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Abstract

The recent identification of the first non-covalent KRAS®'?P inhibitor exhibiting
nanomolar potency constitutes a significant paradigm shift in the therapeutic targeting
of KRAS, a protein historically regarded as undruggable. This breakthrough was
exemplified by MRTX-1133, a compound operating within the chemical space
associated with protein-protein interaction inhibitors (PPlls). The present thesis is
centred on the systematic exploration of this PPIl chemical space with the objective of

discovering novel scaffolds capable of inhibiting KRAS.

The first project within this thesis was directed towards the expansion of a project
compound library with KRAS-targeting molecules. Sixteen analogues based on two
scaffold classes, i.e. biazoles and zafirlukast, were synthesised and evaluated for their
ability to inhibit KRAS activity. Several derivatives demonstrated inhibition of SOS-
mediated nucleotide exchange on KRASC®™P  with half-maximal inhibitory
concentrations (ICso) in the low micromolar range. These compounds also elicited a
reduction in cell viability in KRAS-mutant cancer cell lines. Structure-activity
relationship (SAR) analysis revealed a positive correlation between the presence of

carboxylic acid bioisosteres and the inhibition of nucleotide exchange.

Molecular docking studies provided insights into the potential binding site and
mechanism of action of the biazole derivatives. In contrast, docking and biochemical
assay data for zafirlukast analogues did not yield similarly conclusive results. Despite
these limitations, this project successfully enriched the project library with valuable
SAR data pertaining to KRAS-targeted PPlls.

The second project leveraged both the SAR data from the project library and curated
data from the ChEMBL database to construct a quantitative structure-activity
relationship (QSAR) model of high predictive accuracy. Advanced machine learning
methodologies, including nested cross-validation and mutual information-based

feature selection, were employed to optimise model performance.

This model was subsequently applied to predict ICso values for over seven million
compounds sourced from ten structurally diverse or PPIl-focused virtual libraries.

Additionally, two comprehensive in silico libraries comprising (click) cyclic tetrapeptides



(cyctetpep) built from the twenty canonical amino acids were generated. Eleven
scaffolds emerged as top candidates from the QSAR screening, with cyctetpep
distinguished by their privileged three-dimensional shape, modular synthesis, and

promising predicted inhibitory potency.

A robust synthetic route to access click-cyclised tetrapeptides was developed,
culminating in the successful synthesis of three candidate derivatives. However,
biochemical assays revealed an absence of meaningful KRAS inhibition, likely

attributable to the limited solubility of the synthesised click cyctetpep.

Despite this outcome, the advantageous shape and modular synthesis of click
cyctetpep suggest they remain attractive candidates for further optimisation. The
iterative refinement of this KRAS PPIl screening protocol through successive
prediction-synthesis-evaluation cycles offers a promising strategy for the efficient

discovery of potent KRAS inhibitors.
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1 Biazole and Zafirlukast SAR

1.1 Introduction

The small guanine nucleotide-binding protein KRAS was initially identified in the
Kirsten rat sarcoma virus. It is now recognised as a central component of the signal
transduction machinery in human cells. Approximately 14% of all cancers carry KRAS
mutations, corresponding to an estimated 2.6 million new cases of KRAS mutant
cancers globally each year. The development of the first clinically approved KRAS
inhibitor, sotorasib (1), by the United States Food and Drug Administration (FDA) in
2018 marked the culmination of over five decades of research since the protein’s

discovery in 1967 (Figure 1)."
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Figure 1: Four KRAS protein-protein interaction inhibitors. Only sotorasib and adagrasib have so far
been approved by the FDA. MRTX-1133 and LUNA18 are currently in clinical trials.

Since the approval of sotorasib, numerous KRAS inhibitors have progressed into
clinical trials, including MRTX-1133 (2) and LUNA18 (3). However, only one additional
inhibitor, adagrasib (4), has received market authorisation to date. The demand for

novel KRAS-targeting scaffolds therefore remains substantial.?



This introduction is structured to address the broad and complex subject of KRAS by
dividing it into four key sections. First, KRAS will be contextualised within the
framework of protein-protein interactions (PPIs). This will be followed by a description
of its molecular structure and a mechanistic account of its role in cellular signalling
pathways. Lastly, the structural characteristics and modes of action of KRAS-directed
protein-protein interaction inhibitors (PPIIs) will be outlined. From this foundation, the
necessity of developing further potent KRAS PPlls and more effective screening

pipelines for such scaffolds will emerge as a logical conclusion.

1.1.1 KRAS - A PPI Challenge

In recent decades, considerable efforts have been dedicated to sequencing the human
genome. Approximately 19,370 protein-coding genes have been identified to date. Of
these, around 18,000 (~90%) of these are predicted to encode functional proteins

(Figure 2, blue/green).3

Human
Genome
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m Undruggable Funct. Proteins Druggable Funct. Proteins Non-Functional Proteins

Figure 2: Percentages of the human genome currently termed (un)druggable and (non-)functional.

At present, only approximately 3,000 (~17%) of these proteins are estimated to be
druggable, typically including classes such as enzymes. (Figure 2, green).® Proteins
for which orthosteric inhibition has proven unsuccessful, such as KRAS, are frequently
referred to as undruggable (blue). Nevertheless, recent advances have enabled the
allosteric inhibition of KRAS, reclassifying it as a druggable and functional protein (blue
to green). The following concepts are essential for understanding the challenges
associated with this achievement. While the discussion is centred on KRAS, the

principles are broadly applicable to the discovery PPlls.



The first essential step is the elucidation of the target’s interactome. The full spectrum
of possible PPls involving KRAS is still being mapped, although a substantial number
of interaction partners have already been identified.* In parallel, hot spot amino acids
at PPI interfaces, as well as potential allosteric sites, must be characterised. One
approach entails the systematic mutation of individual residues followed by
measurement of changes in PPl binding free energy. Although the experimental
burden is considerable, the insights gained are of high value. The resulting spatial map
of interaction interfaces and allosteric sites constitutes a critical resource for PPII
discovery. Only recently has such an allosteric atlas been reported for KRAS

(Figure 16).2°

Second, proteins exhibit inherent conformational flexibility, contrary to the static
representations implied by crystal structures. For KRASCG™ alone, two distinct
conformations have been identified.’® When complexed with various PPI partners, a

broad spectrum of conformational states can arise (Figure 3, green/blue).

Free Energy
Population

N U g UL S S

Figure 3: Schematic free energy and population distributions of a protein-protein complex ensemble.
Proteins (blue and green) with PPIl (magenta). Modified from KESKIN et al.®

Protein-protein interaction inhibitors (magenta) are employed to modulate the
conformational distribution of such protein-protein complexes. Unlike orthosteric
enzyme inhibitors, which typically target a single active site, PPIlls must contend with
numerous potential allosteric binding sites, significantly increasing the complexity of
the task.® Upon binding, PPIls induce a shift in the conformational ensemble of the
target complex. Notably, the conformation stabilised by a given PPIl may be only
marginally populated, or even virtually absent, in the unbound state.® In this manner,

ligand binding can effectively give rise to otherwise absent binding pockets.’



Accounting for this dynamic behaviour has proven particularly useful in the context of
KRAS-targeted PPII discovery. FENG et al. employed molecular dynamics simulations
(MDS) to evaluate the persistence of pocket three in KRAS®'?P in solution over a
200 ns timescale (Figure 16). The insights obtained enabled the rational design of a
PPIl with micromolar affinity for KRASC12P 12 Despite such progress, efficiently
modulating the conformational equilibrium of specific pathogenic mutants remains a

major obstacle in PPII discovery.

Third, PPIlIs generally exhibit structural characteristics that distinguish them from
orthosteric inhibitors. While the latter typically bind within well-defined, deep active site
pockets, PPIlIs often interact with broad and shallow surface regions on target
proteins.’® As a result, PPlls tend to display increased molecular weight (MW), greater
topological polar surface area, and a more pronounced T-shaped geometry.' In
analogy to Lipinski’s Rule of Five (RO5), a corresponding set of guidelines has been
proposed for effective PPIIs, referred to as the Rule of Four (RO4) (Table 1)." In order
to facilitate the exploration of this distinct chemical space, dedicated screening libraries

have been developed.'6-20

MW [Da] LogP HBA HBD Ring count
RO5 <500 <5 <10 <5 -
RO4 > 400 >4 >4 - > 4

Table 1: Overview of the RO5 and R0O4.15.21

Macrocyclic scaffolds, i.e. cyclic peptides, have emerged as particularly promising
scaffolds for the development of PPIls.?2 Among these, the KRASCG12C/DV PP|| LUNA18
with nanomolar activity has entered clinical evaluation (Figure 1, compound 3).2
Notably, LUNA18 demonstrates unusually high oral bioavailability for a macrocyclic
compound. Typically, macrocyclic inhibitors exhibit limited bioavailability and cellular
permeability due to their large size (MW > 500 Da).?? Current research efforts seek to
overcome these limitations through the design and synthesis of smaller, strained
macrocycles such as cyclic tetrapeptides.?* In the second project of this thesis, a
modular synthesis route towards a series of click-cyclised tetrapeptides was

successfully established.



1.1.2 Primary Structure of RAS

Binary molecular switches are an integral part of the biochemical self-regulation of

cells. The RAS superfamily of GTPases is a prime example of such binary molecular

switches. In their ‘on’-state they are bound to guanosine-5'-triphosphate (GTP)

(RASCT™P) and interact with proteins involved in cellular self-regulation. Ras proteins

switch ‘off’ by hydrolysing GTP to GDP (RAS®PP).25 The regions responsible for the

RAS GTPase activity are highly conserved among the RAS superfamily (Figure 4).
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Figure 4: Domains of the primary structure of RAS GTPases. They consist of a G domain (5-166,
green) and a hyper variable region (HVR, 167-188/189, orange). The former contains G motifs (blue)
and a core effector domain (32-40, magenta). Modified from WENNERBERG, ROSSMAN and DER.?®

Figure 4 depicts a schematic representation of the average primary structure of the
RAS superfamily, comprising the RAS, RHO, RAB, RAN and ARF subfamilies. The G
domain (Figure 4, green) contains highly conserved G motifs (blue), while less
conserved AAs are marked as ‘X’. The G motifs are responsible for binding of
GDP/GTP and Mg?* as well as for catalysing GTP hydrolysis. The switch regions and
the P-loop lack a fixed secondary structure and undergo substantial conformational
changes depending on the bound nucleotide and PPls. Only RAS®™ interacts with
effector proteins via the switch regions, thereby initiating downstream signalling. The
core effector domain (magenta) contains some of the crucial AAs for this interaction.
Binding to the plasma membrane is also critical for the RAS life cycle. The less
conserved hyper variable region (HVR, 167-188/189, orange) serves as a membrane

anchor following posttranslational farnesylation and/or palmitoylation.26-28

The RAS subfamily consists of three isoforms primarily found in mammals, i.e. KRAS,
NRAS and HRAS. Two different splice variants exist of KRAS, i.e. KRAS4A and
KRAS4B. These splice variants differ in the final 15 residues of the G domain and the

HVR, but both variants have been implicated in various cancers.



KRAS4B, in particular, displays higher expression levels in humans and has thus
become the primary focus of KRAS-related research in recent decades.?® This thesis
focuses on the development of PPlls for KRAS4B. Henceforth, KRAS will be used
synonymously with KRAS4B.

1.1.3 Secondary and Tertiary Structure of RAS

The secondary structure of KRAS comprises five a helices and six B sheets. The
positions of the secondary structural elements along the AA sequence of KRAS are

depicted in Figure 5.

-B1—+ a1l ——p2-B3—+0a2-4—- a3 —B5— 04 p6— a5

0 20 40 60 80 100 120 140 160 180

Figure 5: Secondary structure elements of KRAS along its primary structure. The red stars mark
Gly12, Gly13 and GIn61. Modified from NussINOV, TSAl and JANG.3C

The a helices are composed of the following AAs: 16-25, 66—74, 87-104, 127-137,
155-166. The 3 sheets are formed by the AA sequences: 2-9, 38-47, 49-57, 77-83,
110-116, 140-144. Disordered regions, represented by black lines, include the switch
regions and the P-loop, as shown in Figure 4. The red stars in Figure 5 highlight Gly12,
Gly13 (P-loop) and GIn61 (switch |), which are frequently mutated in RAS-driven

cancers.3 The corresponding tertiary structure of KRAS is depicted in Figure 6.

Figure 6: Crystal structure of KRAS4BWT. GbP (PDB ID: 40BE, left) with schematic representation of its
tertiary structure (right). Reprinted from PANTSAR.28



The cofactor Mg?* is essential for the GTPase activity of RAS. It plays a dual role:
firstly, it is crucial for nucleotide binding, where a network of electrostatic interactions
exists between Mg?*, GDP/GTP, and RAS.3' HALL and SELF observed a 10-fold
increase in exchange rate for GDP in NRAS®PP upon the addition of ethylenediamine-
tetraacetate (EDTA), which complexes Mg?* and destabilises the RAS-nucleotide
complex.3? Secondly, Mg?* is involved in catalysing GTP hydrolysis by stabilising the
negative partial charges generated during nucleophilic attack by water on the
y-phosphate of GTP. GTP hydrolysis is particularly influenced by switch Il and the
P-loop of RAS.3® Mutations at Gly12, Gly13, and GIn61 impair the ability of RAS to
hydrolyse GTP to GDP, leading to the persistent activation of RASC™. In this active
state, effector proteins can bind to switch I, resulting in uncontrolled cell proliferation,

differentiation, and migration, which underlie the pathogenesis of various cancers.3*

1.1.4 KRAS in Cancer
The three RAS isoforms HRAS, NRAS and KRAS dominate the literature about RAS-

driven cancers.3*-36 According to estimates from the year 2020, approximately 19% of
cancer patients harbour a mutation in one of these three RAS isoforms with KRAS
being most frequently mutated (75%), followed by NRAS (17%) and HRAS (7%). The
distribution of these mutations is shown in Figure 7.3"

KRAS NRAS HRAS
2% \2% 4%

13%

-

Figure 7: Portions of RAS mutants in human cancers in COSMIC database. Modified from PRIOR,
HooD and HARTLEY.3"

Y

® G12 ® G13 ® Q61 ( Other

About 70% of RAS-mutated cancers feature one of five mutations, i.e. G12D, G12V,
G12C, G13D and Q61R. Each mutation, depending on the isoform, results in slight

variations in GTPase activity and PPI affinity.3"-38 This thesis focusses on KRASC2DV,



In contrast to KRAS®'2C, KRASCG12PV mutants are more evenly distributed across colon,
lung, bone marrow and pancreas tissues.?® KRASC'?PV mutations lead to reduced
intrinsic GTPase activity and decreased GAP affinity. A detailed comparison of the
differences in effector interaction between KRAS®2®V and KRASYWT extends beyond

the scope of this introduction.®

1.1.5 RAS Cascade

The interactome of KRAS is an extremely complex and intricate network of interacting
biomolecules, which remains far from being elucidated entirely.>’ Nevertheless,
researchers in the drug development field require a foundational understanding of the
RAS cascade. One of the commonly encountered schematic depictions of the RAS

cascade is shown in Figure 8.
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Figure 8: Schematic overview of the oncogenic RAS signalling cascade. Magenta: KRAS, green:
nucleotide, yellow: phosphate, orange: GEFs and GAPs, blue: effector proteins, grey: cell membrane
and nucleus. Modified from NussINOV and JANG, as well as HUANG et al.3447



Numerous comprehensive reviews have been published on the RAS cascade.344143
In this context, particular attention is given to the three best-characterised downstream
pathways: phosphoinositide 3-kinase (PI3K), mitogen-activated protein kinase
(MAPK), and RAS-like GTPase (RAL). Additionally, the RAS-SOS interaction is of
particular relevance to this thesis, as it constitutes the central focus of the drug

development efforts described herein.

1.1.6 SOS Activates RAS

The RAS signalling cascade commences at the membrane, where RAS is localised
through its HVR (Figure 4 and Figure 6). The HVR consists of ~20 AAs and at least
one farnesyl residue covalently linked through a thioester bond to the Cys closest to
the C-terminus, serving as a membrane anchor. Depending on the specific RAS
isoform, additional lipid modifications may occur, such as palmitoylation, farnesylation,
or geranylation.?° This membrane anchoring results in a high local concentration of

RAS, thereby promoting dimerization and oligomerisation of RAS proteins (Figure 9).44

Y RASGDP
® RASGTP

Figure 9: Spatial organisation of RAS on the plasma membrane. About 56% of RAS proteins exist as
monomers. The diameter of RAS nanoclusters is about 18 nm. Modified from ZHoU ef al.4

Approximately 56% of membrane-bound RAS proteins exist as monomers, while the
remaining ~44% are organised into GDP/GTP-loaded oligomeric assemblies
(blue/red), typically forming either dimers or nanoclusters comprising five to six RAS
molecules. The RASC™" oligomers serve as key intermediates in signal transduction,
rendering the abundance of such clusters on the plasma membrane a critical

determinant of signalling intensity.*

For RAS to participate in downstream signalling, it must adopt the active, GTP-bound

conformation. This activation is mediated by guanine nucleotide exchange factors



(GEFs), such as Son of Sevenless (SOS). Two orthologues, SOS1 and SOS2, have
been identified, with SOS1 exhibiting greater physiological and pathological relevance
and henceforth being referred to as SOS.*° SOS is recruited to the plasma membrane
via interaction with the epidermal growth factor receptor (EGFR), facilitated by adaptor
proteins such as Grb2, which serve as molecular linkers between EGFR and SOS
(Figure 8).%6 This recruitment increases the local concentration of both RAS and SOS,
leading to an estimated 1,000-fold enhancement in their association rate relative to
that observed in the cytosol.#” Upon formation of the RAS:SOS complex, SOS induces
opening of the nucleotide-binding cleft of RAS. This is achieved through insertion of a
helical hairpin (aH) of SOS, which disrupts the electrostatic interaction network
stabilising GDP and Mg?* within the RAS active site (Figure 10).4

Figure 10: A) HRASCTP with Mg2* as magenta sphere and nucleotide binding pocket coloured in red.
B) HRAS<:SOS complex with former binding site coloured in red. C) Interaction network in HRASCTP,
D) Interaction network in HRAS®2:SOS complex. Modified from BORIACK-SJODIN et al.48

10



Figure 10 shows a comparison between HRASC™ (A) and HRAS complexed at the
catalytic site of SOS (B). GTP and Mg?* are shown as green sticks and a magenta
sphere, respectively. The nucleotide binding site is highlighted in red to allow visual
comparison.*® Not shown in B and D is the second HRAS protein bound to the allosteric
site of SOS. The allosteric RAS?° is essential for the catalytic function of SOS. Recent
findings from our research group suggest that the GEF activity of SOS can be inhibited
by binding of betulinic acid monophthalates at the KRAS2'°:SOS interface.*® The lower
half of Figure 10 illustrates the changes in the HRAS interaction network upon SOS
binding. Switch | is displaced by aH, which inserts into the nucleotide-binding cleft. The
two AAs Glu942 and Leu938 of aH occupy the positions usually held by the nucleotide
a-phosphate and Mg?*, respectively. The backbone of switch Il also undergoes
significant conformational rearrangement. As a result, Glu62 coordinates with Gly60
and Lys16 on HRAS, two AAs that normally form key interactions with the nucleotide
in HRASC™_ In the HRAS®:SOS complex, the interaction network involving GTP/Mg?*
and the switch regions is disrupted.*® This accelerates the GDP release by a factor of
10%.50 The drastic rate enhancement results from the immense affinity of RAS for
GDP/GTP in the absence of GEFs. For HRASWT at 4°C in the presence of Mg?*, the
dissociation constant (Kp) of and GDP/GTP was reported as ~10""M.%" For
comparison, one of the strongest, non-covalent interactions between streptavidin and
biotin exhibits a Kp of 4x10-'* M at pH 7 and 25°C.%? Only three orders of magnitude
separate these affinities. Following release of GDP and Mg?*, a GTP:Mg?* complex
binds to HRAS:S0S.53 The bias towards GTP-arises from the cytosolic GTP/GDP
ratio of approximately 10.5* Upon complete exchange, active RASCP is released from
SOS. The pivotal role of SOS in RAS activation has made the RAS:SOS PPI a prime

target in cancer research.5-¢0

1.1.7 GAPs Deactivate RAS

The counterpart to GEFs are GTPase activating proteins (GAPs), such as GAP-334.
While GEFs promote the formation of RASC™", GAPs catalyse the hydrolysis of RASC™P
to RASCPP 81 Notably, RAS GTPases are capable of slowly hydrolysing GTP in the
absence of a GAP. JOHN et al. reported the intrinsic HRASC'™ hydrolysis rate at 37°C
as 0.028 min-'.52 In the presence of a GAP at 25°C, this rate increases up to 19 s™' by
a factor of 10°.%% This considerable rate enhancement results from the introduction of

an Arg residue into the nucleotide binding cleft (Figure 11).6
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Figure 11: Structural basis for the GTPase rate enhancement in RAS:GAP complexes.

Left: Schematic diagram of GAP action. Modified from Bos, REHMANN and WITTINGHOFER.5'
Right: Crystal structure of the active site in HRASGPP. AF3: GAP-334 complex.3? Colours: HRAS (cyan
cartoon), GAP-334 (salmon cartoon), H20 (red sphere), AIF3/y-phosphate (grey and cyan spheres),

Mg?* (magenta sphere), guanosine (green sticks), phosphates (red and orange sticks).

SCHEFFZEK et al. crystallised HRASCPP with GAP-334 and AlF3 (Figure 11, right).33 The
aluminium fluoride is positioned roughly where the y-phosphate would be in HRAS®™
(left). AlFs adopts a trigonal bipyramidal geometry with the terminal GDP oxygen and
a H20 oxygen, which occupies the same position as observed in the crystal structure
of HRASCPPNP 84 Therein, 5'-guanylyl imidodiphosphate (GPPNP) is a non-hydro-
lysable GTP analogue. Viewed as one molecule, GDP and AlF3 serve as a transition
state mimic of the GAP-induced GTP hydrolysis (left). The nucleophilic H20 is held in
place and activated for substitution by GIn61. This interaction is believed to be the
structural basis for the oncogenicity of RAS®' mutations. GIn61 in RAS is fixed by an
H-bond to Arg789 in GAP-334, which neutralises the partial negative charges that
develop during nucleophilic attack of H20 on the y-phosphate.3? Molecular dynamics
simulations confirmed the aforementioned role of GIn61 and further demonstrated that
common mutations at Gly12 and Gly13 in RAS impair the correct positioning of both
GIn61 and Arg789.%5 Aimost all RAS-driven cancers harbour mutations at positions 12,
13, or 61. The resulting reduction in both intrinsic and GAP-induced GTPase activity
renders these RAS mutants constitutively active.3”
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1.1.8 Active RASCTP Binds to Downstream Effectors

As long as RASC'™P is not hydrolysed to RASCPP, it engages specific signalling proteins,
so-called effectors. Such effector proteins are involved in a multitude of biochemical
processes, including cell proliferation, differentiation and survival. Over 50 potential
RAS effectors have been identified. Among the best understood protein families are
the rapidly accelerated fibrosarcoma kinase (RAF), PI3K and RAL. Generally, effectors
bind to RAS through RAS binding domains (RBDs) (Figure 12).56 In 2023, JUNK and
KIEL have analysed the RBD:RAS binding interface in 54 crystal structures. They found
that the RBD:RAS binding mode is highly conserved. The interfaces consist of the two
switch regions (Figure 12, top right oval) and the B-sheets 2 on RAS and 32 on the
RBD (left oval). Crucial AAs for binding include on RAS lle36, Asp38 and Tyr40 (bottom
right oval).%” Nonetheless, the RAS-effector interaction is influenced not solely by
RAS:RBD binding. Other interfaces, membrane association and clustering play an

important part as well.#7-66

Figure 12: Highly conserved features of RBD:RAS interface (orange and grey, respectively) in
54 crystal structures. Reprinted from JUNK and KIEL.57
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1.1.9 MAPK Pathway

Dimers of active RAS®™ are the starting point of the MAPK signalling pathway.
Dimerization and nanoclustering occur at the membrane (Figure 9). RASC™ dimers
bind two RAF kinase proteins through their RAS binding domain (RBD) and cysteine-
rich domain (CRD).%8 ARAF, BRAF and CRAF make up the RAF protein family.2
Figure 13 shows BRAF in complex with a KRASCT™ dimer.

W PS-Enriched
@®rs @5 @05 @, membrane Plane

KRAS- KRAS-

E’u’? A A
BRAF-KD $p.% ;,1 37 ’«g% BRAF-KD
> .b‘ ‘ " ¥ .A ) 1‘ -

‘ ‘ BRAF-RBD

BRAF-(14-3-3), BRAF-(14-3-3),

KRAS-GTP - BRAF-RBD
Interface

Figure 13: Left: NMR-derived KRASC™ dimer on PS enriched membrane superimposed with
KRAS:BRAF-14-3-3 complex and RBD and CRD of BRAF. Right: Schematic view of the complex.
Modified from LEE.®°

LEE has recently studied the structural basis of the KRASC™:BRAF complexation
mechanism. In NMR studies he identified KRASC™ dimers on anionic membranes
containing phosphatidyl serine lipids. KRAS®'™P was observed to dimerize through its
a interface, consisting of the a4 and a5 helices (Figure 6). This allows binding of two
BRAF proteins through their RBD and CRD, leading to their dimerization.®® Only in
such a dimerized state RAF can phosphorylate its downstream signalling partners, the
mitogen activated protein kinase kinases MEK1 and MEK2, which phosphorylate the
extracellular signal-regulated kinases ERK1 and ERK2.%870 |n the context of KRAS
PPIl development, ERK1/2 phosphorylation levels serve as a readout for MAPK
pathway inhibition. A potent RAS:RAF PPIl reduces phosphorylated ERK (pERK)
levels without affecting total ERK (tERK) levels, indicating specificity.”’-"3
Phosphorylated ERK mediates the phosphorylation of more than 250 known target
proteins, including nuclear transcription factors. As such, RAS-driven hyperactivation
of MAPK signalling enhances the expression of cell proliferation regulators.” A
detailed discussion of ERK-related PPIs falls outside the scope of this introduction and

has been covered elsewhere. 4275
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1.1.10 PI3K Pathway

The lipid kinase family PI3K is divided into three classes, of which Class | is the most
extensively characterised and most directly associated with human cancers. Class |
PI3Ks are multi-subunit enzymes composed of a catalytic subunit p110 (Figure 14,
red and ), @ membrane-binding domain C2 (blue) and a RBD (pink). In addition,

they associate with a regulatory subunit, p85, which is not shown here.”%77
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Figure 14: Crystal structure and interacting AAs in HRASCTPYS:PI3Ky complex.
Reprinted from PACOLD et al.”®

The presence of a dedicated membrane binding domain (blue) in PI3K underscores
the importance of membrane association in Ras:PI3K complexation. At the membrane,
PI3K binds to RASC™P. The right half of Figure 14 illustrates the key AA interactions.
Switch | is the primary complex interface, while switch Il of RAS and the catalytic
domain of PI3K are involved as well. Only in active RASC™ are the switch regions
appropriately arranged to enable RBD complexation. In the inactive state, the
regulatory subunit p85 suppresses the kinase activity of the catalytic subunit p110.
Upon RASC™ binding, p110 is activated and phosphorylates its substrate,
phosphatidylinositol-4,5-bisphosphate (PIP2), to generate phosphatidylinositol-3,4,5-
trisphosphate (PIP3). PIP3 subsequently recruits 3-phosphoinositide-dependent
protein kinase-1 (PDK1) to the plasma membrane, enabling phosphorylation of AKT
by PDK1 (Figure 8). AKT is phosphorylated a second time by mammalian target of
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rapamycin complex 2 (mTORC2).7-"® Analogous to ERK, phosphorylated AKT (pAKT)
regulates over 200 downstream targets, many of which are involved in promoting cell
survival. Aberrant PI3K signalling driven by mutant RAS contributes to a wide spectrum
of tumorigenic processes.” In this context, pAKT levels serve as a key readout for
PI3K pathway activity, analogous to pERK in the MAPK pathway.”"-8 Total AKT (tAKT)
and pAKT levels are commonly used to assess the efficacy of PI3K pathway inhibitors.

A detailed discussion of AKT and its PPIs can be found in dedicated reviews.”’-"9

1.1.11 RAL Pathway
The RAL cascade commences with binding of RASC™ to the RBD of a RAS-like

guanine nucleotide dissociation stimulator protein (RALGDS).8! Figure 15 shows the
RBD of RALGDS (orange) in complex with RASE31K GPPNP (green). The AAs involved
in the interaction are highlighted in grey, with their specific interactions detailed in the
right half of Figure 15. The RASE3'K mutant was chosen for crystallisation over RASWT
due to its increased affinity for RALGDS-RBD; Lys31 forms one ionic interaction and
two hydrogen bonds, strengthening the complex. A comparison between Figure 12
and Figure 15 underscores once more the conserved structural features of RAS:RBD
binding across different effectors. The 2 sheets of RAS and RBD, along with switch |
of RAS make up most of the interface. However, this structural similarity does not imply
conservation of the specific AA composition at the interface. A comparison between
Figure 14 and Figure 15 highlights these sequence-level differences. Thus, while the
overall binding architecture is conserved, the unique residue compositions confer high
specificity to each RAS:RBD interaction, supporting the rationale for designing effector-
selective RAS PPI inhibitors (PPlIs).67.81.82

In the RAL signalling cascade, the primary role of RAS is to recruit RALGDS to the
plasma membrane. This membrane translocation is essential for RALGDS activation
and has been demonstrated using RALGDS mutants engineered with membrane
anchors analogous to those of RAS. These membrane-anchored RALGDS variants
can activate RAL independently of RAS. Once at the membrane, RALGDS acts as a
guanine nucleotide exchange factor (GEF) for the RAL GTPases, RALA and RALB;
two isoforms that, like RAS, are membrane-associated small GTPases. The catalytic
domain of RALGDS promotes the exchange of GDP for GTP, generating the active

RALCTP form 81.83
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Figure 15: RALGDS-RBD (orange) in complex with RASE3K GPPNP (green) with interface AAs (grey).
The interface AAs and their interactions are highlighted on the right. Hydrophobic interactions
(solid line), ionic (long dash), H-bond (short dash) and mr-interaction (broad dash).

Modified from HUANG et al.®!

The effectiveness of PPlIs targeting the RAL pathway can be assessed by quantifying
RALCTP |evels in treated vs. untreated cells.8* Active RAL®™ binds to a multitude of
effectors that regulate endo-/exocytosis, gene expression and actin organisation.
Additionally, there is evidence of crosstalk between the RAL, MAPK, and PI3K
signalling pathways, suggesting that perturbation of one pathway may influence the

other.83.8586
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1.1.12 Orthosteric RAS PPlis

To date, no orthosteric protein—protein interaction inhibitors (PPlIs) targeting RAS have
reached clinical approval. Their limited success can be attributed primarily to two
factors. First, the intracellular concentration of GTP in mammalian cells is in the
micromolar range, making it extremely difficult for non-covalent GTP analogues to
compete effectively.?” The inhibitor concentrations required to outcompete
endogenous GTP are impractically high for therapeutic use. Second, RAS exhibits
exceptionally high affinity and selectivity for GDP and GTP. Attempts to design
covalent GDP/GTP analogues necessitate structural modification of the guanosine

scaffold.

One such example is the covalent inhibitor SML-8-73-1 (Figure 17, compound 5),
which features a reactive, covalent warhead attached to the B-phosphate of GDP and
is designed to bind covalently to Cys12 in KRAS®'?C, In a crystal structure of the
KRASC12C:SML-8-73-1 conjugate, KRASC'?C was found to be in its inactive
conformation and is unable to associate productively with its downstream effectors.88:8
The conjugate forms through initial reversible binding of SML-8-73-1 at the nucleotide
binding site of KRASC'2C followed by thioether linkage between Cys12 and the Michael
acceptor moiety in SML-8-73-1. Unfortunately, the reversible binding affinity between
KRASC'2C and GTP mimics similar to compound 5 was reported to be approximately
10% times lower than that of GDP/GTP. As a result, multiple association and
disassociation events occur in competition with GDP/GTP before alkylation proceeds,
resulting in ineffective inhibition.®® These findings are representative for the limited

overall efficacy of orthosteric covalent inhibition strategies targeting KRAS.

In contrast, allosteric KRAS PPlls avoid direct competition with GDP/GTP, bypassing
the affinity barrier. As a result, allosteric inhibition has emerged as the leading strategy

for targeting KRAS therapeutically.
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1.1.13 Allosteric RAS PPIis

In 2023, WENG et al. have published a landmark study that systematically mapped the
allosteric landscape of KRAS inhibition.® In their comprehensive approach, they
engineered over 26,000 KRAS mutants and assessed their energetic differences
regarding protein folding and binding to RAF1, PIK3CG, RALGDS, SOS1 and the
designed ankyrin repeat proteins (DARPins) K27 and K55. They identified four distinct
pockets with maximum allosteric inhibitory effect on all six binding partners. Their

findings are in line with the sites previously proposed by GRANT et al. (Figure 16).°’

Pocket 2
with
Sotorasib

Pocket 4

Figure 16: Allosteric binding pockets for PPIlls on KRAS. Created by superimposing 60IM
(KRASG12C, GDP:gotorasib) and 6VJJ (KRASWT. GPPNP:RAF1-RBD). RAF1-RBD (grey) is shown as
reference. GDP and sotorasib are shown as green sticks. G12, G13 and Q61 are marked with
numbers. Modified from WENG et al.8

Among the identified allosteric sites, Pockets 1 and 2 (blue and orange) have garnered
the most attention in past drug development efforts. These sites are commonly referred
to as the switch I/1l pocket (P1) and the switch Il pocket (P2). Notably, the first clinically
approved covalent KRASC'2C inhibitor sotorasib binds at P2 (Figure 17, 1).%2

Cell-based assays demonstrated that sotorasib effectively inhibits ERK
phosphorylation with ICso = 68 nM. Its exceptional selectivity for KRAS®'2C arises from
its covalent mode of inhibition. Building on this success, Mirati Therapeutics developed
MRTX-1133 (2), a non-covalent KRAS®'2P inhibitor.”2 MRTX-1133 also binds at P2,
forming a key H-bond between the NH of the bridged piperazine moiety and Asp12.
This interaction confers 500-fold selectivity for KRASCG'?P over KRASWT. In cellular

assays, MRTX-1133 inhibits ERK phosphorylation with ICs0 = 2 nM and also disrupts
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the KRASC'?D:SOS1 interaction. As of now, MRTX-1133 is undergoing clinical
evaluation.®® The KRAS®?X mutant selectivity of sotorasib and MRTX-1133 is primarily
due to the accessibility of AA12 from P2. Likewise, AA13 and AA61 are also exposed
at P2, enabling selective inhibition of KRASC3X1X mytants. This accessibility and

versatility make P2 a privileged site for drug targeting.®
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Figure 17: Structures of the orthosteric RAS PPII 5 and the allosteric RAS PPlIs 1-3 and 6-11.

Direct interaction with AA12/13/61 is a key determinant for mutant-selective KRAS
inhibition. However, potent inhibition can also be achieved in their absence. The cyclic
peptide LUNA18 (3) binds at P2 without directly engaging AA12/13/61. LUNA18
potently inhibits the KRASC'20:S0OS PPI with ICso <2 nM. Comparable inhibitory
concentrations were observed in cellular assays for several KRASC2PV/C mytants. Due
to its broad activity across KRAS mutants, LUNA18 is considered a promising
candidate for pan-KRASMu@nt inhibition However, its selectivity over KRASWT has not
yet been reported. Notably, LUNA18 exhibits excellent oral bioavailability for a cyclic

peptide, ranging from 21-47%, making it a strong candidate for clinical application.?
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In contrast to P2, P1 is smaller in volume and highly conserved across all three RAS
isoforms, irrespective of the bound nucleotide or interacting ligand. P1 exists
constitutively in KRASCGPP/CTP conformations and is not induced by ligand binding. Its
structural features, a shallow, lipophilic core surrounded by a hydrophilic rim, make it
a privileged site for indole-containing compounds.®® Using NMR-based fragment
screening, the Fesik group identified Fesik-lle (6) with moderate binding affinity for
KRASC™2D with Kp=190 uM and 78+8% inhibition of SOS-mediated nucleotide

exchange at a concentration of 1 mM.%°

Building on this hit, KESSLER et al. developed BI-2852 (7), a non-covalent PPII with the
highest known affinity for P1 on KRASG'2D.6CP j e Kp = 750 nM (GCP is a non-
hydrolysable GTP analogue).”® Notably, BI-2852 exhibits ~10-fold selectivity for
KRASG12D, GCP gyer KRASWT. GCP and binds to NRAS, HRAS and KRAS. Despite the
high affinity of BI-2852, only moderate inhibition of ERK phosphorylation was observed
in cell assays with ECso = 6.7 uM.% Ultimately, the compound’s limited cellular efficacy

was considered insufficient to warrant further clinical development.

A P1 ligand with notable inhibitory potency in cell-based assays is Ch-3 (8), developed
by CRUz-MIGONI et al.”! In KRASC'3P mutant cells, treatment with 20 uM of Ch-3 led to
near-complete inhibition of both ERK and AKT phosphorylation. Additionally, Ch-3
disrupted the interaction between RALGDS and all three RAS isoforms. However, no

data were reported regarding its mutant/WT selectivity.

Our own research group, in collaboration with the Stoll laboratory at the Ruhr
University Bochum, has identified dihydroxybenzophenone phenylhydrazone (9) as a
ligand for P1.96:97 Compound 9 inhibits the SOS-mediated nucleotide exchange on
KRASC'2D with ICso = 413 uM and demonstrates ~2.5-fold selectivity for KRASG12D
over KRASWT. Despite this moderate mutant/WT selectivity, cell-based viability
assays with KRASCG12DV/CS gnd KRASC3P-mutant cell lines all showed ICso values in

the range 17.6-33.7 uM, indicating a lack of mutant selectivity.

Overall, the relatively modest inhibitory potency of P1-targeting PPIlls compared to P2-
targeting compounds like sotorasib and MRTX-1133 underscores why drug
development efforts continue to focus predominantly on P2. Moreover, the potential for
PPlls binding at P2 to interact with AA12/12/61 enables exceptional mutant/WT
selectivity, a critical criterion for clinical application.
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Similar to P1, both P3 and P4 are positioned unfavourably with respect to the mutation
hot spots in KRAS, reducing their potential for direct mutant-specific targeting. P3 is
the most distal pocket relative to the nucleotide- and effector-binding sites, located
near the C-terminus of RAS.41%9 To date, limited drug discovery efforts have focused
on this region. One of the few ligands reported to engage P3 is Zn?* cyclen (10).°° NMR
studies revealed that the Zn?* ion not only binds at P3 but also coordinates to the
y-phosphate of RASC™P, thereby enabling simultaneous interaction with AA12/13/61 of
RAS. While Zn?* cyclen interferes with effector binding, its relatively low binding affinity
to RAS precludes it from therapeutic use in its current form, though it may serve as a

lead for more potent derivatives.

Analogously, the P4 pocket has seen limited exploration in ligand development. A
notable exception is the recently reported macrocycle RMC-7977 (11), which binds at
the P4 region.’® Macrocycle 11 first binds to cyclophilin A with Ko(CYPA) = 195 nM.
The resulting binary complex then associates with RAS, forming a ternary assembly
with Kp(KRASC'2V) = 85 nM. Located at the RAS:CYPA interface, macrocycle 11 acts
as a so-called molecular glue, stabilising the tri-complex and thereby inhibiting KRAS-
effector PPls. As a result, phosphorylation of ERK was suppressed with
ECso = 0.421 nM, exhibiting ~10-fold selectivity for KRAS®'?X mutants over the WT.
Remarkably, macrocycle 11 also enhances the intrinsic GTPase activity of KRAS, with
pronounced selectivity for the KRAS®'?P. This dual mechanism, PPI inhibition and
GTPase activation, renders RMC-7977 a highly promising candidate currently

undergoing clinical evaluation.!

While the list above is not exhaustive, it includes several of the most advanced and
promising KRAS protein-protein interaction inhibitors identified to date, notably

compounds 1, 2, 3, and 11.
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1.2 Aim

Over the course of the past decade, the Scherkenbeck group and the company Lead
Discovery Center in Dortmund (LDC) have collected a project library of ~1,200 KRAS
PPlls. The syntheses of selected derivatives and their in vitro efficacy has been
discussed in several publications.49.96.97.102-104 The Scherkenbeck group has largely
focused on the syntheses, while LDC has provided their assay expertise. Recently, a
joint high throughput screening (HTS) of 250 000 compounds targeting the SOS-
mediated nucleotide exchange on KRAS identified several hits, which inhibited the.
Two hit structures were selected for synthesis and subsequent derivatisation in the
context of this project, i.e. LDC151135 (12) and the known leukotriene receptor

antagonist zafirlukast (13) (Figure 18).

“&ﬁ @

LDC151135 ( Zafirlukast (13)

N}—@Y Oy

JES 248 (

Figure 18: HTS hit 12 and 13 and in silico HTS hit 14 were selected as targets for this project.

Furthermore, the hit compound JES-248 (14) was identified through an in silico HTS
conducted by our former colleague Dr. Jeuken and was selected for synthesis in this

project.'% In this context, the objectives of this project are as follows:
1. Establish syntheses towards the biazoles 12 and 14.
2. Synthesise derivatives of the zafirlukast scaffold to gain insights into their SAR
3. Study the mode of action of all derivatives through in silico modelling.
4. Draw comparisons between the assay and modelling results.

5. Enrich the project compound library with SAR data of the biazole and zafirlukast
scaffolds. The resulting data serve as a foundation for the second project of this

thesis.
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1.3 Results and Discussion

1.3.1 Synthesis of JES-248 (14)

Biazoles such as JES-248 and LDC151135 have garnered considerable attention in
medicinal chemistry due to their structural resemblance to marine natural products that
exhibit notable antimicrobial, antifungal, and antitumor activities.'® Milligram-scale
quantities of both hit compounds were initially procured and fully consumed during
primary screening efforts. To enable further biological evaluation of these hits and
related analogues, the development of suitable synthetic routes became necessary.
Established strategies for biazole synthesis typically involve either the coupling of two
heterocyclic precursors (Scheme 1, A) or the construction of the heterocyclic cores via

cyclization reactions (B and C).

JES-248 (14)

Scheme 1: Three initial retrosynthetic disconnections were considered for JES-248: A) coupling of two
heterocyclic precursors,'0” B) pyrazole synthesis using thiazole acetylene and N-phenylglycine,108
C) Hantzsch thiazole synthesis. 06

For JES-248, neither retrosynthetic pathway B nor C were pursued, as both involve
elaborate precursors and/or exotic reaction conditions.'%6:1% |nstead, pathway A was
selected as the most viable route, owing to the ready availability of both coupling
partners (Scheme 2). Bromide 15 was synthesised in excellent yields from
2-bromothiazole-4-carboxylic acid and (S)-tert-butyl 3-aminopiperidine-1-carboxylate
under standard amide coupling conditions.'®® The pyrazole 16 was employed as the
boronic ester coupling partner, as Suzuki-Miyaura couplings generally provide higher
yields when thiazoles are used as halide-containing substrates rather than as boronic

acid derivatives. 107
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Scheme 2: Synthesis of the precursors required for pathway A, i.e. bromide 15 and boronic ester 16.

The pyrazole 16 was prepared via Miyaura borylation of 4-bromo-1-phenyl-1H-
pyrazole. An initial borylation attempt with Pdz(dba)s (10 mol%), [Bpin]2 (1.2 eq.) and
anhydrous KOAc (1.5 eq.) in dry, degassed dioxane failed to afford the desired product
16. However, under identical conditions using only 5 mol% catalyst, Pd(dppf)Cl2
successfully catalysed the formation of boronic ester 16. The resulting coupling
partners, 15 and 16, were then subjected to Suzuki-Miyaura cross-coupling reactions
(Scheme 3).

_Boc

N NH
HN.__O HN
Pd(dppf)Cl, 10 mol% TFA/DCM
15 . 16 K3PO4 2.0 eq. . g /N 1/4 a /N
1.0eq.  1.0€qd.  geg. H,0/Dioxane=1/9 S RT, 5h S
Ar, 80°C, 48h \ N\
. N 87% Yield N
59% Yield BNH-016 JES-248
17 14

Scheme 3: Suzuki-Miyaura coupling of bromide 15 with boronic ester 16 to afford Boc-JES-248 (17),
followed by Boc deprotection to yield the target compound 14.

The reaction conditions tested for the Suzuki-Miyaura coupling reactions shown in
Scheme 3 are summarised in Table 2. The use of KsPO4 as base, in combination with
10% H20 in the solvent mixture, resulted in a threefold increase in the yield of Boc-

protected JES-248 (17). KsPO4 is commonly used in Suzuki-Miyaura couplings, as it
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generates the requisite hydroxide anions in the presence of water, which are essential

for the catalytic cycle.10.111

Catalyst Base Solvent Yield
Pd(dppf)Cl2 (10 mol%) Cs2C0s3 (3 eq.) anh. deg. dioxane 19%
Pd(OACc)2 (20 mol%)
XPhos (20 mol%)
Pd(dppf)Cl2 (5 mol%) Cs2C0s3 (2 eq.) dist. deg. H20/Dioxane = 1/9 42%
Pd(dppf)Cl2 (5 mol%) KsPOas (2 eq.) dist. deg. H2O/Dioxane = 1/9 59%

Cs2C0s3 (3 eq.) anh. deg. dioxane 20%

Table 2: Tested reaction parameters for the Suzuki-Miyaura coupling of bromide 15 with
boronic ester 16 to synthesise Boc-JES-248 (17).

In the final step, the Boc protecting group of compound 17 was removed using 25%
trifluoroacetic acid in dichloromethane, affording the free amine 14. The overall yield

of 14 was 48% over three steps starting from 2-bromothiazole-4-carboxylic acid.

1.3.2 Attempted Syntheses Towards LDC151135 (12)
The synthesis of the target biazole LDC151135 proved substantially more challenging

than that of JES-248. Two principal synthetic approaches were investigated: coupling
of two heterocyclic fragments and the Paal-Knorr pyrrole synthesis (Scheme 4,

A and B).

LDC151135
12

Scheme 4: Two retrosynthetic disconnections explored for LDC151135. A) coupling of two
heterocycles and B) Paal-Knorr pyrrole synthesis.
For pathway A, the Bromide precursor 19 was obtained starting with a Paal-Knorr
synthesis of the dimethyl pyrrole 18 from 2,5-hexanedione and 6-amino-1-hexanol, as

shown in Scheme 5.
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HoN—(CHy)g—OH OH OH

: |
1.0eq. ,  (CHy _NESTOC o (CH
0 + H,,0, reflux, 20min N THF, -94°C, 3h N
\
)W 73% Yield \@/ 29% Yield \5_7/
o) BNH-001 Br
1.0 eq. 18 BNH-002
19

Pd(dppf)Cl, 10 mol%
CI) [Bpin], 1.2 eq.
_B anh. KOAc 3.0 eq.
0 — _/_\_/_OH -€ X
N

anh. deg. Dioxane
Ar, 80°C, 18h

] n-BuLi 2.1-3 eq.

HO"B\ — _/—\_/—OH B(OMe)3 1.3-10 eq.
=~ N < 7

AN
anh. THF, Ar
-94°C, 1.5h

Scheme 5: Synthesis of pyrrole bromide 19 and subsequent borylation attempts.

Condensation of the starting materials in refluxing water proceeded smoothly, affording
the product in good yield. While 6-amino-1-hexanoic acid would have been the ideal
starting material, the corresponding alcohol was readily available in-house and thus
employed. The resulting dimethyl pyrrole was initially a colourless oil but rapidly
darkened upon exposure to air and silica. Alkylpyrroles are highly susceptible to
oxidation under a broad range of conditions. Upon oxidation, pyrroles tend to undergo
polymerisation, forming a tar-like material commonly referred to as pyrrole black, a

phenomenon attributed to the high tr-electron density of the pyrrole ring.'"?

In the present study, the formation of high-molecular-weight black by-products and
reduced yields were consistently observed in reactions involving alkylpyrroles.
Additional side reactions stemmed from the electron-rich nature of the pyrrole core,
which readily undergoes electrophilic substitution. N-Bromosuccinimide (NBS), a mild
oxidant and source of electrophilic bromine,3 was used to brominate compound 1.
However, reaction with one equivalent of NBS led to the formation of pyrrole black,
along with mono- and 3,4-dibrominated derivatives of pyrrole 1. As a result, the target
monobromide 19 was obtained in low yield. These observations are consistent with

previous reports employing similar pyrrole substrates.''4
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Attempts to borylate 19 under Miyaura conditions or via a lithiation-borylation sequence
failed to yield the desired boron-containing intermediate. Consequently, the synthesis
was redirected towards preparation of a thiazole boronic acid. This began with the
reduction of 4-bromo-2-formylthiazole using NaBHs, affording the corresponding

alcohol in excellent yield, in accordance with literature precedent (Scheme 6).'"°

S oH TsCl 1.2 eq. S oT
s O NaBH4 1.9 eq. DIPEA 1.5 eq. S
/[ P - )I — - [ )~
5~ N MeOH,RT, 2h g, N anh. DCM, RT, 2h g~ N
99% Yield BNE-003 82% Yield SN
NaH 1.2 eq.
)IS OPh PhOH 1.2 eq.
— -
B~ N anh. DMF, RT, 4h
BNH-007
22 92% Yield

Scheme 6: Synthesis of thiazole bromide 22 from 4-bromo-2-formylthiazole.

Tosylation of the alcohol 20 to afford tosylate 21, followed by a Williamson ether
synthesis, provided the thiazole ether 22 in good yield. However, subsequent Miyaura
borylation of ether 22 under the same conditions previously employed for the synthesis

of boronic ester 16 failed to produce the desired product (Scheme 7).

PdClI,(dppf) 5 mol% S OPh
(Bpin), 1.1eq. JI />_/
anh. KOAc 2.0 eq. O~ N
N/ > B
7\ i
anh. deg. Dioxane O
Ar, 80°C, 24h

Hexamethyl-
distannane 1.5 eq.

—
Na S
S l
S OPh Pd(PPhs), 10 mol% E
)I —~ > | N

Br N 99 anh. deg. Toluene ©
Ar, 80°C, overnight BNH-032
30% Yield 2
n-BuLi 1.1 eq. S OPh
B(OMe); 2.0 eq. )I >—
/
P HO- N
anh. THF, N, l?
-94°C, 30min OH
24
28% Yield

Scheme 7: Attempted syntheses of thiazole-based coupling partners for reaction
with pyrrole bromide 19.
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Surprisingly, Pd-catalysed stannylation of bromide 22 with hexamethyldistannane
afforded BNH-032 (23) as the major product albeit in low yield. Organodistannanes are
known sources of RsSne radicals, with the Sn-Sn bond susceptible to homolytic
cleavage upon exposure to heat or light."'® Compound 23 was likely formed via a multi-
step radical process originating from bromide 22. This assumption is supported by the
structure of compound 23, as both the bromide and the benzylic position in precursor
22 are particularly prone to radical transformation. In product 23, the bromide
functionality is absent, and both a thiazole ring and a methyl group have been

introduced at the benzylic position of the debrominated thiazole core.

Fortunately, a complementary coupling partner for pyrrole bromide 19 was successfully
synthesised from bromide 22. Deprotonation with n-BulLi followed by reaction with
B(OMe)s afforded thiazole boronic acid 24 in low yield. This compound was used
directly in a Suzuki-Miyaura coupling with bromide 19, without further purification or
characterisation. However, LC/MS analysis indicated that the reaction did not furnish

the desired biazole product (Scheme 8).

OH
o HQ (CHa)s
(CHay)s B—OH Pd(dppf)Cl, 10 mol% \

| ~ KsPO, 2.0 eq.
N N \W/
+ S__N VAN '
\ / deg. H,0/deg. Dioxane=1/9 —
Ar, 80°C, 48h

Br PhO S N
BNH-002 j

19 24 PhO

Scheme 8: Attempted Suzuki-Miyaura coupling with bromide 19.

Given the sensitivity of the pyrrole intermediates and the low-yielding borylation of
thiazole bromide 22, pathway A in Scheme 4 was not pursued further. Instead,
attention was redirected to pathway B, as the sensitive pyrrole ring could be
synthesised in the last step through a Paal-Knorr synthesis. Literature reports on
related scaffolds suggest that the requisite 1,4-diketone can be synthesised from
a,B-unsaturated ketones, i.e. compound 25 in Scheme 9. The a,3-unsaturated ketone
25 was obtained in moderate yield through Heck coupling between bromide 22 and
methyl vinyl ketone. The modest yield is likely attributable to the volatility of methyl
vinyl ketone, which has a boiling point of 81.4°C.""” The elevated temperatures
required for the Heck reaction are not ideally compatible with this volatile reagent,

thereby limiting overall conversion.
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Pd,(dba); 3 mol%
CataCXium® PtB 12 mol%
Methyl vinyl ketone 1.5 eq.

TBAC 1.0 eq.
NaHCO3 1.1 eq.

s, OPh
)I r— > W
Br” N anh. deg. DMF, Ar, MW 80°C, 4h ~~ N

BNH-007 o BNH-042
22 34% Yield 25
S
CataCXium® PtB HO \ ) B
N +
@\ Bu \—
N R AcSiMe; 3.6 eq.
P Bu anh. DBU 0.9 eq.

anh. i-PrOH 5.0 eq.
N/

- <
s OPh anh. THF, Ar, 64°C, overnight
| )~
N
Ac,0 3.0 eq.
O o 26 TMSCI 3.0 eq.
Mg 3.0 eq.
- 7

anh. DMF, RT, overnight

Scheme 9: Attempted syntheses towards the 1,4-diketone 26 via the a,B-unsaturated ketone 25.

Subsequent conversion of the a,B-unsaturated ketone 25 into the corresponding
1,4-diketone 26 was attempted through a catalytic Sila-Stetter reaction.’® However,
the thiazolium-catalysed addition of acetyltrimethylsilane to a,B-unsaturated ketone 25
afforded the desired 1,4-diketone 26 only in trace amounts, as determined by LC/MS
analysis. An alternative method involving Mg-promoted addition of acetic anhydride to

a,B-unsaturated ketone 25 likewise failed to provide an improved yield."®

A more promising two-step strategy for converting a,B-unsaturated ketones into
1,4-diketones was reported by CLARK, MILLER and S0.'?° The first step involves a
Michael-addition of nitroethane to the internal alkene, followed by conversion of the
resulting nitro intermediate into the corresponding ketone via a Nef reaction. Stirring
a,B-unsaturated ketone 25 with excess nitroethane and CsF on alumina led to
quantitative formation of the nitro intermediate 27, while minor amounts of the

1,4-diketone 26 were detected as well (Scheme 10).
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S OPh Nitroethane 73 eq. S OPh
I /> CsF/neutral Alumina | />
x~ N > N .
- anh. MeCN, RT, 48h
0o BNH-042 0O NO,
25
KMnO,/Silica
S OPh Benzene, RT *
| )~/
N S OPh
7 12 | >~/

N
(7070 ] - I
K/\// H,0, reflux O o 26

Scheme 10: Attempted synthesis of nitro intermediate 27 from a,B-unsaturated ketone 25 through
Michael addition of nitroethane. The subsequent Nef reaction to access the1,4-diketone 26 as well as
the Paal-Knorr synthesis towards target compound 12 were not attempted.

The Michael addition of nitroalkanes to a,B-unsaturated ketones is facilitated by
fluoride anions, which shift the nitro-aci-nitro tautomerism in favour of the aci-nitro form
(Scheme 11).

(¢) O-H

/ - N/ \F_
/_ ‘[\l \Y /= + \\6

aci-Tautomer

Scheme 11: Stabilisation of the aci-nitro tautomer of 2-nitroethane by F-.12

Hydrogen bonding between the fluoride anion and the aci-nitro alcohol has been
reported as the key stabilising interaction.’?' The predominance of the aci-nitro
tautomer increases the reactivity of the nitroalkane towards Michael acceptors, i.e.
ketone 25. Subsequent oxidation of the nitro intermediate 27 via a Nef reaction using
KMnOs4 on silica and final Paal-Knorr pyrrole synthesis is a promising strategy towards,
followed by a final Paal-Knorr pyrrole synthesis, represents a promising strategy for
the preparation of LDC151135 (12).12°

However, at the time of the synthetic efforts towards compound 12, our collaboration
partner LDC observed significant decomposition of the screening sample. Repeated
purity assessments of the DMSO stock solution over several months indicated that
LDC151135 is not stable in solution. This observation is consistent with the findings

reported here and is likely attributable to oxidative degradation and/or polymerisation
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of the electron-rich pyrrole ring. As a result, further synthesis of compound 12 was not

pursued.

To address the stability issue, a derivative of compound 12 bearing electron-
withdrawing substituents in place of the methyl groups on the pyrrole ring was targeted,
with the aim of improving solution stability. Synthetic efforts were subsequently

redirected toward this more robust analogue.

