculated for C26H30N6O5 m/z 507.2350, found 507.2342.
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4-(2,2'-bifuran-5-carboxamido)>A^-(5-(3-(dimethylaimno)propylcarbamoyl)-l- 

m ethyl-l^-pyrrol-3-yl)-l-m ethyl-l/r-pyrrole-2-carboxam ide 2.3(3,77}

\\

o
2.Z{3,11} 

MW =506.65

The reaction was carried out as described for general procedure B using 104 mg of 

bromo-substituted polyamide 2.11(3} (0.2 mmol) and 24 mg of boronic acid 2.2(77}. 

The reaction mixture was irradiated at microwave frequencies for 10 min. A total of 35 

mg (35%) of 2.3(3,77} was obtained as a white solid. *H-NMR (DMSO-Jô) (400 MHz) 

â 8.23 (s, IH, NH-amide), 7.86-7.80 (m, IH, fu), 7.32 (d, J  = 3.62 Hz, IH, fu), 7.28 (d, 

J  = 1.79 Hz, IH, py), 7.19 (d, J  = 1.80 Hz, IH, py), 7.06 (d, J  = 1.84 Hz, IH, py), 6.95 

(d, J  = 3.33 Hz, IH, fu), 6.85 (d, J  = 3.62 Hz, IH, fii), 6.83 (d, J = 1.84 Hz, IH, py), 

6.69 (dd, J  = 3.42, 1.80 Hz, IH, fu), 3.87 (s, 3H, N-CH3 py), 3.80 (s, 3H, N-CH3 py),

3.25-3.15 (m, 2H, CH2 aliphatic chain), 2.30 (t, 7 = 7.12 Hz, 2H, CH2 aliphatic chain),

2.18 (s, 6 H, N(CH3)2 aliphatic chain), 1.63 (p, J = 7.08 Hz, 2H, CH2 aliphatic chain). 

HRMS [M^] calculated for C26H30N6O5 m/z 507.2350, found 507.2340.
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iV-(3-(dimethylamino)propyl)-l-methyl-4-(l-methyI-4-(5-(thiophen-3-yl)furan-2- 

carboxamido)-l£f-pyrrole-2-carboxamido)-lff-pyrrole-2-carboxamide 2.3(3,i2}

N. . r
2.Z{3,12} 

MW =522.62

The reaction was carried out as described for general procedure B using 104 mg of 

bromo-substituted polyamide 2.11(3} (0.2 mmol) and 31 mg of boronic acid 2.2(72). 

The reaction mixture was irradiated at microwave frequencies for 10 min. A total of 45 

mg (43%) of 2.3(3,72} was obtained as a pale yellow solid. ’H-NMR (DMSO-^/^) (400 

MHz) Ô 8.21 (s, IH, NH-amide), 8.02 (dd, J  = 2.93, 1.19 Hz, IH, th), 7.71 (dd, J  =

5.05, 2.96 Hz, IH, th), 7.62 (dd, J  = 5.04, 1.23 Hz, IH, th), 7.29 (d, 3 = 1.78 Hz, IH, 

py), 7.26 (d, J  = 3.55 Hz, IH, fu), 7.19 (d, 3 = 1.81 Hz, IH, py), 7.08 (d, 3 = 1.86 Hz, 

IH, py), 6.93 (d, 3 = 3.53 Hz, IH, fu), 6.83 (d, 3 = 1.85 Hz, IH, py), 3.87 (s, 3H, N- 

CH3 py), 3.81 (s, 3H, N-CH3 py), 3.23-3.13 (m, 2H, CH2 aliphatic chain), 2.30 (t, 3 =

7.17 Hz, 2H, CH2 aliphatic chain), 2.18 (s, 6 H, N(CH3)2 aliphatic chain), 1.63 (p, 3 =

7.05 Hz, 2H, CH2 aliphatic chain). HRMS [M^] calculated for C26H30N6O4S m/z 

523.2122, found 523.2101.
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iV-(3-(dimethylamîno)propyl)-l-methyl-4-(l-methyl-4-(5-(thiophen-2-yl)furan-2-

carboxamido)-]/f-pyrrole-2-carboxamido)-I£f-pyrrole-2-carboxamide 1 3 {3,13)

w

°

o ' 2.Z{3,13} 
MW= 522.62

The reaction was carried out as described for general procedure B using 104 mg of 

bromo-substituted polyamide 2.11(5} (0.2 mmol) and 31 mg of boronic acid 2.2(75). 

The reaction mixture was irradiated at microwave frequencies for 10 min. A total of 35 

mg (35%) of 2.3(5,75} was obtained as a pale yellow solid. *H-NMR (DMSO-fig) (400 

MHz) Ô 8.22 (s, IH, NH-amide), 7.66 (dd, J  = 5.00, 1.15 Hz, IH, th), 7.61 (dd, J  = 

3.60, 1.15 Hz, IH, th), 7.30 (d, J  = 3.60 Hz, IH, fu), 7.28 (d, J = 1.78, IH, py), 7.21-

7.18 (m, IH, th), 7.07 (d, J  = 1.86 Hz, IH, py), 6.91 (d, J  = 3.58 Hz, IH, fu), 6.83 (d, J  

= 1.85 Hz, IH, py), 3.90 (s, 3H, N-CH3 py), 3.87 (s, 3H, N-CH3 py), 3.23-3.14 (m, 2H, 

CH2 aliphatic chain), 2.34 (t, 7 = 7.12 Hz, 2H, CH2 aliphatic chain), 2.21 (s, 6 H, 

N(CH3)2 aliphatic chain), 1.64 (p, J  = 7.05 Hz, 2H, CH2 aliphatic chain). HRMS [M^] 

calculated for C26H30N6O4S m/z 523.2122, found 523.2104.

170
PhD (hoNis - I'cticricd Pniculi



^-(3-(dimethylamino)propyl)-l-methyl-4-(l-methyl-4-(5-(l-methyl-lfr-pyrazol-4-

yl)furan-2-carboxam ido)-li7-pyrrole-2-carboxam ido)-l£^-pyrrole-2-carboxam ide

2.3{5,7d}

.N.

O ' 2.3(3,76}
MW = 520.58

The reaction was carried out as described for general procedure B using 104 mg of 

bromo-substituted polyamide 2.11{i} (0.2 mmol) and 50 mg of boronic ester 2.2{76}. 

The reaction mixture was irradiated at microwave frequencies for 11 min. A total of 40 

mg (38%) of 2.3(5,76} was obtained as a pale yellow solid. *H-NMR (DMSO-c/g) (400 

MHz) Ô 8.23 (s, IH, NH-amide), 8.17 (s, IH, pz), 7.90 (s, IH, pz), 7.27 (d, J = 1.80 Hz, 

IH, py), 7.23 (d, J  = 3.52 Hz, IH, fu), 7.19 (d, 7 =  1.82 Hz, IH, py), 7.06 (d, 7 =  1.88 

Hz, IH, py), 6.84 (d, 7 = 1.86 Hz, IH, py), 6.67 (d, 7 = 3.50 Hz, IH, fu), 3.90, (s, 3H, 

N-CHa py), 3.87 (s 3H, N-CH3 py), 3.81 (s, 3H, N-CH3 pz), 3.22-3.17 (m, 2H, CH2 

aliphatic chain), 2.39 (t, 7 = 7.20 Hz, 2H, CH2 aliphatic chain), 2.25 (s, 6 H, N(CH3)2 

aliphatic chain), 1.65 (p, 7 = 7.09 Hz, 2H, CH2 aliphatic chain). HRMS [M^] calculated 

for C26H32N8O4 m/z 521.2619, found 521.2695.
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4-(4-acetamîdophenyl)-Ar-(5-(5-(3-(dimethylamino)propylcarbamoyI)-l-methyI-lff-

pyrrol-3-ylcarbamoyl)-l-methyl-W-pyrrol-3-yl)-l-methyl-l/T-pyrroIe-2-

carboxamide 2.3{4,/}

ô i ' "  '^  2.3(4. n

MW= 586.68

The reaction was carried out as described for general procedure B using 106 mg of 

bromo-substituted polyamide 2.11(4} (0.2 mmol) and 56 mg of boronic ester 2,2(7}. 

The reaction mixture was irradiated at microwave frequencies for 10 min. A total of 45 

mg (38%) of 2.3(4,7} was obtained as a brown solid. *H-NMR (DMSO- /̂g) (400 MHz) 

Ô 8.32 (s, IH, NH-amide), 7.56 (d, J  = 8 . 6 8  Hz, 2H, aromatic), 7.45 (d, J  = 8 . 6 6  Hz, 

2H, aromatic), 7.37 (d, 7 = 1.82 Hz, IH, py), 7.29-7.23 (m, 2H, py), 7.19 (d, 7 = 1.80 

Hz, IH, py), 7.04 (d, 7 = 1.84 Hz, IH, py), 6.83 (d, 7 = 1.85 Hz, IH, py), 3.91 (s, 3H, 

N-CHs py), 3.86 (s, 3H, N-CH3 py), 3.80 (s, 3H, N-CH3 py), 3.22-3.15 (m, 2 H, CH2 

aliphatic chain), 2.25 (t, 7 = 7.09 Hz, IH, CH2 aliphatic chain), 2.21 (s, 6 H, N(CH3 )2  

aliphatic chain), 2.04 (s, 3H, CH3-acetamide), 1.61 (p, 7 = 7.09 Hz, 2H, CH2 aliphatic 

chain). HRMS [M̂ ] calculated for C31H38N8O4 m/z 587.3089, found 587.3081.
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4-(3-acetamidophenyl)-A^-(5-(5-(3-(dimethylamino)propylcarbamoyI)-l-methyl-lH-

pyrrol-3-ylcarbamoyI)-l-methyl-l/^-pyrrol-3-yI)-l-methyl-l/^-pyrrole-2-

carboxamide 2.3{4,2}

.N.

o  ' 2.3{4,2}

MW =586.68

The reaction was carried out as described for general procedure B using 106 mg of 

bromo-substituted polyamide 2.11(4} (0.2 mmol) and 56 mg of boronic ester 2.2(2}. 

The reaction mixture was irradiated at microwave frequencies for 10 min. A total of 65 

mg (55%) of 2.3(4,2} was obtained as a brown solid. *H-NMR (DMSO-J^) (400 MHz) 

S 8.27 (s, IH, NH-amide), 7.72-7.65 (m, IH, aromatic), 7.60-7.51 (m, IH, aromatic), 

7.38-7.35 (m, IH, aromatic), 7.26-7.15 (m, IH, aromatic), 7.22 (d, 7= 1.76 Hz, IH, py), 

7.20 (d, 7 = 1.79 Hz, IH, py), 7.05 (d, 7 = 1.83 Hz, IH, py), 7.00 (d, 7 = 1.81 Hz, IH, 

py), 6.99 (d, 7= 1.85 Hz, IH, py), 6.80 (d,7= 1.82 Hz, IH, py), 3.93 (s, 3H, N-CHgpy),

3.84 (s, 3H, N-CHspy), 3.80 (s, 3H, N-CHspy), 3.23-3.09 (m, 2H, CHz aliphatic chain), 

2.26 (t, 7 = 7.06, 2H, CH2 aliphatic chain), 2.15 (s, 6 H, N(CH3 ) 2  aliphatic chain), 2.08 

(s, 3H, CHa-acetamide), 1.61 (p, 7 = 7.09 Hz, 2H, CH2 aliphatic chain). HRMS [M̂ ] 

calculated for C31H38N8O4 m/z 587.3189, found 587.3112.
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A^-(3-(dimethylamino)propyl)-4-(4-(4-(furan-3-yl)-l-methyl-lff-pyrrole-2-

carboxamido)-l-methyl-lir-pyrrole-2-carboxamido)-l-methyl-l^-pyrrole-2-

carboxamide 2.3{4,id}

.N.

O ' 2J3{4,10)

MW =519.60

The reaction was carried out as described for general procedure B using 106 mg of 

bromo-substituted polyamide 2.11 {4} (0.2 mmol) and 24 mg of boronic acid 2.2{70}. 

