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Abstract

This thesis describes the development of a fragment library in order to identify
the value of shapediverse molecules in their ability to target novel areas of shapspace.

Chapter 1 introduces known approaches to ligand discovery as well as the copte
of chemical space and molecular shapdiversity. Chapter 2 describes the computational
tools and protocols used to identify fagments of interest from both @mmercial and Leeds
libraries, that fulfil the criteria of maximum coverage ofreference shapesas well as high
shapediversity. The synthesis offragments based on Leeds chemistrys described in
Chapter 3, focusing on four key chemistries established within the Nelson group, as well
as the reselection of molecules to overcome synthetic challengeShapter 4describesthe
screen of the library of fragments using higithroughput X-ray crystallography, as well as
the development of a novel fragment hit against Aurora A kinaseOverall my fragment
library was successful in its ability to investigateinexplored shapespace and pesented

valuable hits against a usefularget.
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Abbreviati ons

] chemical shift

ATR attenuated total reflectance

Boc tert-butyl oxy carbonyl

Bu butyl

CAN ceric ammonium nitrate

CDI carbonyldiimidazole

conc. concentrated

Cosy correlation spectroscopy

DCE dichloroethane

DCM dichloromethane

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
DEAD diethyl azodicarboxylate

DEPT distortionless enhancement by polarisation transfer
DIAD diisopropyl azodicarboxylate

DIBAL-H diisobutylaluminium hydride

DIPEA N,N-diisopropylethylamine

DMAP 4-dimethylaminopyridine

DMF N,N-dimethylformamide

DMS dimethyl sulfide

DMSO dimethyl sulfoxide

ES electrospray

Et ethyl

ether diethyl ether

HMBC heteronuclear multiple bond correlation
HMQC heteronuclear multiple quantum coherence
HRMS high resolution mass spectroscopy

FT-IR fourier transform infra -red

J coupling constant

LCMS liquid chromatography mass spectroscopy
m/z mass to charge ratio

Me methyl

m.p melting point
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NMR
NOE
petrol
PMB
RCM
sat.
TBDPS
TFA
THF
THP

nuclear magnetic resonance
nuclear Overhauser effect
petroleum spirit (b.p. 40-60 T)
para-methoxybenzyl
ring-closing metathesis
saturated
tert-butyldiphenylsilyl
trifluoroacetic acid
tetrahydrofuran

tetrahydropyran



1 Introduction

Our ability to address the issues which determine drug success or failuiereliant
on possessingsynthetic chemistry methodology to make the right molecules quickly and
predictably. A chemical lead is a molecule with good potency in biological assaynd
reflects the targeted mechanism. The absorption, distribution and metabolism profile
(ADME) of a chemicalead couldbe determined; a drug mustachieve high and sustained
plasma concentrations after oral dosindgo exert the desired effect

Initial starting points (ie. OEEOO6 1 O O AAAGS6Qq AOA
compounds from chemical libraries which are usually reliant on robust chemical
methodology for their production. Such methodology includesreductive aminations,
acylations, Pdmediated crosscouplings and SAr reactions2 Once initial hits have been
identified, the lead optimisation process aims to improve their druglike profile and
activity through the synthesis of many dsigned analogies. Once a single clinical
candidate molecule has been identified, scalgp and process chemistry then degescost-
effective andefficient syntheses to deler the final compound on multikilogram scales?

The drug discovery process is summarised iRigure 1.

Role of organic synthesis in the drug discovery process

Design and provision of Optimisation by using
: : ) X Scale up to develop
chemical libraries used bespoke chemistry and -
R X X . efficient route to drug
in screening to find arrays to tune drug-like substance
starting points properties
. .T.arg.et Hit and lead Ll c.)ptlm.ls.atlon Pre-clinical safety _ )
identification and . —— to give clinical . Clinical trials
o identification . testing
validation candidate
Clinical candidates:
Hits and leads have MW Properties of drug do

Increased success of
drug in development
when MW and log P are
controlled

200-350 and logP 0-3 to
allow room for property
modulation

not change in
development, as set at
candidate identification

Ideal properties of molecules to increase chances of drug success

Figure 1 An overview of the drug discovery process highlighting the rle of organic synthesis and the ideal
properties of moleculesat each stage MW= molecular weight in DalogP = log(partition coefficient in n-

octanol/water ). Adapted from3

Oral drugs usually obey the Lipinskirule of fivel (MW <500 Da, bgP <5, no. of
EUAOT CAT AT 1) K ordefr tb beGe@silySibsorbed. More recent studies have

shown however, that compounds close to thdimits defined by Lipinski actually have a

i Lipinski states that it is possible to fail one of the guidelines and still produce a successful drug.

O
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lower probability of success in develoment, with significantly lower MW and logP values
favoured in successful medicines. These observations have led to several revised
guidelines suggesting for example, that molecules with dgP <3 and polar surface
area>75 will show greater safety in preclinical sudies or that molecules with MW<400
and logP <4 appear to be more successful in a range of assays of ditikg character3 The

drug optimization process is illustrated inFigure 2.

clogP Figure 2 Optimal oral drug-like
& 5 space can be defined by the
5 _-" Early combinatorial"'_

’ central red oval. As optimization
library space

..-'. tends to progress by addition of
complexity and lipophilicity

(arrow), starting points should

ke space be in leadlike (or fragment-like)

areas of property space for the

0 | s ' Lead-léke space progression to end in druglike

Fragment spgce space. Adapted frons
: MW / Da

200 350 500

The strategy of increasing lipophilicity to gain better binding to a drug targets
often used to increase apparent dig potency but can also resulin a greater praoability
of binding to other, undesired drug targets3 Controlling the lipophilicity of drug
substances is thus pivotato the drug discovery pocess and bgP values in the range 1 to
3 are now thought to give the best balance of properties for most oral drug®ther factors
to take into consideration include the number of aromatic ringsand the fraction of sg§-
hybridised carbons5:6

Though the degree of aromatity may also be related to tle logP of molecules,
excessive levelof aromaticity are usually associated with undesirable outcomes. This
leads to suggestons that aromatic rings on leadlike molecules should be limited to a
maximum of three, anda lower proportion of sp2-hybridised carbon atoms should be
incorporated than typical historically. Many functional groups are undesirable due to
chemical stability issues ¢€.g. acid chlorides, many Michael acceptors, most
organometallics), as well as thepotential for toxicity, unwanted interactions with

biological systems or general instability?



1.1 Approaches to Ligand Discovery

Chemical technologies that have impacted drug discowerin previous decades
include computational methods such as quantitative structre-activity relationships and
combinatorial chemistry.l Different approaches that are currently used to obtain
chemical leads include from an existing lead or drug, from a natural product, argh
throughput screening HTS described in Figure 3). The preclinical drugdiscovery
cascade, starting from HTS and moving into the launched drug phase requires the
screening of the order of one million compounds to find a suitable lead for one ultimately
successful otcome? Fragmentbased drug discovery FBDD) is a new approach,
increasingly used in the pharmaceutical industry, for reducing attrition and providing

leads for challengingbiological targetss

HTS 1,000,000
Figure 3 A typical drug discovery cascade using HTS

2000

HTS hits showing the number of compounds assessedt each stage

TS 200 (for illustrative purposes only). A 40% false positive rate is
2 assumed in &aluating HTS hits,and one in two to fiveleads

Lead series 50-200 are assumed to progress from lead identification to drug

Drug candidate. The risk of failure increases as a molecule

ANd1dale

o

becomes a drug candidate because of high costs in clinici

QIN[IEJ JO SLI pasealdu]

Drug trials. Adapted from?
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1.1.1 Traditional Approaches

There are several traditional approaches to the discovery of drug molecules. The
most widespread traditional methods include the use of combiatorial libraries and HTS.
The combinatorial chemistry approachis pursued inthe hope to gain quick access to
novel pharmaceuticals through the rapid generation and screening of vast collections of
molecules? A wide variety of high-speed aml parallel synthetic techniquesare applied
such as solidphase synthesis, and separation techniques in order teffect an easy
purification of intermediates and final products® Combinatorial libraries consist ofstatic
populations of discrete mdecules, derived from a set of units connected in various
sequences by the repetitive application of specific chemical reactions, with the aim of
producing as high a structural diversity as possiblél The rapid increase in the
availability of compound libraries drove the development of methods for faster and nore

efficient screening of lead moleculesHTS is based on robotic handling of small amounts



of materials, and equivalent advances in the detection of relevant signals and
interpretation of the data?2

The reality of drug-receptor interactions, at the molecular level, ig00 complex to
provide a fail-safe in silico technology for drug discovery Beyond ligand-receptor
interactions, there isthe complexity of multiple binding modes, accessible conformational
states (whether static or dynamic) for both ligand and receptor, affinity vs. selectivity,
plasma protein binding, metabolic stability, ADMEas well asn vivovs.in vitro properti es
of model compounds.

In the combinatorial chemistry field, differences in the reactivity of similar, yet
diverse reagents, often leads to impurity, or failure tesynthesise the compounds at all. In
combination with inadequate or missingsynthetic blocks, this hasresulted in moderately
successful leadfinding combinatorial libraries focused more on forming carbon
heteroatom bondsand less on forming carborcarbon bonds!? In comparison, mixtures
of compounds per well in HTS do not generally yield reliable resultsompared to one
compound per well, andscreening potentially reactive species isoften a cause of false
hits.14 Furthermore, single dose/single test procedres require repeat experimentsin
order to eliminate the false positives and to confirm the structure and biological activity
of the HTS hits.The stability of the compounds in solid form, or in solution, coupled with
OEA AT 1 Bl OllithOrfutude BPSEdddifdrtBer challenges.

Permeability and solubility are properties increasingly being screened for with
computational and experimental methodsprior to choosing candidate leads for further
optimisation. Virtual screening has emerged as an adaptive response(ttd 3h AO |, EPET OEEGS O
rule4 implemented early on in drug discovery couldpotentially increase the chance of
success in drug discovery projectsCompound filtering accordingto Lipinski rule of five
can save timein the process of syntlesis planning, and opensup the possbility of
exploring large numbers of reagents- since postenumeration property estimation is
usually much more timeconsuming.

Filtering also avoids large numbers of reactive halogens in the products the
presence of highly flexible unsubstitutel, unbranched alkyl chains, he formation of
compounds that exceed the maximum accepted number of rings, or ionisable groups, in
the product library. More importantly, molecules thatare reactive toward protein targets
can also be removed, such adichael acceptos, ketones and aldehydesSuch compounds
would not yield leads or hits, but would likely turnout to be false HTS positives? Finally,
if changes that influence binding affinity and ADME propertiesvere simultaneously
monitored, there would be much more reduced chance of prediction errors and the

approach is likely to converge on interesting compounds nre rapidly .15 This could be a



less resourcedemanding strategy and is especiallyseful in the absence of experimental
hits from already existing drugs.

It is notable that most drugs found in compiled databases were classidsal
discovered and developed using biological assays, selective cytotoxicity assays and
animal models of disease, not using biochemica¢.g.HTS) assays. Today, there is a risk
that high-throughput experiments reduce the opportunity for innovative and itgative
thinking, as millions of molecules are screened simultaneously without the possibility of
interpretation and analysis between the traditional rounds of experiments for this

number of data points?
1.1.2 Fragment-Based Drug Discovery

Fragmentbased drug discovenjdentifies low MW ligands ¢ypically 150-300 Dg
that bind to biologically important macromolecules! A recert analysis'® suggests that
projects involving fragment screening generate smaller, lessgophilic hits and leads than
those identified through the use of other hidiscovery techniques, such aslTS Compared
with HTS the fragment approach requires fewer compounds to be screenéde to better
coverage ofchemical spacei.e.the space spanned by all possible chemical compounds in
all possible topology isomers’ As a result, fragmenscreeningoffers more efficient and
successfuloptimization campaigns despite the lower initial potency of the screening
hits.! Furthermore, reducing the numbers of molecules screeneid the individual steps
is desirable for academic groupsor start-up companies that do not have the same
screening capacities as large pharmacéoal companiess

The first and second fragmertbased drugs Zelbord and Venclextacan be seen in
Figure 4. Zelborafe functions as a BRaf enzyme inhibitor and is used to treametastatic
melanoma Zelboraf wasdiscovered at Plexxikon and developed in partnership with
Roche;the drug was approved in August 2011 and reached market in just six years.
Venclexta?® functions as a Be2 PPI inhibitor and is used to treat chronic lymphoctic
leukaemia; the drug wasco-developed by AbbVie and Genentech arapproved in April
2016.



Zelboraf (vemurafenib) Venclexta (venetoclax)
PLX4032 ABT-199

Figure 4 The first and second drug discovered using FBDD, Zelboraf and Venclexta.

In FBDD, the optimiation process starts from a small and efficiently binding
fragment in which each atom in the molecule is involved in the desired binding
interactions. Thus, the size, complexity and physical properties of the molecule can be
more easily controlled than wten starting from a higheraffinity HTS hit that contains
COl OPO 110 AOOAT OEAI O OEA AAOEOAA AET AET C8
drug, and still forms the same interactions with the protein, then the fragment in fact
contributes over hdf! the favourable binding energy despite being tens of thousands of
times weaker in affinity.

Ligand efficiencyj , % °E N,aHe binding energy petheavyatom of a ligand to
its binding partner) of a fragment can be maintained during a fragmertb-lead chemistry
campaign provided structural information about binding interactions is available?0 This
can be achieved by growing the fragment synthetically to a proximal binding site, or by
linking two fragments together. An example of a fragment to drug campaign can be
described inthe discovery ofAT7519, aninhibitor of cyclin-dependent kinases (CDK}
(Schemel). The clogP (calculated logP) changesof the compound at each differenstage
of development is shown(Figure 5). Binding energy is proportional to log1Cso), thusit
can be showrthat as binding energy of the compoundicreased (became more negative),
LE against CDK was maintainedepresented by the exponential relationship between I

and number of heavy atomsKigure 6). This is generally the case for high LE fragments.

) A



HN HN-N  H
1 2 3 AT7519
ICso = 185 UM ICso= 97 uM ICso = 0.047 uM ICs = 0.003 UM
LE = 0.57 LE = 0.39 LE = 0.42 LE = 0.45

Schemel The discovery ofAT7519. Fragment1 was identified from an XAray screenas binding to the hinge
region of the kinase, and this interaction wagonsolidated with the amide in2. Growing into a proximal
binding pocket and using diortho substitution to induce a twist in the secondphenyl ring led to structure 3,
the lead molecule. To improvecell-based activity andin vivo efficacy, a piperidine solubilizing group was

incorporated into the final candidate structure, AT7519 21

3.5
lead

1.5 *> —>

drug
1 fragment

0 100 200 300 400 500
Mw

Figure 5 Relationship between clog® and MWas the fragment is developed into a higher MW lead compound,

before polar goups are incorporated into the final drug in order to optimise ADME $chemel).

1000 -

100 A ¢ *

fragment
10 |

IC50 / uM

0.1 4 lead

0.01 ~

0.001 - d
No. Heavy Atoms e

Figure 6 Relationship betweenlICso and number of heavy atomsas the fragment is developed inta higher
MW lead and drug compoundSchemel). Since lodICso) is proportional to the binding energy of the ligand
to its binding partner, the logarithmic trend observed between Ig and number of heavy atoms indicates

unchanged LE throughout this processe.the gradient is constant.

In most cases, a c@rystal structure is necessaryin order to fix the binding mode
of the fragmentbefore growing it. This often reducesfragment screens to targets that

have a soakable crstallography system established. Unfortunately, the fragment or



analogues othe fragment may not be amenabléo synthesis. There is frequently a need
for chemical synthesis to access a compound with potency similar to a compound that
might be identified through other means such as HTSSecondly, i is hard to imagine
certain types of chemotypesever being obtained through FBD, for example, a complex
natural product with a few fused lings or a macrocyclic compound.

Due to their weaker affinity, specialized techniques are required to screen for
fragments. Biophysical nethods such as Xay diffraction, NMR spectroscopy surface
plasmon resonance(SPR),isothermal calorimetry and mass spectrometry have been
exploited.22 There also continues to be a key role for nore traditional biochemical
screening formats such asl@iorescence anisotropy or timeresolved fluorescence energy
transfer, though the preferred configuration of such assays for fragment screening may
need to be different from the brmat used in, for exanple, HTS3

These techniquesusually require specialized equipment, personnel with specific
expertise, supporting informatics infrastructure, and access to large amounts of purified
protein (>10 mg). The fragments also need to be soluble at the high concentrations used
for screening,and this may be an advantage in the subsequent lead optimization stage.
Thus, in fragment sceening, tolerance to large amounts of organic materials often
necessarywhereas in HTS the emphasis i®n miniaturisation and cost reduction23
00OAOET OO0 AEAEZEAOI O AgPAOGEAT AAOG ET 1 POEI EUET C ¢ -
would be harder to start from a lower potency. In practice, the high LE and the high
quality interactions of fragments to the target protein make them much more

optimisable?

1.2 Biophysical Methods for Fragment Screening

Key gructural methods such as Xray crystallography or NMR spectroscopy can
be used to rationalise fragment binding and direct synthetic modifications to the chemical
scaffolds, allowing a rapid increase in affinity towards the target. This also enables other
properties, such asselectivity, to be explored at an early stag®. Surface plasmon
resonance (SPR) is another primary biophysical method for the screening of low
molecular weight fragment libraries. SPR biosensor technologg used to identify the
binding of compounds to protein targets, as well as provide accurate information on the
affinity and kinetics of molecular interactions?s Other fragment screening methods

include techniques such as isothermal titration calorimetrys and mass spectrometryz?

10



1.2.1 Fragment Screening by Surface Plasmon Resonance

SPR is a labelree technology used to monitor biomolecular interactios2? This
technique is highly sensitive and capable of detecting fragments with molecular weights
as low as 100 Da bound to biomolecal targets2® SPR is very attractive due to its low
protein consumption2® rapid assay development and kinetic and thermodynamic
validation of hits.28 The protein is first immobilized onto a chip surface, which enables as
many as thousands of molecules to be sequentially screened using the same surface
before the protein needs to be renewed® In an SPR experiment, the change in the surface
plasmonresonance angle upon interaction of the fragment with the immobilized protein
creates the detected response. The response in SPR is proportional to the fraction of
bound protein.30

It is important to note that proteinzfragment interactions can be only be detected
when working at fragment concentrations comparable to the dissociation rate constant
of the fragment. This is crucial when screening targstfor which the fragments do not
have a large binding efficiency index, such as some inhibitors of protgiprotein
interactions.2? Nevertheless, SPR allows the analysis of binding kinetics, thus providin
the associationand dissociation rate constant of the interactions! In addition, SPRbased
fragment screening has potential to eliminate all nonspecific binders, andnother
advantage is the availability of multiple biosensor channelsneaning multiple proteins

can be screened in parallelg

1.2.2 Fragment Screening by NMR

NMR-based fragment screening offers a large dynamic range and is capable of
capturing very weak interactions2® Detection of binding by NMR may be achieved using
techniques such asttemical shift perturbation, differential line broadening, transfer NOE,
and diffusion-based methods. These methods can be distinguished by those that monitor
NMR signals from the protein, and those that monitor signals from the ligands. The
relatively low sensitivity of NMR detection can be partially offset by the high compound
concentrations used when studying weak proteirfragment interactions 33 and this is the
case even when the compounds are used eoncentrations orders of magnitude lower
than their dissociation binding constants. Screening by NMR offers the benefit of
identification of hits that are insoluble at the concentrationsrequired for detection by
other biophysical techniques?® In addition, the ability for NMR todetect changes in the
concentrations and aggregation states of the fragments significantly reduces the number

of false positives compared to biochemical assays. Nevertheless, it is ideal for

11



complementary screening techniques to be applied for supporting evidencg.

1.2.3 Fragment Screening by X-Ray Crydallography

In order to use Xray crystallography as a method for fragment screening, it is
necessary to prepare and analyse large numbers of crystalline complexésThis is done
by exposing the proteinto the fragments, and solving the crystal structures of the
resulting complexes. One technique involves growing crystals of the target protein and
then soaking them in solutions of the fragments; a soakable system is thus essential. This
could be done eiher for single compounds or as cocktails of compounds. Screening by
X-ray crystallography requires the producton of diffraction quality crystals, which need
be generated reproducibly and to a similar size and quality on a large scale. Thus,
optimisation of the processes from protein production to crystallisation is necessary.

