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Abstract

Numerous essential cellular processes are regulated by protein-protein interactions
(PPIs) and PPIs have therefore been recognised as potential new drug targets. The
transcription factor p53 is often referred to as the guardian of the genome due to its
involvement in DNA repair, induction of cell cycle arrest and cellular apoptosis. The
amount of p53 in a cell is mainly controlled by the negative regulator MDM2, which
upon complex formation with p53 leads to an overall reduction of the p53 level.
Consequently, inhibition of the MDM2/p53 interaction has emerged as a promising
new therapeutic strategy for the treatment of cancers retaining wild-type p53.

This thesis describes the design, synthesis and evaluation of B-hairpins,
8-(triazolyl)purines and 2,5-diketopiperazines as MDM2/p53 interaction inhibitors.

B-Hairpin derivatives were synthesised using automated solid phase peptide synthesis
followed by a head to tail cyclisation in solution. Evaluation of the MDM2 inhibitory
activity of the B-hairpin derivatives together with solution conformational analysis
using NAMFIS calculations revealed that molecular flexibility is important to gain
highly potent MDM?2 inhibitors. Two series of 8-(triazolyl)purines and 2,5-
diketopiperazines (2,5-DKPs) were evaluated as MDM?2 inhibitors. The first series
were designed to directly mimic an a-helical region of the p53 peptide, containing key
residues in the 7, 7+4 and 7/+7 positions. Conformational analyses indicated that both 8-
(triazolyl)purines and 2,5-DKP derivatives were able to place substituents in the same
spatial orientation as an a-helical template. The second series were designed primarily
based on structure-based docking studies. The most potent inhibitors identified were
from the latter series and displayed micromolar IC,;-values in a biochemical
fluorescence polarization assay. Binding to MDM2 was confirmed by WaterLOGSY
experiments. Efficient synthetic protocols for the synthesis of both tetrasubstituted 8-
(triazolyl)purines and tetrasubstituted 2,5-DKPs have been developed. Furthermore,
an efficient bromination protocol for 8-bromination of electron rich purines utilising
pytidiniumtribromide was developed. The fluorescent properties of the 8-
(triazolyl)purines were determined and it was found that the regioisomerism of the
triazole has an important impact on the quantum yield.

Keywords: Protein-protein interaction, MDM2/p53 interaction, MDM2 inhibitors, o-
helix mimetics, B-hairpin, 2,5-diketopiperazine, spiro-2,5-diketopiperazine, purine, 8-
(triazolyl)purine, solution conformational analysis, NAMFIS, fluorescence.
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1 Introduction

For the development of novel drug treatments additional drug targets need to be
identified. Today there are ca 3,000 proteins identified for which the activity is
expected to be controlled by drugs." Only a small fraction of these proteins (ca 10%)
has been explored as therapeutic targets. Most of the explored protein targets belong
to few protein families, such as the G protein coupled receptors (GPCRs), enzymes,
ion channels, or nuclear hormone receptors.” The majority of these proteins are
regulated by the binding of an endogenous small molecule as a substrate/ligand or a
co-factor. However, protein-protein complex formation also modulates protein
activity. It has been estimated that there are between 130,000 — 650,000 protein-
protein interactions (PPIs) in human cells of which only a few are known.” As several
important cellular processes are regulated by PPIs they have been recognised as
potential drug targets. This thesis focuses on the development of compounds that

interrupts PPIs.

1.1 Protein-protein interaction

A protein-protein interaction (PPI) is defined as “an interaction of two identical or dissimilar
proteins at their domain interfaces that regulates the function of the protein complex (interactions

involving engyme active sites are not termed PPIs in drug discovery)”. >

PPIs are involved in the regulation of numerous essential cellular processes including
cell growth, DNA replication, transcriptional activations and transmembrane signal
transduction and play a central role in disease development.® Every PPI associated

with a disease is a potential new drug target. Consequently, modulating PPIs is a



promising approach to gain valuable information and understanding associated with

pathophysiology and hence development of new therapeutics.’

Targeting PPIs is considered to be more challenging compared to more conventional
protein targets such as enzymes or GPCRs.”” The protein interaction sites are often
shallow, solvent exposed and cover a large surface area (~1500-3000 A% compared to
enzymes/receptors that typically bind small molecules in smaller (~300-500 A% well-
defined binding pockets that are less exposed to solvent. In addition, PPIs involve a
large number of weak, often hydrophobic, interactions and there are generally no small
molecule substrates/ligands that can be used as starting points for the design of

modulators targeting PPIs."

In this thesis, inhibitors targeting the protein-protein interface will be discussed. In
addition to the PPI interface, there are examples of small molecules that target
allosteric sites that upon binding induce a conformational change and thereby prevent
the PPI. Another example is the so called interfacial binders that form ternary or
higher order complexes, locking the proteins in a non-productive conformation.* The

two latter will not be discussed in this thesis.

The amino acid residues at the protein—protein interface do not contribute equally to
the formation of the protein-protein complex. A small subset of residues has a higher
contribution to the binding free energy and these are referred to as “hot spot”
residues." " The energy contribution of individual residues in a PPI have been
identified by the use of alanine scans and a hot spot residue is defined as a residue that
when exchanged to alanine shows a decrease in AAG of >2 kcal/mol.'"*"> Although
informative, alanine scanning experiments are time-consuming and expensive,
furthermore, alanine mutations can destabilise and change the protein conformation

preventing the PPI. Other techniques that have been used to identify hot spots include



NMR spectroscopy and x-ray crystallography.'®'® Computational methods have also
been developed for prediction of hot spots at protein-protein interfaces.”” Although
the term hot spot often refers to single residues, it can also be used to describe regions
(sometimes also called hot regions) that are comprised of a set of hot spot residues.
PPIs with hot spot regions that adopt a well-defined secondary structure such as an o-
helix, B-sheet or loop conformation have been identified as particularly interesting
drug targets.””” In this thesis PPIs having an a-helix at the interface is of particular

interest.

As many as 62% of all PPIs in the Protein Data Bank (PDB) have an o-helix at the
interface.”’** A general a-helix is defined by the torsion angles ® = -60° and W = -45°.
The a-helix has a rise of 1.5 A/residue or 5.4 A/turn resulting in around 3.4 amino
acid residues per turn.” In this thesis a specific a-helix is investigated that interacts
with its protein partner mainly with the 7, /+4 and /47 residues located on the same

face of the helix (see section 1.2). A mimic that can reproduce the key interactions of

the a-helix should be able to bind to the target site of the a-helix and inhibit the PPL*'

Despite the challenges with targeting PPIs, there have been some successes with hot
spot-based design of small molecules PPI inhibitors. There are examples that have
reached clinical trials for the treatment of cancer” including inhibitors of the

MDM2/ pS?)24 and Bcl-2/Bax PPIs.*?° Besides small molecules, protein-based PPI

modulators such as monoclonal antibodies have also been reported.”

1.2 The MDM2/p53 interaction

The MDM2/p53 interaction has been identified as an attractive target for the

development of drugs used for cancer treatment.”’ The transcription factor p53 plays

3



an essential role in preventing tumour development due to its involvement in DNA

repair, cell cycle arrest, cellular apoptosis and cell senescence.

Stress signals caused primarily by DNA damage, but also hypoxia and heat chock,
activate p53 by post-translational modifications such as phosphorylation or
acetylation, ultimately resulting in apoptosis or cell cycle arrest.’™ These
modifications affect the p53 protein in two ways, first the half-life is prolonged from
minutes to hours and the concentrations of p53 in the cell is increased up to 10 fold.
Secondly, the ability of p53 to promote transcription is improved as these

modifications facilitate binding of specific DNA sequences.3 3

Dystfunctional p53 is present in most, if not all, human cancers. Inactivation of p53
can be caused by mutations in the TP53 gene (the gene coding for p53).>* The p53
activity is also regulated by a number of negative and positive feedback loops where
the most important involves the negative regulator MDM2 (Figure 1).>>* The function
of MDM2 is to control p53 activity primarily by keeping the p53 levels low in
unstressed cells and switching off p53 after a stress induced activation.” However,

overexpression of MDM2 leads to rapid degradation of wild type p53.”!

Three events take place upon binding of MDM?2 to p53: (1) MDM?2 functions as an
E3 ligase and ubiquitinates p53 which leads to proteasomal degradation of p53. (2)
MDM2 binds to the N-terminal transactivation domain of p53 and prevents p53 from
direct binding to DNA and hence to work as a transcription factor. (3) MDM2

promotes export of p53 out from the cell nucleus.
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Degradation of p53 Expression of MDM2

o AUTOREGULATORY LOOP
p
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Figure 1. Schematic representation of the autoregulatory feedback loop for the inhibition of p53 by
MDM2. Upon cellular stress p53 is activated which in turn activates expression of MDM2 and
transcriptional activity (cell cycle arrest, apoptosis and DNA repair). MDM2 binds to p53 and forms
a complex which leads to deactivation of p53.

Consequently, inhibition of the MDM2/p53 interaction has potential as treatment of
human cancers which have retained wild type p53, by restoring the tumour suppressor
activity of wild type p53.”” An overexpression of MDM2 is in certain cases associated
with a lower survival rate as a result of decreased response to therapeutic treatment,
increased recurrence and metastasis.””’ Mutant p53 is often resistant to degradation
promoted by MDM?2 and therefore inhibition of the MDM2-p53 interaction would

have no therapeutic effect in these cases.””®

The crystal structure of the MDM2/p53 complex revealed that the amino acid
residues 15-29 of p53 interact with MDM2 and residues Phel9 to Leu29 form an o-
helix in the complex (Figure 2). Three hot spot residues in the 7 /+4 and /+7 position
of the p53 helix have been identified, Phel9, Trp23 and Leu29, of which the side
chains bind to a hydrophobic cleft of MDM2.” In this thesis, the hydrophobic cleft of



MDM2 will be divided into three pockets that will be referred to as the Phe-, Trp- and

Leu-pocket, respectively.

Figure 2. Crystal structure of p53 (yellow) bound to MDM2 (turquoise), the side chains of the hot
spot residues Phel9, Leu29, Trp23 (from the top and downwards) are shown (PDB code: 1YCR).

1.3 MDM2/p53 interaction inhibitors

The fact that p53 interacts viz an a-helical segment (see section 1.2) makes it possible
to use the a-helix as a starting point and design a-helix mimetics as MDM2/p53
interaction inhibitors. A number of examples of «-helix mimetics that inhibit the
MDM?2/p53 interaction have been published.* The inhibitors are often divided into
three groups, type 1, IT and IIL.* The different types have in common that they consist
of a scaffold that can place substituents in the same spatial orientation as the 7 7+4 and

747 side chains of the p53 helix (Figure 3).
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Figure 3. Schematic representation of the different types of a-helix mimetics, the p53 peptides is
used as a template for the design of the mimetics. The mimetics have the ability to place the side
chains or substituents (illustrated as yellow spheres) in the same spatial orientation as the important
side chains (7, 7+4 and /+7) of p53. Type I mimetics, often called synthetic peptides, consist of
stabilised peptides. Type II and III mimetics are often non-peptidic small molecules, where type 111
is designed to mimic the topography of an «-helix whereas type II are not. Type II inhibitors have
traditionally been identified in HTS campaigns and as a result vary widely in structure.

1.3.1 Type I inhibitors

Type I inhibitors are synthetic peptides that mimic the conformation of the p53 helix.
There are synthetic linear peptides that can adopt a helical conformation and inhibit
the MDM2/p53 interaction.” However, the use of linear peptide sequences as drugs is
associated with some drawbacks, for instance they often adopt random conformations
in solution.”” Furthermore, they often suffer from low cell permeability and are
proteolytically unstable as proteases are known to bind their substrates in an extended
conformation.” This can be overcome by the use of stabilised peptides and a number
of methods for stabilising a-helix structures of short peptides have been reported.**
One example is to use hydrocarbon stapling methods, where incorporation of a
hydrocarbon linker holds the peptide in a helical conformation.”” SAH-p53-8 is an
example of a stabilised peptide used as an inhibitor of MDM?2 showing activity both 7

vitro with an ICy, of 216 nM in a biochemical assay and iz vivo (Figure 4).*
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Figure 4. Structure of SAH-p53-8, a type I inhibitor of MDM2, the curved lines represent the Phe-,
Trp- and Leu-pockets of MDM2.

Crystal structures of SAH-p53-8 bound to MDM2 show that the hydrocarbon chain
stabilises the helical conformation and facilitates binding of the Leu, Trp, and Phe

residues in the correct MDM?2 pockets.47

1.3.2 Type II inhibitors

Small non-peptide scaffolds that place substituents in the same spatial orientation as
the p53 helix, but are not designed to mimic the a-helix topography are referred to as
type 11 inhibitors or functional mimetics.* These inhibitors have traditionally been
identified in high throughput screening (HTS) campaigns. Using HTS, Hoffmann-TLa
Roche discovered the nutlins as the first small molecule inhibitors of the MDM2/p53
interaction. The most potent compound was nutlin-3 with an IC;, of 90 nM in a
biochemical assay (Figure 5). Nutlin-3 bound to MDM?2 was the first example of a
crystal structure with a non-peptidic small molecule bound to MDM2.* Nutlin-3 is

today routinely used as a tool compound to study p53 biology. Other small molecule
8



inhibitors of the MDM2/p53 interaction identified by HTS include
benzodiazepinedione (I, = 80 nM)* and chromenotriazolopytrimidine (ICy, = 1.23
uM)* derivatives (Figure 5).

Phe
; Phe Ho o q
T C|\© /Og PheC/@g\;{?\j@Trp QNIB':?
,,,.EN\ C y g co N@}Q

(O E LEY

Leu
Trp

Nutlin-3 Benzodiazepinedione Chromenotriazolopyrimidine

Figure 5. Examples of type II mimetics as MDM2 inhibitors, curved lines represent the Phe-, Trp-
and Leu-pockets of MDM2.

1.3.3 Type III inhibitors

Type III inhibitors or a-helix mimetics consist often of non-peptidic scaffolds that
mimic the topography of an a-helix and can position the substituents in the same
spatial orientation as the 7, /+4 and /+7 amino acid side chains of the p53 helix.* In
comparison to type II, which do not mimic the helical conformation of the backbone,

the type III inhibitor scaffolds are generally more extended.

Hamilton and co-workers identified the first type III mimetics, the terphenyl
derivatives (Figure 6).”' They recognised that a terphenyl scaffold in a staggered
conformation places the or#ho substituents to mimic the 7 /+3(4) and /+7 residues of
an o-helix and terphenyl-1 has a K; = 0.182 uM against MDM2 (Figure 6).”* Inspired
by the terphenyl scaffold, a number of type I1I mimetics has been reported.*>> Wilson

and co-workers have reported the oligobenzamide scaffold as useful MDM?2 inhibitors



(ICs, = 1.0 uM).>* Additional type IIT mimetics include pyrrolopyrimidine (K; = 0.62

* Fasan et al. have reported §-

uM)> and spirooligomer (K, = 0.4 uM) derivatives.
hairpin-based MDM2 inhibitors.”” It was identified that a 3-hairpin could function as a
scaffold and hold amino acid side chains in the correct relative positions mimicking
the a-helix of p53. The most potent derivative found had an ICy, of 140 nM (Figure
6).” B-Hairpins do not per definition fit into this group as type I1I mimetic scaffolds
often are non-peptidic, but they can be placed in this group since the B-hairpin can

place the Leu, 6CITrp and Phe residues in the same spatial orientation as the 7 /+4 and

+7 residues in an a-helix (Figure 6).

The type III mimetics have the possibility to be used against different PPIs having an
a-helix at the interface just by exchanging substituents. This has been illustrated by
terphenyl derivatives disrupting the Bcl-x;/Bax interaction in addition to the

MDM?2/p53 interaction.”

10



CO,H

Terphenyl scaffold Terphenyl-1

NH Spirooligomer

A

SZNH,

CO,H

Oligobenzamide Pyrrolopyrimidine

[B-Hairpin

Figure 6. Examples of type 111 mimetics as inhibitors of MDM2.

There ate currently seven small molecule MDM2/p53 interaction inhibitors in clinical
trials and representative examples are shown in Figure 7.* All these can be classified as
type II mimetics. Hoffman-ILa Roche has two MDM2 inhibitors in clinical trials
(RG7112 and RG7388). RG7112 has been evaluated against different cancers
including sarcoma, myelogenous leukemia and hematologic neoplasm.”**’ RG7388 is a

second generation MDM2/p53 inhibitor, more potent and selective than RG7112 and

11



is investigated against solid and hematological tumours.®’ Additional MDM2/ p53
interaction inhibitors in clinical trials include MI-77301** and AMG 232% (Figure 7).

@

@ \

Szo

RG7112, RO5045337 RG7388
|C50 =18 nM |C50 =6nM

MI-77301, SAR405838 AMG 232
k = 0.88 "M ICso = 0.6 NM

Figure 7. MDM2 inhibitors in human clinical trials, the curved lines represent the Phe-, Trp- and
Leu-pockets of MDM2.
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2  Methods Used for Biological Evaluation

There are different methods available to evaluate small molecules as inhibitors for
PPIs. In the following section principles for the biochemical methods used in this

thesis are presented.