The reaction mixture was irradiated at microwave frequencies for 9 min. A total of 55 

mg (53%) of 2.3(4,70} was obtained as a brown solid. *H-NMR (DMSO- /̂g) (400 

MHz) S 8.20 (s, IH, NH-amide), 7.80 (s, IH, fu), 7.23 (d, J  = 1.63 Hz, IH, fu), 7.21 (d, 

J  = 1.70 Hz, IH, py), 7.18 (d, J  = 1.77 Hz, IH, py), 7.13 (d, J  = 1.79 Hz, IH, py), 7.06 

(d, 7 = 1.81 Hz, IH, py), 7.03 (d, J  = 1.80 Hz, IH, py), 7.00 (d, J  = 1.77 Hz, IH, py),

6.83 (m, IH, fu), 3.86 (s, 3H, N-CH3 py), 3.84 (s, 3H, N-CH3 py), 3.79 (s, 3H, N-CH3 

py), 3.24-3.13 (m, 2H, CH2 aliphatic chain), 2.31 (t, J  = 7.07 Hz, 2H, CH2 aliphatic 

chain), 2.08 (s, 6 H, N(CH3 ) 2  aliphatic chain), 1.64 (p, J  = 7.05 Hz, 2H, CH2 aliphatic 

chain). HRMS [M̂ ] calculated for C2 7H33N7O4 m/z 520.2667, found 520.2672.
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iV-(3-(dimethylamino)propyl)-4-(4-(4-(furan-2-yl)-l-methyI-liEr-pyrrole-2-

carboxamido)-l-methyl-lfl^-pyrrole-2-carboxamîdo)-l-methyI-lff-pyrroIe-2-

carboxamide 2.3{4,7/}

.N.

°  2.Z{4.11}

MW =519.60

The reaction was carried out as described for general procedure B using 106 mg of 

bromo-substituted polyamide 2.11 {4} (0.2 mmol) and 24 mg of boronic acid 2.2{77}. 

The reaction mixture was irradiated at microwave frequencies for 10 min. A total of 45 

mg (43%) of 2.3(4,77} was obtained as a brown solid. ^H-NMR (DMSO- f̂g) (400 

MHz) Ô 8.28 (s, IH, NH-amide), 7.68 (dd, J  = 4.31, 1.23 Hz, IH, fu), 7.60 (d, J  = 1.52 

Hz, IH, py), 7.58 (d, J  = 1.55 Hz, IH, py), 7.25 (t, J  = 2.41 Hz, IH, fu), 7.23 (d, J  =

1.78 Hz, IH, py), 7.20 (dd, J  = 4.68 Hz, 1.79 Hz, IH, fu), 7.17 (d, J  = 1.79 Hz, IH, py),

7.00 (d, 7 = 1.81 Hz, IH, py), 6.81 (d, J  = 1.84 Hz, IH, py), 3.93 (s, 3H, N-CH3 py),

3.84 (s, 3H, N-CH3 py), 3.79 (s, 3H, N-CH3 py), 3.24-3.3.12 (m, 2H, CH2 aliphatic 

chain), 2.26 (t, J  = 7.07 Hz, 2H, CH2 aliphatic chain), 2.15 (s, 6 H, N(CH3 )2  aliphatic 

chain), 1.61 (p, J  = 7.09 Hz, 2H, CH2 aliphatic chain). HRMS [M̂ ] calculated for 

C27H33N7O4  m/z 520.2667, found 520.2689.
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^-(3-(dimethylamino)propyl)-l-methyI-4-(l-methyI-4-(l-methyl-4-(l-methyl-lH-

pyrazol-4-yl)-lff-pyrrole-2-carboxamido)-l/r-pyrroIe-2-carboxamido)-l/^-pyrrole-

2-carboxamide 2.3{4,7d}

O I 2.3(4,76}

MW = 533.63

The reaction was carried out as described for general procedure B using 106 mg of 

bromo-substituted polyamide 2.11(4} (0.2 mmol) and 50 mg of boronic acid 2.2(76). 

The reaction mixture was irradiated at microwave frequencies for 10 min. A total of 60 

mg (56%) of 2.3(4,76} was obtained as a brown solid. ^H-NMR (DMSO-c/g) (400 

MHz) S 8.22 (s, IH, NH-amide), 7.30-7.25 (m, 2H, pz), 7.20 (d, J  = 1.77 Hz, IH, py),

7.18 (d, 7 = 1.75 Hz, IH, py), 7.14 (d, J  = 1.83 Hz, IH, py), 7.01 (m, 2H, py), 6.83 (d, J  

= 1.81 Hz, IH, py), 3.85 (s, 9H, N-CHg py), 3.80 (s, 3H, N-CH3 pz), 3.25-3.11 (m, 2H, 

CH2 aliphatic chain), 2.31 (t, J  = 7.09 Hz, IH, CH2 aliphatic chain), 2.08 (s, 6 H, 

N(CH3 )2  aliphatic chain), 1.63 (p, J  = 7.09 Hz, 2H, CH2 aliphatic chain). HRMS [M̂ ] 

calculated for C2 7H35N9O3 m/z 534.2863, found 534.2869.

176
P h i )  i hc . s i s  - P ' c t l i ' r i c o  Bi  u c o l i



2-(4-acetamidophenyl)-^-(5-(5-(3-(dimethylamino)propylcarbamoyI)-l-methyl-l/^-

pyrroI-3-ylcarbamoyl)-l-methyl-l^-pyrrol-3-yl)-4-methylthiazole-5-carboxamide

2.3{5,7}

Ü jn

H r N

H
Y V  o  '

2.Z{5,1} 

MW = 604.72

The reaction was carried out as described for general procedure B using 110 mg of 

bromo-substituted polyamide 2.11(5} (0.2 mmol) and 56 mg of boronic ester 2.2(7}. 

The reaction mixture was irradiated at microwave frequencies for 10 min. A total of 80 

mg (6 6 %) of 2.3(5,7} was obtained as a yellow solid. *H-NMR (DMSO-Jg) (400 MHz) 

Ô 8.17 (s, IH, NH-amide), 7.90 (d, J  = 8.75 Hz, 2H, aromatic), 7.73 (d, J  = 8.76 Hz, 

2H, aromatic), 7.28 (d, J  = 1.66 Hz, IH, py), 7.18 (d, J  = 1.75 Hz, IH, py), 7.05 (d, J  =

1.78 Hz, IH, py), 6.83 (d, J  = 1.80 Hz, IH, py), 3.87 (s, 3H, N-CHgpy), 3.80 (s, 3H, N- 

CH] py), 3.23-3.16 (m, 2H, CH2 aliphatic chain), 2.54 (s, 3H, CH3 thz), 2.33 (t, J  = 7.23 

Hz, 2H, CH2 aliphatic chain), 2.21 (s, 6 H, N(CH3 )2  aliphatic chain), 2.08 (s, 3H, CH3- 

acetamide), 1.65 (p, J  = 7.09 Hz, 2H, CH2 aliphatic chain). HRMS [M̂ ] calculated for 

C30H36N8O4  m/z 605.2653, found 605.2623.
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2-(3-acetainidophenyI)-iV-(5-(5-(3-(dimethylamino)propylcarbamoyl)-l-methyl-l£r-

pyrrol-3-ylcarbamoyl)-l-methyl-lH-pyrrol-3-yl)-4-methyIthiazole-5-carboxamide

2.3{5,2}

N. Ï  '

o  ' 2.3{5,2}

MW = 604.72

The reaction was carried out as described for general procedure B using 110 mg of 

bromo-substituted polyamide 2.11 {5} (0.2 nunol) and 56 mg of boronic ester 2.2(2}. 

The reaction mixture was irradiated at microwave frequencies for 10 min. A total of 72 

mg (60%) of 2.3(5,2} was obtained as a yellow solid. ^H-NMR (DMSO-t/g) (400 MHz) 

Ô 8.36 (s, IH, aromatic), 8.25 (s, IH, NH-amide), 7.68 (dd, J  = 8.16 Hz, 1.58 Hz, IH, 

aromatic), 7.61 (dd, J  = 8.24 Hz, 1.65 Hz, IH, aromatic), 7.45 (t, J  = 8.01 Hz, IH, 

aromatic), 7.28 (d, J  = 1.65 Hz, IH, py), 7.18 (d, 7 = 1.81 Hz, IH, py), 7.05 (d, J  = 1.82 

Hz, IH, py), 6.82 (d, 7=  1.81 Hz, IH, py), 3.87 (s, 3H, N-CH3 py), 3.80 (s, 3H, N-CH3 

py), 3.22-3.14 (m, 2H, CH2 aliphatic chain), 2.65 (s, 3H, CH3 thz), 2.26 (t, 7 = 7.23 Hz, 

2H, CH2 aliphatic chain), 2.16 (s, 6 H, N(CH3 )2  aliphatic chain), 2.08 (s, 3H, CH3- 

acetamide), 1.61 (p, 7 = 7.09 Hz, 2H, CH2 aliphatic chain). HRMS [M̂ ] calculated for 

C30H36N8O4 m/z 605.2653, found 605.2657.
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A^-(5-(5-(3-(dimethylamino)propyIcarbamoyI)-l-methyl-lff-pyrrol-3-ylcarbamoyl)-

l-methyl-l^-pyrrol-3-yI)-2-(furan-3-yl)-4-methylthiazole-5-carboxaimde 2.3{5,i(?}

o

O I 2^5 ,10}  

MW =537.63

The reaction was carried out as described for general procedure B using 110 mg of 

bromo-substituted polyamide 2.11(5} (0.2 mmol) and 24 mg of boronic acid 2,2(70}. 

The reaction mixture was irradiated at microwave frequencies for 11 min. A total of 60 

mg (56%) of 2.3(5,70} was obtained as a dark yellow solid. *H-NMR (DMSO-̂ f )̂ (400 

MHz) S 8.46 (m, IH, fu), 8.22 (s, IH, NH-amide), 7.86 (t, 7 = 1.71 Hz, IH, fu), 7.27 (d, 

7 = 1.74 Hz, IH, py), 7.18 (d, 7 = 1.79 Hz, IH, py), 7.04 (d, 7 = 1.84 Hz, IH, py), 6.96 

(dd, 7 = 3.41, 1.87, Hz, IH, fu), 6.83 (d, 7 = 1.85 Hz, IH, py), 3.86 (s, 3H, N-CHapy),

3.80 (s, 3H, N-CH3 py), 3.24-3.13 (m, 2H, CH2 aliphatic chain), 2.61 (s, 3H, CH3 thz), 

2.32 (t, 7 = 7.12 Hz, 2H, CH2 aliphatic chain), 2.20 (s, 6 H, N(CH3 )2  aliphatic chain), 

1.63 (p, 7 = 7.09 Hz, 2H, CH2 aliphatic chain). HRMS [M̂ ] calculated for C26H31N7O4S 

m/z 538.2231, found 538.2215.
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iV-(5-(5-(3-(dimethylamino)propylcarbamoyl)-l-methyl-lÉr-pyrrol-3-ylcarbamoyl)-

l-methyl-l^r-pyrrol-3-yl)-2-(furan-2-yl)-4-metbylthiazoIe-5-carboxamide 2.3{5,7/}

« y O  O

s  I 2.3(5, Y)} 

MW= 537.63

The reaction was carried out as described for general procedure B using 110 mg of 

bromo-substituted polyamide 2.11(5} (0.2 nunol) and 24 mg of boronic acid 2,2(77}. 

The reaction mixture was irradiated at microwave frequencies for 11 min. A total of 30 

mg (28%) of 2.3(5,77} was obtained as a dark yellow solid. ^H-NMR (DMSO-Jg) (400 

MHz) Ô 8.25 (s, IH, NH-amide), 7.98-7.90 (m, IH, fu), 7.28 (d, 7 = 1.78 Hz, IH, py),

7.18 (d, J  = 1.77 Hz, IH, py), 7.05 (d, J  = 1.75 Hz, IH, py), 6.83 (d, J  = 1.81 Hz, IH, 

py), 6.76-6.71 (m, 2H, fu), 3.87 (s, 3H, N-CH3 py), 3.80 (s, 3H, N-CH3 py), 3.24-3.12 

(m, 2H, CH2 aliphatic chain), 2.63 (s, 3H, CH3 thz), 2.29 (t, J  = 7.20 Hz, 2H, CH2 

aliphatic chain), 2.17 (s, 6 H, N(CH3 )2  aliphatic chain), 1.59 (p, J  = 7.04 Hz, 2H, CH2 

aliphatic chain). HRMS [M^ calculated for C26H31N7O4S m/z 538.2231, found 

538.2211.
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A^-(5-(5-(3-(dimethylamino)propylcarbamoyl)-l-methyl-lff-pyrrol-3-ylcarbamoyl)-

l-methyl-lH-pyrrol-3-yl)-4-methyl-2-(thiophen-3-yl)thîazole-5-carboxamide

2.3(5,72}

2.Z{5,12}

MW = 553.71

The reaction was carried out as described for general procedure B using 110 mg of 

bromo-substituted polyamide 2.11 {5} (0.2 mmol) and 31 mg of boronic acid 2.2(72}. 