Systems for efficient collection of Xay diffraction data is key for rapid
progression in the screening process. A principal step in solving structures of protein
ligand complexes is the placement of the ligand into the experimentally observed electron
density 33 and final binding evidence is provided by theX-ray structure of the fragment
bound to the receptor. In addition, this delivers the relevant structural information
toward any fragment optimization in a medicinal chemistry campaign.However, it can
be difficult to observe electron density of fragment hits bound to their receptor due to

various experimental cause$?

1.3 Chemical Space

Compared with higher MW molecules used in methods such as HTS or lead
oriented synthesis the fragment approach requires fewer compounds to be screethe
This is becausesmaller, less complex molecis sample chemical space more efficiently
and have a greater chance of fitting a given drug binding sitéf has been estimateé that
for every extra heavy atom added to an organic molecule, the number of potential
structures increase by around a factor of 10.e.there are approximately 10 more
molecules with MW400 relative to those with MW300. Thus, by screening sets of lower
MW compounds a relatively greater proportion of accessible chemical space can be
sampled thereby increasing the chance of findinigit molecules. By analogy to the Lipinski
Rule of five? fragments are often desdbed using a modified Rule of thred MW <300 Da,
logpFoh 118 1T &£ EQ#OTI CAT AT TAO So

Knowledge of acive fragments can be used in dataining analyses of the output
from an HTSscreen,and the ready availability of significant numbers of analogues in an

HTS screeningcollection can provide rapid structure-activity relationships around

12



fragment hits23 Molecular complexty is discussedin detail in this section, and its
relevance to fragment screening Examples of library synthesis methods which allow the
optimal coverage of chemical space include combinatorial variation of scaffolds used in
lead and diversity-oriented synthesis, and bemistry and biology-based expansion in

fragment screening.
1.3.1 Molecular Complexity

The molecular complexity model is based around the theory thatlagand binds to
a receptor if there is an exact match between all of their interaction featurgg-igure 7).
It was found that the probability of binding decreases rapidly as the complexity of the
ligand increases sincethere are many fewer ways of obtaining a match thanmismatch.
In addition, the probability of findi ng a unique binding eventi.e.where the ligandmatches
the receptor inone wayonly, passes through a maximum, agery simple ligands can find

multiple binding modes (Figure 8) .23

Receptor

Ligand mode 1 .—.—.
Ligand mode 2 .—.—.
Unique Mode .—.—.

Figure 7 The complexity model whereligands are represented adinear strings of circles and squares and
their receptor is represented as a combination of circular and square cleft®\ match corresponds to exady
complementing features of ligand and receptor. Some ligands can match mohan one way (modes 1, 2),

and other ligands only show a unique mode

1. Figure 8 Data for

0.9 4 random receptors  of

0.8 1 length 12. This model

% E'; —+— Probability of match any way shows that the

_g 0.5 4 —a—Probability of single match probability of a ligand

a 0.4 4 binding to a receptor in at
EZ Probability of measuring binding  least one mode decreases

01 | B rapidly  with  ligand

o . —a— Probability of useful event length  (blue). The

0 5 10 15 probability of matching

Length of ligand in one way only goes
through a maximum (red, at ligand length 3).Combined with the probability of physically detecting a binding
event (green the longer the ligand themore easilyit is detected), gives the overall probability of aluseful

evento(purple, where the ligand binds in a single binding mode and can be detected). Reproduced fr&m
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Moreover, the physicochemical properties of larger, more complex molecules
mean they are notcompatible with good medicinal chemistry sarting points due to the
tendency for these properties to increase further during lead optimisation Key
limitations to the modelinclude the restriction to a binary interactiontype (charge, shape,
desolvation, polarisation,etc), the onedimensional nature of the representation and the
requirement for all features to match.

Ligand promiscuity can be calculated by determining the number of targets to
which a given ligand binds. Compounds with higher MW exhibit on average higher
promiscuity, alongside ncreased lipophilicity. A way of incorporatingpromiscuity into
the model is to require onlya threshold number of matches between ligand and receptor,
ignoring any additional mismatches.Under this appoach it isfound that the probability
of a ligand nteracting with a receptor increases with the size of the ligand, because there
is a higher likelihood of finding suitable matching substrings in a longer ligand, although
with lower potency (using the number of matches as a surrogate for potency)n drug
discovery the emphasis i®n optimising the activity of a lead series against the primary
target of interest whilst minimising activity at other targets; and since such compounds
will tend to concentrate in lipid bilayers which are home to many key sigtiing systems,

the likelihood of off-target interactions and ultimately toxicities will also be increased®3
1.3.2 Lead-Oriented Synthesis

In general, leadlike molecules havedgP values in the rangez1 to 3 andMW in the
ideal range 200 to 350 gmol-! (approximately 14 to 26 non-hydrogen atoms)3 Lead
oriented synthesis must be able to deliver molecules witkpecific molecular properties
while also maintaining the syntheticefficiency to allow their costeffective utilization. It
does thisby focusing onthe physicochemical and functional group properties of the target
molecules3 The conceptand methods related tolead-likeness are very intuitive and fit
with the current experience of what typically happens in lead optimizatior.

Unprotected polar functionality is often poorly compatible with many reagents
due to highreactivity, insolubility in non-polar solvents, or coordination to a catalysg?
The pharmaceutical industryseeks to identify molecules able to efficiently inteact with
biological systems, frequently through polar or hydrogen bonding interactions
unfortunately, these polar interactionsrely on functional groups such as weakly acidic OH
and NH bonds or Levs base/hydrogen bond acceptors. ¢ad-oriented syntheses should
ideally be able to mediate novel transformations in thepresence of such biologically
relevant functional groups. But whilst these reactive groyps can introduce further

functionality or diversification, they also leave undesired structural features Similarly,
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protecting groups often remain in reaction products requiring extra chemical steps for
their removal which may severely limitthe practical application in arrays Lead-oriented
syntheses which do not leaveesidual undesiredreactive centes or protecting groups are
therefore of particular value3

In contrast, dversity-oriented synthesistargets scaffold divesity mainly in drug-
like space, by usingascadeswvhich producelarge numbers of molealar scaffolds using a
small set of transformations33832 Unlike lead-oriented synthesis, diversity-oriented
synthesis shows litle consideration towards molecular properties. Other methods
include target-oriented synthesis, which targets just one compound, and combinatorial
chemistry, which targets large numbers of compoundsEarly combinatorial synthesis
libraries relied on diverse capping groups for their overall diversity but the addition of
multiple points of diversity in order to build a large library often meant the moleculedie
outside of leadlike space on grounds of size and lipophilicity. Examples of generic

structures considered for a reduced complexity screening set is shown Figure 9.

o]
/\
HO | O/ZANH Figure 9 Examples of generic
HN (4 structures considered for a reduced
P OH X /Y complexity screening set. X and Y
2 | \ ” | N indicate  possible  heteroatoms.
Y
XN HO X HN\ Synthetichandlesare shown inbold.”
4 5 6

1.3.2.1 Examples of LeadOriented Synthesis

Methodology that allows the connectivity of building blocks to be variedwhilst
maintaining acommon approachare particularly valuablee.g.an Iridium catalysed allylic
amination reaction (Scheme?2). Synthetic approaches todiverse leadlike molecular
scaffolds are more powerful if more bonds are formed to individual building blocks, or if
more building blocks are used? It should also be possible to varyall of the building
blocksindependently. Finally, the value of speific synthetic approachesdepends on the
accessibility of the starting materials, the increased molecular comgkity of the product
scaffolds, thestructural diversity of the product scaffolds, and the molecular properties
of the derivatives® Further examples of advantageous synthetic approaches include
scaffolds formed using Mitsunobu reactions, amino acid chemistry, arldgi reactions
(Schemes).
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Scheme2 Synthesis of example lead molecules using iridiuroatalysed allylic amination reactions. a) 2 mol%
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Scheme 3 Synthesis of example lead molecules usinkey reactions including a) Mitsunobu chemistry#2,

b) amino acid chemistry*3 and c¢) Ugi chemistry4.
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1.3.3 Fragment Development

Evaluation of several fragment libraries shows that they are predominantly
populated with (hetero)aromatic -derived chemotypes, which mighbiastheir success for
certain targets16 By combining fragmentbased screening with virtual fragment linking
and HTSfingerprints, another effective strategyhas been developedot only to expand
from low-affinity hits to potent compounds but also to hop in chemical space to
substantially novel chemotypes

One approach (Scheme4) involved information about desirable substructures
beingfirstly extracted from a fragment screen, anthis information is used to select larger
compounds containing these substructures (chemistrbased expansion)In the next step,
the larger compounds are tested for activity, and information regarding the biological and
biochemical activity enriched in the active compoundsis used to select a subsequent set
of small molecules for evaluation (biologybased expansion). It wasfound that in the
chemistry-based expansion the desirable linking of the fragment substructures is
revealed. Furthermore,in the second step,the biological fingerprints of the active hits
were able to be uncovered and by expanding on the basis of thedengerprints, active
compounds were identfied that contain chemotypes not covered bthe original fragment

library.

N (0]
Active @\

Z N

H
|
A N \O\
ctive
Virtual fragment | J\/O
linking HTS -fingerprints

B ——————]

Chemistry-based Active Biology-based

expansion N7 38 expansion 40
Inactive | \©\ g \
NH ©\/> F
N
o)\C© N©/
N \‘]/N O)\q

'ﬂﬂ
N
. 0 ©
Inactive .
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39 41
37

Scheme 4 Fragmert-hit expansion strategies virtual fragment linking and HTS fingerprinting, use a
combination of chemistry and biologybased expansion to select small molecules for testingn the first step,
chemicalfeatures (highlighted in red and in blue) are extracted from the active and inactive fragment pool
and used to generate conditions applied to the screening collectiohe top-ranked molecules are screened
and then divided into an active and inative sets to build a second classifier according to bioactivity profiles.

Adapted froms
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Compounds that are identified from biological expansion often contain
substructures that had been enriched in fragment hits in the hespot region, while
exploring other parts of the binding paket with substructures that fragmentbased
screeningidentified as unfavourable for the hotspotAlthough it might be by chancehat
these unfavourable substructures g present in the biologi@l expansion hits, it is notable
because the presence of the unfavourable substructures would prede them from being
identified earlier during the chemical expansion.

Chemistry-based expansion of fragment hits was able to identify only active
compounds concentrated in a very narrow area of chemical spacddowever, as na-
structural descriptors, HTSfingerprinting in biology-based expansion was able to reach
out to active compounds further away in chemical spaceThese observations show that
it is the combination of orthogonal views on molecular similarity (chemical and biological)
in the two hit-exparsion steps that is crucial for a successful followp on fragment hits.
Sincerandom compound selection in thefirst step led to the identfication of rather
structurally diverse active molecules, the subsequent chemistrpased expansion was not
biased towvard a particular region but was able to retrieve active molecules scattered over

large parts of chemical spacé.

1.4 Scaffold Diversity

Assessing chemical diversity requires each structure to be characterized by one
or more descriptors. These can be molecular descriptors such as physicochemical
properties or topological indexes. Larger substructures such as ring systems can also be
used; an advantage of using large features like rings is that structures having such features
in common often belong to the same chemical family. The framework is obtained by
removing all sidechain atoms,i.e. non-ring atoms not on a direct path between two ring
systems. As a result, the framework of a structure is described by all of the ring systems
and all the linkers. Typically, the framework describes only molecular topology,e.
contains no three-dimensional (3D) or stereochemical information. Part of the reason
this concept is useful in medicinal chemistry is that it describes the arrangement of rings
in a structure, and rings are key building blocks in the design of drugs.

In order to identify the framework of each structure in a compound st, an
iterative algorithm proceeds by flagging all terminal atoms, then every atom adjacent to
a flagged atom unless it is adjacentb more than one unflagged atomthe process is
repeated until no more atoms can be flagged. When finished, the unflagg#dms and the
bonds between them constitute the framework. The graph level has connectivity

information but ignores element and bond types, the graph/node level has connectivity
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and element information but ignores bond types, and finally, the graph/node/bnd level
has connectivity, elenent, and bond type information Eigure 10). Next, a procedure
looks for a match between each new framework and all previously found frameworks;
this procedure builds a portfolio of frameworks each of which is assigned a unique
identifier. Acyclic substances are ignored here because the framework definition is not

applicable to these compounds.

Graph Graph/Node Graph/Node/Bond

WL, @
O\/\O graph/node level, and the graph/node/bond
/\j\ level. All three canpounds are identical at
/\Q the graph level and two of the three
O\/\O J compounds are identical at the graph/node

If many compounds derived from a framework have atady beensynthesised,

Figure 10 The frameworks shown for three

different compounds at the graph level, the

<;§

7 N\
==z

level. Adapted from?é

7 N
=z

these derivatives can serve as potential starting materials for further syntheses. This
suggests there is considerable overlap between the most common shapes of drugs and
organic compounds in general, and contributing factors inclde chemical stability and
synthetic accessibility46 A method to assess the diversity of a screening collection uses
the NC50C descriptor, which has been derived from a plot describing the density
(percentage of clasified compounds) of each class oframework, which was then
transformed into a cumulative plot allowing interpolation of the percentage of
frameworks required to describe 50% of classified compounds, or PC50C. Since this
metric is independent of the size of a library, it can be used to compare collections of
different sizes4?

The use of frameworks as the basis for diversity analysis has certain limitations
in that it excludes acyclic compounds and the part of the structural diversity associated
with acyclic side chains attached to the framework. Neverthelesdjis is a conceptually
simple way to assess diversity for a large structure database. A lack of structural diversity

among test compounds is a potential drawback in the drug discovery proce&s.

1.5 Shape Diversity

Molecular 3D shape can be definedsing their lowest-energy 3D conformer,
which can then beused to calculate the proportion of®od-liked @lisc-likedand Gphere-

like6 characteristics belonging to the molecule, therwise known as their principal
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moment of inertia (PMI). Some believ# that these shape characteristics of a molecule
together with its size constitutes the first, most basiclevel in a hierarchy of molecular
descriptors. On top of that, aabundanceof secondary descriptors are necessaito refine
the information with a more spatial view to the potential for interactions, such as polar
surface area, hydrogerbonding surface potential, surface charge distribution, or
presence and location of specific pharmacophoric elements.

The shape pace coverage has been found to originate nmdy from the nature and
the 3Dgeometry (but not the size) of the central scaffold, while the number and nature of
the peripheral substituents and conformational aspects were shown to be of minor
importance. It could also be arguedhat molecular shape is related to the scaffold only in
the limit that the scaffold is large with respecto the entire molecule, meaning that the
influence of the scaffold on the overall shape will disappear with decreasing size.
Surprisingly, results indicate that evenvery small scaffolds exert a highlgistinctive effect
on the molecular shape distribution of the respective libraries? On the other hand shape
complementarity is necessary, but alone not sufficient for a compound faroductively
interact with a target, suggesting thatmolecules with similar shapes will not necessarily
produce similar biological activities. A second layer of complexity is added by the fact that
many biological targets contain several different sites qone to interaction with small
molecules.

Another way of analysing chemical shape is Bad on comparing molecular shapes
with a set of reference shapest This relationship can be captured in the form of a binary
string, or afingerprint.ii If there is similarity between the molecule and the reference
shape almve a predefined threshold, then the correspondig bit is switched on in the
binary string. The generated fingerprints can be used to identify similarities between two
compounds by extracting common bits within their fingerprint. Essentially, it is the
number of reference shapes used which determines the number of bits set in a

fingerprint. 52
1.5.1  Principal Moment of Inertia  (PMI)

Chemistsoften reason that compounds wih greater 3D characteristics will be
more complex as a result of higher numbers of 8gentres, sereochemical relationsetc,
and will have lower hit rates in fragment screensgé However, arecent analysis® showed

that addition of a mehyl group can produce significantimprovements in potency (and

it This is different to biological fingerprints (Section1.3.3).
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ligand efficiency), primarily through conformational changes, generating more shape
analogues

In order to calculate the proportion of ®od-liked Q@lisc-liked and Gphere-liked
characteristics, rormalized ratios of PMFO are plotted into two-dimensional triangular
graphsh xEAOA OEA OAOOEAAO jphpqh jnm8uh m8uQh j
spheres, disks, and rods, respectivelfFigure 11). The plot is thenused to compare the
shape space covered by different compound sets, such as combinatorial libraries of

varying size and composition.

Figure 11 PMI of a 3D fragment
AT 1 01 OOEOQI AT/
(approximately 1000 fragments),
which is representative  of
commercial fragment  space.

Reproduced from16é
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0 01 02 03 04 05 06 07 08 09 1
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Molecular descriptors or properties need to becorrelated with, and predictive for,
biological activity, (back-)translatable into chemical structure terms, andfast to calculate.
3D molecular shape intuitively meets the above criterion This issimply because a
compound will only modulate the activity ofa biological target, if its 3Dshape can match
the appropriate cavities, clefts, or bulges presented by the biological counterpar8D
shapes are generated based on standard bond lengths, bond angles, and ring
conformations, taking into account atom type, hybridization state, and bond ordéf. PMIs
on their own derived either computationally or experimentally from IR or microwave
spectra, have previously been used to assess molecular properties such as shape,
geometry, and conformational parameters#

It can be seenfrom Figure 11 that some areas o the triangle remain entirely
unpopulated, such as the regin around the righthand corner, indicating the absence of
fragments with 3D shapes. However, the pharmaceutical track record of discoid
molecules is undisputed, as evaluation of several fragmeifibraries show that they are
predominantly populated with (hetero)aromatic-derived chemotypesté Results may

have been distorted by restricting the shape analysis to onlpne conformation per
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compound, considering that the 3Dstructure determined from crystals of the smakl
molecule alone is not necessarily congruent with that adopted in a cqiex with the
biological target5® Nevertheless, molecular flexibility can be fairly represented when a
large library has been used.

Fundamentally, it is beneficial forprimary screening collectionsto strive for
maximum shape diversity, because it is highly desirable to identify several distinct
chemical series actie on a given target, to predicpotential downstream issues often
encountered with one chemical family, such as toxicity or poor pharmacokineticsThe
envelope shape analysis offers a rapid way to assess and compare compound collections
for their biological diversity, despite limitations such as tke fact that it appears to
disregard any information related to the situation on the inside of the molecular envelope.
However, further studies®o EAOA OET AA OEI xT OEAO OOAE OAACAT A

extremely rare and restricted only to highly symmetrical, msubstituted molecules.
1.5.2 Comparison of Shape Similarity

3D similarity methods use geometric constraints and are valued for their ability
to find compounds belonging to diverse chemical familie® ROCS performs rapid
overlays of 3D chemical structures using atoreentered Gaussians to compute geometric
overlap56 Shape similarity can be determined by similarity scores calculatedsing the

Tanimoto equation.

B

OAB

Tanimoto= ———=——
OA +OB - OAB

Figure 12 The rectangle and oval shapes represent two different shaped molecules A and B respectively,
placed in positions of maximum overlap.Oagis the volume overlap between conformerA and conformer B,

Onis conformer Avolume, andGs is conformer B volume. A Tanimoto score of 1 indicates complete overlap.

Figure 12 shows a rectangle and oval which representwo different shaped
molecules A and Bplaced in positions of maximum overlap Here, Oag is the volume
overlap between conformer A and conformer B, O is conformer A volume, and Gs is
conformer B volume. A Tanimoto score of 1 indicates complete overlapThese shapes
can then be used to identify a small set of diverse reference shapes representative of the

entire library, and a binary fingerprint can be generated for each molecule ithe library
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in the form of bit strings. Wihin every bit string, eachbit corresponds to a computed
similarity above a predefined threshold between theragment and the reference shapés
Table 1 shows molecularfingerprint s for two hypothetical molecules A and B, generated
usingten reference shapes (410). The ten reference shapes give rise to the 10 bits shown
where 1 indicates acorrelation between the molecule and the reference shape, and 0

indicates a lack of correlation This process $ described in detail in Sectior2.5.