2.1 Fluorescence polarisation assay

When a fluorescently labelled ligand is excited by polarised light the emitted light will
have a polarisation that is inversely proportional to the rate of tumbling in solution.”>**
The fluorescence polarisation (FP) assay takes advantage of this observation. A
schematic illustration of the principles of the FP-assay is outlined in Figure 8. When a
fluorescently labelled peptide-protein complex is excited by light the emitted light will
be mainly polarised as an effect of the slow tumbling of the complex in solution. In

comparison, when an unbound fluorescent peptide is excited the faster tumbling in

solution will result in depolarisation of the emitted light.

Excitation Emission

Polarised light Slow rotation Mainly polarised light
={ @)= @ DS
Fast rotation Depolarised light

Figure 8. Schematic illustration of the FP-assay, % = fluorophore, ® = a peptide or nucleic acid,
= protein.



In drug discovery the FP assay is routinely used in HTS, often as a competitive assay
where a decrease of the FP signal indicates binding of an unlabelled ligand to the
protein. The FP technique has been used to study a range of different molecular

interactions such as protein-protein, protein-DNA and protein-ligand interactions.

2.2 Surface plasmon resonance assay

In the surface plasmon resonance (SPR) a protein is immobilised on a functionalised

gold surface.”>%

When the surface is illuminated with polarised light, the light will be
reflected by the gold surface acting as a mirror. The basic principles of the SPR assay
are illustrated in Figure 9. Changing the angle of the illuminated light the reflected
light intensity will change and will eventually pass through a minimum (Figure 9B). At
that angle, called the SPR angle, the light will excite so called surface plasmons,
inducing surface plasmon resonance. In an SPR measurement the SPR angle is
measured first with only the protein immobilised on the surface (Figure 9A). The SPR
angle is dependent on changes in the refractive indexes on both sides of the gold
surface and a change in angle is directly proportional to the amount of material located
on the surface. The change is measured in resonance units (RU), where 1 RU =1
pg/mm?). The refractive index on the same side as the light source will not change but
the refractive index on the other side changes upon binding of e.g. a ligand to the
immobilised protein (Figure 9AIL). When the ligand is washed away the SPR angle will
decrease (Figure 9AIIIL). The change in angle can be observed in a sensogram (Figure
9C). The changes in SPR angle can be measured in real time and the on-rate (k,, (M s
") and off-rate (k. (s)) constants can be obtained. The dissociation constant (K,
(M)) can be obtained from the ratio of k ; and k_, or by plotting the response obtained

against the concentrations.

14



Gold coated
surface G
\—/
SPR Shifted Shifted
Polarised light angle  Detector SPR SPR
angle angle
B C
) A
Intensity RU
of reflected "
light (%) ol
| 1]
a b - a -
SPR angle Time (s)
Figure 9. Schematic illustration of SPR, = immobilised protein, @ = ligand. (A) 1. The SPR

angle is measured of the immobilised protein in the absence of ligand. II. Upon binding of the ligand
the SPR angle increases. III. Removal of the ligand by washing decreases the angle; (B) The SPR
angle changes from a to b upon binding of a ligand; (C) Sensogram of a typical SPR measurement of
one concentration (RU = resonance units (pg/mm?)).

2.3 Water-ligand observed v7a gradient spectroscopy

Water-Ligand Observed zia Gradient SpectroscopY (WaterLOGSY) is a 1D-NMR
spectroscopic technique based on the NOESY experiment used for detecting ligand-
protein interactions.””® In the WaterLOGSY expetiment, bulk water is excited and
during a mixing time (up to several seconds) the magnetisation is transferred to the

ligand via the protein-ligand complex (Figure 10).
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Chemical exchange

Figure 10. Schematic illustration of the principles of water-ligand observed via gradient spectroscopy

(WaterLOGSY). @ = ligand, = protein and ® = bulk water. © = water molecules at the
protein-ligand interface or labile protein protons that have been exchanged with protons from the
excited water. Example of the different cross-relaxation pathways are shown as black double headed
arrows.

The magnetisation is transferred »iz "H-'H cross relaxation and there are two major
relaxation pathways. The first is direct cross relaxation from water molecules at the
protein-ligand interface and the second »a chemical exchange of protons from the
excited water with exchangeable protein protons such as NH and OH protons. As a
result ligands that bind to the protein will have the same NOE as the protein.
Opposite signs for ligands that bind to the protein and nonbinding ligands are
observed. In WaterLOGSY the binding ligands are commonly reported as positive

signals and the nonbinding are reported as negative signals in the WaterLOGSY

spectra (Figure 11).
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Figure 11. Schematic representation of a WaterLOGSY experiment. (A) 'H NMR spectra of two
compounds x (blue) and y (orange); (B) WaterLOGSY spectra of x and y, where a positive signal

from x (blue) indicates binding to protein and negative signal from y (orange) indicates no binding to
the protein.
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3 Aims of the Thesis

The overall aim of this thesis was to investigate whether 8-(triazolyl)purine and 2,5-
diketopiperazine could act as scaffolds for novel a-helix mimetics, and if derivatives of
these and B-hairpin peptides could act as inhibitors of the MDM2/p53 protein-protein

interaction.

The specific objectives of the thesis were to:

e Investigate the B-hairpin motif as a scaffold for MDM?2 inhibitors. Evaluate if a
higher population of B-hairpin conformation in solution improves the
inhibitory activity of MDM2/p53 interactions. Investigate the preferred
conformations in solutions by a NAMFIS analysis, i.e. a combined NMR

spectroscopic and computational technique.

e Design, synthesise and biochemically evaluate 8-(triazolyl)purine as a scaffold
for a-helix mimetics acting as MDM2 inhibitors. In addition, determine the

photophysical properties of the obtained compounds.

e Design, synthesise and biochemically evaluate 2,5-diketopiperazine as a scaffold

for a-helix mimetics acting as MDM?2 inhibitors.
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4  B-Hairpins as Inhibitors of the MDM2/p53 PPI
(Paper I)

4.1 B-Hairpins

The B-hairpin motif in a peptide is constructed by two antiparallel 3-strands connected
by a loop or a turn. The B-hairpin motif is present in numerous biomolecules and is
important for the recognition and interaction with their targets.”” Furthermore, B-
hairpin motifs have been used as model substrates for understanding eatly stage
protein folding”' and have also been investigated as peptidomimetics targeting e.g.
PPIs such as the MDM2/p53 interaction (see Figure 6, section 1.3.3), proteases and
bacteria where the main mechanism of action involves lysis of the bacterial cell

membrane.”>”?

There are different types of B-turns and they are defined by the @ and W dihedral
angles of the 7 +1 and 7+2 amino acids in the turn (Figure 12). In this thesis only the
type I and II"” turns will be considered. They consist of four amino acid residues (7
i+1, 742 and /43) and are defined by ®(+1) = 60°, W(F+1) = 30°, ®@F+2) = 90°,
YE+2) = 0° and @@E+1) = 60°, W(E+1) = -120°, O@F+2) = -80°, W(+2) = 0°,

respectively.”

i+2 )
Ri+2q) O‘IIMZR"J'S R H

0}
ST
In &
S

B-turn B-strands

S]

o
_I__
U0 o

Figure 12. Schematic representation of a $3-hairpin structure, the B-turn is shown in the square
together with the dihedral angles defining the turn structure.
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4.1.1 Design of stable B-hairpins

When designing a stable B-hairpin there are some important factors to consider such
as turn sequence, interactions between side chains and intramolecular hydrogen
bonding.” Popular turn sequences that promote B-hairpin folding include p-Pro-Gly ,
Asp-Gly and D-Pro-Pro.”” Side chain interactions such as aromatic, hydrophobic and
hydrogen bonding between side chains enhance the stability. Typically interstrand
interactions refer to interactions between residues directly opposite to each other in
the hairpin e.g. Trp-zippers (Trp-Trp interstrand interactions).”” B-Branched amino
acids e.g. Val have been shown to extend the B-strand backbone conformation which
in turns also stabilizes the B-hairpin conformation.”” Interstrand hydrogen bonding
from both the backbone (carbonyl oxygen and amide hydrogen) and side chain
interactions” also promotes B-hairpin folding.” Moreover, cyclisation also facilitates

B-hairpin folding.”

4.2 Solid phase peptide synthesis

Solid phase peptide synthesis (SPPS) was first reported by R. B. Merrifield and is the
standard method for preparing peptides.”” SPPS uses a solid support on which a
peptide can be synthesised in a sequential process in the C-terminal to N-terminal
direction. The general principles for SPPS are outlined Scheme 1 and consist of four
basic steps.”® The first step involves attachment (I) of the first amino acid iz the
carboxylic acid to the resin (solid support and linker). This step is however often not
needed due to the large number of commercially available resins on which the first
amino acids is already attached. The linker can be attached to both the C- and IN-
terminal of the amino acid, but attachment to the C-terminal is most often used.

Second, deprotection of the N-terminal (II) followed by the coupling step (III), where
22



one amino acid is coupled to the growing peptide using a peptide coupling reagent.
Steps 11 and III are repeated 7 times for an #»+1 amino acid long peptide. The fourth
and final step is cleavage of the peptide from the solid support (IV) to provide the free

peptide.

l I ‘ = Solid support

O = Linker

. = Side chain protecting group

o) -
N = N-Terminal protecting group
O H

Il R = Amino acid side chain
l | = Attachment

Il = N-Terminal deprotection

(0]
‘_O/ #NHZ Il = Coupling
O

l M IV = Cleavage

ln repetitions

o~ Nl
]
SN WA Y o

Linear peptide Towards cyclic peptide

Scheme 1. Schematic illustration of the principle steps in solid phase peptide synthesis (SPPS).

Depending on whether the final product is a linear or cyclic peptide the side chain
protecting groups can be cleaved simultaneously with the linker or as a separate step,
respectively. Every coupling can be driven to completion by the use of excess reagents

which typical gives higher yields. In between each step, excess reagents and possible
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soluble side products can be easily separated from the growing peptide by filtration
and washing. Essential issues to consider for SPPS are protecting groups for the IN-
terminal and the side chain functional groups, the solid support, the linker and choice

of peptide coupling reagent.

The choice of the protecting groups in SPPS is crucial for the reaction outcome and
the N-terminal protecting group decides the overall synthetic strategy.” The N-
terminal and side chain protecting groups need to be orthogonal and/or compatible.**
Orthogonal protecting groups are cleaved using different conditions (e.g. basic or
acidic) in contrast to compatible protecting groups which are cleaved by the same
conditions but often with different rates. The two major protecting group strategies

used in SPPS are the Boc/Bn or the Fmoc//Bu strategies (Figure 13), where Boc and

Fmoc are the N-terminal and Bn and /Bu are the side chain protecting groups.

Fmoc/tBu strategy Boc/Bn strategy
D= (L)
(@)

O. Oi HJ\FO )(o j\fo

Fmoc

Figure 13. Protecting group strategies used in SPPS, serine is used as an example, @ = resin.

Fmoc and /Bu are orthogonal protecting groups as the Fmoc group is cleaved under
basic conditions and the /Bu under acidic. The Fmoc//Bu strategy has been used in

the thesis and will therefore be the only strategy discussed further.

For routine SPPS crosslinked polystyrene (PS)-based resins are used as solid support.*

When more hydrophilic resins are required crosslinked polyamide-based resins and
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composite PS-polyethylene glycol based resins are available. The linker used in SPPS
should be orthogonal to the N-terminal protecting group and there are several linkers
available, e.g. acid or base-labile linkers as well as allylic linkers that are cleaved under
close to neutral conditions through a palladium(0)-catalysed allyl transfer to a
scavenger nucleophile. The linker used in the Fmoc//Bu strategy is often acid sensitive
and compatible with the side chain protecting groups (Bu). The linker is often cleaved
under milder acidic conditions than the side chain protecting groups. Examples of acid
labile linkers include trityl linkers and 4-(4-hydroxymethyl-3-methoxyphenoxy)butyric
acid (HMPB) linkers.*

For a peptide coupling to be efficient the carboxylic acid needs to be activated towards
a nucleophilic attack by the amino group of the amino acid on the resin, the activation
is often accomplished by the use of peptide coupling reagents to introduce an

electron-withdrawing group (EWG) (Scheme 2).

o O#NHZ
o (0]

i H Coupling reagent y O i H
HO N g reagent __ EWG. N - ‘_o/ N <
o H

Scheme 2. Schematic illustration of the use of peptide coupling reagents in a peptide coupling,

EWG = electron-withdrawing group, © = N-terminal protecting group, ®= side chain protecting

group, @ = iesin.

Examples of peptide coupling reagents include the carbodiimides (e.g. DCC),
imidazolium reagent (CDI), aminium/uronium reagents (e.g. HATU and TBTU) and
phosphonium reagents (e.g. PyBOP) (Figure 14).* In SPPS aminium/uronium and

phosphonium reagents are generally used.*

25



Carbodiimide Phosphonium salt Aminium/uronium salt

{ n=en— )

Q ©

DCC " = N 0
NON PF No-N® o NO o
o @ | N PR N BF,
Imidazolium O-p N<:| N , N
/
JOL ’ N \ %\
NTONTONTY PyBOP \ \
=l CDI\§/ HATU TBTU

Figure 14. Examples of commonly used peptide coupling reagents.

4.3 Conformational studies of B-hairpins

Techniques available for studies of B-hairpin conformation include NMR, CD and IR
spectroscopy.”’ In this thesis NMR analysis of molecular flexibility in solution
(NAMFIS) has been utilised for conformational studies. The method is based on
geometrical constrains (interproton distances and dihedral angles) obtained from
NMR spectra.”” The obtained constrains are then converted to an ensemble of three-

dimensional structures.

4.3.1 NMR analysis of molecular flexibility in solution

NAMEFIS is a combined NMR spectroscopic and computational technique and can be
used to determine the conformational ensemble of a compound in solution.”

NAMFIS has previously been used to determine the solution conformations of both

78,88-89 90-91

and small molecules.

peptides

Two variables are used as input data in the NAMFIS analysis (Figure 15), first the
experimentally obtained dihedral angles (@}, \ ¢, ;) and interproton distances derived

from ]y, nn coupling constants and NOE-correlations, respectively. The second
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variable is the back-calculated distances and dihedral angles of a theoretical ensemble
derived by a constraints free Monte Catlo conformational search. The *J ¢y, \y; coupling
constants are related to the conformation through the dihedral angles which are
obtained using the Karplus equation. For the study of peptides a Karplus equation
especially developed for peptides is utilised.””” The NOE cotrelations are obtained

from NOESY build-up experiments.

NMR Spectroscopic Methods
NOE-correlations (Interproton distances)
3J couplings (Dihedral angles)

> | NAMFIS Analysis } — { Population probabilities

Monte Carlo Calculations
Conformation ensemble
(Interproton distances and
Dihedral angles)

Figure 15. Schematic illustration of the NAMFIS analysis

NAMFIS analysis deconvolutes experimental, time-averaged data using the
theoretically available conformations to identity the conformational ensemble that best
fits to all expetimentally obtained data (NOE and i,y simultaneously. NAMFIS
computes the probability of the theoretically available conformations (Figure 15).*
The quality of the fit of the experimental and computed data is expressed as the sum

of square differences (SSD), for which a lower value represents a better fit between

the data.”
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4.4 B-Hairpins as MDM2 inhibitors (Paper I)

Fasan ¢# al. have reported B-hairpins as inhibitors of MDM2/p53 interactions, from a
series of 78 investigated peptides inhibitor I shown in Figure 16A was most active.””
B-hairpin, I, can place the Leu7, 6CITtp8 and PhelO residues in analogy with the 4
+3(4) and 7+7 residues of the p53 helix. A crystal structure of I with MDM2
confirmed that Leu7, 6CITrp8 and Phel0 of I bind to the MDM?2 pockets and showed

that the bioactive conformation of peptide I can be a B-hairpin conformation.”®

B
Trp 5 Glu 4 Phe 3
Gln 5 Ser 4 Val 3
HN
Asp 6 Ppro2 Gly6 PPro 2
oA, \)LN Q JkIr
HO HN H o 7~ COOH
o HooC J 2 “Ho”
H
N JiNj(\ )j\r \/H
Leu 7 Pro 1 Asn7 Gly 1
HoN
6C|Trp 8 Glu9 Phe 10 Val 8 R9 Ala 10
al II:R=OH

| I:R = CH3

Figure 16. (A) A previously published B-hairpin inhibitor of the MDM2/p53 interaction, with the
numbering of amino acids used in this thesis; (B) Structure of cyclic B-hairpins used for the
investigation of interstrand hydrogen bonding. R = CH; or OH.

