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Abstract

Methods for the discovery of bioactive small molecules are a constant
source of innovation in drug discovery. Typically, medicinal chemists
discover molecules in design-make-test cycles and invest equal resources
into each molecule regardless of biological function. New and emerging
workflows for the rapid discovery of bioactive small molecules aim to
redistribute resources to high value, active small molecules. This thesis
focuses on developing a discovery workflow that invests resources
exclusively in high-value, active molecules, and circumvents limitations of
traditional discovery workflows.

Chapter 1 gives an overview of modern drug discovery practices and
focuses on emerging methods for the integrated and high-throughput
discovery of bioactive small molecules. Chapter 1 also outlines the biological
and medicinal chemistry of the p53/MDM2 proteini protein interaction, and
proposes the PPI as a target for activity-directed small molecule discovery.

Chapter 2 describes the development of a computational map for the
selection of catalysts in high-throughput reaction arrays. Principal
component analysis of a library of 48 DFT-optimised rhodium(ll) catalysts
was used to build the map from a collection of bespoke computational
descriptors. The map was compared to a variety of experimental data
sources and found to be a useful tool for interpreting reaction outcomes.

Chapter 3 describes the design and implementation of two high-throughput
reaction arrays for the activity-directed discovery of inhibitors of the
p53/MDM2 proteini protein interaction. 346 microscale reactions were
performed and seven products were isolated from the scale-up of hit
reaction mixtures.

Chapter 4 describes the characterisation of hit molecules identified from the
activity-directed synthesis workflow. The products were tested in orthogonal
biological assays and four distinct series were found to have low micromolar
inhibitory activity of the p53/MDM2 proteini protein interaction. Similarity
analysis also demonstrated that the products have promising ligand
efficiencies and that the products can provide new starting points for drug
discovery.
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Chapter 1
Chemical Approaches for the Discovery of Small Molecules
in Drug Discovery

The identification of bioactive small molecules underpins drug discovery and
is essential for the development of new therapeutics for diseases with an
unmet clinical need. The drug discovery process has a high attrition rate with
over 90% of candidates failing in clinical trials.%? While small molecule
discovery is not the rate limiting step for the development of new medicines,
a highly productive drug discovery pipeline is required to counteract the high
failure rates of clinical trials.® This is highlighted by the number of FDA drug
approvals between 2010 and 2019, where new molecular entities make up
over 75% of approvals.* Efforts to reduce clinical failure rates include
extensive target validation; ensuring a robust link between target biology and
disease mechanisms; and optimisation of the chemical structure of a
candidate for parameters such as selectivity, toxicity, metabolic liabilities,
pharmacokinetics and pharmacodynamics.>’

Hit molecules suitable for progression through the discovery process can
usually be identified a large majority of the time, but many campaigns target
protein classes that are known to be compatible with small molecules.??
Failure to identify a hit for a challenging class of protein targets can limit the
development of first in class treatments.'%!! The inability to identify a hit can
be due to a lack of structural information that can be used to direct screening
efforts;1%' 14 poor protein stability in vitro;'® poor assay performance;® or low
availability of the isolated protein meaning high throughput screening cannot
be conducted.!’ In some cases, the chemical space covered by a screening
library is not relevant to the targeted activity and prevents the identification of
synthetically tractable hits.*® 20 Deficiencies that impede the drug discovery
process can lead to the discontinuation of projects, meaning alternative
methods for molecular discovery could help bring first in class medicines to
the clinic.?1723

The aim of the research described in this thesis was to develop and
demonstrate the effectiveness of activity-directed synthesis (ADS) as a
method for the discovery and synthesis of small molecules against a
challenging class of protein targets, protein-protein interactions. The key
objective was to further develop ADS as an approach that can enable hit
identification without recourse to elucidation of the structural basis for a



-2-

protein-ligand interaction. It was envisaged that the ADS will expand the
toolkit of discovery techniques available for drug discovery and lead to the
identification of new active small molecules that could not have been
designed a priori.

1.1 An Overview of Early-Stage Drug Discovery

The drug discovery pipeline, for small molecules, is a linear process which
begins with target identification and validation and is followed by hit
discovery and hit-to-lead optimisation. The pipeline ends after successful
progress through clinical trials (Figure 1.1).” Biological targets are selected
based on either an unmet clinical need to treat a disease, or to improve the
standard of care for a disease that already has approved drugs
available.?4#2> Thorough identification and validation of the biological target
ensures that, after successful hit-to-lead optimisation, a clinical candidate
molecule can modulate the targeted biological mechanisms that underpin
disease progression and act as a drug.”?® In order to support the low
success rate of clinical trials, where fewer than one in ten candidates are
successfully marketed as drugs, the discovery pipeline must have an ample
supply of new chemical matter.?-?8 Therefore, technologies that enable fast
and efficient hit discovery can improve downstream productivity and help
bring drugs to market more quickly.2?' 3%

100% Target-to-hit
Hit-to-lead preclinical
Lead optimisation reciinica
Phase |
Phase Il Submission
. Phase II Launch
- | — — —
Probability of success 80% 75% 85% 69% 54% 34% 70% 91%
No. of programmes 243 19.4 146 124 86 4.6 1.6 1.1 1
Cycle time (years) 1 1.5 2 1 1.5 25 2.5 1.5 135
Cost per launch (million) $94 S166 S$414 $150 $273 $319 S$314 $48 $1,778

Figure 1.1. An outline of the number of active drug discovery programmes
required, at each stage of the pipeline, to support the launch of one new
small molecule drug.! Each stage has a breakdown of likelihood of success,
cycle time and cost.
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During the early 2000s high-throughput screening (HTS) became a staple
technique for the discovery of hit compounds, and pharmaceutical
companies amassed libraries containing typically >10°® molecules for
screening.?®32 HTS relies upon screening an entire compound library against
a drug target in a highly automated array process. Compounds found in HTS
screening libraries often have molecular properties that obey the Lipinski
irul e of strittér créedia such ras lead-like space,®® and have a
molecular weight below 500 Da, a logP lower than five, no more than five
hydrogen bond donors, and no more than 10 hydrogen bond acceptors.3
Identified hits are then characterised by structure-activity-relationship (SAR)
studies and subjected to a rigorous optimisation programme to improve
various properties including potency, ligand efficiency, lipophilicity and
solubility.3335737 Lead compounds are then optimised further to improve
pharmacokinetic and pharmacodynamic properties, and to elucidate
structure-toxicity relationships to avoid failure in preclinical studies.®® HTS
techniques can have significant shortcomings, including an inability to
produce hits against new or challenging targets as compound libraries often
contain large and complex molecules,? and false positive results that are
often caused by aggregators.4041

Fragment-based drug discovery (FBDD) is another approach for the
discovery of small molecules that utilises carefully curated compound
libraries to screen several thousand low-molecular weight, low-affinity
molecules with tightly controlled molecular properties.3®4%'44 A large number
ofearlyfragment | i brari es were based on the fr
weight was less than 300 Daltons (approximately 20 heavy atoms), and
where each fragment contains fewer than three hydrogen bond donors and
acceptors, less than three rotatable bonds and clogP less than three.4546
Modern fragment libraries are curated with a great deal of care and employ
much stricter criteria on molecular properties including; molecular weight
(fragments usually fall within 140 to 230 Da or 10 to 15 heavy atoms); logP (-
1 to 3); fragment complexity (3D-shape and fraction of sp3 character);
synthetic tractability; pan-assay interference (PAINS) motifs; and
solubility.#7752

Fragments are screened against a biological target using sensitive high-
throughput biophysical or biochemical assays, allowing for the identification
of weak binders (typically between 1 and 10 mM Kq).53 Examples of
screening methods include X-ray crystallography; Surface Plasmon
Resonance; protein- and ligand-observed NMR; and fluorescence-based
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assays using labelled proteins to detect binding.>#'%6 In practice, fragments
can form highly productive interactions with protein binding sites, and when
elaborated, the subsequent lead compounds tend to conserve the original
fragment binding modes (Figure 1.2).5” As fragments bind with low-affinity,
the concept of ligand efficiency has been used to aid prioritising high quality
hits and is defined below in equation 1.1.58 Generally, hits with ligand
efficiency of 0.3 kcal mol' HA or greater are prioritised and considered
alongside SAR, binding model and potential for synthetic elaboration.5%:69

A [
S dd &8
- i dR

Sk ol

|

|

&

Figure 1.2. Fragment-based hit to lead strategies. A: Fragment linking i two
fragments are linked together to conserve the combined activity of each
individual fragment. B: Fragment growing i a single fragment is grown into
adjacent binding sites. C: Fragment merging i two compounds that share
structural similarities are combined into one molecule.®’

Equation 1.1:
0 "Q QMO Q0 "(XWs dsaod "0
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05 100
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The first successful example of FBDD was the discovery of Vemurafenib for
the treatment of BRAFVY600E mutant metastatic melanoma.b'' 62 The discovery
campaign was initiated by screening a 20,000-fragment library against a
panel of structurally diverse serine/threonine kinases to identify new
scaffolds for FBDD.®! Initially, 238 hit fragments were identified using X-ray
crystallography and evaluated based on their synthetic tractability for further
development as new fragment scaffolds. A 3-substituted 7-azaindole
scaffold was selected and quickly optimised into a potent kinase inhibitor.
Over 100 solved co-crystal structures of compounds bound to B-rafV690E
were produced as part of the optimisation (Scheme 1.1).

H N
N

N
S I
v, g
_— _—

N LZT

HN Q\/
S/
Pim-1 fragment FGFR kinase ligand B-rafV600E Iiganleemurafeni:\\
ICs0 = 100 uM IC50 =1.9 uM IC50 =13 nM
LE = 0.34 LE = 0.44 LE =0.33

Scheme 1.1. The development of Vemurafenib. The portions of the primary
fragment are highlighted in blue.

1.2 Chemical Transformations Used to Synthesise Small
Molecules in Drug Discovery

Medicinal chemists performing organic synthesis must produce active small
molecules quickly, and iteratively, to advance from an initial hit to a lead
compound that has the potential to be developed into a clinical candidate.’
The chemical transformations commonly used by medicinal chemists tend to
focus on reactions with well-established precedent and substrate scope, so
that analogues can be generated without the need for reaction
optimisation.?46° An analysis of submissions to the Journal of Medicinal
Chemistry, totalling 40,000 compounds, between 1959 and 2009 revealed
that the molecular properties of drug-like molecules have significantly
changed during this period.®®> Modern molecules are on average heavier,
more complex and flatter.546” Modern drug-like molecules also have larger
polar surface areas, are more lipophilic and feature more hydrogen bond
donors than acceptors.®* Overall, only three of the top twenty reactions
featured in the Journal of Medicinal Chemistry in 2014 were developed after



-6 -

1974, and two of the top six reactions were protecting group manipulations
(Figure 1.3).

B 2014
B 1084

N w o [&)]
o o o o

Frequency of appearance in J Med Chem.
o

0
R
N3
&
‘0
QJOOQ & :
o Reactions

Figure 1.3. The frequency of appearance for each transformation in papers
published in J Med Chem in 1984 and 2014 (n = 125). Suzuki-Miyaura
coupling was first described in 1981; Sonogoshira coupling in 1975; and
Buchwald-Hartwig in 1994.%°

Metal-catalysed cross-coupling reactions are frequently used in the early
stages of drug discovery as a method of forming key carbon-carbon and
carbon-heteroatom bonds in drug-like molecules.®® Such cross-couplings
dominate the reactions reported in pharmaceutical patents,®® and newer
carbon-carbon bond forming reactions have not been readily embraced.
Medicinal chemists are often slow to incorporate new synthetic methodology
into discovery workflows, instead relying on methods with a higher likelihood
of success, which can limit the diversity of compounds synthesised and
tested.’® However, recent developments in photoredox chemistry and direct
Ci H bond functionalisation have been well received and implemented to
support discovery efforts.’® 72 Ultimately the value of a given molecule, or



class of molecules, drives medicinal chemists to try new methodologies.
Molecules that fit robustly into a biological design hypothesis are more likely
to have time invested into their synthesis due to their higher perceived
value.”® Therefore, the application of new synthetic methodologies by
medicinal chemists is linked to the rational design of small molecules.
Advancements in high-throughput chemistry and micro-scale synthesis have
enabled the design of predictive models for reactions between pairs of
densely functionalised reagents, by facilitating the generation of large
databases consisting of experimental data.”*’®> These models could have
potential applications in drug discovery by allowing medicinal chemists to
select optimal reaction conditions without prior testing and bridge the gap
between emerging synthetic methodologies and medicinal chemistry.

1.3 Integrated Approaches for High-Throughput Chemistry
and Molecular Discovery

Integrated approaches for molecular discovery have several advantages
over FBDD and HTS technologies. Firstly, there is no need to purchase or
maintain an expensive library or screening collection which can result in
substantial cost savings for research and development. HTS libraries
typically cost between $400 million and $2 billion USD to acquire, maintain
and screen, whereas integrated technologies can be implemented for a tiny
fraction of the cost (less than 0.1%).76 Secondly, the chemical diversity of an
HTS library cannot be readily adjusted to accommodate a specific protein
meaning tractable chemical matter may not be found for challenging drug
targets.?® Integrated technologies are frequently used in drug discovery and
have even produced clinical candidates for a range of diseases where HTS
or FBDD approaches failed.’® 78 Integrated approaches typically conduct
chemical synthesis directly before biological screening using highly efficient
and optimised processes to create libraries of compounds that can be
screened on-demand.”® These libraries can consist of pure compounds,
crude reaction mixtures, or cocktails of compounds that can be individually
identified by a tag containing information for each molecule. Reactions are
usually conducted on the micro-scale and require only milligrams, or even
micrograms, of each building block meaning expensive reagents can be
routinely used.”9'83



1.3.1 DNA-Encoded Libraries

DNA-encoded library (DEL) technology enables the synthesis and screening
of millions (or billions) of small molecules simultaneously by encoding the
synthetic history of each molecule with a strand of covalently linked
DNA.768485 The process begins by mixing a pool of building blocks that are
individually identified by a unique strand of DNA. The building blocks are
then split into several pools that are each reacted with a new building block
and a new section of DNA is ligated to the original DNA tag conferring the
synthetic history of the new compound.’¢86'8 The pools of compounds are
then recombined and then subjected to successive rounds of the split and
mix strategy to generate a DEL.8%% Once a DEL has reached a desired size,
or achieved a large enough level of chemical diversity, it will be screened for
active molecules using a single affinity-selection assay with purified protein
immobilised on a solid support. Often, DELs are stored in an aqueous buffer,
in a single Eppendorf tube, and can be conveniently screened on-demand
after synthesis.”® The DNA tags of compounds that bind to the target protein
are then amplified and sequenced to obtain the identity of hits (Figure 1.4).%!