The reaction mixture was irradiated at microwave frequencies for 11 min. A total of 44 

mg (40%) of 2.3(5,72} was obtained as a dark yellow solid. ^H-NMR (DMSO-J5) (400 

MHz) Ô 8.22 (dd, J  = 2.90 Hz, 1.31 Hz, IH, th), 8.20 (s, IH, NH-amide), 7.75 (dd, J  =

5.05 Hz, 2.93 Hz, IH, th), 7.59 (dd, J  = 5.04 Hz, 1.29 Hz, IH, th), 7.28 (d, J  = 1.76 Hz, 

IH, py), 7.18 (d, y = 1.80 Hz, IH, py), 7.05 (d, J  = 1.83 Hz, IH, py), 6.83 (d, J  = 1.86 

Hz, IH, py), 3.87 (s, 3H, N-CH3 py), 3.80 (s, 3H, N-CH3 py), 3.23-3.15 (m, 2H, CH2 

aliphatic chain), 2.63 (s, 3H, CH3 thz), 2.31 (t, J  = 7.09 Hz, 2H, CH2 aliphatic chain),

2.19 (s, 6 H, N(CH3 )2  aliphatic chain), 1.63 (p, J  = 7.04 Hz, 2H, CH2 aliphatic chain). 

HRMS [M̂ ] calculated for C26H31N7O3S2 m/z 554.1998, found 554.1984.
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iV-(5-(5-(3-(dimethylamino)propylcarbamoyl)-l-methyl-l^-pyrrol-3-ylcarbamoyl)-

l-methyl-lfr-pyrrol-3-yl)-4-methyl-2-(thiophen-2-yl)thiazole-5-carboxamide

2.3{5,/3)

O I 2.Z{5,13}

N.

MW =553.71

The reaction was carried out as described for general procedure B using 110 mg of 

bromo-substituted polyamide 2.11(5} (0.2 mmol) and 31 mg of boronic acid 2.2(75}. 

The reaction mixture was irradiated at microwave frequencies for 11 min. A total of 40 

mg (36%) of 2.3(5,75} was obtained as a dark yellow solid. *H-NMR (DMSO-Jg) (400 

MHz) Ô 8.20 (s, IH, NH-amide), 7.80 (dd, J  = 5.01 Hz, 1.12 Hz, IH, th), 7.73 (dd, /  = 

3.72 Hz, 1.14 Hz, IH, th), 7.28 (d, J  = 1.74 Hz, IH, py), 7.23-7.20 (m, IH, th), 7.19 (d, 

J  = 1.79 Hz, IH, py), 7.05 (d, J  = 1.82 Hz, IH, py), 6.83 (d, J  = 1.84 Hz, IH, py), 3.87 

(s, 3H, N-CHs py), 3.80 (s, 3H, N-CHg py), 3.25-3.15 (m, 2H, CH] aliphatic chain), 2.61 

(s, 3H, CH3 thz), 2.30 (t, 5 = 7.10 Hz, 2H, CH2 aliphatic chain), 2.18 (s, 6 H, N(CH3 )2  

aliphatic chain), 1.62 (p, 5 = 7.12 Hz, 2H, CH2 aliphatic chain). HRMS [M̂ ] calculated 

for C2 6H31N7O3S2 m/z 554.2003, found 554.2084.
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A^-(5-(5-(3-(dimethylamino)propylcarbamoyl)-l-methyl-lff-pyrrol-3-yIcarbamoyl)-

l-methyl-lH-pyrrol-3-yl)-4-methyl-2-(l-methyl-l^-pyrazoI-4-yl)thiazoIe-5-

carboxamide 2.3{5,id}

o  '
5  V 2.3{5,16}

MW = 551.66

The reaction was carried out as described for general procedure B using 110 mg of 

bromo-substituted polyamide 2.11 {5} (0.2 mmol) and 50 mg of boronic ester 2,2{16}. 

The reaction mixture was irradiated at microwave frequencies for 11 min. A total of 54 

mg (49%) of 2.3(5,76} was obtained as a yellow solid. *H-NMR (CH3 OD) (400 MHz) 

Ô 8.53 (s, IH, NH-amide), 8.19 (s, IH, pz), 7.96 (s, IH, pz), 7.23 (d, J  = 1.75 Hz, IH, 

py), 7.17 (d, J  = 1.79 Hz, IH, py), 6.98 (d, J  = 1.84 Hz, IH, py), 6.87 (d, J  = 1.85 Hz, 

IH, py), 3.96 (s, 3H, N-CHg-pz), 3.92 (s, 3H, N-CHg-py), 3.89 (s, 3H, N-CHa-py), 3.39 

(t, J  = 6.49 Hz, 2H, CH2 aliphatic chain), 3.02 (t, J  =1.11  Hz, 2H, CH2 aliphatic chain),

2.79 (s, 6 H, -N(CH3)2), 2.65 (s, 3H, CHa-thz), 1.95 (p, J  = 7.09 Hz, 2H, CH2 aliphatic 

chain). ^̂ C-NMR (CH3 OD) (400 MHz) Ô 162.4, 161.8, 161.0, 160.7, 153.1, 143.0, 

138.7, 131.4, 128.3, 126.1, 123.5, 120.1, 102.7, 57.0, 43.9, 39.3, 36.8, 26.8, 16.3. 

HRMS [M̂ l calculated for C26H33N9O3S m/z 552.2500, found 552.2481.
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5.2 Chapter 3 experimental section: Library 3.1 and 3.2

compounds

Standard Washing Procedure. After each deprotection and coupling step the 

Lanterns were sequentially washed with DCM ( 3 x 5  min), DMF ( 3 x 5  min), DCM (3 

X 5 min) and dried in vacuo for 5 min.

Standard Deprotection Procedure of Fmoc-Protected RAM Lanterns. The

Lanterns (72, nominal loading 36 pmol) were tagged with Radio Frequency (RF) 

transponders and immersed in a deprotection solution of 2 0 % piperidine 

(PIP)/anhydrous DMF (36 mL), shaken for 30 min at room temperature, and washed 

according to the standard procedure to afford the Fmoc-deprotected Lanterns 7.

Standard Procedure for Quantitative Fmoc Analysis by UV Spectrophotometry.

Each Lantern was placed in a 2.0 mL vial and treated with 1.0 mL of a solution of 2% 

l,8-diazabicyclo[7]undec-7-ene (DBU) in DMF. The tube was allowed to agitate on a 

rotatory shaker (600-650 rpm) for 30 min at room temperature to promote the liberation 

of chromophore. At the end of this time, aliquots of 50 pL of the sample and a 

reference (consisting of 2% of DBU in DMF) were diluted to 1.0 mL by micropipettor 

with DMF in a volumetric flask (DF = dilution factor = 20). The two dilutions were 

transferred to a matched pair of 1 cm quartz glass cuvettes and the absorbance of each
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UV sample was read at 301 nm and determined against the reference solution. The 

loading can be calculated from the following equation:

Loading = [(A301 /e) x D F  x l ( f  ] ^m ol/Lantem  

where A 301 is the absorbance read at 301 nm; e is molar extinction coefficient (9254 M'̂  

cm' )̂ for DBU; DF = 20.

Standard Procedure for the Synthesis of Lantern-Bound Amino-Pyrrole 3.10 

Using Coupling Solution A. Lanterns 3.3 (72) were immersed in coupling solution A 

(36 mL): 3.8 (0.2 M), 1-hydroxybenzotriazole (HOBt) (0.2 M) and V,V- 

Diisopropylcarbodiimide (DIG) (0.2 M) in 50% DCM/anhydrous DMF. The Lanterns 

were allowed to shake overnight at room temperature and washed according to the 

standard procedure. After determining the loading of 3.8 by quantitative Fmoc analysis, 

the Lanterns were deprotected twice with a 80% (PIP)/anhydrous DMF solution (36 

mL) for 30 min and then washed using the standard method to yield lanterns 3.10.

Standard Procedure for the Synthesis of Lantern-Bound Amino Dipyrrole 

Platform 3.13. The Lanterns 3.10 (72) were immersed in coupling solution A (36 mL) 

and allowed to shake for 1.5 h at room temperature. At this point, the reaction vessel 

was drained and fresh coupling solution A (36 mL) was added. The Lanterns were 

allowed to shake for a further 1.5 h at room temperature and washed according to the 

standard procedure. After determining the loading of the second residue of 3.8 by 

quantitative Fmoc analysis, the Lanterns were deprotected twice with a 80% 

(PIP)/anhydrous DMF solution (36 mL) for 30 min and then washed using the standard 

method to provide lantern-bound amino dipyrrole platform 3.13.
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Standard Procedure for Amide Coupling of Lantern-Bound Amino Dipyrrole 

Platform 3.13 with Reagent Chemset 3.4 Using Coupling Solution B. The Lanterns

3.13 were divided into six fractions and immersed in six coupling solutions B ( 6  mL): 

the appropriate bromo-aryl/hetaryl carboxylic acid 3.4{7-d} (0.2 M), HOBt (0.2 M) and 

Die (0.2 M) in 50% DCM/anhydrous DMF and allowed to shake for 1.5 h at room 

temperature. At this point, the reaction vessels were drained and fresh coupling 

solutions B were added. The Lanterns were agitated for a further 1.5 h and washed 

according to the standard procedure to provide the lantern-bound bromoderivatives 

3.14(7-6}.

Standard Procedure for Suzuki-Miyaura Cross-Coupling Reaction of Lanterns

3.14 with Reagent Chemset 3.7. Lanterns 3.14(7-6) were divided into twelve 

fractions of six lanterns each, placed in sealable vials under a nitrogen atmosphere and 

treated with the appropriate boronic acid/esters 3.7(7-72} (0.05 M), Pd(PPh3 )4  (0.02 M) 

and NaiCO] (0.25 M) in a 10% H2O/DMF solution (3 mL) and agitated for 16 h at 80 

°C. The Lanterns were washed following the standard procedure.

Standard Procedure for TFA Cleavage. Each lantern was placed in an Alltech 

column (1.5 mL) and treated with a cleavage solution of 50% TFA/DCM (0.5 mL) for 1 

h at room temperature. After each lantern was removed from the colunrn, the solution 

containing the cleaved product was transferred to a vial and concentrated using a 

centrifugal evaporator. The residues were lyophilised twice from 50% CH3CN/H2O to 

afford the final compounds 3.1a-f, which were analysed by LC-MS.
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Standard Procedure for the Synthesis of Library 3.2 Compounds. Lanterns 3.3 

were coupled with the appropriate bromo-aryl/hetaryl carboxylic acid 3.4{i-6} (0.2 M), 

HOBt (0.2 M) and DIG (0.2 M) in 50% DCM/anhydrous DMF for 12 h at room 

temperature and washed according to the standard procedure to yield lantern-bound 

bromoderivatives 3.5 {7-d}. The latter were treated with the appropriate boronic 

acid/esters 3.7(7-72} (0.05 M), Pd(PPh3 )4  (0.02 M) and NazCO] (0.25 M) in a 10% 

H2O/DMF solution (0.5 mL), agitated for 16 h at 80 °C and washed following the 

standard procedure to provide compounds 3.2a-f.

Spectral data for selected Library 3.1 members. ^H-spectra, LC/MS and HRMS data 

for the 13 compounds selected were in good agreement with their structure.

NHC0 CH3

NH2

3.18(7,7}

3.1a{7,7}. 'H-NMR (400 MHz, DMSO-4s): <510.34 (s, IH, amide), 9.92 (s, IH, amide),

8.01 (d, J  = 8.43 Hz, 2H, aromatic), 7.78 (d, J  = 8.34 Hz, 2H, aromatic), 7.65-7.62 (m, 

2H, aromatic), 7.59-7.56 (m, 2H, aromatic), 7.34 (d, / =  1.65 Hz, IH, pyrrole), 7.21 (d, 

7 = 1.71 Hz, IH, pyrrole), 7.09 (d, 7=  1.73 Hz, IH, pyrrole), 6.84 (d, 7 = 1.80 Hz, IH, 

pyrrole), 3.85 (s, 3H, CHg-pyrrole), 3.79 (s, 3H, CHg-pyrrole), 2.05 (s, 3H, CHg-acetyl). 