Danelius ¢ al. have found that interstrand hydrogen bonding facilitates {-hairpin
formation in solution.” Peptides II and III were used as model substrates, where II
(R = OH) has the ability to form an interstrand hydrogen bond whereas III (R =
CH;) does not (Figure 16). NAMFIS analysis of the two peptides revealed that an
interstrand hydrogen bond facilitates [-hairpin folding in solution and a clear

difference of peptides II (R = OH) and III (R = CH,;) could be observed where the

28



former exhibits 88% probability of folded conformation in solution compared to 50%

folding in the absence of the interstrand hydrogen bond.

Based on these findings it was decided to further investigate B-hairpins as MDM?2
inhibitors and evaluate if a higher 3-hairpin population in solution would increase the

binding affinity to MDM2.

4.4.1 Design of B-hairpins

Peptide I was used as a starting point and low energy conformations of a series of
peptides were explored with conformational analysis by Monte Carlo Multiple
Minimum (MCMM) in MacroModel.”” OPLS-2005 was used as force field together
with the Born water solvation model. Estimated B-hairpin populations were predicted
from the identified low energy conformations and peptides 1-3 were selected for
further investigation. The following modifications of I, aiming for a more stable -
hairpin were performed to obtain 1 (Figure 17). First the turn sequence was formed by
Glyl-p-Pro2 instead of Prol-p-Pro2, as it is a known turn inducing sequence and has
proven successful for peptides II and III (Figure 16B).”” In order to make the
interstrand hydrogen bonding interaction between side chains possible the glutamic
acids (Glu4 and Glu9) in I were replaced by serines (Ser4 and Ser9) in 1. Peptides 2
and 3 were designed in order to investigate the possibility of halogen bonding in the
binding pocket of MDM?2 by introduction of a 4-chlorophenylalanine (4CIPhe8) and
4-bromophenylalanine (4BrPhe8), respectively (Figure 17). In addition, 4-chloro- and
4-bromophenyl could serve as alternatives to the 6-chloroindole moiety of 1. An
additional carboxylic acid containing residue was introduced in peptides 2 and 3
(Glu5) (Figure 17). Studies of small molecules as inhibitors of MDM2 have shown that
a carboxylic acid moiety pointing out towards the solvent/hydrophilic surface of
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MDM2 can facilitate additional interactions with His96 and Lys94 of MDM2 via

hydrogen bonding and/or ionic interactions.*

Trp 5 Ser 4 Phe 3
HN
Asp 6 Ppro 2
O
N
HO 0
HN / OH O
(@)
)\i\m N_—‘(\ WGIy 1
Leu7 =
HN
6CITrp 8 Ser9 Phe 10
Cl
1
Glu 5 Ser 4 Phe 3 Glu 5 Ser4 Phe 3
OH
Asp 6 H{ DPro 2 Asp 6 H( DPro 2
HO HN "/O HO HN / _OH o "/O
N—n/\ 71// )\i\ N—n/\ 7;4
Leu?7 Gly 1 Leu?7 Gly 1
Cl Br
4CIPhe 8 Ser9 Phe 10 4BrPhe 8 Ser9 Phe 10
2 3

Figure 17. Structures of the investigated cyclic peptides 1-3.

4.4.2. Synthesis of B-hairpins

Peptides I and 1-3 (Figure 16A and 17) were synthesised using combined solid phase
and solution phase peptide synthesis. Synthesis of 2 and 3 is outlined in Scheme 3. The
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linear peptides were first synthesised on a 2-chlorotrityl resin (starting from glycine-2-
chlorottityl) following the Fmoc//Bu strategy (see section 4.2) using a PS3 Peptide
Synthesizer. Double peptide couplings were performed using TBTU as coupling
reagent and DIPEA as base in DMF. In a double coupling protocol two sequential
couplings with the same amino acid are performed, to ensure high yields in the peptide
synthesis. Piperidine in DMF was used for the Fmoc deprotection. The linear peptide
was cleaved from the resin using 1% TFA in DCM. The linear peptide was cyclised
following a previously published procedure by Malesevic e /. Peptide cyclisation is
often performed under high dilution conditions (10 to 10* M) in order to avoid
polymerisation and as a result large solvent volumes are necessary. In the cyclisation
protocol used the coupling reagent (HATU) and the linear peptide are added
simultaneously from two separate syringes using a syringe pump (rate 0.03 ml/min) to
a reaction vessel containing the base (DIPEA). The slow addition resulted in a low 7
sitn concentration of the linear peptide and hence reduced the risk of polymerisation.
Next the side chain protecting groups (Bu and Boc) were cleaved using a mixture of
TFA, distilled water and TIPS. The trialkylsilane is used to scavenge the formed Bu
carbocation in the deprotection.”™ Peptide 2 and 3 were obtained after purification

using RP-HPLC.

Peptides 1 and I were synthesised starting from serine-2-chlorotrityl and glutamine-2-
trityl resins, respectively, using the same protocol as for 2 (see Appendix 3 and 4).
Peptide I was synthesised in order to be used as a reference in both the biological

evaluation and solution conformational analysis.
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Scheme 3. Synthesis of 2 and 3. Reagents and reaction conditions: (a) (i) Fmoc-AA-OH, TBTU,
DIPEA. (ii) Acetic anhydride. (iif) 20% piperidine in DMF. Nine consecutive cycles with: Fmoc-p-
Pro, Fmoc-Phe, Fmoc-Ser(Bu)-OH, Fmoc-Glu(Bu)-OH, Fmoc-Asp(Bu)-OH, Fmoc-Leu, Fmoc-4-
X-Phe, Fmoc-Ser(Bu)-OH, Fmoc-Phe. (b) (i) 20% piperidine in DMF. (i) 1% TFA in DCM. (c¢) (i)
HATU, DIPEA, DMF. (ii) TFA:H,O:TIPS (95:2.5:2.5)
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4.4.3 Conformational analysis of peptides I and 1-3

The structures were assigned using TOCSY-NOESY sequential backbone walking.”
Amide temperature coefficients (A8y,;;/AT), scalar couplings (*J ey, npy) and Ha proton
chemical shifts were determined for peptides I and 1-3 (Table 1). The temperature
dependence of DMSO-d; was accounted for when determining the amide temperature
coefficients.'” An amide temperature coefficient <3 indicates strong intramolecular
hydrogen bonding, whereas an amide temperature coefficient >5 indicates that the
amide protons are solvent exposed. Amide protons that are in equilibrium between

solvent exposed and intramolecular hydrogen bonding have coefficients between 3

and 5.

Table 1. Amide proton temperature coefficients (Ady,,/AT, 298-318 K), scalar couplings (*J¢;y, i)
and chemical shifts (8, )for peptides I and 1-3

Peptide
Adnu/AT (ppb/K)P 3JcHu,NH OH«

Residue? I 1 2 3 I 1 2 3 I 1 2 3
1 - 10.0 9.3 8.1 - - - - 1422 352/3.60 3.58 3.52
2 - - - - - - - - | 446 4.20 4.22 422
3 57 81 74 7.6 - - 7.8 7.5 [4.90 4.68 4.78 4.79
4 8.8 11.8 94 9.6 - 7.4 - 7.3 | 4.83 4.83 4.85 4.86
5 48 55 32 31| 84 - 74 82 [4.76 4.67 4.56 4.56
6 1000 82 71 7277 54 6.1 80 |4.27 4.33 4.37 4.37
7 82 101 93 8.6 | 5.2 - - - 1348 3.64 3.65 3.64
8 6.7 85 62 61|73 73 74 8.6 |4.67 4.57 4.54 4.54
9 91 85 105 98| 79 6.6 - 7.3 | 5.02 4.80 4,70 4.71
10 37 37 35 37189 85 75 92 482 4.77 478 4.78

“For residue identity see Figure 16 and 17. *A8,,/AT were obtained from (B pigh-0710w)/ (Thigh-Tioy) a8
negative values, but are reported as positive signals in analogy with literature.'”
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Lower amide temperature coefficients are observed from the NH of residue 5 and 10
of all peptides which is expected in a B-hairpin conformation. The scalar couplings

Clemn) and Hoo proton chemical shifts obtained for peptide I and 1-3 are in

agreement with expected for B-sheets.”'*'?

0
NH
o] H N,
N NﬁQH/ 7])
H (e} (0]
HN
Cl
1
Os_OH Os_OH
0 0] 0 0
H H
© < >N N\)J\N D © N\/u\N I\D
HO H ~ H H z /I/,O

Iz
(©)
o

Figure 18. Key NOE correlations observed for peptides I and 1-3.

NOE patterns for peptides I and 1-3 are shown in Figure 18. Peptides 2-3 display
NOE patterns that are in good agreement with the expected B3-hairpin conformation

having interstrand NOE correlations. For peptide I and 1 fewer interstrand NOE
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correlations were observed (Figure 18), which might indicate less 3-hairpin folding in

solution.

NOESY build-ups were derived by running NOESY experiments in DMSO-4; with
different mixing times (200, 300, 400, 500, 600 and 700 ms). Experimental average
interproton distances (r;) between protons i and j were calculated according to the
initial rate approximation using t; = f,.¢(0,.;/ oij)a/ % where r, is the internal distance
reference which in this case are geminal protons (r,.; = 1.78A), o; is the NOE build-up
rate and o, is the build-up rate for the reference. o; were obtained from plotting the
mixing times against the normalised NOE peak areas using at least five mixing times
yielding a linear (R> > 0.98) initial NOE build-up rate. Normalised NOE peak areas
were calculated using normalisation of both cross peaks (xpeak) with both diagonal
peaks (diagpeak) according to ([(xpeakl X xpeak2)/(diagpeakl x diagpeak2)]”?).”*
Dihedral angles were derived from 3]CH%NH scalar coupling constants utilising a Karplus

equation developed for peptides.gz’93

The theoretical conformational ensemble of the peptides was identified by performing
two separate restraint-free Monte Carlo conformational searches with intermediate
torsion sampling using OPLS-2005 and Amber* as force fields. The Born water
solvation model was used in both conformational analyses. Conformations within 42
kJ/mol from the global minimum conformation were collected. The obtained
conformations were combined and in order to identify the conformational ensemble
needed for the NAMFIS analysis a redundant conformation elimination with the root-
mean-square cutoff (RMSD) of 2.5 A for heavy atoms was performed and ensembles
of 100-150 conformations of each peptide was obtained. Back-calculated interproton
distances and dihedral angles were obtained from these ensembles and used as inputs

in NAMFIS.
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For peptides I and 1-3, the set of conformations that best fitted the experimental data
(NOE and ’J ¢y, np) Was derived from the NAMFIS analyses and the obtained results
are summarised in Table 2. Peptide I was found to have least folded B-hairpin solution
conformation in DMSO (entry 1). Exchanging the turn sequence to D-Pro-Gly from
D-Pro-Pro and introducing interstrand hydrogen bond possibilities (Ser4 and Ser9) of
peptide I to 1 resulted a higher population of folded B-hairpin solution conformations
(entry 2). Peptides 2 and 3 were found to have the highest probability for folded -

hairpin solution conformation (entries 3 and 4).

Table 2. Result of the NAMFIS analysis of peptide I and 3-4.

Entry Peptide % B-hairpin
1 I 6
2 1 28
3 2 066
4 3 65

4.4.4 Evaluation of B-hairpins as MDM2 inhibitors

All four B-hairpins were evaluated for MDM2/p53 inhibitory activity using a FP-
assay.'™ The displacement of a Texas Red labelled wild-type p53 peptide bound to
MDM2 was measured. Peptide I was used as a reference displaying an 1C;, of 2.86 uM
(Table 3). Peptides 1-3 all displayed lower inhibitory activity towards MDM2, where

the most active was 3-hairpin 1 having an I1C;; of 7.56 pM.

Table 3. MDM2/p53 inhibitory activity of peptides I and 1-3 as observed in FP- and SPR-assays.

. ICso (uM 95% CI» Kp (M
Entry Peptide FP-a(ssa)z FP-assay SPR-(assa)ty
1 I 2.86 1.16-5.10 0.127 + 0.001
3 1 7.56 3.42-16.69 2.50 £ 0.02
3 2 23.94 7.72-74.30 7.0+ 0.1
4 3 10.10 5.67-17.99 5.73 + 0.09

*CI = confidence interval
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To confirm binding to MDM2, all peptides were also assayed for MDM?2 binding
using an SPR assay (Table 3) which supported the order of inhibitory activity observed
in the FP-assay,i.e. I>1>3 > 2.

The obtained results from the biological evaluations and solution conformational
analyses indicate that more stable -hairpin results in less active MDM2 inhibitors.
The conformational analyses showed an increasing stability of folding into B-hairpin in
the order I <1 < 3 = 2 in solution, which is inversely correlated to the inhibitory

activity observed, I > 1> 3 > 2.

4.5 Summary paper I

Three B-hairpin-based MDM2 inhibitors were designed aiming for a more stable 3-
hairpin conformation. Syntheses of the peptides were performed using automated

SPPS applying the Fmoc//Bu strategy followed by a head to tail cyclisation.

The inhibitory activities for all peptides were determined by running both FP- and
SPR assays using the previously published peptide I as a reference. NAMFIS analyses
provided the possible conformations in solution for peptides I and 1-3. The obtained
results showed that the molecular flexibility of the peptides is important for the
inhibitory activity, since the inhibitory activity was inversely correlated to the degree of
observed B-hairpin conformations in solution. Furthermore, the conformational
analyses revealed that incorporation of two serine residues (Ser4 and Ser9), enabling
interstrand hydrogen bonding, and replacing the D-Pro-Pro turn with D-Pro-Gly in

peptides 1-3 stabilised -hairpin folding in solution.
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5 8-(Triazolyl)purines as Inhibitors of the
MDM2/p53 PPI (Paper II and III)

8-(Triazolyl)purines have previously been developed as fluorescent nucleic acid base
analogues and stable analogues of acyl-AMP within the group.'”'” Pyrrolopyrimidine
derived a-helix mimetics with an amide functionality in the C8-position (see Figure 6
section 1.3.3) have been reported as inhibitors of MDM2/p53.” Triazoles are known
bioisosteres of the amide bond."”""* Inspired by these facts it was decided to evaluate
2,9-disubstited 8-(triazolyl)purines as o-helix mimetics and hence inhibitors of the
MDM2/p53 PPI. Further, since 8-(triazolyl)purines previously have shown fluorescent
properties it was expected that the 2,9-disubstituted 8-(triazolyl)purines should display
similar characteristics. Fluorescent small molecule a-helix mimetics could be useful as

probes to study PPIs.

5.1 Purines

A purine (imidazo[4,5-d]pyrimidine) is a heterocyclic compound constructed from a
pytrimidine ring fused with an imidazole ring (Figure 19). The purine ring is the most
common nitrogen containing heterocycle found in nature and is an acknowledged
privileged structure as it is recognised by numerous proteins including protein kinases,
reductases, polymerases and purine receptors.'>'* The purine framework is the core
structure of adenine and guanine, two out of five bases in DNA and RNA. Purine
derivatives are involved in many metabolic processes. One important example is
adenosine 5’-triphosphate (ATP) which is used as the energy storage by all living cells
(Figure 19). Potential applications of purine derivatives include treatment of cancer,
Parkinson’s disease, Alzheimer’s disease, asthma, depression, viral infections and many

more. !

Currently, purine derived drugs approved by U.S Food and Drug
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Administration (FDA) are either intended for the treatment of cancer or for use as

antiretroviral agents. For example abacavir and cladribine which are used for the

treatment of HIV/AIDS and leukaemia, respectively (Figure 19).
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Figure 19. The purine ring system with numbering of atoms and examples of purine derivatives

found in nature and in drugs.

A large set of structurally diverse purines derivatives are accessible since the purine

ring can be substituted in the N1, C2, N3, C6, N7, C8 and N9 positions.'"” There are

two main synthetic strategies used for the synthesis of functionalised purines. The first

strategy utilises a purine ring substituted with reactive functional groups that can be

modified or replaced. In the second strategy the purine ring system is synthesised

starting from substituted pytimidine and/or imidazole precursors."” In this thesis the

first strategy has been utilised for the synthesis of 2,6,8,9-tetrasubstituted purines and

will be further discussed in section 5.2.2.
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5.2 8-(Triazolyl)purines as MDM2 inhibitors (Paper II)

5.2.1 Design of 8-(triazolyl)purines as type III inhibitors

Type 111 inhibitors (see also section 1.3.3) mimic the topography of an a-helix and for
the MDM2/p53 PPI they should have the ability to position substituents in the same
spatial orientation as the amino acid side chains of one face of an a-helix (7 /+4 and
7+7) (see section 1.2). One alternative to investigate if the 8-(triazolyl)purine scaffold
could be used in type III mimetics is to compare the scaffold with an idealized «-helix

using computational methods.

Low energy conformations of the 8-(triazolyl)purine scaffold were obtained from
conformational searches by MCMM using MacroModel.” The OPLS-2005 force field
and a Born water solvation model were used. Identified low energy conformations

were then compared to an a-helix consisting of alanine residues (Figure 20).

Figure 20. (A) Schematic illustration of a type III mimetic; (B) The 8-(triazolyl)purine scaffold with
the appropriate substitution pattern; (C) Superimposition of an Ala-helix (black), with low energy
conformations of 8-(1,4-triazolyl)purine (turquoise) and 8-(1,5-triazolyl)purine (yellow). Only the 7,
/+4 and /+7 residues of the Ala-helix are shown.