DELOs can be constructed using v-ar i

recording,8%°° DNA-templated synthesis (DTS),%? yoctoReactor,%3% DNA
routing,®® and encoded self-assembling libraries (ESAC).%
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Figure 1.4. The split and mix strategy used in the synthesis of DNA encoded
libraries. The DEL workflow illustrated above is an example of a DNA
recording strategy.
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DEL technology has delivered clinical candidates across different classes of
protein targets and for a range of diseases with unmet clinical need.”® An
example of successful hit identification using DEL technology through to a
proposed clinical candidate is the discovery of GSK2982772, a small
molecule targeting Receptor Interacting Protein 1 (RIP1) kinase.”8977101
Initially, the GlaxoSmithKline (GSK) kinase inhibitor library was screened to
identify an inhibitor of RIP1 kinase, but no selective inhibitors were found,
and the hits had poor synthetic tractability.®® The GSK HTS compound
collection, comprised of approximately 2 million compounds, was then
screened and a lead series was identified but the best inhibitor had poor oral
bioavailability, and poor synthetic tractability, and was discontinued.®® The
GSK collection of DNA-encoded small molecule libraries, containing 7.7
billion compounds, was then screened and an inhibitor of RIP1 kinase with a
unique chemotype was identified (Figure 1.5).1%* The discovery programme
was then successfully advanced to give GSK2982772, a clinical candidate
for the treatment of immune-mediated inflammatory diseases.”®:97.1%0

0 N-O
HN N
H
- e
Ny )H< @[ Q...NH
NH,
GSK kinase GSK HTS . .
library hit library hit GSK DEL library hit
32 nM IC5, 29 nM IC5, 10 nM IC5,
Poor RIP1 kinase High RIP1 kinase High RIP1 kinase
selectivity selectivity selectivity
Poor synthetic Poor synthetic Synthetically
tractability tractability tractable

Figure 1.5. Hits from GSK compound libraries screened against RIP1
kinase.

DEL technology often cannot fully exploit the full range of modern synthetic
chemistry due to limitations in reaction conditions.’6:102'104 This is commonly
due to incompatibility of new transformations with the aqueous, buffered,
conditions required for maintaining the integrity of DNA.105106 Advances in
DEL technology have demonstrated that libraries can be synthesised in
organic solvents and under inert atmospheres!®’1% put have yet to be
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translated to molecular discovery. Examples of reactions commonly used in
DEL synthesis include amidation, metal-catalysed cross-couplings, Diels-
Alder reactions, click chemistry, and nucleophilic substitution.% Designing
DELs that cover a broad area of chemical space can also prove challenging
due to the limited toolkit of reactions available for consideration, meaning
libraries tend to contain compounds with many aromatic rings and rotatable
bonds.”61027104 DELs that incorporate the principles of diversity-oriented
synthesis (DOS) in building block design have been proposed to address the
lack of structural and stereochemical diversity.%21%° One example of a DOS-
DEL, focussed on incorporating stereoisomeric small molecules, used a
palladium-catalysed Ci H arylation of azetidines and pyrrolidines to create a
library of DOS-inspired initial building blocks.*'® The building blocks were
then attached to DNA and subjected to two rounds of split and mix synthesis
(Figure 1.6). One set of building blocks were installed using a DNA-
compatible Suzuki reaction and the other set using a range of nitrogen-
capping reactions. Cheminformatic analysis of the DOS-DEL demonstrated
that most compounds had drug-like physicochemical properties, and
similarity analysis showed that the library contained extensive chemical
diversity. The DOS-DEL was also screened against carbonic anhydrase and
several potent inhibitors were identified, showing that specific DNA-
compatible complexity generating reactions are not required for increasing
the diversity of DELS.
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Figure 1.6. Library design for a DOS inspired DEL. Top panel: the DOS
inspired scaffolds used to synthesise the DEL. Bottom panel: active products
identified and synthesised off-DNA for characterisation.

DEL technology is largely limited to affinity-selection assays for hit
identification, rather than activity-based assays, meaning that inhibitors of
targets such as transcription factors, ion channels, receptors and protein-
protein interactions cannot be directly identified.”6111:112 |nstead individual hit
molecules must be retested after affinity selection, and re-synthesised off-
DNA, using an activity-based assay to confirm the desired biological
mechanism of action. Advancements in microfluidics have demonstrated that
it is possible to directly screen a DEL using an activity-based assay, but
targets such as protein-protein interactions are still yet to be directly
interrogated.1t113

In summary, DEL technology offers several advantages over HTS by
providing a flexible method for screening huge libraries of compounds
without the overhead of synthesising and maintaining the corresponding
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screening collection. The ability to tailor the properties of a DEL towards a
specific target also allows for the progression of discovery campaigns where
more traditional methods have not produced desired results. DELs also
allow for hit identification against targets where structural information has not
been elucidated, meaning that discovery for targets that are challenging for
FBDD can be progressed.

1.3.2 Integration of Nanoscale Chemical Synthesis and Screening
for Small Molecule Discovery

The miniaturisation of chemistry allows hundreds or thousands of reactions
to be conducted in parallel on the microscale.”>79.8082831141116 Fach reaction
uses only a small amount of material, usually less than a milligram per
reaction (approximately 1 pmol), meaning that large libraries of building
blocks can be investigated for both reactivity and bioactivity.'# This has led
to the optimisation of challenging reactions in drug discovery and
development’315 more quickly than when using traditional reaction
optimisation strategies. The coupling of microscale chemical synthesis and
biological screening has allowed for a substantial increase in the chemical
space tested against a target.”>8%81 The leveraging of accessible reactive
space for one or more chemical transformations allows for the discovery of
unexpected reaction products with interesting biological properties.®
Integrated approaches for microscale chemical synthesis and biological
testing typically synthesise compounds in batch, plate-based formats, and
screen crude reaction mixtures, but some workflows include in-line
purification, or use flow chemistry.79.81783,117i 123

Reaction arrays have been conducted on the nanoscale, using micrograms
of material per reaction (typically between 50 and 5 pg) and total volumes
between 1 and 2 pL.7>8%81 Nanoscale synthesis with affinity ranking
(NanoSAR) is an example of this approach where both reaction space and
biological activity space were investigated to yield potent inhibitors of
kinases.8? Active products were identified using affinity-selection mass-
spectrometry (ASMS) assays to identify hit compounds from crude reaction
mixtures. NanoSAR was validated by synthesising screening libraries to
identify new inhibitors of Extracellular Signal-Regulated kinase 2 (ERK2),
Mitogen-Activated Protein Kinase 2 (MK2), and Checkpoint Kinase 1
(CHK1). The reactions used to synthesise the library were based on the
most popular transformations used in small molecule discovery and included
amidation, Suzuki-Miyaura cross-couplings, and Buchwald-Hartwig cross-
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couplings.646567.68 Each reaction was analysed by ultra-high-performance
liquid chromatography i mass spectrometry (UPLC-MS) to identify reactions
giving the desired product and to estimate the yield.”® Initially, productive
conditions were identified for each class of reactions before moving onto
library synthesis. In total over 1,500 reactions were conducted to scout ideal
reaction conditions (Figure 1.7).

Sequential optimisation

Growth vectors on hit molecule Improved affinity and synthesis

Y
<)

7

Protein affinity R

0 1 "‘

)S:\>_< Optimi ti SM

=~ ptimise reaction _

Br N HN@ — conditions > R)\N H
(Y &
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Figure 1.7. NanoSAR workflow for the synthesis and optimisation of small
molecules. Reactions are performed in a 384-well plate, at 1.2 L total
volume, in a glovebox and dispensed using microfluidic dispensing robotics.
Active products are identified using affinity-selection mass-spectrometry for
a protein target.

Each protein target was assigned a different scaffold building block that was
elaborated with one or more of the coupling reactions. For each type of
coupling reaction used to decorate the scaffolds, the reaction conditions and
capping groups were widely varied. In total, 435 building blocks were used
across all three targets and UPLC-MS analysis showed that 396 of the
combinations gave a product (over 1,700 reactions conducted). The libraries
were then screened for affinity towards ERK2, MK2 or CHK1 depending on
the starting scaffold and a range of hits were identified (Figure 1.8). Each
well was screened at multiple concentrations to estimate the potency of each
hit by decreasing the concentration of protein in the ASMS assay. The
products that function as ligands were identified from the protein-bound
fraction and selectivity was tested by the presence of a fixed concentration
of a competitor protein. Each active product was also resynthesized on a 20
mg scale and re-tested in the ASMS assay, and tested in a functional
biochemical assay, to confirm the nanoscale results correlated with the
activity of the pure compounds.
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Figure 1.8. Example results from three NanoSAR screening libraries for
ERK2, MK2 and CHK1 using amidation, Suzuki-Miyaura cross-coupling, and
Buchwald-Hartwig Ci N cross-coupling reactions respectively. Other
reactions employed included the Sonogashira coupling, and SiH and Oi H
coupling. The most potent compounds are those with detectable binding via
ASMS at the lowest protein concentrations.

Interestingly, if the libraries were synthesised using a single set of reaction
conditions only a fraction of the available chemical space would have been
sampled. For example, the CiN cross-couplings required extensive
optimisation of reaction conditions before the nanoscale screening library
could be synthesised. This is because the optimised reaction conditions
varied as a function of substrate combinations. Twenty-four different reaction
conditions had to be tested with five different amine building blocks to
identify four reaction conditions that were robust enough to be used with the
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96 amines selected for the nanoscale library. Overall, 92 of the 96 possible
Ci' N cross-coupling products were successfully synthesised as part of the
library. Therefore, NanoSAR may enable a diversification of the toolkit of
reactions used to synthesise small molecules as methodologies with narrow
scopes, or that are challenging to optimise, can be explored as part of a drug
discovery workflow.

1.3.3 Activity-Directed Synthesis

Biosynthetic pathways evolve in nature when a natural product confers a
competitive advantage to the host organism i these pathways are structure-
blind and driven purely by the function of bioactive products. Activity-directed
synthesis (ADS) takes some inspiration directly from the evolution of
biosynthetic pathways and applies it to the discovery of active small
molecules. Active products emerge in tandem with their synthetic routes
through iterative rounds of microscale reaction arrays and integrated
biological screening of crude reaction mixtures (Figure 1.9). Selection
pressure can be increased by raising the threshold required for a crude
reaction mixture to be identified as active, and efforts can be focussed solely
on the characterisation of active products. Due to the low purification and
characterisation overhead, a less established toolkit of chemistry can be
employed, with minimal risk, to aid the discovery of new bioactive molecules.

The utility of ADS has been shown for the discovery of bioactive small
molecules.®?812 Two successive publicat idmaos des
compounds with metal catalysts for the discovery previously unknown
classes of ligands for the androgen receptor.8283 Metal-catalysed carbene
chemistry was chosen to intentionally leverage the possibility that multiple
products could be formed in each reaction mixture. Reaction arrays were
carried out in 100 pL 96-well PTFE plates, under ambient conditions, and the
product mixtures were scavenged for metals and assayed using a time-
resolved fluorescence resonance energy transfer (TR-FRET) assay for
agonism against the androgen receptor. The activity data was then analysed
to identify active product mixtures, which subsequently informed the design
of a second-generation array. Selection pressure was increased after each
round, by screening at successively lower concentrations, optimising for both
activity and yield. After the final round was complete, active product mixtures
were scaled-up, purified and characterised to determine the identity of the
active compounds. ADS has also been shown effective in the discovery of
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anti-microbials using phenotypic assays and a different toolkit of
chemistry.123
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Figure 1.9. Activity-directed synthesis workflow for the discovery of agonists
of the androgen receptor.

substrates

I nitially, three rounds o-tiaziAdniles\delie con
1.16) bearing a 4-cyano-3-trifluoromethylphenyl moiety and a range of metal
catalysts to harness intramolecular transformations (Figure 1.10).82 In round
one36reactons wer e condudiazmdmidesliln d.12]1tBreeU
catalysts and one solvent, and the products were assayed at a 10 uM total
product concentration. Four diazo substrates 1.1, 1.3, 1.6 and 1.7 were
identified as yielding active products which informed the design of the next
reaction array. In round two, 192 reactions were conducted using six
substrates 1.1, 1.3, 1.6, 1.7, 1.11 and 1.12 in combination with eight
catalysts and four solvents, and the products were assayed at 1 uM total
product concentration. Diazo substrates 1.11 and 1.12 did not produce any
reaction mixtures with detectable activity and were discounted. Two
substrates 1.1 and 1.3 were identified as responsible for the most active
products and four analogues 1.13 7 1.16 were synthesised to exploit this. In
round three 108 reactions were conducted using six substrates 1.1, 1.3, 1.13
T 1.16, six catalysts and three solvents, and the products were assayed at
100 nM total product concentration. Eight reactions were identified as
producing the most promising bioactive products and scaled-up to obtain the
pure products for analysis. Three active compounds 1.17 i 1.19 were
identified with sub-micromolar activity demonstrating that ADS can be used
to discover potent and novel scaffolds. ADS also enables the optimisation of
the most active product between rounds of reaction arrays meaning activity
and yield can be optimised simultaneously.
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Figure 1.10. ADS with intramolecular reactions for the discovery of novel
agonists of the androgen receptor. A: Diazo substrates. B: Biological activity
of crude reaction mixtures at each round of ADS. C: Active products
identified from the scale-up, purification, and characterisation of crude
reaction mixtures.