Reference
Shape
Molecule A 1 0 0 1 0 0 0 1 0 0
Molecule B 1 0 1 0 0 0 0 0 0 0

Table 1 Molecularfingerprint sfor two hypothetical molecules A andB,generated usingten reference shapes
(1-10). The tenreference shapes give rise to the 10 bits showmith each bit corresponding to a computed
similarity between the molecule and the reference shape. Here, 1 indicates eorrelation between the

molecule and the reference shape, and 0 indicates a lack of correlation
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1.6 Project Aims

My project aims to use novel methodologyo design a fragment libraryin which
the molecules will not only have distinct shapes, they will alsobe highly three-
dimensional. Synthesis of the fragments will be completed and screened using
biophysical methods in combination with a representative ibrary of commercial
fragments. By covering underexplored areas of chemicaspace,l hope to identify high-
quality novel hits towards biologically relevant targets without the need to synthesise a
large number of molecules wherethe high shapediversity of the library is key in order

to reduce atrition rates in drug discovery.

1.6.1 To design a virtual fragment library (Chapter  2)

A range of scaffolds synthesised using chemistry validated in Leedswill be
identified; based on these scaffolds, a virtuallibrary of novel structures will be
enumerated ushg established chemical routes Aheavy atomrange will be selected
which allows the most diverse range of fragments to be includedThe library will next be
combined with 100,000 randomly selected commercial mlecules from the ZINC library®
(which will also befiltered for the sameheavy @aom range) and a set of reference shapes
will be identified by ROCS to repres# the library. These reference shapes withen be
filtered for fragment-like properties using dogP valuesof z1 to 3.

A simulated annealing protocol will beused to perform set comparison, allowing
the most effective selection of 80 shapédiverse fragments based on different weightings
of composition of virtual compounds, coverage of reference shapes, adilersity of
fragments. It will bedecided herewhat proportion of the compounds would be virtual
and what proportion of the compounds would be bought commercially. Three-
dimensionality of the final library will be investigated using a PMI plot, an example of
which can be seen irFigure 13 (following page). It is hoped that the virtual compounds

will exhibit higher 3D characteristics compared to commercial compounds.
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1.6.2 To synthesise a set of shape-diverse fragments (Chapter 3)

A retrosynthetic analysis of differentvirtual sets will allow selection of a set of
molecules with the most established chemistrfor synthesis;the key chemistrieswhich
will be investigated include iridium-catalysed allylic amination amino acid chemistry,
Mitsunobu chemistry and Ugi chemistry. Synthetic challenges will beovercome by
generating alternative libraries of 80 compoundswithout compromising on the coverage

of reference shapes, andiversity of fragments

1.6.3 To assess the biological properties of the library of fragments (Chapter  4)

All 80 molecules will be screened against aumber of established targetsin a
biophysical evaluation of their viability as fragments. High-throughput X-ray
crystallography will be used to observe binding interactions and indicate whether more
3D Leeds fragments exhibit better binding compared to flatter commercial molecules.

The project is summarised inFigure 14.

Enumerate

Select .
virtual
scaffolds Filter for Select Synthesise

library Select 80
molecular reference fragments novel
Combine properties shapes & fragments Assess
with ZINC binding by
database Purchase X-ray
commercial
fragments

Figure 14 Summary of each step of the project.
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2 Design of a ShapeDiverse Fragment Library

This Chapter discusses the enumeration of a virtual library using scaffoldtosely
related to those previously synthesised by the group. By viying the building blocks,
virtual scaffolds could be identified, as well as undergo derivaidgion to maximise their
shape diversity. Next, taking fragmentike properties into consideration, a heavy atom
filter was selected. ROCS wasised to idertify a range of reference shape molecule®r
the combined libraries of ZINC (commercigl100,000 selected at randomand compounds
based onLeeds chemistry Next, a selection protocol allowed a library of 80 compounds
to be identified, of which 20 were virtual; the properties which were considered in the
selection process includd composition of virtual compounds, coverage of reference
shapes, and diversity of fragments Finally, retrosynthetic analysis of fragments allowe

the selection of the 20 compounds with the besg¢stablished chemistry for synthesis.

2.1 Use ofthe Terms ®BuildiT ¢ A1 T AEho O3AALEAEI 1 Ahd AT A & OA (
Below are examples of the chemistriesvhich will be discussed, shown via the

retrosynthesis of target fragments which may later play a role in drug discovery. First,

the scaffold from which fragments are derivatised can be seen, followed by the building

blocks of the reaction. The underpinning chemistries wich have been selected include

iridium -catalysed dlylic amination4t, amino acid chemistry3, the Ugireaction4 and the

Mitsunobu reaction®? (Schemes).

26



O
Ao
N

HN

C

Z
N~ O
H

42
Fragment

O
) —
N

43
Scaffold

 —

+

BocHN™™>""0c0,Me

45
Building Blocks

X o

MeO,C~ "NH, Br

48 49
Fragment Scaffold Building Blocks
N
o NNs NSHN/\/
Q :[ ) 20 >
N HN N
HN \S —— o/ +é’oo
o\ 0 F.C BocN~ >
O ° \\/O
O /
/50 51 30
Scaffold -
Fragment (Protected) Building Blocks
H,N__O Q/,O
PMBHN_ _0O PMBN" "0
HNX /
%—NHPMB
\\\“QN\’&O | — NsN — 5+4 O///
v HN v\ NPMB I/
l NsHN OoH
52 53 55
Fragment (F’Srg?:::cigjd) Building Blocks

Scheme5 Retrosynthesis of exemplified fragments.

2.2 Enumeration of the Compounds

This section discusses the generion of virtual scaffolds using previously
prepared scaffolds by theNelsongroup, by changing building blocks as well as converting
less desirable functional groupsinto those which are more versatile Derivatising the

virtual scaffolds resulted in avirtual fragment library with high shape diversity.

2.2.1 Identification o f Scaffolds Previou sly Prepared

Successful reaction previously completed bymembers of theNelsongroup were
summarised in order to gather a selection of reliable methodologies. These involved

cyclisation reactions such as aminarylation, ring-closing metathesis, goldmediated
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hydroamination and the Heck, Ugi and Mitsunobu reactions. Connective reactions
preceding cyclisation involvedtransformations such asN-allylation, allylic and reductive
amination, using building blocks such asllylic carbonates, amino acids and cyic
sulfamidates. Scaffoldssynthesised from each different starting material were grouped
and tabulated for ease ofeference. These scaffolds wertormed in reasonable yields
with a well-adapted selection of methodologiessome examples can be seen Bchemes,

and afull range can be found in the ppendix (Table 31).
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Scheme 6 Methodologies for formation, and yields oexemplified scaffolds.

2.2.2 ldentification of Virtual Scaffolds Potentially Synthesisable Using Previously
Established Methods

A range of small groups washosen to replace interchangeable aryl and alkyl

groupswithin the scaffoldswith the intention of reducing the number of rotatable bonds
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This could be accomplishedor example by using an alternativeelectron-deficient aryl
bromide for the aminoarylation reaction or by changing the substituent on aramino acid
building block. By making only small alterations to the building block, it is presumed
that the virtual scaffolds would largely remain synthetically accessible based on the
precedent provided by the exemplified scaffolds. Furthermore, less versatiggoups such
as alkenes were convertedinto more useful functionalities sud as aldehydes and
carboxylic acids- which practically would require a simple one step conversion. Working
retrosynthetically, it was important to ensure that thenew desired building blocks were
commercially available for synthetic practicality. Somexample conversionscan be seen
in Scheme7 and a full range of building blocks and functional group inter@nversions can
be found in the Appendix (Table 32).
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Eachvirtual scaffoldwas enumeraed usingPipeline Pilot (PLP);Figure 15 shows
an exampleprotocol usedto enumerate arange ofvirtual scaffolds based onamino acid
chemistry. Setting the reactant property allowed theenumerated compounds tobe

labelled according to the nuneric identifier for each exemplified scaffold and thus it was
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possible to see whichexemplified scaffold gave the largest number ofirtual scaffolds.
These transformations involved changing alkenéunctionalities into more useful ketone,
diol, aldehyde, acid or alcohol groups, whilst various substituents were diversified
acwording to changes in the building blocki.e.changing the nucleophile, isocyanate and
initial amino acid. By placing the compoents one after the other, it ensured that more

than one enumeration could be donén parallel, generating a diversegange of compounds

Canonical 2D Cond
Smiles

Amino Acid Set Property’
Scaffold (DF)

alkene nucleophile isocyanate amino acid
conversion

Substituents
Figure 15 Example Pipeline Pilot (PLP) protocol used to enumerateexemplified scaffolds togive virtual
scaffolds, by using alternative starting materialg(nucleophiles, isocyanates and amino acidsas well as
converting undesirable functional groups(alkenes) into those which provide a better syrihetic handle for

novel derivatisation.

The 2D o-ordinates component allowedthe compounds to be easily visualised on
an HTML viewer and the Sstructure -data) writer allow ed the compounds to be stored
as an SD fileand later combined with other scaffolds. Connecting the unchanged scaffolds
directly to the SD writer meant that theexemplified scaffolds were not lost in the final list
of compounds, whilst the canonical smiles component allogd the originator compound
to be traced and appear as a 2ferencestructure. In addition, slight modifications were
made to theexemplified scaffolds in order to prevent undesirable functional groups being
fed into the resulting compounds. Moadificationancluded hydrolysis of unstable ester
groups, removal of the trifluoroacetamide capping groupsised in Mitsunobu chemistry

as well as removal ofeactive azide and iodidefunctional groups.

2.2.3 Derivatisation of Virtual Scaffolds

The SD filedor all virtual scaffolds were next fed into a new protocoVia the D

reader, which allowed derivatisation to occur using a raage of small capping groups.
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Thesedecoration reactionsincluded amide formation, reductive amination, sulfonamide
formation, as well asN- and O- alkylation/ arylation. As seen in the protocol in Sectich3,
Figure 17, the first-row component simply deprotected the scaffolds allowing the
undecorated compounds to be captured in the library. The secondw derivatisation
component allowed O-alkylation to occur as well as decorations involving a primar
amine as thecapping groupi.e.amide coupling to a carboxylic acid functionality in the
scaffold, and reductive amination of an aldehyde or ketone functionality in the scaffold.
In contrast, the third-row derivatisation component allowed decoration of
secondary amine functionalities already presenwith in the scaffold,i.e.amide coupling to
a small acid chloride, reductiveamination using a small ketonealdehyde, sulfonamide
formation and finally, N-alkylation. The complete range of virtual deriatisations can be
found in the Appendix (Table 33), selected at random from theeMolecules online
database using the lowest heavy atom filteavailable that still generateda reasonable

number of capping molecules. Some exmple fragments can be seen ischemes.
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Scheme 8 Examples of virtual
fragments generated by
a) deprotecting and b) derivatising
scaffolds. The parts of thevirtual
scaffold shown in red highlight
substituents  which  have been
changed from the exemplified
scaffold, and the parts of thevirtual
fragment shown in red highlight
substituents which  have been
changed from theexemplified scaffold

as well as thevirtual scaffold.
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The deprotection steps are split betweerN- and O-deprotection in the third row
of the PLP protocoldue to the special case oSome nitrogens in the scaffoldrequiri ng
deprotection to undergo decoration. In addition, unlike individual diversification
components for differentsets of chemistriese.g.amino acid chemistry,derivatisation for
the entire virtual scaffold library can be ombined into a singlecomponent, snce only one
decoration is alowed per compound. This allowedshape diversity to be adled whilst
minimising extra molecular weight The sereoisomers component enumeratedall
possible stereocisomers for those which are undefinedthis is especially comnon within
the amino acid building blocks where the products are racemic. Finally, undesired
functionalities such as any untransformed kenes and unreacted aldehydes we
removed as well asany duplicate molecules, thus forming the finalibrary of 66,814
compounds. Mots showing lipophilicity vs.number of heavy atoms of the finalvirtual
library as well as 100,000 randomly sele@d ZINC compounds showthat virtual
compounds tend to be less lipophilic(Figure 16). The meanvalue for AlogPii (the
generatedvalue for lipophilicity offered by PLP)of commercial compounds lies at 2.9446

whereas the mean Alog of virtual compounds lies at 0.91321.
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Figure 16 Lipophilicity vs.number of heavy atoms of a)100,000 ZINC compoundggrey) and b) the final
virtual library (blue) . It can be seeffrom the mean and standard deviation of the librariedere that virtual

compounds tend to be less lipophilic.

2.2.4 Summary of Route for Fragment Design

Seen inScheme9 is a summary of conversiorfrom the exemplified scaffoldto a
virtual fragment. The benzyl goup in the exemplified scaffold isinterchangeable by
changing the amino acid building blocksubstituent to an ethyl group. The undesirable

alkene functionality is oxidised to a ketone and the undesirable est functionality is

i. AlogPis similar to clogP but atomic-based as opposed to fragmerbased.
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hydrolysed to give the virtual scaffold.Next, the still reactive secondary amine functional
group is capped by acetyl chloride, while the carboxylic acid group is cappea by

cyclopropylamine and the ketone group is subjected to reductive amination with

HN/<
0

Ph
0
b
0,C - m T\J%(N/j@
MeO, HO,C
HN 2C HN
/0
77

75
Exemplified Scaffold Virtual Scaffold Virtual Fragment

isopropylamine to give the virtual fragment.

Scheme 9 Summary of route used to forma virtual fragment from an exemplified scaffold. Here, the novel
substituents and functionalities are highlighted in red in thevirtual scaffold, as well as their predecessor, in
the exemplified scaffold a) The benzyl groupin the exemplified scaffold75 is interchangeable by changig
the amino acid building block. The undesirable alkene functionality is oxidised to a ketone and the
undesirable ester functionality is hydrolysedto give the virtual scaffold76; b) The still reactive secondary
amine group is capped by a range of acithlorides, and the carboxylic acid and ketone groups can react with
a range of primary amine capping groups to undergboth amide formation and reductive amination to give

virtual fragment 77 (final derivatisations are also shown in red.
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2.3 Identification of a Suitable Heavy Atom Filter

{

7]
- HTML Viewer

- whni ikl
]
EEET
i

Canonical 20 Coords 17
Smiles = r

S0 Writer

Substructure Remove Molecular No. Atoms Fitter  No. Atoms Filte

Fitter Duplicate Property

Erenisomers

S0 Reader Following the design of the virtual fragment library, molecules are filtered vi
desirable fragment properties; here, the focus is on number of heavy atem Each filte

component(circled) allows the highest and lowest value threshold to be selected befc

derivatisation

(priamine.0) the results are saved as an SD fil&he PLP protocol summarising this procedure can |

seen inFigure 17.

deprotection derivatization deprotection
(M) (sec amine) (*}]

Figure 17 PLP protocoldeprotecting and adding virtual derivatisation (N- and O-alkylation, and use ¢

primary amine capping groups, Sectio2.2.3) onto scaffolds before filtering fragments via number of hea\
Decoration
atoms (components circled)
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Fragmentlike molecules usually lie within the region of 16-24 heavy atoms,
leaving a total of 22,9 moleculesin the virtual library which fit within the criteria. It
was important to select a more restricted heay atom range,i.e.16-20, 1822 or 20-24 to
allow shape diversity analysis In orde to identify which range coveredthe greatest
number of scaffolds and thus maximied scaffolddiversity, the following analysis was
carried out evaluating the numberof scafblds available with heavy atom counts inthe
ranges 1620, 1822 and 20-24 heavy atoms. In order to do this, the scaffolds which were
not covered at all(shown as 0% of fragments covered per scaffold) have been highlighted
in the Appendix for each heavy #gom range (Table 34, along with the complete range of
scaffolds).

It is clear that although not the most prolific, the most shapediverse set of
fragments (containing the highest number of scaffolds)appear under the heavy atom
range 1822, with 12,715 molecules,some examplesof which can be seenn Table2. Itis
key to note here that for individual scaffolds, the percentage total of generated fragments
covered by each heavy atom range is not importaras long as it is more than 0% Only
one scaffold has not been covered by the heavy atom range-28, with three scaffolds
excluded by the heavy atom range 220, and seven scaffolds excluded by the heavy atom
range 20-24. Comparingfrequency plots oflipophilicity vs.number of heavy atoms ofhe
ZINC commercial library against the virtual library, both of which contain only
compounds with 18-22 heavy atoms it could be observedhat again,virtual compounds

tend to be lesdipophilic (Figure 18). This is because the majority of virtal compounds

reside inthe AbkdPOAT CAO T £ Mo OF mn Al A mzINGtommercaE AOAAO

library the majority of compounds tend to reside in the Alo@ ranges of 0 to 3 and 3 to 6.
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Figure 18 Lipophilicity vs.number of heavy atoms of a) te ZINCcommerciallibrary and b) the virtual library,
after both havebeen filtered for compounds with 18-22 heavy atoms. The compoundshave been binned into
five AlogP ranges with frequency plotted against each It can be seen here thathe majority of virtual
compoundsreside in the AloPOAT CAO 1 A 0rea® witkieastiie mAjbrity of commercial compounds
tend to reside in the Alodg?ranges of 0 to 3 and 3 to 6.
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Key chemistry 16-20 18-22 20-24
for f ormation Example scaffold based on HA total HA total HA total
scaffold fragments fragments fragments
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H - Q
7, N B
N OH
Ugi reaction [ j)J\ 334 13 3.9% 71 21.3% 329 98.5%
N
H

81

Table 2 Percentage of molecules belonging to eachAHheavy atom) range, of the totahumber of fragments derivatised from example scaffolds. It was on this basis that the heavy

atom range 1822 was chosen in order to incorporate the most diverse range of fragments.
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2.4 Principal Moment of Inertia (PMI) An alysis

Principal moment of inertiais directional, and its values in the x, y, and z directions

can be determined forthe lowest energy 3D conformerof each molecule The smallest

and second smallest of these three values are normalised, where——— “Oand

‘0. This eliminates the dependenceof the representation of the

library on the size of the moleculesn question, which eases the ned for decorrelation
procedures when used in combination with other descriptors such asolecular weight,
volume, or surface area® |, can then be plotted againstilgenerating a 2D scatter chart
(Figure 19), where cornersof the triangular distribution contain the reference shapes rod
(0, 1), disc (0.5 0.5) and sphere (1,1). It could be seerfrom the mean values of the
libraries that the majority of molecules lie towardsrod/ disc-like shape space, and that in
comparison to commecial compounds (grey), virtual compounds (blue) are moving away
from rod/disc -like shape space and stretdhg towards more 3Dshape space.
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Figure 19 PMI plots showing the distribution of a) commercial andb) virtual compounds in shape space,

vO £ u uy vea L Vi v m oyl via L . . .
e and B ——_——% . Commercial compounds are shown in grey and virtual
TITav. FITavs . grey

compounds are shown in bluewith mean values and standard deviations of thlibraries clearly indicated. It

where

can be seerhere that virtual compounds ae movingaway from the rod/disc edge ,where most commercial

compounds reside and into more 3D shape space

2.5 Identification of Reference Shapes for the Library and Generation of
Shape Fingerprints
In order to identify which fragment shapes are novel and suitable to target,
reference shaps were generated from a combinedibrary including virtual fragments

and commercial fragmens from the ZINClibrary . ZINC fragments were filteredor 18-22

heavy atoms, with duplicate molecules as well as salts being removed; around 100,000 of
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these molecules were then randomly selected. The 3D shapes of thenbined library
were generated using theCORINA 3D structure generatéf and the reference shapes
were generated by ROCS.