The obtained results showed that 2,9-disubstituted 8-(triazolyl)purine derivatives
illustrated in Figure 20B could place the substituents in positions corresponding the 7,

/+4 and 7+7 residues of the Ala-helix (Figure 20C).
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5.2.2 Synthesis of 8-(triazolyl)purines

Retrosynthetic analysis of the 2,6,9-trisubstituted 8-(triazolyl)purine scaffold (Scheme

4) reveals the 2+3 cycloaddition as a convenient final step.

2+3 Cycloaddition

I N=N R, Sonogashira
LN ling Halogenation ,
R NH | | coup g Alkylation
o X
¥ e ARREY
N7 N-R N7 ON-R N7 ON-R NZON-R NANER N7 NH
j— p— f— - ' p—
\ \ \ ' \ \ 6 \
Re—’ "N Re— "N Re—’ "N R+ N a—’ co— N
N=( N= N= o N= N= N=(
HN-R, HN-R, HN-R; g %r  HN-R HN+R, NH,
Alkylation 2-amino-6-

chloropurine

Scheme 4. Retrosynthetic analysis of 2,6,9-trisubstituted 8-(triazolyl)purine.

The choice of catalyst in the cyclisation controls the regiochemistry of the triazole
ring. The use of a Cu(I)-catalyst results in formation of the 1,4-triazole, this reaction is
often referred to as copper catalysed azide-alkyne cycloaddition (CuAAC).'"* The
reaction can be run under mild conditions and the reaction is compatible with a
selection of different solvents. Sodium ascorbate is often added as a reducing agent
and has been shown to accelerate the rate of conversion catalysed by the Cu(l)
catalyst. Two methods for the synthesis of the 1,5-triazole are available, the first using

119-121

a Ru(Il)-catalyst and the second being a metal free method using KOH or

tetramethylammonium hydroxide in DMSO."*

The alkyl- and benzyl azides can be
formed prior to use or in sitn from alkyl or aryl halides and sodium azide.'*"'*"** The
large number of commercially available alkyl and aryl halides enables a large chemical

variation in the position of the R, substituent (Scheme 4). The palladium catalysed
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Sonogashira C-C coupling is a standard protocol for aryl-alkyne couplings'® and can
be used to introduce the terminal alkyne needed for the triazole formation in the C8-
position of the purine. Before the C-C coupling the C8-position needs to be activated,
generally through introduction of a halide, most often bromine. This reaction
sequence, bromination, Sonogashira coupling followed by triazole cyclisation has
previously been described for the synthesis of 8-(triazolyl)purines.'”'""'*® The R,
substituents (Scheme 4) can be introduced iz nucleophilic aromatic substitution from
the corresponding halide."”'*" The R, and R, substituents can be introduced viz N9
alkylation followed by reductive amination or alkylation of the 2-amino group
(2N)."** 7 Alkylation in the N9-position can be accomplished using alkyl halides under
basic conditions e.g. potassium carbonate in DMF."*® A Mitsunobu protocol for the
introduction of substituents in the N9 and 2N-positions has been reported and could
serve as an alternative route.”' " The commercial availability of 6-chloropurines
makes this an suitable synthetic strategy for the synthesis of 2,6,9-trisubstituted 8-

(triazolyl)purines.

5.2.3 Synthesis of 8-(triazolyl)purines as type III inhibitors

A series of hydrophobic substituents (R, ;) was selected since the hot spot residues
(Phel9, Trp23, Leu29) of the p53 helix are all hydrophobic and interact with a
hydrophobic pockets of MDM?2 (see section 1.2).

The initial route for the synthesis of 2,6,8,9-tetrasubstituted purines is outlined in
Scheme 5. Starting from 2-amino-6-chloro purine (4), alkylation at N9 using an alkyl
bromide, and potassium carbonate as base in DMF afforded 5a-c in reasonable
isolated yields (59-73%). Unfortunately, the introduction of the R, substituent at 2IN
using a previously published reductive amination protocol using NaCNBH; as the
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reducing agent proved unsuccessful as only trace of product could be observed by
LCMS analysis.”” The main product obtained was the alcohol derived from the
reduction of the aldehyde. Other conditions and reducing agents (e.g. NaBH(OAc),)
was evaluated but did not improve the outcome in this reaction, the low reactivity of

the 2N amino group might be an explanation.

Reductive amination

N7 NH NPN-R or NN-R
a Alkylation
A\ A\ > A\
ca— N — o< W > o—"
N=( N=( N=(
NH2 NH2 HN_R2
4 5a: R{=PheEt, 93% 6

5b: R1=Bn, 59%
5c: Ry=2-methylpropenyl, 73%

Scheme 5. Initial route towards 2,6,8,9-tetrasubstituted purines. Reagents and reaction conditions:
(a) K,CO; (1-1.2 eq.), R;-Br (1-1.5 eq.), r.t., DMF.

Attempts to introduce R, by alkylation with at 2N benzyl halides, potassium iodide
and potassium carbonate as base resulted in a mixture of mono- and di-substituted

products. Therefore, alternative routes for the 2,9 substitution were investigated.

Fletcher e al.”'"** have published a protocol that involves two sequential Mitsunobu
reactions, first at the N9- followed by the 2N-position, as the key steps. It was found
that Boc protection at 2N improves the solubility in organic solvents and also activates
the amine for a Mitsunobu reaction. Regioselectivity is believed to be obtained from
the difference in acidity of the amines in 2- and 9-position as well as from the steric
hindrance that the Boc group provides. Starting from 2-amino-6-chloropurine (4) the

Boc group was introduced and 7 was isolated in 92% yield (Scheme 6).

44



N? NH N7 NH NZN-Rs NZNR N7 N-Rs
a b c /3 d /3
—_— \ —_— \ —_— —_—
Cl 4 \N Cl 4 N Cl 4 N Cl _ N Me,N _ N
N=( N= N=( N=( N
NH, NHBoc NHBoc BocN-R; HN-R;
4 7:92% 8a: Ri=PheEt, 74% 9a: Ry=PheEt, 10a: R{=PhekEt,
8b: R=Bu, 91% R,=Bn, 94% R,=Bn, 95%
8c: Ry=cyclopentylmethyl, 86% 9b: R4=/Bu, 10b: R4=/Bu,

R,=1-NaphMe, 91%

9c: Ry=cyclopentylmethyl,

R,=Bn, 82%

R,=1-NaphMe, 94%
10c: R4=cyclopentylmethyl,
R,=Bn, 82%

Scheme 6. Synthesis of compound 7-10. Reagents and reaction conditions: (a) (i) Boc,O (1.1 eq.),
DMAP (0.05 eq.), 0 °C — r.t., DMSO. (ii) NaH (1.4 eq.), r.t., THF. (b) R,OH, DIAD, Ph,P, r.t., THF.
(c¢) R,OH, ADDP, #Bu,P, r.t., THF. (d) MW, 180 °C, DMF.

Applying the method by Fletcher ez a/. 8a-c were isolated in 74-91% yield after the first
Mitsunobu reaction and 9a-c in 82-94% yield after the second Mitsunobu reaction
(Scheme 6). The dimethylamino group was introduced in the 6-position by a
nucleophilic aromatic substitution using microwave heating in DMF at 180 °C. Under
these conditions dimethylamine is formed ## sit# from decomposition of DMF."*
Furthermore, the Boc protecting group is also cleaved under these reaction conditions

affording 10a-c in 82-95% yield.

In order to activate C8 for C-C-cross coupling it was decided to brominate the C8-

position. Standard protocols for the introduction of a bromine (e.g. N-
bromosuccinimide (NBS) or Br,) in the C8-position resulted in low yields and difficult
purifications. It was found that pyridinium tribromide (PyrBr;) could be used and 11a-
c could be isolated in 84-93% yields (Scheme 7). The findings concerning bromination

with pyridinium tribromide will be discussed separately in section 5.3.
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N=( N=( N= T
HN-R, HN-R, HN-R, NeN
i» N N~R
10a-c 11a: Ry=PhekEt, 12a: R4=PhekEt, 3
R2=Bn, 93% R2=Br'|, 73%
11b: R4=iBu, 12b: R4=iBu, NZN-Ri
R,=1-NaphMe, 84% R,=1-NaphMe, 74% \
11¢: Ry=cyclopentylmethyl, 12¢: Ry=cyclopentylmethyl, N—" N o _
R,=Bn, 90% R,=Bn, 57% / N=< 14a.RR1éInBUZ,2F§/2—1-NaphME,
3=Bn, 22%
NH  14b: Ry=PheEt, Ry=Bn,
R, Ry=iBu, 4%

Scheme 7. Synthesis of compounds 11-14. Reagents and reaction conditions: (a) PyrBr,, DCM.
(b) (i) PAd(II)CL,(PPh,),, Cu(D)I, Amberlite IRA-67, TMS-acetylene, MW, 110 °C. (i) PS-F, r.t., THF.
(c) NaN,, Ry-X, Cu(D)I, NaAsc, DMEDA, DMF. (d) NaN,, R;-X, Cp*RuCI(PPh,),, MW, 120 °C,
DMF.

The terminal alkyne was introduced in the C8-position of 1la-c using trimethylsilyl
(TMS) acetylene in a Sonogashira type C-C-cross coupling catalysed by PdCL,(PPh;),
and Cul. TMS deprotection of the crude product using polymer supported fluoride

provided 12a-c in 57-74% yield over two synthetic steps.

As mentioned above in section 5.2.2 the regiochemistry of the triazole can be
controlled by the choice of catalyst. The 1,4-triazole (13a-c) were obtained in 55-82%
yield in the CuAAC. To avoid isolation of low molecular weight alkyl azides, which are
potentially explosive, zsobutyl azide was pre-formed by microwave heating of zssbutyl
bromide and sodium azide in DMF at 100 °C for 30 min followed by addition of
alkyne, sodium ascorbate, Cul and DMEDA. Ruthenium catalysed cyclisation afforded
the 1,5-triazoles 14a-b in 4-22% yield. Full conversion of the starting material could be
observed by TLC and/or LCMS analysis, the obtained products were difficult to

purify and therefore low yields were obtained.
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5.2.4 Evaluation of the purine type III mimetics as MDM2 inhibitors

The type III mimetics 13a-c and 14a-b were evaluated as MDM?2 inhibitors in an FP-
assay (section 1.2 and 4.4.4) in concentrations up to 47 uM. Unfortunately, all
compounds were found to be inactive at the tested concentrations. The aqueous
solubility of 13c was determined to 0.3 uM at pH 7.4 which is too low to be practical
for biological studies making it difficult to run the FP-assay at higher concentrations.
To further investigate why this series did not show any inhibitory activity against the
MDM2/p53 interaction it was decided to investigate the solution conformations by a

NAMFIS analysis.

5.2.5 Conformational analysis of 13a and 14a

A NAMFIS analysis provides information of probable conformations present in
solution (see section 4.3.1 and 4.4.3 for details about the NAMFIS analysis) and it was
decided to use this method to further investigate if the 8-(triazolyl)purine scaffold
could place the substituent in the same spatial orientation as an a-helix. The
conformation of the triazole ring in relation to the purine ring determines the relative
positions of the R; and R; substituents and is therefore suitable to investigate in a
NAMFIS analysis. The solution conformation in DMSO of 13a and 14a was
investicated and the distances were determined by running NOESY build-up

experiments. The obtained key NOE correlations are shown in Figure 21.
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Figure 21. Key NOE-correlations observed for 14a and 13a indicated by the bent arrows.

The experimentally obtained distances (NOE) were fitted to the theoretical distances
from the calculated conformations of 14a and the NAMFIS analysis resulted in six

possible conformations in solution (Figure 22).

Figure 22. Conformations of 14a found by the NAMFIS analysis. (A) An overlay of the six
identified conformations; (B) Side view and (C) top view of one of the conformations. For
clarification the naphtyl substituent has been removed in these figures.

The ensemble includes conformations that can place the substituents mimicking the
/+4 and /+7 side chains of an idealized a-helix. The R; substituent (naphthylmethyl) in
position 2N was excluded from the analysis since the goal of the conformational
analysis was to determine the distance and orientation of the R, = zobutyl and R, =

benzyl substituents relative to each other.

48



Only two NOEs were observed describing the conformation of the triazole ring in
relation to the purine ring for 13a (Figure 21). In this case, two correlations were not
sufficient for a NAMFIS analysis. There are no alternative NOE correlations observed
from 13a that could describe the conformation of the triazole ring in relation to the

purine ring.

In summary, the results from the NAMFIS analysis showed that the 8-(triazolyl)purine
scaffold should be able to place the R, and R; substituent in the same spatial
orientation as the /+4 and 7+7 residues of an idealised a-helix and hence be suitable as
a-helix mimetics (type 11 inhibitor). Since the compounds were inactive as inhibitors
of the MDM2/p53 interaction at the concentrations evaluated in the FP-assay and
they showed solubilities unsuitable for biological testing it was decided to design a

second series of 8-(triazolyl)purines that could address the solubility issues.

5.2.6 Design of a second series of 8-(triazolyl)purines

During the work with the type III mimetics new potent MDM2 inhibitors co-
crystallised with MDM2 were published,”""* e.g. AMG 232 (Figure 7 section 1.3.3).
As a result, docking studies could be used to optimise the design towards a type 1I
mimetic. As discussed in section 1.3.3 AMG 232 is classified as a type II mimetic and
the scaffold is not mimicking the topography of an a-helix as in the type III mimetics.
Investigation of these new inhibitors in combination with docking studies using Glide
as implemented in the Schrédinger package™ revealed two major changes in the
design. First, it was decided to decrease the size of the hydrophobic substituents
making the inhibitor smaller, a typical type 1l inhibitor is generally not as extended as
type III inhibitors. The docking results showed that changing the R, substituent from
phenethyl to the more rigid indanyl and decreasing the size of the R, and R,

substituents to a propyl and methyl group, respectively, improved the fit of the 8-
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(triazolyl)purines in the MDM?2 pockets (Figure 23). Second, as also discussed in
section 4.4.1 several of the published binders of MDM2 have a hydrophilic substituent
that can interact with the His96 and Lys94 residues of MDM2 »ia hydrogen bonding
and/or ionic interactions. Introduction of a more hydrophilic substituent could also
address problems with solubility. The docking model showed that introduction of a
more hydrophilic group such as a carboxylic acid or ester in the 6-position could allow
hydrogen bonding and/or ionic interactions. An example of an 8-(triazolyl)purine with

R, = indanyl, R, = propyl, R; = methyl and R, = NHCH,CO,H is shown in Figure 23.

Figure 23. Docking of 8-(triazolyl)purine derivatives to MDM2 (PDB code: 4HBM), the protein
surface is shown in turquoise. (A) The carboxylic acid moiety in position 6 makes an ionic interaction
with the Lys94 residue of MDM2; (B) 90° rotation of A.

5.2.7 Synthesis of 8-(triazolyl)purines as type II mimetics

The synthesis of the series of type II mimetic series is outlined in Scheme 8. The
introduction of R; and R, and the dimethylamino moiety in the 6-position (R,) were
performed as described above. Target compounds 15a and 16a-d were isolated in 83%

and 75-94% yield, respectively. In order to introduce a more hydrophilic group in the
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0-position, the 6-chloropurine derivatives (16a,b,d) were reacted with thioglycol ethyl
ester or glycine ethyl ester under basic conditions. After Boc deprotection with TFA in
DCM 17d-g could be isolated in 60-98% yields over two steps. The bromine was
introduced utilising PyrBr; to afford 18a-g in 35-96% yield, where the lower yield of
35% was obtained for bromination of 17g having a sulphur in the 6-position which

gave lower yield compared to nitrogen in the same position.