MS m/z (ES ) (relative intensity) 497.91 (M-1). HRMS [M-H]' calculated for 

C27H26N6O4  m/z 497.1937, found 497.1938.
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HN

HN

3.1 a{ 7,5}

3.1a{7,5). ^H-NMR (400 MHz, DMSO-J )̂: S 10.30 (s, IH, amide), 9.89 (s, IH, amide),

7.93 (d, J  = 8.40 Hz, 2H, aromatic), 7.72 (d, J  = 8.41 Hz, 2H, aromatic), 7.60 (d, J  =

8.22 Hz, 2H, aromatic), 7.38 (d, J  = 1.65 Hz, IH, pyrrole), 7.29 (d, J  = 8.20 Hz, 2H, 

aromatic), 7.21 (d, 7 = 1.71 Hz, IH, pyrrole), 7.09 (d, 7= 1.73 Hz, IH, pyrrole), 6.84 (d, 

7= 1.80 Hz, IH, pyrrole), 3.85 (s, 3H, CHg-pyrrole), 3.79 (s, 3H, CHg-pyrrole), 2.35 (s, 

3H, -CH3 ). MS m/z (ES )̂ (relative intensity) 456.40 (M+1). HRMS [M̂ ] calculated for 

C26H25N5O3 m/z 456.5084, found 456.5086.

O I 3.1b{2,4}

3 .lh{2 ,4 ). 'H-NMR (400 MHz, DMSO-*): Ô 10.36 (s, IH, amide), 9.81 (s, IH, amide),

8.14 (bs, IH, aromatic), 8.10 (bs, IH, aromatic), 7.86 (d, 7 = 7.70 Hz, IH, aromatic),

7.82 (d, 7 = 7.21 Hz, IH, aromatic), 7.53 (t, 7 = 7.73 Hz, IH, aromatic), 7.42-7.40 (m, 

IH, aromatic), 7.35 (d, 7=  1.41 Hz, IH, pyrrole), 7.30-7.26 (m, IH, aromatic), 7.20 (d, 

7 = 1.49 Hz, IH, pyrrole), 7.09 (d, 7 = 1.53 Hz, IH, pyrrole), 6.96 (dd, 7 = 8.11, 1.82 

Hz, IH, aromatic), 6.84 (d, 7= 1.56 Hz, IH, pyrrole), 3.87 (s, 3H, CH3-pyrrole), 3.83 (s, 

3H, -OCH3), 3.79 (s, 3H, CH3-pyrrole). MS m/z (ES )̂ (relative intensity) 472.50 (M+1). 

HRMS [M+] calculated for C26H25N5O4 m/z 472.1907, found 472.1909.
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NH

O

3.1b{2,7)

3.1b{2,7}. 'H-NMR (400 MHz, DMSO-*): ô 10.46 (s, IH, amide), 9.91 (s, IH, amide), 

8.57 (s, IH, aromatic), 8.27-8.23 (m, 3H, aromatic), 7.98 (t, J  = 7.80, IH, aromatic),

7.81 (t, J  = 7.90 Hz, IH, aromatic), 7.68-7.64 (m, IH, aromatic), 7.57-7.56 (m, IH, 

aromatic), 7.35 (d, 7 = 1.41 Hz, IH, pyrrole), 7.20 (d, 7=  1.49 Hz, IH, pyrrole), 7.09 (d, 

7=  1.53 Hz, IH, pyrrole), 6.84 (d, 7= 1.56 Hz, IH, pyrrole), 3.87 (s, 3H, CHg-pyrrole),

3.79 (s, 3H, CHs-pyrrole). MS m/z (ES )̂ (relative intensity) 487.93 (M+1).

H IT y—4  ^ N H C O C H a

3.1 c{3,/}

3.1c{3,/). 'H-NMR (400 MHz, DMSO-*): ô 10.27 (s, IH, amide), 9.92 (s, IH, amide),

8.02 (s, IH, amide), 7.62-7.57 (m, 2H, aromatic), 7.43-7.41 (m, 2H, aromatic), 7.32 (d, 

7 = 3.55 Hz, IH, furan), 7.29 (bs, IH, pyrrole), 7.22 (bs, IH, pyrrole), 7.07 (bs, IH, 

pyrrole), 7.01 (d, 7 = 3.55 Hz, IH, furan), 6.84 (bs, IH, pyrrole), 3.87 (s, 3H, CH3 - 

pyrrole), 3.81 (s, 3H, CHg-pyrrole), 2.07 (s, 3H, CHg-acetyl). MS m /z (ES )̂ (relative 

intensity) 489.47 (M+1). HRMS [M̂ ] calculated for C2 5H24N6O5 m/z 489.1886, found 

489.1888.
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X
, -ô NHCOCH3  

H N ^

(5 l* 3.1c{3,2)

3.1c{3,2). 'H-NMR (400 MHz, DMSO-*): ô 10.20 (s, IH, amide), 9.87 (s, IH, amide),

8.02 (s, IH, amide), 7.97 (bs, IH, aromatic), 7.85 (bs, IH, aromatic), 7.56 (t, J  = 8.40 

Hz, IH, aromatic), 7.39-7.35 (m, IH, aromatic), 7.29 (bs, IH, pyrrole), 7.22 (bs, IH, 

pyrrole), 7.19 (d, J  = 2.91 Hz, IH, furan), 7.07 (bs, IH, pyrrole), 6.94 (d, J  = 2.92 Hz, 

IH, furan), 6.84 (bs, IH, pyrrole), 3.87 (s, 3H, CHs-pyrrole), 3.81 (s, 3H, CHs-pyrrole),

2.06 (s, 3H, CHg-acetyl). MS m/z (ES )̂ (relative intensity) 489.18 (M+1). HRMS [M̂ ] 

calculated for C25H24N6O5 m/z 489.1886, found 489.1889.

H N - r Ç  °  

°  '

°  ' 3.1c{3,S}

3.1c{3,8}. 'H-NMR (400 MHz, DMSO-*): S 10.13 (s, IH, amide), 9.77 (s, IH, amide), 

7.97-7.93 (m, 2H, aromatic), 7.33-7.28 (m, 2H, aromatic), 7.25 (bs, IH, pyrrole), 7.23-

7.20 (m, IH, furan), 7.18 (bs, IH, pyrrole), 7.13 (d, J  = 3.50 Hz, IH, furan), 7.07 (bs, 

IH, pyrrole), 7.04 (d, 7 = 3.51 Hz, IH, furan), 6.48 (bs, IH, pyrrole), 3.86 (s, 3H, CH3 - 

pyrrole), 3.80 (s, 3H, CHg-pyrrole). MS m/z (ES )̂ (relative intensity) 450.15 (M+1). 

HRMS [M̂ ] calculated for C2 3H2 0FN5 O4  m/z 450.1499, found 450.1498.
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NHg

y-NH
/

O' N J
/

3.1c{3,7 7}

3.1c{5,7/}. 'H-NMR (400 MHz, DMSO-dô): ô 10.19 (s, IH, amide), 9.91 (s, IH, 

amide), 8.01 (bs, IH, thiophene), 7.71-7.69 (m, IH, thiophene), 7.61 (d, J  = 4.95 Hz, 

IH, thiophene), 7.28 (bs, IH, pyrrole), 7.25-7.24 (m, IH, furan), 7.21 (bs, IH, pyrrole), 

7.07 (bs, IH, pyrrole), 6.94-6.92 (m, IH, furan), 6.48 (bs, IH, pyrrole), 3.86 (s, 3H, 

CHs-pyrrole), 3.80 (s, 3H, CHs-pyrrole). MS m/z (ES ) (relative intensity) 436.64 (M-1). 

HRMS [M-H]' calculated for C21H19N5O4 S m/z 436.1079, found 436.1101.

HN

HN ^

O I 3.1d{4,ï}

_ NHCOCH3
»

3.1dKi). 'H-NMR (400 MHz, DMSO-4): S 10.33 (s, IH, amide), 9.90 (s, IH, amide),

8.01 (s, IH, amide), 7.60 (d, J  -  8.30 Hz, 2H, aromatic), 7.50 (bs, IH, thiophene), 7.45 

(bs, IH, thiophene), 7.30 (d, 7= 8.31 Hz, 2H, aromatic), 7.29 (bs, IH, pyrrole), 7.27 (bs, 

IH, pyrrole), 7.10 (bs, IH, pyrrole), 6 . 8 8  (bs, IH, pyrrole), 3.88 (s, 3H, CHs-pyrrole),

3.82 (s, 3H, CHg-pyrrole), 2.04 (s, 3H, CHs-acetyl). MS m/z (ES )̂ (relative intensity) 

505.16 (M+1). HRMS [M̂ ] calculated for C25H24N6O4 S m/z 505.1658, found 505.1636.
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H I  s

3.1 dK2]

NHCOCH3

3.1dK2}.^H-NMR (400 MHz, DMSO-Jg): à 10.37 (s, IH, amide), 9.92 (s, IH, amide),

8.01 (s, IH, amide), 7.90 (d, 7=  3.90 Hz, IH, thiophene), 7.72-7.66 (m, IH, aromatic), 

7.60-7.57 (m, IH, aromatic), 7.54-7.52 (m, IH, aromatic), 7.50 (d, J  = 3.87 Hz, IH, 

thiophene), 7.43-7.35 (m, IH, aromatic), 7.28 (bs, IH, pyrrole), 7.22 (bs, IH, pyrrole),

7.06 (bs, IH, pyrrole), 6.85 (bs, IH, pyrrole), 3.87 (s, 3H, CHg-pyrrole), 3.81 (s, 3H, 

CHa-pyrrole), 2.07 (s, 3H, CHg-acetyl). MS m/z (ES"̂ ) (relative intensity) 505.18 (M+1). 

HRMS [M̂ ] calculated for C2 5H24N6O4S m/z 505.1658, found 505.1637.

3.1d{4,3}

HI &
'H-NMR (400 MHz, DMSO-*): S 10.30 (s, IH, amide), 9.91 (s, IH, amide), 

7.86 (d, J  = 3.76 Hz, IH, thiophene), 7.66 (d, J  = 8.50 Hz, 2H, aromatic), 7.44 (d, J  =

3.83 Hz, IH, thiophene), 7.26 (bs, IH, pyrrole), 7.21 (bs, IH, pyrrole), 7.04-7.00 (m, 

2H, aromatic), 6.94 (s, IH, pyrrole), 6.84 (s, IH, pyrrole), 3.86 (s, 3H, CHg-pyrrole),

3.83 (s, 3H, -OCH3), 3.80 (s, 3H, CHg-pyrrole). MS m/z (ES )̂ (relative intensity) 478.65 

(M+1). HRMS [M+] calculated for C24H23N5O4 S m/z 478.1549, found 478.1533.
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NH;

3.12{5,^

3.1e{5,2}. ^H-NMR (400 MHz, DMSO-t/g): à 10.14 (s, IH, amide), 9.90 (s, IH, amide), 

7.70 (bs, IH, aromatic), 7.60 (s, IH, thiophene), 7.55 (d, J  = 7.40 Hz, IH, aromatic),

7.37 (t, J  = 7.81 Hz, IH, aromatic), 7.28 (d, J  = 1.70 Hz, IH, pyrrole), 7.21 (d, 7 = 1.72 

Hz, IH, pyrrole), 7.06 (d, J  = 7.90 Hz, IH, aromatic), 7.04 (d, 7=  1.72 Hz, IH, pyrrole),

6.84 (d, 7 = 1.80 Hz, IH, pyrrole), 3.86 (s, 3H, CHg-pyrrole), 3.80 (s, 3H, CHg-pyrrole),

2.37 (s, 3H, CHs-thiophene), 2.06 (s, 3H, CHg-acetyl). MS m/z (ES )̂ (relative intensity) 

519.76 (M+1). HRMS [M+] calculated for C26H26N6O4S m/z 519.1815, found 519.1810.

NH2  N ^ N
M ^ n h c o c h .

O N

3.1f{6,J}

'H-NMR (400 MHz, DMSO-*): Ô 10.22 (s, IH, amide), 9.91 (s, IH, amide),

7.90 (d, 7 = 8.60 Hz, 2H, aromatic), 7.73 (d, 7 = 8.61 Hz, 2H, aromatic), 7.28 (bs, IH, 

pyrrole), 7.21 (bs, IH, pyrrole), 7.05 (bs, IH, pyrrole), 6.85 (bs, IH, pyrrole), 3.86 (s, 

3H, CHs-pyrrole), 3.80 (s, 3H, CHg-pyrrole), 2.63 (s, 3H, CHs-thiazole), 2.08 (s, 3H, 

CHg-acetyl). MS m/z (ES ) (relative intensity) 518.64 (M-1). HRMS [M-H]' calculated 

for C2 5 H2 5N7 O4 S w/z 518.1611, found 518.1603.
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Spectral data for selected Library 3.2 members. *H-spectra, LC/MS and HRMS data 

for 2 2  compounds selected were good agreement with their structure.

NHCOCH3

3.2a{7,7}. ^H-NMR (400 MHz, DMSO-dô): ô 7.97 (s, IH, amide), 7.93 (d, J  = 8.40 Hz, 

2H, aromatic), 7.71 (d, J  = 8.41 Hz, 2H, aromatic), 7.68 (s, 4H, aromatic), 7.33 (s, IH, 

amide), 2.06 (s, 3H, CHa-acetyl). MS m/z (ES )̂ (relative intensity) 255.23 (M+1). 