The process ofeference shae selection is illustrated inFigure 20, where the axes
are arbitrary molecular shape descriptors and the library of molecules (black dots) fills
the entire graph. In order to generate reference shapes, one fragmddf is seleded at
random, with fragmentswhich map within 0.8 Tanimoto similarity of itself removed (area
shaded grey and black dots hollowed out). Here, Tanimoto is a measure of shape overlap
and a score of €l is calculated where a score oD indicated no shape match and a score
of 1 indicates exact shape matc(Section1.5.2). The value 0.8 Tanimoto was chosen as
an arbitrary indication of similarity which allowed a reasonable number of reference
shapes to be generated as a resulNext, a second fragmen(2) is selected which is least
similar in shape to fragment 1, and fragments/hich map within 0.8 Tanimoto of (2) are
again removed. This action is repeated until all available shape space has been covered

by a total of 2477 refeence shapes(only eight shown here, 18, highlighted as blue

circles).
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Figure 20 Tanimoto plots to show how referene shapes are generated. The axare arbitrary molecular
shape descriptors,black dots are fragmentsplue circles are refaence shapes (18) and grey circles cover

fragments within 0.8 Tanimoto of the reference shape a)One fragment (1) is selected at random, with
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fragments which map within 0.8 Tanimoto similarity of itself removed (area shaded grey and bl&cdots
hollowed out). b) A second fragmeni2) is selected which is least sintér in shape to fragment 1, with
fragmentswhich map within 0.8 Tanimoto of itselfremoved. c) A third fragment(3) is selected which is least
similar in shape to fragment 2, vith fragments which map within 0.8 Tanimoto of itself removed. d) This
action is repeated until all availableshape space has been covered (reference shape fragmeii8). It can be
seen here that although reference shapes afar apart from one another,somefragments map onto several
reference shapes making them less shapeliverse than those which map onto a singular reference shape
(Section2.6.1).

The aim of the projects to synthesise a small and manageable libranf molecules
which, in combination with those available commercially, are able to cover the vast
majority of shape space. It is possible to select this smaller library by using ROCS to
perform full shape comparison of molecules from the rest of the combinedtibr ary;
however, this is computationally demanding and instead, ROCS is used to generate a
fingerprint f or each moleculeas an alternativerepresentation. Fingerprint scoring is then
performed by PLPto compare the rest of the combined library against om anotherand
this can be done much more rapidlyhan full shape comparison(see simulated annealing
in Section 2.6.1). Generation of fingerprints by mapping molecules in the combined
library onto reference shapes is shown usig Tanimoto plots inFigure 21. Here, he axes
are arbitrary molecular shape descriptors,dark blue circles are reference shapes (8)
and pale blue circles cover fragments within 0.7 Tanimoto of the reference gh& The
value 0.7 Tanimoto was chosen since it was smaller than but close to the 0.8 Tanimoto
used to generate reference shapes.One fragment (A) is selected at random, with
reference shapes which map within 0.7 Tanimoto similarity of itself identified 4rea
shaded pale blue ad blue dots hollowed out). A different fragment (B) is selected at
random, with reference shapes which map within 0.7 Tanimoto similarity of itself

identified (area shaded pale blue and blue dots hollowed out).
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Figure 21 Tanimoto plots to show how fingerprints are generated using reference shapes. The axes are

arbitrary molecular shape descriptors;dark blue circles are reference shapes (8) and pale blue circles cover
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fragments within 0.7 Tanimoto ofthe reference shape.a) One fragment (A) is selected at random, with
reference shapes which map within 0.7 Tanimoto similarity of itself identified (area shaded pale blue and blue
dots hollowed out). b) A different fragment (B) is selected at random, witreference shapes which map

within 0.7 Tanimoto similarity of itself identified (area shaded pale blue and blue dots hollowed out).

The fingerprint generation for fragments A and BFigure 21) can be seen iTable
3, with each set bitin the bit string corresponding to 0.7 Tanimoto similarity or higher
between the fragment and the reference shapé. Here, fragment A covers reference
shapes 2, 3, and 5, and fragment B covers reference shapes AT A x 8 Opd AO PAOO I
sting ET AEAAOAO OEA AEOACIi AT 6860 Al OOAI AO®IT xEOE OE
indicates a lack of correlation.It is clear that even when only eight reference shapes are

used, two fragments still give rise to very different fingerprints

Reference 1 2 3 4 5 6 7 8
Shape

Fragment A 0 1 1 0 1 0 0 0

Fragment B 0 0 0 1 0 0 1 0

Table 3 Fingerprint generation of fragments A and B(Figure 21), with each set bit correspondingto 0.7

Tanimoto similarity or higher between the fragment and the reference shape (8 reference shapes,8 bits).

Here, fragmentt AT OAOO OAEAOAT AA OEADPAO ¢h oh ATA uvh AT A EOACI AT O
part of the bitstingET AEAAOAO OEA AEOACI AT 060 AT OOAI| Ambiadichtesa EOE OEA ODPAA
lack of correlation.

2.6 Identification of a Li brary of Synthetic Targets

A target number of 80 compounds was decided upon for mfragment library,
which will ideally represent all the shape space covered by the 2477 reference shapes, as
well as being highly diverse Within these compounds, there wilbe afraction of which
will be based on chemistry validated in Leedsnd the rest will be commercially available.
In order to ensure the most appropriate and unbiased seledbn of compounds a
simulated annealing protocolwhich effectively compares set of compounds against one
another, was applied using PLP.

Before identifying the best conditions for selectionthe library of molecules was
filtered by AlogP, using thefragment-like range ofz1 to 3, giving 73,031molecules for the
input file. Plots of lipophilicity vs.number of heavy atoms of theZINCcommerciallibrary
as well as the virtual library, eachcontaining only compounds with 18 t022 heavy atoms
and AlogP z1 to 3 have been producedto show frequency of fragments in each category

Figure 22). Thisindicated that overall the libraries skew towards containing more heavy
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atoms. Inaddition, virtual compounds areless lipophilic as the majority reside in the

AlogP of 0 to 1 category whereas thanajority of commercal compoundsreside in the
AlogP of 2 to 3 category.
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Figure 22 Lipophilicity vs.number of heavy atoms of a) th&ZINCcommercial library and b) the virtual library
after filtering for compounds with heavy atoms 1822 and AbgPz1-3. The compoundshave been binned into
four AlogP ranges and in addition, plotted against frequencylt can be seen here thathe majority of virtual
compoundsreside in the AlogP range of 0 to 1 whereas the majority oEommercial compoundsreside in the

AlogP range of 2 to 3. In the case of both libraries, fragments skew towards containing a higher number of
heavy atoms.
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2.6.1 Optimising Conditions for Compound Selection

In order to identify the best conditions for the protocol to be run, trial runs wee
completed for different weightings of composition, coverage and diversityThe scoresof
each trial run were then compared. The optimal conditions (ideal weightingsof
composition, coverage and diversitywere then applied to the 73,031 filtered molecules
(represented as bit strings for rapid computational analysisjn order to source the ideal
library of 80 compounds. Here, composition score is an indication of whether the ideal
percentage of virtual compounds have been matched, coverage score indesatthe
fraction of reference shapes hit by the chosen set (where the more shapes hit the better),
and diversity score indicates the shape diversity of the sete.it would be better to hit
more reference shapes with the same number of fragments.

In practical terms,composition score iscalculated asthe magnitude deviation of
the set from the ideal percentage of virtual compounsl hencea value of 0 indicates that
the target value is matched.Coverage sore is calculated as 1 minus the fraction of bits
which are switched onin the whole set hence a value of 0.1 implies 90% of the bits are
covered bythe set,i.e.the set contains molecules which would match with 90% of the
reference set The diversity gore is the average overlap of fingerprints considerig all
pairwise combinations within the set, nomalised to the size of the set, wherebjower
values equal less overlap.

The final score is a result of a coefficient multiplied by a score for comgition,
coverage and diversity, wherethe lower the scorein each section the better the result.
The coefficients weight each part of the score in the final scordach run is optimised
using a maximum of 5000 iterations with a cooling rate of 0.98, where 20 attempts are
taken per temperature. Cooling rate defnes the speed of convergence of the process to
minimum scores, where the higher the number the slower the cooling20 attempts will
be taken per temperature in order to find a better set (with lower scores) before cooling
is applied. Here, temperature determines the percentage of compounds altered from the
previous set when a new set of compounds is selected, and as it cools, that percentage
decreases. The initial temperature is set to alter a maximum of 30% of compounds in the
initial set, and approactes 0 as the run converges to the optimum set.

The process of set comparison begins with a comparison of the final score for two
initial sets of compounds, sets 1 and 2. The lower score is desirable so if the score of set
2 is lower than set 1, set 2 bemmes the new chosen set. If, however, this is not the case,

the probably of set 2 becoming the new chosen set is determined by the switch probability.
YOO EOOOQRQ0 O
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Once switch probability is calculated, it is then compared to generatedrandom
number between 0 and 1. If the switch probability is higher than the random numbgeset
2 becomes the new chosen set. Switch probability is calculated based on pseudo
thermodynamics, where the smaller the difference between sets 1 and 2, and the higher
the temperature, the more likely that set 2, despite having a higher score, will beme the
new chosen set. The reason this protocol is in place is in order to avoid a local minimum
early in the run,which would prevent a better set with a lower score to be identied. This
is illustrated later in Figure 24.

The simulated annealing scoring process uses fingerprint comparison, which is
much less computationally demanding than 3D shape matching using ROCS. For
illustration purposes, this can be explained using Tanimoto graph$-{gure 23). Here, the
axes are arbitrary molecular shape descriptors and the library of moleculg®lack dots)
including the generated reference shapes (blue dots,-8) fill the entire graph. Four
fragments are selectedat random (A-D), with reference shapes which map within 0.7
Tanimoto similarity of eachidentified (area shaded pale blue and blue dots hollowed gut
In plot a, mly seven out ofthe eight reference shapes have been coverdreference shape
6 has been left out) thereforethe genegated fragments exhibit low coverage In plot b, 3
eight reference shapes have been covered by the new set of fragments A, C, D, E, but
reference shapes 2, 4 and 5 have been coedrby more than one fragment. Therefore,
the generated fragments exhibimaximum coverage but low diversity. In plot c, lheight
reference shapes have been covered by the new set of fragments D, F, G, H, and each
reference shape ionly covered by one fragment. Thereforehte generated fragmentsn
plot ¢ exhibit maximum cowerage and high diversity making itthe most desirable set of

four compounds
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. 0 . 0.7 Figure 23 Tanimoto plots showing how the
’ ot . X library of 80 fragments are selected (example
* B o e shows library of four only). The axs are
¥ D p D \ arbitrary molecular shape descriptors, black
. e ° . 7o . .o dots are fragments, dark blue circles are
. ‘s ° reference shapes (18) and pale blue dicles
a ’ . cover fragments within 0.7 Tanimoto of the
y reference shape.a) Fourfragments (A-D) are
Ll . selected at random, with reference shapes
.t .- . © Z . which map within 0.7 Tanimoto similarity of
o . \ a9, each identified (area shadedpale blue and
.. . * \‘.7 blue dots hollowed out). Only seven out of
°*. o eight reference shapes have been coverec
£ ¢ D' 5. (reference shape 6 left out); the generated
T \o \ \ fragments exhibit low coverage. b) All eight
‘ 0. ) A ..o s . reference shapes have been covered by the
* * . new set of fragments AC, D, E, but reference
b X shapes 2, 4 and 5 have been covered by mor
than one fragment. The generated fragments
X o exhibit maximum coverage but low diversity.
., . o 2 S us ’ ! c) All eight reference shapes have beer
’ é F Y . \“’ . covered by the new set of fragments D, F, G, |
.. \ v . and each reérence shape is only covered by
y. ; one fragment. The generated fragments

. y 5c exhibit maximum coverage and high

- D .
* H .« © \ diversity.
- .0 \ A

The chosen fragments fran the libraries shown in Figure 23, plot a-c (libraries 1-
3, respectively) is next converted into fingerpmts in Table 4, with each set bit
corresponding to asimilarity of 0.7 Tanimoto or higher between the fragment and the
OAEAOAT AA OEADAS (AOAh p ETAEAAOAO OEA EOACIi AT O
shape and 0 indicates a lack of correlation. Theoverageof each reference shape is then
summarised for the library by indicating if they hit at least onefragment (where 1

indicates yes and 0 indicates no).
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Library 1 (Figure 23, plot a)

Reference 1 2 3 4 5 6 7 8
Shape
Fragment A 0 1 1 0 1 0 0 0
Fragment B 0 0 0 1 0 0 1 0
Fragment C 1 1 0 1 0 0 0 0
Fragment D 0 0 0 0 1 0 0 1
(EOO 1 1 1 1 1 0 1 1
fragment

Library 2 (Figure 23, plot b)

Fragment A 0 1 1 0 1 0 0 0
Fragment C 1 1 0 1 0 0 0 0
Fragment D 0 0 0 0 1 0 0 1
Fragment E 0 0 0 1 0 1 1 0
(EOGO 1 1 1 1 1 1 1 1
fragment
Library 3 (Figure 23, plot c)
Fragment D 0 0 0 0 1 0 0 1
Fragment F 1 0 0 1 0 0 0 0
Fragment G 0 1 1 0 0 0 0 0
Fragment H 0 0 0 0 0 1 1 0
(EOGO 1 1 1 1 1 1 1 1
fragment

Table 4 Fingerprint analysis of libraries shown in Figure 23, plot ac (libraries 1-3, respectively), witheach
set bit corresponding to asimilarity of 0.7 Tanimoto or higherbetweenthe fragment and thereference shape
(there are 8 reference shapesij.e.8 bits). Here, 1 indicates the fragmeiit €orrelation with the specific
reference shapeand 0 indicates a lack of correlation The coverage of each reference shape is then
summarised for the library by indicating if they hit at least one fragment(where 1 indicates yes and 0

indicates no).

The number of refererce shapes that are hit by at least 1 fragment { Hit) is then
totalled and used in calculations for reference shape covage (Table6). The composition
score is O for all three libraries as the target value of#fagments per library was matched.
The coverage sore can be calculateff x EAOA AlipO A EOGA AFDO AO £AOAAQE |
number of reference shapes (8 in this example)The coverage scores of O calculated for

libraries 2 and 3 indicate the maximumcoverage of reference shapes by the library.
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Diversity score is calculated based on the number of reference shapes that hit 2 fragments
(A&B) as a fraction of the number of reference shapes that hit at ktal fragment (A|B),

and this is calculated for each pair of fragments individually and then summed. These

pairwise interactions can be illustrated by the overlap matrix showing% for fragments

A-D in library 1 (Table5), where B % refers to the sum of thevalues above the matrix

diagonal (diagonal showing each fragment overlapping with itself to give 1 Tanimoto) and
these values are also mirrored underneath the diagonal. The matrix sum as a fractidh o
the number of entries (excluding the entries in the diagonal) gives rise to the diversity
score (below andTable 6). The score of 0 calculated for library 3 indicates maximum

diversity, with library 2 the second most diverse. Thus, library 3 is the most ideal out of

the three.
Fragment | A B C D
A 10| R|P
0] T
0006
B 0 1 P 1o s s g Terk st Bogo S
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Yé 0 OWE O
C PrP 1o
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D Plo o1
T

Table 5 gvalues showing paiwise relationships for fragmentsA-D in library 1, where A&B is the number
6%

of reference shapes that hit 2 fragments and A|B is the number of reference shapes that hit at least 1 fragment

506 - -
Library | 1 Hit Coverage _QO Coverage Diversity
0 Score Score
1 7 X X 0.125 0.117
w D TI
8 1 PO 0 0.108
C Tt
Table 6 TEA 1 01 AARO 1T £ OAEAOAT AR OEADPAO OEAO AOA EEO AU AO

1-3 and used tocalculate the coverage score of the libraries using ¢ 0 Qi "VG@Q B 6 € 0 Ql. bIEX
Al OAOACA EO Ol p

(EOO

AO A AEOAAOQEITT

T £ OEA 01 OAI

calculated for libraries 2 and 3indicate the maximum coverage of reference shapes by the libraryd %

values showing pairwise relationships are also calculated for fragments in libraries-3, and used to calculate

. B ——
the diversity score of the libraries usingO "Q0 @iG¥ 3@ | ©———— Here, A&B is the number of

Q
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reference shapes that hit 2 fragmentsandA|B is the number of reference shapes that hit at leadtfragment
B % Refers to the sum of thevalues abovethe diagonal of the matrix shown in Table 5 and total is the
number of fragments The score of O calculated for library 3 indicaeemaximum diversity, with library 2 the
second most diverse. Thudibr ary 3 is the most ideal out of the three.

Seven gts of conditionswere attempted for different weightings of composition,
coverage and diversity, anatalculation of library scoreswere averaged over 10 trial runs
for each set of conditiong Table7). Initial ly, the composition target was set to 2% virtual
molecules, or 20 molecules out of the library of 8@ragments. The scores given are the
lowest scores out of the 5000 iterations, where avage defines the average numbepof
fragment hits per reference shape, with a lower average suggesting tfimgment shapes
are more unusual. Lwer standard deviationindicates higher cansistency for the number
of fragment hits per reference shape, and fewer zero hits mean that a greatewumber of
reference shapes are hit by the selected fragments, or a greafsaction of shape space is
covered.

Highlighted in Table 7 are the lowest values per score columnwhere composition
score = 0 means the target number of compmds in the chosen set has been matched,
coverage score = 0 means the otecules in the chosen set hittl00% of those in the
reference set, ad diversity score = 0 means noverlap and maximumshape diversity. It
could be seen that althougtihe weighting for composition : covelage: diversity =1 : 10 :
100 gave the same number of loast values as composition : covage: diversity =1 : 100 :
10, the former has a substantially higher number aeference shapes not hiby a fragment
(higher zero hits) as well as deviates from the target number of virtual molecules
(composE OET T OAT OA Al bbtdfadiots wiick fidy bn irdbAr@rit @le in the
library. As a result, the latter weighting was carried forward in order to find the ideal
number of virtual target molecules(Table8). Again, these values we averaged over 10

trial runs for each set of conditions
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Composition | Composition Coverage Coverage Diversity Diversit y Standard _
Weighting Score Weighting Score Weighting Score Average Deviation zero Hits

10 0 10 0.0082 10 0.052 7.3 3.5 21.0

1 0.015 10 0.0120 100 0.041 5.9 2.8 35.9

1 0 100 0.0049 10 0.060 8.2 4.0 12.2

10 0 1 0.0150 100 0.044 6.3 3.1 42.4

100 0 1 0.0140 10 0.049 6.8 3.3 39.6

10 0 100 0.0065 1 0.063 8.3 4.1 16.1

100 0 10 0.0068 1 0.064 8.5 4.2 16.9

Table 7 A comparisons oflibrary scores abieved for differing weightings of composition, covelageand diversity, dong with the average numberof fragment hits per reference shape
standard deviation offragment hits per reference shapeand number ofreference shapes which wee not hit by fragments(zero hits). For a detailed explanation of these termsefer
to the opening of Sectior2.6.1 Highlighted in the table are the lowest values per score column, and it was on this basis that the weighting compositionvecage: diversity = 1 : 100 :
10 was carried forward.
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% Virtual Composition Coverage Diversity Normal ised Standard _
Average o Zero Hits
Compounds Score Score Score Total Deviation
0 0.070 0.0048 0.0597 0.0103 8.12 4.04 11.8
10 0 0.0053 0.0602 0.0102 8.12 3.98 13.1
25 0 0.0049 0.0603 0.0099 8.19 4.01 12.2
50 0.016 0.0054 0.0657 0.0110 8.62 451 134
Production
. 0 0.0035 0.0488 0.0076 6.97 3.28 8.8
run using 25%

Table 8 A comparison ofcomposition, coveiageand diversity scores achieved for differing percentages of virtual compounds in tHirary, along with the total scoresnormalised to

be independent ofthe weighting for each average number ofragment hits per reference shape, standard deviation dragment hits per reference shape and number ofeference

shapes which were not hitby a fragment(zero hits). For a detailed explanation of these terms, raféo the opening of Sectior2.6.1 Highlighted in the table are the lowest values per

score column, and it was on this basis that 25 composition of virtual molecules was chosefor the production run, alongwith an increasednumber of iterations (10,000) and a slower

cooling rate (0.99).