A second series of ADS experiments was also used to investigate the
activity-directed discovery of androgen receptor ligands with intermolecular
reactions (Figure 1.11).8% Again, a toolkit featuring metal-catalysed carbene
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chemistry was utilised, but this time for activity-directed fragment growth. A
range of co-substrates with diverse structure and reactivity was selected to
enable the growth of an N-[4-cyano-3-(trifluoromethyl)phenyl]-N-
methylacetamide fragment (ICso: 92 puM). In round one 192 reactions, out of
a possible 480, were conducted featuring a random combination of four
substrates, nine co-substrates (plus one without co-substrate), six catalysts
and two solvents. The products were assayed at 10 puM total product
concentration and two active product mixtures were identified, both of which
originated from diazo substrate 1.20 with either cyclohexene or indole as co-
substrate, Rh2(S-DOSP)4 and DCM. In round two 86 reactions, out of a
possible 360, were conducted using two diazo substrates, 18 co-substrates
based on cyclohexene and indole, five catalysts and two solvents. The
products were assayed at 5 pM total product concentration and five active
product mixtures were identified originating from diazo substrate 1.20 with
either dihydronaphthalene, dihydropyran or indene. In round three all 48
possible reactions were conducted with diazo substrate 1.20, 12 co-
substrates and four catalysts, and the products were assayed at 1 uM total
product concentration. Co-substrate 6-benzopyran-carbonitrile yielded active
product mixtures with all four catalysts, however, the dihydropyran co-
substrate only gave an active mixture with Rh2(R-DOSP)4. Consequently,
the most active product mixtures and a selection of inactive mixtures were
scaled up and characterised to study the emergence of the bioactive
products.
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Figure 1.11. ADS using intermolecular reactions for the discovery of agonists
of the androgen receptor.

Compounds 1.21 and 1.22 were the only active compounds identified during
round one and both the product of intermolecular transformations, a Ci H
insertion into the C3 position of indole and a cyclopropanation of
cyclohexene respectively. Characterisation of a selection of inactive wells
from round one revealed that a diverse range of products had been formed
and a large area of chemical space explored but ultimately discarded in
favour of the active products. Round two capitalised on the introduction of a
varied set of alternative substrates to expand the range of cyclopropanation
products and identified alternative compounds. Finally, co-substrates
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containing new functionality (alcohol and nitrile groups) were introduced in
round three and yielded active products from unexpected reactions. The
reaction forming 1.23 was unlikely to have been rationally predicted as
enantioselective Oi H insertions using racemic starting material were not
previously known. ADS has, therefore, been shown to be capable of
identifying novel transformations through the pursuit of bioactivity, mimicking
the action of evolutionary biosynthesis.

ADS is a complementary method to other medicinal chemistry strategies for
molecular discovery and could be integrated into existing drug discovery
workflows. ADS has been demonstrated as an effective strategy for scaffold
discovery,® fragment growth,®® and expansion of SAR.'?% Scaffold hopping
is a key challenge in medicinal chemistry,?* and ADS has not yet been used
in this context. ADS has also been used for molecular discovery against a
limited range of targets with evolved small molecules binding sites
(androgen receptor®28 and the penicillin binding protein of Staphylococcus
aureus'?3). Employing ADS against non-traditional drug targets would widen
the number of ways ADS can be applied in medicinal chemistry settings.

1.4 The p53/MDM2 Protein-Protein Interaction

Murine double minute 2 (MDM2) is an oncoprotein that acts as a negative
regulator of the p53 tumour suppressor, downregulating p53 and limiting the
transcription of genes associated with tumour suppression.?5'27 Under
normal cellular conditions p53 is controlled through an autoregulatory
feedback loop in which p53 activates MDM2 expression, and then MDM2
supresses p53 action.'?8133 MDM2 acts through binding of p53 at its
transactivation domain, activation of cellular signalling pathways that lead to
p53 nuclear export, and activation of a ubiquitin ligase that promotes p53
degradation. 134135

The first crystal structure of the p53/MDM2 complex characterised the 109-
residue N-terminal domain of MDM2 bound to the 15-residue transactivation
domain of p53.1%¢ It revealed that MDM2 has a deep apolar cleft, to which
P53 binds as adnelixaThe interface dftthis énterction relies
on steric compatibility between the MDM2 peptide binding cleft and the
apolar face of the p5 3 -hélix, referring to F19, W23 and L26 residues of p53
(Figure 1.12). Alanine scanning studies, which systematically replaced each
residue in the p53 transactivation domain with an alanine residue,



-21 -

demonstrated that p53 analogues containing F19A or W23A substitutions
lost all affinity towards MDM2.137:138 An L26A substitution also significantly
reduced binding affinity towards MDM2 demonstrating that F19, W23 and
L26 are key hot-spot residues for the p53/MDM2 protein-protein
interaction. 3’

Figure 1.12. Co-crystal structure of the p53 transactivation domain bound to
Human-MDM2 (PDB: 1YCR).1%6 The sub-pockets targeted by p53 hotspot
residues F19 (red), W23 (blue) and L26 (green) are shown.

1.4.1 Inhibition of the p53/MDM2 Protein-Protein Interaction

MDM2 is overexpressed in some cancers, therefore, targeting of the
p53/MDM2 PPI and restoring the tumour suppressor functions of p53 has
potential to be a mechanism for the development of new cancer
therapeutics.'?” Protein-protein interactions typically occur over a large
surface area and binding interactions are usually driven by the interaction of
hotspot residues of one protein with another.13% 141 |nhibitor design for PPIs
has traditionally been guided by structural and experimental analysis of an
interaction and designs tend to mimic the hotspot residues that bind to a
target protein.14?'147 |nhibitors of the p53/MDM2 PPI usually target all three
of the MDM2 sub-pockets for the p53 hotspot residues F19, W23 and L26.
This allows a small molecule to mimic the p53 transactivation domain and
act as an antagonist of MDM2 (Figure 1.13). Several small molecule
antagonists of MDM2 have been progressed to clinical trials for solid
tumours, lymphoma, neuroblastoma and other cancers (Figure 1.14).148
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RG7112 MI-77301 AM-8735

Figure 1.13. p53/Human-MDM2 PPI inhibitors, the sub-pockets targeted by
p53 hotspot residues F19 (red), W23 (blue) and L26 (green) are shown.
Panel A: Structure of MDM2 in complex with RG7112 (PDB: 4IPF) and
overlay of RG7112 with p53 transactivation domain (PDB: 1YCR). Panel B:
Examples of clinical candidates that target the p53/MDM2 PP|. 1491152

Clinical candidates that target the p53/MDM2 PPl employ many different
approaches for orienting functional groups that can act as mimics of p53 hot-
spot residues.’*® Some scaffolds, for example RG7388'% and AMG232,%%4
use a small saturated ring system to project aromatic moieties into the W23
and L26  sub-pockets. Alternatively, CGMO097%%  uses a
tetrahydroisoquinoline core to interact with the L26 subpocket, and place an
aromatic ring in the W23 subpocket, and then project an extended series of
rings along the peptide binding cleft, similarly to the p53 peptide. RG7112149
also uses this strategy with a methanesulfonylpropyl group to mimic the p53
peptide (Figure 1.13, panel A). Other scaffolds, such as MI-773011%0.151 and
ATX-265,1%6 use a fused ring system to place an oxindole or isoindole ring in
the W23 subpocket and orient substituents to mimic the alpha helix of p53.
The diversity in approaches for building scaffolds mirrors the techniques that
have been used to initiate drug discovery campaigns against the p53/MDM2
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PPl and include virtual screening, structure-based drug discovery and

HTS.148
0
OH 'WQ

LS5

ATX-265 analogue

CGM097 K[( ~ MK-8242 analogue

Figure 1.14. A selection of clinical molecules with known structure that have
recruited, conducted, or reported results from clinical trials. RG7112 was
discontinued after Phase 1b clinical trials in favour of RG7388, and the
development of MI-77301 was also discontinued. Data obtained using
Pharmaprojects, accessed 08/06/2020. Each highlighted molecule targets all
three of the MDM2 sub-pockets.

1.4.2 Dissection of the Nutlin RG7112

The nutlin class of MDM2 antagonists are based on a cis-imidazoline core
scaffold that allows the projection of the para-chlorophenyl moieties into the
MDM2 sub-pockets targeted by p53 hotspot residues W23 and L26.149.157
The anisole ring engages with the sub-pocket usually targeted by the p53
residue F19 and is important to overall affinity. The sulfone cap installed
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onto the piperidine ring of RG7112 extends outwards into the solvent face,
engaging MDM2 residue G58 and the peptide binding cleft.

The clinical candidate RG7112 was retrospectively deconstructed to assess
whether a drug discovery campaign, in principle, could have been initiated
by FBDD instead of HTS.'%® Functional groups were systematically removed
to give a range of fragment-sized molecules containing substructures of
RG7112 (Figure 1.15). The fragments were then tested for MDM2 binding
using NMR and SPR assays to identify the smallest molecules with
detectable binding. The fragments containing mimics for two of the three
hotspot residues, where one of the mimics targets the W23 sub-pocket, were
found to bind to MDM2 (using biophysical methods) demonstrating that a hit
molecule could have been discovered from a fragment-based approach. A
limitation of this approach is that none of the fragments with detectable
binding to MDM2 were commercially available, meaning a custom fragment
library would have to be synthesised to target the p53/MDM2 PPI.
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Figure 1.15. Deconstruction of RG7112 (SPR K4 0.22 uM) to determine key
groups for binding to MDM2.

1.5 Project Outline

Activity-directed synthesis is a proven and powerful method for the discovery
of ligands of protein targets with an evolved small molecule binding site. A
key aim is to build upon the existing activity-directed framework and enable
the discovery of ligands for more challenging biological targets, specifically a
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target without an evolved small molecule binding site. Protein-protein
interactions, specifically the p53/MDM2 PPI, offer an ideal platform for the
validation of ADS as a discovery tool for more challenging protein targets.
The medicinal chemistry of the p53/MDM2 PPI has been well explored but
has not been targeted by integrated methods of synthesis and biological
screening for small molecule discovery. Therefore, if ADS can facilitate the
discovery of inhibitors containing novel chemotypes for inhibitors of the
p53/MDM2 PPI then the approach will be showcased as an efficient tool for
identifying new bioactive chemical space.

1.5.1 Development of a Catalyst Map for Rhodium(ll) Catalyst
Selection in Activity-Directed Synthesis

Intermolecular reactions between rhodium(ll)-carbenes and multi-functional
substrates, as part of an ADS experiment, offer opportunities for the
identification of new small molecule scaffolds that can modulate protein
function. This is because transformations catalysed by rhodium(ll)
complexes can be controlled through their corresponding ligand properties
(Chapter 2, section 2.2). It was proposed that a knowledge base for
interpreting the reactive space of rhodium(ll)-carbenes would facilitate the
selection of catalysts with complementary ligand properties and potentially
facilitate unexpected reaction outcomes. This could allow for a better
exploration of the reactive space within an ADS reaction array as each
catalyst could direct reactions towards products in different areas of
chemical space.

To validate and exemplify a knowledge base approach for catalyst selection
a database of computational parameters describing rhodium(ll) complexes
must be built and analysed. This would create a map for navigating catalyst
properties and would aid in the selection of catalysts for ADS array design.
The chemical relevance of the map must also be demonstrated to ensure
correlation between the knowledge base and the observed reactivity in
rhodium(ll)-catalysed reactions. Ideally, the knowledge base will enable the
optimisation of ADS reaction arrays by reducing the number of catalysts
required to identify structurally distinct classes of ligands. Further detailed
objectives for this work are described in Chapter 2.
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1.5.2 Activity-Directed Discovery of Inhibitors of the p53/MDM2
Protein-Protein Interaction

MDM2 does not have an evolved small molecule binding site meaning the
identification of fragment-sized ligands is extremely challenging. Fragment
libraries often do not contain molecules suitable for screening against
protein-protein interactions, and have not been used for drug discovery
targeting the p53/MDM2 PPI. It was proposed that ADS could be used for
experimental scaffold hopping to target pairs of MDM2 sub-pockets and
discover structurally distinct inhibitors of this PPI. Reaction arrays would be
designed to leverage mimics of p53 hot spot residues, and rhodium(ll)-
carbene chemistry, to identify new scaffolds that target the p53/MDM2 PPI.
Successful application of ADS in this context would demonstrate that the
method can fill gaps in current discovery methods without extensive
investment in chemical synthesis. This work, including detailed objectives, is
described in Chapters 3 and 4. Chapter 3 focussed on the design and
implementation of two ADS reaction arrays, and the isolation of products
from the scale-up of hit crude reaction mixtures. Chapter 4 focussed on the
characterisation of the isolated products as inhibitors of the p53/MDM2
protein-protein interaction.
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Chapter 2
Construction of a Catalyst Map for Rhodium(ll) Catalysts

Metal-catalysed cross-coupling reactions, such as the Suzuki-Miyaura and
Buchwald-Hartwig reactions, are frequently used to aid in the discovery of
bioactive small molecules.®5'69.1597161  More recent advances in metal-
catalysed carbon-carbon and carbon-heteroatom bond forming reactions
have not yet been widely adopted by the medicinal chemistry community.5°
The slow uptake of these methods may stem from a poor understanding of
substrate scope, a perceived low success rate or poor availability of newly
reported catalysts.6569159

Recent advances in high-throughput experimentation (HTE) have allowed
hundreds, or thousands, of metal-catalysed reactions between densely
functionalised pairs of substrates to be optimised and employed in molecular
discovery workflows.”3758081114115162 The increased availability of these
information rich datasets has also spurred along work deploying machine
learning (ML) or statistical learning approaches to predict catalyst
performance and gain mechanistic insights.”3741631166 These approaches
rely on a combination of experimental data and computational
parameterisation data.'67.168 ML techniques often lead to the development of
virtual screening platforms where computational parameters describe
features of the substrate pairs,’374169.170 whereas statistical learning
approaches can reveal mechanistic details by describing features of catalytic
intermediates or transition states.164171.172 Both approaches rely on
experimental and computational data and can reveal trends that were not
obvious from the standard processing of experimental data. Models that
allow medicinal chemists to easily interpret the most important factors for
successfully implementing new reactions could stimulate their uptake into
molecular discovery workflows.1681731176

2.1 Computational Parameterisation for Catalysis

The computational parameterisation of catalysts, or ligands, has been used
in combination with experimental data to rationalise outcomes when
developing new synthetic methodologies.1’® An example of this approach is
the development of a ligand-controlled stereospecific Pd-catalysed CiC
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bond forming reaction.'%* A suite of second-generation molecular descriptors
for phosphine ligands was developed so that statistical learning methods
could be applied to the optimisation and mechanistic rationalisation of the
enantio-divergent Pd-catalysed coupling of alkylboron nucleophiles with aryl
halides (Scheme 2.1).