1.3.3 Synthesis of BNH-039 (37)

The lack of success in synthesising LDC151135 through pathway A in Scheme 4 was
attributed to the intrinsic instability of the pyrrole-based intermediates involved.
Consequently, the same coupling strategy was revisited using an electron-deficient
pyrrole diester, with the expectation that its reduced electron density would confer
enhanced chemical stability and facilitate the successful synthesis of a derivative of
LDC151135. The synthesis commenced with the introduction of a Boc protecting group

into freshly distilled pyrrole, following a published protocol (Scheme 12).122

TMP 2.5 eq.
Boc,0 1.2 eq. n-BuLi 2.5 eq. COOMe
_— DMAP 0.14 eq. _— Methyl chloroformate 3.0 eq. =
- NH > — N—Boc > - N—Boc
anh. MeCN, Ar, RT, 2h anh. THF, N,, -94°C, 3h
98% Yield BN;;OZO 41% Yield COOMe
o e o e BNH-022
29
TFA/DCM =1/4 | 97%
RT, 2h Yield
COOMe Zn 1.15 eq. COOMe COOMe
N 1,0.1 eq. NG NIS 2.2 eq. _
~ NH -« - NH -« — NH
DMA, Ar, 120°C, 2.5h | anh. DMF, N,, 80°C, 4h
COOMe o v COOMe o i COOMe
BNH-027 62% Yield BNH-026 88% Yield BNH-025
32 31 30
77% 3314 eq.
Yield K2CO3 5.0 eq.
DMF, Ar, 70°C, 6.5h
COOMe Hexamethyldistannane 1.5eq.  ~_| COOMe
N Pd(PPhs), 5 mol% ~Sh__
—_ N—(CH,);—CO0Bn - —_ N—(CH;);—CO0Bn
anh. deg. Toluene,
COOMe BNH-028 Ar, 100°C, 17h COOMe BNH-030
34 35
49% Yield

Scheme 12: Synthesis of stannane 35 from pyrrole.
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The N-Boc-protected pyrrole 28 was subsequently 2,5-dicarboxylated according to a
published procedure.'?? 2,2,6,6-tetramethylpiperidine (TMP) was deprotonated using
n-BuLi to generate a sterically hindered base, which was then employed to selectively
deprotonate the C2 and C5 positions of pyrrole 28. Carboxylation with methyl
chloroformate furnished the diester 29 in moderate yield. Removal of the Boc group
with 20% TFA in DCM afforded the free amine 30.

Subsequent diiodination of pyrrole 30 using NIS at 80°C yielded the diiodide 31, which
was selectively monodeiodinated with Zn powder in N,N-dimethylacetamide (DMA) at
120°C to give the monoiodide 32 in moderate yield and good purity. This two-step
iodination sequence was employed in preference to direct monoiodination, which has

been reported to afford a mixture of diester 30 and diiodide 31. 124125

Notably, no decomposition of the pyrrole diester intermediates was observed under
elevated temperatures, exposure to air, or on silica, indicating significantly greater
stability than previously synthesised alkyl-substituted pyrroles. Prior to N-alkylation of
the pyrrole 32, the requisite benzyl ester 33 was synthesised from the corresponding

acid chloride and benzyl alcohol according to a literature protocol (Scheme 13).1%6

BnOH 1.0 eq. o
0 TEA 1.0 eq. B \/\/\)]\
Br\/\/\)l\ > = O/\©
Cl anh. DCM, 0°C, 3h
BNH-023
93% Yield 33

Scheme 13: Synthesis of benzyl ester 33 from 6-bromohexanoyl chloride

Ester 33 was employed to N-alkylate pyrrole 32, affording the triester 34 in good yield.
ZHANG et al. have reported the successful application of Stille cross-coupling reactions
to pyrrole diesters structurally analogous to iodide, supporting the viability of this
approach in the present synthesis.'?* With thiazole bromide 22 in hand, the required
stannane 35 was synthesised through Pd-catalysed stannylation of iodide 34 using
hexamethyldistannane, yielding the desired product in moderate yield. Deiodination of
34 was identified as the primary competing side reaction, as confirmed by LC/MS and

NMR analysis of the crude mixture.
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In the next step, the stannane 35 was coupled with bromide 22 under Stille cross-

coupling conditions (Scheme 14).

. (H2008n CsF 2.0 eq. COOBn
/_< (CH,)s Pd(PPh3)s 5 mol% (CH,)s
- | Cul 10 mol% |

SN . Meooc—N<_coome >  MeOOC— N\ _-COOMe

U anh. deg. DMF \ /
Ar, 50°C, 22h
ot 2 0 35 =\ BNH-035
/\ 10 o Vi s i
1.0 eq. .0 eq. 55% Yield

TN 36
5 ~~COOMe PhO y
2
O\/'\\N N\ _N Pd/C 50 mol%

BNH-039 (37) 41% Yield

Scheme 14: Synthesis of the target diester 37 through Stille coupling of bromide 22 and stannane 35,
followed by catalytic hydrogenolysis of the benzyl ester.

The desired benzyl ester 36 was obtained in moderate yield, accompanied by
significant formation of destannylated diester 35 as major side-product. MEE et al.
demonstrated that the addition of Cul and CsF exerts a positive, synergistic effect on
the efficiency of Pd-catalysed cross-couplings between organostannanes and aryl
halides.'?” Their mechanistic hypothesis involves initial transmetallation between Cu'
and the organostannane (R'-SnMes), generating a more reactive organocopper
intermediate (Scheme 15).

R'—SnMe;, R'—CuX

+ —“_ + X_PdII_RZ ,

CuX Me3SnX \\_/ X—R
CsF
Pd°
Me3SnF (polymeric)

+ CuX R'-Pd'—-R? R'—R?

CsX

Scheme 15: Proposed mechanism for the positive, synergistic effect of Cu' and CsF on the yields of
Stille coupling reactions. Modified from MEE et al.'?”

The transmetallation step concurrently produces MesSnl, which reacts with CsF to form
R3SnF, an insoluble by-product that precipitates from the toluene reaction mixture. This
precipitation shifts the equilibrium, driving the transmetallation forward by removing
MesSnl from solution. Promotion of the transmetallation step, in turn, facilitates the

Pd-catalysed Stille coupling cycle. The observed moderate yield of compound 36 was
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unexpected, as destannylation has not been reported as a major side reaction under
comparable conditions.'?” A plausible explanation is that the reaction parameters were
primarily optimised for benzene derivatives, whereas the electronic properties and

reactivity of pyrrole 35 differ significantly.

The final step in the synthesis towards acid 37 involved catalytic hydrogenation of the
benzyl ester 36 (Scheme 14). Appropriate hydrogenation conditions had to be
established to achieve selective cleavage of the benzyl ester while avoiding reduction
of the phenol-methylthiazole ether moiety. A total of nine hydrogenation conditions

were evaluated, as summarised in Table 3.

Conditions LC/MS Results
10% Pd/C (54 mol%),
1,4-Cyclohexadiene (10 eq.), Ethanol'?8
NiCl2x6H20 (6 eq.), NaBH4 (18 eq.),

No conversion of ester 36

Acid 37 not detected

MeQOH29

10% Pd/C(en) (200 mol%.), H2, MeOH'3®  Complex mixture

10% Pd/C (25 mol%), H2, MeOH 50% conversion of ester 36 after 18h
10% Pd/C (50 mol%), Hz2, MeOH 50% conversion of ester 36 after 7h
10% Pd/C (50 mol%), H2, AcOH, MeOH 50% conversion of ester 36 after 3h
10% Pd/C (75 mol%), Hz2, MeOH Acid 37 with side products

10% Pd/C (100 mol%), H2, MeOH Acid 37 with side products

10% Pd/C (200 mol%), H2, MeOH Red. of Bn-ester and PhO-ether in 36

Table 3: Tested reaction parameters for the catalytic hydrogenation of benzyl ester 36.

The most effective conditions employed 50 mol% of Pd/C (10%) in MeOH for 3 hours.
However, complete conversion was not observed, even after extended hydrogenation
overnight. This incomplete conversion suggests potential catalyst poisoning, likely

caused by minor side-products generated during the hydrogenation.

Complete conversion was ultimately achieved only after repeated isolation of the
starting material and subsequent hydrogenation, affording acid 37 in a moderate
yield of 41%. The overall yield of compound 37 over the nine-step synthetic
sequence, starting from pyrrole, was 1%. Despite the modest yield, the final product
was obtained in sufficient quantity for all planned biological evaluations and exhibited

excellent solution stability over prolonged storage.
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1.3.4 Derivatisation of Zafirlukast (13)

A comprehensive understanding of the structure-activity relationship (SAR) of the
zafirlukast scaffold is essential for the successful evaluation of its KRAS PPI inhibitory
activity. Fortunately, the synthesis of various zafirlukast derivatives has been reported
in the literature.’'-137 |n the present study, previously published synthetic protocols
were optimised, and new synthetic routes were developed to access novel derivatives.

The zafirlukast analogues prepared in this work are summarised in Table 4.

BNH- Rl R R® R* RS R2

057 (38) NO2 Me CHz Me TSA R
Ox.sen. (39) NHz Me CHz Me TSA m g .
059 (40) MC Me CHz Me TSA o Rs.@R
031(41) CPC Me CH: H TSA Y
054 (42) CPC H CHz Me TSA -~ =-========== S
053 (43) CPC Me CHz Me OH cre. £ /O

051 (44) CPC Me CHz Me OMe N" o

055(45) CPC Me CHz Me MSA

044 (46) NO: Me CHz Me OMe TSA HN_@@

049 (47) NO2 Me CHz Me OH AN

047 (48) NHz Me CHz Me OMe o o
050 (49) NHz Me CHz Me OH  msa: pn—S— me: & L
081(50) NO2 Me C=O Me OMe “f, 0 N ©

Table 4: Target derivatives of the zafirlukast SAR grouped according to variations in substituent
residues. Abbreviations: methyl/cyclopentyl carbamate (MC/CPC) and methane/o-toluenesulfonamide
(MSA/TSA).

The green series comprises derivatives with modifications at R, i.e. nitro indole 38,
oxidation sensitive amine 39, and the methyl carbamate (MC) 40. The magenta series
features variations at R? and R?, i.e. N/O-desmethyl derivatives 41 and 42. The blue
series includes modifications at R®, i.e. carboxylic acid 43, methyl ester 44 and
methanesulfonamide (MSA) 45. Notably, acyl sulfonamides are considered
bioisosteres of carboxylic acids due to their low pka values in the range 4-5."38 The

series comprises all four combinations of nitro/amino indole with benzoic
acid/methyl benzoate, i.e. 46-49. Additionally, a ketone at R? is featured in derivative
50. Derivatives 41, 42, 45, and 49 are novel, while the remaining compounds have
been reported previously.’'-137 The N-desmethyl analogue 42 can be conveniently
synthesised from 5-nitroindole (Scheme 16).
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HN\ HN\

HN\

MBMB 1.0 eq. — o—
Ag,0 1.0 eq. H, Pd/C 5 mol%
- -0 O
anh. Dioxane, N, MeOH/THF=2/1 /
60°C, overnight RT, 4h
NO, vernia NO, o NH, o
77% Yield o 91% Yield BNH-043 ©
BNH-041 52
51
CCF 1.0 eq.
—0
\O NMM 1.0 eq.
MBMB anh. DCM
N, RT, 3
Br’ 0 2, RT, 3n
97% Yield
TSA 2.0 eq. HN HN
PYBOP 1.1 eq. N o— N o—
DIPEA 2.2 eq. LiOH 5.0 eq.
D = &,
anh. DCM, N, THF/MeOH/H,0 = 2/2/3 /
RT, 48h i
Oﬁ/NH OH N>, RT, overnight o NH ¥ )
68% Yield o) 91% Yield O\O BNH-045
53
W
EE—— O

Scheme 16: Synthesis of target derivative 42 of the magenta series, commencing from 5-nitroindole.

Alkylation of 5-nitroindole at C3 using methyl 4-(bromomethyl)-3-methoxybenzoate
(MBMB) in the presence of Ag20 gave the zafirlukast core scaffold 51. Unreacted
starting material was recovered and re-subjected to alkylation, resulting in a combined
overall yield of 77%. Catalytic hydrogenation of the nitro group then provided the
primary amine 52 in good yield. All synthesised zafirlukast derivatives were found to
be prone to oxidation in air and on silica, particularly the primary amines. As a result,
purification was only possible by HPLC, followed by lyophilisation of the appropriate
fractions. Carbamate formation proceeded smoothly upon treatment of amine 52 with
cyclopentyl chloroformate (CCF) and N-methylmorpholine (NMM), furnishing methyl
ester 563. Notably, the carbamate moiety appeared to impart oxidative stability to the
scaffold, likely through electron withdrawal from the indole ring system. Subsequent
hydrolysis of 53 afforded the carboxylic acid 54. Final coupling with o-
toluenesulfonamide (TSA) under standard peptide coupling conditions yielded the
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target acyl sulfonamide BNH-054 (42). An initial attempt using HATU as the coupling
reagent led to undesired homocoupling between the indole amine and the carboxylic
acid of intermediate 54, as evidence by LC/MS analysis. This side reaction likely
occurred during preactivation of compound 54 with HATU, prior to addition of TSA, in
line with the known reactivity of HATU with both amines and acids.'® In contrast,
PyBOP does not react with amines enabling all reagents to be combined from the
outset. This allowed the excess TSA to promote the desired heterocoupling. In
comparison, the O-desmethyl derivative 41 was prepared from zafirlukast through a

novel, two-step synthesis (Scheme 17).

BBr; 5.0 eq.

anh. DCM, RT, 17h

Q\ CCF 1.2 eq.
_0 NMM 1.2 eq.

NH anh. DCM, N, RT, 6h

BNH-031 (41) o) 26% Yield over two steps

Scheme 17: Two-step synthesis of target derivative 41 of the magenta series starting from zafirlukast.

A commonly employed method for the O-demethylation of phenol ethers involves
treatment of the starting material with the strong Lewis acid BBr3."# When this protocol
was applied to zafirlukast, cleavage of both the methyl ether and the carbamate
functionality was observed. The resulting intermediate 55 displayed poor solubility and
pronounced sensitivity towards oxidation, rendering it unsuitable for further use in the
zafirlukast SAR. Consequently, intermediate 55 was carried forward directly used into
the next step without purification. The primary amine was then successfully
transformed into the desired cyclopentyl carbamate 41 using cyclopentyl chloroformate
(CCF) and N-methyl-morpholine (NMM).
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The subsequent set of derivatives, i.e. the series, was synthesised starting from
intermediate 51, employing modified versions of the protocols shown in Scheme 16
and Scheme 17 (Scheme 18).

HN N N
) — NaH1.2eq. N o— \ o—
O : Mel 1.2 eq O Pd/C 5 mol% O
anh THF Q MeOH/THF Q
N, RT, 3h 172
o RT, 3h
BNH-041 52% Yield
51 85% Yield
LiOH 5.0 eq.
THF/MeOH/H,0
RT, 5h
99% Yield
N
N o— SN o—
Q Pd/C 5 mol% Q
Q MeOH/THF Q
2/1
NO RT, 4h
89% Yield
Scheme 18: Synthesis of the target derivative series, i.e. compounds 46-49,

starting from indole 51.

The nitroindole 51 was N-methylated to afford the target derivative 46 in moderate
yield. Subsequent catalytic reduction of the nitro group furnished the amine 48. In
parallel, methyl ester 46 was hydrolysed under basic conditions to yield the carboxylic
acid 47 in excellent yield. Catalytic hydrogenation of the nitro derivative 47 gave the
amino acid 49 in good yield. This amino acid 49 an the corresponding methyl ester 48
served as starting materials for the preparation of the green and blue target derivative

series (Scheme 19).

Amide coupling of derivative 49 with TSA furnished the acyl sulfonamide 38 in good
yield. Catalytic hydrogenation of the nitro group compound 38 gave the corresponding
primary amine 39, which is listed in Table 4, but not shown in Scheme 19. Similar to
intermediate 55, amine 39 exhibited low solubility and high susceptibility to oxidative
degradation, preventing its isolation in sufficient purity for biological evaluation.
Therefore, amine 39 was used directly in the subsequent step without further

purification.
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N TSA1.05¢ N
N 29 €G- N
N o— EDCI HCI 1.05 eq. N o—
DMAP 1.05 eq.
(2 - &
anh. DMF, N, RT, 18h Oxd_
/ N
NH, OH NO, NH ©
J 90% Yield 3
BNH-057 (38)
\N 1. MCF 2.0 eq.
N o— NMM 2.0 eq.
Q anh. DMF, N,
RT, 1h
(Dol &
0 NH NH © 2. H, Pd/C 5 mol%
ﬁ/ J MeOH/THF=1/1
o RT, 18h
7/ BNH-059 (40)
15% Yield
over 2 steps
N LiOH 5.0 eq.
N N
N O—  CCF1.1eq. A O— THF/MeOH/H,0
O NMM 1.1 eq. Q 11111
T O
Q / anh. DCM, N, RT, overnight
NH, 3 RT, 2h
S §( 99% Yield
95% Yield
BNH-051 (44)
N
N N
N o— MSA 1.05 eq. N o—
Q EDCI HCI 1.05 eq. Q
DMAP 1.05 eq. Q
Dey -
/-~0
NH NH anh. DCM, N,
O 4 RT, 20h o§( 4
0] O
BNH-055 (45)  40% Yield BNH-053 (43)

Scheme 19: Top: synthesis of the green target derivative series, i.e. compounds 38 and 40, starting
from derivative 49. Bottom: synthesis of the blue target derivative series, i.e. compounds 43-45,

starting from derivative 48.

Conversion of the amine 39 into the corresponding methyl carbamate 40 using methyl
chloroformate (MCF) proceeded with 15% overall yield across the two steps.
contrast, transformation of the amine group in derivative 48 into the corresponding
cyclopentyl carbamate 44 was achieved in excellent yield. Subsequent hydrolysis of
the methyl ester afforded the corresponding carboxylic acid 43, which was coupled

with methanesulfonamide (MSA) in standard amide coupling condition to yield the
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target derivative 45. The moderate yield in this step is probably a result of the relatively

low nucleophilicity of sulfonamides compared to amines.

The final target derivative 50 features a ketone in place of the methylene bridge in
present in zafirlukast. This substitution introduces a hydrogen bond acceptor (HBA)
between the two aromatic rings, making ketone 50 the only compound in this zafirlukast
SAR series to incorporate such a feature. It is therefore a key intermediate for this
zafirlukast SAR. Fortunately, the synthesis of ketone 50 has been reported recently

and involves the alkyne intermediate 56 (Scheme 20, top arrow)."36

1. TMS-acetylene 1.0 eq., Cul 10 mol%, TEA 1.5 eq.

O2N Pd(PPhj3),Cl, 10 mol%, deg. DMF, Ar, RT, 2h
2. K,CO3 Ar, 80°C, 2h
N~ 3. Pd(PPhg),Cl, 10 mol%, Cul 10 mol%, TEA1.5eq.  O2N
I

Br deg. DMF, Ar, @QC’ overnight O _
ZAN > N
BNH-068 58% Lit. yield |
57 | |
+ TMS-acetylene 1.3 eq. Pd(PPh3),Cl, 5 mol%
Cul 5 mol% Cul 10 mol% -0
I Pd(PPh3),Cly, 5 mol% PPh3 10 mol% O
1) TEA 1.5 eq. CsF 2.0 eq.
- > >
deg. DMF, Ar, RT, 2h TEA/PEG200/H,0 o0 o~
Ar, 80°C, overnight
oo~ 95% Yield BNH-082
over two steps 56

Scheme 20: Top arrow: attempted synthesis of alkyne 56 through a published one-pot domino
Sonogashira coupling protocol over three steps. Bottom arrows: successful synthesis of alkyne 56
through an adapted sequential Sonogashira coupling protocol.

The synthesis of alkyne 56 was originally published as a one-pot, three-step, also
referred to as domino Sonogashira coupling.'36'4!" The required 2-bromo-N,N-
dimethyl-4-nitroaniline 57 was synthesised through monobromination of N,N-dimethyl-
4-nitroaniline (see Experimental Section). In the published protocol, bromide 57 was
first converted into the corresponding trimethyl silyl (TMS) alkyne. In the second step,
the TMS group was removed using K2COs, and the resulting the terminal alkyne was
immediately subjected to Sonogashira coupling with methyl 4-iodo-3-methoxy-
benzoate. A final yield of 58% was reported for alkyne 56.

However, this procedure could not be reproduced successfully in our laboratory. As an
alternative, we employed a modified synthetic route, beginning with the Sonogashira
coupling of the more reactive methyl 4-iodo-3-methoxybenzoate with TMS-acetylene.

The resulting TMS-alkyne intermediate was purified via flash chromatography and then
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used in a sequential Sonogashira coupling. In this adapted method, the TMS group
was cleaved in situ using CsF, and the resulting terminal alkyne was immediately
coupled in a one-pot reaction.'#"142 Using this approach, the internal alkyne 56 was
obtained in excellent yield over two steps. This improved yield can be attributed to the
low concentration of terminal alkyne in the reaction mixture, which suppresses the

competing Glaser homocoupling.'42

With the alkyne 56 in hand, the subsequent oxidation to ketone 50 was attempted

following a published procedure (Scheme 21, top arrow).'36

KQSQOg 3.0 eq.

O,N .
O > DMSO, 80°C, 4h

| 3% Yield
Il 60-91% Lit. yield
_O
TBHP 6.0 eq.
TBAI 20 mol%
02 0"  anh. DMSO, 80°C
overnight
BNH-082 46% Yield

56

Scheme 21: Comparison of two published oxidation protocols from alkyne 56 towards ketone 50.

In the published procedure, the alkyne 50 was oxidised using K2S20s in DMSO at 80°C
for 4-5 hours with a reported yield of 60-91%. However, under identical conditions,
our attempts resulted in a complex product mixture and a significantly lower yield of
only 3%. This discrepancy suggests that K2S20s may be too potent an oxidant in this

context, leading to overoxidation and side reactions that compromise selectivity.

Fortunately, an alternative protocol was identified, which reported successful oxidation
of an alkyne structurally similar to compound 56, using tert-butyl hydroperoxide (TBHP)
in combination with tetrabutylammonium iodide (TBAI)."#3 When applied to alkyne 56,
this milder procedure led to a much cleaner conversion affording the target ketone 50
47% yield.

Notably, both derivatives 50 and 56 represent valuable scaffolds for further
derivatisation, particularly due to the presence of central functional groups, i.e. an

alkyne and a carbonyl moiety. As discussed in the introduction, effective PPIIs often
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adopt L- or T-shaped geometries.’ The central alkyne or carbonyl moieties in
derivatives 50 and 56 offer ideal vectors for installing a third substituent, thereby

enabling the construction of such geometries in a rational design approach to PPlIIs.

Toward this goal, attempts were made to convert ketone 50 into the corresponding
oxime or hydrazone derivatives by stirring with O-benzylhydroxylamine or
p-fluorophenylhydrazine, in the presence of either base or acid. Unfortunately, these

transformations did not yield the desired products (Scheme 22).

R'-NH, HCI 1.5 eq.
Pyridine 20 eq.

\/ v
Zay > O,N i\
DCM, RT, 3h
|
RZ-NH, HCI 1.5 eq. R
AcOH 16 eq. N S N—
s > 5
MeOH, 50°C, 3h O O , HN™
R
R'-NH, HCI 10 eq.
Anthranilic acid 10 eq. _
N > (@) (0]
N F
Pyridine/MeOH/THF
1/2.5/2.5

RT, overnight

Scheme 22: Attempted conversions of ketone 50 into the corresponding benzyl oxime and
p-fluorophenyl hydrazone.

Notably, no conversion of ketone 50 was observed by LC/MS analysis under the tested
reaction conditions for oxime or hydrazone formation. CRISALLI et al. reported that
oxime formation from aldehydes can be significantly accelerated in the presence of
anthranilic acid as a nucleophilic catalyst.'* Motivated by this finding, the same
catalytic conditions were applied to ketone 50; however, once again, no reaction was

observed by LC/MS analysis.

A likely explanation for the lack of reactivity lies in the electronic nature of the carbonyl
group in ketone 50. The ketone is flanked by two aromatic rings, and conjugation with
these electron-rich systems considerably reduces the electrophilicity of the carbonyl
carbon. As a result, its reactivity towards nucleophiles such as hydroxylamines or
hydrazines is diminished, even under catalysed conditions.
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To circumvent this issue, an alternative strategy was pursued: the reduction of ketone
50 to the corresponding secondary alcohol, which would serve as a precursor for
further functionalisation via alkylation. For this purpose, a Luche reduction was

attempted under standard conditions (Scheme 23).

NaBH,4 1.0 eq.
CeCl3 1.0 eq.
¢ o
MeOH/THF=1/1
RT, overnight

Scheme 23: Attempted Luche reduction of ketone 50 towards the corresponding alcohol.

The Lewis acid CeCls has been reported to activate carbonyl groups toward
nucleophilic attack by hard nucleophiles, i.e. H-.'*5 However, no conversion of ketone
50 was observed by LC/MS analysis following overnight stirring at room temperature.
This lack of reactivity highlights the reduced electrophilicity of the carbonyl, likely due
to resonance stabilisation by the flanking aromatic systems. Future work should
therefore focus on applying stronger, more reactive hydride donors, i.e. DIBAL-H and

LiAlH4, which may overcome the electronic deactivation of the ketone.

The synthetic work of this project concluded with two attempted conversion of alkyne

56 into the corresponding 1,4,5- or 3,4,5-trisubstituted 1,2,3-triazoles (Scheme 24).

[Ir(cod)ClI],> 2 mol%

O2N R-BINAP 4 mol% 0
Methyl 2-azidoacetate 1.5 eq. O Nsz/[(
N X o

| anh. deg. DCM,/Xr, RT, overnight O2N N/ P N,
I o X
N “LL‘ N
ey s O o
e -azidoacetate 1.0 eq.
O y 52 4 O ? 28
deg. dioxane, Ar, 60°C, overnight /O

0”>o”
BNH-082 (56)

Scheme 24: Attempted conversions of alkyne 56 into the corresponding
1,4,5- or 3,4,5-trisubstituted 1,2,3-triazoles.
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Standard Cu-catalysed azide-alkyne cycloaddition (CuAAC) is a widely employed and
reliable method for synthesising 1,4-disubstituted 1,2,3-triazoles from terminal alkynes.
However, internal alkynes such as compound 56 are generally unreactive under
CuAAC conditions and do not yield the corresponding trisubstituted triazoles. In
contrast, alternative cycloaddition methods using Ir and Ru catalysts have been
reported to successfully convert internal alkynes into trisubstituted 1,2,3-triazoles,
often with good yields.'#¢14” The regioselectivity of these transformations depends
significantly on the substituents present on the alkyne. In both published protocols,
ethyl 2-azidoacetate was employed as the azide partner. As this compound was not
readily available in our laboratory, the corresponding methyl ester was used instead.
Unfortunately, under both Ir- and Ru-catalysed conditions, no conversion of alkyne 56

into the desired trisubstituted 1,2,3-triazoles was observed.
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1.3.5 Biochemical Data and Docking Results

1.3.5.1 Assays and Reference Molecules

Our project library currently comprises ~1,200 molecules with 1 to 30+ assay
datapoints each. As the primary screening method, we employ the KRAS-SOS
nucleotide exchange assay to evaluate initial compound activity. Compounds
exhibiting ICso values in the low micromolar range are subsequently advanced to
cellular assays. Compounds that show little to no inhibitory activity are typically not
subjected to further evaluation, with the exception of reference compounds or
molecules of particular interest. The relevant reference compounds used to benchmark
assay outcomes have been outlined previously in the introductory section 1.1.13
(Figure 19).

g Pt ﬁ Q Q i
N
A\ HoNu, \ /
N Ho _%;b
—N

Fesik-lle (6) BI-2852 (7 Ch-3 (8) \

Figure 19: Relevant reference molecules for the discussion of the biochemical data and docking
results of the biazole and zafirlukast derivatives.

The biazole and zafirlukast scaffolds constitute rather linear small molecules sharing
notable structural similarities with the reference compounds Fesik-lle (6), BI-2852 (7)
and Ch-3 (8), which are included in the following SAR discussion. The analysis is
based on two assays: KRASC?2PVWI_SQOS nucleotide exchange (NEC'2PVWT) and
CellTiter Glo (CTG) viability of SNU-1(KRAS®'2P) and RKo (KRASYWT) cell lines. The
NECG12D/GI2VIWT  agsgys quantify the SOS1-catalysed GDP/GTP exchange in the
presence of a PPIl. The CTG SNU-1/RKo assays measure the amount of living cells
in a cell culture 72h after PPII treatment. The assay protocols are described in detail

in the Experimental Section.
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A summary of the NE©'?P assay results for the biazole and zafirlukast series, along
with the outcome of rigid receptor docking of these ligands at P1 on KRASG12D. GDP jg

presented in Table 5.

ID NEG12D DS Glide
ICs0 [UM] [kcal/mol] emodel
12 3.84+2.14 -1.77 -74.2
37 100 + 321 -6.91 -80.2
14 >300 -5.15 -56.5
23 >300 -4.67 -42.9
58 >300* -5.72 -56.0
59 >300* -4.39 -45.4
60 >300* -5.17 -54.5
61 >300* -4.58 -44.9
62 >300* -4.97 -50.0
63 19.8* -4.30 -36.3
13 | 12.7+6.22 -3.89 -43.2
38 16.5+£1.78 -4.24 -54.4
40 66.7 £30.9 -3.71 -48.8
41 11.9+£5.99 -2.13 -43.4
42 | 10.4 £ 0.909 -1.93 -41.3
43 82.7£40.7 -2.24 -38.1
44 >300 -4.14 -41.3
45 5541289 -3.22 -42.1
46 >300 -3.70 -38.7
47 @ 48.7 £9.96 -4.01 -36.6
48 >300 -4.98 -44.7
49 | 80.1£651 -4.93 -41.1
50 >300* -4.32 -42.0
56 >300* -3.75 -36.7
6 >300 -5.77 -63.6
7 17.0£9.31 -6.13 -79.3
8 >300 -4.86 -45.3
Table 5: Left: nucleotide exchange assay results of the biazole ( ) and zafirlukast (green) series.

The mean is reported with the standard deviation. Single measurements are marked with an asterisk.
Right: docking scores (DS) and Glide emodel values of those ligand conformations with the largest
negative emodel values in Figure 22. The references are shaded white.

Molecules with an ID starting with “LDC”, i.e. biazoles 58—63, have been provided by
our collaboration partner. Their syntheses are not covered in this thesis. In the following
discussion all compounds with ICso(NE®'2P) > 300 uM are classified as inactive, while
those with lower ICso values are considered active. The structures of all derivatives

listed in Table 5 are shown in Figure 20.
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Figure 20: Biazole and zafirlukast derivatives synthesised in this project. The zafirlukast derivatives
are coloured according to their structural differences, analogous to Table 4.
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1.3.5.2 Rigid Receptor Docking

Visualising the protein:ligand complexes of the derivatives listed in Table 5 greatly
facilitates interpretation of the corresponding assay data. To this end, our research
group routinely employs the Schrédinger Maestro Suite 2018 for the in silico simulation
of protein:ligand interactions. In this section, the generated complexes serve as visual

and interpretive tools for analysing KRAS®'2P:ligand binding.

Rigid receptor docking was performed using the crystal structure of KRASG12D. C118S jn
complex with BI-2852 (7) (PDB ID: 6ZL5).%° The C118S mutation was introduced to
enhance protein stability, as previously reported.®® Rigid receptor docking involves
generating and ranking potential binding poses of a ligand (any listed in Table 5) within
a static binding site on a protein (P1 in 6ZL5).7® The resulting poses were evaluated
based on their Glide emodel values, a dimensionless metric that reflects the likelihood
of a ligand adopting a particular binding pose. Ideally, a single binding pose with a

highly negative emodel value is observed, indicating a strongly favoured conformation.

Additionally, the docking score (DS), which estimates the binding free energy (AGbind)
in kcal/mol, was used to compare binding affinities across chemically diverse ligands.
This score accounts for various factors including hydrogen bonding, desolvation, and
metal-ligand interactions. The DS thus provides a comparative measure of complex

stability and potential biological relevance.4814°

Detailed protocols for the performed calculations are provided in the Experimental

Section. The results of the rigid receptor docking are summarised in Table 5.

Before discussing the data presented in Table 5, two critical aspects of the docking
process must be highlighted. First, P1 on KRAS€'2D. GDbP \was chosen as binding site
for the rigid receptor docking based on the structural similarity of the biazole and
zafirlukast derivatives with established P1 ligands, specifically references 6—8. Among
these, BI-2852 demonstrates the highest binding affinity for P1, making the
corresponding crystal structure 6ZL5 the most appropriate binding site model for this
rigid receptor docking study.
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Second, following the identification of P1 as a probable binding site for the synthesised
ligands, the docking parameters were systematically optimised to accurately reproduce
the binding pose of the co-crystallised reference ligand BI-2852. The finalised docking
parameters are provided in the Experimental Section.

The left panel of Figure 21 illustrates the overlay of the co-crystallised conformation of
BI-2852 (red) with its docked pose (green) within P1 on KRAS®12D. GDP The right panel
of Figure 21 displays the allosteric binding pockets of KRAS, coloured as in Figure

16, to provide spatial orientation and facilitate interpretation of ligand placement within

the protein surface.?

Figure 21: Left: superimposed conformations of BI-2852 (7) co-crystallised (red) and docked (green)
to P1 at KRAS®G12D. GOP (PDB ID: 6ZL5). GDP is depicted as red sticks in the background. Mg?* is a
magenta sphere. Right: binding pockets of 6ZL5 coloured according to WENG et al.®

The close spatial alignment of both conformations of Bi-2852 is an indication for the
suitability of the established docking model for predicting accurate docking poses at

P1 for ligands structurally related to BI-2852.
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1.3.5.3 Discussion

In order to highlight the correlations between our in vitro and in silico findings, the DS
and emodel values of up to ten poses per ligand were plotted alongside box plots

summarising the NE®'?P assay results of the ligands listed in Table 5 (Figure 22).
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Figure 22: Top: summary of the DS and Glide emodel values of up to ten conformations per ligand,
resulting from docking the biazole and zafirlukast series with published reference ligands to P1 in
6ZL5. Bottom: box plots of the assay results in Table 5, divided by scaffolds analogous to the upper
plot. The mean is indicated by a black dot, the central 50% of the data (interquartile range) is indicated
by a box, and the whiskers extend up to the 1.5-fold interquartile range.

The poses of biazoles 12 and 37, as well as the reference 7, are distinguished by their
consistently large, negative docking scores (DS) and emodel values within narrowly
distributed ranges. This suggests energetically favourable binding of these ligands at
the P1 pocket. These computational findings align with their in vitro NEG'?P assay
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results, which yielded ICso values of 3.8412.14, 100+£32.1, and 17.0+9.31 uM,
respectively. In contrast, the remaining biazole derivatives performed comparatively
poorly both in silico and in vitro. A notable exception is derivative 63, which
demonstrated moderate NEC'2P inhibition with 1Cs0=19.8 uyM, despite DS

(~4 kcal/mol) and emodel values (~36) that typically correspond to weak binders.

Nevertheless, the docking model appears sufficiently robust to differentiate between
active and inactive biazole ligands at P1. A key discriminatory interaction seems to be
the ionic coordination between the carboxylic acid moieties of active biazoles 12 and

37 and the Mg?* cation situated opposite the B-phosphate of GDP (Figure 23).

Figure 23: Predicted binding poses of biazoles 12, 37, 60, and 63 as well as of zafirlukast (13) and its
derivative 46 at P1 in 6ZL5.
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The flexible hexanoic acid moiety in biazoles 12 and 37 enables simultaneous
coordination of the Mg?* cation and optimal positioning of the aromatic ring within the
small, apolar P1 pocket. This dual interaction potentially contributes to the observed
activity of these ligands in the NE©'?P assay. The preference of P1 for small aromatic
scaffolds has been described previously by KESSLER et al.?> Biazoles lacking the
carboxylic acid moiety, i.e. derivatives 14, 23, and 58-62, are inactive in the NE®'2P
assay, presumably due to their inability to engage in Mg?* coordination.
Correspondingly, these compounds exhibit comparatively poor DS and emodel values.
The docking pose of biazole 60 in Figure 23 serves as a representative example. The
docking poses of the remaining biazoles are similarly unremarkable and are therefore

provided in the Appendix for completeness.

Notably, a similar NE®'?P inhibition mechanism, based on ionic interaction with the
Mg?* cation, was previously proposed by our research group for betulinic acid
derivatives acting on the KRAS:SOS complex.4® The apparent inconsistency between
the docking and assay results for biazole 63 may stem from constraints imposed on
the docking protocol to prioritise binding poses at P1. While biazole 63 may indeed
operate via Mg?* coordination, its structural length likely precludes simultaneous
interaction with both P1 and the metal centre. Consequently, the Glide scoring function

may disfavour such conformations energetically.

The successful synthesis of pyrrole diester 37, a stable analogue of screening hit 12,
combined with the elucidation of a plausible mode of action for active biazoles, marks

a significant advancement in the SAR understanding of this ligand class.

In contrast to the biazole series, no meaningful correlation was observed between the
in vitro and in silico results for the zafirlukast scaffold, as illustrated in Figure 22.
Specifically, none of the docking poses indicated complexation with the Mg?* cation or
other strong interactions, as exemplified by the representative poses of zafirlukast and
its derivative 46 in Figure 23. The docking conformations of the remaining zafirlukast

derivatives were similarly unremarkable and are presented in the Appendix.

Despite the lack of supportive docking data, a distinct pattern is apparent in the NE®12P
assay results: active zafirlukast derivatives consistently contain either a carboxylic acid
moiety, i.e. derivatives 43, 47, and 49, or an acyl sulfonamide group, i.e. derivatives

13, 38, 40, 41, 42, and 45. Acyl sulfonamides are regarded as bioisosteres of
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carboxylic acids, typically exhibiting pKa values in the range 4-6."3% Conversely,
inactive derivatives lack such acidic functionalities. This suggests that NE¢'2P inhibition
in the zafirlukast series may depend on the presence of an acidic group capable of

interacting with Mg?*.

However, the absence of Mg?* complexation in the docking poses implies that P1 is
unlikely to be the relevant binding site for the zafirlukast derivatives. Instead, a different
binding pocket, potentially one still proximal to the Mg?* ion, may be responsible for the
observed biological activity. Consequently, while the docking model is effective for
predicting biazole interactions at P1, it appears unsuitable for zafirlukast-based ligands
and should not be relied upon to infer binding conformations for this scaffold at the P1
site of KRAS®'2D in 6ZL5.

Furthermore, the most potent NE©'2P inhibitors in the zafirlukast series (ICs0< 20 uM),
i.e. derivatives 13, 38, 41, and 42, share a common o-toluenesulfonamide moiety. In
contrast, derivatives 43, 45, 47, and 49, which lack this structural feature, showed
reduced activity. This trend suggests that the o-toluenesulfonamide group plays a
critical role in enhancing KRAS:ligand interactions. Conversely, structural features
such as the cyclopentyl carbamate moiety and the N/O-methyl substituents present in

zafirlukast appear non-essential for NEG'2D inhibition.

Importantly, although a reliable docking model for zafirlukast derivatives at P1 remains
elusive, the biological data are nonetheless promising. Specifically, compounds 41 and
42 not only demonstrated superior NE®'2P inhibition compared to the P1 reference
PPIl, BI-2852, but even slightly exceeded the activity of their parent compound

zafirlukast. This represents a significant advance in the SAR study of this scaffold.

Notably, an additional pattern emerges from the extended assay data of the biazole
and zafirlukast derivatives, as summarised in Table 6. Specifically, derivatives that
reduce cell viability in the SNU-1 and/or RKO cell lines, i.e. derivatives 14, 46, and
48, were found to be inactive in the NE®'?P assay. Conversely, derivatives that were
inactive in the CTG assays, i.e. derivatives 12, 13, 37, 41, 47, and 49, demonstrated

inhibitory activity in the NE®'2P assay.
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NEG12V NEWT CTG SNU-1 CTG RKO

P m [uM] [uM] [uM]
12 0.842* 9.97 £ 9.76 >30 >30
14 >300* >300* 16.2 £ 1.15 n.d.
37 n.d. 283" >30 >30
13 149+6.11 14.03* >30 >30
38 17.4* 25.3% n.d. n.d.
40 38.0* 61.7* n.d. n.d.
41 n.d. 15.0* >30 >30
42 12.0* 13.9% n.d. n.d.
43 n.d. 46.6* n.d. n.d.
45 n.d. 80.4* n.d. n.d.
46 n.d. >300* 1.51+£0.100 2.93 1222
47 n.d. 91.9* >30 >30
48 n.d. >300 3.72 + 0.355 2.30+£0.185
49 n.d. 203" >30 >30
50 n.d. >300* n.d. n.d.
6 n.d. >300 9.52 + 1.52 >30
7 10.9+0.655 33.1+9.71 >30 >30
8 n.d. >300 7.19 £ 0.836 7.28 £ 0.150
Table 6: Assay results of the biazole ( ) and zafirlukast (green) series and the reference

molecules (white). The mean is reported with the standard deviation. Single measurements are
marked with an asterisk.

One possible explanation for this inverse relationship is the potentially limited cell
permeability of the active NE€'?P inhibitors. These compounds contain acidic functional
groups, which are deprotonated at physiological pH, resulting in negatively charged
conjugate bases that may hinder cellular uptake. This physicochemical property could
explain their lack of cytotoxicity in cell-based assays, despite their efficacy in inhibiting

nucleotide exchange in vitro.

The methyl esters 46 and 48 are expected to be uncharged under physiological
conditions, which likely enhances their cell permeability compared to zafirlukast (13)
and its derivative 41. Once inside the cell, the esters may undergo hydrolysis, liberating
the corresponding carboxylate anions, which could then engage in Mg?* complexation,

thereby inhibiting the nucleotide exchange.

In contrast, biazole 14 does not have a carboxylic acid or bioisosteric acid group,
making Mg?* complexation an unlikely mode of action. Given its structural resemblance

to reference 6, it is reasonable to assume that they share a common mode of action.

Finally, comparison of the NE 1Cso values presented in Table 5 and Table 6 reveals

that all tested derivatives, with the exception of compound 43, exhibit either no or weak
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selectivity (< two-fold) for KRASC'?P over the WT. This selectivity is comparable to the
behaviour of reference 7. In contrast, compound 43 demonstrated a two-fold
preference for KRASWT. In the CTG assays, no selectivity was observed for any
derivative, indicating comparable effects across cell lines, regardless of KRAS

mutation status.

1.4 Summary and Outlook

In the first project of this thesis, a total of 16 potential KRAS PPlls were designed and
synthesised. Among these were six biazoles provided by LDC (compounds 58-63) and
three biazole derivatives (14, 37, and 23) synthesised in our laboratory via convergent
Pd-catalysed coupling of five-membered heterocycles. Notably, the challenging nine-
step synthesis of the pyrrole diester 37 represents a significant achievement in SAR
exploration of the biazole series. The electron-withdrawing methyl esters on the pyrrole
ring in compound 37 notably improved its solution stability compared to the oxidation
sensitive HTS hit 12.

Unfortunately, the NE®'2P inhibition observed for biazoles 12 and 37 did not translate
into significant selectivity between KRAS mutants or into cellular activity through
inhibition of downstream effector interaction. However, rigid receptor docking of all
biazole derivatives at the P1 site on KRAS®'?P (PDB ID: 6GJ8) proved to be a suitable
in silico model for discriminating between biazoles with/without NE®'2P inhibition. The
proposed key interactions contributing to NE®'2P inhibition include complexation of the
Mg?* cation by a carboxylate anion, alongside hydrophobic interaction of a benzene

ring with the P1 pocket.

Among the synthesised molecules were also 13 zafirlukast derivatives, i.e. compounds
38, 40-50, and 56. Notably, a significant yield improvement in the synthesis of the key
intermediate 56, up to 95% over two steps, was accomplished through sequential
Sonogashira coupling. The NE®'20 inhibition SAR of the zafirlukast derivatives
suggests a similar complexation of the Mg?* cation as observed in the biazole series,
with ICso values in the low micromolar range. This pattern, however, was not reflected
in the rigid receptor docking results of the zafirlukast derivatives at the P1 site in 6GJ8.
Particularly noteworthy are derivatives 41 and 42, which not only demonstrated
superior NE®'2P inhibition compared to their parent compound zafirlukast, but also
outperformed BI-2852, the currently most potent KRAS PPII binding at the P1 site. The
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lack of mutant/WT selectivity of the zafirlukast remains an area for future optimisation

of this promising scaffold.

Overall, the goal of studying the SAR of the biazole and zafirlukast scaffolds through
synthesis of derivatives and their analysis in vitro and in silico was achieved
successfully. In the process, the project library was enriched with both active and
inactive NE®'2P inhibitors, providing valuable datapoints for the following QSAR

studies.
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2 Design of a KRAS PPII Prediction-Synthesis Pipeline

2.1 Introduction

Despite recent advances in KRAS PPII development, the demand for evermore
streamlined screening pipelines persists. Modern medicinal chemistry has progressed
well beyond brute-force screening approaches towards more efficient strategies that
leverage the synergy between in silico modelling and laboratory synthesis. This project
focussed on employing state-of-the-art machine learning techniques to derive
quantitative structure-activity relationships (QSARs) from our project library. These
QSARSs enable the rapid evaluation of the inhibitory potential of millions of candidate
KRAS PPlls. Notably, libraries based on modular scaffolds, such as cyclic peptides,
offer the opportunity to synthesise a broad spectrum of structurally diverse PPlls using
a limited set of robust synthetic protocols. The first part of this introduction aims to
clarify key cheminformatics terminology, as some core concepts used in this work are
less familiar to the average medicinal chemist. The second part outlines the
advantages and limitations of the cyclic tetrapeptide (cyctetpep) scaffold as a platform

for designing PPlIs.

2.1.1 Medicinal Chemistry in the Age of Data

Developing a new small-molecule drug in the United States costs, on average,
approximately US$2 billion and takes around 15 years. While the profit margins of
successful drugs are substantial, the pressure to continuously optimise the drug
development process remains immense. Despite their decades-long history,
computer-aided drug discovery tools have only in recent years gained widespread
recognition as key driving forces for drug discovery in both academia and industry.
This shift is largely attributed to recent technological breakthroughs in computing

power and artificial intelligence.’®®

A particularly promising approach involves conducting in silico and in vitro screening
campaigns in parallel. Virtual libraries allow the exploration of vast chemical space at
low cost, while continuous feedback from targeted in vitro assays helps refine
compound selection and keep drug development efforts aligned.'' Although the
methodologies used by medicinal chemists to conduct screenings have advanced
significantly, the diversity of molecules selected for these campaigns has not. A

comprehensive analysis of the ZINC database, which contains over 800 million unique

58



molecules, revealed a striking pattern: the majority of screening efforts still draw from
a narrow range of scaffolds and structural motifs, particularly anilides and amides
(Figure 24).152
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Figure 24: Density map of lead-like molecules in ZINC database with most frequent structural motifs.
Reprinted from ZABOLOTNA et al.152

The widespread use of certain scaffolds in medicinal chemistry is largely due to their
accessibility via reliable and well-established synthetic protocols, which significantly
reduces the resources required for derivatisation. Moreover, the hybridisation of known
bioactive scaffolds remains a common and effective strategy for lead optimisation.'®3
However, this conventional approach has only scratched the surface of chemical
space. Of the estimated 1033 possible drug-like molecules, only a minute fraction has

been synthesised and characterised.%?

Machine learning now offers the capability to identify promising, unexplored scaffolds
beyond this narrow domain with greater reliability. This allows medicinal chemists to
allocate resources more strategically, particularly toward overcoming potential
synthetic challenges associated with novel structures. The rapidly evolving field of
cheminformatics is at the forefront of these efforts, dedicated to developing tools that

enhance scaffold discovery.'4

The following three sections introduce key concepts in cheminformatics that underpin

this project’s approach.
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2.1.2 Descriptors and Similarity

Molecular descriptors are numerical representations of structural features of
molecules.’® A familiar example is the logarithm of the partition coefficient (logP), a
floating-point number classified as a zero-dimensional (OD) descriptor. This project
primarily utilises 1D descriptors, specifically molecular fingerprints. Descriptors of
higher dimensionality also exist, often represented as two-dimensional or higher-order
matrices. A comprehensive overview of commonly used molecular descriptors is

provided by TODESCHINI and CONSONNI."56

Fingerprints are a key class of 1D descriptors. They are Boolean arrays of fixed length,
consisting of binary digits (on bits as 1s and off bits as 0s), where each position
corresponds to a specific structural feature. The presence of a feature in a molecule is

indicated by an on bit at the relevant position.

Figure 25 illustrates how structural similarity between molecules can be efficiently
computed using fingerprints, i.e. RDKit fingerprints. A widely used similarity metric is
the Tanimoto coefficient (Tc). It is calculated as the ratio of the number of shared on
bits between two fingerprints (bothAB) to the total number of unique on bits in both

molecules (onlyA + onlyB + bothAB) (Equation 1).157.1%8

bothAB 473

= = 0.94
onlyA + onlyB + bothAB 0+ 28 + 473

Tanimoto coef ficient =

Equation 1: Definition of the Tc and its calculation for the RDKit fingerprints in Figure 25.157
The example in Equation 1 shows Tc = 0.94 for biazoles 12 and 37 in Figure 25,

reflecting their high structural similarity. The Tc ranges from 0 (no similarity) to 1

(identical structures).
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Figure 25: RDKit fingerprints of length 512 of biazoles 12 and 37. The fingerprints differ in 28
positions (red) and have 473 on bits in common.
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It is important to note that different fingerprints can yield varying T values for the same
pair of molecules. Consequently, selecting an appropriate fingerprinting algorithm is
essential for the accuracy and relevance of the analysis. In this project, both RDKit and
the extended-connectivity fingerprints (ECFPs) were utilised. The ECFP is among the
most widely used and best-performing fingerprints in ligand-based virtual screening
and target prediction.%%.160 |n contrast, the RDKit fingerprint, when combined with the
Tanimoto coefficient, has demonstrated superior performance in representing the

similarity and diversity within chemical datasets.

The ECFP and RDKit FP differ significantly in their generation algorithms. The ECFP
is a circular fingerprinting approach based on a modified version of the Morgan
algorithm.'? |t encodes structural information by iteratively updating a numerical
identifier assigned to each atom, incorporating details of its atomic environment within
a defined radius. At each iteration, the radius, representing the topological distance in
terms of bonds, expands, progressively including more neighbouring atoms.'®® The top
half of Figure 26 schematically illustrated this process for the quaternary carbon atom

of the benzene ring in benzoic acid amide.

0. Iteration 1. Iteration 2. lteration
ECFP 8
(@) 4 4
NH, \‘gq R” \\g’e‘R H%/ \\g’e‘NHz
R _CH R..CH °
R4 C 4

H
4
RDKit 0-bond paths: O C N

(0] :
©)LNH2 |:> 1-bond paths:  C=C ~ C-N  C=0 c—C
2-bond paths: Cc=C-C C-C=0 C-C-N cCc-C-C cC-C=C
Figure 26: Schematic representation of the generation of ECFP and RDKit FP (top and bottom).
Modified from ROGERS and HAHN as well as Daylight Chemical Information Systems website. 63,164

It is important to note that the position indices depicted in Figure 26 do not correspond
to the actual numerical identifiers. In each iteration, only the atoms highlighted in red
contribute to the updated identifiers. After all atoms in a molecule (e.g. benzoic acid
amide) are processed, their final identifiers are hashed and aggregated to construct
the ECFP. Commonly, a radius of two bonds and a fingerprint length of 512 bits are
used, although these parameters can be adjusted depending on the application.
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In contrast, the RDKit fingerprint is a path-based method that represents a modified
implementation of the Daylight fingerprinting algorithm.®* These subgraphs are then
converted into short bit arrays through a process known as hashing. In the final step,
the resulting bit arrays are processed and merged to yield the RDKit fingerprint of fixed
length. Both the ECFP and RDKIit FP methods, however, have a notable limitation:
they do not inherently account for chirality.'®® Although recent advancements have
introduced chirality-aware fingerprints such as MAP4C, effective utilisation of such
methods requires a sufficiently large and diverse dataset containing chiral
molecules.%¢ |deally, this includes both potent chiral inhibitors and their corresponding

inactive stereoisomers to facilitate meaningful SAR modelling.

At present, the project library lacks an adequate number of chiral compounds to
support the development of robust chirality-sensitive models. Moreover, as discussed
in the introduction to the first project, potent KRAS inhibitors remain scarce overall,
irrespective of their stereochemistry. Consequently, this project deliberately omits
stereochemical information and focuses exclusively on atomic connectivity.
Nonetheless, chirality-aware fingerprints such as MAP4C represent a promising future
direction in KRAS PPII development, contingent upon the expansion of available chiral

ligand datasets

2.1.3 Quantitative Structure Activity Relationship (QSAR)

The calculated descriptors define a multidimensional space, referred to as descriptor
space, in which each dimension corresponds to one molecular descriptor. Since each
descriptor captures a distinct structural aspect of a molecule, any compound can be
represented as a unique point within this space (Figure 27). In a labelled dataset, each
molecule is also associated with an activity measure, which is illustrated as colour
coding in Figure 27. When the activity measure is categorical, such as active (red),
moderately active (green), or inactive (blue), a classification algorithm is typically
employed. This algorithm assigns each point in descriptor space to a discrete activity
category. Conversely, if the activity measure is continuous, a regression algorithm is
applied, assigning each point to a specific value within a predefined activity range.
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Figure 27: A library of click cyctetpep is represented as points in descriptor space. Applying a
classification or regression algorithm to the obtained data points yields
individually labelled data points/molecules.

The correlation between molecular structure of biological activity, as represented within
descriptor space, is known as the quantitative structure-activity relationship (QSAR).
For any given set of molecules, this relationship can be formalised as a mathematical
function, where molecular descriptor values serve as inputs and the corresponding

activity values as outputs (Equation 2).67
f(Descriptors) = Activity

Equation 2: QSAR models can be understood as a function of the employed descriptors.
Structure-dependent variables can be predicted by such models, i.e. in vitro assay activities.

The function that most accurately estimates activity values for a labelled dataset is
selected through a process known as fitting. At this stage, the computer has effectively
‘learned” the QSAR for that dataset. Subsequently, any unlabelled molecule, i.e. one
without an associated activity value, can be projected into descriptor space, and an

activity value can be assigned based on the learned model.

A widely used algorithm for both classification and regression tasks is the Random
Forest algorithm. This approach involves constructing an ensemble of decision trees,
often numbering 100 or more. Figure 28 illustrates a hypothetical regression decision
tree that employs some of the molecular descriptors used in this project; the specific

definitions of these descriptors are not relevant at this point.
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nN<3
MW < 300 Da | MW < 400 Da

nBondsD < 4 SlogP_VSA1 <5 NdO <2 SMR_VSA3 <10

25 1.0 54 6.1 5.8 49 2.4 7.0

Figure 28: A regression decision tree utilising some of descriptors listed in Table 8.

The training dataset, such as the project library, is recursively divided into two subsets
through a process known as recursive binary splitting. At each node, the algorithm
selects a descriptor and a corresponding threshold that minimises the variation in
activity values within the resulting subsets, relative to their mean activity. This splitting
continues until a predefined stopping criterion is met. The mean activity values of the

final subsets, referred to as leaves, are shown at the bottom of the tree.

In the case of a classification decision tree, each leaf would represent the predominant
class among the data points it contains. When generating a Random Forest of, for
example, 100 regression trees from a single dataset, many of the trees might otherwise
be very similar. To introduce diversity, each decision tree is trained on a random one
percent subset of the labelled dataset. Furthermore, during each recursive binary split,
only a random subset of the available descriptors is considered. This dual
randomisation, of data and descriptors, decorrelates the individual trees, significantly

improving the robustness and generalisability of the model.

For any unlabelled molecule, the activity prediction is obtained by averaging the
predictions from all trees in the forest.'®® However, QSAR can only identify promising
PPlls if the screened libraries contain compounds structurally suitable for KRAS
inhibition. Without relevant chemical diversity in the input space, even the most
sophisticated model cannot predict effective ligands.

2.1.4 Characterisation of Molecular Libraries

Understanding the composition of the project library is essential for selecting external
libraries with complementary characteristics. In the context of molecular collections,
the term chemical space broadly refers to the entirety of all conceivable molecules and
their properties.’®® A standard approach to analysing the chemical space of a given
library involves projecting a limited number of molecular descriptors into two or three

dimensions (Figure 29).17°
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Figure 29: Comparison of three molecular libraries: Approved small molecule drugs (blue),
DLiP-PPI (red) and known PPI modulators (green). Histograms of four molecular descriptors
were compared: A) MW, B) AlogP (calculated logP value)'”!, C) numbers of HBA
and D) RO4 violations. Reprinted from IKEDA et al.'®

In a recent study, IKEDA et al. illustrated the chemical space occupied by their DLip-
PPl library (red), comparing it to libraries of approved small-molecule drugs (blue) and
established PPl modulators (green).’® The histograms in Figure 29 highlight the partial
overlap between the chemical spaces of small molecules and PPlls. While small
molecules typically conform to the rule of five (ROS), PPlIs tend to follow the rule of
four (RO4), though a substantial number of PPIIs in the DLiP-PPI library deviate from
the RO4, as seen in panel D. The DLiP-PPI library was intentionally designed to bridge
the gap between RO5- and RO4-compliant compounds. In general, large molecules
such as PPIls suffer from low aqueous solubility and poor cell permeability, whereas
small molecules frequently display inadequate binding at the wide, shallow surfaces
characteristic of PPl interfaces. The authors aimed to identify compounds that combine
the most favourable features of both chemical spaces and consolidated them into the
innovative DLIiP-PPI library. However, macrocycles were intentionally excluded from
this collection of small PPlIs to maintain synthetic accessibility. While this decision is
justifiable from a practical standpoint, it overlooks the significant potential of small
macrocyclic structures as KRAS PPlls; a potential that arguably outweighs the

synthetic challenges they present.
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2.1.5 Cyclic Peptides — A Privileged PPII Scaffold

The potential of macrocyclic scaffolds as PPIls was briefly outlined in Section 1.1.1
The wide and shallow topology of typical PPIl binding sites has been linked to the
distinct structural characteristics of PPlls compared to traditional small-molecule
inhibitors. This has prompted the formulation of the RO4, which define a lower

threshold of physicochemical properties associated with high affinity PPIls (Table 1).172

Many cyclic peptides fulfil the RO4, making them well-suited for targeting protein-
protein interactions. In addition, two key structural features distinguish them as
privileged scaffolds for PPIl development. First, they are composed of AA building
blocks, which enables modular design. A diverse array of natural and non-natural AAs
is commercially available, and further specialty AA analogues can be synthesised

efficiently in the laboratory (Figure 30, left).’”3
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Figure 30: Advantages of AA-based macrocycles: Readily available AA building blocks (left), efficient
(bio)chemical synthesis (middle) and diverse strategies for combinatorial library generation (right).