51



Here, by focusing on only runs which gave a compositioncere of 0, the
highlighted lowest values in runs consisting of 10 and 2% virtual molecules show an
equal number of lowest scores. Tking into consideration that 20 is asuitable number of
compounds for synthesis, 2% was selected as the composition taf. Next, ten
production runs were executed with the final set of conditions.e.composition : @verage:
diversity = 1 : 100 : 1Qwith a target of25% virtual compounds. Ajincreased number of
iterations (10,000) and a slower cooling rate (0.99, se8ection2.6.1) was used ancdthe
convergence value was also decreased to accommodate these changes in cunmdit
lowering the scores further.

The graphs for one of the rungFigure 24) illustrate the normalised combined
score againstnumber of iterations, and the frequency of hits per eference shape (with
each reference shape repremted asa bit string). As predicted, smooth convergencean
be observed in the run with some random jumps in scorgowards the beginning (lot a),
which is desirablein order to prevent a premature local minimum and an even spread of

frequency of hits can also be seeifplot b).

Set1Score vs. iteration frequency vs. bit
0.045 s
20.0
0.040
17.5
. 0.035 2 15.0
5 0.030 § 12.5
w 3
3 0.025 g 10.0
(%] =
0.020 Lw\ 7.5 | \
0.015 \ 5.0
2.5
0.010 | ‘
0.0
0 1000 2000 3000 4000 5000 6000
a iteration b bit

Figure 24 a) Initial jumps in the score of a chosen sdbllowed by smooth convergence b) A mnsistent

frequency of hits per reference shape indicates an even coverage of reference shapes.

Most libraries were discarded at this point due to stereochemistrypf compounds
that would be difficult to control, as a result of new stereocentregenerated via avirtual
derivatisation step. This was the case witbhbnsymmetrical ketone capping groups useéh
the final reductive amination step for many of the Ugi scédlds. In retrospect, if
unsymmetrical ketones had been omitted from the enumeration, the final library wow
offer a more synthetically accessibleselection of molecules. Nevertheless, librees from

two runs were carried forward for the next stage of analysis.
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2.6.2 Retrosynthetic An alysis of Fragments of Interest

Retrosynthetic analysis of moleculesrom two compound libraries of interest
(Section 2.6.1) were undertaken, with building blocks, key intermediates and reactions
completed identified for each virtual molecule.This is in order to evaluate the commercial
availability of necessary reagents as well as the viability of the chemistry involve@&hown
in Scheme10 are example compounds from one library (run 1) for the complete
retrosynthetic analysis of compounds from the two librariesrefer to the Appendix (Table
35). Molecules produced by run 1 weretaken forward for synthesis due to their
chemistry being more develogd than those produced by run 2. RMI and properties
plot of the chosenlibrary (Figure 25) indicates that Leedsfragments (blue) exhibit a

higher 3D characterthan commercial fragments(grey), and slightly lower AbgP.

(e}

%OH HO._O NH
HN\?O \/ CDl-urea = Allyllic ©/
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(\N (\/g | e— BOCHN/\/\NHPh | e— 44
N
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N
o) (vOCOZMe

42 43 82 NHBoc 45
Virtual Fragment Virtual Scaffold Intermediate Building Blocks

.S .
N Y Derivatisation Allylation ‘o //
H MeO,C NH, Br’
48 49
Virtual Scaffold Intermediate Building Blocks
Cyclic
NN
Deprotection, s Ugi \/\NNS sulfamidate NSHN/\/
derivatisation ) reaction = ring opening 29
N ————————»  —
HN \ + (/)
S0 NHBoo Boon-$70
) F3C Lo
0] /O
/50 51 31 30
Virtual Fragment Virtual Scaffold Intermediate Building Blocks
O
.0
H,N__O PMBN” O
D tecti PMBHN O { Cyclic K
eprotection, Mitsunobu sulfamidate P
HN derivatisation reaction PMBHN*(\ NHPMB i opening 54 j—NHPMB
.K/N o /—— [ — NsN.__~ — +0
w \[4 NsN - OH
V o L nPuB A
v NsHN OH
52 53 84 55
Virtual Fragment Virtual Scaffold Intermediate Building Blocks

Scheme 10 Detailed retrosynthetic analysis ofexample fragmens.
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Figure 25 a) PMI plot of the dosen library of 80 fragments It can be seen here that Leedsagments (blue)
exhibit a higher 3D character than commerciafragments (grey). b) Lipophilicity vs.number of heavy atoms
of the chosen library of 80 fragments It can be ®en here that theLeedsfragments (blue) are slightly lower

in AlogPthan commercialfragments (grey).

2.7 Analysis of the Chosen Library

In order to further verify the shape diversity of the chosen set of compounds$wo
new PLP protocols were devised in order to comparthe chsen set against randomly
selectedsets of compounds. The first protocol focuses on the Tanimoto score of the
library calculated using fingerprint comparison, where a lower score indicates higher
shape diversity. The second method analyses the number ofirfheworks present in the
library, as well asthe number of compoundsper framework. Here, framework is used as
a unique identifier (refer to Section1.4) for shape analysis. Finally, the value added by
the virtual fragments to the combined library of both virtual and ZINC fragments is

investigated.
2.7.1 Shape Diversity Analysis

The shape diversity of the chosen set of compoundsin be verified by calculating
a shapesimilarity score for the library ,swhere a lower score indicatedower similarity,

or higher shape diversity. A 80 compoundswere scored against on@nother using shape
fingerprint comparison. Tanimoto smilarity scores (%, whered Q6 is the number of
bits switched on in both fragments and P is the number of bits switched on in at least 1
fragment, Section 2.6.1) were calculated where compound 1 was scored against

compounds 1 to80, and then compound 2 was scored aget compounds 1 to 80 until

this was completed for all 80 compounds.
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The scoreswere then totalled for each compound, and where shape match is
identical for compound 1 against itself, and compound 2 against itsedfc, the score value
of 1 per compoundgpr 80 per library, was removed from this total. Next, the average score
per compound was calculated as a determinant of the shape diversity of the set, where
the lower score would mean highe shape diversity (lessoverlap). The resulting scordor
the chosen library was calculated to be 3.5936 The same process was applied ten
libraries of 80 random conpounds, which gave anaverage of 8.6842per library, with a
standard deviation of 0.4733. This is significamy more than two standard deviations
higher than that of the target 80 compounds; therefore, it is true to say that the objective

of identifying a shapediverse set of 80 fragments has been reached.

2.7.2 Framework Analysis

Another way in which diversity can beevaluated is by identifying the different
frameworks present in the library and the frequency of compounds containing each
framework. A new PLP protocol was therefore devised and applied to the combined
library of 73,031 compounds as well as the chosenbrary of 80 compounds. The
framework type used to score, or categorize the librarieswas @rapho only, which
considers the connectivity of the molecule (Sectiof.4). The frameworks were ordered
in decreasirg frequency of conpounds that contained each ongand those frequencies
were then normalised in order to make them independent of the library sizeTable 9).
The same was done for a random libraryfd80 compounds (Appendix;Table 36) in order
to compare the relationship between frequency of frameworks in the combined library to

both the chosen and random library of 80.

Table 9 For each framework type in the chosen library of 80 fragments, the frequey of compounds
containing the framework has been summarised, as well as the corresponding frequency of compounds
containing the same framework in the combined library. The frameworks were ordered in decreasing
frequency of compounds present in the choselibrary of 80, and those frequencies were then normalised in

order to make them independent of the library size(Seen on the following page)
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Frequency in

Framework (Smiles) Frequency in Chosen Normalised Combined Library of Normalised

ibrary of 80 Frequency 73.031 Frequency
ClCcCccc1 13 0.1625 6714 0.0919
C1CCcC(Cc1ycaceceee2 4 0.0500 2331 0.0319
Cl1CcCc(ccrcaceeez 3 0.0375 2490 0.0341
C(C1cccecerycacececece2 3 0.0375 2209 0.0302
C(CCClCcCccl)ceeacecece? 3 0.0375 1589 0.0218
C(CCi1Ccccceerczcececeez 2 0.0250 3156 0.0432
C(C1cccceryecaceceez 2 0.0250 178 0.0024
C(Cci1ccceecercacez 2 0.0250 426 0.0058
ClCcCccC1 2 0.0250 846 0.0116
C(CC1CCCcCcc1caceece2 2 0.0250 112 0.0015
C(CCClccceceenceacecece2 2 0.0250 2299 0.0315
C(CC1Ccccecricaceeez)c3cecc 1 0.0125 31 0.0004
CLCCC(CC1)cC2cccee(ca)e3ceca 1 0.0125 90 0.0012
C(Cciccceerceacceceez 1 0.0125 400 0.0055
C(C1CCcCccelycaccee(cescecececsy 1 0.0125 48 0.0007
C(CC1CCCcCl)CCzCCc(C)c3cccC 1 0.0125 83 0.0011
C(C1CCCcCcl)caceeaceceescez 1 0.0125 219 0.0030
C(CCC1CCCC1)CCC2CCABLILCCCi 1 0.0125 13 0.0002

C(CC1CCCcCl)c(ceeaceee2)cacct 1 0.0125 3 0

C(CC1CcCcCccrl)ceacee(cesceceey) 1 0.0125 19 0.0003
C(CCCcClCccceeleeeacceeez 1 0.0125 749 0.0103
C(CC1Ccc2cceeeezc)escecccc 1 0.0125 328 0.0045
C(CC1CCccrl)ceacece(cesccececes 1 0.0125 15 0.0002
C(CC(CC1CcCccCc1)cacea)ceacecy 1 0.0125 8 0.0001
C(C1CCcCcC1)caccee(ceaceees3) 1 0.0125 49 0.0007
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C(CCCcCl1cc2cceeezcicee3cect 1 0.0125 3 0
C(CC1CCcccececeaceece2 1 0.0125 2809 0.0385
C(CC1CCC2CCCC2C1)C3CCCCC] 1 0.0125 370 0.0051
C(CiCcCccernExceaceacecees 1 0.0125 27 0.0004
C(CClCCcci1ceeeceee2)escea 1 0.0125 2 0
C(CC1CcCcceeueacez 1 0.0125 79 0.0011
C(C1cclrcacececee2 1 0.0125 206 0.0028
C(CClccceceeuceaccececece2 1 0.0125 100 0.0014
C(CC1CCCCcC1)ccaceee(ceaces 1 0.0125 8 0.0001
C(CClCccar-cacceee(ca)csccec 1 0.0125 9 0.0001
C1CCC(CCl)ca2cccee(ceacacec 1 0.0125 16 0.0002
C(CC1lccr)ceacecee(caesces 1 0.0125 2 0
C(CC1CcC1)ceaceeecaceescc 1 0.0125 5 0.0001
C(C1CCCCC1)C2CCCC(C2)Cc3CCq 1 0.0125 14 0.0002
Cl1CCcCcCccC1 1 0.0125 328 0.0045
C(CXCCCC1caceee(eacacecca 1 0.0125 62 0.0008
C(CCcCl1cccececeleeeecececeez 1 0.0125 1205 0.0165
C(CCcCi1cceceenceacecee2 1 0.0125 2402 0.0329
C(C1CCcccerceceeeez 1 0.0125 2498 0.0342
Linear 1 0.0125 187 0.0026
C(CCCccCiceeenceeeceeacecda 1 0.0125 9 0.0001
C(CCLcCcceclcacecee2 1 0.0125 271 0.0037
cilccaccececeact 1 0.0125 68 0.0009
CclCcc2ccececeact 1 0.0125 1639 0.0224
C(CC1CCCCC1)CC2CC3CCCC3C| 1 0.0125 31 0.0004
ClCCCcCccecz(cceeenceceez 1 0.0125 2 0
C(CCClccceenceeacecee? 1 0.0125 305 0.0042
C(CCCcCl1ccceeelceeceezcececa 1 0.0125 150 0.0021

57




Plots to show the relationship between normalised frequencie of each
framework present in a) the combined library and the chosettibrary of 80 and b) the
combined library and a random library of 80 Figure 26). It is clear thata closer
relationship can be observedn plot b than in plot a, suggeting that the chosen Ibrary is
more framework-diverse, whereas the random library has been selected simply based on

the how frequently a frameworkappears in the combined library.
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Figure 26 Plots to show the relationship between prmalised frequencies of each framework in a) the
combined library and the chosen library of 80 ad b) the combined library anda random library of 80. A
closer relationship can be observedn plot b than in plot a, suggeting that the chosen library is more
framework-diverse; whereas the random library has been selected simply based on the how frequently a

framework appears in the combinel library.

PC500s a value which indicates the fraction of frameworks required to cover half
of the total library of compounds, and can be an indicator of framework diversity, where

the higher PC50C indicates a more frameworHiverse library.4? Since the chosen library
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of 80 contains a total of 53 frameworks, and 13 frameworks are required to cover 40 of
the campounds (calculated usingthe cumulative total of conpounds starting from the
most frequently occurring framework, in decreasing order), its PC50C is calculated to be
13+53 = 0.245 The same was done to terandomly selected librariesof 80 molecules,
seen inTable 10 and displayed graphically inFigure 27, which gave an average PC50C of
0.254 and a standard deviation of 0.0319.

No. Frameworks
Random Library No. Frameworks Covering 50% PC50C
Compounds

1 53 14 0.264

2 48 11 0.229

3 59 19 0.322

4 52 13 0.250

5 50 11 0.220

6 53 13 0.245

7 51 11 0.216

8 56 16 0.286

9 53 13 0.245

10 50 13 0.260
Average 52.5 13.4 0.254

Table 10 The total number of frameworks as well as the number of frameworks needed to cové0% of

compounds in e@h library was identified for ten random libraries of 80 molecules, and their PC50C values
=}

were calculated using 8 . The datagave an average PC50C of 0.254 for the

8
ten random libraries and a standard deviation of 0.0319.

0.350
0.300
0.250 -
8 0.200 - Figure 27
§ 0.150 - A comparison  of
0.100 - PC5@C of the chosen
0.050 - library with the 10
0.000 - o A randomly  selected
c}*°6eooe>°@lt>°@la>°@%@°®ibéit?& & obéi&‘& & | torares of o0
Q@ Q@ Q@ QO Q@ @ Q@ Qg,o molecules (Table 10).
Library

The PC50C values for the chosen library 8D differs from the mean PC50C of the
random libraries by much less than two standard deviationsshowing no sigrificant
difference between theframework diversity of the libraries (Figure27). Although it might
have been expected that the chosen library would have a higher PC50C due to its high
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shape diversity, the similar values could beexplained by that frameworks are not

necessarilyindicative of shape.

2.7.3 Comparison of Virtual Compounds to Commercial Compounds

In order to investigate the value added by the0 virtual fragments to the 80
compound library of both virtual and ZINC fragmens, thescore of the chosen library was
compared to the score of a library of fragments selected when only commercial ZINC
molecules are awilable. This was done by genetin of ten libraries of 80 fragments from
the ZINC library using the same conditiongor compound selection aghat used for the
chosen set It was observed that on average the ZINC set were unable to achieve a
composition score of 0 Table 11), a fundamental property of the chosen library
(highlighted). This indicates that under the same selection conditions, it is not possible
to select 80 fragments from the ANC library whilst achievingmaximum reference shape
coverageand maximum shape diversity (Sectior2.6.1), thus proving thevalue of virtual

fragments in the library. A graphical display offable 11 is seen inFigure 28.
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Run Composition Coverage Score Diversity Score Average Hits Star_]dérd Zero Hits
Score Deviation
1 0.025 0.0024223 0.047319 6.8050 3.2142 6
2 0 0.0044409 0.050952 7.0949 3.2977 11
3 0.025 0.0040371 0.046308 6.6605 3.2023 10
4 0.0125 0.0032297 0.044882 6.5470 3.0699
5 0.025 0.002826 0.049372 7.1397 3.313
6 0.025 0.0040371 0.045083 6.6831 3.0893 10
7 0.0125 0.0024223 0.041917 6.4287 3.0603 6
8 0.025 0.0032297 0.046375 6.7804 3.1342 8
9 0.0125 0.0024223 0.044761 6.7840 3.1547 6
10 0 0.0036334 0.045401 6.6399 3.2907 9
Average 0.01625 0.0032701 0.046237 6.7563 3.1826 8.1
Chosen Library 0 0.0040371 0.055811 7.7085 3.7569 10

Table 11 Scores for ten libraries selected using only commercial fragments from ZINC. Displayed scores include composittowerageand diversity, along with average number b
fragment hits per reference stape, standard deviation offragment hits per reference shapeand number ofreferences shapes which were not hiby a fragment(zero hits); this is shown
graphically in Figure 27. For a detailed explanation of thee terms,refer to the opening of Sectior2.6.1 The average score has been calculated, indicating that a composition score of

0 is unable to be achieved (highlighted), unlike within the chosen library.
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Figure 28 Graphical representation of properties of ten libraries selected using only commercial fragments
from ZINC, seen ilfable11. These include a) compositioncoveiageand diversity scores; b)average number

of fragment hits per reference shape withstandard deviations shown as error barsand c) number of
references shapes which were not hiby a fragment(zero hits). For a detailed explanation of these terms,
refer to the opering of Section2.6.1 The average values have been calculated for each property and have
been included in all three plots as well as the same properties for the chosen library. This clearly indicates
that a composition scoreof 0 is unable to be achieved using only commercial fragments from ZINC, unlike

within the chosen library.

2.8 Purchase of Commercial Fragments

With the 20 fragments synthesised using Leeds chemistgompleted, an attempt
to sourcethe remaining 60 commercal fragments revealed challenges due thigh cost or
lack of availability. As a resultcommercialfragmentswere reselected for the final library
to overcome these issues, and this was done a total of three timdéibr@ries E-G). During
each reselection of commercial molecules, ten alternative libraries were generated with
the fragments already in hand remaining unaltered. The library with the lowest
composition, coverage and diversity score (Sectior2.6.1) was selected unti all
compounds were successfully sourced. The similar scores of the library of 80 compounds
in each round of reselection (Section3.2 describes how libraries AD are direced at
reselection of fragments synthesised using Leed chemistry; here libraries EG are
described for reselection of commercial fragments) indicate that the shapdiversity of
the final library has not been compromised from the initial target fragments Table 12).
This is denotedby the fact that all scores foribraries A-G contain values within two
standard deviations of the average library score. A graphical display ©&ble 12 can be

seen inFigure 29.
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Composition _ _ _ Standard _
Library Coverage Score Diversity Score Average Hits o Zero Hits
Scae Deviation

A 0 0.0032297 0.045488 6.5733 3.0824 8

B 0 0.0032297 0.053412 7.3924 3.5084

C 0 0.0052483 0.051173 7.1841 3.3662 13

D 0 0.0036334 0.056421 7.7017 3.7268 9

E 0 0.0040371 0.055811 7.7085 3.7569 10

F 0 0.0036334 0.055451 7.7416 3.7811 9

G 0 0.0032297 0.056052 7.7344 3.7480 8
Average 0 0.0037488 0.053401 7.4337 3.5671 9.3
Standard

. 0 0.0006726 0.003659 0.4030 0.2446 1.7
Deviation

Table 12 A comparisonof scoresfor the initial library (Library A), each regenerated library (Libraries B-F) and the final library (Library G). Displayed scores include compositiogn
coverageand diversity, along with the average number bfragment hits per reference shape gandard deviation of fragment hits per reference shapeand number ofreference shapes
not hit by a fragment(zero hits); this is shown graphically inFigure 28. For a detailed explanation of these termsiefer to the opening of Sectior2.6.1 The column averages and

standard deviations of eactproperty have also been calculated.
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Figure 29 Graphical representation of properties ofthe initial chosen library (Library A), each regenerated
library (Libraries B-F) and the final library (Library G), seen inTable 12. These include a) composition
coverage and diversity scores; b)average number é fragment hits per reference shape withstandard
deviations shown as error barsand c) number of reference shapes not hiby a fragment(zero hits). For a
detailed explanation of these termsyefer to the opening of Section2.6.1L The average values have been
calculated for each property and have been included in all three plots, indicating that properties of each

library are comparable.