HRMS [M+Na]  ̂calculated for C15H14N3O2 m/z 277.0953, found 277.0946.

CH

3.2a{7,4}. ^H-NMR (500 MHz, DMSO-dô): ô 7.95 (d, J  = 8.40 Hz, 2H, aromatic), 7.74 

(d, y = 8.41 Hz, 2H, aromatic), 7.40 (t, 7 = 7.91 Hz, IH, aromatic), 7.28 (dd, J  = 7.74,

2.38 Hz, IH, aromatic), 7.24 (bs, IH, aromatic), 6.96 (dd, J  = 7.68, 3.52 Hz, IH, 

aromatic), 3.83 (s, 3H, -OCH3 ). MS m/z (ES )̂ (relative intensity) 228.05 (M+1). HRMS 

[M̂ ] calculated for C14H13NO2 m/z 228.1024, found 228.1013.

HzN.

O

3.2a{7,5). ^H-NMR (400 MHz, DMSO-de): S 8.01 (s, IH, amide), 7.94 (d, J  = 8.40 Hz, 

2H, aromatic), 7.72 (d, J  = 8.40 Hz, 2H, aromatic), 7.62 (d, J  = 8.22 Hz, 2H, aromatic), 

7.34 (s, IH, amide), 7.29 (d, J  = 8.21 Hz, 2H, aromatic), 2.35 (s, 3H, -CH3). MS m/z
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(ES'*') (relative intensity) 212.13 (M+1). HRMS [M'*'] calculated for C14H13NO m/z 

212.1075, found 212.1066.

Vickerstaffe, E.; Villard, A.-L.; Ladlow, M.; Ley, S. V. (2007) Chromatography-free Suzuki reactions 
using a polymer-assisted solution-phase (PASP) approach. Synlett ,(8), 1251-1254.

HgN

3.2a{/,«}. 'H-NMR (500 MHz, DMSO-*): ô 7.94 (d, J  = 8.40 Hz. 2H, aromatic), 7.72 

(d, J  -  8.51 Hz, 2H, aromatic), 7.45-7.43 (m, 2H, aromatic), 7.32-7.30 (m, 2H, 

aromatic). MS m/z (ES'*') (relative intensity) 216.26 (M+1). HRMS [MT] calculated for 

C13H10FNO m/z 216.0825, found 216.0827.

o
3.2a{/,//}. 'H-NMR (500 MHz, DMSO-*):  ̂8.00-7.98 (m, IH, thiophene), 7.92 (d, J  

= 7.90 Hz, 2H, aromatic), 7.80 (d, 7 = 7.91 Hz, 2H, aromatic), 7.67-7.65 (m, IH, 

thiophene), 7.63-7.62 (m, IH, thiophene). MS m/z (ES'*’) (relative intensity) 204.24 

(M+1). HRMS [M"*"] calculated for CnHgNOS m/z 204.0483, found 204.0486.

,NHC0CH3

HgN

d'

3.2b{2,i}. 'H-NMR (500 MHz, DMSO-dg): 6 10.13 (s, IH, amide), 8.10 (s, IH, 

aromatic), 8.07 (s, IH, amide), 7.81 (d, 7 = 7.60 Hz, IH, aromatic), 7.78 (d, 7 = 7.61 Hz, 

IH, aromatic), 7.70-7,66 (m, 4H, aromatic), 7.52 (t, 7 = 7.90 Hz, IH, aromatic), 2.06 (s.
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3H, CHs-acetyl). MS m/z (ES^) (relative intensity) 255.02 (M+1). HRMS [M ]̂

calculated for C15H14N2O2 m/z 255.1134, found 277.1132.

OCHç

3.2b{2,4}. ^H-NMR (400 MHz, DMSO-Jô): ô 8.10 (bs, IH, aromatic), 8.06 (bs, IH, 

aromatic), 7.84 (d, J  = 7.70 Hz, IH, aromatic), 7.80 (d, J  = 7.20 Hz, IH, aromatic), 7.55 

(t, 7 = 7.71 Hz, IH, aromatic), 7.44-7.40 (m, IH, aromatic), 7.31-7.23 (m, IH, 

aromatic), 6 . 8 6  (dd, J  = 8.10, 1.65 Hz, IH, aromatic), 3.83 (s, 3H, -OCH3). MS m/z 

(ES )̂ (relative intensity) 228.05 (M+1). HRMS [M̂ ] calculated for C14H13NO2 m/z 

228.1024, found 228.1034.

Piomelli, D.; Duranti, A.; Tontini, A.; Mor, M.; Tarzia, G., (2004) Preparation and use of carbamates for 
modulation of anxiety through blockade of anandamide hydrolysis. PCX Int. Appl. , 114 pp. CODEN: 
PIXXD2 WO 2004033422 A2 20040422 CAN 140:357064 AN 2004:333693.

3.2b{2,7}. 'H-NMR (400 MHz, DMSO-*): ô 8.53 (s, IH, aromatic), 8.24 (s, IH, 

aromatic), 8.20 (d, J  = 7.80 Hz, IH, aromatic), 7.93 (d, J  = 7.70 Hz, 2H, aromatic), 7.77 

(t, J  = 7.92 Hz, IH, aromatic), 7.59 (t, J  = 7.70 Hz, IH, aromatic), 7.46 (s, IH, 

aromatic). MS m/z (ES"̂ ) (relative intensity) 243.23 (M+1). HRMS [M̂ ] calculated for 

C13H10N2O3 m/z 243.0770, found 243.0776.
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3.2b{2,5}. ^H-NMR (500 MHz, DMSO-^d):  ̂ 8.13 (bs, IH, aromatic), 8.08 (s, IH, 

amide), 7.85 (d, J  = 7.38 Hz, IH, aromatic), 7.80-7.79 (m, IH, aromatic), 7.78-7.76 (m, 

2H, aromatic), 7.53 (t, J  = 7.72 Hz, IH, aromatic), 7.33-7.30 (m, 2H, aromatic). MS m/z 

(ES'̂ ) (relative intensity) 216.34 (M+1). HRMS [M"̂ ] calculated for C13H10NOF m/z 

216.0825, found 216.0822.

3.2b{2,i7}. ‘H-NMR (500 MHz, DMSO- f̂g): Ô 8.20 (bs, IH, aromatic), 7.96-7.94 (m, 

IH, thiophene), 7.88-7.85 (m, IH, aromatic), 7.79 (d, J  = 7.67 Hz, IH, aromatic), 7.67 

(d, J  = 2.98 Hz, IH, thiophene), 7.62 (d, J  = 3.61 Hz, IH, thiophene), 7.49 (t, J  = 7.89 

Hz, IH, aromatic). MS m/z (ES )̂ (relative intensity) 204.02 (M+1). HRMS [M̂ ] 

calculated for C11H9NOS m/z 204.0483, found 204.0488.

NHCOCH3

3.2c{5,2}. ^H-NMR (400 MHz, DMSO-dô): ô 7.97 (bs, IH, aromatic), 7.85 (bs, IH, 

aromatic), 7.56 (t, J  = 8.40 Hz, IH, aromatic), 7.39-7.35 (m, IH, aromatic), 7.19 (d, J  =

2.91 Hz, IH, furan), 6.94 (d, / =  2.91 Hz, IH, furan), 2.06 (s, 3H, CHs-acetyl). MS m/z 

(ES )̂ (relative intensity) 245.33 (M+1). HRMS [M̂ ] calculated for C13H12N2O3 m/z 

245.0926, found 245.0936.
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HgNs
O

3,2c{3,4], ^H-NMR (500 MHz, DMSO-dô): ô 7.96 (s, IH, amide), 7.47-7.46 (m, 2H, 

aromatic), 7.37 (t, 7=  8.12 Hz, IH, aromatic), 7.15 (d, J  = 3.55 Hz, IH, furan), 7.09 (d, 

J  = 3.60 Hz, IH, furan), 6.94-6.92 (m, IH, aromatic), 3.85 (s, 3H, -OCH3). MS m/z 

(ES"̂ ) (relative intensity) 218.14 (M+1). HRMS [M̂ ] calculated for C12H11NO3 m/z 

218.0817, found 218.0817.

HgN.
O

3.2c{3,7}. 'H-NMR (500 MHz, DMSO-cfe); 3 8.72 (bs, IH, aromatic), 8.34 (d, J  = 8.39 

Hz, IH, aromatic), 8.19 (d, J  = 8.21 Hz, IH, aromatic), 7.76 (t, J  = 8.05 Hz, IH, 

aromatic), 7.37 (d, J  = 3.60 Hz, IH, furan), 7.21 (d, J  = 3.55 Hz, IH, furan). MS m/z 

(ES'*’) (relative intensity) 233.24 (M+1). HRMS [M^ calculated for C11H8N2O4  m/z 

233.0564, found 233.0561.

3.2c{3,«). 'H-NMR (400 MHz, DMSO-*): 3 7.97-7.93 (m, 2H, aromatic), 7.33-7.28 

(m, 2H, aromatic), 7.13 (d, J  = 3.50 Hz, IH, fiiran), 7.04 (d, 7 = 3.51 Hz, IH, furan). 

MS m/z (ES )̂ (relative intensity) 206.12 (M+1). HRMS [M̂ ] calculated for C11H8NO2F 

m/z 206.0617, found 206.0620.
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o
3.2c{3,/7}. 'H-NMR (500 MHz, DMSO-*): ô 7.97 (dd, J  = 5.91, 1.20 Hz, IH, 

thiophene), 7.68-7.66 (m, IH, th), 7.56 (dd, J  = 5.49, 1.22 Hz, IH, thiophene), 7.12 (d, J  

= 4.05 Hz, IH, furan), 6 . 8 6  (d, 3.40 Hz, IH, furan). MS m/z (ES )̂ (relative intensity)

194.01 (M+1). HRMS [M+] calculated for C9H7NO2S m/z 194.0276, found 194.0272.

\  /-'N H C0C H 3

o

3.2dK /}. ^H-NMR (400 MHz, DMSO-J )̂: S 7.64 (d, J  = 8.30 Hz, 2H, aromatic), 7.51 

(bs, IH, thiophene), 7.42 (bs, IH, thiophene), 7.29 (d, 7 = 8.31 Hz, 2H, aromatic), 2.07 

(s, 3H, -CHs-acetyl). MS m/z (ES )̂ (relative intensity) 261.49 (M+1). HRMS [M̂ ] 

calculated for C13H12N2O2S m/z 261.0698, found 261.0701.

NHCOCH3

o
3.2d{4,2}. 'H-NMR (500 MHz, DMSO-*): ô 7.95 (bs, IH, aromatic), 7.73 (d, J  = 3.85 

Hz, IH, thiophene), 7.54 (d, J  = 7.42 Hz, IH, aromatic), 7.43 (d, J  = 3.85 Hz, IH, 

thiophene), 7.38-7.37 (m, IH, aromatic), 7.35 (t, J  = 7.69 Hz, IH, aromatic), 2.06 (s, 

3H, CHg-acetyl). MS m/z (ES )̂ (relative intensity) 261.26 (M+1). HRMS [M̂ ] 

calculated for C13H12N2O2S m/z 261.0698, found 261.0704.

3.2d{4,5). ^H-NMR (500 MHz, DMSO-dg): ô 7.71 (d, J  = 3.95 Hz, IH, thiophene), 

7.58-7.56 (m, 2H, aromatic), 7.45 (d, J  = 3.85 Hz, IH, thiophene), 7.24 (d, J  = 7.90 Hz,
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2H, aromatic), 2.32 (s, 3H, -CH3 ). MS m/z (ES )̂ (relative intensity) 218.14 (M+1).

HRMS [M ]̂ calculated for C12H11NOS m/z 218.0640, found 218.0641.

HoN

3.2d{4,7}. ^H-NMR (500 MHz, DMSO-J )̂: ô 8.45 (bs, IH, aromatic), 8.20-8.18 (m, 

IH, aromatic), 8.16-8.13 (m, IH, aromatic), 7.79 (d, 7 = 3.15 Hz, IH, thiophene), 7.77 

(d, J  = 3.60 Hz, IH, thiophene), 7.74 (t, J  = 7.98 Hz, IH, aromatic). MS m /z (ES )̂ 

(relative intensity) 249.01 (M+1). HRMS [M̂ ] calculated for CnHgNsOgS m/z 

249.0334, found 249.0338.