The AA building blocks can be coupled efficiently using well-established amide
coupling chemistry (middle). When employing solid-phase peptide synthesis (SPPS),
workup steps can be omitted, and on-resin cyclisation can prevent polymerisation of
the linear, bifunctional precursors.?4174 Both linear and some cyclic peptides are also
accessible through biosynthetic expression.'”® This synthetic accessibility has enabled
strategies for the combinatorial generation of cyclic peptide libraries. One such
approach, the split-and-pool method, produces mixture containing up 108 unique cyclic
peptide sequences.'”® High affinity binders are selected through target binding and
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identified via LC/MS-MS analysis. Peptide identification can also be achieved using
mRNA or phage display tags.'””-178 A particularly promising approach is the split-intein
circular ligation of peptides and proteins (SICLOPPS). Therein, plasmids are employed
to synthesise the cyclic peptides in the cells which contain the desired assay, which
allows for rapid screening of up 10° sequences.'’®

The second key structural advantage of cyclic peptides lies in their conformational
their

conformationally constrained, due to the amide-iminol tautomerism of peptide bonds

rigidity. Compared to linear counterparts, cyclic peptides are more
and transannular interactions. As illustrated in Figure 3, only specific protein:ligand
conformations are energetically favourable. Adopting these conformations results in
an entropic cost for both ligand and protein, but the entropy loss is significantly lower
for cyclic peptides. MILLWARD et al. reported a 15-fold enhancement in binding affinity
upon cyclisation.'® Additionally, the highly ordered conformations of cyclic peptides
enable them to mimic secondary structural motifs of proteins, i.e. turns, helices and
B-strands (Figure 31, left)."®! This structural mimicry facilitates high-affinity binding to
wide, shallow protein interfaces, in some cases rivalling the binding affinities of

antibodies. 180
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Figure 31: Advantageous effects of cyclisation: Higher binding affinity (left), proteolytic stability
(middle) and increased membrane permeability (right). Modified from Ji, NIELSEN and HEINIS. 82

Cyclisation of peptides mitigates one of their key limitations, their limited serum
stability. Linear peptides composed of L-AAs are rapidly degraded by proteases under
physiological conditions, typically exhibiting serum half-lives of only 5-30 minutes. In
contrast, cyclic peptides are far more resistant to enzymatic hydrolysis, resulting in
significantly prolonged serum stability.'® For instance, QIAN et al. reported a 40-fold

increase in serum half-life, from 15 minutes to 10 hours, upon cyclisation.'84
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Beyond proteolytic stability, cyclisation facilitates the spatial proximity of hydrogen
bond donors (HBDs) and acceptors (HBAs), promoting the formation of stable
intramolecular hydrogen-bonding networks. This conformational constraint reduces
the polar surface area and diminishes the hydration shell, both of which are known
barriers to passive membrane diffusion. PRICE et al. demonstrated that linearisation of
the cyclic peptide cyclosporin A led to a ten-fold reduction in cell permeability.8°
However, findings on this topic remain mixed. A systematic study by KwoN et al. on
the cell permeability of several cyclic peptides and their linear analogues found no

consistent correlation between cyclisation and increased permeability. 86

The mechanisms underlying oral bioavailability and membrane permeability of cyclic
peptides remain an active area of research.'®-8% These properties represent the two

most significant challenges impeding the clinical application of cyclic peptides.'9°
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2.1.6 Cyclic Peptide KRAS PPlls

TANADA et al. have reported the identification of a narrow region within the chemical
space of cyclic peptide KRAS PPIIs that exhibit desirable pharmacokinetic properties.
The most prominent example from their study is LUNA18 (3).22 Figure 32 presents a

curated selection of cyclic peptide KRAS PPIIs discovered over the past two decades.
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Figure 32: Selection of cyclic peptide KRAS PPIls.

The 11-mer cyclic peptide 3 stands out with an oral bioavailability of 21-47% and a cell
permeability of 2.3 x 10 cm/s. It inhibits the KRASC'2P:SOS PPI with an ICso < 2 nM
and exhibits comparable potency in AsPc-1 cells (KRAS®'?P). However, mutant/WT
selectivity was not reported. Crystallographic analysis of LUNA18 bound to KRAS®12D
confirmed binding at the P2 site (Figure 16), and clinical trials are currently
underway.?® The 19-mer peptide KRpep-2d (64) shows similar inhibition of the
KRASC12D:S0S PPI with an ICso = 1.6 nM, while also exhibiting a 26-fold selectivity for
KRASC2D over the WT."®' Although KRpep-2d reduces proliferation of A427 cells
(KRASG12D) at 30 uM, no effect was observed in A549 cells (KRASG'2C) 192 The
inclusion of a cell-penetrating peptide (CPP) motif (blue) in peptide 64 significantly
enhances its cell permeability; however, CPPs have been linked to adverse effects
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such as mast cell degranulation.’®?® Furthermore, the disulfide bridge in KRpep-2d
contributes to plasma instability prompting the development of KS-58 (65), which binds
at P2 similarly to KRpep-2d.'94.195

The 11-mer 65 inhibits ERK phosphorylation in A427 cells (KRAS®'?P) to 26.0 £ 6.0 %
at 30 uM, and to 57.6 + 7.6 % in PANC-1 cells (KRAS®'?P) under the same conditions.
KS-58 exhibits 3.6-fold selectivity for KRAS®'?P over the WT, although its low water
solubility limits in vivo application. To address this, injectable nano-formulations have
been evluated.’® A structurally similar CPP motif (blue) is also present in the 11-mer
peptides cyclorasin 9A5 and 9A54 (66 and 67). Small structural modifications (red)
between peptides 66 and 67 drastically improve inhibition of the KRAS®'2V:RAF PPI
from an ICso = 0.12 uM to 18 nM, although this enhancement comes at the cost of a
five-fold reduction in cell permeability. Later findings suggest that compound 66
induces nonspecific protein unfolding, rather than specific binding to KRAS, a property
likely shared by peptide 67.197-199

Similarly, a stapled helix analogue of SSOSH (68) has also been shown to bind non-
specifically.’® Compound 68, a pan-RAS inhibitor, mimics the aH helix of SOS1
(Figure 10, D, green) and reduces viability to <10% in a panel of RAS-mutant cell lines
(RASWT/G1ZC/G128’ NRASQ61K/G13D, HRASG12V)_200

At the opposite end of the molecular size spectrum, FUMAGALI et al. reported one of the
smallest cyclic peptide KRAS PPllIs in 2021: the stapled 6-mer peptide 69. It inhibits
the KRAS:SOS or KRAS:RAF PPI with an ICso = 2.4 uM and its cell permeability was
demonstrated via antiproliferative activity in NCI-H358 (KRAS®'2C) and PC9 (KRASWT)
cells at 50 puM.201

Collectively, the cyclic peptide KRAS PPIlls presented in Figure 32 illustrate several
critical insights. Despite their extended surface interactions, peptides 66—68
demonstrate that target specificity is not guaranteed. Moreover, high-affinity
compounds like 65 often struggle with poor cell permeability and/or orally
bioavailability. While CPP motifs offer a solution, their side effects limit their desirability,
as evidenced by peptides 64, 66, and 67. These findings define a key challenge in
peptide drug design: engineering cyclic peptides that are small and lipophilic enough

to cross membranes, yet large enough to maintain high binding affinity and specificity.
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The development of LUNA18 has yielded a preliminary set of guidelines for peptides
of comparable size. However, no such frameworks exist for smaller cyclic peptides that
lie near the upper limit of the RO5. These peptides, which remain underexplored as
KRAS PPlls, may offer untapped potential. While the stapled peptide 69 offers a
promising start, it also underscores the trade-off between size and binding affinity.
Nonetheless, this does not imply that small PPlls are inherently inferior in binding
capability. For instance, MRTX-1133 (2, MW = 601 g/mol) successfully resides at the
upper end of the RO5 range.

Consequently, the cyclic peptide KRAS PPlls in Figure 32 make a compelling case for
exploring cyclic tri- and tetrapeptides as novel chemical probes for the RO5-R0O4
boundary of the PPIl chemical space. These intermediate scaffolds positioned
between heavy small molecules and light PPIlls, potentially address KRAS in a

completely novel fashion.

2.1.7 Synthesis Routes Towards Cyctetpep

Cyclic tetrapeptides have long been recognised as promising scaffolds for drug
discovery, although on targets other than KRAS. The main barrier to their broader
exploration is their challenging synthesis.?* Due to amide-iminol tautomerism, these
molecules experience significant ring strain, especially in 9—12 membered rings,
making macrocyclization inherently difficult. Cyclisation yields are highly dependent on
the peptide sequence, but they can be improved through various strategies, including:
I) replacement of at least one amide bond by an ester bond, Il) incorporation of b- and
L-AAs and/or Gly, Ill) use of turn-inducing motifs (e.g., (pseudo)proline and
N-methylation), V) positioning the cyclisation site to be reactive and sterically
accessible and V) choosing appropriate cyclisation reactions.?* Proline exemplifies a
turn-inducing motif that can enable reasonable yields in otherwise low-yielding
tetrapeptide cyclisations. For instance, HATU-mediated cyclisation towards the histone
deacetylase (HDAC) inhibitor chlamydocin A (70) proceeds with 56% yield, as shown
in column A of Scheme 25.292 However, proline’s presence alone does not guarantee
high yields; peptide molecular dynamics in solution, affected by sequence, solvent, and

reagents, play a critical role in cyclisation behaviour.
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Chlamydocin (70)
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cyclo-[Pro-Val-
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Scheme 25: Published cyclisation reactions towards three cyctetpep.202-204

The tyrosinase inhibitor 71, first isolated in 1993 from Lactobacillus helveticus, remains

synthetically elusive despite extensive efforts.??> To address this, Bock et al. reported

the synthesis of the triazole analogue 72 via click cyclisation with a remarkable yield

of 70% (Scheme 25, column B). The incorporation of a triazole moiety extends the ring

to 13 carbon atoms, thereby reducing ring strain. Moreover, Cu'-catalysed azide-alkyne

cycloaddition (CUAAC) cyclisations likely involve multinuclear complexes, where Cu

nuclei bridge the gap between the azide and alkyne termini, pre-organising them for

efficient cyclisation.?% Despite this success, click cyclisation requires two unnatural

AAs, making it less desirable for large-scale or combinatorial synthesis.
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Alternatively, peptides with N-terminal serine or threonine and a C-terminal
salicylaldehyde ester can be cyclised through imine-induced ring contraction. WONG et
al. successfully used this approach to generate a library of all-L cyctetpep, such as
cyclo-[TINA] (73), with yields in the range 6-27% (Scheme 25, column C).2% The
authors hypothesise that the imine-induced ring contraction proceeds via a
16-membered intermediate, significantly reducing the activation barrier for the
cyclisation. Computational calculations of the free energy changes during the reaction

mechanism support this hypothesis.

Importantly, the three cyclisation examples shown in Scheme 25 represent only a
small subset of the numerous protocols developed over the past two decades.207-20°
Selecting the most suitable method for synthesising a given cyclic peptide remains
largely a trial-and-error process. As such, building a comprehensive understanding of
reliable macrocyclisation strategies is essential for efficiently unlocking the potential of

this promising scaffold.
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2.2 Aim

The second project of this thesis builds upon the SAR information accumulated in the

project library, including the data generated in the first project. The principal objective

was to develop a QSAR model capable of identifying novel KRAS PPlIs with greater

accuracy and efficiency than conventional molecular docking methods. In parallel, the

project aimed to establish the synthetic foundation necessary for the preparation of a

derivative library based on a promising scaffold within our research group. To achieve

this, the project was structured into four sequential phases:

1)

)

1)

V)

Rapid and accurate prediction of the inhibitory potential of millions of
prospective KRAS PPlls sourced from specialised libraries.

Identification of an accessible scaffold exhibiting a privileged PPII shape and
strong predicted activity.

Development of a robust and modular synthetic route to generate structurally
diverse derivatives of the selected scaffold.

Experimental evaluation of these derivatives.

A schematic overview of this project is shown in Figure 33.

Phasel | Phasell | Phaselll | PhaselvV
Chem. Sp. Anal.
Target Target SAR
SAR Scaffold Derivatives Insight
Database

=<

- Docking, .
MDS Assays Ny
@’ G 0y
and A

Synthesis @

Structure
QSAR

Figure 33: Schematic structure of the second project: I) Extraction of QSAR from project library and
prediction of inhibitory potencies, Il) Identification of target scaffold. Ill) Modular synthesis of target

derivatives, 1V) Testing of target derivatives.

The four phases were subdivided into a sequence of seven defined steps, which were

executed in the following order:

1.

Analyse the chemical space covered by the project library to enable meaningful

comparison with structurally diverse PPIl and cyclic peptide libraries.
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. Supplement the project library with curated external SAR data of known KRAS
PPIls, thereby increasing dataset diversity and robustness.

. Construct a regression model with high predictive accuracy for estimating the
inhibitory potency of candidate molecules, optimised for large-scale virtual
screening.

. Select a scaffold suitable for synthesis and identify target derivatives with
favourable binding profiles using rigid receptor docking.

. Evaluate KRAS-ligand interactions through MDS to gain insight into binding
stability and interaction residues.

. Synthesize the identified derivatives, employing a robust and modular approach
to generate structural analogues efficiently.

. Derive future scaffold optimisations based on insights from both in silico

modelling and in vitro activity assessments.
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2.3 Results and Discussion

2.3.1 Chemical Space Analysis

The chemical space analysis presented in the following section was conducted
collaboratively by my colleague Sascha Koller and myself. The results are the outcome
of an equally distributed joint effort. All subsequent in silico analyses, beginning with
Section 2.3.2, were carried out independently by me. The structure and methodology
of this section were informed by established guidelines for chemical space analyses of
molecular libraries as reported in the literature.'7%2'0 The primary objective was to
identify regions of chemical space not yet explored by the project library. The insights
gained from this analysis are intended to guide future virtual screening campaigns and

synthetic efforts, improving the strategic coverage of relevant chemical space.

2.3.1.1 Selection of Molecular Libraries

The first step of the chemical space analysis involved the selection of suitable
reference libraries against which the project library could be compared. To ensure
comprehensive benchmarking, three types of reference libraries were chosen: a
maximally diverse library, a PPII-focused library, and a cyclic tetrapeptide (cyctetpep)
library. Structurally diverse libraries of small molecules adhering to the RO5 are widely
accessible; for this analysis, the DivSet provided by the company ChemDiv was

selected as the diverse small molecule reference.

In contrast, the PPIl chemical space remains relatively underexplored, with only a few
curated libraries available.?’ Notably, the TIMBAL'® and 2P2I2° databases are either
no longer accessible or too limited in size (the latter containing only 242 compounds).
Larger and more relevant libraries such as Fr-PPIChem and DLiP-PPI would have
been ideal candidates due to their size and DLiP-PPI’s specific focus on the RO5/RO4
interface (see Section 2.1.4).16.177 However, Fr-PPIChem is commercially restricted and

DLiP-PPI cannot be downloaded from its web interface.

Three smaller but accessible PPII-focused libraries were therefore considered: iPPI?'?,
Enamine PPI?'3, and Reinvent PPI'"2, The iPPI library is an open-source project
containing published PPl modulators. The Enamine PPI library is the digital version of
a commercial PPII library curated by the company Enamine. The Reinvent PPI library
has been created entirely in silico and is not backed up by synthesised molecules.
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Among them, the iPPI library, an open-source collection of published PPI modulators,
was selected. This choice aligns with best practices for publicly funded research,
particularly the FAIR principles: Findability, Accessibility, Interoperability, and
Reproducibility.?4

In addition, a custom click cyclic tetrapeptide (click cyctetpep) library was generated in
silico. Using the Konstanz Information Miner (KNIME) software, a library of all
permutations of 20 proteinogenic AAs in the click cyctetpep scaffold was created.?'> A
detailed description of the workflow used for library generation is provided in the
Experimental Section. A summary of the libraries included in this analysis is presented
in Table 7.

Library Entries Downloaded/Created Source
Project 1208 01.04.24 LDC
ChemDiv DivSet 50 000 14.05.24 Company
iPPI 2426 14.05.24 Open source
Click Cyctetpep 152 000 19.01.24 In-house

Table 7: Molecular libraries used for the chemical space analysis of the project library.

2.3.1.2 Structure Preparation

The second essential step in any data analysis process is the preparation of the input
data, commonly referred to as structure washing. Inspired by two published structure
washing pipelines, we designed a custom, user-friendly KNIME workflow specifically
adapted to our input structures.2'%2'7 This workflow ensures compatibility and
consistency across all molecular entries. A schematic overview of the structure

preparation process is shown in Figure 34, which outlines the pipeline in three main

steps.
Unprocessed Remove Standardise Deduplicate Washed
Library Library

Figure 34: Schematic representation of the library washing workflow developed in this project.

The first step involved the removal of inorganic compounds such as metal complexes,
covalent inhibitors, i.e. Michael acceptors, unnecessary attributes like chirality, and
structurally incorrect entries. Organic salts were converted to their corresponding free
bases or acids. The second step focused on standardising the molecular

representations. Since computational systems differentiate between resonance forms,
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e.g. the two resonance structures of benzene, it is crucial to define a single
representation for each molecule to ensure consistency across the dataset. In the third
step, duplicate structures were eliminated, particularly those that arose from the
removal of chirality and the unification of resonance forms. All molecular libraries used
in this project underwent the same standardised structure-washing pipeline. A detailed
description of the KNIME workflow employed can be found in the Experimental

Section. The workflow itself can be found on GitHub.2'8

2.3.1.3 Comparison of Molecular Descriptors

The RO5 and RO4 comprise six molecular descriptors that are relevant for a ligand’s
binding affinity, solubility and membrane permeability. The descriptors, along with their
respective thresholds, are summarised in Table 1. As an initial step in the chemical
space analysis, the number of molecules in each library that comply with or violate the
RO5 and RO4 criteria was determined. Figure 35 illustrates the proportion of
molecules that satisfy (green) or violate (red) at least one of the RO5 conditions (left)

or RO4 conditions (right).
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Figure 35: RO5 and RO4 compliance of the molecular libraries in percent, i.e. accepted (green) and
rejected (red). Libraries from left to right: DivSet, iPPI, project and click cyctetpep.

As expected, the DivSet library exhibits full compliance with the RO5 criteria, as it was
explicitly designed for this purpose. In contrast, the other three libraries show varying
degrees of RO5 violations: 31% of the iPPI library, 26% of the project library, and 34%
of the click cyctetpep library contain at least one ROS violation. Regarding RO4
compliance, the iPPI and project libraries contain a higher proportion of RO4-compliant
structures, at 49% and 45% respectively, compared to only 12% in the DivSet and 11%
in the click cyctetpep libraries. The similarity in RO5 and RO4 compliance between the

project and iPPlI libraries is encouraging, as it supports the observed moderate to good
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KRAS PPI inhibition for several scaffolds within the project library. In contrast, the
lower-than-expected RO4 compliance of the click cyctetpep library is primarily
attributable to their low SlogP values, which are logP values calculated according to a
method published by WILDMAN and CRIPPEN.2'%220 Figure 37 shows histograms of the
SlogP and MW distributions for the four libraries: DivSet (blue), iPPI (green), project

(orange) and click cyctetpep (red).
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Figure 36: Histograms of SlogP (left) and MW (right) distributions of the four libraries DivSet (blue),
iPPI (green), project (yellow) and click cyctetpep (red).

The iPPI and project libraries display SlogP distributions centred around 4.5, indicating
a higher average lipophilicity compared to the DivSet library, which centres around an
SlogP of 3. In contrast, the click cyctetpep library exhibits markedly lower SlogP values,
clustering around 0, reflecting a considerably higher hydrophilicity than the other three
libraries. Interestingly, despite their low lipophilicity, the click cyctetpep compounds fall
well within the typical molecular weight range for PPlls. This suggests a higher
proportion of heteroatoms contributing to their overall molecular weight compared to
the other libraries. This trend is further supported by the H-bond acceptor (HBA) and
H-bond donor (HBD) distributions, as shown in (Figure 37).
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Figure 37: Histograms of HBA (left) and HBD (right) distributions of the four libraries DivSet (blue),
iPPI (green), project (yellow) and click cyctetpep (red).

The maijority of the click cyctetpep compounds contain 8 to 9 HBAs and 5 to 6 HBDs,
whereas most molecules in the other three libraries typically feature 4 to 6 HBAs and
only 1to 2 HBDs. As a result, the click cyctetpep structures are significantly more polar
than the average small molecule drug or PPII, with an approximate mean SlogP
difference of ~4. Additionally, the click cyctetpep exhibit a higher number of rotatable

bonds (NRB) and contain fewer cyclic motifs relative to the typical PPIl compounds, as

illustrated in Figure 38.
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Figure 38: Histograms of NRB (left) and ring count (right) distributions of the four libraries
DivSet (blue), iPPI (green), project (yellow) and click cyctetpep (red).

The amide-iminol tautomerism imparts rigidity to the macrocyclic cyctetpep backbone,
implying that the elevated NRB observed in the click cyctetpep library, relative to other
libraries, is primarily attributable to the side chains of the constituent AAs. Therefore,
synthesising click cyctetpep exclusively from AAs bearing aromatic side chains could

reduce the NRB while simultaneously increasing the number of ring systems.
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Furthermore, the reduced number of heteroatoms in aromatic side chains would lower
the counts of HBAs and HBDs, thereby shifting the SlogP values closer to those
typically observed for PPIIs. Methylation of the four backbone nitrogen atoms would
further enhance the lipophilicity of the click cyctetpep. Collectively, these modifications
would enable the design of click cyctetpep with physicochemical properties aligned
with PPIlIs, while preserving the structural and pharmacokinetic advantages of
macrocyclic drugs discussed in Section 2.1.5. In particular, the unique three-
dimensional architecture of click cyctetpep positions them as a valuable addition to the

chemical space represented in the project library.

2.3.1.4 Principal Moment of Inertia (PMI)

In 2003, SAUER and ScHWARz introduced one of the most effective approaches for
comparing molecular shape in silico, through the analysis of principal moments of
inertia (PMIs).?2' Mechanically speaking, the moment of inertia quantifies the torque
required to induce rotational acceleration around a given axis.??? For instance, a linear
molecule such as ethyne exhibits its smallest moment of inertia along the axis parallel
to its triple bond, as it offers minimal resistance to rotation around this axis. Conversely,
rotations around axes orthogonal to this bond require greater torque and thus yield

larger moments of inertia.

PMI analysis was conducted for the four molecular libraries listed in Table 7 using a
KNIME-based workflow. A detailed description of this workflow is available in the
Experimental Section. In the initial step, ten conformers were generated per structure,
followed by geometry optimisation of each conformer. Subsequently, the PMIs for the
three spatial dimensions (l1-3) were calculated for each optimised conformer. To
remove size dependency, the two smaller PMIs (l1 and I2) were normalised by dividing
them by the largest PMI (I3), yielding the dimensionless ratios NPR1 = I4/l3 and

NPR:2 = I2/13. In the final step, these ratios were plotted in a two-dimensional space.
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Figure 39 illustrates the resulting PMI plots for the reference molecules MRTX-1133
(left) and Ch-3 (right), with each data point representing one of the ten generated

conformers.

Rod Sphere o] Red Sphere

Figure 39: PMI scatter plots of MRTX-1133 (left) and Ch-3 (right) with ten conformers each.

The inclusion of multiple conformers per structure is essential, as it captures the
breadth of molecular shapes that a compound may adopt due to Brownian motion in
solution. Generating ten conformers per molecule ensures a more comprehensive
representation of its shape flexibility. For example, MRTX-1133 is a rigid, planar, star-
shaped scaffold that occupies a region in the PMI plot intermediate between an ideal
rod (I2/Iz = 1 and I4/Iz = 0, top left) and an ideal disc (l2/Is = 14/l3 = 0.5, bottom centre).
In contrast, the linear and rigid molecule Ch-3 (8) exhibits conformers that cluster near

the rod-like region of the plot, reflecting its limited shape adaptability.

By overlaying the PMI plots of all molecules within the four libraries, a general overview
of their respective shape distributions can be obtained. Figure 40 displays the PMI
plots of the DivSet, iPPI, project, and click cyctetpep libraries (arranged from left to
right and top to bottom). At first glance, it is evident that the DivSet library spans a
broad range of shapes, including rod- and disc-like structures, with a modest presence
of spherical conformers. In contrast, the iPPl and project libraries predominantly
feature rod-shaped molecules, with the spherical region remaining largely unpopulated

in all three of these libraries.

82



s
e
5
o

DivSet

1,00

0,95
0,90
0,85

0,80

Il
e
3
ul

0,75

(¥}

0,70

0,55 Project ; oss| Click Cyctetpep

0,50 hd 0,50

Figure 40: PMI scatter plots of the four libraries DivSet, iPPI, project and click cyctetpep with ten
conformers per molecule (left to right and top to bottom).

Notably, the click cyctetpep library presents a complementary shape profile,
characterised by a complete absence of strictly rod-shaped molecules. This is
attributed to the rigid, disc-like macrocyclic backbone of cyctetpep structures, from
which four side chains extend orthogonally. As a result, the library comprises a
substantial proportion of disc-shaped and spherical conformers. Remarkably, even the
structurally diverse DivSet library does not populate this region of shape space as
thoroughly as the click cyctetpep library. This unique shape distribution provides the
click cyctetpep library with a distinct advantage over the other libraries, enabling in

silico screening within an underexplored region of chemical space.

In summary, the chemical space analysis positioned the project library reassuringly
within the broader PPIl space. However, it also revealed a notable deficiency in shape
diversity, as the library is predominantly composed of rod-like molecules. In contrast,
the click cyctetpep library was shown to occupy a complementary and
underrepresented region of shape space, highlighting its value as an addition to the
project library. Despite this advantage, its molecular descriptor profile suggests that, in
its current form, it does not adequately span the desired interface between the RO5

and RO4 chemical spaces. Nevertheless, due to the prioritisation of establishing a
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high-yielding synthetic route, the unmodified click cyctetpep library was retained for
further development. The selection of target (click) cyctetpep derivatives is outlined in

the following sections.

2.3.2 Python QSAR

In 2024, Duo et al. published a Python-based QSAR protocol for the identification novel
SOS1 inhibitors.?2® The Python QSAR model developed in this project builds upon and
significantly expands the methodology presented by Duo et al., adapting it to the
specific task of efficiently identifying novel KRAS PPIlIs. To enhance the model's
predictive accuracy, several key modifications were introduced. Most notably, a
molecular descriptor selection procedure was added to complement or even replace
Extended Connectivity Fingerprints (ECFP). This enhancement substantially improves
the robustness of the QSAR model and offers the potential to replace the high-
dimensional fingerprint vector with a comparatively small set of molecular descriptors.
This, in turn, allows for further optimisation of model efficiency by reducing the feature

set without compromising performance.

It is important to note that preparation of the assay data used in this project was a
collaborative effort between my colleague Sascha Koller and myself. All subsequent
development and implementation of the Python QSAR model were conducted
independently by me. KNIME workflows and Jupyter notebooks referenced in this

section can be found on GitHub.218

2.3.2.1 ChEMBL Extension

Equation 2 in Section 2.1.3 of this project’s introduction establishes that QSAR models
relate structural features, encoded as molecular descriptors, to a quantitative measure
of biological activity. For this study, the NE®'?P assay was selected as the primary
activity readout for all compounds in the project library. This choice enabled the use of
nearly the entire project library for model training. Prior to analysis, outliers and non-
numerical activity values (e.g., entries listed as ">30 yM") were removed from the
dataset. For each compound, the mean NE®'?P |Cs value was calculated when

multiple measurements were available.

To further expand the training dataset, the project library was supplemented with

publicly available data from the ChEMBL database.??* Specifically, all compounds with
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reported KRAS-related activity (Target ID: CHEMBL2189121) were extracted from
ChEMBL version 34. Compounds identified as KRAS®'2C-gpecific inhibitors or lacking

quantitative 1Cso values were excluded to maintain relevance and data integrity.

The resulting ICso values, ranging from 1 M to 1 nM, spanned several orders of
magnitude, with the smallest ICso values being associated with potent KRAS PPIls,
such as MRTX-1133 derivatives and cyclic peptides similar to LUNA18. Such variation
poses challenges for machine learning due to skewed distributions and nonlinear scale
effects. Therefore, all ICs0 values (nM) were transformed using the negative base-10

logarithm to yield pChEMBL values, as shown in (Equation 3).

pChEMBL = _loglo(ICSO)

Equation 3: Definition of the pChEMBL scale.

This transformation improves numerical stability, normalises the activity scale, and
aligns with standard practices in cheminformatics and QSAR modelling. Furthermore,
the pChEMBL scale, ranging from 0 to 9, offers a more practical and interpretable
format for activity data than raw 1Cso values. Following this transformation, all ChEMBL
KRAS structures underwent the same structure standardisation process outlined in
Section 2.3.1.2. The washed ChEMBL KRAS set was then merged with the project

library, and any duplicate entries were removed.

To verify that the inclusion of ChEMBL compounds expanded the overall activity range,
a 2D visualisation of both datasets was produced. This was achieved by applying
t-distributed stochastic neighbour embedding (t-SNE) to the fingerprint matrix of each
library.??® Figure 41 presents the t-SNE plots: the top plot shows only the project
library, while the bottom plot includes both the project and ChEMBL KRAS datasets.
Each molecule is shown as a single point, coloured by its pPChEMBL value from 0 (dark
blue) to 9 ( ). While the x- and y-values themselves are arbitrary, the plots
offer insight into structural relationships between molecules. More specifically, t-SNE
embedding aims at plotting high-dimensional data in two or three dimensions, while
preserving the relationship between the datapoints to a certain degree. Therefore,
similar structures are represented as clusters, but the shape and distribution of the

clusters is not reliably interpretable.
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Figure 41: t-SNE plots of the project library (top) as well as the combination of project and ChEMBL
KRAS libraries (bottom). Each structure is represented by one dot, coloured
according to its pPChEMBL value, i.e. 0 (dark blue) to 9 ( )-

The main message to take away from Figure 41 is that the combined library (bottom)
has significantly more structures with pChEMBL values above 6 than the project library
(top), i.e. the cluster at -4/40 and the orange clusters at 45/-10 and 45/15. These
clusters represent potent KRAS PPIlls, predominantly MRTX-1133 derivatives and
cyclic peptides similar to LUNA18.
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The t-SNE plots highlight that the ChEMBL KRAS library is a valuable extension of the
project library. Integration of the ChEMBL KRAS dataset added approximately 50%
more training examples (from 603 to 917) and extended the activity profile beyond the
original pChEMBL range of 0—6. This broadened dataset improves the QSAR model’s
ability to recognise highly active scaffolds, including those in the pChEMBL range 6-9
that are particularly relevant for KRAS PPII discovery.

2.3.2.2 Feature Selection

With the input data carefully prepared, the next phase in building the QSAR model
involved selecting the appropriate features. Each molecule in the dataset is
represented by a specific set of features, and the quality of these features directly
impacts the predictive performance of the model. Whereas Duo et al. relied solely on
512-bit ECFP fingerprints as features, this project introduced a hybrid approach.??3
Each molecule was characterised not only by its ECFP fingerprint but also by 20

additional, carefully selected molecular descriptors.

This modification represents an initial step towards a future goal of reducing the overall
number of features to minimise predictive noise. In machine learning models, every
feature not strongly correlated with the target variable contributes a degree of noise.
Therefore, best practice recommends using as few features as possible, provided they
are highly informative, while maintaining enough input diversity for accurate
prediction.??6 While fingerprint vectors offer high specificity, they are not easily
compressible without losing structural information. In contrast, molecular descriptors

can be flexibly tailored to the modelling task and dataset.

To generate these descriptors, the Mordred software package was employed. Mordred
provides one of the most comprehensive open-source collections of molecular
descriptor algorithms currently available.?? In this project, all 0D Mordred descriptors,
requiring only 2D coordinates of the input molecules, were calculated for the extended
project library, yielding approximately 1,600 features per molecule. A full list of all
descriptors included in Mordred is available in the documentation.??® Descriptors
requiring 3D molecular coordinates were excluded to avoid the added complexity of

conformer generation at this stage.

After descriptor calculation, any features containing missing or non-numerical values

were discarded. The mutual information between each remaining descriptor and the
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target activity variable (o)ChEMBL) was then computed. Mutual information, in simple
terms, quantifies how much knowledge of one variable reduces uncertainty about
another. It serves here as a measure of correlation between molecular features and
bioactivity.??° Figure 42 shows a line plot of mutual information values plotted against

the corresponding descriptor IDs.
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Figure 42: Mutual information of each descriptor plotted against their respective descriptor IDs. The
descriptors with the largest mutual information (ID < 20) were selected (up to red dashed line).

The plot exhibits a sharp exponential decline is observed across the top 50 descriptors,
followed by a more gradual, approximately linear decrease extending through the
subsequent 1,150 descriptors. This trend culminates in a second exponential drop,
ultimately reaching a mutual information value near zero. Mutual information is
expressed in natural units [nat], where a value of zero signifies no correlation between
a descriptor and the activity variable, while increasing positive values reflect stronger

correlations.

Empirical optimisation revealed that incorporating the top 20 descriptors, indicated by
the red dashed line, alongside the ECFP significantly enhanced model performance.
Although replacing ECFPs with a minimal, highly informative set of descriptors remains
a long-term objective, the 20 selected descriptors were, in this case, employed in
combination with the 512-bit ECFP vector. This integration yielded a total of 532
features per compound in the extended project library. The decision to retain the ECFP
alongside the descriptors was guided by the resulting improvement in predictive
performance. Importantly, the incorporation of a systematic descriptor selection
process constitutes a substantive enhancement of the original protocol published by
Duo et al.?23 The selected 20 descriptors are summarised in Table 8.
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Descriptor Definition Interpretation
nN Number of N atoms. See Definition.?*°
nBondsD Number of double bonds in non-kekulized See Definition.?%°
molecular structure.
NdO Number of double-bonded O atoms. See Definition.?*°
ATS8m Moreau-Broto autocorrelation of lag 8 Distribution of atomic mass across
weighted by mass. molecular structure.?3’
ATS3v Moreau-Broto autocorrelation of lag 3 Distribution of vdW volume across
weighted by vdW volume. molecular structure.?3’
ATS6i Moreau-Broto autocorrelation of lag 6 Distribution of ionisation potential
weighted by ionisation potential. across molecular structure.?®
Describes how the atoms’
BCUTse-1I First lowest eigenvalue of Burden matrix Sanderson electronegativities are
weighted by Sanderson EN. arranged and connected
throughout a molecule.?%?
Describes how the atoms’ Pauling
BCUTpe-1l First lowest eigenvalue of Burden matrix electronegativities are arranged
weighted by Pauling EN. and connected throughout a
molecule.?32
Describes how the atoms’ Allred-
BCUTare-1I First lowest eigenvalue of Burden matrix Rochow electronegativities are
weighted by Allred-Rochow EN. arranged and connected
throughout a molecule.232
Xc-3d 3-Ordered Chi cluster weighted by sigma vl:\)/ﬁﬁgrgli;gogizlr%%yecl):;;rrgr?;ei?’:cte’
electrons. 233
account.
Measure of the polarity and steric
SssNH Sum of ssNH. accessibility of secondary amines
in @ molecule.?3
Measure of the polarity and steric
SdO Sum of dO. accessibility of double-bonded O
atoms in a molecule.?3*
Sigma contribution to valence electron Measure of the contribution of
ETA_beta_s mgb'l ot single bonds to a molecules’
obrie count. electron delocalisation.?3®
TIC1 1-Ordered neighbourhood total information Measure of the complexity of a
content. molecule.?38
SMR VSA3 MOE MR VSA Descriptor 3 (1.82 < x < Measure of the polarizability of a
B 2.24). molecule.?19.237
SMR VSA6 MOE MR VSA Descriptor 6 (2.75 < x < Measure of the polarisability of a
B 3.05). molecule.?19.237
SlogP_VSA1 MOE logP VSA Descriptor 1 (-inf < x < - Measure of the lipophilicity of a
B 0.40). molecule.?19.237
Measure of the atomic
MID_N Molecular ID on N atoms. environments of all N atoms in a
molecule.238
piPC4 4-Ordered pi-path count (log scale) Measure of the amount of
) branching in a molecule.23°
MWCO08 Measure of the branching and size

Walk count (leg-8).

of a molecule.240

Table 8: The 20 Mordred descriptors with the highest mutual information content relative to the activity
measure. Descriptor names and definitions were copied from the Mordred documentation.228 Note that
the Interpretation column is only provided as interpretation aid for the reader and does not necessarily
capture the full meaning of each descriptor adequately.
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2.3.2.3 Algorithm Selection

Following feature selection, the next step in the QSAR workflow was to determine the
most suitable regression algorithm for modelling the dataset. This process involved
partitioning the extended project library into a training set and a test set. Several
regression models were trained on the training set and subsequently used to predict
the pChEMBL values of compounds in the test set (data not previously encountered
by the models). Model performance on the test set served as a measure of
generalisability. The objective was to identify the regression algorithm that achieved
the closest agreement between predicted and experimentally measured pChEMBL
values. The overall model development workflow is illustrated in the right panel of
Figure 43.

5-Fold Cross-Validation Model Construction
Fold1 Fold2 Fold3 Fold4 Fold5 e
spiit1 | Test || Train || Train || Train || Train In-house

spit2 [ Train |[ Test |[ Train |[ Train |[ Train RS [Mestbats

Training Data | Test Data |

Best HP
Performance

Assessment

spit3 [ Train || Train || Test || Train || Train

Split4| Train || Train || Train || Test || Train

Split5| Train || Train || Train || Train || Test

Figure 43: Visualisation of the five-fold cross-validation (CV) split (left) and of the model development
workflow employed in this project (right). Each train-test split depicted on the right was performed as
five-fold CV.

The complete QSAR modelling pipeline, from data preparation using the extended
project library to model performance evaluation, was executed five times for each of
the ten regression algorithms assessed. For each algorithm, this involved performing
five-fold cross-validation (CV), as illustrated in the left panel of Figure 43. In five-fold
CV, the dataset is partitioned into five equally sized subsets. Each fold uses a different
subset as the test set while the remaining four subsets serve as the training set,
ensuring that each molecule is used once for testing. This methodology mitigates
biases arising from particularly challenging or lenient test splits and enables

performance assessment across the entire dataset.

To account for the influence of hyperparameters (HPs), model parameters that are not
learned during training but rather specified manually, a nested CV approach was

implemented. Within each outer CV fold, an additional five-fold CV was used to
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optimise the HPs, such as the number of trees, maximum tree depth, and minimum
samples per leaf in the case of a random forest regressor (see Section 2.1.3). Due to
computational constraints, a grid search over a defined subset of HP values was

employed rather than an exhaustive search.

The best-performing HPs from each inner CV were then used to train the model on the
outer fold’s training set. These trained models subsequently predicted pChEMBL
values for the respective test sets. Model performance was evaluated using the
coefficient of determination (R?) and root mean square error (RMSE). For each
algorithm, the mean and standard deviation of these metrics across all five folds were

computed to provide a robust measure of predictive accuracy and generalisability. A

summary of the results is presented in Table 9

Algorithm

Train R?

Test R?

Train RMSE

Test RMSE

Decision Tree

0.975 (0.0118)

0.561 (0.0441

0.219 (0.0546

0.933 (0.0654

Ada Boost

0.768 (0.0222)

0.685 (0.0445

0.683 (0.0342

0.787 (0.0197

Elastic Net

0.784 (0.0790)

0.651 (0.1369

0.773 (0.0465

Lasso

0.821 (0.0028)

(
0.694 (0.0643
0.728 (0.0292

0.600 (0.0085

0.734 (0.0459

Ridge

0.918 (0.0030)

0.738 (0.0276

0.407 (0.0081

0.720 (0.0426

Extra Trees

0.957 (0.0048)

0.749 (0.0498

0.293 (0.0151

0.701 (0.0647

Gradient Boosting

0.881 (0.0407)

0.751 (0.0441

0.483 (0.0831

0.701 (0.0720

K-Neighbours

0.977 (0.0508)

0.768 (0.0521

0.092 (0.2068

0.674 (0.0640

SVR

0.994 (0.0008)

0.789 (0.0302

0.106 (0.0072

0.646 (0.0481

Random Forest

— N [N " N N [ N N [—
~— N [N [ N [N N N N [~
— N N N N [ N N N~ [~

0.992 (0.0105) 0.794 (0.0258) 0.091 (0.0932) 0.638 (0.0414

Table 9: R? and RMSE for each regressor algorithm averaged across the five outer CV folds.

The selection of regression algorithms in this study was adopted from the work of
Duo et al.??® The algorithms were ranked in ascending order of their average R? scores
obtained on the test sets. The R? metric quantifies the proportion of variance in the
observed data that can be explained by the model and thus serves as an indicator of
predictive strength. In the context of this project, R? was used to assess how accurately
each model captured the relationship between molecular features and their
corresponding pChEMBL values. An R? value of 0 indicates no correlation, whereas a
value of 1 denotes perfect correlation. Complementarily, the root mean square error
(RMSE) metric was used to quantify the average deviation between the predicted and

measured pChEMBL values, providing a direct measure of prediction accuracy.

Given that the ultimate application of these models involves in silico screening of

previously unseen compounds, particular emphasis was placed on test set
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performance. The results, summarised in Table 9, show a clear trend: higher R? values
are generally associated with lower RMSE values, suggesting that stronger

correlations coincide with greater predictive precision.

Among the tested models, the random forest (RF) regressor exhibited the best
performance, consistently achieving the highest R? and lowest RMSE values. On
average, the RF model predicted ICso values with an error of approximately fourfold
the respective measured ICso value (as per Equation 3). Furthermore, the low
standard deviations in both R? and RMSE across the five folds indicate that the RF
model’s performance is stable and robust. Interestingly, these findings align with those
reported by Duo et al., who also identified the RF regressor as the most effective
algorithm for similar QSAR tasks.??3 This reinforces the suitability of the random forest
approach for predicting pChEMBL values using ECFP fingerprints augmented with 20

additional molecular descriptors.

To gain further insights into the generalisation behaviour of the top-performing models,
learning curves were generated for the three best regressors: RF, support vector (SV),

and k-nearest neighbours (KNN). These are presented in Figure 44.

The learning curves were generated by training the optimised regression algorithms
on incrementally larger subsets of the extended project library. The maximum training
set comprised 80% of the total dataset, while the remaining 20% served as a test set.
For each subset size, models were trained and subsequently used to predict pPChEMBL
values for both the training and test sets. The resulting predictions were used to
compute R? and RMSE values, which were then plotted to visualise model

performance across varying training set sizes.

In the generated plots, solid lines represent test set results, while dashed lines
correspond to training set performance. Colour coding was applied as follows: blue for
RF, red for SV and grey for KNN. These learning curves provide valuable insights into
the learning dynamics and capacity of each model. Ideally, a learning curve exhibits a
smooth hyperbolic shape that asymptotically approaches optimal values—R?
approaching 1 and RMSE approaching 0, indicating improved generalisation with

increasing data.
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Figure 44: Learning curves of the optimised random forest, support vector and k-nearest neighbours
regressor algorithms (blue, red and grey, respectively).

The training curves for the RF regressor suggest that approximately 300 training
examples are sufficient for the model to reach near-optimal performance on the training
data. Notably, the sharp increases in performance at the early stages underscore the
importance of including at least 100 examples to establish a stable and minimally
functional model. Beyond this point, all three algorithms showed consistent
improvement, reaching R? values around 0.8 and RMSE values near 0.3 after training

on approximately 700 examples.
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Importantly, none of the models demonstrated a continuous decline in performance
beyond a certain training set size. This would be an indicator of overfitting; a
phenomenon that severely compromises a model’s generalisability. This consistency
suggests that the temporary decrease in predictive accuracy between 350-400
examples, observed in all three learning curves, likely stems from specific QSAR

characteristics of the compounds represented within this training subset.

Among the models, the KNN regressor displayed the most variability in its test set
learning curve, characterised by noticeable fluctuations. This behaviour indicates a
higher degree of model instability, irrespective of the training set size, despite
achieving comparable performance metrics. In contrast, the RF and SV regressors
showed more stable and consistent performance across both the training process

(Figure 44) as well as across folds in (Table 9).

However, the SVR has an inherent sensitivity to the scale of input features,
necessitating feature normalisation prior to training, typically to the range [0,1]. The RF
regressor, by comparison, is scale-invariant and does not require such preprocessing,
making it less prone to issues arising from feature heterogeneity. Considering its robust
performance and lower sensitivity to data preprocessing requirements, the random
forest regressor was identified as the most suitable and reliable model for the QSAR

analysis in this project.

2.3.2.4 Structural Perspective of Prediction Accuracy

Prior to finalising the model, the structure-dependence of the RF regressor’s
predictions was evaluated through manual inspection. Aiming to maximise predictive
performance, the model was trained on 90% of the extended project library.
Hyperparameter optimisation was conducted through five-fold CV on this training set.
The RF algorithm was then retrained using the identified optimal hyperparameters, and
predictions were generated for the remaining 10% of the data, which served as the test
set. Encouragingly, the model achieved strong predictive performance on the test set,
with an average R? value of 0.79 and a RMSE of 0.29. A more detailed performance
assessment across different compound classes is illustrated by the box plots shown in

Figure 45.

94



| | H\‘(\/\\ N |
Cys—Prot;OAl—Leu—Bip—Ille—=Ser—Tyr—Asp—Pro—Val—Cys L 0 N—-N ™

| | [\
Arg—Arg—Ac c 3-05 (76) HoN-Arg—Arg CNng N o0 0

Measured = 9.0
Predicted = 8.80

()
i Lm
HN N
YT COR
0]
O 07 "NH,
Compound 32 (69) LDC382417 (77) O
o Measured = 4.32 Measured = 3.72 R

o Predicted = 4.78 Predicted = 4.50

LDC383038 (78) O
Measured = 618 H
Predcited = 5.30 N, N
'/
{OC J\QA @ g
HO. Z
Maresacss

LDC374826 (75)
Measured = 587 T

F .
F LDC193892 (80) Predicted = 4.33 Compound 23 (74)
F Measured = 4.87 0 H lL\(Iez_st:r((ejd :655.902
Predicted = 4.29 H N redicted = 6.
F F
N\/U\N/\/
H
(0]
N
HO 0
LDC385740 (79) o
P Measured = 4.56 NH
Predcited = 3.53
(o)
20 —
1.5
1.0
-
m 05
=
(S
3
s 00
<]
0.5
-1.0
-1.5 1
A B c M P R s T

Figure 45: Top panel: Representative examples of the compound classes contained in the test set.
Bottom panel: Box plots of the differences between predicted and measured pChEMBL values, sorted
by compound class. The compound classes are: acylsulfonamides (A), betulinic acids (B),
macrocyclic peptides (C), MRTX-1133 derivatives (M), PROTACs (P),
small aromatic molecules (R), stapled peptides (S) and tetrazoles (T).

The box plots were created from the differences between predicted and measured
pChEMBL values, defined as ApChEMBL in Equation 4.
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ApChEMBL = Predicted pChEMBL — Measured pChEMBL

Equation 4: Definition of ApChEMBL.

Each box plot visualises the distribution of ApChEMBL within a specific compound
class. The central 50% of the data (interquartile range) is represented by coloured
boxes, with the medians indicated by horizontal lines. Unlike conventional box plots,
the whiskers extend to the full range of observed values, rather than the typical 1.5-fold

interquartile range, to include all data points.

The median differences indicate that the RF model tends to overestimate the inhibitory
activity in five of eight compound classes. In contrast, three classes, namely
acylsulfonamides (A), PROTACs (P) and tetrazoles (T), exhibited a tendency for
underestimated activity. Among all classes, acylsulfonamides (A) and stapled peptides
(S) demonstrated the highest prediction accuracy, with ApChEMBL ranges of [-0.59,
0.23] and [-0.32, 0.53], respectively. Significantly wider ApChEMBL ranges were
observed for the remaining classes, i.e. B:[-0.88, 1.80], C: [-0.72, 1.56], M: [-0.64,
1.92], P: [-1.03, 0.08], R: [-0.33, 1.07], T: [-1.54, 0.77].

It is important to note that 50% of the differences lie within the interquartile range, and
extreme values such as -1.54 (T) and 1.92 (M) should not be viewed as representative
of the overall model accuracy. However, these outliers warrant closer structural

inspection.

The largest ApChEMBL was observed for derivative 74 from class M., a group
comprising analogues of the potent KRAS®'2® inhibitor MRTX-1133. Although
derivative 74 differs structurally from MRTX-1133 only by the absence of two fluorine
atoms and a terminal alkyne, and the addition of a ketone group, these minor changes
drastically reduced its activity. Such a sharp activity drop suggests that subtle structural
variations in high-affinity PPIIs like MRTX-1133 significantly impact potency. Improved
predictions for derivative 74 may require a focused model trained on extensive SAR
data for MRTX-1133 analogues, a level of detail beyond the scope of the general-

purpose KRAS PPIl model developed in this project.

Similarly, the significant underestimation of compound 75, a tetrazole from class T, can
be attributed to limited structural diversity within the training data. While most tetrazoles
in class T feature an acidic tetrazole ring connected through a flexible linker to a ring
system, compound 75 is unusually active despite the absence of the linker usually
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required for activity. Consequently, the model underestimated the inhibitory potency of

tetrazole 75.

In contrast, a notably accurate prediction was achieved for the previously published
16-mer cyclic peptide 3-05 (76) in class C.?*! Its exceptional potency (pChEMBL value
of 9.00) was adequately predicted by the RF model (pChEMBL = 8.80). Another
example of high predictive accuracy is observed for compound 32 (69), which is part
of the stapled peptide class (5) and was discussed in Section 2.1.6. Among all
molecules in the extended project library, the members of class S exhibit the highest
structural similarity to click cyctetpep. The relatively small prediction error for stapled
peptide 69 (ApChEMBL = 0.46), and class S overall, suggests that a RF regressor
trained on sufficient cyctetpep SAR data could yield a model well-suited for in silico

screening of this compound class.

Class R is represented by the cyclopentyl quinoline (77) and comprises structurally
diverse small molecules built around fused aromatic systems. Despite this structural
variability, the RF model achieved commendable accuracy for this class, demon-
strating its ability to generalise across chemically diverse scaffolds. Class B, in
contrast, contains betulinic acid derivatives, such as compound 78, differing in their
ester substituents. The SAR of this class was explored in a recent publication from our
research group.*® These compounds are hypothesised to bind at the interface of the
KRASC120:50S1 complex, chelating the Mg?* cation through their acid moieties. This
is a mode of action reminiscent of the biazole series described in Section 1.3.5.3.
However, while the RF model has successfully learned the relevance of carboxylic acid
groups for inhibition within this class, more diverse chemical modifications may be

needed to improve model accuracy.

Notably, the RF model significantly underestimated the activity of PROTAC 79 (P) with
a ApChEMBL of -1.03. Unlike other molecules in the dataset, PROTAC 79 is designed
to induce proteasomal degradation of KRAS rather than inhibit the NE®'2P, Its
unusually high potency in the NECG'2P assay, unexpected for a compound operating
through a degradation mechanism, likely contributed to the poor prediction

performance.

Finally, class A includes a comprehensive series of acylsulfonamides, such as

compound 80. These compounds typically feature a benzene ring with fluorinated
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substituents on one side of the acylsulfonamide moiety and several rigidly connected
rings on the other. The wealth of SAR data available for this class allowed the RF

model to produce reliable prediction results.

In summary, the evaluation of prediction performance across compound classes
indicates that the RF model provides sufficiently robust estimates for in silico screening
aimed at identifying novel KRAS PPII scaffolds. While the model does not reliably
predict the activity of individual derivatives, it is well-suited for scaffold prioritisation.
Following scaffold selection, target derivatives can be identified through molecular
docking of focused virtual libraries at the proposed binding site. To enable this next
step, the final QSAR model was constructed by training the RF algorithm on the entire
extended project library. The trained model was subsequently exported and applied to

predict pPChEMBL values across multiple screening libraries.

2.3.2.5 Activity Prediction

Structures for pChEMBL value prediction were sourced from a diverse array of
chemical libraries. Table 10 provides an overview of the employed libraries, sorted in
descending order by the number of entries retained after washing. The Entries column
denotes the total number of structures per library following this curation step. Libraries

specifically focused on PPII scaffolds are highlighted in green.

Library Entries Downloaded/Created Source

Enamine Screening 4 315 298 28.06.24 Commercial
ChEMBL 34 2 188 592 26.08.24 Open Source
ChemDiv BMS 299 919 06.08.24 Commercial
Click Cyctetpep 152 000 19.01.24 In-house

ChemDiv DivSet 49 854 14.05.24 Commercial
Enamine PPI 40 255 14.05.24 Commercial
Cyctetpep 40 110 04.12.23 Open source
ChemDiv KRAS 15 814 02.10.24 Commercial
Reinvent PPI 11 241 14.05.24 Open source
iPPI 2 345 14.05.24 Open source

Table 10: Molecular libraries used for pChEMBL prediction.

The measured pChEMBL values of the training data (extended project library) and the
predicted pChEMBL values for each library in Table 10 are summarised in the violin
plots presented in Figure 46. It is important to note that the colours used in were
assigned randomly and bear no relation to the colour scheme employed in the box
plots of Figure 45.
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Figure 46: Violin plots of the predicted pChEMBL values for each of the screening libraries listed in
Table 10.

The violin plots provide a visual representation of the distribution of predicted inhibitory
activities across all compounds within each screening library. The width of each plot at
a given pChEMBL value reflects the relative density of compounds predicted to exhibit
that activity, thus providing insight into the inhibitory potential and diversity of each
library. Embedded within each violin plot is a small box plot that highlights the
interquartile range in black and the median predicted value in white. The full range of
predicted values, including extreme outliers, is represented by the vertical extent of

each violin.

Overall, the majority of analysed compounds received predicted pChEMBL values
within the range of [3.5, 5.0], with medians clustering around 4.0. This distribution
suggests a limited generalisability of the model, despite its promising predictive
performance on the extended project library as discussed in Sections 2.3.2.3 and

2.3.2.4. Several factors may contribute to this behaviour:

1. Trained pChEMBL range: The model was exposed to relatively few examples

outside the interquartile range of the training set (i.e., [4.0, 5.3]). As a result, it
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may default to assigning lower pChEMBL predictions unless prompted
otherwise by strongly learned structural features.

2. Descriptor limitations: The molecular descriptors employed may lack the
discriminatory power needed to effectively distinguish between structurally
diverse compounds in the screening libraries.

3. Chemical space mismatch: The chemical spaces covered by the training data
and the screening libraries may exhibit limited overlap. Consequently,
structurally diverse compounds from underrepresented regions may receive
similar predictions due to insufficient model generalisation.

4. Overfitting: The model may have learned training set-specific artefacts (e.g.,

scaffold-based patterns or noise) rather than capturing broadly applicable SAR.

This observed behaviour underscores the importance of expanding the training dataset
to include structurally diverse PPlls with experimentally determined pChEMBL values
outside the currently predominant predictive range, i.e. below 3.5 and above 5.5.
Additionally, replacing the ECFP with a smaller set of carefully selected, highly
informative molecular descriptors may improve the model’s ability to generalise across

novel chemical space.

Despite the aforementioned limitations, the violin plot corresponding to the iPPI library
(comprising published PPlIs) exhibits the highest average predicted pChEMBL values
among all screened libraries. This observation supports the conclusion that the model
is capable of distinguishing PPlls from non-PPlls with a reasonable degree of
reliability. Moreover, it remains valid to infer that structural motifs associated with

potent NE inhibition were successfully recognised in the highest-scoring compounds.

Consequently, the present QSAR model, while not optimised for predicting the precise
inhibitory activity of individual compounds, remains suitable for identifying promising
KRAS PPII scaffolds for future elaboration.

In the following paragraphs, one to two compounds per library will be examined in more
detail as representative examples for the most promising KRAS PPII scaffolds.
Selection criteria include: i) predicted pChEMBL value, ii) molecular flexibility, iii)
overall molecular shape, iv) ease of derivatisation, and v) structural novelty with

respect to the existing project library.
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The selected compounds are illustrated in Figure 47. Notably, stereochemical
information is omitted from these depictions, as stereoisomerism was not considered

during the prediction process.
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Figure 47: Hit structures, which resulted from the QSAR screening of the libraries in Table 10.
All structures are depicted without stereo information.

According to the violin plot analysis, the Enamine screening library contains several
highly promising scaffolds, with one notable example being rifampicin (81), a well-

established anti-tuberculosis agent. Interestingly, rifampicin has also been reported to
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exhibit antiproliferative activity against hepatic tumors.?*> However, to date, its
inhibitory potential in the context of KRAS has not been evaluated. The predicted
pChEMBL value suggests that rifampicin may inhibit NE€'?P in the low micromolar
range. Crucially, rifampicin lacks structural analogues in the current project library,

making it a valuable candidate for the expansion of scaffold diversity within the library.

The ChEMBL34 library yielded compounds with the highest predicted activities overall.
However, the majority of these top-ranking molecules fall into two categories already
represented in the project library: macrocyclic peptides similar to compound 76 and
analogues of MRTX-1133 similar to 74 in Figure 45. This redundancy highlights a
shortcoming in the current structure washing workflow, namely the incomplete removal
of overlapping entries between the extended project library and ChEMBL34. Despite
this duplication, the high predicted activity of these scaffolds still renders them valuable

additions to the project library.