A PMI and properties plot of the finalibrary, or Library G(Figure 30) indicates
that Leedsfragments (blue) exhibit a higher 3D characterthan commercial fragments
(grey), and slightly lower AbgP. The structures for all 60 commercially purchased

fragments can be seen iifable 13.
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Figure 30 a) PMI plot of Library Gthe final library of 80 fragments. It can be seen here that Leedsagments

(blue) exhibit a higher 3D character than commerciafragments (grey). b) Lipophilicity vs.number of heavy

atoms of Library G. It can beseen here that theLeedsfragments (blue) are slightly lower in AlogP than

commercial fragments (grey).
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Table 13 Structures ofall 60 commercially purchased fragments.
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3 Synthesis of a ShapeDiverse Fragment Library

This Chapte focuses on thework | have completed on the 20 synthetic
compounds (Table 14) within my shape-diverse library of 80. The Chapter has been
divided into four sections focusing on the key chemistries for fragmenbfmation. Section
3.3describes fragments synthesised using Ugi chemistry, Secti8r describes fragments
synthesised using amino acid chemistry, Section3.5 describes fragments synthesised
using Mitsunobu chemistry, and finally Sectio3.6 describesfragments synthesised using
iridium chemistry , in a key step for formation. Each section is divided into sufections
for the synthesis ofbuilding blocks, the key reaction connecting those building blocks
together, the formation of scaffolds, and finally deprotection and decoration of the
scaffolds in order to form the desired fragments.
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scaffold 1 (Amino acid)

scaffold 2 (Iridium)

scaffold 3(Ugi)

scaffold 4(Ugi)

NH

scaffold 5(Ugi)

H
N._O § \
¢ Ly ; O
N N N
0 o -
HN” S0 o 8 O,/\SQO ¥ J
KH/OH g ) \ N
S ) O H
scaffold 6(Ugi) scaffold 6(Ugi) scaffold 7(Ugi) scaffold 7(Ugi) scaffold 8(Ugi)
NH NH
HN
ol { C3 e | B | gl
N &N N Y/ \ NH N%\NH
I3 ) w .
NH
<ﬁ 3 f NH
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scaffold 9(Ugi) scaffold 10(Ugi) scaffold 11 (Ugi) scaffold 11(Ugi) scaffold 12(Ugi)

g s b | s
N\f\ N—=
HO/~<\NH Hoﬂ,\,

scaffold 13(Ugi) scaffold 15 (Mitsunobu) scaffold 16 (Mitsunobu) scaffold 17 (Mitsunobu)

NH
O o 0 2 0 NH; -

Ny R j/\
" HN N@ HN® A HN‘@
A o |~

Table 14 The original library of 20 fragments selected for synthesis using chemistry developed at LeedEach fragment has been labelled with the scaffold from which they originate

as well as the chemistry used for their key stage for faration.
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3.1 Shape-Similar Alternative Fragments

During encounters with fragments whose synthetic routes were exhausted and
unsuccessful, an attempt was made to identify a shap@milar fragment. Using PLR
shapesimilar fragments to 50 (Section 3.3.4.1.3 was identified by calculating the
Tanimoto score betweenthe iIOOOET ¢ T £ OEA OAOCAO A&AOACIi AT 080 £EE|
rest of the fragments in the Leed library. Tanimoto scores lie in the region of-Q, where
a score ofl equates to an identical fragment in terms of shape and O equates to a complete
lack of shape similarity. The calculation is shown beloganalogous to that used in Section
2.7.1), where each bit indicates a match with a sp#ic reference shap® (AOGAR O1 61 AAO 1,

reference shapes covered by either #h target fragment or the suggestedilternative

fragment.

Tanimoto score =

The three highest similarity fragments could be identified by allowing the
protocol to only select molecules which matcid the target fragment with Tanimoto
scores of >0.5(Figure 31). Unfortunately, two of these fragments85 and 86 require
decorations with an unreactive alkyl sulfonyl chloride capping group, similar tcd0. The
synthesis of the third fragment87 involves a reductive amination eaction that would
likely result in a mixture of two diastereomers which would be challenging to separate.
By using the same protocol to trialocating shapesimilar alternative fragmentsfor other
compoundsfrom the library, it was suggesed that the target molecule50 resided in an
especially unpopulated area of shape spaceAs a result, a newsimulated annealing
protocol was applied which selectsa new library of 20 fragments with high coverage of
reference shapes and diersity; this protocol would allow completed compounds to be
included without relying on specific compounds similar in shape to problematic

fragments such a$0.

74



S S ke S

HN™ ~O uN’ 90, HN""O O, HN
8 T) ¥e 8
0 0
50 85 86 87
Target Fragment Suggested Alternatives

Figure 31 The target fragment50 for which a replacement isrequired and the proposed alternatives85-87
by PLP.

3.2 Alternative Fragment Libraries

An improved method to using a PLP protocol to locate shagmilar fragments
was to generate a new simulated annealing protocol. This was able to produce an
alternative library of 20 fragments(Library B) to the original (Library A) selected from
the Leeds virtual fragment library, with optimum coverage of reference shapes and
diversity. Alternative libraries were generated three times in total(libraries B-D), each
time allowing completed compounds to be includedvhilst implementing new filters.
Library B allowed removal of alkyl sulfonamides on the énembered and Zmembered
ring scaffolds synthesised using the Ugi reaction, on the most hindered nitrogewith in
the ring (to avoid synthetically unfeasible fragments such a$0, Section3.3.4.1.3. On
these same nitrogens, amideireas and amidecarbamates were also removed (to avoid
synthetically unfeasible fragmentdeading to sideproductssuch asl59, Sectiorn3.3.4.3.9.
Ten virtual fragment libraries were generatedusing the new filterswhere Library B was
selectedbased onlow reagent cost and ease of synthesjsas well as familiarity of the
chemistry.

Based on Library B, new challenges were identified and the same replacement
process was implemented. Library C was selected after exclusion of scaffolds formed
using Mitsunobu cyclisation chemistry. This was due to thensuccessful connection of
building blocks (Section 3.5.2), epimerisation of stereocentres as well as unsuccessful
deprotection reactions (Section 3.5.4). Library C wasselected from aset of 10 new
libraries generated by PLP.

Based on Library C, new challenges were identified during formation of
intermediates using the iridium-catalysed allylic amination reaction, and the same
replacement process was implemented. It was observed on one occasion that the iridium
catalysed reaction was unable to selectively promote formatiorof the desired alkene

(Section 3.6.2), and unfortunately the followin g aminoarylation reactions were also
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unsuccessful. Library D was selected aftezxclusion of scaffolds formed using iridium

chemistry in a key step Table15). A summary of the library reselection process is shown
in Figure 32 and libraries A-D can beseen in the Appendix Table 37). The synthesis of

fragments as a result of theoriginal as well asregenerated libraries has been discussed

throughout.
Reselection of New Library
6 Completed compounds 16 Completed compounclls 18 Completed compounds
kept, 13 compounds and 1 compound undergoing
R kept, 2 compounds
replaced, 1 compeound synthesis kept, 3 compounds reselected
reselected reselected
Library A Library B Library C Library D

Removal of alkyl
sulfonamides, amide-ureas
and amide-carbamates on the Removal of scaffolds formed Removal of scaffolds formed
6- and 7-membered ring using Mitsunobu chemistry using iridium chemistry
scaffolds synthesized using
the Ugi reaction

Removal of Synthetic Challenges

Figure 32 Summary of the library reselection process from Library A to Library Dincluding number of

compounds kept and replaced in each round of selection as well as the synthetic challenges which were

removed. Library D was ultimately prepared.
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scaffold 1(Amino acid)

scaffold 2(Amino acid)

scaffold 3(Amino acid)

scaffold 4(Amino acid)

scaffold 5(Amino acid)

F
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NH
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scaffold 6 (Ugi)*

scaffold 6(Ugi)

scaffold 7(Ugi)*
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N
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scaffold 8(Ugi)

scaffold 9(Ugi)*

scaffold 9(Ugi)*

scaffold 10(Ugi)

scaffold 11(Ugi)

(0]
HN N
SR

fo

N
<\NH

o P

NH

e
N

L0
&

scaffold 12(Ugi)

scaffold 12(Ugi)

scaffold 13(Ugi)

scaffold 13(Ugi)*

scaffold 14(Ugi)

Josm
e

Ol

foan
Y

RTAW

O N

g2

N
§\NH

Table 15 Library D, the final library of 20 fragments selected from the Leeds virtual fragment library. Each fragment has been labélivith the scaffold from which they originate as

well as the chemistry used fotheir key stage for formation. *Fragments thathave remainedfrom the original library.
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3.3 Synthesis of Fragments Using the Ugi Reaction as a Key Step

3.3.1 Synthesis of Building Blocks

3.3.1.1 Cyclic sulfamidates

The formation of the cyclic sulfamidates30, 92 and 96 (Schemell) began with
Boc-protectionét of the corresponding commercially available amines followed by
reaction with thionyl chloride, giving the cyclic sulfamidite. A ruthenium-catalysed
oxidation using sodium periodate yielded the cyclic sulfamidates on 1@ scales$263 The
sulfamidate ring formation reaction was repeated on Boethanolamine using 2.2
equivalents of NalQinstead of 1.1 equivalents, where it was discovered that the oxidation
step completed in just 4 hours whereas it is normally left to react overnight. The yield
improved from 23% to 71% and the crude material was pure enough to carry through to
the next step after aqueous workup. The formation of the cyclic sulfamida®é proceeded
via an acetylated* intermediate 95. A mixture of mono-acylated intermediate and di
acylated side product was recovered in this step

1) SOCl,, EtsN,

imidazole, DCM
Boc,0 -60°C - RT _4-0
N> O BocHN™ O ————Booll éb
DCM, 0°C-RT 2) NalOy, 0.1 mol%
88 84% 89 RuCl3-3H,0, 30
H,0-MeCN,
0°C-RT, 4 hr
71%
1) SOCl,, EtsN,
imidazole, DCM
Boc,0 -60°C - RT £o
HN O BocN O ——————-5 7o
: DCM, 0°C -RT : 2) NalOy, 0.1 mol% :
%0 100% 91 RuCly-3H,0, 92
H,0-MeCN,
0°C-RT,4hr
7%
1) SOCl,, EtsN,
imidazole, DCM 0
OH Boc,0 OH (Ac),0, EtzN OAC _78°C -RT BocN’él;o
L 0
HZNLOH DCM, 0 °C - RT BOCHNL/OH DCM, 0°C,2hr  BocHN on 2) NalOy, 0.1 mol%
53% 62% RuCl;-3H,0,  OA°
93 94 95 H,O-MeCN, 96

0°C-RT,4hr
32%

Scheme 11 Synthesis of cyclic sulfamidates.
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3.3.1.2 Alkynyl sulfonam ides

Boc-protection of 2-nitrobenzenesulfonamide and a DEAfpromoted Mitsunobu
reactionv with corresponding alkynyl alcohols was followed by Boaleprotection to yield
sulfonamides 29 and 99 on 25 g scals (Schemel2). Purification of the propargyl
sulfonamide 99 was difficult due to large amounts of triphenylphosphine oxide being
present; the majority of which was removed by filtration prior to flash chromatography.

HO\

1) DEAD, PPhj,
THF, 0°C - RT

NsHN/\/
29

2) TFA,
DCM, RT
89%

NO, o Boc,0, EtsN, NO2 o,
2 S
DMAP <
S.
NH, @/ NHBoc
o7 DCM, RT
57% % HOTN
1) DEAD, PPh,

THF, 0°C - RT
NsHN/\

99
2) TFA,
DCM, RT
50%

Scheme 12 Synthesis of alkynyl sulfonamides.

3.3.2 Connection of Building Blocks

Cyclic sulfamidate ring opening oB0 with pentynyl sulfonamide 29 under basic
conditions gave the sulfonamide81. Goldmediated alkyne hydratiorf568 of sulfonamide
31, performed over 3hr in a sealed tube at 120 C, gave the ketone 32
regioselectively446%7t Larger scale alkyne hydration (1 g scale) proved difficult to drive
to completion due to the small size of reetion tubes available. One solution was to
complete the reaction at reflux, using a longer reaction time (overnight) to compensate
for the lower reaction temperature (100 C). This proved possible and the reaction was
completed on a 6 g scale, whergield of the ketone32 also improved from 56% to 86%
(Schemel3).

The cyclic sulfamidate ring opening reaction was repeated using a range of other
sulfamidates and sulfonamides, followed by golinediated hydroamination’2z76 to give
the desired tetrahydropyrazine. Sulfonamidel00 was producedon a 4 g scale, followed
by cyclisation to producelOl (Table 16, Entry 1). The methylsubstituted sulfonamide

102 was produced as gresumed single enantiomer, with inversion of configuration at

v DIAD was initially used in plae of DEAD however this causeidsues in purification .
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the stereogenic centre.

The sulfonamidel02 then reacted in a goldmediated

hydroamination reaction to give the tetrahydropyrazine 103 on a 2 g scale Table 16,

Entry 2). The same ring opening reaction using an acetaseibstituted cyclic sulfamidate

produced sulfonamide 104, which upon hydroamination yielded the tetrahydropyrazine

105 on a 2 g sale (Table16, Entry 3).

1mol% Au(Pr)cl, @

0
v NaH NNs  1mol% AgSbFg P
NsHN Sy BocN’é\/oo / s 0 h9>PTe NNs
L DMF, RT 1,4 dioxane-H,0,
56% NHBoc reflux NHBoc
29 30 31 86% 32
Scheme 13 Synthesis of ketone32.
_ Cyclic Yield Yield
Entry | Sulfonamide | gyifamidate Product 2 % Product %
o) =~ "NNs
NsHN/\ BocN’éI’O =z BocNg
1 99 LR NHBoc | ©1 NNs | ©2
100 101
30
o =" "NNs
NSHN N | oon-S7° ~ BOCNg
2 % L° NHBoc 49 NNs 95
: 102 103
92
éo
_4=-0
NSHN Sy | BoeN55 =z \Ns BocN
3 A~ | Ao 58 Vol 73
99 OAc NHBoc AcO -NNs
926 104 105

Table 16 Yields of products from the cyclic sulfamidate ring opening redion and the following gold
mediated hydroamination reaction; a) Conditions: NaH, DMF, RT; b) Conditions: 5 mol% Au(EBy, 5 mol%

AgSbk, 1,4dioxane, 100 T.

3.3.3 Synthesis of Scaffolds

The two novel scaffold$1 and 33 were generated using the Ugi reactio from the

ketone 32 and two different isocyanides, proceeding via an iminium intermediate.

Scaffold51 was formed on a 600 mg scale and scaffol®3 was formed on a 1 g scale

(Schemel4).

Attempts were made to renove the trifluoroacetamide group via base
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hydrolysis, using NaOH as well as:KQ in H.OzMeOH (30:70). Fluorine NMR showed
disappearance of fluorine atoms, and a slight shift in proton NMR could be observed.
However, it was not possible to assign one aiional peak in the carbon NMR at 156 ppm,
and a mass peak of 26 greater than the product mass. This was the case for both
intermediates. Upon further investigation it was identified that the reaction formed
hydantoins 106 and 107 via an addition-elimination mechanism from the nucleophilic
amide nitrogen, with the -CF anion as the leaving group. This structure was confirmed
by both HRMS and carbon NMR. Thaoposed mechanism for the formation of the

hydantoin structure?” can be seen irschemels.

1) TFA, NNs NNs
DCM, RT ka J K,CO;4 J
N N o N
_O~ne 5 § 1 MeOHH,0,RT N/\ko
O~ CF; 86%
2)EtOH, O
0°C-RT O
o) 71% 51 106
\)J\/\NNS
32 NHBoc

) TFA, Nlte
NNs
DCM RT K2COs O?(Nj

@ MeOH-H,0, RT N’go
NC OO CF3 36% b

2) EtOH,
°C RT 107
54%

Scheme 14 Synthesis of hydantoinsl06 and 107.

K>,CO
NsN/\N%O = N L ES NSN/\N\(O j~
- CF3
%/ CF K%r R NR R=
NH -
3 (0] O O

Scheme 15 Mechanism for the formationof the hydantoin structure.

The structures of the hydantoinsl06 and 107 were assigned on the basis of their
IR and HMBC spectra. The characteristic amide C=0 peaks for hydantoin structiéfres
around 1780 cm?! and 1720 cm! were present in both IR spectra and the structure was
also verified by HMBC, where correlations were seen between the carbonyl carbon

previously belonging to the trifluoroacetamide group, and nearby protonsKigure 33).
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Figure 33 HMBC correlations shown via arrows between the carbonyl carbon previously belonging to the

trifluoroacetamide group, and nearby protons in hydantoinsl06 and 107.

Novel scaffold108 synthesised using the Ugi reaction has been formed ona 1l g
scale from ketone32 (Schemel6). The 6membered ring hydroamination product 101
was also used in three Ugi reactions tgive scaffold109 (Table 17, Entry 1) on a 500 mg
scale, andL10 (Table17, Entry 2) and111 (Table17, Entry 3) on 1 g scales.

0o 1) TFA, NNs

\)K/\ NNs DCM, RT H N
>ne < Ogter,

2) EtOH, 0 °C - RT 108
66%

NHBoc
32

Scheme 16 Synthesis of scaffoldl08.

Entry | Tetrahydropyrazine Isocyanide Product a Yield / %

BocN\§ (ON'e)
\ NC | FsC—~
NH
1 &NNS N% 60
101 <\
NNs

109
\
O
BocN\< (OJNe) g
\ FaC—~(
NC NH
2 K\NNS S0 N 11
101 <\
NNs
110

BocN\\< FSC‘{O ] Ng>
/\ N

3 <\NNS NC <j\l§\ 69

s

101
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BocN (ONN0)]
4 K ne | Fe NH 77
NNs N

BocN\\§ O O
FsC
5 } ~o~NC | P REVEY 81

NNs N
103 §\NNS
113

BocN\\§ Fsc\{o K Ng>
6 >\NNS ANC §N\ 49

103

BocN\\§
7 }\ ~>NC

NNs 1
103
BocN\\g
8 ACOﬁ\NNs ~SNC 49
NNs
105
116

Table 17 Yields of products from the Ugi reaction; a) Conditions: 1) TFA, DCIRT, 2) isocyanide, EtOH,
0 C-RT.

The piperazines 112-115 (Table 17, Entry 47) were synthesised
diastereoselectively from tetrahydropyrazine 103 using three different isocyanides, on
200 mg- 1.5 g scaleg? The tetrahydropyrazine 105 was treated with 18 equivalents of
TFA- three times the amount of previous reactions to effect iminium formationbefore
undergoing the Ugi reaction with ethyl isocyanide to yield piperazind16 on a 1 g scale
(Table 17, Entry 8). In the case of the piperazin&l6, the relative configuration was

determined by NOESY analysis-{gure 34); where an NOE was observed between the

84



methyl protons and the proton in the membered ring attached to the same carbon as

the methyl acetate substituent, they are indicated to be on the same face of thegin

Aco. O
NZN)LOCF‘?
NsN H

L

Observed NOE
in both directions

Figure 34 Determination of configuration of scaffold116.

3.3.4 Synthesis of Fragments

3.3.4.1 7-Membered ring fragments
3.34.11 Benzylamide substituted 7-membered rings

One method to prevent the formation of hydatoins 106 and 107 (Section3.3.3
would be to change the trifluoroacetyl protecting group in scaffold$1 and 33. However,
this is difficult to achieve due to the nature of the Ugi reaction. Instead, complegjrihe
reaction under reductive conditions using NaBhlproved successful in the removal of the
trifluoroacetamide group.8281 The deprotected diazepand 17 was next decoraed on the
secondary amine by reductive aminatiof? using acetaldehyde to give the alkylated
product 118 on a 300 mg scale. The alkylated intermediat®18 was deprotected to

remove the sulfonyl groupg? producing fragment119 on a 1 g scalechemel?).

o)
NNs NNs /J T?s T?
NaBH H NaBH(OAc), H PhSH, K,CO;  H
H%J 4 N>(N ) No PN N NK
H o}
OOA\CF3 MeOH, 0 °C - RT o] DCM, 0 °C - RT O . CHN,RT
34% 64% 68 %

33 117 118 119

Scheme 17 Synthesis of fragmentL17.