HoN

3.2dK«}. 'H-NMR (500 MHz, DMSO-de): ô 7.73-7.72 (m, 2H, aromatic), 7.71 (d, J  =

3.93 Hz, IH, thiophene), 7.47 (d, J  = 3.89 Hz, IH, thiophene), 7.28-7.24 (m, 2H, 

aromatic). MS m/z (ES )̂ (relative intensity) 222.57 (M+1). HRMS [M̂ ] calculated for 

C11H7N3O2SF m/z 222.0311, found 222.0311.

3.2e{5,5}. 'H-NMR (500 MHz, DMSO-^g): Ô 7.48 (s, IH, thiophene), 7.29 (d, J  = 8.75 

Hz, 2H, aromatic), 7.00 (d, J  = 8.75 Hz, 2H, aromatic), 3.78 (s, 3H, -OCH3), 2.34 (s, 

3H, CH3-thiophene). MS m/z (ES )̂ (relative intensity) 248.11 (M+1). HRMS [M̂ ] 

calculated for C12H11NO2S m/z 248.0756, found 248.0754.

2 0 0
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H,N

3.2e{5,4}. 'H-NMR (500 MHz, DMSO-*): S 7.57 (s, IH, thiophene), 7.35 (t, J  = 7.90 

Hz, IH, aromatic), 6.95-6.94 (m, IH, aromatic), 6.93-6.91 (m, IH, aromatic), 6.90-6.88 

(m, IH, aromatic), 3.78 (s, 3H, -OCH3), 2.35 (s, 3H, CHs-thiophene). MS m/z (ES )̂ 

(relative intensity) 248.26 (M+1). HRMS [M'*’] calculated for C12H11NO2 S m/z 

248.0777, found 248.0773.

2 0 1
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5.3 Chapter 4 experimental section

Synthesis of 2,4-dibromothiazole 4.12

I > = 0  + B r-P -B r  ------------► | BrS ér 110'C
4.22 4.12

A mixture of thiazolidine-2,4-dione 4.22 (3.4 g, 29 mmol) and phosphorus oxybromide 

(25 g, 87 mmol, 3.0 equiv) was heated at 110 °C. After 3 h, the reaction mixture was 

cooled to room temperature and cautiously hydrolysed with crushed ice. The resulting 

mixture was extracted with ether and the combined organic extracts were dried over 

MgS0 4 , filtered and concentrated under reduced pressure. The crude material was 

purified by flash chromatography (pentane:ether/99.5:0.5) to afford 4.8 g (6 8 %) of 4.12 

as a white solid. Mp 80-84 °C. IR v^ax 3120, 1460, 1390, 1240, 1070, 1020, 880, 740 

cm '. 'H  NMR (400 MHz, CDCI3) S 7.22 (s. IH). ‘^C NMR Ô 136.2 (s), 124.1 (s), 120.7 

(d). MS m/z (relative intensity, %) 245 (M[^'Brz]+, 52), 243 (M[™Br*'Br]^, 100), 241 

(M[™Br]% 52), 138 (30), 13 (30), 83 (13), 57 (27).

Reynaud, P.; Robba, M.; Moreau, R. C. (1962) New synthesis of the thiazole ring. Bull. Chim. 

Fr., 1735-1738.
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Synthesis of ethyl 2-(A^-Boc)amino-4-thiazole ester 4.23

O
Br-v_A^COOH +  B0C;,O, DMAP.TEA  ̂ BocHN-< j f

THF, 12h, reflux
4.20 4.21 4.23

COOEt

A mixture of ethyl bromopyruvate 4.20 (1.4 mL of 90% pure, 10 mmol) and thiourea

4.21 (760 mg, 10 nunol) in EtOH (20 mL) was heated at reflux for 12 hours. Rotary 

evaporation of the solvent under reduced pressure gave the aminothiazole ester as a 

white solid in quantitative yield. This solid was neutralized with saturated NaHCOg, 

extracted with EtOAc, briefly characterised and used without further purification in the 

next step. [‘H NMR (500 MHz, CDCI3) <5 7.71 (s, IH), 4.40 (q, 2H, 7 = 7 Hz), 1.39 (t, 

3H, J = 7.5 Hz). MS (ES) m/z 173.1 (M+H*)]. B0 C2O (440 mg, 2 mmol) was added to a 

Stirred solution of the above mentioned aminothiazole ester (350 mg, 2 mmol) in THE 

(10 mL), followed by TEA (0.6 mL, 4 mmol) and DMAP (20 mg) at room temperature. 

After stirring at room temperature for 12 hours, the solution was diluted with EtOAc (50 

mL), washed with 1 N HCl (50 mL), dried (MgS0 4 ), passed through a silica pad and 

concentrated to provide 4.23 as a yellow foamy solid (460 mg, 85%). NMR (500 

MHz, C D C I3) S 8.5 (bs, IH), 7.78 (s, IH), 4.38 (q, 2H, 7 = 7 Hz), 1.33 (t, 3H, 7 = 7 Hz). 

MS (ES) m/z 273.1 (M+H+).

Kim, H.-O.; Kahn, M. (1999) The synthesis of aminoazole analogs of lysine and arginine: The 

Mitsunobu reaction with lysinol and argininol. Synlett, 8 , 1239-1240.
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Amide coupling between 4.17 and 4.23 to give pyrrole-thiazole-dipeptide 4.15

NHBoc

I NHz EtOOC --N W
» j H   ̂ V n  ed o ^ m ^

- ^ N  \ ^ N H B o c  DMF. 5h, rt
0 1 O /

4.17 4.23 4.15

A solution of ethyl 2-(/er^-butoxycarbonylamino)thiazole-4-carboxylate 4.23 (540 mg, 2 

mmol), 4-amino-N-(3-(dimethylamino)propyl)-1 -methyl-1 H-pyrrole-2-carboxamide

4.17 (538 mg, 1.2 equiv), EDCI (382 mg, 2 equiv) and DMAP (610 mg, 2.5 equiv) in 

dry DMF was allowed to stir at room temperature under inert atmosphere, until the 

reaction was complete (5 h). The reaction mixture was poured onto ice and extracted 

with DCM (10 mL x 3). The solution was washed with either 0.1 M HCl (10 mL x 2) or 

citric acid (10 mL x 2), sat NaHCOg (10 mL x 2), H2O (10 mL x 1) and brine (10 mL x 

1 ), dried over MgS0 4 , filtered and evaporated under reduced pressure to yield a brown 

oil. After lyophilisation from CH3CN/H2O (1:1), a fluffy white-fawn solid was 

obtained, which was purified by flash chromatography (1% MeOH/CHgCl) to afford 

765 mg of the desired pyrrole-thiazole dipeptide 4.15 (85%). Rf 0.25. ^H-NMR (400 

MHz, DMSO-Jô) à 10.20 (s, IH, NH-pept.), 8.56 (s, IH, NH-pept.), 8.36 (s, IH, H- 

Thz), 7.56 (d, 7 = 1.99 Hz, IH, H-Py), 7.19 (d, 7 = 1.82 Hz, IH, H-Py), 3.94 (s, 3H, 

CHg-Py), 3.23-3.14 (m, 2H, CH2 aliph. chain), 2.26 (t, 7 = 7.09 Hz, 2H, CH2 aliph. 

chain), 2.15 (s, 6 H, N-(CH3)2), 1.61 (p, 7 = 7.04 Hz, 2H, CH2 aliph. chain), 1.38 (s, 9H, 

Boc). ^^C-NMR (400MHz, CDCI3) ô 162.7, 160.9, 156.7, 144.9, 130.6, 128.0, 126.2,

123.2, 121.1, 117.7, 79.5, 56.8, 44.9, 40.1, 37.3, 28.4, 26.9. MS m/z (ES+) (relative 

intensity) 451.5 (M+1). HRMS [M^] calculated for C20H30N6O4S m/z 451.2049, found 

451.2051.
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Synthesis of 4*bromo-2-isopropylthiazole 4.13a

1) /-PrLi, ZnClg Br̂
H -N 2) Pd2( dba)2, dppf y-H

-78°C to rt, 16ti, S
4.12 '"T'THF 4.13a

A solution of isopropyliithium (7.1 mL, 0.7 M, 5.0 mmol) in pentane was added at - 

78°C to a solution of ZnCli (15 mL, 0.5 M, 7.5 mmol) in THF. The reaction mixture 

was allowed to stir at room temperature for 30 min and was added via a syringe to a 

solution of 2,4-dibromothiazole 4.12 (486 mg, 2.0 mmol), Pd3(dba)3 (46 mg, 0.05 

nunol) and dppf (56 mg, 0.1 mmol) in dry THF (10 mL). The resulting mixture was 

allowed to stir at room temperature for 16 h and quenched with saturated NH4CI 

solution (10 mL). The aqueous layer was extracted with Et2 0  (3 x 20 mL) and the 

combined organic layers were washed with brine (20 mL). After drying over Na2S0 4  

and filtration, the solvent was removed and the residue was purified by flash 

chromatography (pentane:Et2 0 /9 5 :5 ). A total of 16 mg (15%) of 4.13a, as colorless oil, 

was obtained. /Î/0.30. IR Vmax 3122, 2968 cm '. 'H  NMR (400 MHz, CDCb) <5 7.05 (s, 

IH), 3.28 (sept, J  = 7.9 Hz, IH), 1.37, (d, J  = 7.0 Hz, 6 H). ‘^C NMR S 180, 124.1,

115.2, 33.4, 22.8. MS m/z (relative intensity) 207 (M[*'Br]*), 205 (M[™Br), 192 

(M[*'Br]-CH3*), 190 (M[™Br]-CH3*).

Bach, T.; Heuser, S. (2002) Synthesis of 2',4-disubstituted 2,4-bithiazoles by regioselective 

cross-coupling reactions. J. Org. Chem., 67, 5789-5795.
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Synthesis of 4-bromo-2-(prop-l-en-2-yl)thiazoie 4.28

Pd(PPh3),K ,C03  ̂
/ /  DME:H20(3:1)

4.12 4.27 4.28

A mixture of dibromothiazole 4.12 (486 mg, 2 mmol), K2CO3 (111 mg, 4 equiv), 

isoprenyl boronic acid pinacol ester 4.27 (410 pL, 1.1 equiv) and tetrakis 

triphenylphosphine palladium (230 mg, 10 mol%) in a solution of DME/H2O 3:1 (3 

mL) was sealed in an Enuy’s vial and irradiated under microwave conditions for 1 h at 

100 °C. DCM (3 mL) and H2O (2 mL) were added and the organic layer was separated 

from the aqueous phase in a separating funnel. The organic layer was filtered through a 

silica pad, washed three times with EtOAc and dried over MgS0 4 . After filtration and 

removal of the solvent, the residue was purified by flash chromatography {Rf 0.25, 

hexane:DCM/7:3) to yield 4.28 as a dark yellow oil (360 mg, 90%), which was 

immediately subjected to further reaction (reduction, see page 205) due to its tendency 

to polymerise. NMR (400 MHz, CDCI3) Ô 7.14 (s, IH, H Thz), 5.88 (s, IH, Hq), 5.35 

(d, IH, 7 = 1.5 Hz, Hp), 2.22 (s, 3H, C% ). "C  NMR Ô 170.3 (SCN), 137.3 (CH3CCH2), 

125.4 (CBr), 117.3 (CCH2), 116.3 (CH Thz), 20.2 (CH3). MS m/z (relative intensity) 

2 0 2  (M[*'Br]^), 200 (M[’^r]* ).
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Reduction of 4.28 to give 4.13a

S ^ \  EtOAc,
' 25 ”C 16 h

4.28 4.13a

A slurry of 10% w/w Pd/C (0.05 g) in EtOAc was added to a solution of 4-bromo-2- 

(prop-l-en-2-yl)thiazole 4.28 (200 mg, 1 mmol) in EtOAc (50 mL) and hydrogenated in 

a Parr hydrogenator at 3 bar (44 psi) until no further H2 uptake was observed (16 h). 

The reaction mixture was filtered through celite and the solvent removed by rotary 

evaporation under reduced pression. The residue was purified by column 

chromatography (pentane:Et2 0 /9 5 :5 ) to obtain 4.13a as a colorless oil (165 mg, 80%). 

Rf 0.30. ‘H NMR (400 MHz, CDCI3) â 7.05 (s, IH), 3.28 (sept, J = 7.9 Hz, IH), 1.37, 

(d, 7 =  7.0 Hz, 6 H). '^C NMR Ô 180, 124.1, 115.2, 33.4, 22.8. IR 3122, 2968, cm '. MS 

m/z (relative intensity) 207 (M[*'Br]^), 205 (M[™Br]*), 192 (M[*'Br]-CH3*), 190 

(M[™Br]-CH3^).