Two compounds stand out as particularly noteworthy. The pan-RAF inhibitor
compound 3 (82) was reported to inhibit BRAFWT in HCT116 cells (KRAS®'3P) reducing
cell viability with 1Cso = 32 nM.243 Its activity against KRAS has not yet been explicitly
assessed, such as in a nucleotide exchange assay like NE®'?P. The second
remarkable ChEMBL34 hit is compound 58 (83) with a reported inhibition of the
KRASC12DV nycleotide exchange with ICso < 100 nM.?** Exact quantitative evaluation

of its NE®'2P inhibition would provide valuable SAR data to the project library.

A structural analogue of compound 83 is found in the BMS300k hit 84, which features
a hybrid architecture combining a tricyclic fused ring system and a phthalazinone
scaffold. This hybrid configuration presents a promising opportunity to explore the SAR
of the phthalazinone scaffold more systematically by varying the three core ring

systems.

The predicted pChEMBL values of the identified (click) cyctetpep hits 85 and 86 rank
at the lower end of selection shown in Figure 47 though the values fall only marginally
short of the top-scoring compounds. Both derivatives feature aromatic and basic side
chains, a combination that aligns with prior observations on the entropic benefits of
aromatic residues in (click) cyctetpep structures, as discussed in Section 2.3.1.3. The
presence of basic residues may reflect learned features from cell-penetrating peptide

motifs prevalent in the macrocyclic peptides of the training set. However, the smaller
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size and distinct architecture of cyctetpep compounds may render such cationic
features less essential. Notably, the close structural resemblance between cyctetpep
hits and their corresponding click analogues suggests that the introduction of the

triazole linkage does not negatively impact predicted activity.

The DivSet library predominantly comprises small, linear molecules constructed from
interconnected ring systems. Among these, compound 87 was identified as particularly
promising, due to its structural similarity to compound 3 (82). At first glance, enamine
PPI hit 88 may appear analogous to compound 87; however, due to the presence of
an asymmetric carbon in its imidazolidinedione ring, it assumes a distinctly different
three-dimensional conformation. Its rigid connection to the naphthyl moiety is likely to
confer an entropic advantage during binding. Similarly, the ChemDiv KRAS hit 89
features a rigid, boomerang-shaped ring system that is unprecedented within the
extended project library. The terminal amines offer valuable points for functional

extension in both two- and three-dimensional space, enhancing its utility as a scaffold.

Reinvent PPI hit 90 is capable of adopting a spatial conformation reminiscent of
MRTX-1133, while retaining sufficient flexibility to explore a broader conformational
landscape. This combination of shape adaptability and novelty regarding the project

library supports its inclusion as a candidate scaffold for further derivatisation.

Finally, the iPPI hit 91 was reported to inhibit antiapoptotic Bcl-2 family proteins with
ECso = 3 uM in RS11846 cells.?*® It stands out through its polyphenolic core, which is
a structural feature commonly found among frequent hitters.?*¢ Notably, such frequent
hitter scaffolds were deliberately not excluded from the screening process, as strategic
derivatisation may still yield valuable SAR insights. In solution, the two naphthyl rings
adopt a staggered conformation, offering multiple functional handles for scaffold

diversification in three dimensions.

In summary, this project successfully achieved the goal of designing an in silico
screening pipeline tailored to the identification of promising PPIIs. The question of
whether the identified scaffolds possess genuine activity against KRAS must ultimately
be addressed through in vitro validation of the predicted hits depicted in Figure 47.
Nonetheless, the incorporation of these scaffolds into the project library will
significantly broaden the chemical space it encompasses. Given their favourable

predicted activities, each compound in Figure 47 represents a viable starting point for
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subsequent SAR investigations, with an emphasis on structural diversity and PPI
inhibition. Prioritisation of scaffolds for further development was guided primarily by
considerations of modularity and shape. In this regard, the (click) cyctetpep scaffolds
emerged as clear frontrunners. Their unique attributes, which make them especially
attractive for scaffold-driven exploration, were outlined in detail in Sections 2.1.5 and
2.3.1.

2.3.2.6 Molecular Docking of Cyclic Tri- and Tetrapeptides

The development of synthetic strategies for peptide macrocycles was conducted in
parallel with the chemical space analysis and the Python-based QSAR modelling
described earlier. At the outset of this project, the (click) cyctetpep scaffold had not yet
emerged as the most promising candidate, either from a synthetic or in silico
perspective. Consequently, native cyclic tri- and tetrapeptides were initially considered
viable targets. The molecular docking studies of exhaustive libraries of native
cyctripep, native cyctetpep, and click cyctetpep scaffolds are presented in the

following.

Multiple high-resolution crystal structures of KRAS with co-crystallized ligands are
publicly available, the majority of which involve ligands binding to the P1 and P2
pockets. The P2 pocket is accessible exclusively in inactive KRASCPP, making it an
especially attractive site for the design of PPlIls targeting this specific KRAS complex.%®
At the time of this study, MRTX-1133 was the most potent, non-covalent, small-
molecule PPIl targeting KRASC'? vija the P2 site. In our biochemical assays,
MRTX-1133 showed potent activity, with [Cso(NECG'2P) =0.0229+0.0160 uM and
IC50(CTG SNU-1) = 0.01 yM (single measurement). Structurally, MRTX-1133 is a star-
shaped, high-molecular-weight small molecule, bearing a strong resemblance to the
(click) cyctetpep and cyctripep scaffolds. Given this similarity, the crystal structure of
KRASCG12D. GOP:MRTX-1133 (PDB ID: 7RPZ) was selected for screening at the P2 site.

The P1 pocket, in contrast, is conserved across multiple RAS isoforms and mutants in
their active and inactive states, making it a compelling target for the design of pan-RAS
PPlIs.% Two distinct KRAS crystal structures were chosen to investigate this site: PDB
IDs 6GJ8 and 6GQY. Structure 6GJ8 represents the complex KRASG12D. GPPCP:B|.2852
(7), in which ligand 7 exhibits a high binding affinity to the P1 pocket and inhibits the
KRAS®12D:SOS1 interaction with 1Cso = 17.0+9.31 yM (Table 5). In contrast, Ch-3

104



showed no NE®'2P inhibition, despite clear evidence of binding to the P1 pocket on
KRASQ61H, GPPNP (PDB |D: 6GQY).

The click cyctetpep library was docked to the P1 pocket of both crystal structures (6GJ8
and 6GQY) with the dual objective of identifying promising NE©'?P inhibitors and
assessing the sensitivity of docking results to the choice of crystal structure. A
comprehensive description of the docking protocol can be found in the Experimental
Section.

To establish robust docking parameters, the co-crystallised reference ligands 2,7, and
8 were docked to their respective binding sites to establishing the ideal docking
parameters for their respective crystal structures. Figure 48 illustrates the
superimposition of each co-crystallised ligand with its docked conformation,

demonstrating the validity of the docking protocol.

Figure 48: Top: Co-crystallised reference ligands of 7RPZ (2), 6GJ8 (7) and 6GQY (8) (left to right).
Bottom: Crystallised conformation of references 2, 7 and 8 superimposed with their respective docked
poses (left to right). In the case of 7RPZ, part of the protein surface was removed to visualise
MRTX-1133 (2) inside the pocket.

The crystallised conformations of BI-2852 and Ch-3 in 6GJ8 and 6GQY, respectively,
were reproduced with sufficient accuracy using the docking settings employed in
Section 1.3.5.2. In contrast, accurately simulating the binding pose of MRTX-1133 in

7RPZ required the implementation of an interaction constraint with Asp12. This
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modification is well justified, as previous studies have reported that the ionic interaction
between deprotonated Asp12 with the protonated, bridged piperazine moiety of
MRTX-1133 is essential for its high affinity and selectivity for KRASC'2P.72 |n addition,
the pH range used during tautomer and protonation state generation in the LigPrep
module had to be broadened to 7.0£2.0. The complete molecular docking pipeline is

outlined in Figure 49.
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Figure 49: Schematic representation of the molecular docking pipeline employed for the selection of
suitable target structures from the cyctripep and (click) cyctetpep libraries.

Ligand preparation was conducted using LigPrep (Schrdodinger Maestro suite),
generating all possible sterecisomers for the compounds in the cyctripep and (click)
cyctetpep libraries. For each stereoisomer, all feasible tautomers and protonation
states within the pH ranges 7.0+£1.0 and 7.0+£2.0 were generated. Before this process
the library sizes were 2,680 (cyctripep), 40,110 (cyctetpep) and 152,000 structures,
respectively. Notably, LigPrep produced several million distinct entries from the click
cyctetpep library alone, highlighting the computational intensity and defining the

practical upper limit of ligand set size on the available hardware.

Ligands prepared at pH = 7.0+1.0 were docked into the P1 pocket of 6GJ8 and 6GQY,
while those prepared at pH = 7.0+2.0 were docked into the P2 pocket of 7RPZ. The
docking workflow followed a tiered protocol. An initial round of high-throughput virtual
screening (HTVS) was performed, from which the top 10,000 HTVS ligands (based on
their docking score (DS)) were selected for further docking using the standard
precision (SP) mode. Subsequently, the top 1,000 SP ligands were redocked using the
extra precision (XP) mode. For each ligand in the XP step, up to ten docking poses

were generated and retained.
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Following docking, the reliability of the results was evaluated by comparing the
structural similarity of the top 10 ligands in each XP docking output. Common structural
features among top-scoring ligands included polar, acidic, and basic side chains in
combination with at least one aromatic side chain, suggesting a preferred amino acid
composition. However, the DS values of these ligands were distributed across a broad
range, rather than being narrowly clustered, as would be expected in cases of high
binding specificity. This dispersion indicates a degree of binding promiscuity and

suggests that the modelled interactions may lack strong discriminative power.
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The nine XP docking outputs of the cyctripep and (click) cyctetpep libraries, each
docked into 6GJ8, 6GQY, and 7RPZ, are illustrated in Figure 50.
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Figure 50: Scatter plots of the top DS [kcal/mol] of each ligand relative to the respective ligand ID.
Each subplot contains the results of docking one library in XP mode to one crystal structure as

indicated in the respective title. The ligand IDs are not conserved across the subplots, as sorting of the
DS in ascending order was prioritised. Reference structures are indicted by

the coloured, horizontal lines (see legend).

The scatter plots visualize the distribution of DS [kcal/mol] for all ligands subjected to

XP docking. Each ligand is represented by a single black dot, and the ligands are

arranged in ascending order of DS along the y-axis. It is important to note that due to

this sorting approach, ligand identifiers are not preserved across subplots, which

precludes direct comparison of individual compounds between docking runs.
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A particularly noteworthy observation is the substantial reduction in the number of
successfully docked structures when P2 in 7RPZ was chosen as docking receptor.
significant portions of the 1000 input structures were not contained in the output. This
loss of docking output is attributed to the combination of stringent interaction criteria
imposed by XP mode and the steric constraints of the P2 binding pocket, which was
originally induced by MRTX-1133. In practical terms, many ligands were unable to
adopt geometries that fulfilled both the steric and interaction requirements necessary
to be retained in the XP output for 7RPZ. This underscores the unique geometric and

chemical demands of the P2 pocket in KRASG12D. GDP,

Green and blue horizontal lines mark the DS of the top-performing reference ligands
in each docking run, i.e. BI-2852 and MRTX-1133. BI-2852, recognized as the highest-
affinity ligand for the P1 site, consistently yielded more negative DS values than Ch-3,
even when docking was performed against 6GQY, which is the crystal structure of the
KRAS:Ch-3 complex.

The Ligands selected as targets for synthesis are indicated by red horizontal lines.
Their structures and predicted binding poses are shown in Figure 52, along with the
respective DS and predicted pChEMBL values. Notably, the latter was not calculated
for cyctripep 92, as the focus of this project had shifted exclusively towards cyclic

tetrapeptides before the predictions were made.
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Top Dock 92 (7TRPZ) Top Dock 93 (6GQY) Top Dock 94 (7TRPZ)

DS =-11.9 kcal/mol DS =-11.9 kcal/mol DS =-13.3 kcal/mol
pChEMBLpred =n.d. pChEMBLpred =4.41 pChEMBLpred =4.39
HoN H,N

Figure 51: The ligands highlighted with green horizontal lines in Figure 50 are depicted here with their
docking poses below them. In the case of 7TRPZ, part of the protein surface was removed to visualise
the ligand inside the pocket.

Ligand selection was guided by combination of DS and anticipated synthetic
accessibility. Despite the inherent challenges associated with the synthesis of
cyctripep, compound 92 was selected due to precedent reports describing the
successful synthesis of similar cyctripep analogues with acceptable vyields.?*’
Additionally, the incorporation of alternating R- and S-AAs was found to enhance
macrocyclisation efficiency resulting in higher cyclisation yields, which identifies the

cyctetpep analogues 93 and 94 as promising targets molecules.?*

In the case of the click cyctetpep scaffold, derivatives 95, 96, and 97 were prioritised.
The click reaction employed for macrocyclisation was anticipated satisfactory yields,
even in the absence of turn-inducing residues (Figure 52). Furthermore, compounds
95 and 96 were selected for their chemically stable AA side chains, which minimise the

risk of undesired side reactions and thereby support the robust optimisation of the
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click-cyclisation protocol. Compound 97 was chosen to test the synthesis protocol’s

applicability to oxidation prone AAs such as Met.

Top Dock 95 (6GQY) Top Dock 96 (7TRPZ) Top Dock 97 (6GJ8)
DS =-12.7 kcal/mol DS =-11.0 kcal/mol DS =-9.3 kcal/mol
pChEMBLpred =3.96 pChEMBLpred = 4.46 pChEMBLpred = 4.41

Figure 52: Continuation of Figure 51.

A noteworthy observation emerged during the evaluation of these target peptides:
despite exhibiting excellent DS values, the compounds were only predicted to have
moderate pChEMBL values. This discrepancy raises concerns about the reliability of
rigid receptor docking as a sole metric for ranking macrocyclic peptides by their binding
affinity and inhibitory potential toward KRAS. This concern is further substantiated by
the previously noted wide variability in DS among the poses of each top-scoring

peptide, indicative of potential limitations in docking specificity and scoring accuracy.

To address these concerns and gain a more comprehensive understanding of the

ligand-protein interactions, molecular dynamics simulations (MDS) were conducted for
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the top XP docking poses of click cyctetpep 95 and 96. These simulations aimed to
probe the dynamic behaviour of the complexes in solution, thereby providing a more
nuanced assessment of binding stability, conformational flexibility, and key interaction

motifs not fully captured in rigid receptor docking models.

2.3.2.7 Molecular Dynamics Simulations

The XP docking poses of the target cyctetpep derivatives 95 and 96 in Figure 52
represent static models of protein-ligand complexes, optimised to reflect energetically
favourable interactions. However, such static representations do not account for the
conformational flexibility of proteins and ligands in solution, potentially leading to
inaccurate predictions of actual binding modes. To overcome this limitation, MDS were
employed, using the XP docking poses as starting structures. MDS simulate the motion
of atoms over time, thereby offering dynamic insight into the stability and realism of the
predicted binding poses. A binding pose that remains stable throughout the simulation
is typically indicative of a viable interaction in solution, whereas significant positional
drift or dissociation of the ligand from the binding site suggests an unstable or

artefactual docking result.24®

MDS were conducted for compounds 95 and 96 in complex with KRAS at P1 and P2
in the crystal structures 6GQY and 7RPZ, respectively (Figure 52). For comparison,
simulations were also performed for the co-crystallised ligands Ch-3 (P1 in 6GQY) and
MRTX-1133 (P2 in 7RPZ) using their experimentally resolved poses. Over a simulation
duration of 500 ns, protein-ligand interactions were quantified, and interaction

histograms were generated (Figure 53).

These histograms represent the interaction fractions, i.e. the proportion of simulation
time a given interaction was maintained. Fractions in the range [0,1] denote single
interaction persistence, while values >1 indicate multiple, concurrent interactions of the

same type with the same residue.

A key observation from the histograms is that cyctetpep 95 and 96 engage with a
substantially greater number of AA residues than their respective reference
compounds, i.e. 7 vs. 13 for compound 95 compared to Ch-3 and 33 vs. 24 for
compound 96 compared to MRTX-1133. The cyctetpep interact with same the residues
as the reference molecules as well as with several more. Especially in the case of 95

these additional interactions are short-lived.
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Figure 53: Interaction histograms calculated from the MDS results of Ch-3 (8) and BNH-166 (95) at P1
in 6GQY, as well as of MRTX-1133 (2) and BNH-177 (96) at P2 in 7RPZ. The interaction fractions
represent the amount of time a specific residue-ligand interaction was detected. The interval [0,1]

spans the complete simulation time frame of 500 ns. Values >1 indicate multiple, concurrent
interactions of the same type with the same residue. Note that the y-axes’ scales are not aligned
between the histograms to allow for differentiation between interaction contributions of weak
interactions in each histogram.

In addition to the number of interactions, the types of interactions differed notably.
Whereas the reference compounds primarily exhibited H-bonds and hydrophobic
contacts, the cyctetpep ligands formed a larger proportion of H-bonds and water-

mediated bridges, with a marked increase in ionic interactions.

The interaction profiles summarised in Figure 53 suggest that, in comparison to the
reference ligands, the click cyctetpep 95 and 96 form less site-specific interactions with
the KRAS protein targets. The reference compounds, Ch-3 and MRTX-1133, primarily
engage in hydrophobic interactions and well-defined H-bonds with a limited subset of
AA residues, indicative of site-specific and stable binding. Conversely, compounds 95
and 96 interact with a broader array of residues and solvent molecules, a pattern
consistent with non-specific binding. This includes ligand pose variability and episodes
of partial solvation, reflecting reduced conformational stability within the binding

pocket.
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These qualitative observations are substantiated through binding free energy (AGbind
in kd/mol) analysis conducted over the 500 ns MDS. By calculating AGyind for each
snapshot along the simulation timeline and plotting these values against the snapshot
IDs, we can identify decomplexation events, i.e. sudden losses in binding affinity

indicative of ligand detachment or substantial pose rearrangement (Figure 54).
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Figure 54: Scatter plots of AGuinda [kJ/mol] of simulated protein:ligand complexes plotted against the
snapshot IDs across the simulation timeline. Exactly 2502 snapshots were taken in regular intervals of
roughly 200 ps across the simulation timeframe of 500 ns. Red vertical lines indicate sharp increases

in AGbing. Green vertical lines identify the snapshots depicted in Figure 55.

The scatter plots of Ch-3 at P1 in 6GQY (top left) and MRTX-1133 at P2 in 7RPZ
(bottom left) show stable AGuing values in the ranges of approximately [-60,-50] kJ/mol
and [-100,-70] kd/mol, respectively. Crucially, no abrupt changes were observed

throughout the full simulation timeframes, confirming their stable binding poses.

In contrast, compounds 95 at P1 in 6GQY (top right) and 96 at P2 in 7RPZ (bottom
right) exhibited sudden increases in AGuind (red vertical line), signalling instability of the
binding poses. Comparison of the cyctetpep poses in the snapshots, located at the
green vertical lines, highlight the changes in conformation (Figure 55).
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Figure 55: Snapshots of the simulated protein ligand complexes indicated with green vertical lines in
the AGuind scatter plots shown in Figure 54. The complexes: A) BNH-166 at P1 in 6GQY,
B) BNH-166 at P1 in 6GQY, C) BNH-177 at P2 in 7RPZ and D) BNH-177 at P2 in 7TRPZ.

The comparison between snapshots A and B for compound 95 reveals a migration of
the macrocycle from one region of P1 to another, accompanied by detachment of the
e-amine group of Lys and a contraction of the P1 pocket, thereby diminishing

hydrophobic interactions.

Even more pronounced changes were observed for compound 96 in snapshots C and
D. Unlike P1, the P2 pocket is an induced binding site, formed in response to
MRTX-1133.%5 The data show that cyctetpep 96 fails to stabilise P2 comparably,
leading to a marked expansion of the pocket volume between snapshots C and D. This
structural shift was accompanied by a 90° rotation of the indole side chain of Trp inside

P2 and migration of the macrocycle from one region of the pocket to another.
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In contrast to the drastic pose changes observed for cyctetpep 95 and 96, the binding
poses of the references MRTX-1133 and Ch-3 remained consistently stable throughout
the entire simulation. These findings corroborate the interaction histograms shown in

Figure 53 and the AGuind Scatter plots in Figure 54.

The MDS results for cyctetpep 95 at P1 in 6GQY and cyctetpep 96 at and P2 in 7RPZ
indicate that both compounds exhibit weaker and less specific interactions with KRAS
than initially suggested by their excellent DS of -12.7 kcal/mol (95) and -11.0 kcal/mol
(96). These findings underscore the limitations of rigid receptor docking when used as
the sole criterion for ranking macrocyclic peptides in terms of binding affinity and
inhibitory potential toward KRAS. In contrast, the predicted pChEMBL values of click
cyctetpep 95 and 96 correspond to moderate inhibitory potencies, with estimated
ICs0(NE) values of 110 uM (95) and 34.7 uM (96), as calculated using Equation 3.
These values align more closely with the transient binding behaviour and limited site

specificity observed in the MDS.

Although the pChEMBL values indicate limited potency (Figure 51 and Figure 52), the
synthesis of the selected cyclic peptides was pursued for several compelling reasons.
First, MRTX-1133, RMC-7977 and LUNA18 (Figure 17) constitute the majority of non-
covalent KRAS PPIlIs with sufficient potency for clinical application, underscoring the
critical need for novel KRAS-targeting scaffolds. Second, the modular architecture of
cyctripep and cyctetpep scaffolds enables rational design of ligands tailored to both P1
and P2 binding sites, offering a versatile platform for systematic optimisation of binding
affinity and biological activity. Lastly, the chemical space defined by cyctripep and
cyctetpep remains entirely unexplored in the context of KRAS inhibition, making their
successful synthesis a valuable step toward expanding the toolbox for drug discovery

targeting this historically challenging protein.
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2.3.3 Cyclic Peptide Syntheses

2.3.3.1 Attempted Synthesis of Native Cyctripep 92

The linear tripeptide BNH-099 (98) was selected as a precursor for the cyctripep 92.

Its peptide sequence,

(S,R,S)-Lys(Boc)-Pro-Lys(Boc),

features the turn-inducing

element Pro at the centre, bringing its termini in close proximity and thereby facilitating

cyclisation (Scheme 26).
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Scheme 26: Solution-phase synthesis of BNH-099 (98).

BNH-099 (98) was synthesised via solution-phase peptide coupling. The synthesis
began with the benzylation of (S)-Fmoc-Lys(Boc) to afford BNH-096 (99) in excellent

yield, followed by two sequences of Fmoc deprotection and HATU coupling.

Fmoc deprotection using piperidine in DMF required overnight evaporation of the

deprotection reagents prior to peptide coupling. Furthermore, when employing

uronium-based coupling reagents such as HATU, optimal yields and purity were
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achieved by first mixing HATU with the carboxylic acid to be coupled. In this manner,
the concentration of HATU in the reaction mixture is minimised by the time the amine
is introduced. This pre-activation of the carboxylic acid is crucial, as uronium reagents
like HATU can react with primary amines to form guanidine by-products, as shown in

Scheme 27.13°
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Scheme 27: Undesired side reaction between uronium-based coupling reagents, such as HATU, and
primary amines. N-terminal guadinylation of peptides leads to truncated peptide sequences.’3?

The described pre-activation protocol was applied for both peptide couplings, affording
the protected linear tripeptide BNH-097 (100). The deprotection-coupling sequence
yielded the protected tripeptide 100 in 73% yield over four steps. In a subsequent two-
step deprotection, the Fmoc group was removed with piperidine in DMF, followed by
Pd-catalysed hydrogenation to remove the benzyl group. The linear tripeptide
BNH-099 (98), featuring unprotected termini, was obtained in quantitative yield from

tripeptide 100, corresponding to an overall yield of 71% over seven steps.

Unfortunately, the solution phase synthesis of tripeptide 98 proved more laborious and
time-consuming than initially anticipated. Streaking of intermediates on silica gel
columns complicated the purification process. Additionally, the complete evaporation
of the piperidine/DMF mixture required considerable time. Consequently, all
subsequent linear peptide sequences were synthesised via the milder and more

efficient solid-phase peptide synthesis (SPPS) using 2-chlorotrityl chloride (CTC) resin.

The linear tripeptide BNH-108 (101) was synthesised to assess the cyclisation
efficiency of an alternative linear precursor of cyctripep 92 (Scheme 28). The first step
involved resin activation by refluxing with SOCIl2 and anhydrous DMF in anhydrous
DCM.24% The activated, chlorinated resin should be used promptly, as it hydrolyses to
the corresponding alcohol upon storage in the freezer for several weeks.
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Scheme 28: Solid-phase peptide synthesis of BNH-108 (101). The specified equivalents and yield
correspond to the maximum loading of the resin reported by the supplier.

The activated resin was loaded by shaking with excess (R)-Fmoc-Pro-OH in the
presence of base overnight at room temperature. The specified equivalents
correspond to the maximum loading capacity of the resin as reported by the supplier.
Following loading with the first AA, unreacted trityl chloride groups on the resin were
capped by conversion to the respective methyl ethers using MeOH and DIPEA in
anhydrous DCM.

Subsequently, two (S)-Lys residues were appended to (R)-Pro moiety via two
deprotection-coupling sequences. Each cycle involved Fmoc deprotection using
piperidine in DMF, followed by coupling of (S)-Fmoc-Lys(Boc)-OH using PyBOP as the
coupling reagent. Compared to HATU, PyBOP offers the advantage of reduced

reactivity towards amines, thereby minimising the formation of undesired by-products.

The N-terminal Fmoc-group was removed with piperidine in DMF prior to cleavage of
the protected tripeptide 101 from the resin. Notably, tripeptide 101 was obtained in
excellent yield (98%) relative to the theoretical maximum loading of the resin. The

outstanding purity of the peptide is partly attributed to the mild cleavage conditions

119



employed, i.e. hexafluoroisopropanol (HFIP) in DCM, which were identified as optimal

following the screening of five different cleavage cocktails.

Reagents v/iv Comment
HFIP/DCM = 1/7
HFIP/TFE/DCM = 1/2/7 High purity

AcOH/TFE/DCM = 1/1/8
TFA/DCM = 1/99

TFA/DCM = 2/98
TFA/TIPS/H20 =95/2.5/2.5 Reference

Fragmentation observed

Table 11: Tested cleavage cocktails for CTC resin.

TFA/TIPS/H20 was employed as the reference deprotection cocktail, as it efficiently
removed all protecting groups. All tested cleavage cocktails afforded the protected
peptide as the major product. Notably, the TFA-containing cocktails generated several
peptide fragments as minor by-products, while all HFIP-based cocktails yielded the
cleaved peptide in good purity. Among these, the HFIP/DCM mixture was selected due
to its ease of preparation and the superior product purity achieved compared to other

formulations.

These findings are rationalised by the relatively high pKa of HFIP (9.3), which is
comparable to that of the mild acid NH4* (pKa = 9.2).250.251 |n contrast, other commonly
used acids such as AcOH and TFA have significantly lower pKa values of 4.8 and 0.23,
respectively.?51:252 In other words, HFIP is sufficiently acidic to cleave the peptide from

the resin while preserving the integrity of the side chain protecting groups.

Cyclisation of the linear precursors 98 and 101 to yield the protected cyctripep 102 was
attempted under high-dilution conditions. Each linear precursor was dissolved
separately in anhydrous, degassed DMF (10 mL) and added with a syringe pump to a
solution of HATU, HOAt, and DIPEA in anhydrous degassed DMF (50 mL), as
illustrated in Scheme 29. This cyclisation strategy, previously applied successfully to
aziridine-containing tetrapeptides, is known to promote macrocyclisation by minimising

intermolecular side reactions.2%3
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Scheme 29: Attempted cyclisation of the linear tripeptides 98 and 101 towards the protected
cyctripep 102 in high-dilution conditions.
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The addition rate of the linear tripeptides 98 and 101 to their respective reaction

solutions is defined as:

o total amount of substance [umol]
Addition rate =

total volume of solvent [L] * total time of addition [h]

Equation 5: Definition of the addition rates discussed in this project.

The calculated addition rate indicates that the average concentration of either
tripeptide in the coupling solution could alternatively be achieved in 858 mL of solvent,
had the linear precursors been introduced in a single portion. This comparison
assumes that the cyclisation reaction proceeds rapidly relative to the time scale of
addition. The intentionally low transient concentrations of precursors 98 and 101 in
solution were intended to maximise the probability of intramolecular cyclisation and

minimise the likelihood of intermolecular polymerisation.

However, no conversion to the protected cyctripep 102 was detected by LC/MS
analysis. Instead, a complex mixture of products was observed, characterised by long
retention times and high m/z values, indicative of oligomerisation or polymerisation.
These findings suggest that the cyclisation reaction was too slow to outcompete the
accumulation of linear precursors during the addition phase, thus favouring undesired

intermolecular reactions.
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Discouraged by these results, the focus of the project was redirected toward the
synthesis of cyclic tetrapeptides. In contrast to the challenging cyclisation of
tripeptides, a comparatively broad range of synthetic protocols has been reported for

the preparation of this scaffold from linear tetrapeptides with diverse side chains.?*

2.3.3.2 Attempted Synthesis of Native Cyctetpep 93 and 94

The target cyctetpep 93 contains a (R,R)-Thr residue, necessitating the use of the
protected AA (R,R)-Fmoc-Thr(tBu)-OH (103) in the SPPS protocol. Compound 103
was synthesised from (R,R)-Hz2N-Thr-OH via a three-step sequence involving selective
protection of both the amine and the hydroxyl group, following a published protocol
(Scheme 30).2%4

0O 0

HN Fmoc-ONSU 1.0 eq. H HCIO4 2 mol%
2 OH P Fmoc” OH
sat. aq. NaHCO3/1,4-Dioxane AcO1tBu, RT, overnight
HO HO

RT, overnight

BNH-103 66% Yield
97% Yield 104

i t Lk
Fmoc” ﬁOH - SiO, Fmoc” ﬁo
o) Toluene, reflux, 30 min e)
/i\ BNH-105 . 4\ BNH-104
103 19% Yield 105

Scheme 30: Synthesis of (R,R)-Fmoc-Thr(tBu)-OH (103) following a published protocol.?5*

Selective Fmoc protection of the a-amine was achieved using N-(9-Fluorenylmethoxy-
carbonyloxy)succinimide (Fmoc-ONSU) in a basic medium, affording intermediate
BNH-103 (104). Subsequent acid-catalysed alkylation of the alcohol and carboxylic
acid moieties using tert-butyl acetate yielded BNH-104 (105) as the bis-tert-butyl
protected intermediate. Final selective hydrolysis of the tert-butyl ester using silica in
boiling toluene provided the desired protected Thr derivative 103 in 12% overall yield

across three steps.

The protected Thr derivative 103 was employed in the SPPS of the linear tetrapeptide
BNH-112 (106), utilising the same protocol as for the synthesis of protected tripeptide
102 (Scheme 28). Analogous procedures were used to synthesise the linear
tetrapeptides BNH-106 (107) and BNH-107 (108), which were obtained with over 95%
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purity, according to LC/MS analysis, without the need for further additional purification

post-resin cleavage.

The protected tetrapeptides 106, 107, and 108 were used as precursors in the
cyclisation reactions towards cyctetpep 93 and 94 (Figure 52). A broad range of
macrocyclisation conditions were explored for the cyclisation of the linear precursors
107 and 108 towards the protected cyctetpep 109 (Scheme 31, Table 12).

P %
BNH-106 (107) Boc™ N HZN J<

OR v T 0

“YSNH HNT Yo

0 0

Boc—N___ Om
>r0 109 NH

/

HZN/\n’ /ﬁj\ Trt

I/O
BNH-107 (108) J<

Scheme 31: Attempted cyclisation of the linear tetrapeptides 107 and 108 towards the protected
cyctetpep 109 employing the reaction conditions summarised in Table 12.

Coupling Reagent Base Solvent Addition Rate [uM/h]
HATU 1.2 eq DIPEA 8.0 eq. DMF 120
HATU 1.5 eq. DIPEA 4.0 eq. DMF 120
HATU 1.5 eq. DIPEA 4.0 eq. DMF 198
HATU 3.0 eq. DIPEA 4.0 eq. DMF 120
HATU 3.0 eq. DIPEA 4.0 eq. DCM 120
PyBOP 4.0 eq. DIPEA 4.0 eq. DMF 120
DMTMM BF43.0eq. DIPEA 4.0 eq. DMF 120

Table 12: Tested conditions for the cyclisation depicted in Scheme 31. The addition rates were
calculated according to Equation 5.

Reference values for the reaction parameters were derived from previously published
protocols for the cyclisation of linear tetrapeptides.?%32% Both protocols employed

moderate excesses of HATU and DIPEA, with comparable addition rates of
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162 uM/h?%3 and 107 uM/h2%, In this study, the parameters systematically varied
included the quantity of base and coupling agent, the identity of the coupling agent, the

solvent system, and the peptide addition rate.

Despite these optimisations, no improvement in the conversion to cyctetpep 109 was
observed by LC/MS analysis. Prolonged stirring for up to 48 hours post-addition had
no effect on the yield either. In all cases, only trace amounts of the desired cyclic
product were detected. The amount of cyctetpep 109 and the nature of side products
varied slightly depending on the coupling reagent used. Notably, cyclisation employing
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium tetrafluoroborate (DMTMM
BF4) produced multiple broad peaks with similar m/z values (~985), indicative of

undesirable epimerisation and peptide fragmentation.

The cleanest conversion was achieved with the coupling agent PyBOP, yielding a
crude product mixture displaying a single broad peak with the expected m/z = 985,
corresponding to the target macrocyclic product. Encouraged by this result, a

preparative-scale cyclisation of linear tetrapeptide 106 was undertaken (Scheme 32).

\I/ Boc. 1. Addition rate = 137 uM/h H,N
/I PyBOP 4.0 eq. 0
Anh. DIPEA 4.0 eq. HN—Z
2N\)LN\ Anh. deg. DMF oo NH HN
N,, RT, overnight
. J

= ' HN
1 J< N 2. TFAIH,0/TIPS Nt
~Boc

95/2.5/2.5 J

BNH-112 (106) RT, 3h 93 OH
0

Scheme 32: Successful cyclisation of linear tetrapeptide 106 towards the target cyctetpep 93.

The linear tetrapeptide 106 was added to a solution of PyBOP and DIPEA in
anhydrous, degassed DMF at an addition rate of 137 yM/h. Following cyclisation, the
protected intermediate was purified by preparative HPLC, affording 9.4 mg of a white,
amorphous solid. LC/MS analysis revealed the presence of significant impurities.
Subsequent global deprotection yielded the target compound, which was isolated by
HPLC as a white, amorphous solid. However, the isolated amount was insufficient for
accurate quantification. Nevertheless, LC/MS and high-resolution mass spectrometry

(HRMS) confirmed that the desired cyctetpep 93 was obtained with a purity of = 95%.
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Despite the high analytical purity, the extremely low isolated yield precluded further
characterisation or biological evaluation. It is worth noting that cyctetpep 93 differs from
target cyctetpep 94 (obtained from deprotection of 109, Scheme 31) in its alternating
absolute configurations at the a-carbon positions. Cyclic tetrapeptides with such
stereochemical alternation have been reported to adopt flatter ring conformations and

to be synthesised in higher yields, compared to analogues lacking this feature.?%

Given the poor yield observed for cyctetpep 93, head-to-tail cyclisation of tetrapeptides
via standard peptide coupling protocols was not further pursued. Alternative strategies
that reduce the strain-induced activation barrier of tetrapeptide cyclisation have been
described. One such approach is imine-induced ring contraction, which offers a

promising avenue for improving the efficiency of cyclic tetrapeptide synthesis.?*

2.3.3.3 Attempted Imine-Induced Ring Contraction Towards 94

The synthesis of nine cyclic tetrapeptides through imine-induced ring contraction was
published by WONG et al.?%* The authors demonstrated that even tetrapeptides
composed entirely of L-AAs and lacking turn-inducing elements could be cyclised with
acceptable yields of 7-27%. They proposed that the efficiency of this approach arises
from the formation of a transient 16-membered cyclic intermediate, which is
considerably less strained than the corresponding 12-membered cyclic tetrapeptides
(Scheme 33).

The mechanism initiates from a tetrapeptide salicylaldehyde (SAL) ester 110 in which
Ser or Thr occupies the N-terminal position. The first step involves imine formation
between the N-terminal amine and the aldehyde of the SAL moiety towards the 16-

membered intermediate 111.

Two ring contraction pathways have been proposed for intermediates such as 111, as
illustrated by the red and green arrows. The red pathway entails a 5-endo-trig ring
closure to generate intermediate 112, a transformation that is disfavoured according to
Baldwin’s rules.?%7 In this route, the peptide termini in intermediate 112 are brought into
close proximity, enabling formation of the desired 12-membered macrocycle in

intermediate 113.
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Scheme 33: Proposed reaction mechanism of the tetrapeptide head-to-tail cyclisation through imine-
induced ring contraction. The published protocol works with tetrapeptide SAL esters with N-terminal
Ser or Thr. A-H and B represent AcOH and pyridine, respectively.204

In contrast, the green pathway involves a pericyclic electron migration that leads to
dearomatisation of the SAL benzene ring, resulting in intermediate 114. This is
followed by a 5-exo-trig ring closure to form intermediate 113, which is a favourable
pathway according to Baldwin’s rules.?®” The final transformation comprises hydrolysis

of the hemiaminal in intermediate 113, thereby furnishing the native cyctetpep 115.

After proposing the ring contraction mechanism, WONG et al. estimated the activation
energies associated with various cyclisation processes, including those outlined in
Scheme 33. Their computational results indicated that both the initial imine formation
and the subsequent imine-induced ring contraction require approximately half the
activation energy of direct head-to-tail cyclisation, thereby rationalising the improved
efficiency of this synthetic strategy. The energies were estimated for cyclisation

reactions with the Ser-Ala-Ala-Ala SAL ester derivatives shown in Figure 56.
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Figure 56: Comparison between cyclisation energies of native chemical ligation (SAL ester 116 and
the resulting 16-membered intermediate 117) and direct amide formation with ester 116 or acid 118.204

The imine formation step, commencing from SAL ester 116, and the subsequent ring
contraction of the resulting 16-membered intermediate 117 were calculated to exhibit
activation barriers (AG*) of 7.0 and 6.7 kcal/mol, respectively. In contrast, direct
cyclisation of SAL ester 116 and peptide 118 was associated with significantly higher
activation barriers of 14.8 and 14.3 kcal/mol, respectively.?%* Motivated by these
favourable findings, the synthesis of cyctetpep 94 (Figure 52) was attempted through

the imine-induced ring contraction strategy.

To this end, the requisite tetrapeptide SAL ester was synthesised either by Steglich
esterification or by on-resin phenolysis.?®82% These synthetic routes necessitated the
intermediates BNH-109 (119) and BNH-110 (120). BNH-109 was obtained in good
yield through Fmoc-protection of the meta-positioned amine in 3,4-diaminobenzoic

acid using Fmoc-ONSU in basic medium (Scheme 34).250

Os_OH Os_OH
Fmoc-ONSU 1.0 eq
:
agq. NaHCO3/MeCN = 1/1, RT, 5 h _Fmoc
NH, N
NH, 70% Yield NH; :

BNH-109 (119)

_0O Trimethylorthoformate 3.0 eq OO«
LiBF4 3 mol%
OH - OH
anh. MeOH, Ny, reflux, overnight
39% Yield BNH-110 (120)

Scheme 34: Synthesis of the precursors 119 and 120 through published procedures.259:260
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The dimethyl acetal 120 was synthesised from salicylaldehyde according to a
published procedure involving trimethyl orthoformate and a catalytic amount the Lewis
acid LiBF4.2%% Subsequent distillation furnished the desired product in moderate yield.
The Steglich esterification approach commenced with the synthesis of the protected
tetrapeptide 121 through the SPPS procedure previously employed for the tripeptide
101 in Scheme 28 (Scheme 35).

O e LT

Cl — 0O i 0]
O - e ~ N-Boc

HO

DCC 2.0 eq.
DMAP 1.0 eq.

\)j\ Salicylaldehyde dimethyl acetal 75 eq.
N/\n/ DCM, 0°C to RT, overnight
N

HO,,,

0
TFA/H20/TIPS =95/25/25  J|_

Side products RT, 1h 122 \O O/

Scheme 35: Attempted synthesis of the SAL ester containing only small amounts of the desired
peptide SAL ester 123 via Steglich esterification.

Subsequent Steglich esterification with a large excess of salicylaldehyde dimethyl
acetal afforded >90% conversion to the corresponding ester 122, as determined by
LC/MS analysis. The reaction mixture was concentrated in vacuo, and the resulting
residue was subjected to global deprotection using TFA/H20/TIPS. Precipitation of the
product was achieved by the addition of cold MTBE, followed by centrifugation.
However, LC/MS analysis of the precipitate revealed a complex mixture containing
only small amounts of the desired peptide SAL ester 123, alongside residual

tetrapeptide 121 and various other side products.
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Given the inefficacy of the Steglich esterification approach, the alternative on-resin

phenolysis strategy was explored (Scheme 36).258.260

1. PIP/DMF=1/4 _ 1. PIP/DMF=1/4 N
/Fmoc RT. 1h HN—Fmoc RT, 1h
O—NH > Q
2. Fmoc-Dbz 4.0 eq. NH; 2. Either AA:
PyBOP O—NH (R)-Fmoc-Trp(Boc)-OH
2x DIPEA 8.0 eq. 124 (R)-Fmoc-Glu(tBu)-OH
anh. deg. DMF (S)-Fmoc-Asn(Trt)-OH >— 4x
RT, 2h (S)-Boc-Thr(tBu)-OH
and
PyBOP 4.0 eq.
DIPEA 8.0 eq.
NO, anh. deg. DMF/DCM=1/1
126 p-Nitrophenyl RT, 3h -
HN—R chloroformate HN—-R
0 5.0 eq. o
=i e
anh. DCM, RT, 45 min 2
Q—NH hig | O—NH
0 125

) 1. Na,CO3 10 eq.
DIPEA in anh. DCM Salicylaldehyde

O&OH
0.5 M, RT, 15 min dimethyl acetal o) H 0 H OH
100 eq. N N .
R anh. DCM/THF=1/3 OJJ\:/ H:j/ “NH,
Z -~ 0 e )
) HN S
NH,
123

N O RT, overnight
0 hd >
NH 2. TFA/H,O/TIPS
(O—nH 127 95/2.5/2.5

RT, 1h

Scheme 36: On-resin phenolysis approach towards the unprotected tetrapeptide SAL ester containing
only small amounts of the desired peptide SAL ester 123.

The procedure commenced with deprotection of the Fmoc group from Rink amide
MBHA resin, followed by loading with BNH-109 (119) under standard peptide coupling
conditions. Complete loading of the resin was ensured by repeating the coupling step.
Subsequently, the SPPS protocol previously described was employed to construct a
tetrapeptide on the meta-positioned amine of the resin-bound Fmoc-Dbz (124). The
resulting anchored tetrapeptide 125 was then subjected to carbamate formation on the
para-positioned amine. Then resultant carbamate 126 underwent intramolecular
cyclisation in the presence of DIPEA to yield the benzimidazolone derivative 127.
Phenolysis of the lactam linking the C-terminus of the tetrapeptide to the
benzimidazolone nitrogen in intermediate 127 was achieved using a large excess of
salicylaldehyde dimethyl acetal and Na2COs. Following completion of the reaction, the

mixture was filtered and the filtrate was concentrated under a stream of compressed
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air. It is crucial to evaporate only the bulk of the DCM and THF, ensuring that the
excess salicylaldehyde dimethyl acetal remains in the mixture. This excess is essential
to minimise hydrolysis of the newly formed SAL ester during subsequent global
deprotection under acidic conditions. The presence of salicylaldehyde dimethyl acetal

favours transesterification with the acetal or aldehyde over hydrolysis by water.

According to LC/MS analysis, the desired SAL ester containing only small amounts of
the desired peptide SAL ester 123 was obtained as the major product. The crude
product was directly in the subsequent cyclisation step without further purification. For
the cyclisation, the crude SAL ester was dissolved in a pyridine/AcOH mixture and
stirred under N2 at room temperature overnight.2°* The employed conditions were

consistent with established protocols for Ser/Thr ligations (Scheme 37).258.259.261

Batch addition 0]
Syr|nge pump: HzN OH
i Addition rate HN O rgo
2 96.6 uM/h \\‘/g HNw
> S O ;
anh. Pyndme/AcOH N 0
1/2 mol/mol, 1 mM  HO >\/NH
RT, N,, overnight o) H

H,N
0

\OiNH HNI\
ZNH HNT SO TFA/H,O/TIPS = 95/2.5/2.5
OH

)_{s,/NH< X

O RT, 30 min

Scheme 37: Attempted cyclisation of containing only small amounts of the desired peptide SAL ester
123 via imine-induced ring contraction.

A solution of SAL ester containing only small amounts of the desired peptide SAL ester
123 at a concentration of 1 mM was stirred overnight in buffer, resulting in complete
consumption of the starting material. However, LC/MS analysis did not detect the
formation of expected cyclic intermediate 128. Instead, several side products were
observed, with the free acid of the unprotected tetrapeptide emerging as the major
product. This outcome suggests that hydrolysis of the SAL ester containing only small

amounts of the desired peptide SAL ester 123 was the predominant side reaction,
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despite rigorous drying of laboratory glassware and reagents. In addition, undesired
cyclodimerization may have contributed significantly to the consumption of the SAL
ester, as such side reactions have been reported even at concentrations below 0.1 mM
for tetrapeptide esters. In contrast, cyclisation of longer peptides (with more than four
amino acids) has been reported to proceed cleanly even at concentrations as high as
10 mM. 26"

No improvement in yield was observed when the cyclisation of the ester containing
only small amounts of the desired peptide SAL ester 123 was attempted under even
higher dilution using a syringe pump. In this approach, a solution of the SAL ester in
anhydrous DMSO (900 pL) was added over 10 hours to a pyridine/AcOH mixture with
an addition rate of 96.6 uM/h. To rule out the possibility that the intermediate 128 was
formed but was undetectable by LC/MS analysis, the reaction mixture was
concentrated after overnight stirring and subsequently treated with TFA/H20/TIPS.

Nevertheless, no formation of cyctetpep 94 was observed.

In light of these results, no further optimisation of the imine-induced cyclisation
conditions was pursued. Instead, focus shifted to the more robust Cu-catalysed azide

alkyne cycloaddition (CUAAC) approach.
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2.3.3.4 Synthesis of a-Azido Acids

The a-azido acids required for the synthesis of compounds 95-97 were prepared from
the corresponding AAs through a convenient two-step diazotransfer reaction. The
reaction mechanism was initially proposed by FISCHER and ANSELME in the 1967 and
later refined by NYFFELER et al.?62-264 |n 2014, PANDIAKUMAR, SARMA and SAMUELSON
substantiated the proposed mechanism through NMR studies employing isotope-

labelled reagents (Scheme 38).25°

Tf\N_
+ RNH, + TiNg l
LCou @ ———— L3Cu”—NI:| —_—— N‘\N
-HL R - TfN3 I | +
129 LaCuT=N=H
R
130
L = TEA, TfNH
’ + RNH + TfNH -
MeCN, H,0 2 2 ¥ HLH HL
Tf\
N0 | + RNj ,N\
chUIJ\ \/S: == L,Cu"=N_ ~— LoCu'l l[{j
o CF,4 Tf - RN3 ,N’
132 H
+ RNH, 131
+ TINH, * TfN/
- TN,
L,Cu"=N_
R
133

Scheme 38: Mechanism of Cu-catalysed diazotransfer from triflyl azide to primary amines.
Modified from NYFFELER et al.264

In the first step of the mechanism, the a-amine of the AA coordinates to the metal
centre (Cu' or Zn"), forming complex 129. The amine then undergoes nucleophilic
attack on the terminal nitrogen triflyl azide, generating complex 130). Subsequent
deprotonation of the amine nitrogen yields a cyclic tetrazene intermediate 131, which
undergoes a reverse [3+2] dipolar cycloaddition to afford the desired alkyl azide and a
Cu'l-triflylamide complex 132. The triflylamide ligand can then be displaced by another
molecule of the AA starting material, thus perpetuating the catalytic cycle. The new
round of the cycle can proceed either through the aforementioned pathway or through

an alternative route involving the formation of a double bond between the starting
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material amine and the Cu" (complex 133), followed by a [3+2] dipolar cycloaddition to

produce the same tetrazene intermediate 131.

Given the well-documented explosion risks associated with azide chemistry, particular
caution was exercised in the selection of the reaction protocol. In particular, procedures
that bring NaNs into contact with DCM were strictly avoided, as this may result in the
formation of diazomethane, a highly volatile and explosive compound.?%® Accumulation
of diazomethane during synthesis has been linked to catastrophic explosions.2%”
Fortunately, safer alternatives have been developed.?%826° Among these, a particularly
convenient protocols involves the generation of triflyl azide from NaNs and triflyl
anhydride in anhydrous MeCN. This method was employed for the synthesis of
BNH-124 (134), BNH-127 (135), and BNH-170 (136), as shown in Scheme 39.

1.NaN3 1.45eq., 1M

o) Tf,0 1.2 eq. o
HoN anh. MeCN, N,, 0°C, 2 h N
oo - "y o
R 2. TEA 3.0 eq. R

CuS0,4*5 H,0 1 mol%
MeCN/H,0 = 2/1, 0°C to RT, overnight

BNH-124 (134)  BNH-127 (135)  BNH-170 (136)
61% Yield 88% Yield 99% Yield

Scheme 39: Diazotransfer reactions towards the a-azido acids 134—136.

In the first step, NaN3 was suspended in anhydrous MeCN and the mixture was cooled
to 0°C. The amount of NaN3 was carefully calculated such that, if completely dissolved,
the concentration would not exceed 1 M. This precaution was implemented to mitigate
the risk of explosion associated with the subsequent formation of triflyl azide upon
addition of triflyl anhydride (Tf20), which is known to be explosive at high
concentrations.?’0 After stirring the suspension for 2 hours, the triflyl azide solution was

added to a precooled solution containing the respective AA, triethylamine (TEA) and a
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catalytic amount of CuSOa4. The desired a-azido acids 134-136 were obtained in

moderate to good yields.

Importantly, the yields were found to be highly dependent on the quality of the Tf20
and the dryness of the MeCN. For optimal yields, freshly bought/prepared Tf20 should
be used, and rigorous exclusion of moisture must be ensured by using meticulously

dried MeCN and oven-dried glassware.

The optical purity of the a-azido acids 135 and 136 was subsequently confirmed using
a published method involving the coupling of the a-azido acids with (S)-H2N-Ala-OMe

to form the corresponding dipeptides (Scheme 40).2""

(S)-H,N-Ala-OMe*HCI 1.5 eq.

HOBt 1.2 eq.
0 DIC 1.2 eq. o
DIPEA 1.4 eq.
R anh. DMF, 0°C to RT, overnight R H 0]
R =

Oﬁ,/é O\“‘\
Trt’NH /i\

BNH-127 (135) BNH-170 (136)

to to
BNH-141 (137) BNH-171 (138)
64% Yield 83% Yield

Scheme 40: Amide coupling reactions between the a-azido acids 135 or 136 and (S)-HzN-Ala-OMe
towards the dipeptides 137 and 138.

Analysis of the dipeptides BNH-141 (137) and BNH-171 (138) by NMR spectroscopy
revealed no evidence of epimerisation at the azido-substituted a-carbon. These
findings ae consistent with previous literature reports indicating that racemisation does

not occur under the employed diazotransfer reaction conditions.266.269.272
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2.3.3.5 Synthesis of a-Amino Acetylenes

The a-amino acetylene building blocks used for the synthesis of click cyctetpep 95-97
in Figure 52 were synthesised from the corresponding protected AAs through a mild,
two-stage protocol. The first stage involved the reduction of the carboxylic acid to the
corresponding aldehyde, followed by conversion to terminal alkyne in the second stage
(Scheme 41).272

Stage: Reduction Stage 2: Homologation
139 N
PG O 1. CDI PG O PG O-P
! 2. DIBAL-H ! K2CO3 2|
HN\HI\OH » HN ’ - HN/ o} l
R anh. DCM, -94°C R anh. MeOH, RT R 139 2

Scheme 41: Employed strategy for the conversion of protected AAs into the respective a-amino
acetylenes through aldehyde intermediates.

Preparation of the aldehyde can be achieved through activation of the carboxylic acid
with carbonyl diimidazole (CDI) and subsequent reduction using DIBAL-H at -94°C.2"3
Due to the susceptibility of the resulting a-amino aldehydes to epimerisation at the a-
carbon under mildly acidic or basic conditions, e.g. during silica column
chromatography, they should be used immediately after aqueous workup.?”® The
second stage comprises a one-pot homologation of the aldehyde to the corresponding
a-amino acetylene.?’* This transformation was achieved using the Ohira-Bestmann
modification of the Seyferth-Gilbert homologation, which is widely used due to its broad
functional group compatibility. In this reaction, the Ohira—Bestmann reagent 139 is
deacylated by nucleophilic attack of MeO-, which is formed in situ from K2COs3 in

methanol solution (Scheme 42).272

In the second step, the diazo carbanion 140 engages in nucleophilic attack on the
carbonyl group of the starting material, which may either be an aldehyde or a ketone
bearing a broad range of substituents owing to the mildness of the reaction conditions.
This addition yields the oxaphosphetane intermediate 141, which subsequently
decomposes to generate the diazoalkane 142. The latter then undergoes a-elimination
of N2 and a concomitant 1,2-shift of one of the substituents to afford the terminal

alkyne.275:276
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Scheme 42: Reaction mechanism of the Ohira-Bestmann modification of the Seyferth-Gilbert
homologation. Modified from KURTI and CzAKO.277

The a-amino acetylenes BNH-123 (143) and BNH-129 (144) were synthesised in
accordance with the strategy outlined in Scheme 41. Boc and benzyl protecting groups
were selected based on superior performance of the DIBAL-H reduction protocol when

applied to Boc-protected AAs featuring side chains resistant to both acidic and basic

conditions.?’3 The synthetic route commenced with activation of the AA CDI at 0°C

(Scheme 43).
O O
. 0 145
_O(_)/P\)J\ 1.2 eq.
1. CDI 1.1 eq. Tosyl azide 1.2 eq.
anh. DCM, N, K,CO3 3.0 eq. Boc
Boc O 0°C, 1 h Boc O Toluene, Ny, RT, 5 h N 2
HN HN
o - Ny -
R 2. DIBAL-H 2.1 eq. R 2. Aldehyde addition R
anh. DCM, N, anh. MeOH, N, 1
R'": BNH-123 (143
-94°C, 3 h RT, overnight 459, YieI3d( )
(o)
R’ R2 R?: BNH-129 (144)
~on ~an 31% Yield
B - 4 HCl in Dioxane 4 M, 7 eq.
N cl H3N\/// - d |
S\ o R anh. DCM, N,, RT, 18-72 h
Bn | R!: Oxidation

RZ: BNH-133 (146) 99% Yield

Scheme 43: Reduction homologation sequence employed in the synthesis of 143, 144 and 146.

136



Optimal conversion to the aldehyde intermediate was achieved when freshly
recrystallised CDI was used. The resulting acyl imidazole was subsequently reduced
with DIBAL-H at -94°C. To minimise side reactions, DIBAL-H was added slowly over
2 hours through a syringe pump. Upon complete conversion, as monitored by TLC, the
reaction was quenched with EtOAc and 25% aqueous tartaric acid. The use of tartaric
acid, rather than its tartrate salt, facilitated rapid dissolution of the aluminium salts,
thereby minimising epimerisation of the aldehyde. The aldehyde intermediates were
obtained in sufficient purity following aqueous workup and were directly employed in

the homologation reaction.

Concurrently, while the reduction was ongoing, the Ohira-Bestmann reagent was
prepared from dimethyl-(2-oxopropyl)-phosphonate (145) and tosyl azide in the
presence of K2COs in toluene.?”# No additional solvent was used, other than the
toluene present in the commercial tosyl azide solution. After stirring at room
temperature for 5 hours, the aldehyde was added in anhydrous MeOH to the reaction
mixture containing the freshly prepared Ohira-Bestmann reagent. The homologation
proceeded smoothly, furnishing the protected alkynes BNH-123 (143) and BNH-129

(144) in moderate yields over three steps.

Subsequent Boc deprotection of alkyne 144 under acidic conditions for 72 hours
afforded the Tyr-derived alkyne BNH-133 (146) in excellent yield. However, analogous
treatment of the Met-derived alkyne resulted in substantial oxidation of the side chain
sulphur atom after only 18 hours, despite rigorous exclusion of oxygen. Notably, such

oxidation has not been reported under comparable conditions.?”8

Encouraged by the successful synthesis of compound 146 , efforts were directed
towards the preparation of the corresponding unprotected phenol derivative. Initial
attempts using (S)-Fmoc-Tyr(tBu)-OH as the starting material, following the protocol in
Scheme 43, provided the target aldehyde in low yield and poor purity. Subsequent
homologation with the crude aldehyde failed to yield the desired alkyne. Employing
excess DIBAL-H, as typically recommended for Fmoc-protected amino acids, also
failed to improve the outcome.?”® The observed inefficiency is likely due to partial
cleavage of the Fmoc group by the basic reducing conditions. A similar phenomenon
has been reported during the reduction of Weinreb amides derived from Fmoc-

protected AAs with LiAlH4, with mitigation achieved by lowering the reaction
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temperature.?’”® Guided by this precedent, the Weinreb amides BNH-140 (147) and
BNH-167 (148) were synthesised under standard coupling conditions (Scheme 44).