Introduction of a primary amine in the 6-position was investigated since it could
reduce the lipophilicity and hence improve the solubility. Compounds 16b and 16d
were treated with ammonium hydroxide and the corresponding 6-amino derivative
could be isolated. Bromination of the 6-amino derivatives with PyrBr; in DCM proved
unsuccessful which was assumed to be due to the electron withdrawing effect of the
Boc group in the 2N-position. After removal of the Boc group using TFA in DCM
the bromination reaction was successful. The amination, deprotection and
bromination sequence could be run without purification between each step and 18h
and 18i were isolated in 51 and 73% yield over three synthetic steps, respectively.
Compound 19a-i were isolated in 50-82% yield employing the same Sonogashira
coupling protocol as used in Scheme 7. Only the 1,4-triazole was considered in this
series since the synthesis of the 1,5-triazole resulted in poor yields. The same
cyclisation protocol used for the synthesis of the type III mimetics was employed and

compounds 20a-1 were isolated in 40-87% yield.
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PN 15a: Ry=2-indanyl, 83%

NZ NH NZN-Ri
_2—\( a { 16a: Ry=2-indanyl, R,=Bn, 94%
a—" “\ — o< 16b: Ry=2-indanyl, Ry=nPr, 75%
N=< N=< 16c: Ry=2-indanyl, R,=p-CIBn, 91%
NHBoc NHBoc 16d: R1=Bn, R,=Bn, 78%
7 15 17a: R4=2-indanyl, R,=Bn, R4;=NMe,, 94%
b 17b: Ry=2-indanyl, R,=nPr, R;=NMe,, 87%
¢ 17c: Ry=2-indanyl, R,=p-CIBn, R4=NMe,, 95%
17d: Ry=2-indanyl, Ry=Bn, R;=NHCH,CO,Et, 91%
17e: Ry=2-indanyl, R;=nPr, R;=NHCH,CO,Et, 98%
NPN-Ri NAN-Ri 17f: Ry=Bn, R,=Bn, R,=NHCH,CO,Et, 62%
c 17g: Ry=Bn, Ry=Bn, R;=SCH,CO,Et, 60%
72 - 72
R4 N cl N 18a: Ry=2-indanyl, R,=Bn, R,=NMe,, 84%
N=( N=( 18b: Ry=2-indanyl, Ry=nPr, R,=NMey, 83%
HN-R; BocN-R; 18c: Ry=2-indanyl, R,=p-CIBn, R;=NMe,, 86%
17 16 18d: Ry=2-indanyl, R,=Bn, R4=NHCH,CO,Et, 73%

18e: Ry=2-indanyl, R,=nPr, R4=NHCH,CO,Et, 96%
d 18f: R4=Bn, R,=Bn, R4;=NHCH,CO,Et, 81%
¢ 189: R4=Bn, R,=Bn, R4=SCH,CO,Et, 35%
18h: R{=Bn, R,=Bn, R4=NH,, 51% (over 3 steps)
18i: Ry=2-indanyl, R,=nPr, R4=NH,, 73% (over 3 steps)

19a: Ry=2-indanyl, R,=Bn, R4;=NMe,, 70%
N)\N‘R1 e NZON-R 19b: Ry=2-indanyl, Ry=nPr, R4;=NMe,, 72%
—_— 19c: Ry=2-indanyl, R,=p-CIBn, R4=NMe,, 69%
_8/_\< _8/_\< 19d: Ry=2-indanyl, R,=Bn, R;=NHCH,CO,Et, 52%
R4 N R4 N 19e: R,=2-indanyl, Ry=nPr, R,=NHCH,CO,Et, 60%
N=( N=( 19f: R;=Bn, R,=Bn, R;=NHCH,CO,Et, 69%
HN-R, HN-R, 19g: R=Bn, Ry=Bn, R4=SCH,CO,Et, 50%
18 19 19h: R;=Bn, Ry=Bn, R,=NH,, 82%
f 19i: Ry=2-indanyl, Ry=nPr, R4=NH,, 51%
¢ 20a: Ry=2-indanyl, R,=Bn, R4=NMe;, Rz=Me, 83%
R, 20b: Ry=2-indanyl, R,=nPr, R;=NMe,, R3=Me, 52%
N=-N’ 20c: Ry=2-indanyl, R,=p-CIBn, R;=NMe,, R3=Me, 87%
,\j' P 20d: Ry=2-indanyl, R,=Bn, R4=NHCH,CO,Et, R3=Me, 85%
20e: Ry=2-indanyl, Ry=nPr, R4=NHCH,CO,Et, R3=Bn, 74%
20f: Ry=2-indanyl, R,=nPr, R4=NHCH,CO,Et, R;=Me, 87%
NZN-R 20g: Ry=Bn, Ry=Bn, R;=NHCH,CO,Et, R3=Bn, 46%
20h: R1=Bn, R2=Bn, R4=SCHchZEt, R3=Bn, 40%
Ry 7 20i: R4=Bn, Ry=Bn, R4;=NH,, Ry=Me, 66%
N=< 20j: Ry=2-indanyl, Ry=nPr, R4=NH,, Rz=Me, 84%

HN-R 20k: Ry=phenethyl, R,=Bn, R4=NMe,, R;=Me, 53%
20 2 20I: Ry=cyclopentylmethyl, R,=Bn, R4=NMe,, R;=Me, 68%

Scheme 8. Synthesis of compounds 15-20. Reagents and reaction conditions: (a) R,OH, DIAD,
Ph,P, r.t., THF. (b) R,OH, ADDP, nBu,P, r.t., THF. (c¢) R,=NMe,, DMF, MW, 180 °C. R,=p-CIBn,
R,=NMe,, (i) 5.6 M NMe, in EtOH. (ii) TFA/DCM. R,=NHCH,CO,Et, (i) H,NCH,CO,Et, Et;N,
EtOH, 100 °C. (i) TFA/DCM, R,=SCH,CO,Et, (i) HSCH,CO,Et, NaH, toluene, 70 °C. (i)
TFA/DCM. (d) PytBr;, DCM. For R,=NH,. (i) NH,OH (aq.), dioxane, 100 °C. (ii) TFA/DCM. (iii)
PyrBr;, DCM. (e) (i) Pd(II)CL,(PPh;),, Cu(I)I, Amberlite IRA-67, TMS-acetylene, MW, 110 °C, THF
(if) PS-F, THF. (f) NaN;, R,;-X, Cu(I)I, NaAsc, DMEDA, DMF.
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As described for the synthesis of Zsgbutyl azide, methyl azide was formed prior to use
by mixing methyl iodide and sodium azide in DMF which was then added as a
solution to a mixture of the alkyne, Cul, sodium ascorbate and DMEDA. The highest
yields in the cyclisation were obtained when the azide formation was run at room
temperature followed by cyclisation at 60 °C. For the synthesis of 20k-1, 10a, and 10c

were used as starting materials (for synthesis of 10a and 10c see Scheme 0).

5.2.8 Evaluation of the 8-(triazolyl)purines type II mimetics as MDM2

inhibitors

The new purine-based derivatives, 20a-1, were evaluated as inhibitors against the
MDM2/p53 interaction using the standard FP-assay. Of the 12 evaluated compounds
two of the purines showed activity (20f and 20j) with IC,,values of 10 uM and 56 uM,
respectively (Figure 24A). The ICy, curve of 20f is shown in Figure 24B.

280+

TR Ty

20f 20j 240+

230

0:1 1 1l0
cpd [uM]

Figure 24. (A) 8-(triazolyl)purine type II inhibitors against the MDM2/p53 interaction; (B)
Inhibition curves for nutlin-3a (A) the natural p53 peptide (O) (positive controls) and for 20f (e)
(ICs, = 10.4 uM [95% CI, 6.02-17.95]).
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To confirm activity a secondary assay was run. The ability of 20f to bind to MDM?2
was investigated in a WaterLOGSY experiment (see section 2.3) which confirmed

binding to MDM2 (for spectra see Figure A3, Appendix 5).

5.2.9 Photophysical characterisation of 8-(triazolyl)purines

Inherently fluorescent a-helix mimetics could potentially be used for imaging and
localisation of compounds in cells. Examples of inherently fluorescent compounds
include compounds that bind to specific cell types and allow their identification by the

17 as well as fluorescent inhibitors of kinases'®

fluorescent properties of the molecule
and glutathione S-transferase.”” UV /vis absorption and fluorescence measurements
were performed and the data obtained are presented in Table 4 and a selection of

absorption and emission spectra is shown in Figure 25.

Normalized Abs / Em (a.u.)

Wavelength (nm)

Figure 25. Photophysical characterisation of 20b, 20f, 20g, 20h and 20i. Spectra of a selection of 8-
(triazolyl)purines, normalised absorption (solid lines) and emission (dashed lines).
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All the 8-triazolyl compounds have absorption maxima between 310 and 322 nm
(entries 1-15) except 20h (entry 16) which has a red shifted absorption maximum of
340 nm. In general low fluorescence quantum yields (1-2%) were obtained for
compounds having tertiary amines in the 6-position (R, = NMe,) and R, = 1,4 triazole
(entries, 1-5 and 12) expect for compound 13b which had a quantum yield of 5%
(entry 13). Replacing the tertiary amine in the 6-position with a primary amine or
secondary amines increased the quantum yield to 4-7% (entries 6-7) and 4-10%
(entries 8-11), respectively. Changing substituents at N9 or 2IN did not affect the
quantum yield to any greater extent. However, changing from 1,4- to 1,5-triazole did
increase the fluorescence quantum yields, from 2-5% for the 1,4- to 37-51% for the
1,5-triazoles (entries 12-15). In order to confirm the effect of the triazole ring on the
fluorescent properties compounds with a proton, bromine and alkyne in the 8-positon
were also investigated (entries 17-19). However, no quantum yield could be

determined for these compounds since the emission was too low.
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Table 4. Absorption and fluorescent properties of 8-(triazolyl)purine derivatives in MeOH solution.
M max and A are the wavelengths of absorption and emission maxima, respectively, and @, is

the fluorescence quantum yield.

R4
NN NS
D ~ R
HNJ'\)NIN:_@N .
R, 1

)\«abs,max )\em,max de

Entry Cmp? Ry R2 R; R4 (nm) (nm) %)
1 20a 2-Indanyl  Bn 1,4-Me NMe: 310 376 2
2 20k  Phenethyl Bn 1,4-Me NMe, 315 376 2
3 13c Cyi‘zliﬁ;tyl' Bn 14-Bn NMe; 317 377 2
4 20b  2Indanyl #Pr 14-Me NMe; 311 378 1
5 201 Cyi"e}zﬁ;lltyl' Bn 1,4-Me NMe; 316 376 2
6 20i Bn Bn 1,4-Me NH, 314 375
7 20f  2-Indanyl #Pr 14-Me NH, 311 377 4
8 20d 2-Indanyl Bn 1,4-Me NHCH2CO:Et 311 377
9 20g Bn Bn 14Bn NHCH.CO.Et 318 381 10
10 20e  2-Indanyl #Pr 14-Bn  NHCH.COEt 316 382 4
11 20f  21Indanyl #Pr 14-Me NHCH,CO.Et 313 380
12 13a 1'§2§§§YI Bu  14-Bn NMe; 318 378 2
13 13b  Phenethyl Bn 1,4-Bu NMe; 316 378 5
14  14a 1'§251};Y1 Bu  1,5-Bn NMe, 322 437 37
15  14b  Phenethyl Bn 1,5-Bu NMe; 320 422 51
16 20h Bn Bn 14-Bn  SCH,CO.Et 340 398 2
17 21 Phenethyl  Bn 4H NDMez 292 351 <1
18  1la  Phenethyl Bn 48 NMe; 294 412 <1
19 12a  Phenethyl Bn 4= NMe, 319 391 <1

‘Cmp = Compound
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5.3 8-Bromination of purines (Paper III)

Looking through the literature there is no obvious standard procedure for the
introduction of bromine in the C8-position of purines. However, Br,'" and NBS'*"'*
are reagents that are more frequently used. In addition, sodium
monobromoisocyanurate'® and 1,3-dibromo-5,5-dimethylhydantoin'* have also been

reported for the bromination of nucleobases including adenosine.

During the synthesis of 8-(triazolyl)purines described in section 5.2.3 commonly used
methods for the bromination were examined, i.e. NBS in acetonitrile'®® or Br, in
NaOAc/HOAc buffer in THE/MeOH.!"%!* Both methods resulted in poor yields,
25% and 30% respectively, and in the case of NBS para-bromination of the phenethyl
substituent could also be observed by "H NMR spectroscopy.

Pyridinium tribromide (PyrBr;) has previously been used for the a-bromination of

146- 149-151

ketones,"*"'* different aryl compounds and alkenes.”™" It is a crystalline solid
and is much easier to handle than elemental bromine which is a liquid with high
viscosity and low vapour pressure. PyrBr; is in equilibrium with pyridinium bromide
and Br, in solution (Scheme 9) and both PyrBr; and Br, have been reported to act as

brominating agents."*

& . [
ﬁ/ ﬁ/ + Br2

H H
| Br—Br-Brle BrO

Scheme 9. Pyridinium tribromide (PyrBr;) in equilibrium with pyridinium bromide and bromine in
solution

When 22a was treated with PyrBr; in DCM at room temperature for 5 h 23a was
isolated in 93% yield (Scheme 10).
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22a 23a

Scheme 10. 8-Bromination of 22a using PyrBr,. Reagents and reaction conditions: (a) PyrBr;, DCM,
r.t., 5 h.

In addition to the higher yield, the workup procedure and purification are considerably
simplified using PyrBr; compared with the use of elemental bromine. Furthermore,
the need of brominating reagent in large excess is avoided as only 1.2 equivalents of

PyrBr;is required to convert 22a to 23a.

Based on this result it was decided to explore if PyrBr; could be used as a general
method for the bromination of purines in the C8-position. Since the bromination of
22a was run in DCM at room temperature using 1.2 equivalents of PyrBr;, all
reactions were run using these conditions. The obtained results are summarised in
Table 5. Bromination of electron rich 2,6,9-trisubstituted purine derivatives using
PyrBr; (entries 2-5) afforded the brominated products in high yields (80-91%). Due to
the general poor solubility of several purines in DCM, alternative solvents were
explored. Running the bromination reaction in DMF resulted in lower yields and the
use of MeCN afforded the brominated product in comparable yields but slowed down
the reaction (see e.g. entries 2, 7 and 9). Removing the substituent in the N9-position
or the amino group in the C2-position resulted in no reaction or low yields in the
bromination (entries 10-16). To investigate if the poor solubility of the starting
materials were the reason for the low yield, the reactions were also run in DMF.

However, bromination of 22i with PyrBr; in DMF gave comparable yield to when the
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reaction was run in DCM (entries 12-13). Electron withdrawing substituents in the 6-

position were not tolerated (entry 21).

Table 5. 8-Bromination of purines using PyrBr,.

R6 RS
PyrBr
N)\IN\ __PrBr N)\IN\ N
R2J|\N, .? CH,Cly, I't. RZJl\N/ —
Ro R9

22 23
Entry IS;Z:ZEEI RS R? R Solvent P(Il‘ll)m ©  Product z;slbd
1 22a N(Me)2 NH: Phenethyl DCM 5 23a 93
2 22b NMe)2 NH: Bn DCM 3 23b 90
3 22¢ NHBn NH> Bn DCM 3 23c 87
4 22d NMe)2 NH: Bu DCM 2.5 23d 80
5 22e N(Me) NHBn  Phenethyl DCM 1 23e 91
6 22f NH> NH> Bn DMF 5 23f 27
7 22b NMe)2 NH: Bn DMF 3 23b 47
8 22a N(Me)2 NH2 Phenethyl DMF 3 23a 59
9 22b N(Me)2 NH2 Bn MeCN  o.n 23b 80
10 22¢g Cl H H DCM 24 23g nre
11 22h Cl NH: H DCM o.nd 23h tracee
12 221 NMe). NH-> H DMF 6 23i 38
13 22i NMe). NH-> H DCM 55 23i 46
14 22j NH> H Bn DCM 48 23j nr
15 22k Cl H Bn DCM o.n 23k nr
16 221 OMe H Bn DCM o.n 231 nr
17 22m NMe) H Bn DCM o.n 23m trace
18 22n NHBn NHBoc Bn DCM 3 23n 36
19 220 OMe NH2 Bn DCM o.n 230 37
20 220 OMe NH> Bn DCM o.n 230 43f
21 22p Cl NH> Bn DCM 16 23p nr
22 22b NMe) NH> Bn DCM 4 22b 93¢

“Reagents and reaction conditions: Purine (1.0 eq.), PyrBr; (1.1-1.4 eq.), DCM (0.05 M), r.t. "Isolated
yield. “nr = no reaction, i.e, only starting material was observed by LCMS and/or TLC. ‘o.n =
overnight. “Only a trace amount of the product was observed by LCMS. 3 equivalents of PyrBr,
were used. *PyrBr; on polymer support was used.

59



5.4 Summary of papers II and III

Two series of 2,6,9-trisubstituted 8-(triazolyl)purines have been synthesised and
evaluated as inhibitors of the MDM2/p53 PPI. The first series, type III inhibitors,
proved inactive as MDM2 inhibitors in the FP-assay. The possible conformations in
solution for two of the compounds were evaluated by a NAMFIS analysis. The result
showed that the scaffold should be able to mimic the topography of an «-helix and
could be potentially useful as a-mimetics. However, the analysis could not reveal why
this series was inactive as inhibitors. The design was re-evaluated and based on
docking studies a new series was synthesised and evaluated. Two out of fourteen
compounds (20f and 20j) from the second series showed micromolar 1C;, values in
the FP-assay. Binding of 20f to MDM2 was confirmed by WaterLOGSY experiments.
The fluorescent properties of the obtained compounds were determined as quantum
yields ranging from 1-51%. Interestingly changing the regioisomerism of the triazole
from 1,4 to 1,5 resulted in a 10-fold increase of the quantum yield. In addition, an
efficient bromination protocol using PyrBr; for the bromination of electron rich

purines was developed.
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6 2,5-Diketopiperazines as Inhibitors of the
MDM2/p53 PPI (Paper IV)

Previous work in the group has been focused on development of efficient methods for
the synthesis of 2,5-diketopiperazines (2,5-DKPs).”>"** In the following chapter the
development of 2,5-DKP based inhibitors against the MDM2/p53 PPI will be

discussed.
6.1 2,5-Diketopiperazines

A 2,5-DKP is a cyclic dipeptide (Figure 26). The DKP motif can be found in
numerous natural products and pharmacologically active compounds that display a
spectrum of biological activities, examples include anticancer, antibacterial, antiviral,

antifungal and anti-inflammatory agents (Figure 26)."”