Bach, T.; Heuser, S. (2001) Regioselctive cross-coupling reactions as an entry into biologically 

relevant bithiazoles: first total synthesis of cystothiazole E. Angew. Chem. Int. Ed., 40, 3184- 

3185.
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Synthesis of 2-(4-bromothiazol-2-yl)propan-2-ol 4.30

Br 1)^-BuLi, B \
N Et20, -78 "C N

C x r .  ► u
S 2) acetone, S l^O H

4.12 -78"C, 64% 4.30

^BuLi in hexane (1.6 mL, 1.7 M, 2.75 mmol) [CAUTION!] was added dropwise to a 

solution of the dibromothiazole 4.12 (320 mg, 1.32 mmol) in diethyl ether (5 mL) at -78 

°C and the reaction mixture was allowed to stir for 30 min at the same temperature. 

Anhydrous acetone (0.195 mL, 2.64 mmol) was then added and the solution was stirred 

for an additional hour at -78 °C, before treatment with saturated aqueous NaHCOg (4 

mL). The mixture was extracted with EtOAc (3 x 10 mL) and the combined organic 

layers were dried over MgS0 4 . Removal of solvent under reduced pressure and 

purification by flash chromatography (hexaneiEtOAc/90:10) provided thiazole alcohol

4.30 (190 mg, 64%) as a pale yellow oil. ‘H NMR (400 MHz, CDCI3) <5 7.13 (s, IH), 

2.54 (s, IH), 1.66 (s, 6 H). '^C NMR <5 180.6, 124.2, 116.8, 73.5, 30.5. IR Vmax 3397, 

2979, 1482, 1366, 1253, 1080 cm '. HRMS [M*] calculated for CsHgBrNOS 220.9510, 

found 220.9500.

Shao J. & Panek J. S. (2004) Total synthesis of cystothiazoles A and B. Org. Lett., 18, 3083- 

3085.

208
Phi) thesis - Federico Pi’ucoli



TBS protection of thiazole alcohol 4.30 to give 4.13b

TBSOTf, M
/  2,6-Lutidine

OH DCM, S Y-OTBS
4.30 0 -C to r t ,9 8 %

2,6-Lutidine (0.450 mL, 3.9 mmol) was added to a solution of thiazole alcohol 4.30 

(287 mg, 1.3 mmol) in CH2CI2 (10 mL) at 0 °C, followed by dropwise addition of 

TBSOTf (0.36 mL, 2.10 mmol). The reaction mixture was allowed to warm to room 

temperature and stirred for 12 h before saturated aqueous NH4CI (10 mL) was added. 

The mixture was extracted with Et2 0  (3 x 20 mL) and the combined organic layers were 

dried over MgS0 4 . Removal of solvent under reduced pressure and purification by flash 

chromatography (hexane: EtOAc/ 98:0.2) afforded the TBS protected alcohol 4.13b as a 

pale yellow oil (424 mg, 98%). NMR (400 MHz, CDCI3) ô 7.07 (s, IH), 1.64 (s, 

6 H), 0.93 (s, 9H), 0.15 (s, 6 H). '^C NMR S 182.6,123.7, 116.6,76.6, 31.1, 25.7, 18.1, - 

2.3. IR Vmax 2956, 2931, 2858, 1254, 1187, 1038, 834 cm '. HRMS [M*] calculated for 

Ci2H22BrNOSSi 335.0375, found 335.0402.

Shao J. & Panek J. S. (2004) Total synthesis of cystothiazoles A and B. Org. Lett., 18, 3083- 

3085.
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Synthesis of 4-bromo-2-(trimethylsilyl)thiazole 4.13c

® V n  1)n-BuLi/-78»C
y T  \\ 2) MeaSiCI y T  \\

4.12 4.13c

A solution of 2,4-dibromothiazole 4.12 (1 g, 4 mmol) in Et2 0  in diethyl ether (10 mL) 

was added over 30 min to a stirred solution of n-BuLi (3.2 mL of a 1.5 M solution in 

pentane, 4.8 nunol) in the same solvent (5mL) at -78 °C. After allowing the reaction 

mixture to stir for 30 min, a solution of MeaSiCl (0.560 mL, 1.1 equiv) in diethyl ether 

(5mL) was added dropwise. After Ih at -78 °C, the reaction mixture was allowed to 

warm to room temperature and then washed with saturated aqueous NaHCOg. The 

mixture was extracted with diethyl ether (3 x 30 mL). The combined organic fractions 

were dried over anhydrous Na2S0 4  and the solvent was removed under reduced 

pressure. The crude mixture was distilled at reduced pressure using a kugelrohr 

distillation apparatus (bp 97-105 °C at 12-13 mbar) to provide the 4-bromo-2- 

(trimethylsilyl)thiazole 4.13c as pale yellow oil (890 mg, 95%). NMR (400 MHz, 

CDCb) S 7.04 (s, IH), 0.40 (s, 9H). '^C NMR Ô 174.3, 145.8, 121.3, -1.2. MS m/z 

(relative intensity, %) 236 (M[*'Br]^ 100), 234 (M[’’Br]'", 98).

Dondoni, A.; Fantin, G.; Fogagnolo, M.; Medici, A.; Pedrini, P. (1988) Synthesis, of 

(trimethylsislyl)thiazoles and reactions with carbonyl compounds. Selectivity aspects and 

synthetic utility. J. Org. Chem., 8 , 1749-1761.
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General procedure C for Stille cross-coupling reaction

Br. BuaSn 4 1 2  Br.

1) -̂BuLi, EtgO, -78 °C Pd( LiCI V 'H  ^

^ 2)Bu3SnC,rtl '  ^ Dioxane. 100 »C

4.13a R= 4.29a R = 4.19a R=

4.13b R = J ^ H  4.29b R = 4 .1 9 b R = J ^ H

4.13c R =.,.TMS 4.29c R =,.TMS 4.19c R = .TMS

BuLi (1.4 mL, 1.5 M in pentane, 1.2 mmol) was added to a solution of the appropriate 

thiazoles 4,13a-c (1 mmol) in dry THF (5 mL) at -78°C. After the mixture was stirred at 

-78°C for 15 min, tributyltin chloride (0.255 mL, 1 mmol) was added. The reaction 

mixture was stirred at room temperature for 1.5 h and water (5 mL) was added. The 

mixture was extracted with diethyl ether (3 x 10 mL) and the combined organic layers 

were dried over MgS0 4 . Removal of solvent under reduced procedure afforded the 

crude thiazolyl stannates 4.29a-c. Pd(PPh3)4 ( 1 2  mg, 10 mol%) was added to a solution 

of crude thiazolylstannates 4.29a-c, 2,4-dibromothiazole 4.12 (245 mg, 1 mmol) and 

LiCl (24 mg, 0.60 nunol) in dioxane (2.0 mL) in a sealable tube. The reaction mixture 

was heated to 100 °C and stirred for 16 h. Concentration and flash chromatography 

afforded the bisthiazoles 4.19a-c.
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Synthesis of 4-bromo-2-isopropyl-2,4-bithiazole 4.19a

V.,
Br. BusSn 4 ^ 2  Br

/  1 )'-BuLi, EtjO,-78 “C /  Pd( PPha) ,̂ LiCI

4.19a

® \ 2) Bu^SnC, n ® \ Dioxane, 100 X
4.13a 4.29a

The title compound was prepared from 4-bromo-2-isopropylthiazole 4.13a (207 mg, 1 

mmol) according to general procedure C. The desired bithiazole 4.19a was obtained as a 

white solid (200 mg, 70%) after flash chromatography. RfOA3 (pentane:Et2O/9 7 :0 .3 ). 

Mp: 89 °C. ‘H NMR (400 MHz, CDCI3) S 7.80 (s, IH), 7.16 (s, IH), 3.28 (sept, J  = 6 .8  

Hz, IH), 1.36 (d, J  = 6 .8  Hz, 6 H). ‘^C NMR <5 179.3, 164.3, 147.9, 126.2, 117.6, 116.1, 

33.7, 23.5. IR Vmax 3114, 2955 cm '. Mp: 41 °C. MS m/z (relative intensity) 290 

(M[*'Br]*), 288 (M[™Br]*), 275 (M[*‘Br]-CH3*), 273 (M[” Br]-CH3^). HRMS [M+] 

calculated for CgHgBrNiSi 290.2152, found 290.2215.
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Synthesis of 4-bromo-2'-(2-(tert-butyIdimethylsilyloxy)propan-2-yl)-2,4'-bithiazole

4.19b

Br. BujSn s  “  Br,

% ^ O T B S  S ^ O T B S
' 2) Bu^SnC, rt ' Dioxane, 100 “C S

4.13b 4.29b 4.19b

The title compound was prepared from 4-bromo-2-(2-(^err-butyldimethyi 

silyloxy)propan-2-yl)thiazole 4.13b (335 mg, 1 mmol) according to general procedure 

C. The desired bithiazole 4.19a was obtained as a colorless oil (284 mg, 6 8 %) after 

flash chromatography (1%—>5% ETOAc in hexane). R f  0.37. NMR (400 MHz, 

CDCI3) S  7.84 (s, IH), 7.03 (s, IH), 1.68 (s, 6 H), 0.95 (s, 9H), 0.16 (s, 6 H). ” C NMR Ô 

183.0, 161.6,147.4,126.2,118.6, 117.3,76.5, 31.2,25.7,18.1, -2.3. IRVm»x 2957,2931, 

2859, 1431, 1243, 1214,1139, 1041 cm '. HRMS [M*] calculated forC^HzsBrNzOSzSi 

418.0204, found 418.0215.
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Synthesis of 4-bromo-2,4 -bithiazole 4.19c

Br
V n  ®““V n  4.12 Vn

f  \\ 1)'-BuLi,Et20.-78»C f  Pd( PPh3)4 , LiCI ^
V '^ S IM ea  ------------------------  V ^ S IM e a       \\ /

^ 2) Bu^SnC, rt ^  Dioxane, 100 “C
4.13c 4.29c 4.31

^  V r "
4.19c

The silylprotected bithiazole 4.31 was prepared from 4-bromo-2-(trimethylsilyl)thiazole 

4.13c (1 mmol, 235 mg) according to general procedure C. The title compound 4.13c 

was obtained by treating 4.31 with a solution of 5% HCl (1 mL) in THF (20 mL). After 

checking the consumption of starting material by GC, the reaction mixture was washed 

with aqueous NaHCO]. The organic layer was dried over anhydrous MgS0 4  and the 

solvent removed under vacuum. Purification with flash chromatography gave 179 mg 

(73%) of 4.19c as a pale yellow oil. /?/0.35 (pentane:Et2O/9 5 :0 .5 ). *H NMR (400 MHz, 

CDCb) S 7.80 (s, IH), 7.16 (s, IH), 9.01 (s, IH). ‘^C NMR S 164.3,155.3,147.9,126.7, 

117.6,116.1. HRMS [IvT] calculated for CeHsBrNaSa 245.8921, found 245.8901.
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5.4 Ethidium bromide displacement assay

DNA hairpin oligonucleotides were purchased from Genebase Inc. (San Diego) as 1000 

pM (base pairs) solutions in water and stored as stock solutions at -50 °C. Prior to use, 

each oligonucleotide was diluted to 10 pM in water and stored at 0 °C for no longer 

than 2 days. Each well of a Costar® 96-well plate (360 pL, black, flat-bottom) was 

loaded with one hairpin oligonucleotide (5 pL, 1 pM DNA base pairs final 

concentration) and with ethidium bromide solution containing tris buffer (44 pL, Tris- 

HCl 0.1 M, NaCl 0.1 M, pH 8 , 4.4 pM ethidium bromide final concentration). After 15 

min of incubation at room temperature a first reading of fluorescence was carried out 

using a fluorescent plate reader (EnVision™ multilabel plate reader). EnVision™ plate 

reader was set up to excite the samples at 545 nm and read the emission at 595 nm. 

Subsequently, distamycin or a single aliquots of each library member (1 pL of a 0.1 mM 

solution in DMSO, 2 pM drug final concentration) was added to each well containing 

the premixed ethidium bromide/DNA oligonucleotide solution. After incubation at 

room temperature for 45 min, each well was read a second time on the fluorescent plate 

reader in triplicate experiments with two control wells (no distamycin-no drug = 1 0 0 % 

fluorescence, no DNA = 0% fluorescence). The reduction in fluorescence was deduced 

by comparing the first fluorescence reading with the second one. Fluorescence readings 

are reported as reduction in fluorescence (%) relative to the controls.
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5.5 Footprinting experiments: material and methods

DNA fragments HexB and ATio were kindly donated and labelled by Professor Keith 

Fox (School of Biological Science, University of Southampton). The preparation of 

these fragments has been previously published (Abu-Daya & Fox, 1995; Hampshire & 

Fox, 2008) and a brief description of the procedure follows. The DNA sequences were 

cloned into the BamWl site of pUClS and cut with HindiW (AT,o) and EcoRl (HexB) 

and labelled at the 3'-end of the Hindlll or EcoRl site with [a-‘̂ ^P]dATP using reverse 

transcriptase (Figure 11).