DIPEA 2.2 eq.
o) PyBOP 1.1 eq. H 0 | _
H\gj\ MeNHOMe*HCI 1.2 eq. N\gj\ o LiAIH, 1.0 - 4.0 eq.
Fmoc” OH » Fmoc” N~
R DCM, RT, overnight R anh. THF, N,

-94°C 10 0°C, 2 h

R': BNH-140 (147)
98% Yield
R2: BNH-167 (148)

l J< 91% Yield
Trt
oo\ 0 0 0

R R
+ -
H (¢ (¢
N HoN
Fmoc” \{U\H 2 })LH
R R

Scheme 44: Attempted synthesis of a-amino aldehydes by reduction of the Weinreb amides
BNH-140 (147) and BNH-167 (148).

Stirring of the Weinreb amides with two equivalents of LiAlH4 in anhydrous THF at
-94°C for 1 hour failed to achieve complete consumption of the starting materials.
Unexpectedly, the addition of a further two equivalents of LiAlH4 had no appreciable
effect on the conversion. Subsequent warming of the reaction mixture to 0°C and
stirring for 30 minutes afforded a mixture of the protected and unprotected amides and
aldehydes. Thes results contrast with previously reported aldehyde yields of 85% for
(S)-BNH-140 and 50% for BNH-167 (148).280.281

Given the unsatisfactory conversion and the inherent fire hazard associated with
LiAlH4, an alternative reduction protocol using NaBH4 was explored for the synthesis
of BNH-150 (149) (Scheme 45). Activation of (R)-Fmoc-Tyr(tBu)-OH was
accomplished through formation of the mixed anhydride using i-butyl chloroformate.
Subsequent reduction with NaBH4 furnished the corresponding alcohol in >90% purity,
as determined by LC/MS analysis. Even cleaner conversion may be achievable

through activation with cyanuric chloride, as previously reported.282
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1. i-Butyl chloroformate 1.1 eq. DMP 1.1
1 eq.

N-Methylmorpholine 1.2 eq. OH 0]
HoQ anh. THF, N, 0°C, 1h § "0 2.0 80 AN
—_—
Fmoc/N\‘)kOH »  Fmoc” Fmoc
R 2. NaBH, 3.0 eq. rR  DPCM.RT.2h R

anh. THF/MeOH

M R N5, -94°C, 45 min
1. Tosyl azide 1.2 eq.
145 1.2 eq.
0 K2003 3.0 eq.

anh. MeOH, N,

Octadecylmercaptan 10 e9.  Fmoc

0 | RT, overnight
HZN/ - DBU 10 mol% HN\‘/// -
R THF, RT, 1 h R 2. Fmoc-ONSU 0.66 eq.
DIPEA 1.5 eq.
BNH-150 (149) BNH-146 (150)

99% Yield 25% Yield anh. DCM, RT, overnight

Scheme 45: Synthesis of the a-amino acetylene 149 from (R)-Fmoc-Tyr(fBu)-OH in a six-step reaction
sequence involving NaBH4 reduction, DMP oxidation, homologation and deprotection.

The crude alcohol was then oxidised using Dess-Martin periodinane (DMP) in the
presence of two equivalents of H20, which served to accelerate the reaction, resulting
in quantitative conversion to the corresponding aldehyde.?83 Notably, DMP has been
shown to oxidise [(-amino alcohols to a-amino aldehydes with the reduced

epimerisation relative to Swern or TEMPO-based oxidations.?%*

Subsequent Ohira-Bestmann homologation yielded the Fmoc-protected alkyne
BNH-146 (150) along with a small quantity of the corresponding free amine 149. The
latter was reprotected using Fmoc-ONSU to facilitate purification of alkyne 150 by silica
gel chromatography. The four-step synthesis afforded the protected alkyne 150 with

an overall yield of 25%.

Removal of the Fmoc group under standard conditions using 20% piperidine in DMF
proceeded with near-quantitative vyield. However, the resulting piperidine-
dibenzofulvene (DBF) adduct co-eluted with alkyne 149 on both normal- and reverse-
phase columns. In response, seven deprotection cocktails were tested to identify a
DBF scavenger that would yield an adduct a chromatographic profile amenable to

separation from alkyne 149 (Table 13).
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Cocktails Results
20% Piperidine in DMF. R_(149) = R_(DBF-Adduct).
6% Piperazine in DMF. R.(149) = R_(DBF-Adduct).
50% Dicyclohexyl amine in DMF.  R_(149) = R_(DBF-Adduct).
50% Ethanol amine in DMF. Partial decomposition.
25% Benzylpiperazine in DMF.  R_(149) = R_(DBF-Adduct).
15% Ethyl isonipecotate in DMF.  R_(149) = R_(DBF-Adduct).

Octadecylmercaptan (10 eq.) Near quant. conversion.
DBU (10 Mol%) in THF. Excellent separation.

Table 13: Tested Fmoc-cleavage cocktails for the deprotection of alkyne 150 towards alkyne 149.

The deprotection cocktails shaded in red were published by FIELDS.?8%, while those
shaded in blue were selected based on the ready availability of the corresponding
bases. Neither group of cocktails produced sufficient differences in retention factor (Rr)
values or product purity to enable effective separation. In contrast, the DBU-catalysed
Fmoc deprotection in the presence of a large excess of octadecylmercaptan (shaded
in green) achieved near quantitative conversion of alkyne 150 to alkyne 149. This
protocol enabled facile chromatographic removal of the octadecylmercaptan-DBF
adduct.?8 An added advantage of this method is the elimination of potential piperidine-

induced side reactions.?87.288

For the precursor (S)-Fmoc-GIn(Trt)-OH, reduction using CDI and DIBAL-H gave the
corresponding aldehyde in sufficient yield and purity to allow successful homologation

following the established sequence (Scheme 43), as depicted in Scheme 46.

L0 HRedluctioth HEmOC//
N U anoegaion : Fmoc-ONSU 0.5 eq.
Fmoc” N “OH Sequence z Fmoc
H R DIPEA 1.0 eq. [ Z
R — " > HN_Z
HZN/ DCM, RT, overnight =
non
z R R
Octadecylmercaptan 10 eq.
oj\N’T” N < DBU 10 mol%
H z
R THF, RT, 1h

BNH-169 (151) 10% Yield

Scheme 46: Synthesis of alkyne 151 through the described reduction homologation sequence with
subsequent reprotection of the aldehyde and final DBU-catalysed Fmoc deprotection with
octadecylmercaptan as DBF scavenger.
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Reprotection of the partially deprotected alkyne mixture, followed by DBU-catalysed
Fmoc removal, afforded the a-amino acetylene BNH-169 (151) in 10% yield over five
steps. Throughout the syntheses of a-amino acetylenes 146, 149, and 151, particular
attention was paid to minimising epimerisation at the a-carbon. This was achieved by
employing mild reaction conditions and limiting the storage time of the a-amino
aldehyde intermediates. In order to assess the effectiveness of these precautions, the
optical purity of the a-amino acetylenes was determined by coupling with (R)- and
(S)-MTPA (Mosher’s acid) through EDCI-mediated peptide coupling (Scheme 47).

H3N HZN\E/
El El ko g

BNH-133 (146) BNH-150 (149)  BNH-169 (151) |

(S/R)-MTPA 3.0 eq.

HOBt 3.0 eq.
DIPEA 4.0 eq.
EDCI 3.0 eq.
anh. MeCN 6
0°C to RT
overnight
MeO Ph \ PR OMe' \
BNH-157 (152) 72% Yield BNH-145 ( 153) 68% Yield
5
2, O\é \6
(0] H 6
FSC\?LN/%3 FSC R /l%
Med bn 1N\ PR OMe'
1 1

BNH-158 (154) 58% Yield BNH-159 (155) 67% Yield

5
Ph
BNH-176 (157) 68% Yield

5
O P "Ph
BNH-175 (156) 66% Yield

Scheme 47: Synthesis of the Mosher amides 152-157 through peptide coupling of the amines 146,
149 and 151 with (R)-and (S)-MTPA. The numbers have been assigned to the protons to facilitate
comparison of their shifts in the respective diastereomers. The phenyl protons in amines 152 and 153
were omitted in this analysis, because they could not be assigned unambiguously.
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Scheme 47 depicts the structures of the resulting Mosher amides BNH-157 (152), -145
(153), -158 (154), -159 (155), -175 (156) and -176 (157) alongside their assigned
protons. The resulting (S)- and (R)-Mosher amides 152—-157 were fully characterised
and the absolute configurations were determined following the published protocol by
HoYE, JEFFREY and SHA0.28° Therein, the "TH-NMR resonances were assigned and the

shift differences ASSR calculated from the proton shifts ds/r of the diastereomer pairs:
ASSR = 65‘ - 8R

Equation 6: Definition of the shift differences used for the determination of the absolute configuration
at the a-carbon in the Mosher amides 152—157. The (S)- and (R)-configurations
refer to the a-carbon of the MTPA.

AaSR
Amine Proton Os or ppm Hz (600 MHz)

1 2.32 2.33 -0.01 -6

2 5.03 5.08 -0.05 -30

BNH-133 3 3.0 2.92 0.08 48
4 6.95 6.85 0.1 60

(146) 5 7.22 7.01 0.21 126
6 5.07 5.04 0.03 18

NH 7.01 6.78 0.23 138

1 2.30 2.32 -0.02 -8

2 5.03 5.05 -0.02 -8

3 3.25 2.92 0.33 132

BNH-143 4 717 6.99 0.18 72
(149) 5 6.94 6.85 0.09 36
6 1.33 1.33 0 0

NH 6.97 6.77 0.20 80

1 2.33 2.31 0.02 12

2 4.77 4.78 -0.01 -6

3 2.00 2.08 -0.08 -48

4 2.36 2.45 -0.09 -54

N B 5 7.19 7.21 -0.02 —12

(151)

6 7.29 7.29 0 0

7 7.27 7.25 0.02 12

NH-Trt 6.67 6.79 --0.12 =72

Table 14: Summary of the 'H shifts and their differences between diastereomer pairs resulting from
coupling amines 146, 149 and 151 with (S)- and (R)-MTPA. : 152 vs. 153, green: 154 vs. 155,
blue: 156 vs. 157.
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The absolute configuration of the a-carbons in the a-amino acetylenes was determined
by analysis of the calculated A&SR values for individual proton in each pair of (S/R)-
Mosher amides. This stereochemical assignment is enabled by the characteristic

solution-phase conformation adopted by Mosher amides (Figure 57).

e R
(S)-Mosher amides H (0] H 0] (R)-Mosher amides

Rz\\‘)\ R CF3

Figure 57: Common representations of Mosher amides with (S)- and (R)-configuration on Mosher’s
acid, left and right respectively. The anisotropic shielding caused by the phenyl moiety
is represented as green arrows. Modified from HOYE, JEFFREY and SHAO.289

The a-proton, carbonyl, and CF3 moieties assume a syn-coplanar conformation. While
this conformation is not rigidly fixed, it dominates the spectroscopic profile of Mosher
esters and amides.?® In this geometry, each substituent on the a-carbon experiences
a different chemical environment. Especially the phenyl substituent on MTPA provides

anisotropic shielding to the moieties in close spatial proximity to it (green arrows).

Accordingly, in (S)-Mosher amides, protons associated with the R? substituent exhibit
smaller chemical shifts compared to those on R', and the reverse is true for (R)-Mosher
amides. The absolute configuration can therefore be reliably inferred from the AJSR
values: positive AR values correspond to R' protons, while negative values
correspond to RZ?. Although protons situated within the syn-coplanar plane are

generally excluded from interpretation, they are reported here for completeness.

The ASSR values summarised in Table 14 confirm the successful synthesis of the
intended enantiomers: i.e. (R)-146, (R)-149 and (S)-151. In Mosher amides 152 and
153 as well as 154 and 155, the Tyr side chain and the alkyne moiety were assigned
to R' and R?, respectively. In contrast, in amides 156 and 157, the GIn side chain and

the alkyne moiety were assigned to R? and R, respectively.
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It is important to note that the synthesised a-amino acetylenes were not obtained as
enantiomerically pure compounds. Minor sets of 'TH-NMR signals with low integrals,
corresponding to the opposite enantiomers, were detected in the spectra of the Mosher
amides. The diastereomeric ratio (dr) and diastereomeric excess (de) of the major
enantiomers were quantified by integration of the ®F-NMR signals of the trifluoro-
methyl group in each Mosher amide, using Equation 7. The resulting values are
presented in Table 15.
Integral™¥°" — Integral™m"°" 1+de

= - - 1009 d
€ Integral™¥°r + Integral™mnor ’ o r 1—de

Equation 7: Definitions of the diastereomeric excess (de) and diastereomeric ratio (dr) calculated from
the integrals in the '*F-NMR spectra of the Mosher amides.

Amines 146 149 151
Mosher | (S) | (R) | (S) | (R) | (S) | (R)
amides | 152 | 153 | 154 | 155 | 156 | 157
dein% | 72 | 75 | 75 | 72 | 65 | 63
dr 6.1 7 7 | 6.1]4.6|4.41

Table 15: Summary of the diastereomeric excesses ( ) and diastereomeric rations (green)
resulting from the ratios of the diastereomers’ CF3 group integrals. The absolute configuration of the
MTPA in the Mosher amides is given in the Mosher amides column.

Notably, the desired (R)-enantiomers of the Tyr-derived alkynes 146 and 149 were
obtained with higher selectivity than the (S)-enantiomer of the GIn-derived alkyne 151.
This discrepancy likely reflects the more efficient and cleaner reduction of the Tyr
precursors to their corresponding a-aldehydes, relative to the GIn derivative. The
reduced reactivity of the GIn substrate may be attributed to steric hindrance imposed
by the bulky trityl protecting group on its side chain. In contrast, the reduction of
Weinreb amides using DIBAL-H or LiAlH4 has shown greater consistency across
different amino acid substrates.?”".274 Qverall, the a-amino acetylenes were obtained

in sufficient purity to support subsequent assembly of click-cyclised tetrapeptides.
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2.3.3.6 Synthesis of Click Cyctetpep

Several studies have reported the successful CuAAC-mediated cyclisation of
tetrapeptides.203-290-293 Yijglds of up to 70% have been achieved for the final click
macrocyclisation step.?% This efficiency has been attributed to the ability of Cu' centres
to preorganise the azide and alkyne termini of the linear tetrapeptide precursor, thereby
facilitating intramolecular cyclisation. The proposed mechanism for this CuAAC-
mediated macrocyclisation is illustrated in Scheme 48. The mechanism commences
with coordination of Cu' to the terminal alkyne of the linear precursor, affording complex
158. This coordination lowers the pKa of the alkyne sufficiently to allow deprotonation,
yielding a o-bound Cu'-acetylide intermediate that simultaneously engages a second

Cu' centre via Tr-complexation with the triple bond (159).

N=N, ( —H i
<N N [Cu]a [Cu]

N=N, [qulb

159
[CU]a

[Cu

[Cu]a

Scheme 48: Proposed mechanism of a CuUAAC-mediated macrocyclization reaction.
Modified from WORRELL, MALIK and FOKIN.2%

In the second step, the second copper centre, denoted [Cul?, coordinates the azide of
the linear precursor, thereby bringing the two termini into spatial proximity (160).
Subsequent initiation of the intramolecular cycloaddition yields the dinuclear complex
161, ich which two Cu' atoms are o-coordinated to the newly forming triazole. Ring
closure to the 1,2,3-triazole is accompanied by the elimination of one Cu' centre,
affording the o-complex 162. Final protonation at the 4-position of the triazole delivers

the desired macrocycle and liberates Cu'.2%42%5

The equilibrium between intermediates 159 and 160 is presumably the key step

responsible for the comparatively high cyclisation yields observed in CuUAAC-mediated
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macrocyclisations. Coordination of the azide to [Cu]® results in the formation of a
relatively large macrocyclic intermediate, a process that is particularly favourable when
rigid tetrapeptide precursors are employed. The subsequent contraction of this
macrocyclic intermediate via the 1,3-dipolar cycloaddition is expected to proceed with
a significantly lower activation barrier than direct macrocyclisation in the absence of
prior complexation. This mechanistic rationale bears resemblance to the imine-induced

ring contraction strategy illustrated in Scheme 33.

The linear azide and alkyne tetrapeptides were synthesised through a combination of
SPPS and solution-phase coupling. The second and third AA residues, counted from
the N-terminus of the target linear tetrapeptide, were coupled on CTC resin following
the protocol outlined in Scheme 28 (Scheme 49). After N-terminal deprotection of the
resin-bound dipeptide, the a-azido acid 135 or 136 was coupled. Notably, in contrast
to standard SPPS protocols employing DIPEA, coupling of the a-azido acids was
conducted in the absence of base. This modification is widely reported in the literature,
albeit without explicit justification.266:290.292 One plausible explanation is the electron-
withdrawing nature of the azide group, which may render the a-proton of the a-azido
acid prone to base-induced epimerisation upon formation of the active ester. Coupling

was repeated once, until complete conversion was confirmed by a negative Kaiser test.

Upon successful coupling of the a-azido acid, the resulting tripeptide was cleaved from
the resin using HFIP in DCM. The desired tripeptides 163 and 164 were obtained in
yields of 99% and 90%, respectively, relative to the theoretical maximum loading of the
CTC resin. Subsequent solution-phase coupling of tripeptide 163 with the a-amino
acetylene 146 or 149, and of tripeptide 164 with a-amino acetylene 151, was carried
out using EDCI in the presence of HOBt and DIPEA. One equivalent of DIPEA was
employed to deprotonate the carboxylic acid of the tripeptide, and an additional

equivalent to neutralise the HCI salt form of the a-amino acetylene 146.

The resulting linear tetrapeptides 165, 166, and 167 were obtained in yields of 76%,
73% and 82%, respectively. All reaction by-products of the described EDCI coupling
were conveniently removed through aqueous workup, affording the tetrapeptides in

sufficient purity for the subsequent CUAAC-mediated macrocyclisation.
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1.1350r 136 2.5 eq.

DIC 2.5 eq.
SPPS
. O o O\ \H)\NH HOBLt 2.5 eq.
2 anh. deg. DMF
RT, 4 h

Repeated once

146 or 149 or 151 1.1 eq. 2 HFIP/DCM = 1/7

EDCI 1.2 eq.
HOBt 1.1 eq.

2
DIPEA 1.0-2.0 eq. O Ry 9
N N
N OH
rR" B 0 R

anh MeCN, N,, RT

165 76% Yield R1: Asn(Trt), R2: Glu(tBu) 163 99% Yield
R3: Lys(Boc), R*: Tyr(Bn) R': Asn(Trt), R? Glu(tBu), R3: Lys(Boc)
166 73% Yield R': Asn(Trt), R?: Glu(tBu) 164 90% Yield
R3: Lys(Boc), R*: Tyr(tBu) R Thr(tBu), R?: Asp(tBu), R3: Trp(Boc)

167 82% Yield R': Thr(tBu), R%: Asp(fBu)
R3: Trp(Boc), R*: GIn(Trt)

1. DIPEA 2.0 eq. HzN
2,6-Lutidine 2.0 eq. NH o BNH-166 (95)
TBTA 200 mol% 50% Yield

Cul 200 mol% HO
deg. MeCN Ar, RT, 48-72 h @NN )\
> N:N (@) NH2

2. TFA/H,O/TIPS = 95/2.5/2.5

RT, 30 min o)

H
NH NH BNH-177 (96)
O 20% Yield

/l

@N \r
BNH-137 (168) 0]
54% Yleld

Scheme 49: Synthesis of the target click cyctetpep 95 and 96 as well as the benzyl-protected
derivative 168 of target click cyctetpep 97. A combination of SPPS, solution
phase peptide coupling and CuAAC cyclisation was employed.

For the cyclisation step, 100 mg of linear tetrapeptide was dissolved in degassed

MeCN to a final concentration of 0.2 mM. Scaling beyond 100 mg of peptide was

avoided to prevent overloading of the HPLC column used in the final purification.

An excess of Cul catalyst and the ligand TBTA was employed to compensate for the
high-dilution conditions required for efficient macrocyclisation of the linear

tetrapeptides. TBTA has been reported to significantly enhance CuAAC-mediated
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cyclisation yields in the synthesis of click cyctetpep.?®® This effect is presumably
attributable to the ability of TBTA to stabilise the Cu' centre by preventing oxidation,
disproportionation, and aggregation via tetradentate coordination. Furthermore, the
tertiary amine moiety of TBTA donates electron density to the Cu' centre, thereby

enhancing its catalytic activity in click reactions.?%

Notably, cyclisation of linear tetrapeptide 167, which features a sterically demanding
Thr residue at the N-terminus, required 72 hours for complete conversion. In contrast,
the corresponding linear precursors 165 and 166 were fully consumed after 48 hours
under otherwise identical conditions. Following complete conversion, the reaction
mixture was concentrated and globally deprotected using TFA/TIPS/H20. The resulting
crude products were concentrated under a stream of compressed N2 and purified by
HPLC. Purification proved challenging due to the limited UV absorption and
pronounced peak tailing and fronting of the click cyctetpep on both normal- and

reverse-phase columns.

Nonetheless, the desired target click cyctetpep BNH-166 (95) and BNH-177 (96) were
isolated in 50% and 20% vyield, respectively. In addition, the benzyl-protected derivative
168 of the click cyctetpep 97 was obtained in 54% vyield. These yields are consistent
with literature reports and reflect the known sequence dependence of CuAAC

macrocyclisation efficiency.?%3

As a final step, the linear tetrapeptides 165-167 were subjected to global deprotection
to furnish the corresponding uncyclised analogues BNH-180 (169), BNH-179 (170),
and BNH-178 (171). These compounds were prepared to investigate the impact of

macrocyclisation on the biological activity of the cyclic tetrapeptides (Scheme 50).

TFA/H,O/TIPS

95/2.5/2.5 o K oD R
165 or 166 or 167 —————————» N3\HJ\N)\H/N\)LN)\,(OH
' 0 R P 0

RT, 30 min

BNH-180 (169) 38% Yield

R': Asn, R? Glu, R% Lys, R* Tyr(Bn)
BNH-179 (170) 50% Yield

R Asn, R2: Glu, R3: Lys, R4: Tyr
BNH-178 (171) 47% Yield

R': Thr, R% Asp, R Trp, R* GIn

Scheme 50: Global deprotection of the linear tetrapeptides 165-167 towards the corresponding
unprotected tetrapeptides 169-171.
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Analogous to the click cyctetpep, their unprotected linear counterparts were purified by
HPLC. The moderate isolated yields are once again attributed to pronounced peak
fronting and tailing observed on both normal- and reverse-phase columns. Additionally,
despite near-quantitative conversion, as confirmed by LC/MS analysis, the modest
deprotection yields suggest that the actual cyclisation efficiency may have exceeded
the observed range of 20-54%. A substantial proportion of product appears to have

been lost during chromatographic purification.

Finally, a notable disparity in solubility was observed between the (un)protected linear
and cyclic tetrapeptides. Macrocyclisation significantly reduced the solubility of the
peptides. The protected linear tetrapeptides were readily soluble in DCM and MeCN,
whereas the corresponding protected cyclic analogues exhibited solubility only in
DMSO. Following global deprotection, the linear peptides were soluble exclusively in
DMSO, while the deprotected cyclic cyctetpep required warming to approximately 50°C

in DMSO to achieve sufficient solubility.
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2.3.3.7 Biochemical Data

At the time of writing, only three NE assay datapoints have been measured for the
cyctetpep 95 and 96. No NE inhibition was observed within the tested concentration

range, up to 30 uM (Table 16). Their structures are shown in Figure 58.

|D NEG12D NEWT
[uM] [LM]
95 >30 >30
96 >30 n.d.
2 0.0229+0.0160 0.0247 +0.0180
6 >300 >300
7  17.0+9.31 33.1+£9.71
8 >300 >300

Table 16: Assay results of the click cyctetpep 95 and 96 (blue), as well as the references (white).
All values are the result of multiple measurements.

@J\C )\NHz T(\\@,N o

(0]

BNH-166 (95) BNH-177 (96)

Figure 58: Structures of the click cyctetpep 95 and 96.

Notably, the predicted ICso values of the achiral structures of cyctetpep 95 and 96 were
110 uM and 34.7 uM, respectively. These predictions are in good agreement with the
preliminary NE assay data; however, additional measurements at higher
concentrations are required draw definitive conclusions. Unfortunately, the
pronounced insolubility of the cyclic peptides precludes such follow-up experiments
and might be a major contributing factor to the observed disappointing activity in the

NE assay.
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2.4 Summary and Outlook

In the second project of this thesis, the NE©€'?P dataset from the project library was
manually curated, and all molecules were processed using a standardized structure-
washing protocol. This curated library was expanded to include 917 compounds
through the integration of SAR data on KRAS PPllIs extracted from the ChEMBL34
database. Numerous molecules with pChEMBL values =6 were added, thereby
broadening the SAR coverage of the library. Extended-connectivity fingerprints
(ECFPs) were calculated for all structures and complemented by the 20 molecular
descriptors with the highest mutual information relative to the assay data. Inclusion of

these descriptors improved the predictive accuracy of the models.

The correlation between structural features and biological activity was evaluated using
ten regression algorithms, with the random forest regressor yielding the best
performance (R? = 0.8; RMSE = 0.6). This construction of a robust QSAR model for
KRAS-SOS PPllIs represents both a novel application and an innovative extension of

the protocol reported by Duo et al.??3

The trained random forest model was subsequently applied to predict ICso(NE®'2P)
values for over seven million compounds across ten screening libraries. Among these
were five focused PPII libraries, including two newly generated in this project. Cyclic
peptide libraries were constructed in KNIME from all 20 proteinogenic amino acids,
encompassing all possible permutations within the cyclic peptide scaffolds. Eleven
previously untested scaffolds were selected based on predicted ICso values, molecular
shape, and synthetic accessibility. In particular, the (click) cyclic tetrapeptide scaffolds

emerged as highly promising.

Candidate cyclic peptides were prioritized for synthesis using rigid receptor docking.
Although selected derivatives exhibited excellent docking scores, molecular dynamics
simulations revealed limited binding affinity and specificity, more consistent with the
predicted ICso values in the low micromolar range. Nevertheless, these results
represent encouraging leads for this novel KRAS PPII scaffold.

Synthesis was undertaken for the most promising in silico hits. Cyclisation experiments
employing native tri- and tetrapeptides failed to yield the desired cyctripep and
cyctetpep products in useful quantities, even under high-dilution conditions. Similar

151



outcomes were observed with the imine-induced ring contraction of tetrapeptide SAL
esters. In contrast, CUAAC-mediated cyclisation emerged as a reliable and high-
yielding method for pseudo-tetrapeptide macrocyclisation. Consequently, three
promising click-cyclised tetrapeptide derivatives, i.e. cyctetpep 95, 96 and 168, were

synthesised through an efficient, modular protocol.

The requisite a-azido acids and a-amino alkynes were prepared using convenient
diazotransfer and Ohira-Bestmann homologation reactions. The optical purity of the
synthesised unnatural AAs was confirmed through NMR analysis of their coupling
products with Ala and Mosher’s acid. These unnatural AAs were then assembled into
pseudotetrapeptides using SPPS, followed by CuUAAC-mediated cyclisation in a final
high-yielding step.

Despite successful synthesis, the cyclic tetrapeptides 95 and 96 exhibited no inhibition
of the SOS-catalysed nucleotide exchange on KRAS®'?P within the tested
concentration range, up to 30 uM. These findings are in good agreement with the
predicted 1Cso values of 110 uM and 34.7 uM for the corresponding achiral structures.
However, due to the pronounced insolubility of compounds 95 and 96, further activity
measurements at higher concentrations were not feasible. To address this limitation,
the Stoll group at the Ruhr University Bochum is currently investigating the interactions

of 95 and 96 with KRAS in solution through chemical shift perturbation experiments.

Looking forward, three key areas for methodological improvement have been
identified:

1. Library optimisation: Generate a click cyctetpep library with rigid, lipophilic side

chains, i.e. substituted, aromatic rings. As discussed in Section 2.3, click
cyctetpep are PPIlI-shaped; however, many members fall outside the Rule of
Four (RO4). Enhancing compliance with the RO4 will increase overlap with the
PPII chemical space.

2. Improved Docking Accuracy: Employ molecular dynamics simulations to

generate multiple conformations of the target protein and perform ensemble
docking against conserved binding sites, in particular P2 in PDB ID: 7RPZ.
Incorporating receptor flexibility may overcome the limitations associated with

rigid receptor docking.?®’
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3. Feature Reduction in QSAR Model: Replace the ECFP with a reduced set of

molecular descriptors. The implemented feature selection algorithm
demonstrated potential to enhance accuracy by identifying and retaining only
the most informative features. Substituting the 512-bit ECFP fingerprint with a

smaller, high-quality descriptor set may further improve model performance.

In conclusion, this portion of the thesis describes the development of a novel pipeline
for KRAS PPII screening. The synergy between efficient in silico prediction and high-
yielding chemical synthesis enables rapid access to cyclic tetrapeptides, which
represent a privileged, modular scaffold for PPI inhibition. Future improvements on the
virtual screening strategy are expected to deliver a powerful and precise tool for

exploring the KRAS PPII chemical space with unprecedented efficiency and accuracy.
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3 Experimental

3.1 General Information

Synthesis: Chemicals were purchased from ABCR, Alfa Aesar, BLDpharm,
Carbolution, Fisher Scientific, Merck, TCIl, VWR. Ratios of solvents are given as
volume ratios. Acetone, DCM, CHCIs, EtOAc, EtOH, Hex, MeOH, MTBE and toluene
were purchased from the local chemical storage. These solvents were reagent grade
barrel goods. They were distilled with rotary evaporators immediately before use.
Peroxides were removed from THF before use. This was achieved by passage through
a column of activated alumina.?%® CDI was recrystallised from anh. THF.273 Pyrrole was
distilled at 5 mbar. HPLC grade MeCN was used. Reactions and workups were
performed with dist. H20. Any chemicals and solvents not mentioned here were used
as purchased without further purification. Reagent contents are given in weight %.
Concentrations are given as molarities or % of weight per volume. Anhydrous solvents
were stored over 3 or 4 A molecular sieves. Molecular sieves were activated in a
Heraeus Vacutherm vacuum oven with a Vacuubrand PC 2002 VARIO pump at 200°C
and 5 mbar for 4 h. The molecular sieves were used immediately after activation.
Reactions with anhydrous solvents were performed in flame-dried glassware,
employing Schlenk techniques. Solvents were degassed with He before use in Pd-
catalysed coupling reactions or SPPS. Microwave reactions were performed in a CEM
Discover Lab Mate microwave oven. Reaction mixtures were concentrated with an IKA
rotary evaporator (IKA HB10 basic heating bath with IKA RV10 basic rotor and
Vacuubrand PC 2002 VARIO pump) at 40°C bath temperature. Aqueous solutions
were lyophilised using a Zirbus GOT2000 lyophiliser.

Purification: HPLC grade MeCN was used. Dist. H20 was purified with a SARTORIUS
ARIUM® MINI water purifier before being used in preparative chromatography. TLC
was performed with Macherey-Nagel pre-coated TLC sheets ALUGRAM® Xtra SIL
G/UV. Spots were detected either by fluorescence quenching at 254 nm or by
treatment with staining solutions followed by heat treatment with a heat gun. Employed
stains and their use cases were: Ninhydrin for primary amines [Ninhydrin (1.50 g,
8.42 mmol) and glacial AcOH (3.00 mL, 52.4 mmol) in i-BuOH (100 mL)], bromocresol
green for acids [bromocresol green (40.0 mg, 57.3 umol) in EtOH (100 mL) and titrated
to blue/green colour with ag. NaOH (0.1 M)] and KMnOs4 for everything else [KMnO4
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(1.50 g, 9.49 mmol), K2COs3 (10.0 g, 72.4 mmol) and aq. NaOH (10%, 1.25 mL) in H20
(200 mL)]. Stain recipes were adapted from the literature.?®® The binary mixtures
solvent+TFA and solvent+FA were always used with the ratio 1000/1. Normal phase
chromatography was performed on a 1) Interchim PuriFlash XS 420 with cartriges PF-
15SIHP-F0080/-40/-25/-12 or 2) using an Ismatec Reglo-Z gear pump connected to a
Pharmacia Biotech fraction collector and cartridges packed with Macherey-Nagel silica
gel 60M with particle size of 0.04-0.063 mm and pore size of 60 A or 3) Interchim
PuriFlash 4250 with HILIC column Macherey-Nagel 250/21 NUCLEODUR HILIC 5 ym.
Reverse-phase chromatography was performed on an Interchim PuriFlash 4250 with
1) cartriges PF-15C18AQ-F0080/-40/-25/-12 or 2) HPLC column Macherey-Nagel
VP250/21 NUCLEODUR 100-5 C18ec.

Analysis and Characterisation: HPLC grade MeCN was used. Dist. H20 was purified
with a SARTORIUS ARIUM® MINI water purifier before being used in analytical
chromatography. The binary mixtures H2O+TFA, H20+FA, MeCN+TFA and MeCN+FA
were always used with the ratio 1000/1. LC/MS analyses were performed on a
1) Shimadzu Prominence-l, LC-2030C 3D Plus Liquid Chromatograph coupled with a
LC/MS-2020 Liquid Chromatograph Mass Spectrometer operated with LabSolutions
Version 5.109. or 2) Agilent Technologies 1100 Series Liquid chromatograph (Pump:
BinPump G1312A, Autosampler: G1313A, UV-Detektor: VWD G1314A) coupled with
a Bruker Daltonics micrOTOF mass spectrometer. LC/MS m/z ratios are given with
their assigned molecular fragments and their relative intensities in percent. Liquid
chromatograms with HILIC stationary phase were recorded on an Agilent Technologies
1220 Infinity 1l LC.

LC Methods:

Method 1: Chromatograph: Shimadzu, Column: Restek Raptor ARC-18, 1.8 um, 90 A,
50x2.1 mm, Temp.: 40°C, Flow: 0.4 mL/min, Inj. Vol.: 10 pyL, Solvent A:
H20+FA = 1000/1, Solvent B: MeCN+FA, Program: 95/5 to 5/95 over
13 min, 5/95 to 95/5 over 1 min, 95/5 over 2 min.

Method 2: Same as method 1 but with column: Macherey-Nagel EC NUCLEODUR
C18 Gravity-SB, 1.8 ym, 110 A, 50x2 mm.

Method 3: Chromatograph: Agilent Technologies 1100 Series LC, Column: MZ
Analysetechnik PerfectSil Target ODS-3 HD, 5 ym, 100 A, 100x4.6 mm,

155



Temp.: RT, Flow: 1.5 mL/min, Inj. Vol.: 5 uL, Solvent A: Aq. NH4OAc
(5.0 mM), Solvent B: MeCN, Program: 90/10 to 5/95 over 14 min, 5/95 over
10 min, 5/95 to 90/10 over 2 min, 90/10 over 4 min.

Method 4: Chromatograph: Shimadzu, Column: Restek Raptor ARC-18, 1.8 um, 90 A,
50x2.1 mm, Temp.: 40°C, Flow: 0.4 mL/min, Inj. Vol.: 10 pyL, Solvent A:
H20+FA, Solvent B: MeCN+FA, Program: 95/5 over 0.3 min, 95/5 to 5/95
over 6.7 min, 5/95 over 1 min, 5/95 to 95/5 over 1 min, 95/5 over 1 min.

Method 5: Chromatograph: Shimadzu, Column: Knauer Eurospher I, 2 um, 100 A,
100x2 mm, Temp.: 40°C, Flow: 0.3 mL/min, Inj. Vol.: 10 uL, Solvent A:
H20+FA, Solvent B: MeCN+FA, Program: 95/5 to 5/95 over 11.8 min, 5/95
to 95/5 over 0.2 min, 95/5 over 4 min.

Method 6: Chromatograph: Agilent Technologies 1220 Infinity I LC, Column:
Macherey-Nagel EC NUCLEODUR HILIC, 5 ym, 110 A, 250x4 mm, Temp.:
40°C, Flow: 0.8 mL/min, Inj. Vol.: 10 pL, Solvent A: Ag. NH4OAc (10 mM),
Solvent B: MeCN, Program: 5/95 to 95/5 over 30 min, 95/5 over 5 min, 95/5
to 5/95 over 0.1 min, 95/5 over 5 min.

IR spectra were recorded on a 1) Bruker ALPHA Platinum-ATR with OPUS Version
7.5 or 2) Thermofisher Scientific NICOLET iS5 with iD7 ATR module and OMNIC
9.2.106. IR absorptions are given in cm™'. Absorptions were assigned to functional
group vibrations with Organikum 21. Auflage. and refer to valence vibrations if not
stated otherwise.?®® NMR spectra were recorded at 25°C on a 1) Bruker Avance
400 MHz or 2) Bruker Avance Ill 600 MHz and postprocessed with TopSpin Version
4.1.3. Deuterated solvents were purchased from Deutero GmbH. Linear tetrapeptides
and their respective cyclic counterparts were measured in extra pure DMSO-d6
(99.96%). NMR shifts are given in ppm relative to tetramethylsilane (0.00 ppm). The
shifts were calibrated to traces of undeuterated solvent in the probed solutions.
"H-NMR: CHCI3 (s, 7.26 ppm), CD3OD (quint, 3.31 ppm) and DMSO-ds (quint,
2.50 ppm). "®C-NMR: (t, 77.06 ppm), (sept, 49.03 ppm) and (sept, 39.53 ppm).30’
Multiplicities of resonances were abbreviated: Singlet (s), doublet (d), triplet (t), quartet
(q), quintet (quint), septet (sept), broad singlet (bs), doublet of doublets (dd), multiplet
(m). Multiplet shifts are given as the range of the respective resonances. Coupling
constants are given in Hertz (Hz). Assignment of the resonances was performed using
2D spectra: COSY, HSQC, HMBC, NOESY, TOCSY. The NMR data is given in the
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format “shift (multiplicity, coupling constant, number of assigned nuclei, assigned
nuclei)”. Optical rotation values (a) were measured at 20°C in a A. Kriss Optronic
P8000-T polarimeter. The values are given in % with concentration (c) given in

g
100 mL’

3.2 Project 1

3.2.1 Syntheses

1 (BNH-001) 6-(2,5-Dimethyl-1H-pyrrol-1-yl)hexan-1-ol

2,5-Hexanedione (571 mg, 5.00 mmol) and 6-amino-1-hexanol (604 mg, 5.00 mmol,
1.0 eq.) were dissolved in H20 (2.5 mL) and the solution was refluxed for 20 min. The
mixture was cooled to RT and extracted with EtOAc (4x3 mL) The pooled extracts were
dried (Na2SO4) and conc. in vacuo. The crude product was purified
chromatographically (RP, PF-15C18AQ-F0040, H20/MeCN=9/1 to 1/9 over 13 CV.
The desired product was obtained as a light-brown oil (713 mg, 3.65 mmol, 73% yield).

The product decomposes rapidly on TLC and in air. This procedure was adapted from

the literature.3%2 The alcohol 1 has been characterised previously with GC/MS only.3%3

9

2 4 6 7
HO\/\/\/\N A\
1 3 5 —_

1H-NMR (600 MHz, CDCl3): & = 5.76 (s, 2H, H8), 3.74-3.70 (m, 2H, H6), 3.64 (t,
3J12=6.5 Hz, 2H, H1), 2.22 (s, 6H, H9), 1.67-1.53 (m, 4H, H2+5), 1.44-1.34 (m, 4H,
H3+4).

13C-NMR (151 MHz, CDCls): 5 = 127.4 (C7), 105.1 (C8), 62.9 (C1), 43.7 (C86), 32.8
(C5), 31.1 (C2), 26.9, 25.7 (C3+4), 12.6 (C9).

IR: 3344 (OH associated), 2929 (CHz2), 2857 (CHz), 1407 (CH3+CHz deform.).
LC/MS (Method 1, 220 nm, ESI+): tr = 7.3 min, m/z: 196.1 [M+H*] (100).

HRMS (ESI+): C12H22NO™ [M+H*] calc.: 196.1696 found: 196.1691.
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19 (BNH-002) 6-(3-Bromo-2,5-dimethyl-1H-pyrrol-1-yl)hexan-1-ol

6-(2,5-Dimethyl-1H-pyrrol-1-yl)hexan-1-ol (1) (1.00 g, 5.12 mmol) was dissolved in
THF at -94 C. Freshly recrystallised NBS (911 mg, 5.12 mmol, 1.0 eq.) was added in
small portions over 30 min. The mixture was stirred for 3 h at -94°C. H20 (15 mL) was
added and the mixture extracted with DCM (4x15 mL). The organic extracts were
pooled, washed with brine (3x30 mL), dried (Na2SQO4) and conc. in vacuo with minimal
temperature of the rotary evaporator bath. The obtained dark-brown oil was purified
chromatographically (RP, PF-15C18AQ-F0040, H20/MeCN=9/1 to 1/9 over 13 CV:
The desired product was obtained as a red-brown oil (407 mg, 1.48 mmol, 29% yield).
The product decomposes rapidly on TLC and in contact with air. This procedure was
adapted from the literature.'

12
2 4 6 7
HO LA SN\ s
1 3 ° o=
9

11 Br
H-NMR (600 MHz, CDCls): & = 5.82 (s, 1H, H8), 3.74-3.70 (m, 2H, H6), 3.64 (t,
3J12=6.5 Hz, 2H, H1), 2.19-2.16 (m, 6H, H11+12), 1.64-1.54 (m, 4H, H2+5), 1.44-1.32
(m, 4H, H3+4).

13C-NMR (151 MHz, CDCl3): & = 127.4 (C12), 125.0 (C7), 107.9 (C8), 93.5 (C9), 62.9
(C1), 44.6 (CB), 32.7 (C2), 31.0 (C5), 26.8 (C4), 25.6 (C3), 12.4, 10.9 (C11+12).

LC/IMS (Method 4, 254 nm, ESI+): tr = 6.3 min, m/z: 276.0 [M(Bré")+H"] (89), 274.0
[M(BF79)+H*] (100).

20 (BNH-003) (4-Bromothiazol-2-yl)methanol

4-Bromo-2-formylthiazole (1.00 g, 5.21 mmol) was dissolved in MeOH (10 mL) and
cooled with a water bath while NaBH4 (374 mg, 9.89 mmol, 1.9 eq.) was added. The
solution was stirred at RT for 2 h and was conc. in vacuo until a slurry was obtained.
EtOAc (15 mL) and Hex (30 mL) were added and the resulting solution was passed
through a short silica gel cake with EtOAc as eluent. The filtrate was conc. in vacuo to

give the desired product as a colourless oil (1.00 g, 5.15 mmol, 99% vyield). This
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procedure was adapted from the literature.''® The spectroscopic data agrees with the

3-S_, OH
JI/H
N

Br 2

literature.

1H-NMR (600 MHz, CDCla): & = 7.21 (s, 1H, H3), 4.94 (s, 2H, H4), 3.08 (bs, 1H, OH).
13C-NMR (151 MHz, CDCla): & = 127.9 (C1), 124.7 (C2), 117.2 (C3), 62.0 (C4).

IR: 3262 (OH associated.), 3120 (=C-H), 1480 (ring vibr.), 1083 (C-O), 833 (=C-H

deform.).

LC/MS (Method 1, 254 nm, ESI+): tr = 2.8 min, m/z: 195.9 [M(Bré')+H*] (100), 193.8
[M(Br®)+H*] (86), 177.85 [M(Bré')-H207] (21), 175.85, [M(Br7%)-H20"] (16).

HRMS (ESI+): C4HsBrNOS* [M+H*] calc.: 193.9270, 195.9248 found: 193.9269,
195.9245.

21 (BNH-004) (4-Bromothiazol-2-yl)methyl 4-methylbenzenesulfonate

(4-Bromothiazol-2-yl)methanol (20) (806 mg, 4.15 mmol) was dissolved in anh. DCM
(185 mL) at RT. p-Toluenesulfonyl chloride (950 mg, 4.98 mmol, 1.2 eq.) was added
to the solution. Once the solution was clear again DIPEA (813 pL, 6.23 mmol, 1.5 eq.)
was added dropwise. The mixture was stirred at RT for 2 h and conc. in vacuo. The
mixture was washed with aq. CuSO4 (10%, 2x20 mL), sat. NaHCO3 (2x20 mL), dried
(Na2S04) and conc. in vacuo to give a pale-yellow oil. The crude product was purified
chromatographically (NP, PF-15SIHP-F0040, EtOAc/Hex=2/8, RrF=0.42): The desired
product was obtained as a white, amorphous solid (1.19 g, 3.44 mmol, 82% yield). This
procedure was adapted from the literature.3% The spectroscopic data agrees with the

literature.

Br
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1H-NMR (400 MHz, CDCls): & = 7.83-7.78 (m, 2H, H6), 7.37-7.33 (m, 2H, H7), 7.25 (s,
1H, H3) 5.28 (s, 2H, HA), 2.45 (s, 3H, H9).

13C-NMR (101 MHz, CDCl3): & = 163.7 (C1), 145.7 (C2), 132.5 (C5), 130.2 (C7), 128.2
(C6), 125.4 (C8), 119.1 (C3), 67.0 (C4), 21.8 (C9).

IR: 3115 (=C-H), 1362 (CHs deform.), 1170 (SO2), 816 (=C-H deform.), 536 (C-Br).

LC/IMS (Method 2, 254 nm, ESI+): tr = 9.1 min, m/z: 371.9 [M(Br8")+Na*] (5), 349.9
[M(Br81)+H*] (100), 347.9 [M(Br’®)+H*] (92).

HRMS (ESI+): C11H10BrNNaOsS2* [M+Na*] calc.: 369.9178, 371.9156 found:
369.9179, 371.9159.

22 (BNH-007) 4-Bromo-2-(phenoxymethyl)thiazole

Phenol (392 mg, 4.16 mmol, 1.2 eq.) was dissolved in anh. DMF (5 mL) and NaH
(166 mg, 4.16 mmol, 1.2 eq.) was added at RT. On larger scales it is recommended to
add the NaH at 0°C. The mixture was stirred at RT for 10 min. The tosylate 21 (1.21 g,
3.47 mmol) was added and the mixture was stirred at RT for 4 h. The reaction was
quenched with H20 (10 mL) and the resulting mixture was extracted with EtOAc
(4x15 mL). The pooled organic extracts were washed with diluted brine (3x30 mL),
dried (Na2SO4) and conc. in vacuo. The crude product was purified
chromatographically (NP, PF-15SIHP-F0040, Hex, Rr(EtOAc/Hex=1/9)=0.38): The
desired product was obtained as a white, crystalline solid (871 mg, 3.22 mmol, 92%

yield). This procedure was adapted from the literature.30°

e
/[/ 4 6 7
Br2 N

1H-NMR (400 MHz, CDCl3): & = 7.36-7.28 (m, 2H, HT), 7.25 (s, 1H, H3), 7.06-6.96 (m,
3H, H6+8), 5.35 (s, 2H, H4).

13C-NMR (101 MHz, CDCl3): & = 168.7 (C1), 157.7 (C5), 129.9 (C7), 124.9 (C2), 122.2
(C8), 117.7 (C3), 115.1 (CB), 67.3 (C4).

IR: 3060 (=C-H), 1241 (C-O-C), 749 (=C-H deform.), 507 (C-Br).
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LC/MS (Method 3, 254 nm, ESI+): tr = 11.0 min, m/z: 272.0 [M(Br81)+H*] (100), 270.0
[M(Br79)+H"] (95), 277.9 [M(Br®")-PhOHT (32), 275.9 [M(Br"®)-PhOH"] (32).

HRMS (ESI+): C10H9BrNOS* [M+H*] calc.: 269.9583, 271.9562 found: 269.9584,
271.9566.

15 (BNH-012) tert-Butyl (S)-3-(2-bromothiazole-4-carboxamido)piperidine-1-

carboxylate

2-Bromothiazole-4-carboxylic acid (400 mg, 1.92 mmol, 1.0eq.), (S)-tert-butyl
3-aminopiperidine-1-carboxylate (385 mg, 1.92 mmol, 1.0 eq.) and HATU (731 mg,
1.92 mmol, 1.0 eq.) were dissolved in DMF (8 mL) and DIPEA (499 uL, 2.88 mmol,
1.5 eq.) was added. The mixture was stirred for 3.5 h at 80°C. H20 (2 mL) was added
and the mixture extracted with EtOAc (4x3 mL). The pooled organic extracts were
washed with diluted brine (3x5 mL), dried (Na2SO4) and conc. in vacuo to give a yellow
oil. The crude product was purified chromatographically (NP, PF-15SIHP-F0025,
EtOAc/Hex=4/6, Rr=0.39): The desired product was obtained as a pale-yellow,

amorphous solid (713 mg, 1.83 mmol, 95% yield). This procedure was adapted from

S3
Br—1<\ ]\(H O/1k12
NN, 5 2 12&
N™ ~o
IO
8

the literature.10°

7

1H-NMR (400 MHz, CDCl3): & = 8.03 (s, 1H, H3), 7.32-7.21 (m, 1H, NH), 4.12-4.02 (m,
1H, H5), 3.67-3.60 (m, 1H, H6a), 3.44-3.35 (m, 3H, H6b+7), 1.94-1.85 (m, 1H, H9a),
1.77-1.68 (m, 2H, H8a+9b), 1.61-1.52 (m, 1H, H8b), 1.45 (s, 9H, H12).

13C-.NMR (151 MHz, CDCls): 8 = 159.2 (C4), 155.0 (C10), 150.1 (C2), 135.9 (C1),
126.9 (C3), 80.1 (C11), 48.6 (CB), 45.5 (C5), 44.1 (CT), 29.9 (C9), 28.5 (C12), 22.6
(C8).

IR: 3318 (N-H), 1664 (C=0), 1417 (CH3+CHz deform.), 1145 (C-O-C), 569 (C-Br).
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LC/IMS (Method 4, 254 nm, ESI+): tr = 6.1 min, m/z: 391.9 [M(Bré")+H*] (20), 389.9
[M(Br79)+H*] (21), 335.8 [M(Bré')-CaH7] (100), 333.8 [M(Br7®)-CsH7] (96), 291.9
[M(Br81)-CsH7027] (41), 289.9 [M(Br7®)-CsH7027 (46).

HRMS (ESI+): Ci14H20BrN3sNaOsS* [M+Na*] calc.: 412.0301, 414.0281 found:
412.0301, 414.0281.

16 (BNH-014) 1-Phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-

pyrazole

4-Bromo-1-phenyl-1H-pyrazole (100 mg, 448 umol), bis(pinacolato)diboron (125 mg,
493 ymol, 1.1 eq) and anh. KOAc (88.0 mg, 897 umol, 2.0 eq.) were combined in anh.
deg. dioxane (2 mL) and the mixture was Ar sparged, while placed in a sonicator for
5 min. Pd(dppf)Cl2 (16.4 mg, 22.4 pmol, 5 mol%) was added and the mixture was
stirred at 80°C for 18 h under Argon. The mixture was cooled to RT and filtered through
a short celite cake with DCM as eluent. The organic phase was conc. in vacuo to give
a dark-brown, oily residue. The crude product was purified chromatographically (NP,
PF-15SIHP-F0012, EtOAc/Hex=1/9, Rr=0.28) to give the desired product as a white,
amorphous solid (105 mg, 388 umol, 87% yield). This procedure was adapted from the

literature.3% The spectroscopic data agrees with the literature.

1H-NMR (400 MHz, CDCl3): & = 8.23 (s, 1H, H7), 7.97 (s, 1H, H5), 7.73-7.68 (m, 2H,
H3), 7.48-7.40 (m, 2H, H2), 7.32-7.24 (m, 1H, H1), 1.35 (s, 12H, H9).

13C-NMR (101 MHz, CDCl3): & = 146.9 (C5), 140.0 (C4), 133.8 (C7), 129.6 (C2), 126.8
(C1), 119.5 (C3), 109.0 (CB), 83.7 (C8), 24.9 (C9).

IR: 2977, 2930 (CH3), 1131 (C-O), 755 (=C-H deform.).
LC/MS (Method 3, 254 nm, ESI+): tr = 11.4 min, m/z: 271.2 [M+H*] (100).

HRMS (ESI+): C1sH20BN202* [M+H*] calc.: 271.1615 found: 271.1615.
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17 (BNH-016) tert-Butyl (S)-3-(2-(1-phenyl-1H-pyrazol-4-yl)thiazole-4-

carboxamido)piperidine-1-carboxylate

The boronic acid ester 16 (100 mg, 370 ymol, 1.0 eq.), the bromide 15 (144 mg,
370 ymol, 1.0 eq.) and KsPOs4 (157 mg, 740 pmol, 2.0 eq.) were combined in
H20O/dioxane (1/9, 2 mL). The mixture was Ar sparged, while placed in a sonicator for
5 min. Pd(dppf)Cl2 (27.1 mg, 37.0 ymol, 10 mol%) was added and the mixture was
stirred at 80°C for 48 h under Ar. The mixture was cooled to RT and filtered through a
short celite cake with DCM as eluent. The organic phase was conc. in vacuo to give a
dark-brown, oily residue. The crude product was purified chromatographically (RP, PF-
15C18AQ-F0012, H20/MeCN=9/1 to 1/9 over 13 CV) to give the desired product as a
pale-yellow, amorphous solid (101 mg, 222 ymol, 59% yield).
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1H-NMR (400 MHz, CDCls): & = 8.46 (s, 1H, H9), 8.24 (s, 1H, NH), 8.11 (s, 1H, H5),
8.04 (s, 1H, H7), 7.78-7.72 (m, 2H, H3), 7.54-7.46 (m, 2H, H2), 7.40-7.33 (m, 1H, H1),
4.19-4.09 (m, 1H, H12), 3.77-3.67 (m, 1H, H13a), 3.53-3.34 (m, 3H, H13b+14), 2.03-
1.89 (m, 2H, NH+H16a), 1.84-1.70 (m, 2H, H16b+15a), 1.67-1.55 (m, 1H, H15b), 1.45
(s, 9H, H19).

13C-NMR (101 MHz, CDCls): & = 160.5 (C11), 160.0 (C10), 155.1 (C17), 151.1 (C4),
150.6 (CB), 139.5 (C5), 129.7 (C2), 127.5 (C1), 125.6 (C9), 121.8 (C7), 119.5 (C3),
118.8 (C8), 79.9 (C18), 48.7 (C13), 45.4 (C12), 44.0 (C14), 30.1 (C16), 28.5 (C19),
22.7 (C15).

IR: 3399 (N-H), 1662 (C=0), 1146 (C-O-C), 756, 727 (=C-H deform.).

LC/MS (Method 2, 254 nm, ESI+): tr = 10.2 min, m/z: 476.2 [M+Na*] (6), 454.2 [M+H"]
(17), 398.1 [M-C4H77] (100), 354.1 [M-CsH7027] (16).

HRMS (ESI+): C23H27NsNaOsS* [M+Na*] calc.: 476.1727 found: 476.1726.
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14 (JES-248) (S)-2-(1-Phenyl-1H-pyrazol-4-yl)-N-(piperidin-3-yl)thiazole-4-

carboxamide

The Boc-protected amine 17 (101 mg, 222 ymol) was dissolved in TFA/DCM (1/3,
4 mL) for 5 h at RT. The solution was conc. in vacuo and purified chromatographically
(NP, PF-15SIHP-F0012, MeOH/DCM=1/9, Rr=0.41): The desired product was
obtained as a pale-yellow, amorphous solid (68.3 mg, 193 ymol, 87% vyield).

7
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1H-NMR (600 MHz, CDCl3): 8.49 (s, 1H, H9), 8.09 (s, 1H, H5), 8.01 (s, 1H, H7), 7.94-
7.85 (m, 1H, CONH), 7.79-7.70 (m, 2H, H3), 7.51-7.41 (m, 2H, H2), 7.36-7.29 (m, 1H,
H1), 6.71 (s, 1H, NH), 4.38-4.26 (m, 1H, H12), 3.39-3.24 (m, 1H, H13a), 3.12-2.86 (m,
3H, H13b+14), 2.10-1.84 (m, 2H, H16a+15a), 1.84-1.67 (m, 2H, H16b+15b).

13C-NMR (151 MHz, CDCl3): 177.7 (C11), 160.8 (C8), 160.1 (C10), 150.3 (C4), 139.5
(C5), 129.7 (C3), 127.4 (C1), 125.7 (C9), 122.2 (C7), 119.5 (C2), 118.8 (CB), 48.5
(C13), 44.5 (C12), 44.4 (C14), 29.4 (C16), 21.9 (C15).

IR: 1652 (C=0), 1537 (N-H deform.), 1228 (C-N), 756, 725 (=C-H deform.).
LC/MS (Method 1, 254 nm, ESI+): tr = 5.8 min, m/z: 354.0 [M+H*] (100).

HRMS (ESI+): C1sH20NsOS™ [M+H*] calc.: 354.1383 found: 354.1386.

28 (BNH-020) tert-Butyl 1H-pyrrole-1-carboxylate

Pyrrole (freshly distilled, 2.00 g, 29.8 mmol), Boc20 (7.79 g, 35.7 mmol, 1.2 eq.) and
DMAP (500 mg, 4.09 mmol, 0.14 eq.) were dissolved in anh. MeCN. The mixture was
stirred under Ar for 2h at RT. The mixture was conc. in vacuo and purified
chromatographically (NP, PF-15SIHP-F0012, Hex, Rr=0.17). Subsequent Kugelrohr
distillation gave the desired product as a colourless oil (4.92 g, 29.4 mmol, 98% vyield).
This procedure was adapted from the literature.’? The spectroscopic data agrees with

the literature.
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1H-NMR (400 MHz, CDCl3): & = 7.27-7.23 (m, 2H, H1), 6.24-6.20 (m, 2H, H2), 1.61 (s,
9H, H5).

13C-NMR (101 MHz, CDCls): & = 149.0 (C3), 120.1 (C1), 111.9 (C2), 83.6 (C4), 28.1
(C5).