/@) Antiviral
i NH ?
HN Jj\(\o 2
. NH
Oy
(0]
Antibacterial COzH

Figure 26. Structure of a 2,5-DKP with numbering of atoms and examples of biologically active 2,5-
DKPs.
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The 2,5-DKP scaffold is useful since it is small and conformationally rigid, it has up to
six positions where diversity can be introduced with defined stereochemistry and it has
functional groups that can act as both H-bond acceptors and H-bond donors."” In
addition, 2,5-DKPs are attractive as starting material for the synthesis of other

heterocyclic systems.'®

6.1.1 Synthesis of 2,5-DPKs

Retrosynthetic analysis of the 2,5-DKP ring system gives three disconnections: the
amide bond (A), the C—N bond (B), and the C—C bond (C) (Scheme 11)."”” The most
common strategy is to use disconnection A and only this will be further discussed in
this work. The dipeptide I can be derived from either peptide coupling of the two
amino acids (II and III, path D) or from a multicomponent Ugi reaction (path E)
using an amine (IV), a carbonyl compound (aldehyde or ketone) (V), a carboxylic acid

(Boc protected amino acid) (VI) and an isonitrile (VII).

O 2 A4 (0] (0]
A H
SN, NH oA \)j\ D
. - pr—t OH H2N
B—' ‘_C O O
1 | Il ]
e
NH, 0
v I
v
(0]
HI\OH N"C
.NH
PG Vi VI

Scheme 11. Retrosynthetic analysis of 2,5-DKP, LG = leaving group, PG = protecting group.
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6.1.1.1 Synthesis of 2,5-DKPs via dipeptides derived from two amino acids

Synthesis of 2,5-DKPs »ia dipeptides is used routinely, the dipeptide can easily be
obtained by peptide coupling of two amino acids (Scheme 12)."” A large selection of
commercially available protected amino acid derivatives as well as coupling agents
makes this an attractive strategy (for peptide coupling reagents see Figure 14 section
4.2). Dipeptides can spontaneously cyclise under a range of both basic and acidic
conditions to form a 2,5-DKP. Depending on the choice of protecting group (PG)
direct cyclisation of the dipeptide is possible as is cyclisation 2z a separate

deprotection step (Scheme 12).

Ry
Oﬁ)"\NH
HN\,(&O
/(PG =Boc

R4

e 0 L O R
N HoN N M
PG j)LOH + T2 OMe —> PG j)j\u)*\n/o ©
R R, R o

0 Ry
HzN\,HLH)*\H/OMe
R 0

Scheme 12. 2,5-DKPs via dipeptides obtained from peptide coupling of two amino acids.

For the cyclisation to proceed spontaneously the amide bond needs to be in the cis-
conformation. When the cis-conformation is prevented by steric or electronic

hindrance, heat or catalysis by acid or base can facilitate the cyclisation.'>*'¢""'®?

63



6.1.1.2 Synthesis of 2,5-DKPs v7z the Ugi multicomponent reaction

164

The Ugi reaction™ offers a complementary method to form the dipeptide and has

proven useful in drug discovery, natural product synthesis and combinatorial

chemistry as a source of peptidomimetic scaffolds.'®""’

One vatiation of the Ugi reaction, the so called Ugi/Deprotection/Cyclisation (UDC)
reaction, has been used for the synthesis of 2,5-DKPs (Scheme 13).'*"'" The Ugi
reaction provides access to chemically diverse peptides since the required reactants
(amines, carboxylic acids, aldehydes and isonitrile) are readily available. It should be
noted that although commercial access to isonitriles is more limited than for the other
three components, the terminal amide produced from this moiety often serves as a
leaving group during formation of the 2,5-DKP ring (vid infra), and therefore, this does

not affect the potential for diversity. Examples of isonitriles often used in UDC

172 173

reactions include cyclohexenylisonitrile "~ and #-butylisonitrile’” and 2-(morpholin-1-

yl)ethylisonitrile ",
0O
R OH R
NHBoc o o oo
R R *
0 Ugi BocHNﬁ)L %FH Deprotection H2N\*H]\ Ry R3H Cyclisation Y\NH
X 0 (T 0 G S N
R2 R3 R1 R4 (0] R1 R4 o} R2 R3
R4_NH2
R5_NC

Scheme 13. General reaction scheme of the UDC reaction used for the synthesis of 2,5-DKPs.

The proposed reaction pathway for the multicomponent Ugi reaction is illustrated in
Scheme 14."*'” In the first step an imine (I) is formed from condensation of the

amine and an aldehyde or ketone, this is believed to be the rate determining step. The
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imine is then protonated by the acid and a more reactive iminium ion (II) is formed
which is attacked by the isonitrile. The obtained nitrilium intermediate (III) is trapped
by the carboxylate forming an a-adduct (IV). The a-adduct is often unstable and can
decompose to starting material or irreversibly rearrange vz a so called Mumm
rearrangement. The acyl moiety is transferred from the oxygen onto the nitrogen atom

of the starting imine, to form a stable a-acylamino amide or the so called Ugi product

O
o ® H
Rs—NH, Rssy R1)LOH R5~(;\?fH CEN-R; Ry—N
)OL -H0 Rz)\Rs Rz)\Rs Ro Rj ®
R™ 'Rs
I M 1]
O
©
L
Rs O '\R/I:g:rman ment 'H/\R1
Ri~ N N'R4 bl s Re=N" >= ©
\ _C-Cc-0
(6] R2 R3 H RZ é3 ’I\Il)
Ugi product 'I?“
v \%

Scheme 14. Reaction pathway for the multicomponent Ugi reaction.'™

6.2 2,5-DKPs as MDM2 inhibitors (Paper IV)

6.2.1 Design of 2,5-DKPs as type III mimetics

To evaluate if the spiro-2,5-DKP (spiro-1-DKP) derivatives (Figure 27B) could be
used as a-helix mimetics, a range of energy minimised substituted spiro-1-DKPs were
compared against an a-helix made up of alanine residues as described for the purine
derivatives (section 5.2.1). The results indicated that the spiro-1-DKP scaffold with

the substitution pattern illustrated in Figure 27B has the ability to arrange the
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substituents as the 7, /+4, /+7 residues of an Ala-helix (Figure 28C). The model also
showed that the S-configuration in position C3 is preferred and that the exocyclic
amino group should be in an equatorial position for optimal positioning of the
substituent. A representative example is shown in Figure 27D where I (Figure 27C) is

superimposed onto an Ala-helix.

HN/.

i

—
.
~ i+4 o ¥ )
- N
—
- N Ko
= " ®
Type lll Spiro-1-DKP

Figure 27. (A) Schematic illustration of a type III mimetic; (B) General structure of spiro-1-DKP; (C
and D) Superimposition of an Ala-helix (black) with a low energy conformation of compound I.
Only the 7, /+4 and /+7 resides of the Ala-helix are shown.

Retrosynthetic analysis of the spiro-1-DKPs is outlined in Scheme 15. The
introduction of the R; substituent last in the synthesis makes it possible to introduce
diversity late in the synthesis, R; could be introduced by reductive amination. Two
possible routes for the cyclisation were considered here, either iz cyclisation of an IN-
alkylated dipeptide (A) or an N-terminally alkylated dipeptide (B). The dipeptide can

be obtained iz peptide coupling of the appropriate amino acids shown in Scheme 15.
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coupling

Scheme 15. Retrosynthetic analysis of spiro-1-DKPs.

6.2.2 Synthesis of 2,5-DKPs as type III mimetic

The initial synthetic route towards spiro-1-DKPs involved cyclisation method A
(Scheme 16). Since the key residues (Phel9, Trp23, Leu29) of the p53 helix interacting
with MDM2 are all hydrophobic, hydrophobic substituents (R, ;) were selected. The
commercially available 8-amino-1,4-dioxaspiro[4.5]decane-8-carboxylic acid (24) was
used as starting material. First the R; (benzyl) substituent was introduced using a
reductive amination protocol with benzaldehyde, NaCNBH, and Et;N,' followed by
protection of the carboxylic acid as the corresponding methyl ester using trimethysilyl
diazomethane (TMS-CHN,) (Scheme 16)."”” Compound 25 was isolated in 55% yield
over two synthetic steps. Several peptide coupling protocols such as HATU,
EDC/HOBt and T3P were explored but they all failed to provide 26 and only starting
material could be recovered after the reaction. The steric hindrance and the low
nucleophilicity of the amine were believed to be the main reasons for the outcome of

the reaction.
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O 0 (0]
o 0
/ / \
24 25: 55% over two steps 26

Scheme 16. Synthesis of compound 25. Reagents and reaction conditions: (a) (1) PhCHO (1.2 eq.),
Et;N (1.2 eq.), NaCNBH, (1.0 eq.), MeOH, r.t. (ii) (CH,),SiCHN, (6.4 eq.), MeOH, toluene (1:3), r.t.

It was then decided to explore the alternative cyclisation route B (Scheme 17). If the
R, substituent would be introduced first no amine protecting group would be
necessary, since, as observed using the cyclisation route A, an N-terminally alkylated
amine did not participate in the peptide coupling (see Scheme 16). The R, substituent
was introduced by reductive amination, followed by a peptide coupling using HATU

as coupling reagent.

SN QL

Q H Q o OY\NH OY\NH
HeN OH a R N N b _N _N
—_— H O — 5 R4 ¢} or R4 (¢}
o 0 o 0
/ /

o} HO OH
24 27a: R4=Bn, 58% 28a: R4=H, 40% 29a: R4=Bn, 8%
27b: R4=/Bu,68% 29b: R4=/Bu, 18%

27c¢: R4=Boc, 85%

Scheme 17. Synthesis of compounds 27-29. Reagents and reaction conditions: (a) For 27a and 27b:
(i) R,CHO (1.2-1.5 eq.), Et;N (1.2 eq.), NaCNBH, (1.0 eq.), MeOH, r.t. (ii) Phe-OMe (2.0 eq.),
HATU (2.0 eq.), DIPEA (12 eq.), DMF, 60 °C, 30 min. For 27c: (i) Boc,O, 3 M NaOH and
1,4-dioxane (1:2, pH ~12), r.t. (ii) Phe-OMe (2.0 eq.), HATU (2.0 eq.), DIPEA (6.0 eq.),
DMEF, 60 °C, 30 min. (b) 28a: water, MW, 160 °C, 30 min; 29a: water, MW, 160 °C, 90 min.
29b: 1 M HCI (aq.) and acetone (1:1), 55 °C, 72 h.
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Compound 27a and 27b could be isolated in 58-68% yield over two synthetic steps.
Synthesis of spiro-DKPs sz cyclisation of Boc-protected dipeptide methyl esters using
water as solvent and microwave irradiation have previously been reported.”™ It was
anticipated that these reaction conditions would result in cyclisation of the dipeptide,
and also cleave both the Boc and the acetal protecting groups, to the corresponding
spito-1-DKP. Microwave heating of 27a using water as solvent at 100 °C for 30 min
resulted in a mixture of products and only trace amounts of the expected 29a could be
observed by LCMS. The major mass ions observed by LCMS correspond to side
products derived from hydrolysis of the ester and/or acetal. Compound 29a could be
isolated in 8% yield after increasing both the temperature to 160 °C and the reaction
time to 90 min. Attempts to increase the temperature or reaction time further did not
improve the outcome of the reaction. Since the dipeptide with a free carboxylic acid
was unable to cyclise to the corresponding 2,5-DKP reaction conditions that would
minimise ester hydrolysis were explored. Using a 1:1 mixture of 1 M HCI (aq.) and
acetone as the solvent under thermal heating at 55 °C for 72 h provided 29b in 18%
yield. LCMS analysis of the reaction mixture revealed that ester hydrolysis was still a
major problem. In order to examine the impact of the secondary amine in the
cyclisation 27¢ (R;=H) was synthesised. Boc-protection of 24 using Boc anhydride
tfollowed by peptide coupling with Phe-OMe using HATU as coupling reagent gave
27c¢ in 85% yield over two steps. Compound 27c was heated in the microwave at 160
°C for 30 min using distilled water as solvent, whereupon 28a was isolated in 40%
yield (Scheme 17). Changing solvent to a 1:1 mixture of 1 M HCI (aq.) and acetone did
not improve the yield. C NMR analysis of 29a and 29b revealed that instead of the
expected ketone on the cyclohexyl ring the major product in solution was the geminal
diol, which could be identified by peaks at 93.0 and 92.9 ppm for 29a and 29b,

respectively. HRMS analysis of 29b confirmed the diol formation. In comparison,
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when compounds with R;=H (28a) were used only the ketone could be isolated, as

identified by a peak at 209 ppm in C NMR spectra.

At this stage it was decided to synthesise a series of compounds without the R,
substituent. Since side-products still having the acetal protecting group were observed
after the cyclisation, removal of the acetal before the cyclisation was examined
(Scheme 18). When commercially available 30 was used as starting material, dipeptide
31a and 31b were obtained in 75% and 69% yield, respectively, after a HATU
mediated peptide coupling. The cyclisation protocol with water as solvent and
microwave heating was used but now with a different workup procedure. Instead of
an extraction of the reaction mixture the solvent was removed directly under reduced
pressure. Compounds 31a and 31b were heated in water using microwave irradiation at
160 °C whereupon 28a and 28b could be obtained in 99% and 79% yield, respectively.
Last, the R; substituent was introduced za reductive amination using a PEMB

protocol' ™

and 32a-c were isolated in 10-23% yield. Full conversion of the starting
material was observed by LCMS analysis, purification difficulties can explain the low

yields obtained.

0 R2 R
H o Re o oL I oL £
Boc” on_a , R ~¢ LN NH —C 5 NH
BOC,N N Y\ Y\
H O— HN o HN o
(0]
° (0]
HN.
R3
30 31a: Ry=Bn, 75% 28a: R,=Bn, 99% 32a: Ry=Bn, R3=Bn, 22%
31b: Ry=iBu, 69% 28b: R,=/Bu, 79% 32b: R,=Bn, R3=iBu, 10%

32c: Ry=iBu, R3=Bn, 23%

Scheme 18. Synthesis of 31-32. Reagents and reaction conditions: (a) AA-OMe (1.5-1.7 eq.), HATU
(2.0 eq.), DIPEA (6.0 eq.), 60 °C, 30 min, DMF. R, = Bn; Phe-OMe. R, = /Bu = Leu-OMe, (b) MW,
160 °C, 70 min, water. (c) Ry-NH, (1.7-2.0 eq.), PEMB (1.0 eq.), glacial acetic acid (2.3-2.6 eq.), r.t.,
o.n., MeOH.
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6.2.3 Biological evaluation of 2,5-DKPs as type III inhibitors

The obtained 2,5-DKPs, 28a, 28b, 29a, 29b, 32a, 32b and 32c, were evaluated as type
III inhibitors for the MDM2/p53 interaction in the standard FP-assay (see section
2.1). None of the seven evaluated compounds showed activity at the concentrations
tested, up to 100 pM. In analogy with the 8-(triazaolyl)purines a re-evaluation of the
original design was undertaken aiming for type Il mimetics. Since the utilised synthetic
route failed to provide trisubstituted 2,5-DKPs, an alternative synthetic route was also

investigated.

6.2.4 Design of 2,5-DKPs as type II inhibitors

In analogy with the design of 8-(triazolyl)purines as type II inhibitors described in
section 5.2.6 two major changes in the design based primarily on docking studies of
2,5-DKPs were made. The size of the scaffold was decreased and hydrophilic
substituents were introduced that could participate in additional interactions with
MDM?2 and possibly improve solubility of the new series. The docking results also
showed that a cyclohexyl group in the Co6-position could serve as a substituent
interacting with the Phe-pocket of MDM?2 (Figure 29), as compared to the type III
spiro-1-DKP where the cyclohexyl group is part of the scaffold. Furthermore, the C3
and N1 substituents could interact with the Leu- and Trp-pockets, respectively (Figure
28A and B). A hydrophilic substituent such as a carboxylic acid, ester, amide or
alcohol could be introduced in the IN4- or the C3-position enabling an additional
interaction with MDM2. The model showed that the S-configuration at position C3
was preferred. Replacing the cyclohexyl group to a phenyl group in the C6-position
also fitted in the Trp-pocket of MDM2 (Figure 28C). The model showed that the
DKRP ring system is rotated switching place of the C3 and C6 substituents, so that they

now interact with the Phe- and Leu-pockets, respectively (Figure 28A compared to

71



28C). In addition, the isomer with R-configuration at C3 and S-configuration at C6
was now preferred. The N1 substituent could also be exchanged to a phenyl with
good results (Figure 28D). Halogenated phenyl rings interacting in the Trp- and Leu-
pockets have been shown to improve the inhibitory activity to MDM2."” The docking
model showed that both chlorinated benzyl and phenyl substituents in the IN1-
position as well as chlorinated phenyls in the C6-position fitted well in MDM2 pockets
(Figure 28A and B).