Ar

L'r® A

R'" TR2 Stereoretention

+ Ar—X —
R1 R2 L2pd° Ar
— R1;\R2 Stereoinversion

Scheme 2.1. Ligand-controlled enantio-divergent cross-coupling reactions
using alkyl trifluoroborate nucleophiles.

The authors noted that electron-withdrawing substituents on the aryl halide
substrate lead to diminished stereo-retention, whereas electron-donating
substituents maintained stereospecificity. This trend suggested that
manipulating the electronics of the system could influence the mechanism of
transmetallation and the product stereochemistry. A high-throughput screen
of phosphine ligands was then initiated, and correlation analysis performed
to identify computational parameters that captured factors important to the
stereospecificity of transmetallation.

The modelling workflow began by performing molecular mechanics (MM)
conformational searches for each ligand to identify low-energy conformers,
followed by geometry optimisation using DFT. Parameters were then
extracted, and seven computational descriptors (four electronic and three
steric) were responsive to the observed stereo-retention. Four additional
descriptor subsets were also defined to capture the conformational dynamics
of the ligands, including Boltzmann weighted average parameters. Two
ligand classes were eventually identified from a virtual screen of phosphine
ligands (Figure 2.1): biaryl phosphines bearing electron-withdrawing
substituents that resulted in stereo-retention (L1); and bulky tri-alkyl
phosphines that resulted in stereo-inversion (L2).
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Figure 2.1. Experimental investigation for the ligand controlled stereospecific
Pd-catalysed arylation of alkyl boron nucleophiles with a range of aryl
chlorides. L1 gives stereo-retention and L2 gives stereo-inversion.

Machine learning techniques have also been used for the prediction of highly
selective chiral phosphoric acid catalysts for the acid-catalysed thiol addition
to N-acylimines.®® The workflow began with an in silico library of over 800
chiral phosphoric acid catalysts with two different scaffolds, one with fully
aromatic binaphthyl backbones and another with a saturated ring in place of
the fused binaphthyl aromatic ring. Approximately 400 synthetically
accessible substituents wer e i ncluded at
scaffolds to create the library of catalysts (Figure 2.2). The authors then
invented a new descriptor called average steric occupancy (ASO) designed
to capture steric information about an entire ensemble of conformers for a
single molecule. ASO provides this information as a matrix of values that
represents the weighted spatial occupancy of substituents for each
conformer of the ligand, as a function of the energetic profile for the
ensemble of conformers.

t
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Figure 2.2. Design of computational workflow for the prediction of
enantioselectivity for the phosphoric acid-catalysed formation N,S-acetals.

A subset of ligands covering the broadest area of available chemical space
within the in silico library was then selected using principal component
analysis (PCA) combined with the Kennard-Stone algorithm. The authors
attribute this sampling method to the ultimate success of the workflow as it
guarantees uniform selection of catalysts across all regions of chemical
space (including boundary cases and outliers). The ASO descriptor and
catalyst training set (selected using PCA and Kennard-Stone) were then
validated by creating a predictive model for the enantioselective formation of
N,S-acetals. The authors were able to build high performance statistical
models for: the prediction of catalyst performance against reactions forming
new products; the prediction of new catalysts external to the model against
known products; and prediction of new catalysts forming new products, both
external to the model. Finally, a deep feed-forward neural network was able
to accurately recapitulate the experimental selectivity data, successfully
predicting the most selective reactions when half of the training data was
omitted. These results demonstrate the power of chemically relevant
molecular descriptors when applied to the virtual screening of catalysts.
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Computational parameterisation of rhodium(ll)-carbenes has also been
undertaken to investigate the Rh2espz-catalysed intermolecular CiH

i nser ti-oabonyd sterbcarbenes.t’” The model is based upon
parameterisati o n  o-tarbamyl diazo ester substrate and the resulting

carbene formed with Rh2esp2. The authors quantified steric effects related to

the diazo substituents by calculating the 1,5-interaction between the diazo
substituent and the ester carbonyl (captured in terms of an r value) in the

Rhzesp2 carbene complex. Electronic effects were also quantified by
calcul ating t he pr ot o-parboayi. fAnhatysist of thd P A)
calculations formed a potential energy surface allowing the relative enthalpy

( gpKcal mol?) to be mapped onto the r and PA values for each carbene

complex. The authors noted that regions of
the formation of side-products through the Wolff rearrangement. This

inspired the design of a s er i eabonglfdiazb ester substrates that

could undergo alkyl Ci H insertion reactions in moderate yields (Figure 2.3).
Theexperi ment al results showed -tatb@ayl i ncr
substituent leads to a decreased yield of the Ci H insertion product.
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Figure 2.3. P ar a me tcarlbosyl dfazp restebs and observed trends with
experimental data.

The Bristol Ligand Knowledge Base (LKB)'78182 was based on a wide range
of computational descriptors for monodentate P-donor ligands (348 ligands)
and has been expanded to include bidentate ligands. The monodentate LKB
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uses a set of 28 electronic and steric descriptors that were derived from DFT
optimised geometries of gold, platinum and palladium complexes. The
descriptors included frontier molecular orbital energies, proton affinities,
adduct formation, and metal coordination.'”® The knowledge base was then
used to build a PCA model, and thereby create a map of chemical space
from which underlying chemical features could be elucidated for rational
phosphorus(lll) ligand design (Figure 2.4).179:180

PCA is a method for revealing a simplified structure from a highly
dimensional dataset by extracting relevant information that is often hidden in
higher dimensional space.'® PCA achieves dimension reduction by setting
the goal to compute the most meaningful basis to represent a dataset. PCA
is a linear transformation, and it simplifies the number of possible basis sets
by assuming that the data is continuous and is, therefore, restricted to re-
expressing the data as a linear combination of its basis vectors (i.e. as
principal components).183184 PCA retains the integrity of the data, in this
case the chemical descriptors, as the underlying data is not manipulated. In
the LKB catalysts with similar properties will be near neighbours in the PCA
map, while dissimilar catalysts will be further apart. The benefit of PCA is
that the resulting model is representative of the original chemical
observations as PCA represents the variance between data points, not the
data points themselves, so the analysis does not project absolute values.
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Figure 2.4. Bristol LKB PCA map for monodentate P-donor ligands.*8°

The Bristol LKB effectively captured ligand similarities and differences by
sampling a wide range of chemical space. The LKB included 117
commercially available ligands meaning the model could be used for the
design of experiments and reaction optimisation.'®© The PCA model also
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captured some trends in the experimental data for a palladium-catalysed
amination reaction and some of the descriptors were used to build a multi-
variate predictive model for product yield with good accuracy. A model to
predict bond dissociation energies was also built using descriptors from the
knowledge base which would allow for optimisation of a catalytic process
through rational ligand design. The LKB, and catalyst map, has proved to be
a useful tool for the optimisation of palladium-catalysed cross-coupling
reactions and allows for the rational exploration of catalyst space.'67:184

2.2 An Overview of Rhodium(ll)-Carbene Chemistry

Rhodium(ll)-catalysed carbenoid chemistry provides access to a wide range
of transformations including selective insertion into Ci H bonds, and insertion
into OT H, Ni H and Si H bonds, cyclopropanation and ylide formation.185/ 190
The selectivity of many rhodium(ll)-catalysed transformations can be tuned
by considered selection of both the functional groups that decorate a diazo
substrate and the catalyst.’®'1% Diazo precursors, for the formation of
rhodium(ll)-carbenes, can be separated into two categories: those with only
electron withdrawing substituents (acceptor and acceptor/acceptor); and
those with both electron donating and withdrawing substituents
(donor/acceptor) (Scheme 2.2).187

HMLh  EWG: CO,R, COR, NO,,

Ly PO(OR), SOR
R_ML, _H
N, \I/f /C’
R | EWG _ML, EWG: CO,R, COR, NO,,
Lye SOR.CN
RYNz R
R LM 9_<R1 EWG: CO,R, COR

EDG._ML,
Y EDG: vinyl, alkynyl, aryl,
EWG heteroaryl

Scheme 2.2. An overview of a catalytic cycle for CiH insertion'® and
common substituents incorporated into acceptor, acceptor/acceptor, and
donor/acceptor diazo compounds.

Acceptor and acceptor/acceptor carbenes are highly reactive and often
undergo intramolecular transformations, preferentially forming five-
membered rings due to their electron withdrawing nature and inability to
stabilise the electrophilic carbene centre i although the formation of four and
six membered rings are also common.'% 192 Donor/acceptor substituted
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carbenes are less reactive than acceptor and acceptor/acceptor carbenes
due to their greater ability to stabilise the electrophilic carbene
centre.185187.196 Thijs allows donor/acceptor carbenes to undergo the site-
selective intermolecular CiH functionalisation of complex molecules at
primary, secondary, or tertiary CiH bonds.18519419.197.19%8 gelective CiH
insertions are achieved through steric and electronic control of the carbene
and substrate, not through site-directing functional groups which is common
for other Ci H activation chemistries.'®® Substrates that feature sites able to
stabilise a build-up of positive charge react significantly faster than those
unable to do so, and sites adjacent to a heteroatom are also more
reactive.18 However, the reaction rate can be negatively impacted if the site
is sterically hindered. For example, tertiary Ci H bonds have slower reaction
rates than secondary Ci H bonds despite their ability to stabilise positive
charge more effectively.185197.198 As such, electronic effects are not the sole
contributions to consider and a much more complicated analysis of
electronic and steric effects for both substrate and catalyst are required to
determine reactivity (Figure 2.5).

R1

H R®
R H~ H—R!

H
R R ;
Reactivity caused by electronic effects H

[ » Relative
rate:

26,000 2700 1 0.078

Reactivity caused by steric effects

Figure 2.5. Controlling factors for increasing reactivity controlled by
electronic and steric effects in reactions with donor/acceptor diazo
compounds and Rh2(S-DOSP)4.185197 Relative rates refer to the rate of Ci H
insertion into a cyclohexyl Ci H bond, normalised to one.

The ligand controlled nature of rhodium(ll) catalysts allows for high levels of
chemo-, regio-, and stereo-selectivity in a variety of contexts.?®® For
example, donor atom type and fluorination of the bidentate ligand backbone
leads to switchable chemoselectivity in a substrate with multiple reactive
sites (Scheme 2.3).1°1:192 |ntermolecular Ci H insertion reactions can also be
tuned through ligand effects to give highly regioselective insertion into
primary or tertiary Ci H centres (Scheme 2.3).1%® These catalysts employ
large aliphatic ligands that intrude into the co-ordination sphere of the
rhodium(ll) core and give control over unactivated and unfunctionalized
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substrates. This reactivity is challenging to analyse and predictive modelling
of this reaction’%2%1 has resorted to substrate observed parameters due to
the size of the catalysts and the complexity of the ligand effects.

Padwa et. al. 1993 Rhypfby
Ph
N -
| - . N
N or
PR N~ \ﬂ) [Rh'] cat. \ﬁ
le} o} (6]
80% Yield 82% Yield

Davies et. al. 2018 Rh,(R-TCPTAD)4

N2 R1
R)J\R1 ""<R o /
I
[Rh"] cat. / R
R

R: (p-Br)CgH, 82% Yield 88% Yield

H R': CO,CH,CF; >95:5rr. >94:6 rr.
Scheme 2.3. Control over two alternative reaction pathways by Rhzpfbs and
Rhzcapas,'! and ligand controlled regio- and stereoselective Ci H insertion by
Rh2(R-TCPTAD)4 and Rhz(S-tris(p-tBuCeH4)TPCP)4.1% (r.r. regioisomer
ratio).

The variety of reactivity of rhodium(ll)-carbenes makes accurate mechanistic
studies challenging. In the above examples, modification of the ligand
backbone affects the selectivity of the proceeding reaction when multiple
competitive pathways are accessible. A further complication is that
rhodium(ll)-carbenes can undergo transition state bifurcations (Scheme
2.4).2%2 |f the products of the transition state bifurcation can then react to
form the desired product then any modelling effort is only relevant to the
specific modelled case. Catalyst parameterisation approaches have used
calculated steric and electronic parameters for substrates,®®! or a
surrogate,’® or structural analysis of the relationship between the catalyst
and substrate.1’” For these approaches, careful parameter design enabled
the development of predictive models for specific reactions, but are not
generalisable for other rhodium(ll)-catalysed reactions.
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Scheme 2.4. Transition state bifurcations for the intramolecular processes of
rhodium(ll) carbenes. Each rhodium complex is bound to four bidentate
ligands, however three are omitted for clarity.

2.3 Design of a Knowledge Base for Rhodium(ll) Catalysts

Knowledge bases, such as the Bristol LKB, are databases of parameters, or
descriptors, that describe the steric and electronic properties of interesting
organometallic complexes.'67.184 Parameters are usually captured from DFT-
optimised geometries which allows for the investigation of many more
complexes than would be experimentally plausible. Development of a
knowledge base for rhodium(ll) catalysts could enable the inclusion of
underutilised carbon-carbon and carbon-heteroatom bond forming reactions
into molecular discovery workflows. The rhodium(ll) knowledge base was
built in collaboration with Dr Natalie Fey at the University of Bristol and
employs similar techniques as the Bristol LKB for catalyst parameterisation.
The parameters used to construct the catalyst knowledge base were
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designed to capture chemically relevant and mechanistically independent
information about rhodium(ll) complexes. A range of structural and electronic
parameters were captured for the rhodium(ll) complex (1) and the
corresponding rhodium(ll)-carbene complex (2) generated from a
sy mme t rdiaroanblon&mide precursor (Scheme 2.5).