IR: 1740 (C=0), 1314 (C-N), 1149 (C-O-C), 950 (=C-H deform.).

LC/MS (Method 2, 254 nm, ESI+): tr = 9.3 min, m/z: 168.0 [M+H"] (97), 112 [M-CaH7]
(61).

HRMS (APCI+): CoH14NO2* [M+H"] calc.: 168.1019 found: 168.1024.

29 (BNH-022) 1-(tert-Butyl) 2,5-dimethyl 1H-pyrrole-1,2,5-tricarboxylate

2,2,6,6-tetramethylpiperidine (6.47 mL, 44.9 mmol, 2.5 eq.) was dissolved in anh. THF
(60 mL) at -94°C under N2.n-BuLi (2.01 M, 22.3 mL, 44.9 mmol, 2.5 eq.) was added
and the solution was stirred for 10 min. The Boc-pyrrole 28 (3.00 g, 17.9 mmol) was
added and the mixture was stirred for 3 h at -94°C. The obtained mixture was added
to methyl chloroformate (5.14 mL, 53.8 mmol, 3.0 eq.) and the dark-brown mixture was
stirred at -94°C for 30 min under N2. Sat. aq. NH4Cl (10 mL) was added and the mixture
was warmed to RT. The mixture was extracted with Et2O (20 mL). The organic phase
was washed with HCI (1 M, 2x30 mL) and brine (2x30 mL). The organic phase was
dried (Na2S04) and conc. in vacuo to give a red-brown solid. The crude product was
purified chromatographically (NP, PF-15SIHP-F0040, EtOAc/Hex=1/9, Rr=0.25): The
desired product was obtained as fine, off-white crystals (2.10 mg, 7.41 mmol, 41%
yield). This procedure was adapted from the literature.'?® The spectroscopic data

agrees with the literature.
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1H-NMR (400 MHz, CDCla): & = 6.83 (s, 2H, H2), 3.86 (s, 6H, H4), 1.66 (s, 9H, H7).

13C-NMR (101 MHz, CDCl3): & = 160.0 (C3), 149.0 (C5), 126.8 (C1), 115.9 (C2), 86.4
(C6), 52.1 (C4), 27.5 (C7).

IR: 1775, 1722, 1705 (C=0), 1257 (C-N), 1155 (C-O-C), 745 (=C-H deform.).

LC/MS (Method 2, 254 nm, ESI+): tr = 9.2 min, m/z: 306.0 [M+H*] (17), 225.0
[M-C2H2027 (95), 184.0 [M-CsH7Oz] (100).

HRMS (ESI+): C13H17NNaOs* [M+Na™] calc.: 306.0948 found: 306.0951.

33 (BNH-023) Benzyl 6-bromohexanoate

Benzyl alcohol (485 uL, 4.68 mmol) and TEA (653 uL, 4.68 mmol, 1.0 eq.) were
dissolved in anh. DCM (10 mL) at 0°C. 6-bromohexanoyl chloride (1.0 g, 4.68 mmol,
1.0 eq.) was added. The resulting white suspension was stirred at 0°C for 3 h. The
mixture was washed with HCI (1 M, 2x5 mL) and sat. ag. NaHCOs3 (2x5 mL). The
organic phase was dried (Na2SO4) and conc. in vacuo to give a pale-yellow oil.
Subsequent Kugelrohr distillation gave the desired product as a colourless oil (1.25 g,
4.38 mmol, 93% yield). This procedure was adapted from the literature.’?® The

spectroscopic data agrees with the literature.
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1H-NMR (400 MHz, CDCl3): & = 7.41-7.29 (m, 5H, H9-11), 5.12 (s, 2H, H7), 3.38 (t,
3J12=6.8 Hz, 2H, H1), 2.38 (t, 3J12=7.4 Hz, 2H, H5), 1.91-1.82 (m, 2H, H2), 1.73-1.63
(m, 2H, H4), 1.52-1.42 (m, 2H, H3).
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13C-NMR (101 MHz, CDCl3): & = 173.3 (C6), 136.2 (C8), 128.7 (C10), 128.3 (C9+11),
66.3 (C7), 34.2 (C5), 33.5 (C1), 32.5 (C2), 27.7 (C3), 24.2 (C4).

IR: 1731 (C=0), 1161 (C-O-C), 734 (=C-H deform.), 697 (C-Br).
LC/MS (Method 2, 254 nm, ESI+): tr = 10.6 min, m/z: 132.0 [M-C7H7Br+NH4*] (100).

HRMS (ESI+): C13H17BrNaOz2* [M+Na*] calc.: 307.0304 found: 307.0307.

30 (BNH-019 and BNH-025) Dimethyl 1H-pyrrole-2,5-dicarboxylate

This diester was synthesised directly from pyrrole (synthesis a) as well as by

deprotection of 29 (synthesis b).

Synthesis a:
Pyrrole (freshly distilled, 50.0 pL, 722 pymol), CCls (544 pL, 5.62 mmol, 7.8 eq.) and

Fe(acac)s (2.55 mg, 7.21 umol, 1 mol%) were dissolved in MeOH (1.90 mL). The
mixture was heated in a microwave tube (10.0 mL) for 6h with 150 W at 110°C under
Ar. The resulting black suspension was filtered through a celite cake eluting with
Et2O/Hex=1/1. The filtrate was conc. in vacuo and purified chromatographically (NP,
PF-15SIHP-F0012, CHCIs, Rr=0.45): The desired product was obtained as a pale-
yellow amorphous solid (23.9 mg, 130 pymol, 18% yield). This procedure was adapted

from the literature.3%7

Synthesis b:
The Boc-protected diester 29 (500 mg, 1.77 mmol) was stirred in TFA/DCM (1/4,

15 mL) for 2 h at rt. The solution was conc. in vacuo and purified chromatographically
(NP, PF-15SIHP-F0025, EtOAc/Hex=15/85, Rr(CHCI3)=0.45): The desired product
was obtained as a white, amorphous solid (316 mg, 1.73 mmol, 97% yield). The

spectroscopic data agrees with the literature.30”
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1H-NMR (400 MHz, CDCl3): & = 9.77 (bs, 1H, NH), 6.87 (d, “Jony=2.6 Hz, 2H, H2),
3.89 (s, 6H, H4).

13C-NMR (101 MHz, CDCl3): & = 160.9 (C3), 126.2 (C1), 115.7 (C2), 52.1 (C4).
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IR: 3291 (N-H), 1724, 1710 (C=0), 1257, 1245 (C-O-C), 758 (=C-H deform.).

LC/MS (Method 1, 254 nm, ESI+): tr = 5.1 min, m/z: 184.0 [M+H*] (100), 152.0
[M-MeOr] (7).

HRMS (ESI+): CsHoNNaO4* [M+Na™] calc.: 206.0424 found: 206.0424.

31 (BNH-026) Dimethyl 3,4-diiodo-1H-pyrrole-2,5-dicarboxylate

The diester 30 (285 mg, 1.56 mmol) and NIS (770 mg, 3.42 mmol, 2.2 eq.) were
dissolved in anh. DMF (10 mL). The mixture was stirred at 80°C for 4 h and then conc.
in vacuo. The crude product was purified chromatographically (NP, PF-15SIHP-F0025,
EtOAc/Hex=4/6, Rr=0.34): Off-white needles were obtained. Subsequent
recrystallisation from DCM/Hex gave the desired product as white needles (598 mg,
1.37 mmol, 88% yield). This procedure was adapted from the literature.’® The
spectroscopic data agrees with the literature.
0] H O
N
MeO 1\\ // 2 OMe
4
1727
TH-NMR (600 MHz, DMSO-ds): & = 13.12 (bs, 1H, NH), 3.82 (s, 6H, H4).
3C-NMR (151 MHz, DMSO-ds): & = 158.7 (C3), 127.7 (C1), 86.7 (C2), 51.8 (C4).
IR: 3258 (N-H), 1715, 1692 (C=0), 1261 (C-O-C), 614 (C-I).
LC/MS (Method 1, 254 nm, ESI+): tr = 7.6 min, m/z: 435.7 [M+H*] (86), 403.7 [M-
MeO] (11).

HRMS (ESI+): CsH7I2NNaO4* [M+Na™] calc.: 457.8357 found: 457.8358.

32 (BNH-027) Dimethyl 3-iodo-1H-pyrrole-2,5-dicarboxylate

Powdered Zn (69.2 mg, 1.06 mmol, 1.15 eq.) and |2 (23.3 mg, 91.7 mg, 0.1 eq.) were
combined under Ar and stirred for 2 min at rt. DMA (1.5 mL) was added and the mixture
was stirred for 2 min. The diiodide 31 (400 mg, 920 umol) was added and the mixture
was stirred at 120°C for 2.5 h under Ar. The mixture was conc. in vacuo and purified
chromatographically (NP, PF-15SIHP-F0025, EtOAc/Hex=2/8, Rr=0.1): The desired
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product was obtained as a white, amorphous solid (178 mg, 576 ymol, 62% yield). This
procedure was adapted from the literature.'?® The spectroscopic data agrees with the
literature.
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1H-NMR (600 MHz, DMSO-ds): = 9.83 (bs, 1H, NH), 7.06 (d, *Jant=2.7 Hz, 1H, H2),
3.92 (s, 3H, H8), 3.89 (s, 3H, H6).

13C-NMR (151 MHz, DMSO-ds): 8 = 160.0 (C5), 159.8 (C7), 126.9 (C4), 126.4 (C1),
124.6 (C2), 68.7 (C3), 52.4 (C6), 52.2 (C8).

IR: 3272 (N-H), 1720, 1699 (C=0), 1262 (C-O-C), 618 (C-I).

LC/MS (Method 1, 254 nm, ESI+): tr = 6.7 min, m/z: 309.8 [M+H*] (100), 277.9
[M-MeO7 (10).

HRMS (ESI+): CsHsINNaO4* [M+Na™] calc.: 331.9390 found: 331.9390.

34 (BNH-028) Dimethyl 1-(6-(benzyloxy)-6-oxohexyl)-3-iodo-1H-pyrrole-2,5-

dicarboxylate

The iodopyrrole 32 (50.0 mg, 162 pmol), K2COs3 (112 mg, 809 umol, 5.0 eq.) and
benzyl 6-bromohexanoate 33 (46.0 pL, 221 uymol, 1.4 eq.) were sonicated in DMF
(1.0 mL) for 5 min at RT and then stirred for 6.5 h at 70°C under Ar. Sat. aq. NaHCO3
(2 mL) was added and the resulting suspension was washed with EtOAc (4x2 mL).
The combined organic phases were washed with H20 (2x5 mL), dried (Na2S0O4) and
conc. in vacuo. The crude product was purified chromatographically (NP, PF-15SIHP-
F0025, EtOAc/Hex=1/9 Rr=0.2) and (RP, HPLC, aq. NH4OAc (20 mM)/MeCN=95/5 to
5/95 over 13 CV): The desired product was obtained as a colourless oil (64.1 mg,
125 pymol, 77% yield).
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1H-NMR (600 MHz, CDCl3): & = 7.38-7.29 (m, 5H, H17-19), 7.13 (s, 1H, H4), 5.1 (s,
2H, H15), 4.78-4.71 (m, 2H, H9), 3.88 (s, 3H, H1), 3.82 (s, 3H, H8), 2.36 (t,
3J12.13=7.5 Hz, 2H, H13), 1.78-1.64 (m, 4H, H10+12), 1.41-1.33 (m, 2H, H11).

13C-NMR (151 MHz, CDCls): & = 173.4 (C14), 160.5 (C2), 160.2 (C7), 136.2 (C16),
128.7, 128.6, 128.4, 128.3, 127.9 (C3+6+17-19), 126.6 (C4), 68.6 (C5), 66.2 (C15),
51.9 (C1), 51.7 (C8), 47.7 (C9), 34.3 (C13), 31.5 (C10), 26.2 (C11), 24.6 (C12).

IR: v = 2861 (O-CHa), 1713, 1699 (C=0), 981 (C-I).

LC/MS (Method 2, 254 nm, ESI+): tr = 12.3 min, m/z: 536.1 [M+Na*] (100), 514.2
[M+H"] (26), 482.1 [M-MeO"] (17).

HRMS (ESI+): C21H24INNaOs* [M+Na*] calc.: 5636.0541 found: 536.0542.

35 (BNH-030) Dimethyl 1-(6-(benzyloxy)-6-oxohexyl)-3-(trimethylstannyl)-1H-
pyrrole-2,5-dicarboxylate

The iododopyrrole 34 (300 mg, 584 umol) and Hexamethyldistannane (287 mg,
877 umol, 1.5 eq.) were dissolved in anh. deg. toluene (3.0 mL). The mixture was Ar
sparged, while being sonicated for 5 min. Pd(PPhs)4 (33.8 mg, 29.2 pmol, 5 mol%) was
added and the mixture was stirred for 17 h at 100°C under Ar. The mixture was left to
cool to RT and was filtered through celite and the filter cake washed with DCM. The
crude product was purified chromatographically (RP, PF-15C18AQ-F0025, aq.
NH4OAc (20 mM)/MeOH=95/5 to 5/95 over 13 CV) and (RP, PF-15C18AQ-F0040, aq.
NH4O0Ac (20 mM)/MeCN=1/1 to 9/1 over 13 CV): The desired product was obtained as
a colourless oil (160 mg, 291 pymol, 49% yield). This procedure was adapted from the

literature.124
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1H-NMR (600 MHz, CDCl3): & = 7.39-7.29 (m, 5H, H17-19), 6.97 (s, 1H, H5), 5.1 (s,
2H, H15), 4.82-4.76 (m, 2H, H9), 3.84 (s, 3H, H1), 3.82 (s, 3H, H8), 2.38 (t,
3J12.13=7.6 Hz, 2H, H13), 1.82-1.75 (m, 2H, H10), 1.75-1.68 (m, 2H, H12), 1.46-1.38
(m, 2H, H11), 0.24 (s, 9H, H20).

13C-NMR (151 MHz, CDCls): & = 173.6 (C14), 161.4 (C2), 161.3 (C7), 136.3 (C16),
132.1 (C6), 128.7 (C18), 128.30 (C3), 128.25 (C17), 127.7 (C19), 124.4 (C5), 66.2
(C15), 51.6 (C1), 51.4 (C8), 47.0 (C9), 34.4 (C13), 31.5 (C10), 26.4 (C11), 24.7 (C12),
-8.29 (C20).

R: v = 2863 (O-CHs), 1724, 1703 (C=0).
LC/MS (Method 3, 220 nm, ESI+): tr = 15.9 min, m/z: 552.1 [M+H*] (100).

HRMS (ESI+): C24H33sNNaOsSn* [M+Na*] calc.: 574.1222 found: 574.1224.

41 (BNH-031) Cyclopentyl (3-(2-hydroxy-4-((o-tolylsulfonyl)carbamoyl)benzyl)-1-
methyl-1H-indol-5-yl)carbamate

Zafirlukast (100 mg, 174 pmol) was dissolved in anh. DCM (1.0 mL). A solution of BBr3
in DCM (1 M, 869 uL, 869 umol, 5.0 eq.) was added and the mixture was stirred for
17 h at RT. The reaction was quenched by addition of sat. NaHCO3 (4 mL) and the
DCM was removed in vacuo. H20 (10 mL) was added and the mixture sonicated until
all precipitate was suspended. The mixture was filtered and the filter cake was washed
with H20 (5 mL). The crude 4-((5-amino-1-methyl-1H-indol-3-yl)methyl)-3-hydroxy-N-
(o-tolylsulfonyl)benzamide (44.2 mg, 98.3 umol) was dried under high vacuum
overnight. The off-white solid was dissolved in anh. DMF (1.0 mL).
N-methylmorpholine (13.0 yL, 118 ymol, 1.2 eq.) and cyclopentyl chloroformate
(17.5 mg, 118 ymol, 1.2 eq.) were added and the mixture was stirred for 6.5 h at RT.
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Sat. aq. NaHCOs3 was added and the mixture was extracted with EtOAc (4x3 mL). The
combined organic extracts were dried (Na2S0a4) and conc. in vacuo. The crude product
was purified chromatographically (RP, PF-15C18AQ-F0012, H20/MeCN=9/1 to 1/9
over 13 CV): The desired product was obtained as a white, amorphous solid (25.7 mg,
45.8 ymol, 26% yield over two steps). The carbamate formation procedure was

adapted from the literature.3’

1H-NMR (400 MHz, CDCl3): & = 8.20-8.13 (m, 1H, H23), 7.53 (bs, 1H, OH), 7.42-7.35
(m, 1H, H25), 7.29-7.21 (m, 2H, H6+24), 7.20-7.14 (m, 1H, H26), 7.14-7.04 (m, 3H,
H7, H13, H17), 7.03-6.96 (m, 1H, H19), 6.77-6.67 (m, 2H, H10+16), 5.19-5.10 (m, 1H,
H3), 3.92 (s, 2H, H14), 3.58 (s, 3H, H9), 2.59 (s, 3H, H28), 1.89-1.75 (m, 2H, H2a),
1.75-1.60 (m, 4H, H2b+1a), 1.60-1.46 (m, 2H, H1b).

13C-NMR (101 MHz, CDCls): & = 165.9 (C4), 154.9 (C21), 154.5 (C20), 137.8 (C27),
137.1 (C22), 134.5 (C8), 133.9 (C12), 133.8 (C25), 132.5 (C26), 131.3 (C23), 130.5
(C19), 129.9 (C18), 128.4 (C16), 127.9 (C10), 126.4 (C24), 120.1 (C17), 115.8 (C13),
115.0 (C6), 111.8 (C11), 110.4 (C15), 109.6 (C7), 78.1 (C3), 32.9 (C2), 32.8 (C9), 25.7
(C14), 23.8 (C1), 20.4 (C28).

IR: v = 3240 (O-H), 2871 (N-CH3), 1680 (C=0), 1426 (SOz), 1224 (C-OH).

LC/MS (Method 3, 220 nm, ESI+): tr = 7.5 min, m/z: 579.2 [M+NH4*] (100), 562.2
[M+H*] (38).

HRMS (ESI+): C3oH31N3NaOsS* [M+Na*] calc.: 584.1826 found: 584.1828.

23 (BNH-032) 2,2'-(1-Phenoxyethane-1,1-diyl)dithiazole

The bromide 22 (100 mg, 370 ymol) and hexamethyldistannane (182 mg, 555 uymol,
1.5 eq.) were dissolved in anh. deg. toluene (2.0 mL). The solution was Ar sparged for
5 min while being sonicated. Pd(PPhs)4 (42.8 mg, 37.0 pmol, 10 mol%) was added and
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the mixture stirred overnight at 80°C under Ar. The reaction mixture was filtered
through celite with DCM as eluent. The filtrate was conc. in vacuo. The crude product
was purified chromatographically (NP, PF-15SIHP-F0012, EtOAc/Hex=5/95) and (RP,
PF-15SIHP-F0012, H20/MeCN=9/1 to 1/9 over 13 CV): The product was obtained as
a white solid (32 mg, 111 ymol, 30% yield).

1H-NMR (600 MHz, CDCls): & = 7.72-7.68 (m, 2H, H2+2"), 7.33-7.25 (m, 4H, H7, H8),
7.25-7.21 (m, 1H, H9), 7.00-6.96 (m, 2H, H1+1’), 2.44 (s, 3H, H5).

13C-NMR (151 MHz, CDCl3): & = 149.8 (C3+3’), 145.4(C4), 132.6 (C6), 129.8, 129.7
(C7+8), 128.6 (C2+2'), 127.2 (C9), 122.5 (C1+1’), 21.8 (C5).

IR: v = 1374 (CHs deform.), 1170, 1146 (C-O-C).
LC/MS (Method 3, 220 nm, ESI+): tr = 11.1 min, m/z: not found.

HRMS (ESI+): C14H13N20S2* [M+H*] calc.: 289.0464 found: 289.0466.

36 (BNH-035) Dimethyl 1-(6-(benzyloxy)-6-oxohexyl)-3-(2-(phenoxymethyl)-
thiazol-4-yl)-1H-pyrrole-2,5-dicarboxylate

The stannane 35 (160 mg, 291 ymol, 1.0 eq.), the bromide 22 (78.6 mg, 291 ymol,
1.0 eq.) and CsF (88.3 mg, 582 umol, 2.0 eq.) were dissolved in anh. deg. DMF
(2.0 mL). The mixture was Ar sparged, while being sonicated for 5 min. Pd(PPh3)4
(16.9 mg, 14.5 pmol, 5 mol%) and Cul (5.54 mg, 29.1 pmol, 10 mol%) were added and
the mixture was stirred for 22 h at 50°C under Ar. The mixture was left to cool to RT
and was filtered through celite. The filter cake was washed with DCM and the filtrate
was conc. in vacuo. The crude product was purified chromatographically (NP, PF-
15SIHP-F0025, EtOAc/Hex=15/85, Rr(EtOAc/Hex=2/8)=0.19) and (RP, HPLC,
aqg. NH4sOAc (20 mM)/MeCN=95/5 to 5/95 over 13 CV): The desired product was
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isolated as a white, amorphous solid (93.3 mg, 162 ymol, 55% vyield). This procedure

was adapted from the literature.’?’

1H-NMR (600 MHz, CDCls): & = 7.40 (s, 1H, H8), 7.38-7.29 (m, 7H, H2+25-27), 7.23
(s, 1H, H10), 7.05-7.98 (m, 3H, H1+3), 5.38 (s, 2H, H5), 5.12 (s, 2H, H23), 4.71-4.65
(m, 2H, H17), 3.85 (s, 3H, H16), 3.77 (s, 3H, H13), 2.37 (t, 3J2021=7.6 Hz, 2H, H21),
1.85-1.76 (m, 2H, H18), 1.75-1.67 (m, 2H, H20), 1.45-1.36 (m, 2H, H19).

13C-NMR (151 MHz, CDCls): 5 = 173.5 (C22), 165.8 (C6), 161.9 (C12), 161.0 (C15),
158.1 (C4), 149.2 (C7), 136.3 (C24), 129.8 (C2), 128.7 (C26), 128.3 (C25+27), 125.6
(C14), 125.3 (C11), 123.9 (C9), 121.9 (C1), 118.6 (C10), 116.2 (C8), 115.1 (C3), 67.5
(C5), 66.2 (C23), 51.9 (C13), 51.7 (C16), 47.0 (C17), 34.3 (C21), 31.5 (C18), 26.3
(C19), 24.6 (C20).

IR: v = 2863 (O-CHas), 1722, 1704 (C=0), 1215, 1158 (C-O-C), 751, 691 (=C-H

deform.).
LC/MS (Method 2, 254 nm, ESI+): tr = 11.5 min, m/z: not found.

HRMS (ESI+): C31H32N2NaO7S* [M+Na*] calc.: 599.1822 found: 599.1822.

37 (BNH-039) 6-(2,5-Bis(methoxycarbonyl)-3-(2-(phenoxymethyl)thiazol-4-yl)-
1H-pyrrol-1-yl)hexanoic acid

The benzyl ester 36 (80.5 mg, 140 umol) was dissolved in MeOH (15 mL). The solution
was Ar sparged for 5 min. Pd/C (10% with 50% H20, 164 mg, 77.0 ymol, 50 mol%)
was added. The suspension was H2 sparged for 5 min and stirred for 7 h at RT under
H2. The mixture was Ar sparged for 5 min and filtered through celite with DCM as
eluent. The washed filter cake was purified chromatographically (RP, HPLC,
H20+TFA/MeCN+TFA=95/5 to 5/95 over 13 CV): The desired product was isolated
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(14.1 mqg) as well as the starting material (25.2 mg). The starting material was reacted
and purified again under the same conditions. The desired product was isolated as a

white, amorphous solid (27.8 mg, 57.1 ymol, 41% yield overall).

1H-NMR (600 MHz, CDCls): & = 7.38 (s, 1H, H8), 7.34-7.29 (m, 2H, H2), 7.21 (s, 1H,
H10), 7.04-6.98 (m, 3H, H1+3), 5.39 (s, 2H, H5), 4.74-4.68 (m, 2H, H17), 3.85 (s, 3H,
H16), 3.77 (s, 3H, H13), 2.37 (t, 3J2021=7.4 Hz, 2H, H21), 1.85-1.79 (m, 2H, H18), 1.73-
1.66 (m, 2H, H20), 1.46-1.39 (m, 2H, H19).

13C-NMR (151 MHz, CDCls): & = 178.8 (C22), 166.1 (C6), 161.9 (C12), 161.1 (C15),
158.0 (C4), 149.2 (C7), 129.8 (C2), 125.6 (C14), 125.4 (C11), 123.8 (C9), 121.9 (C1),
118.7 (C10), 116.3 (C8), 115.1 (C3), 67.4 (C5), 51.9 (C13), 51.8 (C16), 47.0 (C17),
33.9 (C21), 31.4 (C18), 26.2 (C19), 24.4 (C20).

IR: v = 2861 (O-CHs), 1703 (C=0), 1214, 1163 (C-O-C), 752, 690 (=C-H deform.).
LC/MS (Method 1, 254 nm, ESI-): tr = 9.9 min, m/z: 485.1 [M-H*] (100).

HRMS (ESI+): C24H26N2NaO7S* [M+Na*] calc.: 509.1353 found: 509.1354.

51 (BNH-041) Methyl 3-methoxy-4-((5-nitro-1H-indol-3-yl)methyl)benzoate

5-Nitroindole (3.00 g, 18.5 mmol, 1.0 eq.) and methyl 4-(bromomethyl)-3-methoxy-
benzoate (4.79 g, 18.5 mmol, 1.0 eq.) were dissolved in anh. 1,4-dioxane (20 mL).
Ag20 (4.29 g, 18.5 mmol, 1.0 eq.) was added to the solution. The suspension was
stirred for 17 h at 60°C. The reaction mixture was conc. in vacuo and filtered through
celite with EtOAc as eluent. The filtrate was purified chromatographically (NP, PF-
15SIHP-F0080, EtOAc/Hex=1/9 to 3/7, Rr(CHCI3)=0.21): The desired product was
isolated as well as the starting materials 4-(bromomethyl)-3-methoxybenzoate
(RF(EtOACc/Hex=1/9)=3.35) and 5-nitroindole (Rr(CHCI3)=0.39). The starting materials
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were reacted and purified again under the same conditions. The desired product was
obtained as a yellow, amorphous solid (4.88 g, 14.4 mmol, 77% vyield overall). This
procedure was adapted from the literature.’” The spectroscopic data agrees with the

literature.

1H-NMR (400 MHz, CDCls): & = 8.72-8.64 (m, 1H, NH), 8.59-8.56 (m, 1H, H4), 8.10-
8.04 (m, 1H, H6), 7.57-7.52 (m, 2H, H12 and H14), 7.40-7.34 (m, 1H, H7), 7.18-7.14
(m, 1H, H11), 7-13-7.09 (m, 1H, H1), 4.14 (s, 2H, H9), 3.93 (s, 3H, H18), 3.90 (s, 3H,
H16).

13C-NMR (101 MHz, CDCls): & = 167.3 (C17), 157.1 (C15), 141.6 (C5), 139.5 (C8),
134.5 (C10), 129.8 (C11), 129.6 (C13), 127.0 (C3), 125.6 (C1), 122.2 (C12), 117.8
(C6), 117.4 (C2), 116.8 (C4), 111.3 (C7), 111.2 (C14), 55.7 (C18), 52.3 (C16), 25.4
(C9).

IR: v = 3363 (N-H), 2838 (O-CHs), 1703 (C=0), 1379 (NO2), 1226 (C-O-C), 717, 735
(=C-H deform.).

LC/MS (Method 2, 254 nm, ESI+): tr = 9.6 min, m/z: 341.1 [M+H*] (14), 309.0 [M-
MeOr] (100).

HRMS (ESI+): C1s8H16N2NaOs* [M+Na*] calc.: 363.0951 found: 363.0946.

25 (BNH-042) (E)-4-(2-(Phenoxymethyl)thiazol-4-yl)but-3-en-2-one

The bromide 22 (50.0 mg, 185 umol), 2-(di-tert-butyl-phosphino)-1-phenyl-1H-pyrrol
(6.38 mg, 22.2 ymol, 12 mol%), methyl vinyl ketone (23.1 pL, 287 umol, 1.5 eq.),
TBAC (51.4 mg, 185 ymol, 1.0 eq.) and NaHCOs3 (17.1 mg, 204 umol, 1.1 eq.) were
dissolved in anh. DMF. The mixture was Ar sparged for 5 min, while being sonicated.
Pdz(dba)s (5.10 mg, 5.57 ymol, 3 mol%) was added and the mixture was stirred for 4 h

at 80°C under Ar in a microwave reactor. The mixture was diluted with brine (10 mL)
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and extracted with EtOAc (3x10 mL). The combined organic extracts were washed with
H20 (20 mL), dried (Na2SO4) and conc. in vacuo. The crude product was purified
chromatographically (RP, PF-15C18AQ-F0012, aq. NH4OAc (20 mM)/MeCN=9/1 to
1/9 over 13 CV) and (RP, HPLC, ag. NH4OAc (20 mM)/MeCN=95/5 to 5/95 over
13 CV): The desired product was obtained as a white, amorphous solid (16.6 mg,

64.0 umol, 35% yield). This procedure was adapted from the literature.’"”
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1H-NMR (400 MHz, CDCls): 8 = 7.50 (s, 1H, H7), 7.46 (d, 3Jo-10=15.7 Hz, 1H, H9), 7.36-
7.29 (m, 2H, H3), 7.03 (d, 3Js-10=15.7 Hz, 1H, H10), 7.05-6.99 (m, 3H, H1+2), 5.37 (s,
2H, H5), 2.37 (s, 3H, H12).

13C-NMR (101 MHz, CDCl3): & = 198.5 (C11), 168.7 (C6), 157.8 (C4), 151.9 (C8),
134.5 (C9), 129.8 (C3), 128.8 (C10), 122.8 (C7), 122.1 (C1), 115.0 (C2), 67.4 (C5),
28.5 (C12).

IR: v = 1660 (C=0), 1243 (C-O-C), 744, 689 (=C-H deform.).

LC/MS (Method 2, 254 nm, ESI+): tr = 8.4 min, m/z: 301.1 [M+MeCN+H"] (6), 260.0
[M+H"] (100).

HRMS (ESI+): C14H1aNO2S* [M+H"] calc.: 260.0740 found: 260.0742.

52 (BNH-043) Methyl 4-((5-amino-1H-indol-3-yl)methyl)-3-methoxybenzoate

The nitro ester 51 (50.0 mg, 147 pmol) was dissolved in MeOH/THF (2/1, 1.5 mL) The
solution was N2 sparged for 1 min. Pd/C (10% with 50% H20, 15.6 mg, 7.35 pmol,
5 mol%) was added. The mixture was stirred for 4 h at RT under Hz and filtered through
celite with DCM as eluent. The filtrate was conc. in vacuo and purified
chromatographically (NP, PF-15SIHP-F0012, CHCIs, Rr=0.13): The desired product
was isolated as a white, amorphous solid, which turns brown in contact with air
(41.9 mg, 135 umol, 91% vyield). This procedure was adapted from the literature.3%8
The spectroscopic data agrees with the literature.
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1H-NMR (600 MHz, CD30D): 5 = 7.57-7.53 (m, 1H, H12), 7.50-7.43 (m, 3H, H6+7+14),
7.22-7.18 (m, 1H, H2), 7.16-7.11 (m, 1H, H11), 7.10-7.06 (m, 1H, H4), 4.10 (s, 2H,
H9), 3.91 (s, 3H, H18), 3.85 (s, 3H, H16).

13C-NMR (151 MHz, CD30D): & = 168.6 (C17), 158.6 (C15), 137.6 (C8), 136.8 (C5),
130.4 (C1), 130.4 (C13), 129.0 (C3), 127.0 (C11), 123.0 (C10), 122.9 (C6), 116.5 (C4),
114.7 (C2), 113.8 (C14), 113.7 (C12), 111.9 (C7), 56.0 (C18), 52.6 (C16), 26.0 (C9).

IR: v = 3006 (N-H), 1662 (C=0), 1178, 1128 (C-O-C).

LC/MS (Method 1, 254 nm, ESI+): tr = 5.6 min, m/z: 352.1 [M+MeCN+H"] (7), 311.0
[M+H"*] (100), 279.1 [M-MeO7] (13).

HRMS (ESI+): C1sH19N203" [M+H*] calc.: 311.1390 found: 311.1389.

46 (BNH-044) Methyl 3-methoxy-4-((1-methyl-5-nitro-1H-indol-3-
yl)methyl)benzoate

The nitro ester 51 (50.0 mg, 147 uymol) was dissolved in anh. THF under N2. NaH
(7.05 mg, 176 umol, 1.2 eq.) was added. The bright-yellow solution turned dark red
instantaneously. The mixture was stirred for 10 min at RT. Mel (11.0 yL, 176 pmol,
1.2 eq.) was added and the mixture was stirred for 3 h at RT. Aq. HCI (1 M, 5 mL) was
added and the mixture was extracted with EtOAc (5x5 mL). The combined organic
extracts were dried (Na2S0Oa4) and conc. in vacuo to give an orange oil. The crude
product was purified chromatographically (NP, PF-15SIHP-F0012, EtOAc/Hex=2/8,
Rr=0.13) and (RP, HPLC, H20+TFA/MeCN+TFA=95/5 to 5/95 over 13 CV): The
desired product was obtained as a bright-yellow, amorphous solid (27.2 mg, 76.8 pmol,
52% yield). This procedure was adapted from the literature.’” The spectroscopic data
agrees with the literature.
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1H-NMR (600 MHz, CDCl3): & = 8.59-8.55 (m, 1H, H5), 8.12-8.01 (m, 1H, H7), 7.58-
7.53 (m, 2H, H13+15), 7.28-7.24 (m, 1H, H8), 7.19-7.15 (m, 1H, H12), 6.92 (s, 1H, H2),
4.12 (s, 2H, H10), 3.95 (s, 3H, H19), 3.90 (s, 3H, H17), 3.78 (s, 3H, H1).

13C-NMR (151 MHz, CDCls): & = 167.1 (C18), 157.1 (C16), 141.4 (C6), 139.9 (C9),
134.5 (C11), 130.3 (C2), 129.8 (C12), 129.7 (C14), 127.3 (C4), 122.3 (C13), 117.4
(C7), 116.9 (C5), 116.5 (C3), 111.3 (C15), 109.2 (C8), 55.7 (C19), 52.2 (C17), 33.2
(C1), 25.3 (C10).

IR: v = 2836 (O-CHa), 1705 (C=0), 1260 (NO2).

LC/MS (Method 1, 254 nm, ESI+): tr = 10.0 min, m/z: 377.0 [M+Na*] (73), 355.0
[M+H*] (64), 323.0 [M-MeO] (100).

HRMS (ESI+): C19H1sN2NaOs* [M+Na*] calc.: 377.1108 found: 377.1107.

53 (BNH-045) Methyl 4-((5-(((cyclopentyloxy)carbonyl)amino)-1H-indol-3-
yl)methyl)-3-methoxybenzoate

The amino ester 52 (363 mg, 1.17 mmol) and N-methylmorpholine (129 pL,
1.17 mmol, 1.0 eq.) were dissolved in anh. DCM (5 mL) under N2. Cyclopentyl
chloroformate (145 pL, 1.17 mmol, 1.0 eq.) was added dropwise. The mixture was
stirred for 3 h at RT. Ag. HCI (1 M, 15 mL) was added and the mixture was extracted
with EtOAc (3x15 ml). The combined organic extracts were dried (Na2S0Oa4) and conc.
in vacuo to give a light-brown oil. The crude product was purified chromatographically
(NP, PF-15SIHP-F0040, CHCIs, Rr=0.31) and (RP, HPLC, aq. NH4OAc
(20 mM)/MeCN=95/5 to 5/95 over 13 CV): The desired product was obtained as a light-
brown, amorphous solid (483 mg, 1.14 mmol, 97% yield). This procedure was adapted
from literature.'®” The spectroscopic data agrees with the literature.3*
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1H-NMR (600 MHz, CDCls): & = 8.01 (s, 1H, indole NH), 7.61-7.48 (m, 3H,
H10+12+16), 7.27-7.23 (m, 1H, H6), 7.18-7.07 (m, 2H, H7+15), 6.91 (s, 1H, H9), 6.51
(s, 1H, CONH), 5.24-5.17 (m, 1H, H3), 4.08 (s, 2H, H13), 3.91 (s, 3H, H22), 3.89 (s,
3H, H20), 1.93-1.83 (m, 2H, H2a), 1.81-1.66 (m, 4H, H1a+2b), 1.64-1.54 (m, 2H, H1b).

13C-NMR (151 MHz, CDCl3): & = 167.4 (C4), 157.3 (C21), 135.4 (C5), 133.5 (C8),
130.5 (C8), 129.7 (C15), 129.2 (C14), 127.9 (C11), 123.7 (C9), 122.2 (C16), 114.3
(C7), 111.4 (C6), 111.0 (C12+18), 77.9 (C3), 55.7 (C22), 52.2 (C20), 33.0 (C2), 25.5
(C13), 23.8 (C1).

IR: v = 3327 (N-H), 2872 (O-CH3), 1697 (C=0), 1224 (C-O-C), 760 (=C-H deform.).

LC/MS (Method 1, 254 nm, ESI+): tr = 9.8 min, m/z: 445.1 [M+Na*] (87), 423.1 [M+H"]
(32), 391.1 [M-MeO7] (5), 355.0 [M-CsH7] (100), 311.1 [M-CsH7O2] (56).

HRMS (ESI+): C24H26N2NaOs* [M+Na*] calc.: 445.1734 found: 445.1731.

48 (BNH-047) Methyl 4-((5-amino-1-methyl-1H-indol-3-yl)methyl)-3-

methoxybenzoate

The nitro ester 46 (50.0 mg, 141 uymol) was dissolved in MeOH/THF (2/1, 1.5 mL). The
solution was N2 sparged for 1 min. Pd/C (10% with 50% H20, 15.0 mg, 7.06 pmol,
5 mol%) was added. The mixture was stirred for 3 h at RT under Hz and filtered through
celite with DCM as eluent. The filtrate was conc. in vacuo and purified
chromatographically (NP, PF-15SIHP-F0012, CHCIs, Rr=0.17), (RP, HPLC,
H20+TFA/MeCN+TFA=95/5 to 5/95 over 13 CV): The desired product was obtained
as an off-white, amorphous solid (39.0 mg, 120 umol, 85% vyield). This procedure was

adapted from the literature.’” The spectroscopic data agrees with the literature.

180



1H-NMR (600 MHz, CD30D): & = 7.56-7.54 (m, 1H, H13), 7.50-7.45 (m, 3H, H7+8+15),
7.17-7.12 (m, 2H, H5+12), 7.12-7.10 (m, 1H, H2), 4.09 (s, 2H, H10), 3.91 (s, 3H, H19),
3.86 (s, 3H, H17), 3.77 (s, 3H, H1).

13C-NMR (151 MHz, CD3OD): & = 168.6 (C18), 158.6 (C16), 138.1 (C9), 136.6 (C8),
131.4 (C2), 130.7 (C12), 130.5 (C14), 129.5 (C4), 123.2 (C11), 122.9 (C7), 116.6 (C5),
114.3 (C3), 114.1 (C15), 111.9 (C13), 111.8 (C8), 56.0 (C19), 52.6 (C17), 32.9 (C1),
25.9 (C10).

IR: v = 2960 (CHa), 2923 (CH2), 1701 (C=0), 1210, 1187 (C-O-C).

LC/MS (Method 1, 254 nm, ESI+): tr = 6.1 min, m/z: 325.1 [M+H*] (100), 293.0
[M-MeO] (8).

HRMS (ESI+): C19H21N203* [M+H*] calc.: 325.1547 found: 325.1543.

54 (BNH-048) 4-((5-(((Cyclopentyloxy)carbonyl)amino)-1H-indol-3-yl)methyl)-3-

methoxybenzoic acid

The carbamate ester 53 (50.0 mg, 118 ymol) was dissolved in H2O/MeOH/THF (3/2/2,
1.75 mL). LiOH (14.2 mg, 592 pymol, 5.0 eq.) was added. The mixture was sonicated
until the LiOH was well suspended and was then stirred for 19 h at RT. The organic
solvents were removed in vacuo. The reaction was quenched with aq. HCI (1 M, 2 mL).
White precipitate formed. The mixture was extracted with EtOAc (3x2 mL). The
combined organic extracts were dried (Na2SO4) and conc. in vacuo to give a red-brown
oil. The crude product was purified chromatographically (RP, HPLC, aq. NH4OAc
(20 mM)/MeCN=95/5 to 5/95 over 13 CV): The desired product was obtained as an off-
white, amorphous solid (44.0 mg, 108 umol, 91% yield). This procedure was adapted

from the literature.’®’” The spectroscopic data agrees with the literature.34
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1H-NMR (600 MHz, CDCls): & = 8.04 (bs, 1H, NH), 7.61-7.52 (m, 3H, H12+16+18),
7.25-7.21 (m, 1H, H6), 7.16-7.09 (m, 2H, H7+15), 6.92-6.87 (m, 1H, H9), 6.56 (bs, 1H,
CONH), 5.25-5.17 (m, 1H, H3), 4.08 (s, 2H, H13), 3.91 (s, 3H, H16), 1.93-1.83 (m, 2H,
H2a), 1.80-1.67 (m, 4H, H2b+1a), 1.63-1.55 (m, 2H, H1b).

13C-NMR (151 MHz, CDCl3): & = 171.7 (C4), 157.3 (C21), 136.4 (C5), 133.6 (C8),
130.4 (C10), 129.8 (C15), 128.4 (C14), 127.9 (C11), 123.8 (C9), 122.9 (C16), 114.1
(C7), 111.4 (CB), 111.3 (C12+18), 55.7 (C20), 32.9 (C2), 25.5 (C13), 23.8 (C1).

IR: v = 3322 (N-H), 2961 (CHs), 2872 (O-CHs), 1682 (C=0), 1412 (CH2+CHs deform.),
1215 (C-O-C), 728 (=C-H deform.).

LC/MS (Method 1, 254 nm, ESI+): tr = 8.6 min, m/z: 431.1 [M+Na*] (36), 409.1 [M+H"]
(28), 341.0 [M-CsH77] (100), 323.0 [M-CsH90O] (40), 297.0 [M-CeH7O27] (6).

HRMS (ESI+): C23H24N2NaOs* [M+Na*] calc.: 431.1577 found: 431.1577.

47 (BNH-049) 3-Methoxy-4-((1-methyl-5-nitro-1H-indol-3-yl)methyl)benzoic acid

The nitro ester 46 (150 mg, 423 pymol) was dissolved in H20/MeOH/THF (3/3/5,
5.5 mL). LiOH (50.7 mg, 2.12 mmol, 5.0 eq.) was added. The mixture was sonicated
until the LiOH was well suspended. The suspension was stirred for 5.5 h at RT. The
reaction was quenched with aq. HCI (1 M, 5 mL). A yellow precipitate formed. The
mixture was extracted with EtOAc (3x10 mL). The combined organic extracts were
dried (Na2SO4) and conc. in vacuo. The crude product was purified
chromatographically (RP, HPLC, H20+TFA/MeCN+TFA=95/5 to 5/95 over 13 CV):
The desired product was obtained as a yellow, amorphous solid (143 mg, 419 umol,
99% vyield). This procedure was adapted from the literature.'3” The spectroscopic data

agrees with the literature.36
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1H-NMR (600 MHz, CD3OD): & = 12.85 (bs, 1H, COOH), 8.52-8.48 (m, 1H, H5), 8.04-
7.99 (m, 1H, H7), 7.61-7.56 (m, 1H, H8), 7.51-7.48 (m, 1H, H2), 7.48-7.44 (m, 1H,
H13), 7.37-7.34 (m, 1H, H15), 7.27-7.23 (m, 1H, H12), 4.10 (s, 2H, H10), 3.91 (s, 3H,
H17), 3.81 (s, 3H, H1).

13C-NMR (151 MHz, CD30D): & = 167.1 (C18), 156.6 (C16), 140.3 (C6), 139.4 (C9),
134.1 (C11), 131.5 (C15), 130.1 (C3), 129.7 (C12), 126.5 (C4), 121.7 (C13), 116.3
(C7), 115.9 (C5), 115.2 (C14), 110.9 (C2), 110.3 (C8), 55.4 (C17), 32.8 (C1), 24.4
(C10).

IR: v = 2924, 2835 (CH2), 1684 (C=0), 1337 (NOz), 1297, 1274 (C-O-C), 760, 740
(=C-H).

LC/MS (Method 1, 254 nm, ESI+): tr = 8.7 min, m/z: 363.0 [M+Na*] (48), 341.0 [M+H*]
(100), 323.0 [M-HO (93).

HRMS (ESI+): C1sH16N2NaOs* [M+Na*] calc.: 363.0951 found: 363.0954.

49 (BNH-050) 4-((5-Amino-1-methyl-1H-indol-3-yl)methyl)-3-methoxybenzoic

acid

The nitro acid 47 (50.0 mg, 147 ymol) was dissolved in MeOH/THF (2/1, 1.5 mL). The
solution was N2 sparged for 1 min. Pd/C (10% with 50% H20, 15.6 mg, 7.35 pmol,
5 mol%) was added. The suspension was H2 sparged for 1 min and stirred for 4 h at
RT under H2. The mixture was filtered through celite with DCM and MeOH as eluents
sequentially. The filtrate was conc. in vacuo and purified chromatographically (RP,
HPLC, ag. NH40Ac (20 mM)/MeCN=95/5 to 5/95 over 13 CV): The desired product
was obtained as a white, amorphous solid (41.0 mg, 132 ymol, 89% yield). This

procedure was adapted from the literature.'3’
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1H-NMR (400 MHz, DMSO-de): & = 7.49-7.46 (m, 1H, H13), 7.45-7.40 (m, 1H, H15),
7.11-7.05 (m, 2H, H7+8), 6.88 (s, 1H, H2), 6.57-6.50 (m, 2H, H5+12), 3.90 (s, 3H,
H17), 3.89 (s, 2H, H10), 3.62 (s, 3H, H1).

13C-NMR (101 MHz, DMSO-de): & = 167.4 (C18), 156.7 (C16), 140.8 (CB), 134.9 (C9),
130.9 (C11), 129.7 (C4), 129.3 (C7), 128.3 (C14), 127.7 (C2), 121.5 (C15), 111.8
(C12), 110.6 (C13), 109.8 (C8), 109.5 (C3), 102.0 (C5), 55.4 (C17), 32.2 (C1), 24.8
(C10).

IR: v = 1724 (C=0), 1377 (C=0), 1246 (C-O-C), 779 (=C-H deform.).

LC/MS (Method 1, 254 nm, ESI+): tr = 5.3 min, m/z: 311.1 [M+H*] (100).

HRMS (ESI+): C1sH19N203" [M+H*] calc.: 311.1390 found: 311.1390.

44 (BNH-051) Methyl 4-((5-(((cyclopentyloxy)carbonyl)amino)-1-methyl-1H-indol-
3-yl)methyl)-3-methoxybenzoate

The amino ester 48 (136 mg, 420 umol) and N-methylmorpholine (50.8 uL, 462 pymol,
1.1 eq.) were dissolved in anh. DCM (2.0 mL) under N2. Cyclopentyl chloroformate
(57 yL, 462 umol, 1.1 eq.) was added dropwise. The mixture was stirred for 2 h at RT.
Aq. HCI (1 M, 15 mL) was added and the mixture was extracted with EtOAc (3x15 ml).
The combined organic extracts were dried (Na2S0O4) and conc. in vacuo to give a light-
brown oil. The crude product was purified chromatographically (NP, PF-15SIHP-
F0025, EtOAc/Hex=2/8, RF=0.20): The desired product was obtained as a pale-yellow,
amorphous solid (174 mg, 399 umol, 95% vyield). This procedure was adapted from the

literature.'®” The spectroscopic data agrees with the literature.
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1H-NMR (600 MHz, CDCl3): & = 7.63-7.49 (m, 3H, H13+17+19), 7.22-7.11 (m, 3H,
H6+7+16), 6.75 (s, 1H, H10), 6.60 (bs, 1H, CONH), 5.24-5.17 (m, 1H, H3), 4.07 (s, 2H,
H14), 3.92 (s, 3H, H23), 3.90 (s, 3H, H21), 3.69 (s, 3H, H9), 1.92-1.84 (m, 2H, H2a),
1.81-1.67 (m, 4H, H2b+1a), 1.65-1.55 (m, 2H, H1b).

13C-NMR (151 MHz, CDCls): & = 167.3 (C22), 157.2 (C4), 154.3 (C20), 135.6 (C5),
134.3 (C8), 130.2 (C11), 129.7 (C16), 129.1 (CB), 128.3 (C12), 128.2 (C13), 122.1
(C17), 115.3 (C18), 112.6 (C10), 110.9 (C19), 109.8 (C15), 109.4 (C7), 77.7 (C3), 55.7
(C23), 52.1 (C21), 32.9 (C2), 32.8 (C9), 25.3 (C14), 23.8 (C1).

IR: v = 3326 (N-H), 1699 (C=0), 1227 (C-O-C), 760 (=C-H deform.).

LC/MS (Method 1, 254 nm, ESI+): tr = 10.5 min, m/z: 459.1 [M+Na*] (44), 437.1
[M+H"*] (100), 369.0 [M-CsH7] (89), 325.1 [M-CsH7027 (10).

HRMS (ESI+): C2sH28N2NaOs* [M+Na*] calc.: 459.1890 found: 459.1890.

43 (BNH-053) 4-((5-(((Cyclopentyloxy)carbonyl)amino)-1-methyl-1H-indol-3-

yl)methyl)-3-methoxybenzoic acid

The carbamate ester 44 (72.6 mg, 166 umol) was dissolved in H2O/MeOH/THF (1/1/1,
3 mL). LiOH (19.9 mg, 832 umol, 5.0 eq.) was added. The mixture was sonicated until
the LiOH was well suspended. The suspension was stirred for 23 h at RT. Ag. HCI
(1M, 3mL) was added. The mixture was extracted with EtOAc (3x5 mL). The
combined organic extracts were dried (Na2S04) and conc. in vacuo. The crude product
was purified chromatographically (RP, HPLC, aq. NH4OAc (20 mM)/MeCN=95/5 to
5/95 over 13 CV): The desired product was obtained as a white, amorphous solid
(69.6 mg, 165 umol, 99% vyield). This procedure was adapted from the literature.3’

The spectroscopic data agrees with the literature.3°
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1H-NMR (400 MHz, DMSO-de): & = 9.24 (bs, 1H, NH), 7.64 (bs, 1H, H10), 7.50 (s, 1H,
H19), 7.48-7.42 (m, 1H, H17), 7.30-7.22 (m, 1H, HB), 7.22-7.14 (m, 1H, H7), 7.14-7.08
(m, 1H, H16), 7.02 (s, 1H, H13), 5.14-5.01 (m, 1H, H3), 3.97 (s, 2H, H14), 3.92 (s, 3H,
H21), 3.68 (s, 3H, H9), 1.94-1.76 (m, 2H, H2a), 1.76-1.61 (m, 4H, H2b+1a), 1.61-1.47
(m, 2H, H1b).

13C-NMR (101 MHz, DMSO-ds): & = 167.4 (C22), 156.7 (C20), 153.7 (C4), 134.7 (C15),
133.3 (C5), 131.1 (C12), 130.0 (C18), 129.3 (C16), 128.5 (C13), 127.3 (C8), 121.6
(C17), 114.4 (C7), 111.2 (C11), 110.7 (C19), 109.5 (CB), 108.2 (C10), 76.3 (C3), 55.5
(C21), 32.4 (C9), 32.3 (C2), 24.7 (C14), 23.3 (C1).

IR: v = 2954, 2871 (CH3), 1689 (C=0), 1221 (C-O-C), 765 (=C-H deform.).

LC/MS (Method 1, 254 nm, ESI+): tr = 9.3 min, m/z: 445.1 [M+Na*] (23), 423.1 [M+H*]
(100), 355.1 [M-CsH7] (86), 337.0 [M-CsHeO] (14).

HRMS (ESI+): C24H26N2NaOs* [M+Na*] calc.: 445.1734 found: 445.1734.

42 (BNH-054) Cyclopentyl (3-(2-methoxy-4-((o-tolylsulfonyl)carbamoyl)benzyl)-
1H-indol-5-yl)carbamate

The carbamate acid 54 (56.0 mg, 137 ymol), 2-methylbenzenesulfonamide (47.0 mg,
274 ymol, 2.0 eq.), DMAP (16.8 mg, 137 umol, 1.0 eq.), DIPEA (51.3 pL, 302 pmol,
2.2eq.) and PyBOP (78.8 mg, 151 ymol, 1.1 eq.) were dissolved in anh. DCM
(1.0 mL). The mixture was stirred for 48 h at RT under N2. The mixture was conc. in
vacuo and purified chromatographically (RP, PF-15C18AQ-F0012, H2.O/MeOH=9/1 to
9/1) and (RP, HPLC, ag. NH4OAc (20 mM)/MeCN=95/5 to 5/95 over 13 CV): The
desired product was obtained as a white, amorphous solid (53.0 mg, 94.4 pmol,

68% vyield). This procedure was adapted from the literature.’’
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1H-NMR (600 MHz, CDCls): 8 = 9.51 (bs, 1H, SO2NH), 8.27-8.22 (m, 1H, H23), 8.21
(bs, 1H, NH), 7.57-7.45 (m, 2H, CONH+HB), 7.39-7.34 (m, 1H, H25), 7.29-7.24 (m, 2H,
H24+26), 7.22-7.17 (m, 1H, H12), 7.11-7.00 (m, 2H, H16+18), 6.98-6.94 (m, 1H, H15),
6.91-6.87 (m, 1H, H7), 6.61-6.54 (m, 1H, H9), 5.23-5.15 (m, 1H, H3), 3.99 (s, 2H, H13),
3.80 (s, 3H, H20), 2.67 (s, 3H, H28), 1.93-1.82 (m, 2H, H2a), 1.82-1.65 (m, 4H,
H2b+1a), 1.65-1.52 (m, 2H, H1b).

13C-NMR (151 MHz, CDCls): & = 164.8 (C21), 157.7 (C19), 154.6 (C4), 137.8 (C22),
137.0 (C27), 136.3 (C17), 134.0 (C6), 133.6 (C5), 132.5 (C24), 131.7 (C23), 130.3
(C10), 130.1 (C9), 129.8 (C15), 127.8 (C8), 126.5 (C25), 123.9 (C7), 119.6 (C16),
116.0 (C18), 113.7 (C11), 111.5 (C12), 110.2 (C14), 109.8 (C26), 78.0 (C3), 55.7
(C20), 32.9 (C2), 25.4 (C13), 23.8 (C1), 20.5 (C28).

IR: v = 3373 (N-H), 2960 (CH3), 1680 (C=0), 1454, 1423 (CH3+CH2 deform.), 1333
(SOz2), 1219, 1160 (C-O-C).

LC/MS (Method 1, 254 nm, ESI+): tr = 10.0 min, m/z: 579.1 [M+NH4*] (27), 494.0
[M-CsH77] (100).

HRMS (ESI+): CaoH31N3NaOsS* [M+Na*] calc.: 584.1826 found: 584.1825.

45 (BNH-055) Cyclopentyl (3-(2-methoxy-4-((methylsulfonyl)carbamoyl)benzyl)-
1-methyl-1H-indol-5-yl)carbamate

The carbamate acid 43 (73.3 mg, 174 ymol), EDCI HCI (34.9 mg, 182 pmol, 1.05 eq.)
and DMAP (22.3 mg, 182 ymol, 1.05 eq.) were dissolved in anh. DCM (500 pL). The
mixture was stirred for 1.5 h at RT under N2. Methanesulfonamide (17.3 mg, 182 pmol,
1.05 eq.) was added. The mixture was stirred for 20 h at RT under N2. Ag. HCI (1 M,
3 mL) was added and the mixture was extracted with EtOAc (3x5 mL). The combined

organic extracts were dried (Na2S0a4) and conc. in vacuo to give a purple oil. The crude

187



product was purified chromatographically (NP, PF-15SIHP-F0025, MeOH/DCM=2/98,
Rr=0.11) and (RP, HPLC, ag. NH4OAc (20 mM)/MeCN=95/5 to 5/95 over 13 CV): The
desired product was obtained as a pale-pink, amorphous solid (35.0 mg, 70.1 pmol,

40% vyield). This procedure was adapted from the literature. '3’

1H-NMR (600 MHz, CDCl3): & = 7.52 (bs, 1H, H6), 7.38-7.35 (m, 1H, H17), 7.23-7.18
(m, 1H, H19), 7.18-7.13 (m, 1H, H7), 7.11-7.02 (m, 2H, H13+16), 6.78-6.74 (m, 1H,
H10), 6.65 (bs, 1H, CONH), 5.19-5.12 (m, 1H, H3), 4.01 (s, 2H, H14), 3.86 (s, 3H,
H21), 3.67 (s, 3H, H9), 3.26 (s, 3H, H23), 1.90-1.78 (m, 2H, H2a), 1.78-1.63 (m, 4H,
H2b+1a), 1.63-1.51 (m, 2H, H1b).

13C-NMR (151 MHz, CDCls): 5 = 166.0 (C22), 157.7 (C20), 154.5 (C4), 136.7 (C15),
134.4 (C8), 130.07, 130.03, 129.99 (C5+16+18), 128.5 (C10), 128.1 (C12),120.0
(C19), 115.5 (C13), 112.1 (C11), 110.1 (C6), 109.7 (C17), 109.6 (C7), 77.9 (C3), 55.8
(C21), 41.8 (C23), 32.92, 32.85 (C2+9), 25.4 (C14), 23.8 (C1).

IR: v = 2956, 2872 (CH3s), 1684 (C=0), 1434 (S0O2), 1222, 1153 (C-O-C), 757 (=C-H
deform.).