Sulfonyl deprotection on scaffold33 was completed to produce a negligible
amount of the desired intermediate120 as well as a major sideproduct with a mass of
[M-18]+. Xray crystallography enabled determination of the structure of the sidgroduct
as cyclic zwitterion 121, which under conditions on the LCMS gave rise to the charged
iminium species 123, accounting for the [M18]+ peak observed Schemel9). The
formation of zwitterion 121 is promoted by the presence of a hydrogen bond between the

oxy and ammonium ions stabilising the structure Figure 35). 121 was suljected to
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excess base which gave the expected hydantol22 (Schemel8), suggesting it is an

intermediate in the hydantoin formation reactions4

N N N

N ~ O
-
CF3
oo)\CF3 CH4CN, Oo//‘\CFg, CHLCN, RT b IitOH, b
RT 70% 70°C, 4 hr

41%
120 33 121 122

'\}4(28 NH
L
NH PhSH NNs PhSH N
[N (0]

N B

Scheme 18 Synthesis of hydantoinl22 via zwitterion 121 using sulfonyl deprotection conditions.

121 123

Scheme 19 Formation of the [M-18]+ mass ior Figure 35 X-ray crystal structure of zwitterion 121.
123 from zwitterion 121.

An alternative route was used to remake scaffol®3 using a benzyl protecting
group in place of the sulfonyl group. This route began with reductive amination of Boc
ethylene diamine in the presence of benzaldehyde, followed by reaction with ethyl vinyl
ketone to produce letone 126 which reacted in an Ugi cyclisation to produce scaffolti27
in three steps. Scaffold27 was used as crude in a transfer hydragnation reaction to
give the debenzylated intermediate 120 on a 500 mg scale. The following methylation
of 120 using Mel regenerated the starting material. The alternative reductive amination
however was successful, giving fragmentl29 on a 50 mg scale after the final

trifluoroacetyl reduction ( Scheme20).

v Methylation of Bocethylene diamine using Mel was attempted to produce a building block where the methyl
substituent can be used as a protecting group as well as being present in the final fragment. Unfortunately,
the majority product isolated was dimethylated Boeethylene diamine. Methylation was reattempted using

formaldehyde under reductive conditions in ader to prevent dimethylation but this was unsuccessful.
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1) 4A MS o 0o 1) TFA, NBn
DCM, RT A A ~\gn DOM RT AN )
HN~ - NHBoC BnHN~ "~ NHBoe——————— H NN
2) NaBH, EtOH, RT NHBoG Q_\NC oO)\CF3
124 MeOH, 0 °C - RT 125 49% 126 127

2) EtOH,

0°C-RT

Ammonium formate

10 mol% Pd(OH),/C
EtOH, 70 °C, 4hr
40% over 2 steps

/ / o
N N Y NH
H ) NaBH, H J AcOH, Zndust H J
N N N i N N
H
O MeOH, 0 °C - RT Oo”>cF, H,O-Dioxane Oo)\ca,
82% 30°C, 4 hr

129 128 36% 120

45%

Scheme 20 Synthesis of fragmentl29.

3.34.1.2 2-Methoxyethylamide-substituted 7-membered rings

The trifluoroacetyl group on scaffold51 was removed by reduction to give the
intermediate 130 on a 500 mg scale, which next requéd decoration. The conditions in
Table 18 were attempted for the formation of the sulfonylateds diazepanel31 shown in
Scheme?2l. Sulfonylation of intermediate 130 at the secondary amine under basic
conditions either reproduced the starting material or caused decomposition of the
reagents. The reaction was attempted with bases DIPEA angNEtat room temperature
and at reflux in reaction solvents DCM, MeCN and DMF. Aabdic amount of DMAP was
added in order to activate the sulfonyl chloride and the reaction was also attempted using
benzylsulfonyl chloride in place of ethylsulfonyl chloride. This was in order to test the
reaction viability, as aromatic sulfonyl chlordes are known to have higher reactivity than
its alkyl counterparts. After heating at reflux overnight, the product peak could be
observed, but decomposition occurred when the temperature was increased to 12D.

As a result, the sulfonylation was repe®d with 8 equivalents of ethylsulfonyl
chloride at a lower temperature of 100 T over two days in order to promote the reaction,
using DIPEA as the reaction solvent, before later being heated in a microwave at 100 T
for 30 mins and later at 110T for 1 hr. In summary, a small amount of product could be
detected when using benzylsulfonyl chloride in the reaction, but no product nor
identifiable by-product could be detected when the reaction was attempted using
ethylsulfonyl chloride. As a result, this eaction has been abandoned for an alternative

fragment which was identified using a new PLP protocol (discussed Bection3.1).
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Scheme21 The attempted synthesis of intermediatel31 86
Entry Sulfony] Base(eq.) Catalyst | Solvent Temperafure Time
chloride (eq.) / T
1 Ethyl (1.5) EtN (2) DCM 25 overnight
2 Ethyl (1.5) DIPEA (2) DCM 25 overnight
3 Ethyl (3) DIPEA (4) DCM 40 (reflux) overnight
4 Ethyl (1.5) DIPEA (2) DMAP MeCN 80 (reflux) overnight
5 Benzyl (1.5) DIPEA (2) DMAP MeCN 80 (reflux) overnight
6 Benzyl (1.5) DIPEA (2) DMAP DMF 120 overnight
7 Ethyl (8) DIPEA (10) | DMAP 100 2 days
8 Ethyl (8) DIPEA (10) | DMAP 100 (LW) 30 mins
9 Ethyl (8) DIPEA (10) | DMAP 110 (UW) 1hr

Table 18 Conditions attempted for the synthesis of intermediatel31.

3.34.1.3 Cyclopropylamide-substituted 7-membered rings

Whilst attempting to remove the sulfonyl group on scaffold 08, it was found that
the product was water soluble; therefore, changing the solvent from DMF to MeCN
allowed ease of solvent removal due to the much lower boiling point of MeCN, witiat
compromising on solvent polarity. An unwanted hydantoin formed as the major product
in the presence of base; in order to overcome this, the amount of base was reduced, and
also added only after the addition of PhSH, allowing th&Ph anion to act as buffer in the
reaction solution. Reagent amounts were changed from 1.2 equivalents of PhSH with 3
equivalents of kCQ to 1 equivalent of PhSH with 1.5 equivalents of Q. The reaction
was carefully monitored and stopped after 5 hours with no formatia of hydantoin
observed although the unwanted cyclic zwitterion, analogous td21 (Section3.3.4.1.)
was present. The reaction is found to complete faster (2 hr instead of 5 hr) by increasing
PhSH from 1 equialent to 1.5 equivalents and the yield improved drastically (by 70%)
by changing the purification method from flash chromatography to basic SCX.
chloride vyietled

intermediate 134 which was reducedto give the crude fragment135 on a 2 g scale

The following acylations” of 133 wusing methoxyacetyl

(Scheme22). Unfortunately, attempted purification of 135 using basic SCX cartridge,
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flash chromatography as well as preparativéiPLC failed to produce the pure compound,
which decomposed under high temperature NMR. Nevertheless, it is possible to use

fragment 135 in a biological screen at its known purity of 70%.

H
HN PhSH (1.2 eq), NNs  PhSH (1 eq), N
h K200 (Bea) K J KoCO3 (1.5 €q) }
[° 7 yCF
DMF, RT CH;CN, 3
o’ ™ 73 % OO//I\CFs RT, 5 hr HN"™S00
> 28 %
132 108 133
o)
J_o_ o
PhSH (1.5 eq), Cl \\(o \\(O
NNs  \,co, (1.5 eq) X Et;N, DMAP NaBH,
j 273 Nw Nw
N
AR by CHCN,  uN OW’CFS DCM, RT N MeOH,0°C-RT NH
O"°CFs  RT 2hr A o 8% o 07;/0':3 27%, 70% purity |
98 % A O A
108 133 134 135

Scheme22 Synthesis of fragmentl35.

3.3.4.2 6-Membered ring fragments
3.34.21 Benzylamide substituted 6-membered rings

The sulfonyl deprotection product of scaffold109 was difficult to purify using
basic SCX, flash chromatography or preparative HPLC due to the desired prodLigt
decomposing into the undesired zwitterion, analogous tol21 (Section 3.3.4.1.]).
Intermediate 136 was therefore used as crude in an alkylation reaction with -2
bromooxetane in order to form the desired produt 137 i Thealkylation of intermediate
136 was completed using oxetarB-one, under reductive amination conditions, and the
following trifluoroacetyl deprotection worked in good yield, giving138 on a 500 mg scale
(Scheme23).

The same piperazinel36 was used as crude for the reductive amination reaction
using cyclopropyl carboxaldehyde to gived.39, but a mixture of two inseparable products
with the same mass was formed. As a result39 was used as crude for the final reduction
step to produce fragment140 on a 50 mg scale for which purification was completed by
preparative HPLC. 136 was also used as crude in a sulfonylation reaction which was
unable to reach completion due to lack of base used as a preventative measure to avoid
hydantoin formation. Intermediate 141 was then used as crude and reduced to remove

the trifluoroacetyl protecting group to yield 142 successfully on a 1.5 g scal&¢heme23).

vi The reaction carried out with 1.5 eq. G£Q whilst heating at 60°C in DMF resulted in formation of the
hydantoin. Additionally, no reaction occurred when this method was attempted without basand by heating
in ether at reflux.
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N
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&NNS CH4CN, RT DCM, RT N MeOH,
H 0°C-RT
109 136 139 24% over 3 steps 140
FiC.p
? ? NaBH, N 2 ?
[ﬂ* og
MeOH, O
o’ CI 0°C-RT oSy
141 18% over 3 steps 142
Scheme 23 Synthesis of fragmentsl38, 140 and 142.
3.34.22 2-Methoxyethylamide-substituted 6-membered rings

Scaffold 110 was reduced to remove its trifluoroacetamide protecting group
giving intermediate 143 on an 80 mg scale. The following acylation prodtigvas unable
to be isolated by flash chromatography or preparative HPLC. An alternative synthesis was
attempted in which 2-thiophene carboxylic acid was added in excess (2 eq.) to
tetrahydropyrazine 101 in the Ugi reaction after formation of the imine inermediate.
Unfortunately, the majority product formed was the original scaffold 110. The
sulfonylation was repeated using 2hiophenecarbonyl chloride as before but changing
the solvent from MeOH to DCM with a catalytic amount of DMAP. The reaction was
successful and intermediatel44 was formed in good yield, before undergoing sulfonyl

deprotection to produce the final fragmentl45 (Scheme24).
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Scheme 24 Synthesis of fragmentl45.

The sulfonyl deprotection product of scaffold110 proved difficult to purify by
basic SCX, flash chromatography or preparative HPLC. Intermedidi46 was used as
crude for the following acylation reaction using cyclopropyl carbayl chloride, and 147
was purified by preparative HPLC. Any rotameric forms which may have been present
decomposed when subjected to high temperature NMR thub47 was used as crude

successfully for the final reduction to produce fragment48 (Scheme25).

\
o
S o §
oq § 0 N
o) o)
FsC« \ »~NH PhSH, K,cO; |F3C< \ »-NH NaBH,
N . N N
(Uil CHsCN.RT iy MeOH, o
0°C - RT
110 146 43% over 3 steps 148

Scheme 25 Synthesis of fragmentl48.

3.3.4.2.3 Cyclopropylamide-substituted 6-membered rings
The sulfonyl deprotection product of scaffold111 was used as crude in area
formation reaction with cyclopropyl isocyanates8 to produce intermediate 150. The final

reduction to remove the trifluoroacetyl protecting group was completed to yieldl51 on
a 300mg scale Echeme26).
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Scheme 26 Syrthesis of fragment151.

3.3.4.3 Enantiomerically -enriched fragments
3.34.31 Benzylamide substituted 6-membered rings

Sulfonyl deprotection of the dimethylsubstituted piperazine scaffold112 on a 1g
scale produced a mixture of the trifluoroacetamide as well as the cyalid zwitterion. The
two products were able to be separated after the ftowing reductive amination reaction
with Boc-azetidinone to givel53 andthe cyclised zwitterion 156. Interestingly, both153
and 156 formed the same desired product aftereduction of the trifluoroacetyl protecting
group. A final Boedeprotection of intermediate 154 produced the desired fragmentl55
(Scheme27).

NBoc OO
FsC
g s N/{N%NH NaBH,

N

Na(OAc);BH } b MeOH, 0 °C - RT
0,

DCM NBoc 5%

12% over two steps
153 Q
o % (e}
00
N

00
F3CJ(N NH PhSH, K,CO4

}NNS CH4CN, RT
112 152 O
F3C, Q!/

5
/l/:leBOC %N
o N]fo NaBH,4

H

Na(OAc);BH N MeOH, 0 °C - RT
DCM 100%
62% over two steps N

Boc
156

Scheme 27 Synthesis offragment 155.

3.3.4.3.2 2-Methoxyethylamide-substituted 6-membered rings
Reduction was completed on scaffold13 in order to remove the trifluoroacetyl
protecting group and the following urea formation was successful, producing58 on a

300 mg scale. However, althaggh the final sulfonyl deprotection showed the product

formation, 158 was unstable to cyclisation and only the undesired hydantoid59 could
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be isolated Scheme28). Since the direct cyclisation with amides has lem precedented
for isocyanates, this compound was abandoned for an alternative in the newly generated

library (discussed in Section3.2).
\

o)
\
\ -
O ° — S8 g PhSH, K,CO;  OyN-0
00 g NaBH, o) NCO , Et;N N%NH N
FiC NH ‘?‘
’ \/(N NH 0 HN DCM, 0°C - RT CH3CN, RT
MeOH, 0 °C - RT : NNs 25% NH
;‘NNS 46% NNs 70% °
113 157 158 159

Scheme 28 Synthesis of hydanbin 159.
3.3.4.3.3 Cyclopropylamide-substituted 6-membered rings

Sulfonyl deprotection was performed on the dimethylsubstituted piperazine
scaffold 114 on an 800 mg scale ashthe following decorated intermediates were used as

crude for the final reduction reactionsto produce fragments162 and 164 (Scheme29).

Cljl/o\ FsC~ LO{L P HNLC%L Nz'>

pyridine, DMAP NaBH, }\N
- 0
DCM (Eo MeOH, 0 °C - RT
RT 19% over three steps /O
/
161 162
og P
':30‘<:\l NH PhSH, K,COs F3C‘/( X{LNH
}‘NNS CH4CN, RT
114 160
oo P o P
F3C—~< NH NH
N NaBH, HN
NCO °C -
\vval N MeOH, 0 °C - RT }\N
=0
DCM N 26% over three steps HN
0°C-RT <f
163 164
Scheme 29 Synthesis of fragmentsl62 and 164.
3.3434 Ethylamide-substituted 6-membered rings

Reduction was comple¢d on scaffold115 in order to remove the trifluoroacetyl
protecting group, and the following acylation with isoxazoles-carbonyl chloride was
successful to produce intermediatel66. The final sulfonyl deprotection step yielded
fragment 167 on a 200 mg sele. Intermediate 165 was also reacted with 4
imidazolecarboxaldehyde in order to producel68, which gave fragmentL69 on a 100mg

scale upon deprotection E&cheme30).
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Scheme 30 Synthesis of fragmentsl67 and 169.

Unfortunately, the trifluoroacetyl group on scaffold116 could not be removed by
reaction with a large excess of NaBHat room temperature, possibly due to the hindered
nature of the nitrogen cente. Thus, this reaction was heated to reflux overnight in MeOH
where the acetate group wa®bserved to undergo reductionfollowed by removal of the
trifluoroacetyl group to produce 171. This reduces the number of deprotection steps to
the final fragment with no selectivity issues in the following acylation using propionyl
chloride, as no increase in shift of the alkyl protons neighbouring the hydroxyl group was
observed upon acylation. The final sulfonyl deprotection yielded fragment73 on a
300 mg scak (Scheme3l).

0
HN Cl)j\/ L</O o B
Q ) NaBH, FC\,( B NaBH;, “)\o DIPEA - NH
N * HN= ﬁ{i
THF, RT
acG g MeOH: 0°C-RT coﬂ N o 030;3 oo e e MO N
0
170 116 171 172
PhSH, K,COy4

CH4CN, RT
89%

\“/(O':,O N>

HOﬂNH
173

Scheme 31 Synthesis of fragmentl73.
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3.4 Synthesis of Fragments Using Amino Acid Chemistry
3.4.1 Synthesis of Building Blocks

3.4.1.1 Identification of a s uitable method

Formation of the amino esterl75 was attempted using a palladium and nickel
catalysed allylation of valine methyl ester hydrochloride in the presence of allyl acetage.
The desired product was isolated as crude; however, attempted purification by basic SCX
cartridge caused the product to decompose. The reaction was repeated in the hope of
using the material as crude but unfortunately product formation was inconsistent. The
procedure was attempted once more using anhydrous DCE for the formation of the
palladium complex and each reagent was added in quick succession; however, no material
was isolaable.

The synthesis of amino estedl75 was re-attempted using an alternative route,
xEEAE AACAT xEOE EIETA £ Oi AGET T AAA&E GA |, E(-
proton. The anon intermediate was quenched withallyl bromide and finally the imine
functionality was hydrolysed using a citic acid work-up. However, it appeared that any
product which may have formed was unstable and only a small amount of neatlylated
imine intermediate could be isolated. The reaction was repeated with 3 equivalents of

LIHMDS instead of 1.5 but again mimal product formation was observed Gcheme32).

/\/OAC
2.5 mol%
M3-C3HsPdCl],,
5 mol% dppf,

10 mol% @Ao
picolinaldehyde,

10 mol% Ni(acac),, 1) EtgN, 4A MS
EtsN, NH,OAc ~ THF, RT y
— H —_——
MeO,C™"NHz  peEH,0, RT MeO,C™~NH,-HCl _~_Br MeO,C” "NH;
' 174 2) LIHMDS, THF 175
175 -78°C-RT

Scheme 32 Attempted synthesis of amino ested 75.

The synthesis of amino esterl75 was next attempted via érmation of the
azalactone intermediate 178 90 This route began with benzoyl protection of valine
followed by cyclisation in the presence of ethyl chloroformate to produce azalactori§'8.
Allylation to produce intermediate 179 proceeded with ease in the presence of BEi

s~ oA 2 a2 oA N -

AOGA O1 OEA EIT AOA A-Ghdn, hofdrd thedaFala&dddring igbopedédAo |

vi BEMP is the abbreviated name for the phosphazene bagdert-butylimino -2-diethylamino-1,3-dimethyl-
perhydro-1,3,2-diazaphosphorine
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give the allylated amino esterl80 formed on a 5 g scale. Unfortunately, reflux in HCI over
two days in an attempt to remove the benzoyl protecting group yielded anndesired

benzoyl derivative as well as a side product with loss of the methoxy groug¢heme33).

D0 g e Gy

HO.
NH THF, RT
TOlA 2 NaOH, H,0 Et;N, THF !
0°C-RT 0°C-RT 100%
176 177 o 179
91% 83%
NaOMe, MeOH
RT
94%
Va
W 6N HCl MeO,C~ "NH
MeO,C” "NHyHCI =~ 0
H,0, reflux
175a 180

Scheme 33 Attempted synthesis of amino estel 75a.

The formation of building block 175 via an imine intermediate was reattempted
using allyl iodide instead of allyl bromide in order to explore electrophiles with increased
reactivity. The desired amino esterl75 was isolated successfully on a 500 mg scale,

which was used directly after agueous workup$cheme34).

@Ao

1) E;N, 4A MS
7 THF, RT \/g\/
MeO,C” ~NH,-HCI o~ MeO,C~ "NH,
174 2) LIHMDS, THF 175
-78°C - RT

75%

Scheme 34 Synthesis of amino estefl75.

3.4.1.2 Allylation of amino esters

Allylation of amino esters183 and 185 gave 184 and 186 on 2 g and 500 mg
scales respectively (Scheme 35). The formation of amino esterl183 began with
commercially available 3oxetanone, which reacted withZ-phosphonoglycine trimethyl
ester to yidd an alkenic intermediate182. 182 produced the desired amino esterl83

upon hydrogenation of the alkene functionality and removal of the Cbz protecting group.
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185 2) LIHMDS, THF 186
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Scheme 35 Synthesis of amino esters.