3'-labelling

P

-  ?  9
O - P - O - O - P - O - f O - P - 0  

O' O-

NHz

a-labelled dATP

5'-labelling

OII
O - P - 0  

6-

9 9
h O - P - O - O - P - 0  

6-
ÔH oH

P-labelled dATP

Figure 11 Diagram showing a and y labelled dATP. The circled phosphates are 

radioactive.

The radiolabelled fragments were separated from the remainder of the plasmid DNA on 

6 % polyacrylamide gels. The labelled DNA was eluted from the gel and dissolved in 10 

mM Tris-HCl (pH 7.5) containing 1 mM ethylenediaminetetraacetic cid (EDTA) at a 

concentration of 10 to 20 cps/pL as determined with a handheld Geiger counter. This 

produces a fragment concentration of circa 10 nM, which is much lower than the 

dissociation constant of the ligand.

2 1 6
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A GA marker track shows the location of purines within the target DNA sequence, 

thereby allowing identification of the sequences of the footprinting sites. G A markers 

were prepared by mixing 1.5 pL labelled DNA with 20 pL of sterile water and 4 pL 

DNase I stop solution (10 mM EDTA, 1 mM NaOH, 0.1% bromophenol blue and 80% 

formamide). The sample was then incubated at 100 °C for about 30 min with the 

microcentrifuge cape open to allow evaporation, then crash cooled on ice. This process 

causes the DNA template to be cleaved at purine sites only. A control lane was created 

by combining 1.5pL of template DNA with 3pL of buffer (lOmM Tris-HCl at pH 7.5 

containing 0.1 mM EDTA).

DNAse I footprinting was performed mixing 1.5 pL radiolabelled DNA (dissolved in 

lOmM Tris-HCl, pH 7.5 containing 0.1 mM EDTA) with 1.5 pL ligand (dissolved in 10 

mM Tris-HCl, pH 7.5 containing 10 mM NaCl). The mixture was allowed to equilibrate 

for 30 min at room temperature before digestion with 2 pL DNase I (dissolved in 20 

mM NaCl, 2 mM MgClz, 2 mM MnCh). The reaction was stopped after 1 min and the 

samples were heated at 100 °C for 3 min and crash cooled on ice.

The products were resolved on 8 % (w/v) denaturing polyacrylamide gels (40 cm long 

and 0.3 cm thick). After electrophoresis the gels (1500 V, between 1.5 and 2.5 hours) 

were fixed ( 1 0 % acetic acid), dried under vacuum and exposed to a phosphorimager 

screen (Molecular Dynamics Storm 860 Phosphorimager).

The intensity of bands within each footprint was estimated using ImageQuant software. 

These were normalised with respect to the intensity of bands that were not affected by 

the ligand to correct for differences in gel loading and DNase I digestion. Footprinting
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plots were constructed from these data and analysed according to the equation IHo =  

C5o/(L + C50) using SigmaPlot 10 software, where I  and lo are the relative band 

intensities in the presence and absence of the ligand, respectively, and L is the ligand 

concentration that reduces the band intensity by 50%. Because the DNA concentration 

is much lower than the ligand dissociation constant, the C50 approximates to the 

dissociation constant.
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5.6 Gel (electrophoretic) mobility shift assay (EMSA)

The individual oligonucleotides were purchased from Atdbio, School of Chemistry, 

University of Southampton, SO 17 IBJ, and kindly ^^P-end-labelled and purified by 

Professor Keith Fox. The TATA binding protein (TBP) was purchased from 

ProteinOne, Bethesda, MD 20814. The EMSA procedure involved reacting the DNA 

probe (1 pL, approximately 200 cps) with the TBP in Buffer A: 20 pL of 20 mM Tris- 

C1 (pH 7.9) 20% Glycerol, 100 mM KCl, 1 mM DTT and 0.2 mM EDTA. The 

incubation was carried out for 30 min at room temperature. In competition experiments, 

radiolabelled probe and competitors (Hoechst 33342 and 23{5,16}) were added 

simultaneously to TBP in Buffer A and incubated for 1 h at room temperature. 

Subsequently, 3 pL of 0.2 mM FICOLL dye was added and the samples were separated 

by electrophoresis on 4% non-denaturing polyacrylamide gels (Accugel) (40 cm long 

and 0.3 cm thick) in Tris-borate-EDTA buffer. After electrophoresis (800 V, between 

1.5 and 2.0 hours), the gels were fixed (10% acetic acid), dried under vacuum and 

exposed to a phosphorimager screen (Molecular Dynamics Storm 860 Phosphorimager).

219
PhD ihesis - Pciicricu Bi'ucoli



5.7 Fluorescence Resonance Energy Transfer (FRET)- 

Based DNA Melting Assay

The assay was carried out by Mr. Khondaker Mirazur Rahman in the School of 

Pharmacy, London. A fluorescence tagged hairpin Seq-1, F AM-5 -T AT - AG A-T AT A- 

TATA-TTT-TTT-TATA-TATA-TCT-ATA-3 -TAMRA (Eurogentec UK), (stock 

solution in water 20 pM) was diluted to 400 nM using FRET buffer (50 mM potassium 

cacodylate, pH 7.4) and annealed by heating at 85 °C for 10 minutes followed by 

cooling to room temperature over 16 hours. Ligand solutions were prepared at 

concentrations double those required for the final solutions. Dilutions from the initial 10 

mM DMSO stock solutions were carried out with FRET buffer. 50 pL of annealed DNA 

and 50 pL of ligand solution were placed in each well of a 96-well plate (MJ Research, 

Waltham, MA, USA) and measured in a DNA Engine Opticon (MJ Research). 

Fluorescence readings were taken at intervals of 0.5 °C over the range 30-100 °C, with a 

constant temperature maintained for 30 seconds prior to each reading. The incident 

radiation was 450-495 nm and the detection was set at 515-545 nm. Raw data were 

imported into the Origin program (Version 7.0, OringinLab Corp., USA) and graphs 

were smoothed using a 1 0 -point running average and subsequently normalised. 

Determination of melting temperatures was performed by obtaining vedues at the 

maxima of the first derivative of the smoothed melting curves using a script. The 

difference between the melting temperature of each sample and that of a blank (ATm) 

was used for comparative purposes.
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1000

Federico-1-450-1 199(5 326) 
100

1 Scan ES 
7 16»
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Sample Ref FB-Cll
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Current: Data Parameters 
NAME fbl-31-07-2008-15
EXPNO 10
PROCNO 1

F2 - Acquisition Parameters
Date_
Time
INSTRUM
PROBHD
PULPROG

20080731 
23.47 
spect 

mm PABBO BB/ 
zq30

65556
DMSO
128

TD
SOLVENT
NS
DS
SWH
FIBRES
AQ

8278.146 Hz

3.9584245 sec

60.400 usee 
6.00 usee

DW
DE
TE

1.00000000 sec
TOO

CHANNEL
10.20 usee 
2.50 dB 

400.1324710 MHz
PLl
sFo;

Processing parameters 
32768 

40O.13C0OV1 MHz 
EM

F2
SI
SF
WDW
SSB
LB
GB
PC

CO

0.30 Hz

' .00

1̂
(N

10
1

cm) oofîofWjœ
r  rrkck: P  ht ®

(un
«? r:ol o jo t-It- |o Io  o I't-It-Io I IcM

ppm



Federico-1-450-2 Sm (Mn, 2x3)

3.0e-1

2.56-1

3 2.06-1

3. AC{3, 11}

I I 
I I

Time Height

3 Diode Arra 21
Range 3 936e 

Area Are;
4 62 19136 1678 93 3
5 30 8611 993 52 2
5 55 339616 4 7000 78 94

10.00

Federico-1 450-2 214 (5.729)
100 I

1. Scan ES+ 
5 96e5

400 420 440 460 480 500
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540 580
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Federico-1-450-3 Sm (Mn, 2x3)

7.0e-1 3.1d{4,2}

3: Diode Array 
250

Range; 8 198e-1 
Time Height Area Area%
4 72 17295 1481 27 1 32
5 05 26621 4841 16 4 32
5 33 739143 105694 66 94 36

5.0e-1

<  4 Oe-1
N H ,

1,00

H Io' N'

2.00

NHCOCH,

3,00 400
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I I

4 72 5 05

700 100 Time
10.00

Federico-1-450-3 204 (5 460) 
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1: Scan ES 
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1267563 824 1116301 15390 m /100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
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3 .1d {4 ,3}
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Federlco-1-451-1 Sm (Mn, 2x3)

30e-1

5  2 Oe-1

3.1d{4,3}

OCH,

3: Diode Arra
2!

Range 3 971e
Time Height Area Arer
4 87 18227 2504.61 4
5.15 26147 3678 90 6
5 52 58735 8698.59 15
5,90 310620 40048 80 72

1 5e-1

1 Oe-1
552 (

1.00 2,00 7,00 1.00 9,00 10,00

Federico-1-451-1 226 (6 051) 
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Sample Ref FB-E2
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Current Data Parareters 
NAME fDl-04-08-2C08-13
EXPNO 10
PROCNO

F2 - Acquisit 
Date_
Time 
TNSTRUM 
PROBHD 5 mm 
PULPROG 
TD
SOLVENT
NS
DS
SWH
EIDRES 
AQ 
RG 
DW 
DE 
TE 
D1 
TOO

A

on Parameters 
20080805 

9.20 
spect 

PABBO BB/ 
zqBO 

65536 
DMSO 
128 

2
8278.146 Hz 
0.126314 Hz 

3.9584243 sec 
4 56.1 

60.400 usee 
6.00 usee 

300.1 X 
1.00000000 sec

NUCl
PI
PLl
SFOl

F2
s:
SF
WDW
SSB
LB
GB
PC

CHANNEl fl
IH

10.20 usee 
2.50 dB 

400.1324/10 KHz

Process!no oarar.eters 
32768

40C ,1300051 MHz 
EM 

0
0.30 Hz 

0
1 . 0 0

CDVD

10

III m

ppm



Federico-1-451-2 Sm (Mn 2x3)

60e-1

<  4 Oe-1

30e-1

2 Oe-1

3.1e{5,2}

NH;

NH

1.00 4 0 0

I  1

3: Diode Arra 2!
Ranqe 8 028e 

Time Height Area Ares 
5.07 56471 7421 03 7.
5 33 713085 97653 68 92

5.00 6 0 0 700 10.00

Federico-1-451-2 202 (5 407) 1: Scan ES+
1 25e6100
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380 ;
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Sample Ref FB-Fl
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Carrent Data Parameters 
NAME fDl-04-C8-2008-14
EXPNO 1C
PROCNO

F2 - Acquisition Parareters 
Date_ 2C080S05
Tire 9.53
INSTRUM soect
PROBHD 5 rm PA B B o'38/ 
PULPROG zg30
TD 65536
SOLVENT DMSO
NS 128
DS 2
SWH 8278.146 Hz
EIDRES 0 .126314 Hz
AQ 3. 9584245
RG 456.1
DW 60.400 use
DE 6.00 use
TS 300.1 K
D1 : .00000000 sec
TDO ■-
=  =* :r: CHANNEL fl
NUCl IH
PI 10.20 use
PLl 2.50 dB
SFOl 400. 1324 110 MHz

F2 - Processing oarar.eters
SI 32 /66
SF 400. 1300056 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
PC 1 .00

f

ITi
LC(N

10

! l i
8 $  8 3 8 $

ppm



Federico-1-451-3 Sm (Mn, 2x3)

4 Oe-1 

3 5e-1: 

3 Oe-1- 

2 5e-1 

2.Oe-1 

1 5e-1 

1 Oe-1 

50e-2

X ^NHCOCHj
I  I

I  I

3: Diode Arra 
2!

Ranqe 4 763e
Time Height Area Arez
5 15 428452 61249 38 95
5 50 22797 2839 06 4

4.00 TOO 7.00
■ Tim.

Fedenco-1-451-3 197 (5.273)
503 5 B6e5100

504 599
502 574521:«o]
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m/z
480 490 500 510 520 530 540 550 560 570 580 590 600 610 620 630 640 650 660 670 680 690 700 710 720 730 740
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'H-NMR for Library 2.1 compound 23{5,16}
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