Rhodium(Il) Complex Carbene Complex
R! R!
)\ NPY )\ X =0/N
0% X(Y) RZB\RZ 0%"SX(Y) R2 Y =Ligand backbone
| ~ 1\~ | ~» |\~ 1
Rh=—Rh Rh=—Rh R" = Ligand Backbone
7 7 7 7
| 7| -N I 7 R2 R2=CO,NMe,
1 2

Scheme 2.5. Dirhodium(ll) complexes modelled using standard DFT
methods (B3LYP/6-31G(d) and MWB28 on rhodium atoms or BP86/6-
31G(d) and MWB28 on rhodium atoms).

Initial calculations that seeded the knowledge base were conducted using
three model complexes Rh20Acs (3a), Rhzcaps (4a) and Rhzpfbs (4h)
(Figure 2.6). The complexes were chosen for test calculations due to the
range of different substituents on each respective ligand backbone, and for
the ligand donor atom types (carboxylate or carboxamidate). The standard
B3LYP2031206 density functional with the DZP basis set 6-31G(d)%°72%® was
used on all atoms apart from rhodium where the Stuttgart/Dresden effective
core potential MWB282%° was used. Acetonitrile was used as an ancillary
ligand adduct for all three complexes to add additional parameters, such as
axial ligand dissociation energies, to the initial survey of responsive
parameters. Three types of complexes with ancillary ligands were selected
for initial evaluation: the bi-axially coordinated rhodium complex furnished
with two acetonitrile ligands; the mono-axially coordinated rhodium complex
with one acetonitrile ligand; and the bi-axially coordinated rhodium complex
bearing one acetonitrile ligand and one carbene ligand. For the
carboxamidate complex 4a, the acetonitrile ligand was found to have a
destabilising effect (see Figure 2.6, panel B2 and C2), in line with
experimentally observed findings.?'° Acetonitrile adducts were removed from
all further calculations and analysis because carboxamidates are a major
class of ligands for rhodium(ll) catalysts and are essential for inclusion in an
effective database.?!1212
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Figure 2.6. Example acetonitrile adducts calculated at B3LYP/6-
31G(d)/MWB28 level of theory. Al: Complex 3a and 2 acetonitrile ligands.
C1l: Complex 3a with a carbene ligand and one acetonitrile ligand. A2:
Complex 4a with one acetonitrile ligands. B2: Complex 4a with one
acetonitrile ligand. C2: Complex 4a with a carbene ligand and one
acetonitrile ligand. A3: Complex 3h with two acetonitrile ligands. B3:
Complex 3h with one acetonitrile ligand. C3: Complex 3h with a carbene
ligand and one acetonitrile ligand. Complex 3a with one acetonitrile ligand
could not be converged and was omitted.

Moving to the BP86213214 density functional using the 6-31G(d) DZP basis
set and MWB28 core potential allowed for the rapid generation of 96
converged rhodium(ll) complexes. The BP86 function may produce slight
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over-binding effects but is computationally robust and allowed for expansion
of the scope from the three initial complexes 3a, 4a and 3h to 48 diverse
complexes (Figure 2.7). A conformer search, using molecular mechanics,
conducted by Dr Natalie Fey at the University of Bristol, found that the DFT
optimised geometries accurately represented each complex.
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Figure 2.7. All 48 ligands used to generate the knowledge base. Ligands are
drawn with the coordinating atoms at the bottom and the labels describe the
rhodium(ll) complex bound to these ligands. Catalysts that were purchasable
commercially are highlighted (circle) or that were later experimentally tested
(square).

The knowledgebase contains a wide range of carboxylate (O,0) and
carboxamidate (N,O) ligands that were selected, or designed, to give an
even distribution of empirically predictable electronic and steric features
such as donor atom type, substitution patterns, steric bulk and synthetic
feasibility. The ability to select and synthesise any given catalyst is an
important feature for this knowledgebase to have wider applications in the
activity-directed discovery of molecules because many rhodium(ll) catalysts
are not commercially available and available sets offer poor catalytic
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diversity. Complexes bearing ligands with features including heteroatom
substitution (e.g. 3Kk, 3l, 4c, 4h, 4k, 4n and 4q), fluorination (3e-3i, 4t-4u and
4w-4x) and unsaturation (4i, 41, 40 and 4r) were included to probe electronic
effects propagated through the ligand backbone. Carboxamidate ligands
with different cyclic ring sizes were also designed to investigate structural
changes to the rhodium(ll) core (4a-4x). Finally, several ligands bearing
large ligand substituents that can control the nearby environment of the
metal coordination sphere (e.g. 3r-3u and 4e, 4m, 4p and 4s) were included
to complete the reported scope of ligand effects.%8

A wide range of descriptors were then captured, from DFT-optimised
geometries, to investigate the range of possible electronic and steric effects
arising from different ligand types (Figure 2.8 and Table 2.1). The features
captured by each descriptor were classified into three categories: electronic
(HOMO, 1, LUMO, 1, Q Rh, Q(L, mean), Q(Donor Atoms, mean) and

@E( FMO) ) ; el ect r o-RH),c (RaRhd), s(®-€-X)j ¢C-G-8),( Rh
r( R, rRh-C) and @E( coor d})and |wd)nThe descriptori ¢

Hes'80 approximates the steric influence of a ligands substituents by
modelling the approach of a reactant to the complex with a ring of eight
Helium atoms. |wV|?'5216 measures the steric bulk of a ligand while
accounting for the proximity of the ligand to an important atom, in this case
the rhodium atom forming the carbon bond. Both descriptors were calculated
using the optimised geometry of the corresponding carbene complex 2 with
the carbene ligand removed and aligned with the rhodium-rhodium bond.

( He
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Table 2.1. Computational parameters considered for inclusion in the
knowledge base.
Descriptor Derivation Diagram Median Value Range
R1
r(Rh-Rh) Rh-Rh bond length (A), 1 and 2 ?')“}>I<(Y) 2.41 A 0.09 A
Rh—Rh
R1
) Average Rh-Ligand bond length
f(Rh-L) ). 1 and 2 I(?,Jas¥(y) 2.06 A 0.02 A
Rh—Rh
R1
_ (Rh-Rh-L) Average Rh-Ligand bond angle, 1 ?’)A?%“Y) 88.57 1.29
and 2 Rh=—Rh
R1
. (0-C-X) Average ligand bite angle, 1, 2 of)f‘?x(y) 125.99 7.34
Rh—Rh
R1
A
_(Cc-c-0) Carbene bite angle, 2 Eh_;ﬁf&"f - -
R2
R‘\
f(Rh-C) Rhodium-Carbene bond length (&), ?A}¥(Y) e ) )
2 Rh—Rh=(
2
Y
. Av e r a glégand Backbone (R?) oAfxm
r (R bond length (A). 1 X 152 A 0.19 A
HOMO, 1 Energy of HO(Z'S)“” complex 1 Figure 2.8 -015au. |0.12au.
Lumo,1 | Enerayof "U('\(;'g ;Or complex 1 Figure 2.8 013au.  |0.10au.
QRh, 1 Charge on Rhodium atoms - 0.66 0.30
Q(L, mean), 1 Mean charge on ligands - -0.85 0.55
Q(Donor .
Atoms, mean), Mean charge on ligand donor ) 497 1.30
1 atoms
@E( FMp)] ®E between HOMO - 003au.  |0.03au.
(a.u.)
o i
[wv| Distance-Weighted Volume,® 2 W R [ 9.35 40.20
. . Hes = E(Hes.[Rh-
Hes | IMteraction energy for2and M| i) i E(Hen) 1 |35.33 keal mott 4775 koA
E([Rh-Rh]))
. PE( coorld)
PE(coo Energy for diazo precursor to f_(l)rm EDiazo)i (E2 + | 19.75 kcal mol* 24.09 _klcal
the carbene complex (kcal mol?), 2 EN>) mol
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Correlation analysis was then performed on the knowledge base to evaluate
the performance of the chosen descriptors and to contextualise the
information captured (Figure 2.9). Strong correlations between r(Rh-Rh) and
- (Rh-Rh-L), with R values between 0.8 and 1.0, reflect the rigidity of the
paddlewheel RhzLs scaffold. Changes to the Rh-donor atom distances,
either through electronic effects or steric clashes, affect the Rh-Rh bonding
along with the geometry of the ligand coordination. Trends such as
increasing r(Rh-Rh) between the axially unbound complexes and carbene
complexes were universal across donor atom type (0.079 A increase on
average for O,0 ligands and 0.072 A for N,O ligands). However, N,O ligands
with cyclic backbones have shorter Rh-Rh bonds on average (2.404 A and
2.387 A for unbound O,0/N,O ligands respectively), in part, due to the
constrained geometry of the amide functional group when part of a cyclic
ring (e.g.. (O-C-X) 126.7 ° for O,0 ligands and 125.5 ° for N,O ligands).

A different form of steric effect, described as the extent to which the ligand
substituents intrude into the site of reaction, was captured by |[wV| and was
important for controlling the geometry of the rhodium(ll)-carbene and the
subsequent angle of attack of a reactant. This steric effect was likely
responsible for control of the regio- and stereo-selectivity of each
catalyst.198211.212 Catalysts 3r-3u and 4d, 4g, 4m and 4s have the largest
|wV| values due to ligand projection over the axial face. Weak correlations
between |wV| and all other parameters confirms that this was a unique and
purely steric descriptor, with R values ranging between 0 and 0.4. Electronic
effects are also important for regio- and chemo-selectivity.%% 193 Modulating
the Lewis acidity of a catalyst can bias the outcome of a transformation
where multiple competing pathways occur and was an important feature to
capture.’®® Moderate correlations between purely electronic parameters and
those that capture a mixture of electronic and steric effects, such as Q(L,
mean) and r(Rh-Rh) (R 0.5 7 0.6), demonstrates that steric effects do not
dominate the knowledge base.
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Figure 2.9. Calculated Pearson R correlation coefficient map

2.4 Principal Component Analysis for the Construction of a
Catalyst Map

A model for interpreting the knowledge base using principal component
analysis (PCA) was then implemented. A relevant subset of descriptors must
be selected for use in principal component analysis to ensure the
subsequent model can be reliably interpreted and deconvoluted. This means
that the model must be generated from descriptors that can be related to
chemical features important to the properties of the catalyst. Inclusion of
redundant descriptors will make the PCA model harder to interpret as each
principal component will not contribute as clearly to clustering.

To simplify the number of PCA plots that need to be analysed manually the
best solution for each discrete number of descriptors (n) was calculated
(Figure 2.10). PCA results can be ranked by the total variance captured and
by the mean squared error of projection, which is the amount of information
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lost through PCA. The top solution for n descriptors was selected by the
highest percentage variance captured (for solutions, see Table 2.2). For
qualitative and unsupervised analyses, such as PCA, there is often no
correct number of parameters for a model, instead models must also be
considered in terms of their descriptor loading and interpretability. Models
that give even descriptor loadings are favoured over those that bias results
towards a fewer number of descriptors, as they are often better at
highlighting complex relationships in the original data.

® Mean Squared Error of Projection Percentance Variance Captured
1.00E+00
8.00E-01
6.00E-01
@
=
[
>
4, 00E-01
2.00E-01 [ ] ®

e ©°
0.00E+00 &— @@ @
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Number of Descriptors

Figure 2.10. Percentage variance and mean squared error of projection for
PCA solutions of n descriptors.
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Table 2.2. Descriptors used in each highest performing PCA solution for the
knowledge base.