3.4.1.3 Amino ester formation
Methylation of amino acid187 produced methyl ester188 on a 1 g scalecheme
36).92

socl,
F F
HO,C™ "NH, MeOH, MeO,C~ “NH,-HCI
187 -10 °C - reflux 188

87%

Scheme 36 Synthesis of amino estef88.

3.4.2 Connection of Building Blocks

Ureas? were synthesised via the reaction of a range of amino esters and
isocyanates in the presence of base. The ureE89 and 190 were synthesised by raction
with methoxyethyl isocyanate (Table 19, Entries 1 and 2, respectively) and urea91 was

synthesised by reaction with cyclopropyl isocyanateTable 19, Entry 3).
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Entry Amino Ester Isocyanate Product a Yield / %
T
7 . MeO,C” "NH
1 MeO,C~ "NH, SO /o\/\N,go 58
175 H
189
F
F
/
2 4 ~o~-NCO MeO,C~ "NH 52
MeO,C~ ~"NH, L0~y *o
186 H
190
O
© ﬁ;/
J NCO MeO,C~ "'NH
3 MeO,C~ “NH, \v4 NS0 40
184 A
191

Table 19 Yields of products from the urea formation reaction; a) Conditions: &N, DCM, 0G RT.

Allylation of amino ester188 produced intermediate 192 which was used as
crude in the formation of amidel95 via a TBTU catalysed coupling reactiof9 on a 500
mg scale. Reductive amination of amino esté&75 with 2-bromobenzaldehyde produced
the desired intermediate194 on a 1 g scaleRcheme37).

~0
P
1) EtzN, 4A MS HO,C™ "NHBoc
. THF, RT TBTU, Et;N . p
MeO,C™NH, ! MeO,C~ "NH, DCM, RT '\B/'(e)gﬁﬁv'lH
2) LIHMDS, THF| 54% over two steps o)
(o]
188 -78 °C -RT 192 193
Br

y 4AMS  Me0,c” “NH

MeOZC NH2 Na(OAC)3BH
THF, 45 °C Br
175 64% 194

Scheme 37 Synthesis of intermediatesl93 and 194.
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3.4.3 Synthesis of Scaffolds

Hydantoins 195-197 (Table 20, Entry 1-3) were synthesised from the

intramolecular cyclisation of ureas in the pesence of base.

Entry Urea Product a Yield / %

MeO,C~ "NH

N
AN
%\

0=
1 /O\/\N e) N (@) 67
H —~
189 O o5

}_
i\
(@]
)z .

2 MeO,C” "NH NN 80
/O\/\N 0O
H _0
190 196
O o)
0 )
MeO,C” "NH o NH
3 PN NI 92
HN"YO <ﬂ O
191 197

Table 20 Yields of products from the hydantoin formation reaction; a) Conditions: Na&Bu, toluene, 100 C.

Boc-deprotection® of 193 revealed a free amine which was able to undergo
intramolecular base-mediated cyclisation with the ester functionality present, producing
diketopiperazine scaffold198 on a 500 mg scale. An intramolecular Heck reacti®of
alkene 194 under microwave conditions produced benzazepine scaffolti99 in moderate

yield, on a 1 g scaleScheme38).
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BocHN\/§ 2) CsCO3, DMF Oéj‘\/NH
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193 74% 198
ﬁ//\/o mol% Pd(OAC),,
MeO,C~ "NH PPhs, N \Me0,C
MeCN HN
Br uw125°C, 1hr
194 26% 199

Scheme 38 Synthesis of scaffold498 and 199.

3.4.4 Synthesis of Fragments

3.4.4.1 Hydantoins

The synthesis of fragments201 and 203 proceeded via the ozonolysi# of
scaffolds 195 and 197 to produce corresponding aldehydeswhich later reacted in
reductive aminations with alternate amines to produce fragment201 and 203, 0n 50 mg

scales. The ozonolysis of scaffoli®6 followed by reduction of the aldehyde intermediate
produced fragment205 on a 50 mg scale§cheme39).

7 0 O~ "NH, H\/\O/
NH O3, DMS Na(OAc);BH
o= | o) iH 0= NH
Ng A

N0 N"No
~ DCM,-40°C-RT  _J DCM, RT -
-0 15 71% 0 . 100% 4 o1
O,
toluene o} H
V O;, DMS 0 reflux, 2 hr Nﬁ
NH NH 0 NH
N/l\\o 0= A Na(OAc);BH N/go
4 -78 °C RT 4 O EtoH,30°C 4
7% 87%
202 203
F
F 0 OH
O3, DMS NH/ NaBH, "
0 0
N ° N’& ¢} N/&O
~ O DCM, -40 °C - RT H O MeOH, 0°C -RT -
9 49% 4 68% 4
196 204 205

Scheme 39 Synthesis of hydantoin fragments.

100



3.4.4.2 Diketopiperazine

The alkene198 was subjected to ozonolysis on a 100 mg scale; however the
starting material was regenerated. Alternatively, dihydroxylation followed by oxidative
cleavageé? of 198 was difficult to monitor and the next reductive amination step with1-
Boc-3-(amino)azetidine was carried out on the crude intermedhate to give207. The final
Boc-deprotection reached completion when TFA was used as the reaction solvent to
produce fragment208 (Scheme40).

Boc “
1) NMO

N
. /1mo|% K,0s0,-2H,0, F o H,N—NBoc V TFA E Y
©;<? acetone-H,0, RT % Na(OAc);BH FNH RT Q;J;
o O~ °©
2) NalOQy, MeCN, RT HN 60%
NH A NH e

O}\/ MeOH-H,0, RT o 23% over two steps o)‘\/NH o NH
198 206 207 208

T

Scheme 40 Synthesis of fragment208.

3.4.4.3 Tetrahydro benzazepine

Boc-protection was attempted on the tetrahydrdoenzazepine scaffold 199 in
order to produce an acid chloride intermediate for amide formation. Unfortunately, no
reaction was observed when using a stoichiometciamount of DMAP alongside BN, and
by heating the solution at reflux inTHF. Scaffoldl99 was next hydrolysed on a 100 mg
scale in order to attempt a classical amide coupling route where it was found that heating
the reaction was necessary due to the hdered nature of the ester. Only a small amount
of acid210 formed after heating the reaction mixture at reflux in MeOH; however, heating
the reaction mixture at 120 T in DMF resulted in reaction completion.

Removal of excess NaOH was difficult due tioe zwitterionic nature of 210 and it
was therefore carried forward to the next reaction. The following amide coupling reaction
was completed using a large excess of cyclopropylamine and by adding TBTU last to the
reaction mixture in order to prevent polymerisation. Purification using basic SCX was
unsuccessful but the amide11 was able to be isolated using aqueous workup followed
by flash chromatography. The final oxidation step to produce ketor#l2 was attempted
using ozonolysis on a 30 mg scale, wrtunately no significant product formation was
observed along with a mixture of sideproducts.

An osmium-mediated dihydroxylation and oxidative cleavage was attempted on
alkene 211. The mass of the dihydroxylated intermediate was observed, however the
major isolated product after oxidative cleavage appeared to be the ngoreventable over
oxidised imine product 213 containing a cyclised hemiaminal. Imine213 was later

reduced in the hope that the product conformation would be preferential for the ketone
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212 over the hemiaminal 214, but unfortunately a mixture of the two could still be

observed despite disappearance of the double bon&¢hemedl).

BOCZO, Et3N,
DMAP
Me02C M602C
N - N
H THF, reflux Boc
199 209
HN—
) TBTU, Et;N
@
HN o HoN DMF, RT HN
DMF, 120 °C 30% over
199 210 two steps 211

1) NMO
1 mol% K,0s0,4:2H,0,
acetone-H,0, RT
2) NalOy,
MeOH-H,0, RT

a(OAc);BH V OH
)3 oN
DCM
22% over two steps

213

Scheme41 Synthesis of fagment212.

3.5 Synthesis of Fragments Using the Mitsunobu Reaction as a Key Step
3.5.1 Synthesis of Building Blocks

3.5.1.1 Cyclic Sulfamidates

Formation of cyclic sulfamidatesR-54 and S54 began with ring opening of
corresponding epoxideso followed by cyclic sulfamidate ring formation to give the
desired products on 5 g scales. The cyclic sulfamidate ring formation from ami&e216
proceeded via a sulfamidite intermediate; it was noted that although the intermediate
formed fully, the following oxidation step was lowyielding, possibly due to thePMB
protecting group being susceptible to undesired oxidation. No oxidation was observed
after 6 hours and starting materialR-216 was regained overnight along with a mixture of
side-products. The oxidation step to form sulfamidat&k-54 was repeated by educing the
amount of NalQ used from 2 equivalents to 1 in order to prevent oveoxidation. The
reaction reached completion after three days with no improvement in yield.

During the formation of cyclic sulfamidate S54, oxidation of the sulfamidite
intermediate produced a mixture of sideproducts after 4 hours with consumption of
starting material S216. The synthesis was reattempted using new Nal@s well as

ruthenium catalyst and yield improved from 8 to 19%. It was found that when remaking
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the cycic sulfamidate building block, using 4 equivalents of periodate instead of 2 in fact
consumed the starting material in just three hours withonly the desired product formed
and none of the overoxidised sideproduct. This led to the conclusion that thecyclic
sulfamidate must be the kinetic product whilst the overoxidised sideproduct is
thermodynamically favourable. Pleasingly, the yield 0554 more than doubled to 48%
(Scheme42).

1) SOCl,, Et;N,

imidazole, DCM 0O
PMBNH, OH ~78°C -RT PMBN—égo
8\ PMBHN NHPMB ‘\;
COMe  ggoc, 3 hr o) 2)NalO,, 0.1 mol%  ~NHPMB
R-215 80% R-216 RuCl3-3H,0, R-54
H,0-MeCN,
0°C - RT, 4 hr
9%
1) SOCl,, Et;N,
imidazole, DCM éQO
PMBNH, OH _78°C-RT PMBN-SJ
A PMBHNvg\WNHPMB —
‘COMe o oc, 3 hr o} 2) NalOy, 0.1 mol% o/ ~NHPMB
78% RuCly-3H,0,
s-215 S-216 H,0-MeCN, S-54
0°C - RT, 4 hr

48%

Scheme42 Synthesis of cyclic sulfamidates.

3.5.1.2 Amino alcohols

The enantiomerically-enriched amino alcohols218 and 221 were synthesised by
reduction of their acid precursors217 and 220 in the presence of LiAlH,101.102 and later
sulfonyl protection yielded amino alcohols 219 and 55 on 3 g and 500 mg scales,
respectively. The commercially available3-amino-1-propanol was also protected to yield

amino alcohol223 on a 500 mg scalegcheme43).

A0 THF, reflux AN H,O-DCM, RT N
217 17% 218 69% 219
O .
LiAIH
HZN\)J\OH 4 HZN\/\OH NsCl, Na,COg NsHN\éﬁOH
A THF, 0°C - RT A H,O-DCM, RT A
220 55% 221 79% 55
NSCI, N32CO3
HN _~_ OH NsHN__~_ OH
299 H,O-DCM, RT 223

81%

Scheme43 Synthesis of amino alcohols.
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Amino alcohol 229 was synthesised via a nitro intermediate, with the aid of the
chiral ligand 226. Protection of(R)-2-phenylglycinol followed by opening of the aziridine
ring with diphenylethylenediamine produced ligand226 on a 1 g scale226 was used to
aid a coppercatdysed reaction of cyclopropyl carboxaldehyde with nitromethane to yield
nitro intermediate 228. Reduction 0f228 produced the desired amine229 which was

later protected to yield building block230 on a 1 g scaléSchemed4).

S Qo

TsCl, K,CO;4 H,N  NH,
. . (—NHHN
N wech. reiux () RV,
HO  NH, MeCN, RT Ts NS NHTSs TsHN

224 225 Ligand 226
CH;3NO,
2.5 mol%
Cu(OAc),-H,0 5 mol% Pd/C,
(P 2.5 mol% 226 OH NaBH, OH NsCl, Na,CO4 OH
V) v)\/Noz NH, NHNs
EtOH, RT THF-MeOH H,0-DCM, RT
227 28% 228 0°C-RT 229 86% 230

32%

Scheme44 Synthesis of amino alcoho230.

3.5.2 Connection of Building Blocks

The cyclic sulfamidate ring opening reaction betweerR-54 and amino alcohol
219 did not proceed at room temperdure. The reaction was heated to 70C overnight;
the limiting reagent sulfamidate R-54 was consumed but only sulfonamide starting
material 219 could be isolated Table 21, Entry 1). It is likely that the reaction is
challenging due to steric hindrance from the substituted carbon of attack on cyclic
sulfamidateR-54h A O x Al 1 -dustitu@i 8f ardir® biéohbl219 42 This theory
was validatedby the ring opening reaction between sulfamidaté&s-54 and unsubstituted
amino alcohol223, which proceeded in reasonable yieldTable 21, Entry 2).

It was hoped that the reduced steric bulk from the cyclopropyl ring in amino
alcohol 55 compared to the isopropyl group in219 would result in a successful ring
opening with S54; however, the product was unable to be isolated cleanlyl&ble 21,
%l OOU o @wibstitutédEakninor alcohol 230 used in a sulfamilate ring opening
reaction with S54 on a 300 mg scale gave a mixture of diastereocisometsie to possible
epimerisation under the reaction conditions. These diastereoisomergiere able to be
separated (25% and 19% vyield respectively) with the major productbeing carried
forward (Table 21, Entry 4).
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Entry Nucleophile Electrophile Desired Product Conditions Outcome
é’o/o Jll/
1 AL NsN._ NaH. DME. 70C Sulfona_mide starting
NHPMB i OH ' ’ material isolated
219 o N
R-54 231
O
NsHN OH PMBN-S O i
SAN A~ K/O PMBHN NHPMB
2 NsN._~_ OH NaH, DMF, 70 C 32 % product isolated
223 O/?\NHPMB
S-54 232
0 0
NSHN~on PMBN'SZ)O PMBHN"~~NHPMB
3 A k/ NSN_~oH NaH, DMF, 70 T Mixture formed
) :
55 O/\NHPMB A
S-54 233
o) O
pMBN-S70 PMBHN" " NHPMB
NsHN O NsN :
4 OH \L NaH, DMF, RT 25% product isolated
/~NHPMB
230 o v/ ©OH
S-54 234

Table 21 Conditions attempted for the cyclic sulfamidate ring opening reaction.
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3.5.3 Synthesis of Scaffolds

Intermediate 234 was used in a Mitsunobu cyclisatiot?3.104 reaction on a 200 mg
scale to produce a mixture of diastereoisomer¥s.106 This was possibly due to
epimerisation of the chiral centre alpha to the carbonyl group under reaction conditions.
The two diastereoisomers wereseparated by preparative HPLC andIOESY was used to
confirm the stereochemistry of the major product as the desired scaffol@35 (Scheme
45). Unfortunately, purification by preparative HPLC meant the product yield was

significantly reduced.

o]
PMBHNJVNHPMB PPhs, DEAD

NsN NNs
I THE PMBN\/‘\&O
7" ©OH 0°C-RT NHPMB
234 8% 235

Scheme45 Synthesis of scaffol®35.

3.5.4 Synthesis of Fragments

CAN was used to deprotect the PMB groifj of scaffold235 on a 10 mg scale and
it was observed on LCMS that each PMB group was removed in turn and the reactmly
completed after a tdal of 8 equivalents of CAN wasised; the product236 was isolated
using preparative HPLC. CAN deprotection was repeated on the piperazine scaffold,
where the Mitsunobu product235 was carried forward as a mixture of diastereoismers
in order to avoid loss of material usingpreparative HPLC. A white solid byproduct was
removed by filtration and the filtrate was purified by flash chromatography. The isolated
deprotected piperazine236 was used as crude for the following sulfonigtion step, which
did not yield any isolatable products Echeme46).

&/\NNS CAN %NNS )Vsoza %/\NNS

PMBN o HNV‘\&O O\\S,N\/‘\&O
NHPMB H20-MeCN DIPEA, DMAP O NH
RT NHz MeCN % 2
235 69% 236 237

Scheme46 Attempted synthesis of intermediate237.

Transfer hydrogenationto8 in an attempt to remove the PMB groups from scaffold
235 resulted in an unsurprising reduction of the nitrophenyl group to aniline, as well as
removal of only one PMB group, presumablgn the amine(Table22, Entry 1). Both reflux
in TFA (Table 22, Entry 2) and DDQ oxidatioff® (Table 22, Entry 3) showed starting
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material remaining as well as the formation of an unknown side product. laddition, the
DDQ oxidation reaction also showed removal of only one PMB group, after reflux
overnight. It was decided at this stage that synthesis of fragments using Mitsunobu
cyclisation chemistry would be abandoned and &rnatives would be generated

(discussed inSection3.2).

Entry Conditions Outcome
Ammonium formate,5 mol% _ _
1 Reduction of nitro group
Pd(OH)/C, EtOH, 70 T
2 TFA, DCM, reflux Unknown product formed
3 DDQ, HO-DCM,0C-45 T Removal ofone PMB group

Table 22 Range of conditions attempted for PMB deprotection.
3.6 Synthesis of Fragments Using Iridium Chemistry

3.6.1 Synthesis of Building Blocks

The silyl-protected!1o alcohol 56 was produced on a 10 g scale. Begurotection of
3-amino-propanol was followed by a onepot Parikh Doering oxidatiort!! to give the
aldehydein situ, before being quenched by carbethoxymethylene triphenyl phosphorane
ET A 7EOOQOEC OAAkSihratéd esher239C K@ Aste@IO Avas reldycedio
and later took part in an addition-elimination reaction with methyl chloroformate to give

the allylic carbonate45 on a 10g scale(Scheme4d7).

TBDPSCI
Et;N, DMAP OTEDPS
/\/
H2N/\/OH HoN
88 DCM, 40 °C 56
67%
(6]
~oN
PPh,
Et;N, DMSO,
Boc,0 SO5-Py
HZN/\/\OH BOCHN/\/\OH BOCHNWCOZEt
222 0°C-RT 238 DCM, 0 °C - RT 239
0, 0,
100% 90% DIBAL-H, DCM,
-78°C -RT
O 39%
Pyridine,Cl)J\o/ “
BocHN " ™>"-"0c0,Me BocHN """}
45 DCM, 0°C-RT 240

81%

Scheme47 Synthesis of amino alcohob6 and allylic carbonate45.
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A range of conditions were attempted in order to synthesise an alternative
building block to 56; this would resultin the desired fragment formed usingewer steps
as the amino alcohol building block246 is pre-decorated with the desired oxetane
substituent. Unfortunately, heating of the amino alcohol89 (synthesis discussed in
Section 3.3.1.1) overnight with bromooxetane resulted in loss of the Boc group only
(Table 23, Entry 1). The same reaction under phase transfer conditions at a lower
temperature reproduced the starting material (Table23, Entry 2). A substitution reaction
combining nucleophile 3oxetanol with tosyl-protected amine 243 was equally
unsuccessful Table 23, Entry 3). An attempt to form the acetonitrile derivative by
reacting 3-oxetanol with bromoacetonitrile which could later be reduced to give the
desired amine246 gavea mixture of starting materials (Table 23, Entry 4). Pleasingly,
synthesis via a cyclic sulfamidate ring opening reaction with sulfamidat80 (synthesis
discussed inSection3.3.1.1) and 3-oxetanol was successful, producing45 in reasonable
yield (Table 23, Entry 5). Boedeprotection yielded the desired amine246 on a 2 g scale
(Scheme48).

Entry Nucleophile Electrophile Conditions Outcome
Br.
OH
BocHN™ > Loss of Boc
1 oc bo CsCQ, DMF, 60 T
Br.
, BocHN~~C°H b Bu:NOH, Amino alcohol
O .
89 241 Hy M- A#0 recovered
HO /\/OTS
CsCQ, DMF, 50 Mixture
4 i BocHN
242 243 100 C formed
HO Starting
1—\ K.CQ, acetone, .
4 @] 60 C. 4h materials
, 4hr
242 recovered
HO
5 E NaH, DMF, RT 41% yield
242

Table 23 Range of conditions attempted for the synthesis of amin245.
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