LC/MS (Method 1, 254 nm, ESI+): tr = 9.2 min, m/z: 522.0 [M+Na™] (9), 500.1 [M+H"]
(66), 432.0 [M-CsH7] (52), 388.0 [M-CeH70O27] (100).

HRMS (ESI+): C2sH20N3NaOsS* [M+Na*] calc.: 522.1669 found: 522.1672.

38 (BNH-057) 3-Methoxy-4-((1-methyl-5-nitro-1H-indol-3-yl)methyl)-N-(o-
tolylsulfonyl)benzamide

The nitro acid 47 (509 mg, 1.5 mmol), EDCI HCI (301 mg, 1.57 mmol, 1.05 eq.) and
DMAP (192 mg, 1.57 mmol, 1.05 eq.) were dissolved in anh. DMF (10 mL). The

solution was stirred for 1 h at RT under Nz2. 2-Methylbenzenesulfonamide (269 mg,

1.57 mmol, 1.05 eq.) was added. The mixture was stirred for 18 h at RT under N2. Aq.
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HCI (1 M, 10 mL) was added. The mixture was extracted with EtOAc (3x15 mL), dried
(Na2S04) and conc. in vacuo. The crude product was purified chromatographically (NP,
PF-15SIHP-F0080, MeOH/DCM=1/99, Rr(MeOH/DCM=2/98)=0.2): The desired
product was isolated as well as the starting material 47. The latter was subjected to
the same procedure again to give the desired product as a bright-yellow, amorphous
solid (671 mg, 1.36 mmol, 90% yield overall). This procedure was adapted from the

literature.'3” The spectroscopic data agrees with the literature.’36

1H-NMR (600 MHz, DMSO-ds): & = 8.54-8.46 (m, 1H, H5), 8.06-7.96 (m, 2H, H7+20),
7.59-7.54 (m, 2H, H8+22), 7.54-7.50 (m, 1H, H13), 7.46-7.40 (m, 2H, H15+21), 7.40-
7.36 (m, 1H, H23), 7.36-7.32 (m, 1H, H2), 7.29-7.22 (m, 2H, H12+SO:2NH), 4.08 (s,
2H, H10), 3.92 (s, 3H, H17), 3.79 (s, 3H, H1), 2.60 (s, 3H, H25).

13C-NMR (151 MHz, DMSO-ds): 8 = 164.8 (C18), 156.6 (C16), 140.3 (C6), 139.4 (C9),
137.7 (C24), 136.8 (C19), 134.6 (C14), 133.4 (C22), 132.3 (C23), 131.5 (C2), 130.6
(C3), 130.4 (C20), 129.7 (C12), 126.4 (C4), 126.2 (C21), 120.8 (C15), 116.3 (C7),
115.9 (C5), 115.1 (C11), 110.32 (C13), 110.27 (C8), 55.7 (C17), 32.8 (C1), 24.4 (C10),
19.5 (C25).

IR: v = 3310 (N-H), 1702 (C=0), 1401 (SO2), 758 (=C-H deform.).

LC/MS (Method 1, 254 nm, ESI+): tr = 10.0 min, m/z: 516.0 [M+Na*] (69), 511.0
[M+NH4*] (37), 494.0 [M+H*] (100), 323.0 [M-C7HsNO2S] (91).

HRMS (ESI+): C2sH23N3NaOsS* [M+Na*] calc.: 516.1200 found: 516.1197.
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40 (BNH-059) Methyl (3-(2-methoxy-4-((o-tolylsulfonyl)carbamoyl)benzyl)-1-
methyl-1H-indol-5-yl)carbamate

The nitro sulfonamide 38 (325 mg, 659 ymol) was dissolved in MeOH/THF (1/1,
20 mL). The solution was N2 sparged for 1 min. Pd/C (10% with 50% H20, 70.1 mg,
32.9 umol, 5 mol%) was added. The suspension was H2 sparged for 1 min and stirred
for 18 h at RT under H2. The pale-yellow suspension was filtered through celite. The
filter cake was rinsed with DCM. TLC of the filtrate showed complete conversion to the
desired product (Rr(MeOH/DCM=5/95)=0.23). The product oxidises rapidly on silica
and in air. It was used in the next reaction without further purification. The produced
amine (88.7 mg, 191 ymol) and N-methylmorpholine (42.1 pL, 383 ymol, 2.0 eq.) were
dissolved in anh. DMF (2.0 mL). Methyl chloroformate (29.6 pL, 383 umol, 2.0 eq.) was
added dropwise. The mixture was stirred for 1 h at RT under N2. The reaction was
quenched with aq. HCI (1 M, 10 mL) and extracted with EtOAc (3x10 mL). The
combined organic extracts were dried (Na2S0O4) and conc. in vacuo to give a dark-
brown residue. The crude product was purified chromatographically (RP, HPLC,
H20+TFA/MeCN+TFA=95/5 to 5/95 over 13 CV): The desired product was obtained
as a white, amorphous solid (52.8 mg, 101 ymol, 15% yield over two steps). This
procedure was adapted from the literature.’3” The spectroscopic data agrees with the

literature.133

1H-NMR (600 MHz, CDCls): 5 = 9.68-9.59 (bs, 1H, CONH), 8.29-8.21 (m, 1H, H22),
7.56-7.44 (m, 2H, H5+24), 7.42-7.35 (m, 1H, H23), 7.35-7.30 (m, 1H, H11), 7.30-7.25
(m, 2H, H25), 7.24-7.15 (m, 2H, H4+15), 7.14-7.02 (m, 2H, H14+17), 6.79-6.74 (m,
1H, H8), .11 (bs, 1H, SO2NH), 4.01 (s, 2H, H12), 3.81 (s, 3H, H19), 3.75 (s, 3H, H1),
3.69 (s, 3H, HT), 2.68 (s, 3H, H27).

13C-NMR (151 MHz, CDCls): & = 164.7 (C2), 157.7 (C18), 137.8 (C26), 136.8 (C21),
136.5 (C6), 134.1 (C24), 132.6 (C25), 131.6 (C22), 130.0 (C14), 129.9 (C16), 128.5
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(C8), 128.1 (C17), 126.5 (C23), 119.8 (C4), 109.8 (C11), 109.6 (C15), 55.7 (C19), 52.6
(C1), 32.8 (C7), 25.3 (C12), 20.5 (C27).

IR: v = 1693 (C=0), 1453 (CH3 deform.), 1423 (SO2), 1159 (C-O-C), 865 (=C-H

deform.).

LC/MS (Method 1, 254 nm, ESI+): tr = 9.2 min, m/z: 544.0 [M+Na*] (38), 539.1
[M+NH4*] (21), 522.0 [M+H*] (94), 351.0 [M-C7HsNO2S"] (28).

HRMS (ESI+): C27H27N3NaOsS* [M+Na*] calc.: 544.1513 found: 544.1517.

57 (BNH-068) 2-Bromo-N,N-dimethyl-4-nitroaniline

N, N-Dimethyl-4-nitroaniline (1.0 g, 6.02 mmol) was dissolved in glacial AcOH (20 mL).
Brz2 (310 yL, 6.02 mmol, 1.0 eq.) was added dropwise at RT. The mixture was stirred
overnight at RT. The reaction was quenched with sat. ag. NaS20s3 (5 mL) and conc. in
vacuo. Sat. ag. NaHCOs3 (100 mL) was added portionwise. The mixture was extracted
with EtOAc (3x50 mL). The combined organic extracts were dried (Na2S0O4) and conc.
in vacuo to give a yellow solid. The solid was dissolved in MeOH at RT, filtered and
recrystallised from hot MeOH. Fine, bright-yellow needles were obtained. The mother
liquor was purified chromatographically (NP, PF-15SIHP-F0080, EtOAc/Hex=5/95):
The desired product was obtained as bright-yellow needles (1.35 g, 5.50 mmol,

91% vyield). The spectroscopic data agrees with the literature.3%

H-NMR (600 MHz, CDCls): & = 8.45-8.41 (m, 1H, H6), 8.15-8.08 (m, 1H, H4), 7.06-
7.00 (m, 1H, H3), 3.01 (s, 6H, H1).

13C-NMR (151 MHz, CDCla): 5 = 157.0 (C2), 141.5 (C5), 130.5 (C6), 123.9 (C4), 118.6
(C3), 114.8 (C7), 43.5 (C1).

IR: v = 1496 (-CHs deform.), 1311 (-NO2), 1111 (C-N).

LC/IMS (Method 1, 254 nm, ESI+): tr = 8.6 min, m/z: 247.0 [M(Br81)+H*] (100), 244.9
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[M(Br®)+H*] (94).

HRMS (ESI+): CsH10BrN202* [M+H"] calc.: 244.9920 found: 244.9919.

56 (BNH-082) Methyl 4-((2-(dimethylamino)-5-nitrophenyl)ethynyl)-3-

methoxybenzoate

Sonogashira Coupling Towards TMS-Alkyne:

Methyl 4-iodo-3-methoxybenzoate (1.0g, 3.42mmol) and deg. TEA (716 pL,
5.14 mmol, 1.5 eq.) were dissolved in deg. DMF (10 mL). PdCI2(PPhs)2 (120 mg,
171 pmol, 5 mol%) and Cul (33.0 mg, 171 pymol, 5 mol%) were added. The mixture
was stirred for 10 min at RT under Ar. TMS-acetylene (617 uL, 4.45 mmol, 1.3 eq.)
was added. The mixture was stirred for 2 h at RT under Ar. The reaction was quenched
with H20 (50 mL) and brine (20 mL). The mixture was extracted with EtOAc (3x50 mL).
The combined organic extracts were dried (Na2SO4) and conc. in vacuo. The crude
product was purified chromatographically (NP, PF-15SIHP-FO080, EtOAc/Hex=5/95,
Rr (EtOAc/Hex=1/9)=0.44: The desired TMS-alkyne was isolated as an orange,

amorphous solid (880 mg, 3.36 mmol, 98% yield). This procedure was adapted from

the literature.136

Sonogashira Coupling Towards Internal Alkyne:

The bromoaniline 57 (573 mg, 2.34 mmol), TMS-alkyne (921 mg, 3.51 mmol, 1.5 eq.)
and PPhs (61 mg, 234 pmol, 10 mol%) were dissolved in TEA/PEG200/H20 (18/2/1,
10.5mL). The solution was Ar sparged for 10 min, while being sonicated. CsF
(711 mg, 4.68 mmol, 2.0 eq.), PdCI2(PPhs)2 (82.1 mg, 117 ymol, 5 mol%) and Cul
(44.6 mg, 234 ymol, 10 mol%) were added. The mixture was stirred overnight at 80°C

under Ar. The reaction was quenched with H20 (50 mL) and extracted with EtOAc
(3x50 mL). The combined organic extracts were dried (Na2SOa4) and conc. in vacuo.
The crude product was purified chromatographically (NP, PF-15SIHP-FO080,
AcOH/DCM/Hex=2/23/75): The desired product was isolated as a yellow, amorphous
solid (806 mg, 2.27 mmol, 97% yield and 95% vyield over two steps). This procedure

was adapted from the literature.’#? The spectroscopic data agrees with the literature.36
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1H-NMR (400 MHz, CDCls): & = 8.41-8.35 (m, 1H, H6), 8.09-8.02 (m, 1H, H4), 7.67-
7.61 (m, 1H, H11), 7.59-7.55 (m, 1H, H14), 7.55-7.48 (m, 1H, H12), 6.91-6.83 (m, 1H,
H3), 3.96 (s, 3H, H18), 3.94 (s, 3H, H16), 3.30 (s, 3H, H1).

13C-NMR (101 MHz, CDCl3): & = 166.6 (C15), 160.0 (C17), 156.9 (C2), 139.0 (C5),
132.8 (C12), 131.8 (C6), 131.3 (C10), 125.4 (C4), 122.0 (C11), 117.0 (C13), 115.3
(C3), 111.4 (C14), 110.5 (C7), 94.1 (C8), 91.7 (C9), 56.1 (C18), 52.5 (C16), 43.0 (C1).

IR: v = 2204 (-C=C-), 1722 (C=0), 1327 (-NO2).
LC/MS (Method 1, 254 nm, ESI+): tr = 10.5 min, m/z: 355.0 [M+H*] (100).

HRMS (ESI+): C1sH1sN20s* [M+H*] calc.: 355.1288 found: 355.1289.

50 (BNH-081) Methyl 3-methoxy-4-(1-methyl-5-nitro-1H-indole-3-

carbonyl)benzoate

The alkyne 56 (400 mg, 1.13 mmol) was dissolved in anh. DMSO (10 mL). TBAI
(83.3 mg, 226 ymol, 20 mol%) and TBHP (70% in H20, 872 pL, 6.77 mmol, 6.0 eq.)
were added sequentially. The mixture was stirred overnight at 80°C. The reaction was
quenched with H20 (30 mL). Brine was added (20 mL) and the mixture was extracted
with DCM (3x30 mL). The combined organic extracts were dried (Na2S0O4) and conc.
in vacuo to give a dark-brown residue. The crude product was purified
chromatographically (NP, PF-15SIHP-F0080, EtOH/DCM/Hex=2/28/70,
Rr(EtOH/DCM/Hex=2/48/50)=0.28): The desired product was obtained as a pale-
yellow solid (194 mg, 526 ymol, 46% yield). This procedure was adapted from the

literature.’#3 The spectroscopic data agrees with the literature. 3¢
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O,N

1H-NMR (600 MHz, CDCl3): & = 9.30-9.25 (m, 1H, H5), 8.24-8.18 (m, 1H, H7), 7.75-
7.70 (m, 1H, H13), 7.70-7.66 (m, 1H, H15), 7.47-7.45 (m, 1H, H2), 7.45-7.42 (m, 1H,
H12), 7.42-7.38 (m, 1H, H8), 3.97 (s, 3H, H19), 3.87 (s, 3H, H1), 3.85 (s, 3H, H17).

13C-NMR (151 MHz, CDCls): 5 = 188.8 (C10), 166.5 (C18), 156.8 (C16), 144.3 (C8),
140.9 (C2), 140.5 (C9), 134.4 (C11), 132.9 (C14), 128.7 (C12), 126.0 (C4), 122.0
(C13), 119.8 (C5), 119.3 (C7), 118.5 (C3), 112.7 (C15), 110.1 (C8), 56.2 (C17), 52.6
(C19), 34.2 (C1).

IR: v = 1723 (C=0), 1290 (-NO2), 747 (=C-H deform.).
LC/MS (Method 1, 254 nm, ESI+): tr = 8.3 min, m/z: 369.0 [M+H*] (100).
HRMS (ESI+): C1sH1sN2NaOs* [M+Na*] calc.: 391.0901 found: 391.0902.

3.2.2 Rigid Receptor Docking

This docking procedure was performed on our research group’s workstation with
Windows installed. Specifications about the used hard- and software are provided in
Section 3.3.1. Screenshots of the default settings for each used software package are
stored in the supplementary data. Listed below are only those settings, which differ
from the default configuration. Molecular structures were built in MarvinSketch and
loaded into Maestro. The LigPrep package was used to clean and minimise the
structures. The Protein Preparation Wizard was used to import protein crystal structure
6ZL5 via its PDB ID. The force field OPLS3 was used in LigPrep and the Protein
Preparation Wizard. The Glide package, i.e. receptor grid generation and ligand
docking packages, was used for rigid receptor molecular docking. Suitable docking
parameters were identified by preparing the crystallised ligand BI-2852 (7) with LigPrep
and docking it to P1 in 6ZL5 in SP mode. Docking parameters were deemed suitable
only if one of the docking poses was nearly identical with the crystallised pose. The
optimal settings, which differed from the default configuration are listed in Table 17.
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Package Changed Settings

LigPrep Generate possible states at target pH: 7.0 + 1.0.
Determine chiralities from 3D structure.

Fill in missing side chains using Prime.

Fill in missing loops using Prime.

ProtPrep Delete water beyond 4A from het groups.

Generate het states using Epic: pH: 7.0 £ 1.0.

Commit all alternate AA positions.

Remove water with less than 2 H-bonds to non-waters.

Receptor Grid Crystallised ligand picked.

Generation Rotatable groups: All groups selected.

Table 17: Optimised settings, which differ from the default settings, used for the rigid receptor docking
of the biazole and zafirlukast scaffolds to P1 in 6ZL5.

Once the optimal docking parameters were determined, the biazole and zafirlukast
series, as well as the references Fesik-lle (6), BI-2852 (7) and Ch-3 (8), were docked
to P1 in 6ZL5 in SP mode. SP settings: “Write out at most: 10 poses per ligand” and
“‘Number of poses per ligand to include: 100”. The output pose with the lowest docking

score for each ligand is shown in the Appendix.

3.3 Project 2

3.3.1 General

The in silico studies described in Sections 3.3.4 and 3.3.5 were conducted by my
colleague Sascha Koller and myself. The results are the outcome of an equally
distributed joint effort. All subsequent in silico studies were carried out independently

by me.
The following hardware was used:

a) Intel® Core™ i9-7960X CPU @2.80 GHz, 64.0 GB RAM, NVIDIA GeForce GT 1030,
Windows 10

b) Intel® Core™ i9-7960X CPU @2.80 GHz, 62.5 GB RAM, NVIDIA GeForce GTX
1080, Ubuntu 16.04.5 LTS.

Importantly, molecular modelling results differ between Windows and Linux. Therefore,
all in silico calculations, except molecular dynamics simulations, were performed in
Windows on hardware a). Molecular dynamics simulations were performed in Linux on

hardware b).

195



The following software was used:

MarvinSketch v23.17, KNIME v5.2.3, Anaconda v2.6.2: Two environments were
created, namely ‘my-rdkit-env’ and ‘mordred_env’. The RDKit environment had the
RDKIit v2024.09.4 and Jupyter notebook v7.4.0 installed. The Mordred environment
had Mordred v1.2.0 and Jupyter notebook v7.4.0 installed as well as NumPy v1.19.5.
The latest numpy version conflicted with the calculation of some descriptors. All
molecular modelling tasks were conducted with the Schrodinger Maestro suite
v11.5.011, MMshare v4.1.011, release 2018-1.

All KNIME workflows and Jupyter notebooks employed in this thesis can be found on
GitHub.?18

3.3.2 Cheminformatics Software

KNIME

KNIME (Konstanz Information Miner) is a free and open-source software ecosystem
designed for data analysis. Its core component, the KNIME Analytics Platform, enables
users to build complex data analysis pipelines without requiring programming

knowledge.

Data processing in KNIME is done using nodes, modular software components with
individual graphical user interfaces. Each node performs a specific transformation or
operation on the input data and allows users to customize its behaviour through options

like checkboxes and dropdown menus.

Nodes are connected via edges, which represent the flow of data between processing
steps. These connected structures form workflows, which visually represent the entire

data transformation pipeline.3'°

A basic example workflow is shown in Figure 59.

Excel Reader Row Filter CSV Writer
T
00® (oe] R0
Import Excel Table Choose Rows Based on Export Data as CSV File

User-Specified Criteria

Figure 59: KNIME example workflow.
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Here, the “Excel Reader” node imports data from an Excel file. The resulting table is
passed to the “Row Filter” node, which selects the first ten rows. These filtered rows
are then forwarded to the “CSV Writer” node. Upon execution of the latter, the user
obtains a CSV file containing the selected rows with all columns included. Execution
status, warnings, and errors are indicated by traffic light icons beneath each node. A
vast selection of nodes is available from KNIME itself as well as from third-party
providers, including RDKit and Vernalis.®'" Published, automated workflows are
available as well.216:312313 KNIME has long been a valuable tool for many researchers

in the life sciences.3'*

Jupyter Notebook

The Jupyter Notebook project is a framework for interactive computing.3'®> A Jupyter
Notebook file, commonly referred to as a Jupyter notebook, consist of so-called cells.
Each cell contains code written in a programming language, i.e. Python. Cells can be
executed individually and not necessarily in sequential order. Variables remain stored
in memory for the whole duration of the Jupyter notebook session. Splitting a complete
program into cells enables users to inspect changes in variables and view intermediate
outputs. Cells can also include notes to clarify code snippets, and plot graphs directly

within them.

The fields of Cheminformatics and Bioinformatics make extensive use of Jupyter
notebooks. They allow scientists to build programming pipelines that align with the
FAIR principles. An excellent resource for those interested in Computer-Aided Drug
Design (CADD) has been created by the Volkamer group at Saarland University.31® A

wealth of CADD expertise has been distilled into nearly a dozen Jupyter notebooks.3'”
RDKit

RDKit is an open-source toolkit for cheminformatics.?'® It enables handling of
molecules in Python, including structural representation, 2D/3D molecular operations,

descriptor generation, and much more.
Mordred

Mordred is a free molecular descriptor calculation software developed by MORIWAKI et
al.??” While many similar free software packages exist, Mordred is superior to most of

them. It can compute more than 1800 descriptors with significantly better performance.
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Scikit-learn

Scikit-learn is an open-source software machine learning library for Python.3'® Most of
the software packages used in the Jupyter notebooks of this project has been imported

from Scikit-learn.

3.3.3 Generation of Cyclic Peptide Libraries

In KNIME the “MarvinSketch” node was used to draw 20 proteinogenic a-AAs, namely
R,HKDESTNQCGCGP,AV,IL MF, Y, and W. Using these inputs, linear
and cyclic (click) di-, tri- and tetrapeptides were generated in silico, including all
possible permutations of the 20 AAs. The corresponding workflow is illustrated in

Figure 60.
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Figure 60: KNIME workflow used for the generation of achiral linear and cyclic (click) di-, tri-, and

tetrapeptide libraries.
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KNIME must be able to distinguish between the terminal carboxylic acid and amine
groups and the functional moieties present in the AA side chains. The former can be
modified in silico in ways that are not necessarily chemically feasible. In this case, they
carboxylic acid chlorides and an aminoboronic acids were used. Scheme 51 illustrates

the conversion of the input AAs through the reaction steps performed in silico.

o) 2 4

HO. /H HQO, ho 9 o R, 0 R
iy = e e — e A KA
OH R HO b H e H S

Scheme 51: Schematic representation of the way chemically unique peptide termini lead to selective
head-to-tail cyclic peptides in the KNIME workflow shown in Figure 60.

Chirality was not defined, as all possible stereoisomers were later generated during
ligand preparation in Maestro. Up to three peptide coupling reactions were carried out
with the 20 AAs using the “RDKit Two Component Reaction” node, which requires
RDKit molecules and a reaction SMARTS string. The latter was created using the

“MarvinSketch” node.

Since the depictions of RDKit molecules are not readily interpretable, the “RDKit Canon
SMILES” node was used to convert them into canonical SMILES, enabling the display
of clean 2D structure images. The resulting structures were exported using the “SDF

Writer” node.

The obtained linear di-, tri-, and tetrapeptides were then cyclized intramolecularly using
the “RDKit One Component Reaction” node. Cyclization can result in multiple linear
sequences forming the same cyclic peptide. For example, GAAA, AGAA, AAGA, and
AAAG all yield the same cyclic structure upon cyclization. Such duplicates were
removed using the “Duplicate Row Filter” node, which requires canonicalized SMILES

as input to function correctly in this context.
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A similar workflow was applied to generate click cyclic tetrapeptides. Starting from the
linear tetrapeptides, N-terminal prolines were filtered out using the “RDKit Substructure
Filter” node, as secondary amines are not easily converted to azides in the laboratory,
which are essential for click coupling. The N-terminal aminoboronic acids were
converted into azides using the “RDKit One Component Reaction” node, while the
C-terminal acid chlorides were converted into terminal alkynes via the same node.
These modified peptides were then cyclized intramolecularly to yield the click cyclic

tetrapeptide library.

To limit computational time during test docking runs, a subset of 60 amino acids was
selected using the “RDKit Diversity Picker” node. This node selects a subset of
structurally diverse molecules based on the Tanimoto distance between molecular
fingerprints.32° From each of the six sets of native peptides (linear and cyclic di-, tri-,
and tetrapeptides) a set of ten peptides was selected. Additionally, the reference
structures depicted in Figure 19 were drawn within the KNIME workflow and exported

as a separate SDF file.

Experience has shown that handling molecules in silico is prone to error. Therefore,
verification of the number of structures in the peptide libraries was essential. Linear
peptide sequences have a distinct start (N-terminus) and end (C-terminus). Each
permutation is unique. The number of possible permutations N of 20 AAs in a linear
peptide of length n is calculated with Equation 8.

Nyo(n) = 20™
Equation 8: Calculation of all possible peptide sequences with 20 AAs in a linear peptide of length n.
Thus, the linear di-, tri- and tetrapeptide libraries contain 400, 8,000 and 160,000

unique structures, respectively.

In contrast, native cyclic peptides can be conceptualised as a necklace of coloured
beads, where each colour represents one of the 20 AAs. The number of unique
permutations N for a cyclic peptide of length n with 20 available AAs can be calculated

with Equation 9.

n
1 .
Nyo(n) = n E 208cd in)
i=1

Equation 9: Calculation of all possible peptide sequences with 20 AAs in a native cyclic peptide of
length n.
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Here, gcd(i,n) denotes the greatest common divisor of the integers i and n.3?
Applying Equation 9 yields 210, 2,680 and 40,110 unique structures for the native

cyclic di-, tri- and tetrapeptide libraries, respectively.

For the click cyclic peptide library, no duplicate structures result from the cyclisation
step due to the lack of rotational symmetry in their peptide backbone. The only
constraint is that that proline cannot be present at the N-terminus, as its secondary
amino group cannot be converted to an azide. Therefore, the 8,000 sequences
containing N-terminal proline are excluded from the click cyctetpep library. As a result,
both the linear and cyclic click tetrapeptide libraries both contain 152,000 unique

structures.

3.3.4 Data Preparation

The nucleotide exchange assay values were selected for the following in silico studies.
The assays conducted by LDC produce reliable results only in specific concentration
ranges.3?? |Cso values falling outside of this range cannot be determined precisely. LDC
denoted such measurements using expressions like “>3000” or “< 50 yM”. These
range-based values and obvious outliers were excluded from further analysis. No such

edits were made to the other libraries.

Standardisation of all libraries was performed in KNIME. The standardisation pipeline
of the project library, shown in Figure 61, serves as a representative example. To
improve visibility, the workflow is presented in four different sections (from top to
bottom). The pipeline should be read from left to right, top to bottom. This workflow

was inspired by the standardisation pipeline developed by FALCON-CANO et al.?'’

Since both the project library and the ChEMBL KRAS extension contained assay
values. More preparatory steps were necessary, in comparison to the other libraries.
After importing the data, the SMILES column was identified using the “Molecule Type
Cast” node. The required columns were selected, atom valences were corrected, and
inorganics removed. Any structures containing elements other than B, C, N, H, O, P,
S, F, ClI, Br, or | were discarded.

The structured were then desalted and kekulized. Stereochemistry was removed and
formal charges were standardised. The structures were normalised and aromatised.
Subsequently, InChl codes and canonical SMILES were generated. Any entries with
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missing InChls and SMILES, as well as any duplicate entries, were removed.

Compounds with missing assay values were also excluded.

Excel Reader Molecule Type Cast Column Filter Valence Checker Organic Splitter Element Filter RDKit Salt Stripper RDKit Kekulizer RDKit To Molecule
>

» —_ P > .
B » e 2 > it > > > = > > T x > > S » > >
»> > »> g
Import Cast Filter Check Remove Keep Only Desalt Kekulize Create
SMILES Type SMILES, Valences Inorganics, Selected Structures Structures SMILES
to Column ID and i.e. Metals Elements
IC50
Columns
RDKIit Structure
Standardizer Normalizer Aromatizer InChi Canonical SMILES Row Filter Row Filter GroupBy Column Filter
e > = e —+ —+
> = > >_@P > @ > = > > = > > P> > > > i
Standardize Structure Aromatize  Generate Canonicalize Remove Remove Deduplicate  Keep Columns
Stereoinfo Normailization Structures InChl Codes SMILES Missing Missing InChl  SMILES and ID, SMILES,
and Charges SMILES Rows Rows InChl Columns InChl and IC50
Row Filter Math Formula Number to String String Replacer String to Number Column Filter Molecule Type Cast Molecule to CDK SMARTS Query
- > | 4
> = b 0 > > 5 > > [H] » > Sz b > it > > > el > b_gb
Remove Calculate Cast pChEMBL Replace Cast pChEMBL Keep Columns Cast SMILES Convert SMILES Filter Michael
Missing IC50 pChEMBL to String Type pChEMBL to Float Type ID, SMILES, Type to to CDK Molecule Acceptors
Rows "-0.0" with "0" InChl and Column
PChEMBL Structure Sketcher MolConverter
X » » R >
CDK to Molecule Column Filter Column Renamer Column Resorter Row Filter Concatenate
> CSV Writer
—+|
> 52K > it » > 01 > 4 » > > e
Reference ﬁ
Convert CDK  Keep Columns Rename Column Order ~ Remove, Combine LDC Row Filter
to SMILES ID, SMILES, Columns ID, SMILES, pChEMBL=0 and ChEMBL KRAS Export to GSV
InChl and InChl, pChEMBL Joiner > = > P
ChEMBL >
P €SV Writer >
Yo

>
yﬂ Remove Duplicate
Rows by ID
Find Duplicate

Export to CSV SMILES

Figure 61: Data preparation and structure washing workflow.

The “Math Formula” node was used to convert ICso values (nM) into dimensionless
pChEMBL values using Equation 3. Ligands targeting KRAS®'2C were removed using
the “SMARTS Query” node, with a Michael acceptor substructure defined using the
“Structure Sketcher” node. The table was then cleaned, and all rows with pChEMBL
values equal to zero were deleted. The resulting table was exported and also
concatenated, without duplicates, with the ChEMBL KRAS extension, which had been
prepared in an analogous manner beforehand. This merged dataset was subsequently
exported and subtracted from all other libraries using the “Substructure Filter” node.

The other libraries were standardised through similar, albeit shorter pipelines.
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3.3.5 Diversity Analysis

Molecular Descriptor Histogram Generation

The workflow snippet shown in Figure 62 illustrates the visualisation of value
distributions for key molecular descriptors, namely MW, SlogP, TPSA, and the
numbers of rotatable bonds, HBDs, HBAs and rings. The pipeline should be read from
left to right.

RDKit Descriptor Constant
Excel Reader Molecule Type Cast RDKit From Molecule Calculation Value Column  Numeric Binner GroupBy Joiner Missing Value Bar Chart
> > > | 2
B » e » + > o > » > » Bl » > > WOk > ? » L
» > »® |
d
Import Identify SMILES Generate Calculate Add Column Assign Values Count Combine Remove Plot
Column Molecules Molecular 1o Ranges Members of Al Libraries Missing
From Descriptors. Ranges Values

SMILES

Figure 62: Molecular descriptor histogram generation workflow.

Initially, the library was imported, and the SMILES column was identified and converted
to RDKit molecule objects. The selected molecular descriptors were then calculated
and sorted into value ranges, so-called bins. The number of molecules in each bin was
counted. This procedure was repeated for all libraries under investigation.
Subsequently, the resulting descriptor tables were joined, missing values were

removed, and the final aggregated table was used to generate the histograms.

RO5 and RO4 Compliance Plot Generation

Figure 63 shows a representative snippet of the workflow used to visualise the
proportion of molecules in each library that comply with the RO5 and RO4 criteria. The

pipeline should be read from left to right and top to bottom.

RDKit Descriptor Constant
Excel Reader  Molecule Type Cast RDKit From Molecule Calculation Value Column Math Formula Math Formula Math Formula  Math Formula
o » - - - -
-ﬁb | il o P'P’ » (ol PHP Lt o > LIt o > 1
Import Identify SMILES Generate Calculate Add Column Check If Check If Check If Check If
Column Molecules Molecular HBD <=5 HBA <=10 MW <= 500 logP <=5
From Descriptors
SMILES
Math Formula Number to String String Replacer String Replacer GroupBy Missing Value Bar Chart
- »
> > > 5 B » ] » > ] » > > »?. » L
H -
Lipinski Convert Replace "1" Replace "0" Group Rows Remove Plot
Fulfillment Check Lipinski with "Accepted"” with "Rejected” into Accepted or Missing
8 Column Appender
Column to Rejected Values
String Type : LI%LI >
<
>
!
»
>
Concatenate
All Libraries

Figure 63: RO5 and RO4 compliance bar plot generation workflow.
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Molecular descriptors were computed as detailed for the workflow shown in Figure 62.
Each “Math Formula” node assessed whether a given descriptor value fell within the
relevant threshold, appending a Boolean column with values of “1” for compliance and
“0” for violation. A final “Math Formula” node combined these Booleans to determine
overall RO5 compliance, assigning each molecule a status of “Accepted” or “Rejected.”
Subsequently, the relative proportions of accepted and rejected molecules were
calculated. The resulting tables were merged, any entries with missing values were

excluded, and the final data were visualised as bar plots.

PMI Plot Generation

The workflow snippet shown in Figure 64 demonstrates the procedure used to
visualise the principal moments of inertia (PMIs) for all molecules within a given library.

The pipeline should be read from left to right and top to bottom.

RDKit Add
Excel Reader Column Filter Molecule Type Cast MolConverter RDKit Add Hs Conformers
B » > > > > > > > i » > & »
Import Keep SMILES Identify Convert Make Implicit Generate 10
Column SMILES SMILES to Hs Explicit Conformers per
Column Molecules Molecule
RDKit Optimize Principal Moment of Intertia PMI Triangle
Geometry RDKit RMSD Filter RDKit Remove Hs (PMI)-Derived Properties Scatter Plot
»
e - 1 > © > > > >
Optimise Remove Make Explicit Calculate Plot Conformers

Geometry With | Conformers with Hs Implicit NPR1 and NPR2
UFF Force Field RMSD <0.35

Figure 64: PMI plot generation workflow.

Molecular structures were imported from SMILES and converted as described
previously. The “RDKit Add Hs” node was used to add explicit hydrogens, a necessary
step for accurate 3D conformer generation. Ten conformers were generated per
molecule, and their geometries optimised using the Universal Force Field (UFF), which
was the only force field that consistently completed without errors. Redundant
conformers were removed (defined as those with an RMSD below 0.35 relative to the
initial conformer). Explicit hydrogens were then reverted to implicit form, and the
normalised principal moment of inertia ratios (NPR1 and NPR2) were computed. The

resulting data points were plotted on a PMI triangle scatter plot. This procedure was
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repeated for each library and selected reference structures, namely MRTX-1133,
BI-2852, BAY-293, and Ch-3.

3.3.6 Python QSAR

The QSAR model developed in this project builds upon the protocol published by Duo
et al. in 2024.223 The original source code was adapted to predict the inhibitory potency
of molecules against the KRAS nucleotide exchange assay based on their molecular
structure. The initial step focussed on selecting molecular descriptors. Using Mordred,
all available 2D molecular descriptors were calculated for the combined project-
ChEMBL library. Feature with missing or non-numerical values were excluded. From
this processed set, the 20 best performing descriptors were selected; these are listed
in Table 8.

In parallel, ECFP fingerprints (radius = 3, length = 512 bits) were generated for all
molecules the project-ChEMBL library and the resulting data set was divided into
training and test sets using an 80:20 split. A five-fold cross-validation hyperparameter
search was conducted on the training set, with the examined hyperparameters

summarised in Table 18.

Subsequently, regression models were trained on the training subset, and their
performance was evaluated by predicting pChEMBL values for the test set.
Performance metrics, including R2, RMSE, and standard deviation, are reported in
Table 9. The best-performing model, based on the random forest regressor algorithm,
demonstrated satisfactory fit and predictive performance. This model was then
retrained on the entire project-ChEMBL dataset following a second five-fold cross-
validation hyperparameter optimisation. The final model was used to predict pPChEMBL

values for all libraries.
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Algorithm Tested Parameters

Decision Tree criterion: squared_error, friedman_mse;
min_samples_split: 2,3,4,5,6,7,8,9;
Ada Boost learning_rate: 0.001, 0.01, 0.1, 1;
loss: linear, square, exponential;
Elastic Net alpha: 0.001, 0.01, 0.1, 1, 10;

I1_ratio: 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8;
max_iter: 100000;

Lasso alpha: 0.001, 0.01, 0.1, 1, 10;
selection: cyclic, random;

max_iter: 100000;

Ridge alpha: 0.001, 0.01, 0.1, 1, 10;
solver: auto;
max_iter: 100000;

Extra Trees bootstrap: True, False;

min_samples_split: 2,3,4,5,6,7,8,9;
Gradient Boosting | learning_rate: 0.001, 0.01, 0.1, 1;
min_samples_split: 2, 3,4, 5,6, 7, 8, 9;
loss: squared_error, absolute _error, huber, quantile;
criterion: squared_error, friedman_mse;
K-Neighbours n_neighbors: 2, 3,4, 5,6, 7, 8,9, 10;
weights: uniform, distance;

algorithm: auto, ball_tree, kd_tree, brute;
leaf size: 20, 30, 40;

p:1,2;

SVR kernel: rbf, linear, poly, sigmoid;
gamma: scale, auto;

C: 0.001, 0.01,0.1,1, 10, 20, 50, 100
Random Forest bootstrap: True, False;

max_features: auto, log2, sqrt;
min_samples split: 2,3,4,5,6,7,8,9;

Table 18: Tested hyperparameters during the QSAR model construction. Best parameters for each
model are highlighted in red.

3.3.7 Rigid Receptor Docking of Cyctetpep Library

The general docking procedure followed a protocol analogous to that described in
Section 3.2.2. The force field OPLS-2005 was used instead. To determine appropriate
docking parameters, the crystallised ligands were first prepared using LigPrep and
subsequently docked into their respective binding sites within the original crystal
structures, employing Glide in XP mode. Docking parameters were considered suitable
only if at least one generated pose closely resembled the experimentally determined
crystallographic pose. Table 19 summarises the optimised settings that deviated from

the default configuration.
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Package PDB ID | Changed Settings
Crystallised ligands:
6GJ8 Generate possible states at target pH: 7.0 £ 1.0.
and Determine Chiralities from 3D structure.
6GQY Cyclic peptides:
, Generate possible states at target pH: 7.0 £ 1.0.
LigPrep o
Generate all combinations.
Crystallised ligands:
Determine Chiralities from 3D structure.
7RPZ . A
Cyclic peptides:
Generate all combinations.
In the case of 6GQY delete all chains except chain A.
Fill in missing side chains using Prime.
6GJ8, P : :
6GQY Fill in missing loops using Prime.
ProtPrep and Delete water beyond 4A from het groups.
7RPZ Generate het states using Epic: pH: 7.0 £ 1.0.
Commit all alternate AA positions.
Remove water with less than 2 H-bonds to non-waters.
6GJ8 Crystallised ligand picked.
and .
Rotatable groups: All groups selected.
Receptor 6GQY
P Crystallised ligand picked.
Grid .
Generation Rotatable groups: All groups selected. .
7RPZ | Carboxylate oxygen atoms of Asp12 picked as receptor
atoms in ‘H-bond/Metal’ tab. ‘Use Symmetry’ box was
ticked.
Constraints:
Ligand Name: A: Asp12: OD2 (hbond).
Do%kin 7RPZ | Receptor Constraint Type: H-bond.
9 Ligand Feature: Donor including aromatic H + halogens
(11 patterns).

Table 19: Optimised settings, which differ from the default settings, used for the rigid receptor docking
of the cyctetpep library to P1 in 6GJ8 and 6GQY, as well as to P2 in 7RPZ.

Following optimisation of the docking parameters, the cyclic peptide libraries were
docked against all three protein structures. Each docking was performed in three
sequential precision modes: HTVS, SP, and XP. Crystallised ligands and well-
characterised KRAS SOS PPIIs were included in each run as reference compounds.
For HTVS and SP docking, the following settings were applied: “Write out at most: 1
pose per ligand” and “Number of poses per ligand to include: 10”. For XP docking, the
settings were adjusted to “Write out at most: 10 poses per ligand” and “Number of
poses per ligand to include: 100”. From the HTVS run, the 10,000 ligands with the most

favourable docking scores were selected for subsequent SP docking. The top 1,000

208



ligands from the SP run were then advanced to the XP docking stage. All final XP-

mode output structures are provided in the supplementary data.

3.3.8 Molecular Dynamics Simulations

Molecular dynamics simulations were conducted with PDB entries 7RPZ and 6GQY,
using their respective crystallised ligands, MRTX-1133 and Ch-3, as well as the top-
scoring docking poses of BNH-166 and BNH-177 identified through the screening
pipeline outlined in Section 3.3.7. Protein preparation followed the procedure described
in that section, while the ligands were used without further modification. All simulations
employed the OPLS3 force field. Table 20 summarises the optimised simulation

parameters that differed from the default settings.

Package | PDB ID | Changed Settings

Solvation:
Minimize Volume.
Show boundary box.

SBﬁ;[deé? 7RP7 ILCJ;:'eS.Custom charges + Do not use.
6aGnC§ij Recalculate — Neutralize by adding 9 Na+ ions.
Add salt (NaCl, 0.15 M).
Molecular Simulation time (ns): total 500.
D ) Recording interval (ps): trajectory 200.
ynamics

Approximate number of frames: 2500.

Table 20: Optimised settings, which differ from the default settings, used for the molecular dynamics
simulations with Ch-3 and BNH-166 at P1 in 6GQY, as well as with
MRTX-1133 and BNH-177 at P2 in 7TRPZ.

Protein-ligand interactions were analysed using the “Simulation Interaction Diagram”
package. To assess binding stability and energetics, extensive MMGBSA (Molecular
Mechanics Generalized Born Surface Area) calculations were performed across all
frames of the simulation trajectories using the thermal_mmgbsa.py script. The
command used was: $SCHRODINGER/run thermal_mmgbsa.py xx-out.cms -HOST
‘localhost:16’ -step_size 1 -NJOBS 16 -lig_asl “ASL”. The appropriate ligand ASL
(atom selection language) expression was determined via the GUI of the “Simulation
Interaction Diagram” package. For instance, the ASL for MRTX-1133 in the 7RPZ

structure was identified as “mol.num 3”.
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3.3.9 Syntheses

Procedure A: SPPS Towards Native Tri- and Tetrapeptides

Kaiser Test:

Three stock solution were prepared: a) KCN (1.63 mg, 253 pmol) was dissolved in H20
(25.0 mL). An aliquot of this aq. KCN (0.001 M, 1 mL) was added to pyridine (49.0 mL)
(freshly distilled from ninhydrin). The solution was mixed well. b) ninhydrin (1.00 g,
5.61 mmol) was dissolved in EtOH (20.0 mL). and c) phenol (16.0 g, 170 mmol) was
dissolved in EtOH (20.0 mL). Three to six resin pearls were placed in an empty mass
spectrometry vial (2 mL). Two drops of stock solution a, b and ¢ were added. The
mixture was heated for 5 min at 110°C. In the presence of primary amines, the mixture
will take on a characteristic dark-blue colour. Faint hues of violet, red, yellow, green or
brown were observed as well, but should not be interpreted as indicating the presence
of primary amines. Secondary amines such as in proline cannot be identified with this

test. This procedure was adapted from the literature.323

Activation of CTC resin

CTC resin with a maximum loading of 1.55mmol/g was used. All SPPS yields were
calculated relative to maximum loading. The resin (5.00 g, 7.75 mmol) was suspended
in anh. DCM (50 mL). SOCI2 (2.81 mL, 38.8 mmol, 5.0 eq.) and anh. DMF (141 p,
5% rel. to SOCI2) were added. The suspension was refluxed for 4 h under N2 and left
to cool to RT. The suspension was filtered. The filter cake was washed with anh. DMF
(83x10 mL) and anh. DCM (3x10 mL). The filter cake was dried in vacuo overnight. The
activated resin was stored at 4°C for max. 1 month. This procedure was adapted from

the literature.?4°

SPPS protocol on CTC resin

Fmoc-SPPS was employed. If not specified otherwise, 10 mL of solvent per gram of

resin was used. Equivalents of reagents were calculated respective to the theoretical
max. loading of the resin. The first AA (2 eq.) was loaded by shaking with CTC resin
and anh. DIPEA (10 eq.) in anh. deg. DMF/anh. DCM (4/1) overnight at RT. The resin
was washed with anh. DMF (2x) and shaken with anh. DCM/anh. MeOH/anh. DIPEA
(16/3/1) for 10 min (2x). The resin was washed with DMF (3x) and DCM (3x) and dried
in vacuum overnight. Fmoc removal was carried out by shaking the resin in
piperidine/DMF (1/4) for 10 min at RT (2x). The resin was washed with DMF (3x) and
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DCM (3x). Further AAs (2.5 eq.) were coupled with PyBOP (2.5 eq.) and DIPEA (5 eq.)
in anh. deg. DMF/anh. DCM (1/1) for 3 h at RT. The resin was washed with DMF (3x)
and DCM (3x). Completion of each coupling step was verified with a Kaiser test. After
complete coupling, the Fmoc group was removed as described above. After the final
Fmoc removal, the resin was washed with DCM (5x), iPrOH (2x), Hex (2x), DCM (2x),
MeOH (2x) and DCM (2x). The peptide was cleaved off the resin by shaking in
HFIP/DCM (1/7, 6 mL/g resin, 10x5 min). The combined filtrates were conc. under a
stream of compressed air and finally dried in vacuo at RT(!). The obtained residue was

dissolved in MTBE and conc. in vacuo at RT(!) (2x).
Procedure B: Reduction-Homologation Sequence

DIBAL-H Reduction:

Boc-/Fmoc-AA (1.0 eq.) was dissolved in anh. DCM. The solution was cooled to 0°C

under Nz. Freshly recrystallised CDI (1.1 eq.) was added. The mixture was stirred for
60 min and cooled to -94°C. DIBAL-H (1.2 M in toluene, 2.1 eq.) was added dropwise
over 110 min using a syringe pump. The mixture was stirred for 30 min. The reaction
was quenched with EtOAc. The cooling bath was removed. Aqg. tartaric acid (25%) was
added, while stirring vigorously. The mixture was warmed to RT with a H20 bath, while
stirring vigorously for 15 min. Once complete dissolution of the aluminium salts was
achieved, the layers were separated, and the aq. phase was extracted with EtOAc (2x).
The combined organic extracts were washed with aq. HCI (1 M) and sat. NaHCOs. The
extracts were dried (Na2SO4) and concentrated in vacuo. The crude product was used
immediately (!) without further purification. This procedure was adapted from the

literature.23

Ohira-Bestmann Homologation:

The following equivalents are given relative to the aldehyde. K2COz3 (3.0 eq.) was flame
dried in a Schlenk flask. Toluenesulfonyl azide (10% in toluene, 1.2 eq.) and dimethyl-
(2-oxopropyl)-phosphonate (1.2 eq.) were added sequentially. The mixture was stirred
for 5 h at RT under N2. A solution of the crude aldehyde in anh. MeOH was added to
the off-white, opaque mixture. The reaction mixture changed colour rapidly to pale-
yellow and turned opaque shortly after. The mixture was stirred overnight at RT under
N2 and was conc. in vacuo. The obtained residue was dissolved in EtOAc, washed with
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H20 (2x), dried (Na2S0a4), and conc. in vacuo to give a brown residue. This procedure

was adapted from the literature.?’*

Procedure C: Diazotransfer Reaction

NaNs (1.45 eq.) was suspended in anh. MeCN (1 M relative to NaNs), and the mixture
was cooled to 0°C. Triflyl anhydride (1.2 eq.) was added dropwise, and the mixture
was stirred for 2 h at 0°C under Nz, and further 30 min at RT under N2. CuS0O4*5 H20
(1 mol%), the AA (1.0 eq.), and TEA (3.0 eq.) were combined with MeCN/H20 (2/1).
The suspension turned clear upon addition of the base. The mixture was cooled to
0°C. The previously prepared triflyl azide solution was filtered and added dropwise at
0°C. The mixture turned from pale-blue to yellow to red to green. The mixture was
stirred 30 min at 0°C. Cooling was removed and the mixture was stirred overnight at
RT under N2. The organic solvent was removed under a stream of compressed air.
The ag. phase was diluted with H20 and extracted with EtOAc (3x). The aq. phase was
acidified to pH=1 with conc. HCI. The resulting mixture was extracted with EtOAc (3x).
The combined organic extracts were dried (Na2SO4) and conc. in vacuo.
Chromatographic purification provided the desired a-azido acid. This procedure was

adapted from the literature.26°
Procedure D: Synthesis of Click Cyclic Tetrapeptides

Linear Pseudo Tetrapeptide:

The azido tripeptides were synthesised following a modified SPPS procedure. The first
two AAs were installed according to general procedure A. The a-azido acid (2.5 eq.)
and HOBt (2.5 eq.) were dissolved in anh. deg. DMF and DIC (2.5 eq.) was added.
The mixture was stirred for 15 min at RT, whereupon precipitate formed. The mixture
was added to the resin and was shaken for 4 h at RT. This coupling step was repeated
once. The resin was washed with DMF (3x) and DCM (3x). Completion of the coupling
step was verified with a Kaiser test. The azido tripeptide was cleaved off the resin as
described in general procedure A. The azido tripeptide (1.0 eq.), the a-amino acetylene
(1.1 eq.), EDCI (1.2 eq.), HOBt*H20 (1.1 eq.), and DIPEA (1.0 eq. for free base
a-amino acetylene and 2.0 eq. for respective HCI salt) were dissolved in anh. MeCN
and stirred overnight at RT under N2. The mixture was conc. in vacuo and dissolved in
EtOAc. The solution was washed with H20, sat. NaHCO3 (20 mL), and KHSOa4 (1 M).

The solution was dried (Na2S04) and conc. in vacuo.
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Cyclisation:
No more than 100 mg of pseudo-tetrapeptide were cyclised at a time. More compound

would have overloaded our HPLC column after deprotection. The pseudo-tetrapeptide
(100 mg, 1.0 eq.) was dissolved in MeCN (0.2 mM) and the solution was He sparged
for 7 min and Ar sparged for 8 min. DIPEA (2.0 eq.), 2,6-lutidine (2.0 eq.), TBTA
(2.0 eq.), and Cul (2.0 eq.) were added sequentially. The mixture was stirred for the
indicated time at RT under Ar. The mixture was conc. in vacuo at 40°C. This cyclisation

procedure was adapted from the literature.2°3

Deprotection:
The crude residue was stirred in TFA/TIPS/H20 (95/2.5/2.5, 10 mL) for 30 min at RT.

The mixture was conc. under a stream of compressed N2. The residue was dissolved
in MeCN/H20/DMSO (1/1/2, 2 mL) and purified chromatographically.

Procedure E: N3-AA-Ala-OMe Synthesis

The a-azido acid (1.0 eq.) and HOBt*H20 (1.2 eq.) were dissolved in anh. DMF at 0°C.
DIC (1.2 eq.) was added, and the mixture was stirred for 20 min at 0°C. A solution of
H2N-Ala-OMe*HCI (1.5 eq.) and DIPEA (1.4 eq.) in anh. DMF was added. The mixture
was stirred for 20 min at 0°C. Cooling was removed and the mixture was stirred
overnight at RT. The mixture was conc. in high vacuum overnight at RT.

Chromatographic purification provided the desired azido dipeptides.
Procedure F: Mosher Amide Synthesis

(R)- or (S)-a-Methoxy-a-trifluoromethylphenylacetic acid (3.0 eq.), HOBt*H20 (3.0 eq.)
and DIPEA (3.0 eq.) were dissolved in anh. MeCN at 0°C. The solution was stirred for
5 min and EDCI (3.0 eq.) was added. The solution was stirred for 20 min at 0°C. The
a-amino alkyne (1.0 eq.) and DIPEA (1.0 eq.) were dissolved in anh. MeCN. The
alkyne solution was added to the precooled solution. The mixture was stirred for 10 min
at 0°C. Cooling was removed and stirring was continued overnight at RT. The mixture
was conc. in vacuo and the obtained residue was dissolved in EtOAc. The solution
was washed with H20, sat. NaHCOs, and KHSO4 (1 M). The solution was dried
(Na2S04) and conc. in vacuo. Chromatographic purification provided the desired

Mosher amides.
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99 (BNH-096) Benzyl N2-(((9H-fluoren-9-yl)methoxy)carbonyl)-NS-(tert-

butoxycarbonyl)-L-lysinate

(S)-Fmoc-Lys(Boc)-OH (1.0 g, 2.13 mmol) was dissolved in anh. DMF (10 mL). K2CO3
(354 mg, 2.56 mmol, 1.2 eq.) and benzyl bromide (305 yL, 2.56 mmol, 1.2 eq.) were
added, and the mixture was stirred overnight at RT. The reaction was quenched with
H20 (50 mL) and extracted with EtOAc (3x50 mL). The combined organic extracts
were washed with H20 (2x50 mL) and brine (50 mL). The solution was dried (Na2S04)
and conc. in vacuo to give a colourless oil. The crude product was purified
chromatographically (NP, PF-15SIHP-F0080, EtOAc/Hex=2/8): The desired product
was obtained as a white, amorphous solid (1.16 g, 2.07 mmol, 97% yield). This
procedure was adapted from the literature.3?* The spectroscopic data agrees with the

literature.

23
22

13\, 14
16_0. 15

- O\n/NH
O

1H-NMR (400 MHz, CDCls): & = 7.80-7.73 (m, 2H, H2), 7.64-7.57 (m, 2H, H5), 7.44-
7.27 (m, 9H, H3+4+21-23), 5.55-5.41 (m, 1H, a-NH), 5.22 (d, 3J19a=12.2 Hz, 1H,
H19a), 5.15 (d, 3J19a6=12.2 Hz, 1H, H19b), 4.55 (bs, 1H, e-NH), 4.49-4.32 (m, 3H,
H8+10), 4.22 (t, 3J1011=7.0 Hz, 1H, H7), 3.13-2.98 (m, 2H, H14), 1.94-1.80 (m, 1H,
H11a), 1.79-1.62 (m, 1H, H11b), 1.44 (s, 9H, H17), 1.40-1.25 (m, 4H, H12+13).

13C-NMR (101 MHz, CDCl3): & = 172.4 (C18), 156.2, 156.1 (C9+15), 143.8 (C6), 141.4
(C2), 135.4 (C20), 128.7 (C21), 128.6 (C22), 128.4 (C23), 127.8 (C3), 127.2 (C4),
125.2 (C5), 120.1 (C2), 79.3 (C16), 67.3, 67.1 (C8+19), 53.9 (C10), 47.2 (C7), 40.1
(C14), 32.2 (C11), 29.7 (C12), 28.5 (C17), 22.4 (C13).

IR: v = 3350 (-N-H), 1684 (C=0), 1521 (-N-H deform.), 732 (=C-H deform.).
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LC/MS (Method 1, 254 nm, ESI+): tr = 11.3 min, m/z: 581.2 [M+Na*] (52), 559.2
[M+H"*] (14), 503.2 [M-CaH7] (18), 459.2 [M-CsH7Oz27] (100).

HRMS (ESI+): CasH3sN2NaOs* [M+Na*] calc.: 581.2622 found: 581.2621.

100 (BNH-097) Benzyl  N2-N?-(((9H-fluoren-9-yl)methoxy)carbonyl)-N¢-(tert-
butoxycarbonyl)-L-lysyl-D-prolyl-N8-(tert-butoxycarbonyl)-L-lysinate

The protected lysine 99 (788 mg, 1.41 mmol) was dissolved in piperidine/DMF (1/4,
10 mL). The solution was stirred for 3 h at RT and was conc. in high vacuum overnight
at RT. (S)-Fmoc-Pro-OH (571 mg, 1.69 mmol, 1.2 eq.), HATU (643 mg, 1.69 mmol,
1.2 eq.) and DIPEA (732 pL, 4.23 mmol, 3.0 eq.) were dissolved in anh. deg. DMF
(5 mL). The mixture was stirred for 30 min at 0°C. A solution of (S)-H2N-Lys(Boc)-OBn
in anh. deg. DMF (5 mL) was added and the mixture was stirred overnight at RT. The
reaction was quenched with H20 (50 mL) and brine (20 mL), and was extracted with
EtOAc (3x50 mL). The combined organic extracts were dried (Na2SO4) and conc. in
vacuo to give a pale-yellow oil, which was purified chromatographically (NP,
EtOAc/Hex=45/55, Rr (EtOAc/Hex=6/4)=0.49): The dipeptide (S,S)-Fmoc-Pro-Lys-
OBn was obtained as a white, amorphous solid (655.79 g/mol, 744 mg, 1.13 mmol,
80% vyield). The dipeptide was dissolved in piperidine/DMF (1/4, 10 mL). The solution
was stirred for 3 h at RT and was conc. in high vacuum overnight at RT. (S)-Fmoc-
Lys(Boc)-OH (637 mg, 1.36 mmol, 1.2 eq.), HATU (517 mg, 1.36 mmol, 1.2 eq.) and
DIPEA (587 pL, 3.39 mmol, 3.0 eq.) were dissolved in anh. deg. DMF (5 mL). The
mixture was stirred for 30 min at 0°C. A solution of the deprotected dipeptide in anh.
deg. DMF (5 mL) was added at 0°C and the mixture was stirred overnight at RT. The
reaction was quenched with H20 (50 mL) and brine (20 mL), and was extracted with
EtOAc (3x50 mL). The combined organic extracts were dried (Na2SO4) and conc. in
vacuo to give a pale-yellow oil. The crude product was purified chromatographically
(NP, EtOAc/Hex=75/25, Rr(EtOAc/Hex=75/25)=0.26): The desired product was
obtained as a pale-yellow, amorphous solid (920 mg, 1.04 mmol, 92% yield and 73%

yield over four steps). This procedure was adapted from the literature.3?
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1H-NMR (600 MHz, CD3OD): & = 7.82-7.74 (m, 2H, H5), 7.67-7.59 (m, 2H, H4),
7.41-7.33 (m, 2H, H3), 7.33-7.23 (m, 7H, H2+H35-37), 5.09 (d, 2Js3ab=12.2 Hz, 1H,
H33a), 5.04 (d, 2Ja3ab=12.2 Hz, 1H, H33b), 4.49-4.30 (m, 3H, H22+24+8a), 4.27-4.13
(m, 3H, H7+10+8b), 3.88-3.78 (m, 1H, H19a), 3.60-3.45 (m, 1H, H19b), 3.12-2.78 (m,
4H, H14+28), 2.16-1.93 (m, 2H, H21), 1.93-1.81 (m, 2H, H20), 1.81-1.53 (m, 4H,
H11+25), 153-1.14 (m, 26H, H12+13+17+26+27+31).