Mean 0
. Squared ./0
n Descriptors Variance
Error of Captured
Projection
4 r(Rh-Rh) 2, HOMO, 1, LUMO, 1, @E( FMO) 1.82x103! 99.9
5 r(Rh-Rh) 1, r(Rh-Rh) 2, HOMO, 1, LUMO, 1, @E( F 0.0049 99.5
6 r(Rh-Rh) 1, r(Rh-Rh) 2, HOMO, 1, LUMO, 1, Q Rh, 1, 0014 98.6
Q(L, mean), 1
r(Rh-Rh) 1, (O-C-X), r(Rh-Rh) 2, HOMO, 1, LUMO, 1,
7 Q Rh, Q(L, mean), 1 0.0234 97.7
r(Rh-Rh) 1, (O-C-X), r(Rh-Rh) 2, Rh-L Angle Carbene,
8 HOMO, 1, LUMO, 1, Q Rh, 1, Q(L, mean), 1 0.038 9.2
r(Rh-Rh) 1, (Rh-Rh-L) 1, r(Rh-Rh) 2, (Rh-Rh-L) 2,
o HOMO, 1, LUMO, 1, @E( FMO)L,Q(LQme&, 1 0.0516 948
r(Rh-Rh) 1, (Rh-Rh-L) 1, (O-C-X), r(Rh-Rh)2, (Rh-
10 Rh-L) 2, HOMO, 1, LUMO, 1, o@E( FMO)1,Q(LQ 0.0662 93.4
mean), 1
r(Rh-Rh) 1, r(Rh-Rh) 2, (Rh-Rh-L) 2, r(Rh-C),, (C-C-
11 C), oE( c e RimgdnjeractiéheHOMO, 1, LUMO, 0.0846 91.5
1, QRh, 1, Q(L, mean), 1
r(Rh-Rh) 1, (0O-C-X), r(Rh-Rh) 2, (Rh-Rh-L)2, (C-C-
12 C), oE( c e RimgdnjeractiéheHOMO, 1, LUMO, 0.0993 90.1
1, o@E( FMO),Q(LQmenh, 1
r(Rh-Rh) 1, (Rh-Rh-L) 1, (O-C-X), r(Rh-Rh) 2, (Rh-
13 Rh-L) 2, (C-C-C) , ®E ( ¢ @ Rimgdnjeractidhe 0.1132 88.7
HOMO, 1, LUMO, 1, @E( FMO)L,Q(LQme&, 1
r(Rh-Rh) 1, (Rh-Rh-L) 1, (Rh-Rh-L)1, (O-C-X),
r(Rh-Rh) 2, r(Rh-L) 2, (Rh-Rh-L) 2, (C-C-C),
14 ®E ( ¢ o o rs Rihg,Intethetion, HOMO,1, @E( FM 0.1253 874
Rh, 1, Q(L, mean), 1
r(Rh-Rh) 1, r(Rh-L) 1,, (Rh-Rh-L) 1, (O-C-X), r(Rh-Rh)
2,r(Rh-L) 2,, (Rh-Rh-L)2, (C-C-C), mE(ceo
15 Ring Interaction, HOMO, 1, LUMO, 1, oE ( FMO) 0.1373 86.3
1, Q(L, mean), 1
r(Rh-Rh) 1, r(Rh-L) 1,, (Rh-Rh-L) 1, (O-C-X), r(Rh-Rh)
2, r(Rh-L) 2,, (Rh-Rh-L) 2, r(Rh-C),  (C-C-C),
16 ®E ( ¢ o o rs Rihg, Intethetion, HOMO, 1, LUMO, 1, 0.1537 84.6
PE( FMO) , 1, QL, Réan), 1
r(Rh-Rh) 1, (Rh-L) 1, (Rh-Rh-L)1, (O-C-X), r(Rh-
Rh) 2, r(Rh-L) 2, (Rh-Rh-L) 2, r(Rh-C),, (C-C-C),
17 ®E ( ¢ o o rs Rihg, Intekhetion, HOMO, 1, LUMO, 1, 0.1764 82.4
®PE( FMO) , 1, QLigard Donor Atoms, Q(L, mean),
1
r(Rh-Rh) 1, r(Rh-L) 1, (Rh-Rh-L) 1, (O-C-X) , 4RY (
, (Rh-Rh) 2, r(Rh-L) 2, (Rh-Rh-L) 2, r(Rh-C), (C-C-
18 C), oE( c e RimgdnjeractitheHOMO, 1, LUMO, 0.203 79.7
1, oE( FMO)L,Q L@andkDonor Atoms, Q(L,
mean), 1
19 All available descriptors 0.2328 76.7
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As more descriptors were added to the PCA model, the percentage of
variance captured decreased, and the mean squared error of projection
increased. This was because the solutions with fewer descriptors have less
information to capture and can effectively be represented with only three
principal components. While a PCA model that captures 100% of the
available information appears useful from a metric point of view, it fails to
consider the quality of the clustering in the model or the relevance of the
captured information. Therefore, the PCA plots were evaluated for their
individual interpretability in the context of rhodium(ll) chemistry and an
optimal model was selected. Analysis of the first two principal components
(PC1 and PC2) (Figure 2.11) shows that for all combinations of n descriptors
catalysts were separated by their ligand donor atoms along PC1. Further
separation of catalyst sub-types begins along PC1 once 11 descriptors were
utilised, highlighting complexes 4y, 4z and 4aa (acyclic N,O ligands). PC2
clusters the most electron-withdrawing carboxylate ligands 3e, 3f, 3h and 3i
immediately, but does not delineate complexes 3g, 30 or 3p from the bulk
carboxylate cluster again until 11 descriptors were used.

Analysis of the first and third principal components (PC1 and PC3) (Figure
2.12) shows that full separation of complexes by ligand donor atoms did not
fully occur until 6 descriptors were used, allowing the formation of discrete
clusters with three principal components. Complexes 4y, 4z and 4aa were
fully separated from the bulk carboxamidate cluster with 11 descriptors, and
the 13 descriptor model highlighted carboxamidate complexes with sterically
demanding substituents (4d, 4g, 4m and 4s) in a new cluster with PC3. For
both series of plots (PC1/PC2 and PC1/PC3), the clustering boundaries
become less clear when all the available descriptors were added to the PCA
model, which was consistent with lower amounts of captured variance and
lower descriptor loadings. While the PCA models with greater numbers of
descriptors are not bad, models using between 11 and 15 descriptors have
the most well-defined clusters and are, therefore, easiest to interpret.
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Figure 2.11. PC1/PC2 plots for the highest performing solutions with n

descriptors.
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Figure 2.12. PC1/PC2 plots for the highest performing solutions with n
descriptors.
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For solutions using 11 to 15 descriptors most of the main catalyst groups
were captured by discrete clusters (O,0 vs. N,O, EDG-substituents, EWG-
substituents, acyclic N,O ligands and sterically demanding N,O ligands).
However, the sterically demanding carboxylate complexes were not
represented by a distinct cluster in any of these models. An extra descriptor,
[wV|, was added to the 13 descriptor PCA model to create a new 14
descriptor solution (Figure 2.13) that formed a new cluster for the bulky O,0
ligands (3d, 3r, 3s, 3t and 3u). Comparative models with 11, 12, 13, 14 and
15 descriptors were also generated, but the 14-descriptor model gave the
best clustering performance and was chosen as the final model.
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Figure 2.13. Optimal solution for the PCA of Rhodium(ll) catalysts capturing
85.5% total variance. PC1/PC2/PC3 explained variance: 53.6, 21.7 and
10.5% respectively. Mean squared error loss from projection: 0.142. The
corresponding descriptor loading plots for the PC1/PC2 and PC1/PC3 PCA
plots are also shown.
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The final PCA model gives high descriptor loading performance implying that

there was minimal bias towards a specific subset of ligand features (Table

2.3). Analysis of the eigenvectors for the 14 descriptors demonstrates that

each has unique contributions to the observed clustering. The separation of

complexes along PC1l by ligand donor atom type was driven by the
electronic descriptors Q Rh and @E(FMO) .
steric descriptor E(coor d) for car box
clustering along PC1 was driven by Q(L, mean) and the steric descriptor Hes

highlighting the larger ligand backbones. The increased fluorination of the
carboxylate ligands, leading to decreased PC2 values, was represented by a

mixture of electronic and steric descriptors indicating that PC2 captures the

Lewis acidity of the complexes. PC2 also captures the ring size of the
carboxamidate ligands with 5- and 6/7-membered ligands separated into

distinct clusters. PC3 captures predominantly steric information, creating

new clusters for carboxylate and carboxamidate complexes with sterically

demanding ligand substituents (3d and 3r-3u, and 4d, 4g, 4m and 4s) and a

separate cluster for acyclic carboxamidates (4y-4aa).

Table 2.3. Eigenvectors for PC1/2/3 capturing 53.6, 21.7 and 10.5%
variance respectively.

Descriptor Eigenvector Eigenvector Eigenvector
PC1 PC2 PC3
% contribution to variance 53.6 21.7 10.5
r(Rh-Rh), 1 -0.2955 -0.3171 0.0404
. (Rh-L), 1 0.2306 0.3339 0.1460
~(C=0-UcXx),1 0.1023 -0.4817 -0.2274
r(Rh-Rh) 2 -0.2516 -0.3947 0.0341
(Rh-L) 2 0.2697 0.3292 0.0003
- (N-C-N) 0.2978 -0.1411 0.2007
@PE(coord) 0.2866 -0.1394 0.3720
Hes Ring Interaction -0.3294 0.0445 -0.1815
HOMO, 1 -0.2854 0.3033 0.2599
LUMO, 1 -0.2287 0.3498 0.0652
MPE( FMO) 0.2793 -0.0685 -0.0900
QRh, 1 0.3278 0.0686 -0.3680
Q(L, mean), 1 -0.3260 0.1223 -0.2720
[wV| -0.0901 0.1084 -0.6506

Analysis of the PCA scores and loadings plots demonstrates that many of
the descriptors capture information on only a few features of each catalyst
subset, creating an underlying trend that drives the distinct clustering
observed. For example, the large, aliphatic carboxylate ligands were
separated from the largest cluster of carboxylate ligands by greater |wV| and
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Hes loadings values on PC3 (Figure 2.13). Complexes bearing carboxylate
ligands were separated from carboxamidate ligands by the descriptor r(Rh-
Rh), and 5- and 6/7- membered cyclic N,O ligands were separated by . (Rh-
Rh-L) and Hes. These contributions illustrate the usefulness of PCA to
highlight complex chemical relationships, from appropriate chemical
descriptors, where many complexes have remarkably similar values for
many other parameters.

A separate PCA decomposition was also conducted for the O,0 and N,O
sub-classes of rhodium(ll) complexes to investigate the variation in catalyst
properties for each ligand donor atom type. PCA of the carboxylate sub-
class (Figure 2.14) separates complexes by electronic properties along PC1,
with complexes bound to electron-withdrawing ligands (3e 1 3i) between
PC1: 4-6, and by steric properties along PC2 with the complexes bound to
sterically demanding ligands (3d, 3r i 3u) between PC2: 1-4. These trends
were similar to the full PCA model but with greater distance between each
complex highlighting the large range of ligand properties within the
carboxylate cluster.
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Figure 2.14. PCA plot of O,0 dirhodium(ll) catalysts capturing 87.4% total
variance. PC1/PC2/PC3 explained variance: 66.6, 13.8 and 7.0%
respectively. Mean squared error loss from projection: 0.126.

PCA of the carboxamidate sub-class (Figure 2.15) separates complexes
based on the cyclic backbone ring size (5 or 6/7- membered rings) and
electronic properties along PC1. For example, 4t, a 5-membered lactam ring
substituted with fluorine atoms, was at the peak of the right-hand cluster
(PC1: 3) and the urea 4q, an unsubstituted 5-membered lactam ring, was on
the opposing edge (PC1: 0). This trend was similar in the left-hand cluster
with 4u, a 6-membered lactam ring substituted with fluorine atoms, located
at PC1: -1 and the catalyst on the opposing edge was the unsubstituted 6-
membered lactam 4c. PC2 separates the N,O complexes by steric factors
with the acyclic ligands located at the top of the plot (PC2: 2-6) and the
sterically demanding complexes at the bottom (PC2: -2 - -4). Analysis of the
carboxamidate cluster individually gives greater resolution of electronic
ligand effects, when compared to the full model, due to the lower density of
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clustering, and shows that the Lewis acidity of carboxamidate complexes
was also captured by the model.
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Figure 2.15. PCA plot of N,O dirhodium(ll) catalysts capturing 80.3% total
variance. PC1/PC2/PC3 explained variance: 39.5, 28.7 and 12.1%
respectively. Mean squared error loss from projection: 0.196.

In summary, the PCA model generated from the catalyst knowledge base
offers an interpretable representation of the chemical space covered by a
broad range of rhodium(ll) complexes. Key ligand features drive clustering
and give a map that delineates catalyst properties into a continuum of
effects, such as steric hinderance and Lewis acidity. Principal component
analysis of the carboxylate and carboxamidate complexes separately
showed that there is considerable diversity within each class and that the
final model captures a huge range of catalyst diversity.
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2.5 Correlation of the Catalyst Map with Experimental
Outcomes

Creating computational models that interpret experimental data can provide
useful information for the design of experiments and could promote a
broader adoption of metal-catalysed reactions into medicinal chemistry
workflows.”3114.159,167.184 Equr different model reactions, representative of
rhodium(ll)-catalysed transformations, were investigated experimentally to
test whether the principal components derived from the knowledgebase
correlate with observed reactivity. A Ci H insertion involving tetrahydrofuran
(7),**” a cyclopropanation of styrene (8),°172® and an OiH insertion
involving phenol (9)?1° using a donor/acceptor diazo ester (5), and a
cyclopropanation of styrene (10) using an acceptor/acceptor diazo ester (6)
(Scheme 2.6). Catalysts were selected according to their actual availability,
and structural and electronic diversity where possible.

OMe H 0o 11x [Rh]
—_—
D Heptane, OMe
rt, 24 h
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Ph
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g O
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CH.Clp, O o0
c O i, 24 h

6 (0] 10O

Scheme 2.6. The four reactions selected for comparison with the PCA
model.

The reactions were performed in a high-throughput, micro-scale, format in
96-position plates equipped with 700 L glass vials and stirring fleas. Each
vial contained 20 umol of a diazo compound (5 or 6), 200 umol substrate
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(THF, styrene or phenol) and 1 mol% catalyst. After 24 hours, the product
mixtures were analysed by quantitative UPLC (Table 2.4).

Table 2.4. Observed yields and standard deviations for the screened
catalysts in all four transformations.

C-H Insertion, 7 Cyclopropanation, 8 O-H Insertion,  Cyclopropanation,

9 10
Catalyst Yield % Yield % dr ratio® Yield % Yield %
Rh20Acs, 3a 44 +5 38+4 98:2 30+5¢ 22+2
Rhzpivs, 3b 51+11 385 96:4 38+1¢ 41+ 2
Rhzocts, 3¢ 51+1(52°) 49+1 98:2 36+9¢ 35+2
Rhatfas, 3e 45+ 3 80£2(70°) 95:5 42+ 1049 367
Rhzpfba, 3h 44+ 2 75+ 4 95:5 49+39(579) 38+1
Rhzespz, 3q 50+4 61+6 96:4 39+1¢ 39+4
Rh2S-DOSP4, 3r 537 56+8 97:3 27+ 124 322
Rh2S-tertPTTL4, 3u 56 +12 537 97:3 40+ 114 42+ 4
Rh2S-PTAD4, 3s 43 +13 61+ 4 (48°) 99:1 40 £ 134 45+ 2
Rhzcaps, 4a 19+5 20+ 14 96:4 10+ 44 11+7
Rh25R-MEPY4, 49 19+5d 22+8 96:4 34+10¢ 15+ 2

Outcome of the four model reactions, including standard deviations for
replicates (n = 3) completed on different days from fresh stock solutions. 2
Yield determined by UPLC with an external standard. ® Diastereomer ratio
determined by UPLC. ¢ Isolated yield of purified product using 100 mg of the
diazo 5 or 6 as substrate. 9 Yield obtained in duplicate.