(o)

£

Figure 28. Docking of 2,5-DKPs to MDM2 (PDB code: 4HBM), the MDM2 surface is shown in
turquoise. Hydrogen bonding and/or ionic interactions with His96 and Lys94 are shown as dashed
black lines. (A) A cyclohexyl substituent in the Co6-position interacts with the Trp-pocket, the
carboxylic acid in the N4-position makes an ionic interaction with Lys94 and a hydrogen bond with
His96; (B) 90° rotation of A; (C) A phenyl group in the C6-position rotates the 2,5-DKPs ring 90°
and places the C6 substituent in the Leu-pocket of MDM?2, an amide in the N4-position makes
hydrogen bonding with Lys94; (D) A 2,5-DKP with a benzyl group in the C3 and phenyl groups in
the N1- and C6-positions docked into MDM2.
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Two series of 2,5-DKPs, spiro-2-DKP and non-spiro-DKP, were selected for
synthesis and evaluation as type 1I inhibitors. The general structures are illustrated in

Figure 29.

Leu

G\ Phe ﬂ{\
o ® gﬂ oy ®

Trp
spiro-2-DKP non-spiro-DKP

Figure 29. General structures of spiro-2- and non-spiro-DKPs, the curved lines represent the Phe-,
Trp- and Leu-pockets of MDM2. @ - hydrophilic substituent.

6.2.5 Synthesis of 2,5-DKPs as type II inhibitors

An Ugi/Deprotection/Cyclisation (UDC) protocol was used for the synthesis of
spiro-2-DKP and non-spiro-DKP derivatives. The protocol has previously been used
for the synthesis of 2,5-DKPs and the general reaction scheme is outlined in Scheme
13 section 6.1.1.2. The Ugi reaction was run by mixing the appropriate amine, Boc-
protected amino, acid, ketone or aldehyde and 2-(morpholin-1-yl)ethylisonitrile in
MeOH and running the reaction using thermal heating at 55 °C. In order to facilitate
cyclisation of the dipeptide the Boc protecting group was cleaved under acidic
conditions by addition of aqueous concentrated HCl. After a simple work up the
cyclisation of the dipeptide was completed using acetic acid and toluene under thermal
heating at 80 °C. The obtained 2,5-DKPs and isolated yields are presented in Table 6
and Table 7. The stereochemistry at the C3-position is controlled by the choice of

amino acid. The stereochemistry at C6 cannot be controlled during the Ugi reaction

73



and when an aldehyde or a asymmetrical ketone is used a diastereomeric mixture is

obtained.

Compounds 33-35 (Table 6, entries 1-4) were isolated in 43-61% yield. Compound
33R was synthesised to validate the docking results that the S-enantiomer would fit
better than the R-enantiomer in the MDM2 pocket (entry 2). A slightly lower yield was

obtained when 4-chlorobenzylamine was used as the amine component (entry 4).

Table 6. Synthesis and isolated yields of compounds 33-37."

Rig R
Q 0 0™ Oﬁ’>‘\NH
BocHN R3—NH, LN~ — N
Entry Ry R; R; Product Yield (%)
1 H Bn Bn 33S 53
2 Bn H Bn 33R 56
3 H Bn Phenethyl 348 61
4 H Bn 4CIBn 35S 43
5 H CH2COO2/Bu Bn 36S 24b
6 H CH.COO2CH3; Bn 378 37

‘Reagents and reaction conditions: (a) (i) Substrate (Boc-protected amino acid, cyclohexanone, amine
and 2-(morpholin-1-yl)ethylisonitrile) (1 eq. of each), 55 °C, MeOH (ii) Conc. HCI (25 vol%) in
MeOH, 55 °C. (iii) Toluene:acetic acid (1.25 M) (1:1), 80 °C. "Boc cleavage using TFA/DCM (1:1).

To further investigate the docking results, compound 36S having a hydrophilic
substituent in the C3-position was synthesised. Boc-L-aspartic acid 4-zerbutyl ester
was used as the Boc-protected amino acid. To avoid hydrolysis of the zrzbutyl ester,
TFA in dry DCM was used for the Boc deprotection instead of HCl. Unfortunately
the zer-butyl ester was unstable under these conditions, and the obtained carboxylic
acid was lost during workup. Rerunning the reaction and changing the Boc
deprotection procedure back to HCl in MeOH converted the fr#butyl ester to a
methyl ester and the yield was improved from 24% to 37% of 36S and 37S,

respectively (Table 6, entries 5-0).
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Synthesis of non-spiro-DKPs was accomplished using the same UDC protocol to
afford compounds 38-45 (Table 7). When the cyclic ketone was exchanged to
benzaldehyde the total yield over three steps was lower (29-39%, Table 7, entries 1-2)
compared with the synthesis of the spiro-2-DKP series (43-61%, Table 6, entries 1-4).
The non-spiro-DKP products were obtained as approximately 1:1 diastereomeric
mixtures, a result of exchanging cyclohexanone to benzaldehyde. However, the

diastereoisomers could be separated by silica column chromatography.

The use of anilines as the amine component in the UDC reaction lowered the yields
(Table 7, entries 3-4) compared to when using benzylamine (Table 7, entries 1-2).
Combination of electron deficient anilines and benzaldehydes reduced the yield even
more (Table 7, entries 5-7). Preformation of the imine could not improve the outcome
of the reaction. The choice of components that facilitates iminium formation are
beneficial in the Ugi. Weakly basic amine components with low nucleophilicity in
combination with an electron-poor carbonyl component will disfavour the formation
of the iminium ion even if the imine can be formed (see Scheme 14, section 6.1.1.2).'”
In addition to the low yield, some of the products were difficult to purify. In those

cases the impurities could however be removed after the introduction of the N4

substituent (see Table 8).

In order to evaluate how the benzyl moiety at C3 affects the conformation and hence
the inhibitory activity, the benzyl substituent was removed. First, the UDC was
performed using Boc-Gly, 4-chloroaniline, 3-chlorobenzaldehyde and 2-(morpholino-
1-yl)-ethylisonitrile but no product could be isolated. Exchanging the acid component

to Boc-Ala afforded 45SS and 45SR in a total yield of 3% (Table 7, entry 8).
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Table 7. Synthesis and isolated yields of compounds 38-45."

BocHN (0] o 0 0
R)1_/<0H R~ R3)LH K/N\/\NC — j\j/\;tl
Ry o
Rs
Entryd Ri R; R3 Product Yield (%o)c
1 Bn Bn Ph 38RR 39
Bn Bn Ph 38RS
2 Bn 4CIBn Ph 39RR 29
Bn 4CIBn Ph 39RS
3 Bn Ph Ph 40RR 28
Bn Ph Ph 40RS
4 Bn 4CIPh Ph 41RR 14
Bn 4CIPh Ph 41RS
5 Bn Ph 4CIPh 42RR 13
Bn Ph 4CIPh 42RS
6 Bn Ph 3CIPh 43RR 18
Bn Ph 3CIPh 43RS
7 Bn 4CIPh 4CIPh 44RR 8
Bn 4CIPh 4CIPh 44RS
8 Med 4CIPh 3CIPh 45SS 3
Med 4CIPh 3CIPh 45SR

‘Reagents and reaction conditions: (a) (i) Substrate (Boc-D-Phe, aldehyde, amine and 2-(morpholin-
1-yDethylisonitrile) (1 eq. of each), MeOH, 55 °C. (ii) Conc. HCI (25 vol%) in MeOH, 55 °C. (iii)
Toluene:acetic acid (1.25 M) (1:1), 80 °C. "One entry corresponds to one reaction. ‘Isolated
combined yield of both diastereoisomers. “S-configuration in position C3.

The low yield obtained for 45SS and 45SR could be explained by both a slow Ugi
reaction and a slow cyclisation. Analysis of the reaction mixture after the Ugl reaction
by LCMS showed that beside the desired product a lot of starting material was still
present. In addition, a product mass ion with a different retention time than the Ugi
product was observed which could correspond to the a-adduct IV, Scheme 14 section

0.1.1.2). In addition, full conversion in the cyclisation reaction was never observed in

the LCMS analysis.

The stereochemistry of the obtained non-spiro-DKPs was determined by running

NOESY experiments. As expected a NOE correlation between the C3 and C6
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protons of 38RR was observed for the R,R-diastereoisomer having the phenyl and
benzyl substituent on the same side of the 2,5-DKP ring compared to the absence of a

NOE correlation for the R,S-diastereoisomer (38RS) (Figure 30).

H,, H,)

Qﬁ(? SN
N N>/&
HY H”: ©

3

38RR 38RS

Figure 30. Stereochemistry assignment of non-spiro-DKPs. NOE correlations are shown by a
double headed arrow.

A previously published protocol for amide alkylation in the N4-position of 2,5-DKPs
was used.”” Using the strong base 2-fer~-butylimino-2-diethylamino-1,3-
dimethylperhydro-1,3,2-diazaphosphorine (BEMP), different alkyl halides and DCM
as solvent at room temperature afforded compounds 46-52 in good to excellent yields
(Table 8). Introduction of an ester functionality in the N4-position would allow
investigation of structure activity relationships (SARs) since esters can be converted to
other functional groups including carboxylic acids, alcohols and amides. Generally, the
alkylation reaction was completed within 12 h, except when ethyl 4-bromocrotonate
was used as electrophile (Table 8, entries 10-11). Full consumption of the starting
material could not be observed although the reaction time was prolonged to 2-3 days,
the starting material could however be recovered (Table 8, entry 10). Introduction of a
benzyl in the N4-position of 37S was accomplished by activation of benzyl bromide
using potassium iodide and DMF as solvent at room temperature, 49S was isolated in

60% yield (Table 8, entry 5).
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Table 8. Synthesis and isolated yields of compounds 46-52."

Rig R2 Rig R2

N N
Ry ;{J*o R ){&O
RY Ry RS Rs

Entry rslzzzirrilfl R1 R; Ri R4+ Rs Rg Product ‘?)Zl)d
1 338 H Bn Bn  Cyclohexyl ~ I 468 91
2 338 H Bn Bn  Cyclohexyl ~ _I__ 478 99
3 33R Bn H Bn  Cyclohexyl « I 46R 87
4 338 H Bn Bn  Cyclohexyl "7 485 89
5 378 H CH:CO:CHs  Bn  Cydohesyl . [] 498 600
6 3S8RR  Bn H Bn Ph H . _f__  S50RR 93
7 38RS  Bn H Bn H Ph .« & 50RS 80
§ 39RR  Bn H 4CIBa Ph H .« I S5IRRe 68
9 39RS  Bn H 4CIBa H Ph .« I SIRS 96
10 38RR  Bn H i

Bn  Ph H o« L __ 52RR 400
11 38RS  Bn H Bn H Ph s ) __ 52RS 73

“Reagents and reaction conditions: R,-Br (1.5 eq.), BEMP (2 eq.), DCM, r.t. "R,-Br (1.5 eq.), BEMP
(2.1 eq)), KI (2.0 eq.), DMF, r.t. ‘Experimental procedure for 51RR can be found in Appendix 6. ‘20
mg (29%) starting material was recovered.

The BEMP alkylation protocol was also used for the synthesis of compounds 53-58
(Table 9). The lower yields obtained (<80%) can be explained by the use of impure
starting material, impurities left from the UDC reaction, which could be removed by
purification using silica column chromatography. Epimerisation of the product was
observed when the N1 and C6 substituents were electron deficient (chloro substituted
anilines and/or benzaldehydes). Compounds 55-57 were isolated as diastereomeric

mixtures and the ratio was determined from "H NMR spectra (Table 9, entries 6-10).
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The diastereoisomers could be separated on silica and 58SS and 58SR were isolated as

pure diastereoisomers (Table 9, entries 11-12).

Table 9. Synthesis and isolated yields of compounds 53-58."

B

Oﬁ)\NH Oﬁ/'\N/\H/Ot u
N N

RZ/ 7/&0 RZ/ 7{&0 o)

RsR, RsR,

Entry rsr::f:r‘l’i R R R; R,  Product Dr ‘iﬁzl)d
1 40RR Bn  Ph Ph H 53RR  99:1 94
2 40RS Bn  Ph H Ph 53RS 991 94
3 41RR Bn 4CIPh  Ph H B4RR 991 60
4 41RS Bn 4CIPh H Ph 54RS  99:1 54
5 42RR Bn Ph  4CIPh  H 55RR  99:1 86
6 42RS Bn  Ph H  4CIPh  55RS 3331 70
7 43RR Bn Ph 3CIPh  H 56RR 51 93
8 43RS Ban  Ph H  3CIPh 56RS 281 63
9 44RR Bn 4CIPh  4CIPh  H 57RR 431 87
10 44RS Bn 4CIPh H  4CIPh 57RS 171 36
1 4588 Mec 4CIPh H  3CIPh 5888 99:1 55

12 45SR Mec  4CIPh  3CIPh H 58SR 99:1 37¢

‘Reagents and reaction conditions: zer~Butyl 2-bromoacetate (2 eq.), BEMP (2 eq.), DCM, r.t.
"Diastereomeric ratio according to 'H NMR spectra. “S-configuration at C3. 928% of the other
diastereoisomer was isolated. “43% of the other diastereoisomer was isolated.

The obtained esters were then converted to the corresponding carboxylic acids (Table
10). Initial attempts to hydrolyse the ester using LiOH in THF /water (1:1) resulted in
epimerisation at the C3-position of the product as observed by "H NMR spectroscopy.
The ethyl esters could be hydrolysed successtully using aqueous concentrated HCI at
70 °C and running the reaction for several hours, typically overnight (Table 10, entries
1 and 3-4). Exchanging the ethyl ester to a #r#butyl ester made it possible to run the
reaction at 70 °C for a couple of hours or at room temperature overnight (Table 10,

entries 2 and 5-17).

79



Table 10. Synthesis and isolated yields of compounds 59-67.

R1 \R2 N

. R . ’
o§>\N/\",o 6 Oﬁ>\N 0
R3’N){g0 °

Entry rsrtzzlr‘l‘fl Ri R R; Ry Rs Rs  Product ‘iﬁzl)d
1 46S H Bn Bn Cyclohexyl Et 598 95
2 47S H Bn Bn Cyclohexyl Bu  59S 93
3 50RR Bn H Bn Ph H Et 60RR 87
4 50RS Bn H Bn H Ph Et 60RS 80
5 51RR Bn H 4CIBn  Ph H Bu  61RR 98
0 51RS Bn H 4CIBn H Ph Bu  6IRS 91
7 53RR Bn H Ph Ph H Bu  62RR 99
8 53RS Bn H Ph H Ph Bu  62RS 83
9 54RR Bn H 4CIPh  Ph H Bu  63RR 98
10 54RS Bn H 4CIPh H Ph Bu  63RS >99
11 55RS Bn H Ph H 4CIPh Bu  64RS 85
12 56RR Bn H Ph  3CIPh H Bu  65RR 77
13 56RS Bn H Ph H 3CIPh Bu  65RS 98
14  57RR Bn H 4CIPh  4CIPh H Bu  66RR 71
15 57RS Bn H 4CIPh H 4CIPh Bu  66RS 85
16 58SS H Me 4CIPh H 3CIPh Bu  67SS 80
17  58SR H Me 4CIPh  3CIPh H Bu  67SR 81

“Reagents and reaction conditions: Conc. HCI 70 °C for R, = ethyl and r.t. for R, = fer#-butyl.

The obtained carboxylic acids were then further functionalised by amidations with 1-
Boc-piperazine or 2-oxopiperazine (Table 11) to continue to investigate the SAR. The
peptide coupling was performed using HATU as coupling reagent and Et;N as base in
DMF. Compounds 68-70 were obtained in moderate to excellent yields after coupling
with 1-Boc-piperazine. The lower yield for 69RS and 70S (Table 11, entries 4-5) can
be explained by loss of product during work-up and purification since LCMS analysis

indicated full conversion of starting material.
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Table 11. Synthesis and isolated yields of compounds 68-71.

Ri. R Ri. R
o#}xNz /\n,OH o#}xNz ~r Re
_N o} _N 0
Ry 7R, o R - 4)?::\0
Starting Yield
Entry material Ri R R3 R4 Rs Rg Product (%)
hN’BOC
1 60RR Bn H Bn Ph H KNJ 68RR 389
ﬁN'BOC
2 60RS Bn H Bn H Ph KN\) 68RS 78
(\N'BOC
3 61RR Bn H 4CIBn Ph H ZNJ 69RR 85
(\N/BOC
4 61RS Bn H 4CIBn H Ph ZNJ 69RS 59
: .Boc
5 59 H Ba Bn Cyzpolfl‘;yl A 708 32
(o]
6 61RS Bn H 4ClBn H Ph \JH 71RS 59
L_S{N

“Reagents and reaction conditions: Amine (1.5 eq.), HATU (1.3 eq.), Et;N, 0 °C to r.t. overnight,
DMF.