The high-throughput UPLC screening gave a range of yields for 7, 8, 9, and
10 with carboxylate catalysts generally giving higher vyields than
carboxamidate catalysts. The Ci H insertion gave a moderate range of yields
from 18-56% for product 7. Intermolecular Ci H insertion is known to be
dependent on the rate of diazo addition to the reaction mixture, which cannot
be controlled while using multi-channel liquid dispensing and appears to be
limiting the observed yield for the best performing catalysts.'®” Oi H insertion
gave a similar, but narrower, range of yields (10-49%) for product 9. Phenols
are also documented to be poor substrates for rhodium(ll) catalysts, and the
narrow range of yields was expected.??® Cyclopropanation of the
acceptor/acceptor diazo ester 10 also had a narrower range of yields (10-
45%) due to the effect of using dichloromethane as a solvent (for full details,
see Chapter 5, section 5.2.1). The cyclopropanation of styrene gave the
largest range of yields for product 8, from 20-80%, and 3e and 3h stood out
as the best catalysts for this reaction. Several selected reactions were also
repeated on a 50-fold larger scale in conventional labware to assess
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reproducibility, demonstrating that reaction optimisation on the microscale
was translatable to reactions on preparative scale.

Many of the descriptors gave moderate positive or negative correlations with
all three reactions (Figure 2.16). Q Rh, an electronic descriptor, had the
strongest positive correlation with the yield of 7 (R = 0.89) indicating
electronic properties of the catalyst were important. Hes also had a strong
negative correlation (R = -0.89) for the yield of 7, further highlighting the
importance of the steric propertiesof t he | i gand bagavdone.
the best correlation with the observed yield for products 8 (R = 0.85) and 9
(R = 0.83) demonstrating that the calculated descriptors captured the Lewis
acidity of the catalyst. Q Rh also gave a strong positive correlation with the
observed yield of 10 (R = 0.9), along with a strong negative correlation with
Hes (R = -0.84), indicating that electronic and steric descriptors were
relevant for interpreting reaction outcomes with an acceptor/acceptor diazo.
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Figure 2.16. Best descriptors for univariate correlation with experimental
screening data. Carbene binding energy is given in kcal mol.

The yield of the cyclopropanation reaction between 5 and styrene varied
widely as a function of the catalyst, indicating there was a catalyst effect.
Mapping the observed yields for the cyclopropanation onto the PCA model
showed two clusters of higher yield: one cluster populated by catalysts with
fluorinated ligands (3e and 3h); and the other by catalysts with sterically
demanding ligands (3r, 3s and 3u) (Figure 2.17). Based on this clustering
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PC2, representing the Lewis acidity of the catalyst, and PC3, representing
steric intrusion into the reactive site, can represent catalyst performance for
this reaction. For the catalysts with carboxylate ligands, the yield of the
cyclopropanation product 8 and the principal components were correlated
(PC1: R =0.81 and r? = 0.66, and PC2: R = -0.48 and r? = 0.23). Catalysts
with higher PC1 values and lower PC2 values gave higher yields in this
cyclopropanation reaction indicating that the PCA model captures relevant
information for further model building for the prediction of reaction
performance. The remaining reactions, Ci H and O1 H insertion (products 7
and 9), and acceptor/acceptor diazo cyclopropanation (product 10), are also
responsive to the PCA model demonstrating that the map is useful for
interpreting the results for different types of reactions (for overlay plots, see
Chapter 5 section 5.3.9)
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Figure 2.17. An overlay of the outcome of a cyclopropanation reaction with
the PCA map.

Rhodium(ll) catalysts can also give selectivity between two competitive
reaction pathways under identical conditions.1%! The reported selectivity for a
rhodium(ll)-catalysed intramolecular cyclisation was shown to be highly
dependent on the specific catalyst used (Figure 2.18). Catalysts with
carboxylate ligands were selective for cyclohepatriene formation, and

catalysts with car boxami da-tagamlforrgtomds we
Principal component 1 captures the features responsible for this selectivity

as catalysts with positive PC1 values were selective for cyclohepatriene

formation and those with negative PC1 values were sel ecti ve for

lactam. The descriptor loadings plot (Figure 2.13) indicates catalysts with
positive PC1 values had been clustered due to the covariance of PC1 with
the descriptors QRh, @E( FMO) , @ECQ), wmerkgs caatysts
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with negative PC1 values had been clustered due a more complicated
subset of ligand features. Complexes 4a and 4y have negative PC1 and
positive PC2 values due to the covariance of both PC1 and PC2 with the
descriptors Q(L, mean), HOMO, 1 and LUMO, 1 suggesting the electronic
effects are predominantly responsible for the differences in selectivity

between catalyst classes.
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Figure 2.18. The effect of catalyst on reaction outcome for a reaction with
two precedented pathways.

Rhodium(ll) catalysts had previously been used in the activity-directed
discovery of androgen receptor agonists by harnessing intramolecular
cyclisati on -diaroaamitds.& iOger trde rounds of ADS, four
reaction solvents (CH2Clz, THF, Toluene and THF) and ten different
rhodium(ll) catalysts were used: 3a, 3r, and 4g in round one; 3a, 3e, 4a, 4d,
and 4m in round two; and 3a, 3c, 3e, 3h, 3q, and Rhztpas in round three. In
round one catalyst 3a afforded the most active reaction mixture with diazo
1.3 and was used to guide the design of the round two reaction array. Round
two expanded the coverage of catalyst space by including more catalysts
with carboxamidate ligands (4a, 4d and 4m) and adding an electron-
deficient carboxylate ligand (3e). Catalysts 3a and 4a gave the most active
reaction mixtures with diazo 1.3, but only 3a and 3e were carried forward
into round three. An overlay of percentage activity onto the PCA map shows
that the observed activity of crude reaction mixtures was clustered based on
the location of the catalyst (Figure 2.19).
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Figure 2.19. The relationship between the catalyst space captured by the
PCA map and the activity of the crude reaction mixtures for rounds one, two,
and three of ADS using intramolecular reactions.®? Screening concentrations
decreased with each round (10, 1, and 0.1 uM respectively).

Catalysts 3a, 3c and 3q produced the best agonist 1.17 in similar yields (68-
75%) but with different reaction solvents (EtOAc for 3a, and CH2Clz for 3c
and 3q) in round three. These catalysts were clustered by both PC1 and
PC2 on the PCA map demonstrating that selective formation of the most
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active product was controlled by catalyst properties. Catalyst 3e gave a
different major product 13 when reacted with the same diazo providing
further evidence that the map was responsive to catalyst properties.
Unfortunately, none of the active reaction mixtures using a catalyst with a
carboxamidate ligand were scaled up, but were highlighted as potentially
interesting by the PCA map. The round two crude reaction mixture
containing carboxamidate catalyst 4a showed particularly promising activity,
in both toluene and CH2Cl2, but was discarded in favour of catalysts with
carboxylate ligands. The PCA map could, therefore, serve as a tool for the
selection of diverse catalysts in an initial reaction array, and as a tool for the
selection of related catalysts when peaks of activity are found.

Overall, the PCA map built from the rhodium(ll) knowledge base was
responsive to different types of reactions, demonstrating that the
parameterisation of the catalysts was independent of mechanism. Catalysts
that have been clustered together have similar reaction performance and the
map could be used to design experiments using rhodium(ll) catalysts. The
map shows that the diversity of readily available catalysts with carboxylate
ligands was relatively poor (Figure 2.13). This was further highlighted by the
modest variation in the yields for the products 7, 9, and 10. However, the
available chemical space was large and could be better utilised (Figure
2.14), and the catalyst map acts a useful tool for selecting new catalysts that
expand this space.

2.6 Conclusions

The development of tools for reaction design has shaped the classes of
transformations routinely used by process chemists in pharmaceutical
companies.t>161.221 New tools could also enable a wider incorporation of
new synthetic methodologies by medicinal chemists into molecular discovery
workflows. 159168174175 The catalyst map could serve as a useful tool for the
selection of rhodium(ll) catalysts for specific transformations, such as late-
stage Ci H functionalisation. The catalyst map gives a reliable, and general,
interpretation of reactive space for rhodium(ll)-carbenes and could enable
the identification of fertile regions of largely unexplored catalyst space. The
range of commercially available rhodium(ll) complexes was relatively poor
and the catalyst map could serve as a guide for creating screening libraries
comparable to those for phosphorous ligands, such as the Bristol LKB.
Application of the catalyst map in drug discovery could also increase the
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diversity of the molecules synthesised by medicinal chemists, because many
of the bonds formed by rhodium(ll)-catalysed reactions are
underrepresented in the scaffolds of small molecule ligands.

Further computational development of the catalyst map could include
implementing more complicated steric descriptors, such as average steric
occupancy,%6222 to better evaluate the influence of very large ligand
substituents. This may allow for greater resolution of the interplay between
electronic and steric effects for site selective Ci H insertion reactions, and
aid in the development of more predictive models. Synthesis of a diverse set
of rhodium(ll) complexes, chosen using the catalyst map, could also allow
for the creation of a broad catalyst screening library for the optimisation of
rhodium(ll)-catalysed reactions. This screening library could also have
considerable utility for future activity-directed synthesis experiments using
rhodium(ll) carbene chemistry.

Activity-directed synthesis experiments rely on the diverse reactivity and
selectivity of rhodium(ll)-carbenes to identify novel bioactive compounds. An
ideal ADS experiment would use many functionally dissimilar catalysts to
cover the largest range of possible reaction outcomes. The catalyst map
could enable the selection of dissimilar catalysts that complement the range
of potential transformations in a reaction array, and aid in the selection of
similar catalyst in subsequent reaction arrays. Greater synergy between the
catalysts, diazo substrates, and multi-functional co-substrates could also
promote a larger number of successful reactions across an array, meaning a
greater likelihood of identifying interesting bioactive molecules. As such, the
catalyst map can form part of the workflow for array design and inform
catalyst selection for optimising the compatibility between the designed
diazo substrates, co-substrates and catalysts.
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Chapter 3
Design and Implementation of Activity-Directed Synthesis
Reaction Arrays 1 and 2

It was proposed that ADS could be used for the discovery of inhibitors of
protein targets without an evolved small molecule binding site. The
p53/MDM2 PPI represents an appropriate target for demonstrating the utility
of ADS for small molecule discovery. Fragment-sized molecules have not
previously been identified as inhibitors of the PPI during drug discovery
campaigns, and FBDD approaches have also not been used. However,
molecules that can interact with a pair of MDM2 sub-pockets, where one of
the interactions is with the tryptophan MDM2 sub-pocket, can have
detectable binding to MDM2.%%8 |t was proposed that ADS could be used to
identify new scaffolds that link pairs of fragment-sized reactants together to
give a range of structurally-diverse small-molecule antagonists of MDM2. A
series of activity-directed experiments for the discovery of new inhibitors of
the p53/MDM2 PPI was subsequently designed and executed to test this
hypothesis.

An initial exhaustive microscale reaction array of diazo substrates and co-
substrates was designed to consider a number of factors including: similarity
to known MDM2 ligands; reactivity with rhodium(ll) catalysts; and coverage
of the available chemical space. The set of diazo substrates proposed for
synthesis, and co-substrates selected for purchase, were chosen to consider
the number of potential array products that would be capable of making
interactions with two or three of the MDM2 sub-pockets (Figure 3.1).
Combinations that do not obviously form potential products capable of
interacting with two sub-pockets were also included to avoid biasing the
outcome of the array towards products with higher similarity to known MDM2
ligands.
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Figure 3.1. Combinations of diazo substrate and co-substrate from the initial
activity-directed synthesis array showing hypothetical products containing
two or three MDM2 hot-spot mimics.

3.1 Design of an Initial Reaction Array

Design of the first reaction array was aided using cheminformatic software
(Pipeline Pilot and RDK:it??3) to filter chemical supplier databases and find
relevant molecules that could then be selected manually to complete
libraries of diazo substrates and co-substrates. The finalised array used all
combinations involving seven diazo substrates (D1 1 D7), ten co-substrates
(S1 7 S10) and two rhodium(ll) catalysts, giving 154 microscale reactions
(including in-line controls, described in section 3.3).

A database containing commercially available compounds from Sigma
Aldrich, Fluorochem, Enamine and Alfa Aesar was filtered through two
separate workflows in Pipeline Pilot to select amines to be used in diazo
synthesis, and molecules to be used as co-substrates (Figure 3.2). The aim
was to identify potential substrates and co-substrates with favourable
molecular properties. Compounds with molecular weight lower than 300 Da,
fewer than three rotatable bonds, and cLogP values between -2 and 5 were
prioritised for inclusion. Both workflows filtered the database of compounds
to remove undesirable molecules, such as compounds containing functional
groups found in Pan-Assay Interference Compounds (PAINS).??4225 The first
workflow was designed to identify primary and secondary amines that could
be used as reactants in the diazotization methodologies outlined in section
3.1.1 to yield diazo substrates. The second workflow was implemented to
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select co-substrates that contain functional groups known to react with
rhodium(ll)-carbenes. This was achieved by matching the database of
commercially available compounds with a set of substructures to select
potentially reactive molecules.

Potential amines to be used for diazo synthesis and co-substrate molecules
identified by the Pipeline Pilot or RDKit workflows were then evaluated to
select a library of compounds to synthesize or purchase (Figure 3.3 and 3.4
respectively). Amines were selected manually from the enumerated diazo
library to create a library of diazo reactants with a wide range of functional
groups capable of making interactions with the sub-pockets in the peptide
binding cleft of MDMZ2, for example: the alkyl groups on 3.3, 3.4, 3.5 and 3.6
could interact with the leucine sub-pocket; the aromatic groups on 3.1, 3.12
and 3.13 could interact with the phenylalanine sub-pocket; and the functional
groups on 3.7 and 3.15 could interact with the tryptophan sub-pocket.
Several of the designed substrates could also interact with two sub-pockets,
for example 3.5, 3.6 and 3.9 could interact with the leucine and tryptophan or
the phenylalanine and tryptophan sub-pockets.
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Figure 3.3. Diazo substrates selected for synthesis from the enumerated
diazo library.

Co-substrates containing multiple potentially reactive sites with rhodium(Il)
carbenes were prioritised for selection in the library. For example, alkenes
for cyclopropanation (S4, S5, S9, and S10), alcohols for Oi H insertion (S2
and S8), and Ci H bonds next to U-nitrogen atoms or in benzylic positions
(S3, S4 and S5). Co-substrates that were used in the initial reaction array
reaction array (S1 1 S10) contain compatible functional groups in contexts
that are precedented for rhodium(ll)-catalysed reactions, for example indole-
C2 and -C3 C-H insertion (S1), and Ci H insertion at positions adjacent to
nitrogen occur most commonly when the nitrogen is part of an amide or
carbamate (S4 and S5).185226227 CiHins er t i on +oeaygeh atans
or at allylic positions are significantly more dependent on the electronic and
steric properties of the rhodium(ll)-carbene species, and also the extent the
desired reaction site is activated by the oxygen atom, so co-substrates were
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not prioritised based on containing these centres despite several co-
substrates matching these fingerprints (S6, S8, S9 and S10).1

C‘O\? C|/©/OH /\IOrN(j ?/O

5

OH
O ¥
0O NC cl O
Cl
S6 Ss7 S8 S9 S1

0

Figure 3.4. Selected co-substrates for synthesis or purchase.

Two rhodium(ll) catalysts, Rhzpiva and Rhzpfbs, were chosen on the basis of
the principal component analysis in Chapter 2 for use in the initial reaction
array, completing the array design. There are five main classes of
rhodium(ll) catalyst, as identified in Chapter 2, and catalysts from the
carboxylate cluster of the analysis were prioritised due to significantly
greater literature precedence for intermolecular transformations when
compared to rhodium(ll) catalysts with carboxamidate ligands.?!! Rhzpiva
was selected due to favourable solubility in organic solvents when compared
to close analogues, such as Rh20Acs. Rhzpfbs was chosen because of the
low predicted similarity with Rhzpiva and contrasting contributions from the
strongly electron-withdrawing perfluorobutyrate ligand. In summary, a library
of potential diazo substrates (Figure 3.3) was prioritised for synthesis and 10
co-substrates (S1 1 S10) (Figure 3.4) were selected for purchase in the first
reaction array.

3.1.1 Synthesis of Diazo Substrates for an Initial Reaction Array

The next step towards completing an ADS reaction array is to synthesise the
required rDBagoganidéssare cdthmonly accessed through five
general synthetic routes (Figure 3.5): decomposition of a hydrazone;
acylation; disabst i t admsofamideptydrdss-coupling;
and direct diazotization of primary amines.187.228 Reaction conditions from
synthetic routes using decomposition and diazo transfer strategies were
prioritised for the synthesis of the proposed diazo compounds due to
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superior tolerance of substituent functionality compared to direct
diazotization and acylation strategies.8’
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Synthesis of diazo substrates D4 i D6, and 3.1, 3.12, 3.14 and 3.16 through
decomposition of 4hydrazone amide svas@aahieved usimgy U
reported conditions (Scheme 3.1).22° Accordingly, glyoxylic acid was
condensed with tosyl-hydrazide to afford the intermediate hydrazone 3.17,

which was then subjected to an acid chloride amide coupling with the parent

amines, and finally decomposed using a non-nucleophilic base,
triethyl ami n4iazo amide pradwces in mbderatdto good yields

(24-90%). The diazo substrates 3.2, 3.4, 3.8 and 3.10 proved to be
synthetically i naccessible Vi a decompo
hydrazone amides due t o degr adat i ondapofamidgeiot her t
U-hydrazone amide intermediate into a complex mixture.230231 The diazo
311coul d be synthesised through de-compos
phenylhydrazone amide in trace yields and was not considered for inclusion

as a substrate. In the case of diazo 3.3t h ehydtazone intermediate could

be readily formed from diisopropylamine, but subsequent decomposition to

t he cor r e slipzo anide didjnotyproceed using triethylamine or 1,8-
diazabicyclo[5.4.0]lundec-7-ene (DBU) as a base. Using considerably more

forcing conditions (12 M aqueous sodium hydroxide, aliquat-336 (a phase

transfer catalyst), heating between 30-60 °C and toluene as solvent) were

also screened but the hydrazone remained stable and could not be

decomp os ed t o t he di azo. -diazd| amidesa wvezd y s e
synthesised through the decomposition of hydrazone 3.17 and considered

for use as substrates in the initial reaction array.
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Scheme 3.1. Synthesis of diazo compounds via decomposition of a
hydrazone.

Diazo substrate D3 was synthesised by diazo transfer to the parent
diphenylacetamide in one pot. An amide coupling between 4-
chlorophenylacetic acid, 4-chloro-N-methylaniline and DCC formed the
intermediate diphenylacetamide which was then treated with p-ABSA and
DBU to yield the product diazo (Scheme 3.2). Synthesis of D1 proceeded
with acetylation of 4-chloro-N-methylaniline, for mi n g -ketdamidebwhich
then underwent diazo transfer using identical conditions to D3 (Scheme 3.2).

1. DCC, CHyCly,
16 hr
/©/ 2. p- ABSA 1.1 eq), \©\
MeCN, DBU (1.4 eq),
0°C-rt, 16 hr D3, 35%

1. Toluene, MW,

| (e]
NH 110 °C, 30 min \H)J\n/
+ (0}
/©/ #\J]\ 2. pABSA (1.1 eq), /©/
Cl () MeCN, DBU (1.4 eq),

0°C -rt, 16 hr D1, 64%

Scheme 3.2. Synthesis of D3 and D1 by diazo transfer using p-ABSA.

Attempts to synthesise diazo substrates 3.5 7 3.7, 3.9, 3.13 and 3.15 by
diazo transfer were unsuccessful despite consumption of the parent
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phenylacetamide and p-ABSA diazo transfer reagent.?*> Due to the limited
success i n s yliazd meetamides nsing dibkzo transfer and
hydrazone decomposition methodologies two diazo esters, D2 and D6, were
synthesised to try and exploit more established diazo synthesis that were not
originally considered (Figure 3.2). The corresponding phenyl acetates were
synthesised by Fischer esterification, using catalytic sulfuric acid, and then
diazotized by diazo transfer using p-ABSA and DBU to yield the final two
diazo compounds D2 and D6 (Scheme 3.3).

N
X OH 1. cat. H,SOy, neat 2 o
R1_: + RZ.OH —— f A \RZ
> 0 2. p-ABSA (1.1 eq), R% o
MeCN, DBU (1.4 eq), Z
0°C-rt, 16 hr
N2 N2
(0]
Cl ©
D2, 43% D6, 73%

Scheme 3.3. Synthesis of D2 and D6 via diazo transfer using p-ABSA.

| n s umma r-gigzo acdtamides (D1, D3 i D5, D7, 3.1, 3.12, 3.14 and
3.16), from the initially proposed set of 21 substrates, were synthesised and
available for selection in the first reaction array along with two additional
diazo esters (D2 and D6). All ten selected co-substrates were available for
purchase and included in the final array design. The final array design
includes diazo substrates D1 i D7 and co-substrates S1 1 S10, as shown in
Figure 3.6. Diazo compounds D1, D2 and D3 were selected as they contain
a para-chlorophenyl moiety that mimics the hotspot tryptophan residue of the
p53 transactivation domain and has been extensively reported in known
MDM2 ligands. Diazo compounds D4 and D6 were chosen as they feature
phenyl rings that can mimic the conserved phenylalanine or leucine residues
on the p53 transactivation domain. Finally, diazo compounds D5 and D7
were chosen to increase the diversity of functionality featured on each diazo,
D5 is substituted with a homologated analogue of morpholine with the
nitrogen atom extruded from the six membered ring, and D7 contains a small
isoxazole heterocycle which has not been included in any of the other
substrates.
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Figure 3.6. Summary of reaction components for the initial reaction array.
Rh20Ac4 and Rhzpfbsa were selected as catalysts.

3.2 Establishment of a Fluorescence Anisotropy Assay for
the p53/MDM2 Protein-Protein Interaction

In order to effectively identify active crude reaction mixtures from the initial
reaction array a primary, high-throughput assay was required. The assay
needed to be capable of screening hundreds of reactions quickly and have
adequate controls for evaluating positive and negative results. A
fluorescence anisotropy assay, using the p53-transactivation domain and
Human-MDM2 (hDM2), was chosen as the main assay for screening the
crude reaction mixtures.

Fluorescence anisotropy is a sensitive technique for studying protein-protein
and protein-ligand interactions.?33 Typically a protein or peptide is labelled
with a fluorescent tag, such as fluorescein or rhodamine, to create a
molecular probe, commonly called a tracer, that can then be used to
investigate the binding interaction between a tracer and an unlabelled
protein.?* At a molecular level, when a fluorophore is excited with polarised
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light the emitted light is also polarised, and the degree of polarisation is
related to the macro-molecular properties of the fluorophore meaning that it
can be used as a sensor.?35236 The extent of polarisation is a function of the
Brownian molecular rotation of the peptide-tracer or protein/peptide-tracer
complex, so a protein-protein interaction can be studied by measuring
changes in polarisation caused by changes in the rate of the Brownian
molecular rotation.?3” An unbound tracer will have a lower anisotropy value
than the protein-bound tracer as the unbound tracer depolarises the plane-
polarised light by rotational diffusion during the lifetime of the fluorescence
(Figure 3.7).

%
9,./ 5

Fast molecular rotation

Slow molecular rotation

Figure 3.7. Binding of a fluorescently labelled peptide to an unlabelled
protein changing the extent of emitted polarised light (PDB: 1YCR).

A fluorescence anisotropy assay using a fluorescein-tagged p53 peptide
(p5315-31 FIu), Spanning the p53 transactivation domain, and hDM2 (serine-17
to asparagine-125, hDM217-125) was chosen as the primary high-throughput
screening technique for assessing the outcome of the activity-directed
reaction array outlined in section 3.1. The assay described here is based on
a reported assay and adapted to improve the performance in a high-
throughput single point screen.?323 |nitially, a serial dilution of hDM217.125
(207 0.006 pM) was added to a fixed concentration of p5315-31 Fiu (54.5 NnM)
in an aqueous phosphate buffer pH 7.5 (40 mM phosphate, 200 mM NacCl
and 0.02 mg/mL Bovine Serum Albumin, PBSA buffer) to give a 60 L total
volume per assay well. Each dilution was performed in triplicate and Ka was
estimated from the fraction of bound p53is-31 Fu tracer (Figure 3.8 and Figure
3.9).
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Figure 3.8. Fluorescence anisotropy titration of hDM217-125 (20.75 to 0.0006
MM) into a fixed concentration of p531s-31 Fu (54.5 NM) in PBSA buffer.
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Figure 3.9. Fluorescence anisotropy titration of hDM217-125 (20.75 to 0.0006
MM) into a fixed concentration of p53is-31 Fu (54.5 nM) in PBSA buffer. FB =
fraction of bound tracer. FB * [Tracer] = FB * Tracer concentration.

To test the performance of the assay for measuring the inhibition of the
hDM217-125/p5315-31 Fiu protein-protein interaction with a small-molecule ligand
a serial dilution of Nutlin-3a, a potent and extensively studied inhibitor, was
added to fixed concentrations of hDM217-125 (150 nM) and p5315-31 Fiu (25 NM)
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in PBSA buffer (Figure 3.10). The measured ICso for Nultin-3a in this assay
is 95.2 + 1.6 nM and the literature reported value is 90 nM,'>” demonstrating
that the assay performs well in competition experiments for determining the
inhibition of the p531s-31 FI/KDM217-125 protein-protein interaction. The serial
dilution of Nutlin-3a also gives the expected rmin and rmax values (-0.025 and
0.04 respectively, estimated from Figure 3.8) for the assay conditions
described above, so Nutlin-3a can be used as a positive control in the
upcoming single concentration high-throughput screening of crude reaction
mixtures.
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Figure 3.10. Dose response of Nutlin-3a in the hDM217-125/p5315-31 Fiu (150
nM and 25 nM concentrations respectively) fluorescence anisotropy assay
using PBSA buffer. Observed ECso: 95.2 + 1.6 nM, reported ECso: 90 nM. 17

The components for the first reaction array were then pre-screened in the
fluorescence anisotropy assay to detect any compounds that could interfere
with the results by inhibiting the p53is-31 FW/NhDM217.125 protein-protein
interaction before a reaction had taken place. The substrates and co-
substrates, outlined in Figure 3.6, were screened at single concentrations in
the fluorescence anisotropy assay to investigate the compatibility of the
assay with high concentrations of reactants (Figure 3.11). Diazo substrates
were screened at 50 pM, and co-substrates at 100 and 250 uM
concentrations to determine the activity of a crude reaction mixture up to 50
MM total product concentration. Diazo substrate D3 showed a small amount
of inhibition of the PPI, but not enough to warrant exclusion from the initial
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reaction array, and all other substrates and co-substrates showed no
residual inhibition.

Figure 3.11. Substrate and co-substrate controls for the initial reaction array.
Diazo substrates were screened at 50 uM, and co-substrates at 100 and 250
MM, in duplicate with hDM217-125 (150 nM) and p531s-31 Fu (25 nM), with
Nutlin-3a as a positive control (10 uM) and 1% DMSO as a negative control.

Overall, the fluorescence anisotropy assay using p53is-31 Flu and hDM217-125
was a robust assay and compatible with the screening conditions required
for investigating the activity of crude reaction mixtures. Nutlin-3a acts as a
suitable positive control for detecting activity in the assay and will be used as
a reference compound for determining the activity of crude reaction
mixtures. It was decided that the initial reaction array would be screened at
20 uM total product concentration (referenced to the diazo substrate starting
concentration), with five equivalents of co-substrate, as there will be no
background activity associated with the diazo substrates or co-substrates.

3.3 Implementation and Analysis of Reaction Array 1

The initial reaction array was performed using the design outlined in Figure
3.6. The reaction array consisted of 154 reactions, using diazo substrates