Cleavage of the Boc-protecting group on 68-70 was achieved using 50% TFA in
DCM. Generally, the deprotection reaction was completed after 1 hour resulting in

good to excellent yields (76-99%) of 72-74 (Scheme 19).

Ro Ro
68RR: Ry=Bn, R,=Ph 72RR: R4=Bn, R,=Ph, 82%
68RS: Ry=Bn, R,=Ph 72RS: Ry=Bn, Ry=Ph, 76%
69RR: R;=4CIBn, R,=Ph 73RR: R;=4CIBn, R,=Ph, 97%
69RS: R4=4CIBn, R,=Ph 73RS: R=4CIBn, R,=Ph, 81%
70S: Ry=Bn, R,=Spiro-cyclohexyl 748: R4=Bn , Ry=Spiro-cyclohexyl, 99%

Scheme 19. Boc deprotection of 68-70. Reagents and reaction conditions: (a) TFA:DCM (1:1), r.t.
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2-Oxopiperazine was introduced in the N4-position of 61RS and 71RS could be
isolated in a yield of 59% (Table 11, entry 6). Interestingly, double peaks were
observed for several signals in both "H and "C NMR spectra. Since no epimerisation
was observed in the introduction of 1-Boc-piperazine and the same reaction
conditions were utilised it seemed unlikely that an epimerisation had occurred. It was
assumed that a hindered rotation around the N4-C9 bond (Figure 31A) would result in
two different low energy conformations of 71RS in solution at room temperature
explaining the double peaks observed. Studies of low energy conformations of 71RS
showed two major conformations, with the 2-oxopiperazine moiety pointing in
opposite directions, with an energy difference of 12.5 kJ/mol between the
conformations (Figure 31B). In order to confirm the presence of two conformations
at room temperature NMR-analysis was performed at 25 °C and 55 °C. In the event of
two low energy conformations the double peaks would coalescence at elevated
temperatures since adding heat to the system will facilitate the rotation around the IN4-
C8 bond."™ ™" A clear difference was observed in the NMR spectra run at 25 °C and
55 °C confirming that 71RS adopts two low energy conformations at 25 °C with a

ratio of around 40:60 (Figure 31C).

>
w
(o]
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Figure 31. (A) Compound 71RS; (B) Two of the major low energy conformations oberved for 71RS
with a energy difference of 12.5 kJ/mol; (C) 'H NMR peaks from H7 and H6 in 71RS at 25 and 55
°C, respectively.

Strategies for introduction of an alcohol at N4 were also explored. First reduction of
the ester functionality was investigated and treatment of 46S with NaBH, as reducing

agent afforded 758 in 61% yield (Scheme 20).

O O
GC%HO“ — @O&C

46S 758

Scheme 20. Synthesis of 75S. Reagents and reaction conditions: (a) NaBH, (3.0 eq.), r.t., 5 days,
ethanol.

Reduction of 50RR and 50RS using NaBH, in EtOH resulted in epimerisation of the
product at C6 which could be observed in 'H NMR spectra. Attempts to reduce the
carboxylic acid 60RR, using BH;*DMS failed and several unidentified mass ions were
observed by LCMS analysis of the reaction mixture and again epimerisation of the

starting material was observed in '"H NMR spectra.

An alternative route for the introduction of an alcohol in the N4-position of the 2,5-
DKP ring was investigated. Hydroboration of alkenes followed by oxidation is a
known strategy to convert alkenes to alcohols.'™ Further, Tullberg ¢ a/. have reported
a hydroboration/oxidation procedure of an N4-allyl of 2,5-DKPs to the
corresponding alcohol using BH;*THF and H,0,."”
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The allyl group could be introduced at the N4-position of 38RR and 38RS using allyl
bromide and BEMP as base in DCM at room temperature (Scheme 21) and 76RR and
76RS were obtained in 96% and 93% isolated yield, respectively. Allylation of 33S was
slow at room temperature and required microwave heating whereupon 77S could be

isolated in 73% (Scheme 21).

Ry Ry Ry

38RR: R{=Bn, R,=Ph
38RS: Ry=Bn, R,=Ph
33S: R4=Bn, Ry=Cyclohexyl

76RR:R{=Bn, R,=Ph, 96% 78
76RS: R,=Bn, R,=Ph, 93%
77S: R4=Bn, R,=Cyclohexyl, 73%

Scheme 21. Synthesis of 76-77. Reagents and reaction conditions: (a) For 38RR and 38RS: Allyl
bromide (1.1-1.2 eq.), BEMP (1.3-1.4 eq.) r.t., 20-22 h, DCM and for 33S: Allyl bromide (1.4 eq.),
BEMP (0.9 eq.) MW, 150 °C, 45 min, DMF.

No product could be obtained after treatment of 76-77 with BH;*THF, followed by
H,0, and NaOH. Attempts to optimise the reaction conditions proved unsuccessful.
Running the hydroboration at -40 °C resulted in mainly starting material and only trace
amounts of the product could be observed by LCMS. When the hydroboration was
performed at room temperature a complex reaction mixture was observed and no
product could be isolated. Other procedures were evaluated using BH;*DMS and 9-
BBN as the borane sources but mostly unidentified side-products were observed by

LCMS analysis and in '"H NMR spectra.

To summarise the synthesis of 2,5-DKPs (spiro-2-DKP and non-spiro-DKP), the
synthetic sequence starting with a UDC protocol followed by amide alkylation made it
possible to synthesise a large set of different tetrasubstituted 2,5-DKPs. The obtained

series was suitable for biological evaluation. In Figure 32 an overview of the
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substituents introduced on the 2,5-DKP ring are illustrated. Note however that not all

possible combinations have been synthesised.
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Figure 32. An overview of the different substituents that have been introduced on the 2,5-DKP ring
using the UDC protocol followed by amide alkylation and further derivatisation. Not all possible
combinations of substituents have been used.

6.2.6 Biological evaluation of 2,5-DKPs as type II inhibitors

The synthesised 2,5-DKPs (spiro-2-DKP and non-spiro-DKP) were evaluated for
their inhibitory activity using the standard FP-assay. Two compounds, 66RR and
66RS from the non-spiro-DKP series showed activity as inhibitors and displayed 1C-
values of 31 uM and 28 uM, respectively (Figure 33).
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Figure 33. (A) Active 2,5-DKPs type II inhibitors against the MDM2/p53 interaction; (B) Inhibition
curves for 66RR () (31.41 uM [95% CI, 16.31-60.49]) and 66RS (@) (27.99 uM [95% CI, 10.96—
71.43]). Wild-type p53 peptide (O, amino acids 15 — 29: GSGSSQETFSDLWKLLPEN) and nutlin-
3a (A) were used as positive controls.

The binding of 66RR and 66RS was confirmed by SPR with K-values of 224 uM and
191 uM, respectively. The lower activity observed in the SPR measurements could be a
result of poor solubility of the compounds in the assay buffer. Binding to MDM2 of
66RR and 66RS could however be confirmed in WaterLOGSY experiments (for
spectra Figure A4 and A5 in Appendix 5).

With only a few active compounds it is not possible to establish any SARs. However,
the results indicate that 4-chlorophenyl substituents in the N1- and C6-position are
necessary to gain activity. All other substituents (Figure 32) investigated in these
positions proved inactive in the FP-assay. In analogy with the obtained results, chloro-
substituted phenyls interacting with the Trp and Phe-pockets of MDM2 have been
shown to be important for activity.'”” Further, these results indicate that the carboxylic
acid at N4 is important for the activity, since the ester analogues, 57RR and 57RS,
were inactive in the FP-assay. Furthermore, the stereochemistry of the tested

compounds does not seem to be of major importance since similar 1C;, values were
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obtained for both compounds. It should be noted that the active compounds were

tested as diastereomeric mixtures, 4.3:1 and 1.7:1 for 66RR and 66RS, respectively.

6.3 Summary of paper IV

Two series of 2,5-DKPs have been synthesised and evaluated as a-helix mimetics and
inhibitors of the MDM2/p53 PPIL. The first series of spiro-DKPs (type III inhibitors)
was designed to directly mimic the topography of the a-helical part of p53. The
synthetic protocol used for the first series failed to provide tri- or tetrasubstituted 2,5-
DKPs and the obtained disubstituted 2,5-DKPs were inactive as MDM2 inhibitors in
the FP-assay. The original design was re-evaluated and a second series aiming for type
IT inhibitors was synthesised. The use of the UDC protocol followed by amide
alkylation provided a large set of tetrasubstituted 2,5-DKPs and out of 54 evaluated
derivatives two compounds (66RR and 66RS) showed micromolar IC,-values in the
FP-assay. Binding to MDM2 was confirmed by WaterLOGSY experiments. The
obtained results are in agreement with the observation that many of the published
potent inhibitors of the p53/MDM2 interaction are less extended than the model p53
a-helix, hence acting more as type II like inhibitors (see Figures 5 and 6 section 1.3 for

type 11 and type 111 inhibitors, respectively.)
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7 Concluding Remarks and Future Perspectives

This thesis describes the design, synthesis and evaluation of B-hairpins, 8-
(triazolyl)purines and 2,5-diketopiperazines as inhibitors of the MDM2/p53 PPL
Their MDM2 inhibitory activities were determined and three peptides, one 8-
(triazolyl)purine and two 2,5-DKPs were identified as MDM2/p53 interaction
inhibitors with I1C,, values in the micromolar to low micromolar range.

Further studies that would be of interest include:

e NAMEFIS analyses on linear peptide and small molecule MDM2/p53 interaction
inhibitors. Conformational studies of the B-hairpins revealed that the molecular
flexibility of cyclic peptidomimetics influence the inhibitory activity against
MDM2. It would therefore be relevant to investigate if the same trend is
observed for linear peptides and small molecules. It might explain the low
activities obtained for the purine and 2,5-DKP based type II inhibitors.

e FEvaluation the synthesised type III inhibitors against other PPI targets.
Although the purine and 2,5-DKP based type III inhibitors described in this
thesis were unable to inhibit MDM2 they could be used as a-helix mimetics
targeting other PPIs having an «-helix at the interface.

e Investigation of various applications of the identitied fluorescent purine
derivatives. One application of fluorescent inhibitors would be as displacement
probes in assays.

e In order to investigate spiro-1-DKPs as type 1II inhibitors against other PPIs
access to tri- or tetrasubstituted derivatives are necessary. The UDC protocol
tollowed by BEMP alkylation could be used for the synthesis of spiro-1-DKP

derivatives.
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9 Appendices

9.1 Appendix 1. The twenty endogenous amino acids

POLAR, POSITIVLEY CHARGED POLAR, NEGATIVLEY CHARGED
HNﬁ,NHz N=y H,N
NH X NH O OH
0
OH
HoN © HoN © HoN © HoN © HoN O
OH OH OH OH OH
Arginine Histidine Lysine Aspartic acid Glutamic acid
Arg His Lys Asp Glu
R H K D E
POLAR
OsNH
o 2
H H
o} O SH NH,
O O O O
HoN HoN HoN © HoN HoN
OH OH OH OH OH
Serine Threonine Cysteine Aspargine Glutamine
Ser Thr Cys Asn Gln
S T Cc N Q
NON-POLAR
HZN/YO H2N (0] HZI\LO HgNﬁo H2N (0]
OH OH OH OH OH
Glycine Alanine Valine Isoleucine Leucine
Gly Ala Val lle Leu
G A \Y, | L
OH
s~
<~ NH
(0] 0} 0} (0] O
H,N <H\)\I¢ H,N HoN HoN
OH OH OH OH OH
Methionine Proline Phenylalanine Tyrosine Tryptophane
Met Pro Phe Tyr Trp
M P F Y w

Figure Al. The twenty endogenous amino acids, divided into groups depending on their charge at
physiological pH~7.4.
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9.2 Appendix 2.

Cl
Cl Br
<~ NH | I
o {Z o O /[ io /( io
H,N H/Y H,N H,N H,N
OH OH OH OH OH
6-Cl-Tryptophane D-Proline D-Phenylalanine  4-Cl-Phenylalanine 4-Br-Phenylalanine
6CITrp PpPro DPhe 4CIPhe 4BrPhe
W(Cl)6 bp DF F(Cl)4 F(Br)4

Figure A2. Additional amino acids used in this thesis.
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9.3 Appendix 3. Synthetic scheme for the synthesis of 1

J
O Oi\(NfBu
O 0

Nine consecutive cycle with: | 1. Fmoc-AA-OH

Fmoc-Phe-OH TBTU, DIPEA
Fmoc-Gly-OH 2. Acetic anhydride
Fmoc-Dpro-OH 3. 20% piperidine in DMF
Fmoc-Phe-OH

Fmoc-Ser(tBu)-OH
Fmoc-Trp(Boc)-OH
Fmoc-Asp(tBu)-OH
Fmoc-Leu-OH

Fmoc-6-CI-Trp-OH

1. 20% piperidine in DMF

2.1% TFA in DCM
OtBu cl
_—_< |
o) N

1. HATU, DIPEA, DMF
2. TFA:H,O:TIPS (95:2.5:2.5)

H =0
HO HN 0,07 o © 7
0 Ho : N.
H o
HN
1
cl
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9.4

W

Appendix 4. Synthetic scheme for the synthesis of I

NH
fe} 2

Cl

I O~ "OtBu

Nine consecutive cycle with:
Fmoc-Phe-OH
Fmoc-Pro-OH
Fmoc-D-Pro-OH
Fmoc-Phe-OH
Fmoc-GIn(tBu)-OH
Fmoc-Trp(Boc)-OH
Fmoc-Asp(tBu)-OH
Fmoc-Leu-OH
Fmoc-6-CI-Trp-OH

1. Fmoc-AA-OH
TBTU, DIPEA
2. Acetic anhydride
3. 20% piperidine in DMF

1. 20% piperidine in DMF
2.1% TFA in DCM

1. HATU, DIPEA, DMF
2. TFAH,O:TIPS (95:2.5:2.5)

HN
o) i P
YNy H 2
HO uy M 0 A/ COoH o 70
o Hooc H N
o] H F NM
N
N N
H \‘O\/\H 0o
HN
I
cl
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9.5 Appendix 5. WaterLOGSY spectra of 20f, 66RR and 66RS

Figure A3. WaterLOGSY experiment. 'H NMR spectra and WaterLOGSY spectra of the MDM2

protein in the absence of the compound (A = 'H and C = WaterLOGSY) and in the presence of 20f
(B = 'H and D = WaterLOGSY).

Figure A4. WaterLOGSY experiment. 'H NMR spectra and WaterLOGSY spectra of the MDM2
protein in the absence of the compound (A = 'H and C = WaterLOGSY) and in the presence of
66RR (B = 'H and D = WaterLOGSY).
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Figure A5. WaterLOGSY experiment. 'H NMR spectra and WaterLOGSY spectra of the MDM2

protein in the absence of the compound (A = 'H and C = WaterLOGSY) and in the presence of
66RS (B = 'H and D = WaterLOGSY).
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9.6 Appendix 6

(3R,6R)-3-Benzyl-1-(4-chlorobenzyl)-4-(tert-butoxy-carbonyl-methyl)-6-
phenylpiperazine-2,5-dione (51RR)

Compound 39RR (150 mg, 0.371 mmol) and zert-butyl
2-bromoacetate (110 pl, 0.745 mmol) were dissolved in dry o N/\[(Oj<
CH,CL, (10 ml). BEMP (210 ul 0.726 mmol) was added and N Aq O

the reaction was stirred at room temperature overnight. The

reaction mixture was extracted with NaOH (0.5 M. aq.) and

HCI (0.5 M, aq.). The combined organic phases were washed with brine, dried over
Na,SO, and the solvent was removed under reduced pressure. Purification by flash
column chromatography (10-20% ethyl acetate in pentane) provided 51RR as a
colourless oil (130 mg, 68%). 'H NMR (CDCL,): 7.34 — 7.18 (m, 6H), 7.15 — 7.04 (m,
6H), 6.61 — 6.56 (m, 2H), 5.06 (d, ] 14.8 Hz, 1H), 4.84 (d, ] 17.2 Hz, 1H), 4.69 (t, ] 3.9
Hz, 1H), 4.10 (s, 1H), 3.63 (d, ] 17.2 Hz, 1H), 3.46 (dd, J 14.4, 3.7 Hz, 1H), 3.40 (d, |
14.8 Hz, 1H), 3.25 (dd, ] 14.4, 4.2 Hz, 1H), 1.42 (s, 9H). "C NMR (CDCl,): 166.8,
165.8, 165.1, 136.4, 134.7, 133.5, 133.4, 130.1, 130.0, 129.0, 128.88, 128.87, 128.6,
128.3, 127.5, 82.7, 62.3, 60.8, 46.4, 45.9, 36.8, 28.1. HRMS m/z [M+H]" calculated for

C,,H,,CIN,O,: 519.2050. Found: 519.2079.
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Figure A6. H NMR spectrum of compound 51RR.
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Figure A7. °C NMR spectrum of compound 51RR.
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