3C-NMR (151 MHz, CD30D): & = 173.8 (C23), 173.0, 172.9 (C18+32), 158.7, 158.5,
158.3 (C9+15+29), 145.1 (C1), 142.5 (C6), 137.1 (C34), 129.5, 29.4, 129.3 (C35-37),
128.8 (C3), 128.2 (C2), 126.3 (C4), 120.9 (C5), 79.79, 79.75 (C16+30), 68.0, 67.9
(C8+33), 62.1 (C22), 54.4 (C10), 53.5 (C24), 48.3, 48.2 (C7+19), 41.0, 40.9 (C14+28),
31.8, 31.5 (C11+25), 30.6 (C21), 28.8 (C17+31), 25.1 (C20), 24.1, 23.9, 23.7, 23.4
(C12+413+26+27).

IR: v =3318 (-N-H), 1687 (C=0), 1516 (-N-H deform.), 1164 (C-O-C).

LC/MS (Method 1, 254 nm, ESI+): tr = 11.7 min, m/z: 906.3 [M+Na*] (24), 884.4
[M+H*] (44), 784.3 [M-CsH7027] (100).

HRMS (ESI+): C33H3sN2NaOs* [M+Na*] calc.: 581.2622 found: 581.2621.
98 (BNH-099) NS-(tert-Butoxycarbonyl)-N2-N8-(tert-butoxycarbonyl)-L-lysyl-D-
prolyl-L-lysine

The protected tripeptide 100 (759 mg, 859 umol) was dissolved in piperidine/DMF (1/4,
10 mL) and the solution was stirred for 3 h at RT. The solution was conc. in high

vacuum overnight at RT. The residue was dissolved in MeOH (25 mL) and the solution
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was N2 sparged for 1 min. Pd/C (10% with 50% H20, 183 mg, 85.9 ymol, 10 mol%)
was added. The mixture was Hz-sparged for 1 min and stirred for 48 h at RT. The crude
product  was purified chromatographically  (RP, PF-15C18AQ-F0080,
H20+FA/MeCN+FA=9/1 to 1/9 over 13 CV): The desired product was obtained as a
white, amorphous solid (461 mg, 807 ymol, 94% yield).

N
17 H

9] 9] 16
HoN 8 13 23 _OH

Y 9N 14°N 15

= 10 12 H O
2 O3 H\/sK "
Y

1H-NMR (600 MHz, CD30D): 5 = 4.53-4.43 (m, 1H, H13), 4.38-4.29 (m, 1H, H15), 4.25-
4.17 (m, 1H, H8), 3.86-3.76 (m, 1H, H10a), 3.65-3.55 (m, 1H, H10b), 3.10-2.97 (m, 4H,
H4+19), 2.29-2.20 (m, 1H, H12a), 2.16-1.98 (m, 3H, H11+12b), 1.95-1.75 (m, 3H,
H16+7a), 1.75-1.63 (m, 1H, H7b), 1.59-1.28 (m, 26H, H1+5+6+17+18+22).

13C-NMR (151 MHz, CD30D): 5 = 176.7 (C23), 173.6 (C14), 169.3 (C9), 158.6, 158.5
(C3+20), 80.0, 79.8 (C2+21), 62.0 (C13), 54.6 (C15), 53.2 (C8), 48.6 (C10), 41.2, 40.7
(C4+19), 33.1 (C7), 31.1, 31.0 (C12+16), 30.6, 30.5 (C5+18), 28.8 (C1+22), 25.5
(C11), 24.2 (C17), 23.0 (CB).

IR: v = 3316 (-N-H), 1682 (C=0), 1166 (C-O-C).
LC/MS (Method 2, 200 nm, ESI+): tr = 5.6 min, m/z: 572.4 [M+H*] (100).

HRMS (ESI+): Cs3sH3sN2NaOs* [M+Na*] calc.: 581.2622 found: 581.2621.

104 (BNH-103) (((9H-Fluoren-9-yl)methoxy)carbonyl)-p-allothreonine

(R,R)-Thr-OH (5.00 g, 42.0 mmol) was dissolved in sat. ag. NaHCO3 (100 mL). A
solution of Fmoc-ONSU (14.2 g, 42.0 mmol, 1.0 eq.) in 1,4-dioxane (100 mL) was
added and the mixture was stirred overnight at RT. Aq. HCI (1 M) was added until
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pH=3. The mixture was extracted with EtOAc (4x100 mL). The combined organic
extracts were dried (Na2SO4) and conc. in vacuo. The crude product was purified
chromatographically (RP, PF-15C18AQ-F0080 H20+FA/MeCN+FA=9/1 to 1/9 over
13 CV): The desired product was obtained as a white, amorphous solid (13.9 g,
40.7 mmol, 97% yield). This procedure was adapted from the literature.?®* The

spectroscopic data agrees with the literature.

1H-NMR (600 MHz, CD3sOD): & = 7.80-7.73 (m, 2H, H2), 7.69-7.57 (m, 2H, H2), 7.41-
7.32 (m, 2H, H4), 7.32-7.25 (m, 2H, H3), 4.45-4.29 (m, 2H, H8), 4.27-4.22 (m, 1H,
H10), 4.22-4.16 (m, 1H, H7), 4.15-4.00 (m, 1H, H11), 1.29-1.18 (m, 3H, H12).

13C-NMR (151 MHz, CD3OD): & = 173.8 (C13), 158.6 (C9), 145.2 (C6), 142.5 (C1),
128.7 (C4), 128.1 (C3), 126.2 (C5), 120.9 (C2), 68.8 (C11), 68.1 (C8), 61.3 (C10), 48.3
(C7), 19.4 (C12).

IR: v = 3311 (-N-H), 1681 (C=0), 735 (=C-H deform.).
LC/MS (Method 3, 254 nm, ESI+): tr = 5.8 min, m/z: 342.1 [M+H*] (100).

HRMS (ESI+): C19H19NNaOs* [M+Na*] calc.: 364.1155 found: 364.1158.

105 (BNH-104) tert-Butyl N-(((9H-fluoren-9-yl)methoxy)carbonyl)-O-(tert-butyl)-D-

allothreoninate

(R,R)-Fmoc-Thr-OH 104 (1.0 g, 2.93 mmol) was suspended in AcOtBu (25 mL).
Aq. HCIO4 (60%, 10 pL, 59.7 pmol, 2 mol%) was added and the mixture was sonicated
for 5 min, and stirred overnight at RT. A clear solution was obtained. The reaction was
quenched with sat. NaHCOs and extracted with EtOAc (2x30 mL). The combined
organic extracts were dried (Na2SO4) and conc. in vacuo. The crude product was
purified chromatographically (NP, PF-15SIHP-F0080, EtOAc/Hex=1/9, RF=0.34): The

desired product was obtained alongside the starting material. The latter was reacted
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and purified again under the same conditions. The desired product was obtained as a
white, amorphous solid. (887 mg, 1.96 mmol, 66% yield overall). This procedure was

adapted from the literature.?%* The spectroscopic data agrees with the literature.
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1H-NMR (600 MHz, CDCls): & = 7.81-7.72 (m, 2H, H2), 7.66-7.57 (m, 2H, H5), 7.43-

7.36 (m, 2H, H4), 7.35-7.28 (m, 2H, H3), 5.63-5.51 (m, 1H, NH), 4.47-4.33 (m, 2H, H8)

4.33-4.28 (m, 1H, H10), 4.28-4.19 (m, 1H, H7), 4.06-3.95 (m, 1H, H11), 1.51 (s, 9H,
H17), 1.26-1.22 (m, 3H, H12), 1.20 (s, 9H, H14).

13C-NMR (151 MHz, CDCl3): & = 169.3 (C15), 156.1 (C9), 144.0 (C8), 141.4 (C1),
127.7 (C4), 127.1 (C3), 125.3 (C5), 120.0 (C2), 82.2 (C13), 74.1 (C16), 68.6 (C11),
67.1 (C8), 60.0 (C10), 47.3 (C7), 28.4 (C14), 28.2 (C17), 19.7 (C12).

IR: v = 3377 (-N-H), 1699 (C=0), 1537 (-N-H deform.), 729 (=C-H deform.).

LC/MS (Method 3, 254 nm, ESI+): tr = 14.8 min, m/z: 476.3 [M+Na*] (64), 454.3
[M+H*] (94), 398.2 [M-CsH77] (34), 342.2 [M-(C4H7)x2] (62).

HRMS (ESI+): C27H3sNNaOs* [M+Na*] calc.: 476.2410 found: 476.2410.

103 (BNH-105) N-(((9H-Fluoren-9-yl)methoxy)carbonyl)-O-(tert-butyl)-D-

allothreonine

(R,R)-Fmoc-Thr(tBu)-OtBu 105 (546 mg, 1.20 mmol) was dissolved in toluene (25 mL)
and SiO2 (5.86 g) was added. The suspension was refluxed for 30 min and filtered.
The filter cake was washed with MeOH/DCM (1/9, 50 mL) and the filtrate was conc. in
vacuo. The crude product was purified chromatographically (RP, HPLC,
H20+FA/MeCN+FA=95/5 to 5/95 over 13 CV): The desired product was obtained as a
white, amorphous solid (94.9 mg, 239 pymol, 19% yield). This procedure was adapted
from the literature.?5* The spectroscopic data agrees with the literature.
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In CDCIs at 300 K rotamers were observed.

TH-NMR (600 MHz, DMSO-ds, 353 K): & = 7.88-7.81 (m, 2H, H2), 7.74-7.66 (m, 2H,
H5), 7.44-7.36 (m, 2H, H4), 7.36-7.27 (m, 2H, H3), 6.74 (bs, 1H, NH), 4.40-4.29 (m,
2H, H10+11), 3.28-3.21 (m, 1H, H7), 4.16-4.07 (m, 1H, H8a), 4.04-3.94 (m, 1H, H8b),
1.15 (s, 9H, H14), 1.14-1.09 (m, 3H, H14).

13C-NMR (151 MHz, CDCl3): & = 147.2 (C15), 156.3 (C9), 143.8 (C8), 141.4 (C1),
127.2 (C4), 125.2 (C3), 125.2 (C5), 120.1 (C2), 75.0 (C13), 68.4 (C11), 67.3 (C8), 59.4
(C10), 47.2 (C7), 28.3 (C14), 19.4 (C12).

IR: v = 1713 (C=0), 1190 (C-O-C), 737 (=C-H deform.).

LC/MS (Method 1, 254 nm, ESI+): tr = 9.0 min, m/z: 420.1 [M+Na*] (100), 398.1
[M+H*] (27), 342.1 [M-CaH7] (65).

HRMS (ESI+): C2sH27NNaOs* [M+Na*] calc.: 420.1781 found: 420.1781.

107 (BNH-106)  N2?-(N-(N°-((R)-2-Amino-5-(tert-butoxy)-5-oxopentanoyl)-1-(tert-
butoxycarbonyl)-b-tryptophyl)-O-(tert-butyl)-L-threonyl)-N*-trityl-L-asparagine

This tetrapeptide was synthesised according to general procedure A. CTC resin
(1.29 g, 2.00 mmol) was used. The desired product was obtained as an off-white,

amorphous solid (1.38 g, 1.38 mmol, 68% vyield).
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1H-NMR (600 MHz, CD3s0D): 5 = 8.11-8.02 (m, 1H, H12), 7.68-7.63 (m, 1H, H15), 7.55
(s, 1H, H17), 7.32-7.26 (m, 1H, H14), 7.26-7.14 (m, 16H, H13+H33-35), 4.83-4.76 (m,
1H, H28), 4.54-4.48 (m, 1H, H8), 4.26-4.21 (m, 1H, H22), 3.91-3.85 (m, 1H, H6),
3.80-3.72 (m, 1H, H23), 3.28-3.06 (m, 2H, H29), 2.92-2.70 (m, 2H, H9), 2.38-2.21 (m
2H, H4), 2.11-1.95 (m, 2H, H5), 1.64 (s, 9H, H1), 1.42(s, 9H, H20), 1.05 (s, 9H, H26),
0.63-0.59 (M, 3H, H24).

13C-NMR (151 MHz, CD30D): & = 175.6 (C36), 173.5 (C3), 172.5 (C30), 172.0 (C21),
171.0 (C27), 170.4 (C7), 150.9 (C18), 146.0 (C32), 136.7 (C16), 131.6 (C10), 130.0,
128.7, 127.8 (C33-35), 125.7, 125.5 (C14+17), 123.8 (C13), 120.2 (C15), 116.8 (C11),
116.3 (C12), 85.0 (C2), 82.3 (C19), 75.8 (C25), 71.7 (C31), 67.8 (C23), 59.4 (C22),
55.7 (C28), 53.8 (CB), 52.3 (C8), 40.6 (C9), 31.67 (C4), 28.8 (C26), 28.5, 28.4 (C1+20),
27.9, 27.8 (C5+29), 18.6 (C24).

IR: v = 3323 (N-H), 1661 (C=0), 1152 (C-O-C), 699 (=C-H deform.).
LC/MS (Method 2, 254 nm, ESI+): tr = 9.2 min, m/z: 1003.6 [M+H"] (100).

HRMS (ESI+): Cs6H71NeO11* [M+H] calc.: 1003.5175 found: 1003.5173.

108 (BNH-107)  (R)-2-((S)-2-((2S,3R)-2-((R)-2-amino-3-(1-(tert-butoxycarbonyl)-
1H-indol-3-yl)propanamido)-3-(tert-butoxy)butanamido)-4-oxo-4-

(tritylamino)butanamido)-5-(tert-butoxy)-5-oxopentanoic acid

This tetrapeptide was synthesised according to general procedure A. CTC resin
(1.20 g, 1.86 mmol) was used. The desired product was obtained as an off-white,

amorphous solid (1.64 g, 1.63 mmol, 87% vyield).
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1H-NMR (600 MHz, CD3OD): 5 = 8.17-8.09 (m, 1H, H8), 7.69-7.63 (m, 1H, H5),
7.63-7.57 (m, 1H, H11), 7.37-7.30 (m, 1H, H6), 7.30-7.11 (m, 16H, H7+26-28),
4.76-4.68 (m, 1H, H30), 4.36-4.24 (m, 2H, H13+21), 4.18-4.11 (m, 1H, H15), 3.93-3.85
(m, 1H, H16), 3.31-3.18 (m, 2H, H32), 3.09-2.99 (m, 1H, H31a), 2.67-2.58 (m, 1H,
H31b), 2.35-2.20 (m, 2H, H22), 2.20-2.08 (m, 1H, H12a), 2.02-1.88 (m, 1H, H12b),
1.66 (s, 9H, H35), 1.43 (s, 9H, H19), 1.01 (s, 9H, H1), 0.78-0.70 (m, 3H, H17).

13C-NMR (151 MHz, CD3OD): & = 176.6 (C29), 174.2 (C23), 172.5 (C33), 172.2 (C20),
171.8 (C36), 171.1 (C14), 150.8 (C3), 145.7 (C25), 137.0 (C4), 131.1 (C10), 130.0,
128.8, 127.9 (C26-28), 126.3 (C11), 125.9 (CB), 124.0 (C7), 120.1 (C5), 116.4 (C8),
114.7 (C9), 85.2 (C34), 81.5 (C18), 75.5 (C2), 71.8 (C24), 67.5 (C16), 61.6 (C15), 54.7,
54.3 (C13+21), 51.3 (C30), 38.0 (C31), 32.7 (C22), 29.0 (C12), 28.9, 28.42, 28.38
(C1+19+35), 28.3 (C32), 20.4 (C17).

IR: v = 1667 (C=0), 1367 (-C-N), 1152 (C-O-C), 698 (=C-H deform.).
LC/MS (Method 2, 254 nm, ESI+): tr = 9.8 min, m/z: 1003.7 [M+H*] (100).

HRMS (ESI+): Cs6H71NeO11* [M+H] calc.: 1003.5176 found: 1003.5173.

101 (BNH-108) N®-(tert-Butoxycarbonyl)-N?-(NS-(tert-butoxycarbonyl)-L-lysyl)-L-
lysyl-D-proline

This tripeptide was synthesised according to general procedure A. CTC resin (1.00 g,
1.55 mmol) was used. The desired product was obtained as an off-white, amorphous
solid (868 mg, 1.52 mmol, 98% yield).
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Rotamers were observed in the NMR spectra.

TH-NMR (600 MHz, DMSO-ds): & = 8.54-8.44 (m, 1H, NH2 terminus), 6.79-6.67 (m, 2H,
Lys-e-NH), 4.65-4.57, 4.35-4.27 (m, 1H, H8), 4.57-4.51, 4.23-4.16 (m, 1H, H22), 3.68-
3.49 (m, 2H, H10+19a), 3.39-3.27 (m, 1H, H19b), 2.93-2.79 (m, 4H, H4+14), 2.16-1.96
(m, 1H, H21a), 1.96-1.81 (m, 2H, H11a+21b), 1.80-1.71 (m, 1H, H20a), 1.71-1.55 (m,
3H, H7a+11b+20b), 1.55-1.43 (m, 1H, H7b), 1.43-1.05 (m, 26H, H1+5+6+12+13+17).

13C-NMR (151 MHz, DMSO-de): & = 174.5, 173.4 (C23), 170.0(C18), 169.1(C9),
155.56, 155.55 (C3+15), 77.4, 77.3 (C2+16), 60.2, 58.9 (C22), 52.6, 52.3 (C10), 50.4,
49.9 (C8), 46.4, 46.1 (C19), 40.1 (C4+14), 31.9, 31.6 (C7), 31.2, 30.9 (C11), 29.3, 29.0
(C21), 28.3 (C1+17), 22.7, 22.3 (C20), 24.1, 22.2, 21.76, 21.5 (C5+6+12+13).

IR (ATR): v = 3298 (N-H), 1681,1624 (C=0), 1519 (N-H deform.), 1164 (C-O-C).
LC/MS (Method 2, 200 nm, ESI+): tr = 5.3 min, m/z: 572.4 [M+H*] (100).

HRMS (ESI+): C27H49NsNaOs* [M+Na*] calc.: 594.3473 found: 594.3476.

120 (BNH-110) 2-(Dimethoxymethyl)phenol

Salicylaldehyde (15 mL, 143 mmol), trimethyl orthoformate (15.7 mL, 143 mmol,
1.0 eq.), and LiBF4 (402 mg, 4.29 mmol, 3 mol%) were dissolved in anh. MeOH
(50 mL). The solution was refluxed overnight under N2. The mixture was left to cool to
rt and sat. ag. NaHCO3 (150 mL) was added. The mixture was extracted with EtOAc
(3x50 mL) and the combined organic extracts were washed with sat. aq. NaHCOs3
(2x100 mL). The extracts were dried (Na2S0O4) and conc. in vacuo. The obtained yellow
oil was distilled at 5 mbar. The fraction with a boiling point of 88°C was collected. The
desired product was obtained as a colourless oil (9.49 g, 56.4 mmol, 39% yield). This
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procedure was adapted from the literature.?%® The spectroscopic data agrees with the

literature.32°

e N8
6
1
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1H-NMR (400 MHz, CDCl3): & = 8.06 (bs, 1H, OH), 7.28-7.21 (m, 1H, H3), 7.21-7.15
(m, 1H, H5), 6.92-6.85 (m, 2H, H2+4), 5.56 (s, 1H, H7), 3.40 (s, 6H, H8).

13C-NMR (101 MHz, CDCl3): & = 155.8 (C1), 130.4 (C3), 128.5 (C5), 121.0 (C6), 119.8
(C4), 117.1 (C2), 104.7 (CT), 52.9 (C8).

IR: v = 3361 (O-H), 2832 (O-CH3), 1586 (ring vibr.), 1038 (C-O-C), 755 (=C-H deform.).

LC/MS (Method 1, 254 nm, ESI-): tr = 4.2 min, m/z: 167.0 [M-H*] (9), 153.0 [M-CHs*]
(7), 137.0 [M-CH30"] (7), 121.0 [Aldehyde-H*] (100).

HRMS (ESI-): CoH1103 [M-H*] calc.: 167.0714 found: 167.0714.

106 (BNH-112)  N2-(N°-(N-((S)-2-Amino-5-(tert-butoxy)-5-oxopentanoyl)-O-(tert-
butyl)-D-allothreonyl)-1-(tert-butoxycarbonyl)-L-tryptophyl)-N¢-(tert-

butoxycarbonyl)-D-lysine

This tetrapeptide was synthesised according to general procedure A. CTC resin
(500 mg, 775 ymol) was used. The desired product was obtained as an off-white,

amorphous solid (671 mg, 767 pmol, 99% vyield).
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1H-NMR (600 MHz, CD3s0D): & = 8.15-8.01 (m, 1H, H18), 7.70-7.63 (m, 1H, H21), 7.56
(s, 1H, H23), 7.33-7.27 (m, 1H, H20), 7.27-7.20 (m, 1H, H19), 4.88-4.76 (m, 1H, H28),
4.44 (d, 3Js9=7.0 Hz, 1H, H8), 4.17 (t, 3J1415=5.7 Hz, 1H, H14), 3.87 (t, 3J56=6.3 Hz,
1H, H6), 3.81-3.70 (m, 1H, H9), 3.46-3.36 (m, 1H, H29a), 3.06-2.92 (m, 3H, H29b+32),
2.511-2.34 (m, 2H, H4), 2.13-2.01 (m, 2H, H5), 1.93-1.81 (m, 1H, H15a), 1.72-1.1.63
(m, 10H, H15b+26), 1.49-1.38 (m, 20H, H1+31+35), 1.32-1.15 (m, 2H, H30), 0.94-0.78
(m, 12H, H10+12).

13C-NMR (151 MHz, CD3OD): & = 177.8 (C27), 173.2 (C3), 172.3 (C36), 172.0 (C13),
170.1 (C7), 158.5 (C33), 151.0 (C24), 137.0 (C23), 131.5 (C18), 125.5 (C17), 125.5
(C21), 123.8 (C20), 120.2 (C22), 117.8 (C16), 116.3 (C19), 84.9, 82.3, 79.8, 75.2
(C2+11+25+34), 67.9 (C9), 59.8 (C8), 55.9 (C14), 54.5 (C28), 53.9 (C6), 41.3 (C32),
32.8 (C15), 31.7 (C4), 30.8 (C31), 28.9, 28.5, 28.5, 28.3 (C1+12+26+35), 27.8 (C5),
27.6 (C29), 23.6 (C30), 19.3 (C10).

IR: v = 3290 (N-H), 1644 (C=0), 1366 (C-H deform.), 1155 (C-O-C), 743 (=C-H
deform.).

LC/MS (Method 2, 254 nm, ESI+): tr = 8.8 min, m/z: 875.8 [M+H"] (100).

HRMS (ESI+): C44H71NeO12* [M+H*] calc.: 875.5124 found: 875.5122.

143 (BNH-123) tert-Butyl (S)-(5-(methylthio)pent-1-yn-3-yl)carbamate

This a-amino alkyne was synthesised according to general procedure B from
(S)-Boc-Met-OH (2.00 g, 8.02 mmol). The reduction gave the desired aldehyde in more
than 95% purity, according to 'H-NMR analysis (1.70 g, 7.27 mmol, 90% yield,
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Rr(EE/Hex=4/6)=0.69). The crude aldehyde was added in anh. MeOH (4.5 mL) to the
homologation reaction. The crude product was purified chromatographically (NP,
EE/Hex=1/9, RF=0.35): The desired product was obtained as a colourless oil (835 mg,
3.64 mmol, 50% yield and 45% yield over three steps). The spectroscopic data agrees

with the literature.?74

N7

1H-NMR (400 MHz, CDCl3): & = 5.00-4.71 (m, 1H, NH), 4.65-4.34 (m, 1H, H4), 2.68-
2.50 (m, 12, H6), 2.32-2.26 (m, 1H, H), 2.12-2.06 (m, 3H, H7), 2.03-1.83 (m, 2H, H5),
1.43 (s, 9H, H1).

13C-NMR (101 MHz, CDCl3): & = 154.8 (C3), 82.8 (C8), 80.2 (C2), 71.8 (C9), 42.2 (C4),
35.5 (C5), 30.1 (CB), 28.4 (C1), 15.6 (C7).

IR: v = 3297 (=C-H), 1688 (C=0), 1504 (N-H deform.), 1159 (C-O-C), 644 (C-S).

LC/MS (Method 1, 200 nm, ESI+): tr = 7.6 min, m/z: 230.1 [M+H*] (10), 174.1 [M-
CaH7] (100), 130.1 [M-CsH7027 (11).
HRMS (ESI+): C11H1sNNaO2S* [M+Na*] calc.: 252.1029 found: 252.1029.

Optical Rotation: [«]4°-14.6 (c=1.0, DCM).

134 (BNH-124) (S)-2-Azido-3-(4-(tert-butoxy)phenyl)propanoic acid

This a-azido acid was synthesised according to general procedure C from
(S)-HaoN-Tyr(tBu)-OH (4.31g, 18.2mmol). The crude product was purified
chromatographically (NP, AcOH/EtOAc/Hex=1/30/69, Rr=0.26) and (RP, PF-
15C18AQ-F0080 H20+FA/MeOH+FA=5/3 to 1/9 over 13 CV with 25 mL/min): The
desired product was obtained as a yellow, viscous oil (2.95 g, 11.2 mmol, 61% yield).

The spectroscopic data agrees with the literature.256
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1H-NMR (400 MHz, CDCl3): & = 8.88 (bs, 1H, COOH), 7.18-7.13 (m, 2H, H5), 6.99-
6.93 (m, 2H, H4), 4.16-4.06 (m, 2H, H8), 3.24-2.94 (m, 2H, H7), 1.34 (s, 9H, H1).

3C-NMR (101 MHz, CDCl3): 5 = 175.1 (C9), 154.5 (C3), 130.8 (C6), 129.8 (C5), 124.6
(C4), 79.1 (C2), 63.3 (C8), 37.1 (C7), 28.9 (C1).

IR: v = 2105 (-N3), 1719 (C=0), 1505 (ring vibr.), 1154 (C-O-C).
LC/MS (Method 3, 220 nm, ESI-): tr = 5.2 min, m/z: 262.1 [M-H*] (100).
HRMS (ESI-): C1sH16NsO3" [M-H"] calc.: 262.1197 found: 262.1194.

Optical Rotation: [«]3° -48.8 (c=1.0, DCM).

135 (BNH-127) (S)-2-Azido-4-oxo0-4-(tritylamino)butanoic acid

This a-azido acid was synthesised according to general procedure C from
(S)-H2N-Asn(Trt)-OH (7.49g, 20.0 mmol). The crude product was purified
chromatographically (NP, AcOH/EtOAc/Hex=1/35/64). The desired product was
obtained as a white, amorphous solid (7.10 g, 17.7 mmol, 88% yield).
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Ph Ph
1H-NMR (600 MHz, CDCls): & = 7.31-7.22 (m, 9H, H1+2), 7.22-7.13 (m, 6H, H3), 7.13-

6.83 (M, 2H, NH+COOH), 4.45-4.32 (m, 1H, H8), 2.86-2.52 (m, 2H, H7).

13C-NMR (151 MHz, CDCl3): & = 172.6 (C9), 168.7 (C6), 144.0 (C4), 128.8 (C3), 128.2
(C2), 127.4 (C1), 71.4 (C5), 58.7 (C8), 39.0 (C7).

227



IR: v = 3260 (O-H), 2104 (-N3), 1644 (C=0), 1531 (N-H deform.), 1175 (C-O).
LC/MS (Method 3, 220 nm, ESI-): tr = 6.9 min, m/z: 399.1 [M-H*] (100).
HRMS (ESI-): C2sH19N4O3" [M-H"] calc.: 399.1463 found: 399.1463.

Optical Rotation: [«]3° -21.0 (c=1.0, DCM).

144 (BNH-129) tert-Butyl (R)-(1-(4-(benzyloxy)phenyl)but-3-yn-2-yl)carbamate

This a-amino alkyne was synthesised according to general procedure B from
(R)-Boc-Tyr(Bn)-OH (2.97 g, 8.00 mmol). The reduction gave the desired aldehyde
(2.82 g, 7.92 mmol, 99% yield, RF(EE/Hex=4/6)=0.62). The crude aldehyde was added
in anh. MeOH (6.5 mL) to the homologation reaction. The crude product was purified
chromatographically (NP, EE/Hex=7.5/92.5, Rr=0.18): The desired product was
obtained as a colourless oil (893 mg, 2.54 mmol, 32% yield and 31% vyield over three

steps).
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1H-NMR (600 MHz, CDCl3): & = 7.47-7.42 (m, 2H, H13), 7.42-7.36 (m, 2H, H12), 7.36-
7.30 (m, 1H, H14), 7.23-7.16 (m, 2H, H7), 6.97-6.90 (m, 2H, H8), 5.06 (s, 2H, H10),
4.80-4.53 (m, 2H, NH+H4), 2.99-2.85 (m, 1H, H5), 2.28 (s, 1H, H16), 1.44 (s, 9H, H1).

13C-NMR (151 MHz, CDCl3): & = 158.1 (C9), 154.7 (C3), 137.2 (C11), 130.9 (C7),
128.8 (CB), 128.7 (C12), 128.0 (C14), 127.6 (C13), 114.8 (C8), 83.1 (C15), 80.1 (C2),
72.2 (C16), 70.1 (C10), 44.1 (C4), 40.9 (C5), 28.5 (C1).

IR: v = 3352 (-N-H), 3287 (=C-H), 1683 (C=0), 1509 (-N-H deform.), 1239 (C-O-C),
1161 (C-O-C).

LC/MS (Method 3, 220 nm, ESI+): tr = 12.3 min, m/z: 374.2 [M+Na*] (10), 296.1
[M-C4H7] (100).
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HRMS (ESI+): C22H2sNNaOs* [M+Na*] calc.: 374.1727 found: 374.1728.

Optical Rotation: [a]Z® +2.2 (c=1.0, DCM).

146 (BNH-133) (R)-1-(4-(Benzyloxy)phenyl)but-3-yn-2-amine hydrochloride

The Boc-a-amino alkyne 144 (648 mg, 1.84 mmol) was dissolved in DCM (12 mL). HCI
in dioxane (4.0 M, 3.23 mL, 12.9 mmol, 7.0 eq.) was added and the mixture was stirred
overnight at RT under N2. LC/MS analysis indicated remaining starting material. DCM
(1 mL) and HCl in dioxane (4.0 M, 3.68 mL, 14.8 mmol, 8 eq.) were added. The mixture
was stirred for 72 h at RT under N2. The suspension was conc. under a stream of
compressed air and was subsequently conc. in vacuo. The desired product was
obtained as a white, amorphous solid (525 mg, 1.83 mmol, 99% yield) The product

was used without further purification.
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1H-NMR (600 MHz, CD30D): & = 8.60 (bs, 2H, NH>), 7.44-7.38 (m, 2H, H3), 7.38-7.32
(m, 2H, H2), 7.32-7.26 (m, 1H, H1), 7.26-7.20 (m, 2H, H7), 6.99-6.93 (m, 2H, H8), 5.04
(s, 2H, H5), 4.20 (bs, 1H, H13), 3.11-3.03 (m, 2H, H10a+11), 3.02-2.93 (m, 1H, H10b).

13C-NMR (151 MHz, CD3OD): & = 169.7 (C9), 159.7 (C6), 138.7 (C4), 131.7 (C7),
129.5 (C2), 128.9 (C1), 128.5 (C3), 116.2 (C8), 80.4 (C12), 77.7 (C11), 71.0 (C5), 45.4
(C13), 40.3 (C10).

IR: v = 3233 (=C-H), 1583 (N-H deform.), 1512 (ring vibr.), 1254 (C-O-C), 773, 731
(=C-H deform.).

LC/MS (Method 3, 220 nm, ESI+): tr = 9.8 min, m/z: 252.1 [M] (97), 296.1 [M-NHs]
(100).

HRMS (ESI+): C17H18NO™ [M+H"] calc.: 252.1383 found: 252.1387.
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168 (BNH-137) 3-((2R,5R,8R,11S,Z)-11-(2-Amino-2-oxoethyl)-5-(4-aminobutyl)-2-
(4-(benzyloxy)benzyl)-4,7,10-trioxo-1'H-3,6,9-triaza-1(4,1)-

triazolacycloundecaphane-8-yl)propanoic acid

Linear Pseudo Tetrapeptide:

This click cyclic tetrapeptide was synthesised according to general procedure D with
CTC resin (1.00 g, 1.55 mmol/g). The crude product was purified chromatographic-ally
(NP, TEA/MeOH/DCM=1/3/96, Rr=0.09): The desired azido tripeptide 163 was
obtained as an off-white, amorphous solid (1.25 g, 1.53 mmol, 99% yield). It was
coupled to the a-amino alkyne 146 in anh. MeCN. The desired pseudo tetrapeptide
165 (BNH-135) was obtained as an off-white, amorphous solid (1.22 g, 1.16 mmol,

76% yield). The crude product was used without further purification.

Click Cyclisation and Deprotection:

The pseudo tetrapeptide 165 (100 mg, 95.5 ymol) was cyclised for 48 h. The crude
cyclisation product was deprotected. The crude deprotection product was purified
chromatographically (RP, HPLC, H20+FA/MeCN+FA=95/5 to 7/3 over 21 CV with
18 mL/min): The desired click cyclic tetrapeptide 168 was obtained as a white,

amorphous solid (33.5 mg, 51.6 pmol, 54% vyield rel. to pseudo tetrapeptide 165).

O
OH
O ¢ 7/8
HoN 14 13 12 HN —g s
10 NH
O—ss 4=0
HN 28 1 '11,2
2 -~ O21 11/ N 3 NH
22 18 = 2
25 7, 20 g N=N O

1H-NMR (600 MHz, DMSO-ds): 5 = 8.00 (s, 1H, Glu-NH), 7.79-7.72 (m, 1H, H28), 7.46-
7.40 (m, 2H, H24), 7.40-7.34 (m, 2H, H25), 7.34-7.27 (m, 1H, H26), 7.23 (d,
3J1920=8.5 Hz, 2H, H19), 6.92 (d, 3J1920=8.5 Hz, 2H, H20), 5.59-5.53(m, 1H, H16), 5.07
(s, 2H, H22), 5.03-4.96 (m, 1H, H1), 4.21-4.15 (m, 1H, H5),4.04-3.98 (m, 1H, H10), 3.37
(dd, 202a6=6.5 Hz, 3J12a=14.2 Hz, 1H, H2a), 3.29 (dd, 2J2ap =9.1 Hz, 3J12a =14.1 Hz,
1H, H2b), 3.20 (dd, 2J17ab=7.9 Hz, 3J16-17=15.9 Hz, 1H, H17a), 2.98 (dd, 2J17a6=6.4 Hz,
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3J16-176=15.9 Hz, 1H, H17b), 2.31-2.09 (m, 2H, C7), 1.98-1.81 (m, 2H, H6), 1.69-1.54
(m, 2H, H11), 1.52-1.36 (m, 2H, H13), 1.35-1.13 (m, 2H, H12).

13C-NMR (151 MHz, DMSO-ds): 8 = 171.1 (C4), 170.5 (C3), 170.4 (C8), 170.3 (C9),
165.9 (C15), 156.8 (C21), 150.7 (C27), 137.1 (C23), 129.9 (C18), 128.4 (C19), 128.2
(C25), 127.5 (C26), 127.3 (C24), 123.4 (C28), 114.4 (C20), 69.2 (C22), 59.8 (C16),
55.9 (C5), 54.6 (C10), 49.1 (C1), 37.7 (C2), 36.7 (C14), 33.6 (C17), 29.5 (C11), 28.0
(C13), 26.8 (CB), 22.1 (C12).

IR: v = 3432 (N-H), 3289 (-NHs*), 1671, 1635 (C=0), 1530, 1512 (N-H deform.), 1402
(CO in COO"), 1227 (C-N).

LC/MS (Method 1, 200 nm, ESI+): tr = 5.3 min, m/z: 649.3 [M+H*] (100).

HRMS (ESI+): C32H41NsO7* [M+H*] calc.: 649.3093 found: 649.3093.

147 (BNH-140) (9H-Fluoren-9-yl)methyl (R)-(3-(4-(tert-butoxy)phenyl)-1-

(methoxy(methyl)amino)-1-oxopropan-2-yl)carbamate

(R)-Fmoc-Tyr(tBu)-OH (1.00 g, 2.18 mmol) was dissolved in DCM (218 mL). DIPEA
(1.37 mL, 8.05 mmol, 3.7 eq.) and PyBOP (1.25 g, 2.39 mmol, 1.1 eq.) were added.
The solution was stirred for 15 min at RT. N,O-Dimethylhydroxylamine HCI (255 mg,
2.61 mmol, 1.2 eq.) was added and the solution was stirred overnight at RT. The
mixture was washed with ag. HCI (500 mM, 3x100 mL) and sat. NaHCOs3 (100 mL).
The mixture was dried (Na2S04) and conc. in vacuo. The crude product was purified
chromatographically (NP, CHCIs, RF=0.21): The desired product was obtained as a
white, amorphous solid (1.08 g, 2.14 mmol, 98% vyield). This procedure was adapted

from the literature.2”!
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1H-NMR (600 MHz, CDCl3): & = 7.79-7.72 (m, 2H, H4), 7.63-7.53 (m, 2H, H5), 7.44-
7.36 (m, 2H, H2), 7.36-7.28 (m, 2H, H3), 7.14-7.04 (m, 2H, H13), 6.95-6.84 (m, 2H,
H14), 5.64-5.45 (m, 1H, NH), 5.09-4.92 (m, 1H, H10), 4.41-4.23 (m, 2H, H8), 4.23-4.12
(m, 1H, H7), 3.62 (s, 3H, H20), 3.16 (s, 3H, H19), 3.10-2.85 (m, 2H, H11), 1.30 (s, 9H,
H17).

13C-NMR (151 MHz, CDCl3): & = 172.1 (C18), 155.8 (C9), 154.4 (C15), 144.0 (C6),
141.4 (C1), 131.3 (C12), 130.0 (C13), 127.8 (C2), 127.2 (C3), 125.3 (C5), 124.2 (C4),
120.0 (C14), 78.4 (C16), 67.1 (C8), 61.6 (C20), 52.2 (C10), 47.3 (C7), 38.4 (C11), 32.2
(C19), 28.9 (C17).

IR: v = 3304 (N-H), 1712, 1661 (C=0), 1236, 1160 (C-O-C), 739 (C=C-H deform.).
LC/MS (Method 3, 254 nm, ESI+): tr = 12.8 min, m/z: 503.3 [M+H*] (100).

HRMS (ESI+): C30H34N2NaOs* [M+Na*] calc.: 525.2360 found: 525.2361.

137 (BNH-141) Methyl ((S)-2-azido-4-oxo-4-(tritylamino)butanoyl)-L-alaninate

This azido dipeptide was synthesised according to general procedure E from the
a-azido acid 135 (100 mg, 250 uymol). The crude product was purified
chromatographically (RP, HPLC, H2O+FA/MeCN+FA=7/3 over 2 CV, 7/3 to 5/95 over
10 CV, 5/95 over 2 CV with 18 mL/min): The desired product was obtained as a white,

amorphous solid (78 mg, 161 umol, 64% vyield).
%W

S:

2 45NH

3
Ph Ph

"H-NMR (600 MHz, CDCls): & = 7.39-7.15 (m, 15H, H1-3), 7.11-7.01 (m, 1H, Ala-a-
NH), 6.93-6.83 (m, 1H, Asn-y-NH), 4.57-4.43 (m, 2H, H8+10), 3.77 (s, 3H, H13), 3.16-
3.03 (m, 1H, H7a), 2.74-2.63 (m, 1H, H7b), 1.43-1.30 (m, 3H, H11).
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13C-NMR (151 MHz, CDCl3): & = 172.7 (C12), 168.5 (C9), 167.9 (C8), 144.3 (C4),
128.6 (C3), 128.0 (C2), 127.2 (C1), 71.0 (C5), 59.8 (C8), 52.3 (C13), 48.3 (C10), 39.7
(C7), 18.0 (C11).

IR: v = 3270 (N-H), 2099 (-N3), 1743 (C=0), 1651 (C=0), 1525 (N-H deform.), 1208
(C-0-C), 699 (=C-H deform.).

LC/MS (Method 3, 220 nm, ESI+): tr = 10.9 min, m/z: 586.2 [M+H*] (22), 243.1
[M-C19H147 (100).

HRMS (ESI+): C2rH27NsNaO4* [M+Na*] calc.: 508.1955 found: 508.1952.

153 (BNH-145) (R)-N-((R)-1-(4-(Benzyloxy)phenyl)but-3-yn-2-yl)-3,3,3-trifluoro-2-

methoxy-2-phenylpropanamide

This Mosher amide was synthesised according to general procedure F from a-amino
alkyne 146 (50.0 mg, 174 umol). The crude product was purified chromatographically
(RP, HPLC, H20+FA/MeCN+FA=7/3 over 2 CV, 7/3 to 5/95 over 10 CV, 5/95 over
2 CV with 18 mL/min): The desired product was isolated as a clear, sticky, gum-like
solid (56 mg, 120 ymol, 68% yield).

16 _0O
s O H ™ 17
9 18
,, 12
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% O Hio \
| 20
1 3 11 by

1H-NMR (600 MHz, CDCl3): & = 7.49-7.30 (m, 10H, H1-3+19-21), 7.05-6.98 (m, 2H,
H15), 6.89-6.83 (m, 2H, H14), 6.83-6.75 (m, 1H, NH), 5.13-4.99 (m, 2H, H9+17), 3.45-
3.38 (m, 3H, H7), 2.96-2.88 (m, 2H, H12), 2.36-2.31 (m, 1H, H11).

13C-NMR (151 MHz, CDCls): 5 = 165.5 (C8), 158.1 (C16), 137.1 (C5), 132.6, 130.8,
129.6, 128.7, 128.6, 128.1, 128.1, 127.6 (C1-3+13+15+19-21), 124.7 (C4), 122.8
(C18), 114.8 (C14), 83.9 (CB), 82.0 (C10), 72.7 (C11), 70.1 (C17), 55.1 (C7), 42.3 (C9),
40.3 (C12).

IR: v = 3400 (N-H), 3294 (=C-H), 1688 (C=0), 1510 (N-H deform.), 1155 (C-O-C), 712
(=C-H deform.).
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LC/MS (Method 3, 220 nm, ESI+): tr = 12.7 min, m/z: 485.2 [M+NH4*] (47), 468.2
[M+H"] (100).

HRMS (ESI+): C22H24F3NNaOs* [M+Na™] calc.: 490.1600 found: 490.1600.

149 (BNH-150) (R)-1-(4-(tert-Butoxy)phenyl)but-3-yn-2-amine

NaBH4 Reduction:
(R)-Fmoc-Tyr(tBu)-OH (10.0 g, 21.8 mmol) was dissolved in anh. THF (80 mL). The
solution was cooled to 0°C under N2. N-Methylmorpholine (99%, 2.67 mL, 26.1 mmol,

1.2 eq.) and isobutyl chloroformate (98%, 3.34 mL, 23.9 mmol, 1.1 eq.) were added
sequentially. The opaque mixture was stirred for 30 min at 0°C under N2. NaBH4
(2.47 g, 65.3 mmol, 3.0 eq.) was suspended in anh. THF/anh. MeOH (3/1, 40 mL)
at -94°C under N2. The opaque Tyr mixture was added to the NaBH4 suspension. The
resulting mixture was stirred for 45 min at -94°C under N2. The reaction was quenched
with AcOH/H20 (1/9, 100 mL) and warmed to RT. The organic solvents were removed
in vacuo. The mixture was extracted with EtOAc (3x50 mL) and the combined organic
extracts were washed with sat. NaHCOs3 (2x60 mL) and H20 (60 mL). The extracts
were dried (Na2S04) and conc. in vacuo. The desired alcohol was obtained as an off-
white, amorphous solid (9.52 g, 21.4 mmol, 98% yield). The crude product was used

without further purification. This procedure was adapted from the literature.326

DMP Oxidation:
The crude alcohol was dissolved in DCM (150 mL). H20 (771 L, 42.8 mmol, 2 eq.)
and DMP (9.98 g, 23.5 mmol, 1.1 eq.) were added. The mixture was stirred for 1 h at

RT and half of the DCM was removed under a stream of compressed air at RT.
Meanwhile a solution of Na2S203*5H20 (49 g, 200 mmol) and NaHCOs (38 g,
452 mmol) in H20 (500 mL) was prepared. The reaction mixture was diluted with MTBE
(100 mL) and the previously prepared solution (150 mL). The mixture was stirred for
30 min at RT. The phases were separated, and the aq. phase was extracted with
MTBE (2x100 mL). The combined organic phases were washed with sat. NaHCO3
(100 mL) and half-saturated brine (150 mL). The extracts were dried (Na2SO4) and
conc. in vacuo. The desired aldehyde was obtained as a colourless oil (9.02 g,
20.3 mmol, 95% yield). The crude product was used immediately (!) without further

purification. This procedure was adapted from the literature.3?’
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Ohira-Bestmann Homologation:

The Fmoc-protected a-amino alkyne 150 was synthesised according to general
procedure B from the previously prepared crude aldehyde (9.02 mg, 20.3 mmol), which
was added in anh. MeOH (50.0 mL) to the homologation reaction. The crude product

was used without further purification.

Reprotection:
The obtained residue was suspended in DCM (150 mL). DIPEA (3.94 mL, 30.5 mmol,

1.5 eq.) and Fmoc-ONSU (4.52 g, 13.4 mmol, 0.66 eq.) were added. The mixture was
stirred overnight at RT, was conc. in vacuo, and was suspended in EtOAc (150 mL).
The organic phase was washed with aq. HCI (1 M, 3x100 mL) and sat. NaHCOs
(100 mL). The combined organic extracts were dried (Na2S04) and conc. in vacuo. The
crude product was purified chromatographically (NP, EtOAc/Hex=5/95,
Rr(EtOAc/Hex=1/9)=0.17). The desired Fmoc-protected a-amino alkyne 150 was
obtained as an off-white, amorphous solid (2.23 g, 5.08 mmol, 25% yield rel. to the

respective aldehyde). This procedure was adapted from the literature.?”?

Deprotection:
Fmoc-protected a-amino alkyne 150 (2.23 g, 5.08 mmol) and octadecyl mercaptan

(14.6 g, 50.8 mmol, 10 eq.) were dissolved in THF (100 mL). DBU (76.0 uL, 508 pmol,
10 mol%) was added. The mixture was stirred for 1 h at RT. The mixture was conc. in
vacuo and purified chromatographically (Washed apolar impurities off with DCM, then
MeOH/DCM=2/98 Rr=0.12): The desired product was isolated as a pale-yellow oil
(1.06 g, 4.88 mmol, 96% yield and 22% yield over five steps). This procedure was

adapted from the literature.28

1H-NMR (600 MHz, CDCl3): & = 7.88 (bs, 2H, NH2), 7.19-7.13 (m, 2H, H5), 6.94-6.88
(m, 2H, H4), 4.10-3.97 (m, 1H, H8), 3.12-2.94 (m, 2H, HT), 2.42 (s, 1H, H10), 1.32 (s,
9H, H1).
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13C-NMR (151 MHz, CDCl3): & = 167.8 (C3), 154.8 (C6), 130.3 (C5), 124.3 (C4), 81.5
(C9), 78.6 (C2), 75.0 (C10), 44.3 (C8), 40.5 (C7), 29.0 (C1).

IR: v = 3285 (=C-H), 1505 (N-H deform.), 1160 (C-O-C), 895 (=C-H deform.).

LC/MS (Method 3, 220 nm, ESI+): tr = 7.4 min, m/z: 218.2 [M+H*] (71), 145.1
[M-C4HoO'] (100).

HRMS (ESI+): C14H20NO™ [M+H"] calc.: 218.1539 found: 218.1538.

152 (BNH-157) (S)-N-((R)-1-(4-(Benzyloxy)phenyl)but-3-yn-2-yl)-3,3,3-trifluoro-2-
methoxy-2-phenylpropanamide

This Mosher amide was synthesised according to general procedure F from a-amino
alkyne 146 (50.0 mg, 174 umol). The crude product was purified chromatographically
(RP, HPLC, H20+FA/MeCN+FA=7/3 over 2 CV, 7/3 to 5/95 over 10 CV, 5/95 over

2 CV with 18 mL/min): The desired product was isolated as a clear, sticky, gum-like

solid (58 mg, 125 ymol, 72% yield).
15
18
(), ~ 19
20
21

1

1H-NMR (600 MHz, CDCl3): & = 7.56-7.30 (m, 10H, H1-3+19-21), 7.25-7.19 (m, 2H,
H15), 7.04-6.98 (m, 1H, NH), 6.98-6.93 (m, 2H, H14), 5.10-4.99 (m, 3H, H9+17), 3.28
(s, 3H, H7), 3.05-2.94 (m, 2H, H12), 2.35-2.29 (m, 1H, H11).

13C-NMR (151 MHz, CDCls): 5 = 165.5 (C8), 158.2 (C16), 137.2 (C5), 132.2, 130.9,
129.7, 128.7, 128.7, 128.1, 127.9, 127.6 (C1-3+13+15+19-21), 124.8 (C4), 122.9
(C18), 114.9 (C14), 84.1 (C6), 82.0 (C10), 72.8 (C11), 70.1 (C17), 55.0 (C7), 42.8 (C9),
40.3 (C12).

IR: v = 3408 (N-H), 3294 (=C-H), 1687 (C=0), 1510 (N-H deform.), 1156 (C-O-C), 712
(=C-H deform.).
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LC/MS (Method 3, 220 nm, ESI+): tr = 12.7 min, m/z: 485.2 [M+NH4*] (39), 468.2
[M+H"] (100).

HRMS (ESI+): C2rH24F3NNaOs* [M+Na*] calc.: 490.1600 found: 490.1601.

154 (BNH-158) (S)-N-((R)-1-(4-(tert-Butoxy)phenyl)but-3-yn-2-yl)-3,3,3-trifluoro-2-

methoxy-2-phenylpropanamide

This Mosher amide was synthesised according to general procedure F from a-amino
alkyne 149 (50.0 mg, 230 umol). The crude product was purified chromatographically
(RP, HPLC, H20+FA/MeCN+FA=8/2 over 2 CV, 8/2 to 5/95 over 10 CV, 5/95 over
2 CV with 18 mL/min): The desired product was isolated as a clear, sticky, gum-like
solid (68 mg, 135 ymol, 58% yield).
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1H-NMR (600 MHz, CDCl3): & = 7.54-7.34 (m, 5H, H1-3), 7.21-7.13 (m, 2H, H14), 7.02-
6.91 (m, 3H, NH+H15), 5.09-4.97 (m, 2H, H9), 3.29-3.20 (m, 3H, H7), 3.08-2.94 (m,
2H, H12), 2.35-2.28 (m, 1H, H11), 1.33 (s, 9H, H18).

13C-NMR (101 MHz, CDCls): 5 = 165.5 (C8), 154.6 (C16), 132.2 (C4), 130.7 (C13),
130.2 (C14), 129.7 (C1), 128.7 (C2), 127.8 (C3), 125.2 (C5), 124.2 (C15), 84.0 (C6),
82.0 (C10), 78.5 (C17), 72.6 (C11), 55.0 (C7), 42.5 (C9), 40.4 (C12), 28.9 (C18).

IR: v = 3307 (=C-H), 2978 (CHs), 1687 (C=0), 1505 (N-H deform.), 1155 (C-O-C), 717
(=C-H deform.).

LC/MS (Method 3, 220 nm, ESI+): tr = 12.5 min, m/z: 451.2 [M+NH4*] (43), 434.2
[M+H*] (100).

HRMS (ESI+): C24H26F3NNaOs* [M+Na*] calc.: 456.1757 found: 456.1757.
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155 (BNH-159) (R)-N-((R)-1-(4-(tert-Butoxy)phenyl)but-3-yn-2-yl)-3,3,3-trifluoro-2-
methoxy-2-phenylpropanamide

This Mosher amide was synthesised according to general procedure F from a-amino
alkyne 149 (50.0 mg, 230 umol). The crude product was purified chromatographically
(RP, HPLC, H20+FA/MeCN+FA=8/2 over 2 CV, 8/2 to 5/95 over 10 CV, 5/95 over

2 CV with 18 mL/min): The desired product was isolated as a clear, sticky, gum-like
solid (67 mg, 154 ymol, 67% yield).
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1H-NMR (600 MHz, CDCls): 5 = 7.54-7.32 (m, 5H, H1-3), 7.02-6.94 (m, 2H, H14), 6.89-
6.82 (m, 2H, H15), 6.82-6.72 (m, 1H, NH), 5.10-4.98 (m, 1H, H9), 3.43-3.34 (m, 3H,
HT), 2.99-2.84 (m, 2H, H12), 2.36-2.27 (m, 1H, H11), 1.33 (s, 9H, H18).

13C-NMR (101 MHz, CDCl3): & = 165.5 (C8), 154.6 (C16), 132.5 (C4), 130.5 (C13),
130.2 (C14), 129.6 (C1), 128.7 (C2), 127.6 (C3), 125.1 (C5), 124.0 (C15), 83.9 (C6),
81.9 (C10), 78.5 (C17), 72.7 (C11), 55.1 (C7), 42.3 (C9), 40.4 (C12), 29.0 (C18).

IR: v = 3291 (=C-H), 2980 (CHs), 1674 (C=0), 1505 (N-H deform.), 1154 (C-O-C), 696
(=C-H deform.).

LC/MS (Method 3, 220 nm, ESI+): tr = 12.6 min, m/z: 451.2 [M+NH4*] (45), 434.2
[M+H*] (100).

HRMS (ESI+): C24H26F3NNaOs* [M+Na™] calc.: 456.1757 found: 456.1757.

95 (BNH-166) 3-((2R,5R,8R,11S,2)-11-(2-Amino-2-oxoethyl)-5-(4-aminobutyl)-2-
(4-hydroxybenzyl)-4,7,10-trioxo-1'H-3,6,9-triaza-1(4,1)-

triazolacycloundecaphane-8-yl)propanoic acid

Linear Pseudo Tetrapeptide:

This click cyclic tetrapeptide was synthesised according to general procedure D with
CTC resin (1.00 g, 1.55 mmol/g). The crude product was purified chromatographically
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(NP, TEA/MeOH/DCM=1/3/96, Rr=0.09): The desired azido tripeptide 163 was
obtained as an off-white, amorphous solid (1.25 g, 1.53 mmol, 99% yield). It was
coupled to the a-amino alkyne 149 in anh. MeCN. The desired pseudo tetrapeptide
166 was obtained as an off-white, amorphous solid (1.13 g, 1.12 mmol, 73% yield).

The crude product was used without further purification.

Click Cyclisation and Deprotection:

The pseudo tetrapeptide 166 (100 mg, 98.7 umol) was cyclised for 48 h and the crude
cyclisation product was deprotected. The crude deprotection product was purified
chromatographically (NP, HPLC, aq. NH4OAc (10 mM)/MeCN=5/95 to 95/5 over 14 CV
with 18 mL/min): The desired click cyclic tetrapeptide 95 was obtained as a white,

amorphous solid (27.9 mg, 50.0 pmol, 50% vyield rel. to the pseudo tetrapeptide 166).

@)
OH
O 6 17/8
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1

1H-NMR (600 MHz, DMSO-de): & = 8.99-8.81 (m, 1H, Glu-NH), 8.81-8.64 (m, 1H, H23),
8.60-8.42 (m, 1H, Tyr-NH), 8.29-8.10 (m, 1H, Lys-NH), 7.57 (s, 1H, Asn-NHz), 7.06 (d,
3J1020=7.9 Hz, 2H, H19), 6.92 (s, 1H, Lys-Hz), 6.65 (d, 3J1920=7.5 Hz, 2H, H20), 5.54-
5.40 (m, 1H, H16), 4.96-4.83 (m, 1H, H1), 4.09-3.91 (m, 2H, H5+10), 3.30-3.18 (m, 1H,
H17a), 3.13-2.92 (m, 5H, H2+14+17b), 2.30-1.80 (m, 4H, H6+7), 1.69-1.35 (m, 4H,
H11+13), 1.29-0.96 (m, 2H, H12).

13C-NMR (151 MHz, DMSO-ds): 8 = 171.1 (C4), 170.7 (C3), 170.59 (C8), 170.56 (C9),
166.0 (C15), 155.7 (C21), 151.2 (C22), 130.0 (C19), 128.6 (C18), 124.0 (C23), 114.9
(C20), 59.9 (C16), 56.1 (C5), 54.6 (C10), 49.4 (C1), 38.3 (C2), 33.3 (C17), 29.6 (C13),
28.2 (C6), 26.6 (C11), 22.1 (C12).

IR: v = 3426 (NH3*), 3287 (=C-H), 1656 (C=0), 1512 (N-H deform.), 1399 (CO in
CO0), 730 (=C-H).
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LC (Method 6, 220 nm): tr = 16.0 min.

HRMS (ESI+): C2sH3sNsO7* [M+H™] calc.: 559.2623 found: 559.2623.

148 (BNH-167) (9H-Fluoren-9-yl)methyl (S)-(1-(methoxy(methyl)amino)-1,5-

dioxo-5-(tritylamino)pentan-2-yl)carbamate

(S)-Fmoc-GIn(Trt)-OH (1.0 g, 1.64 mmol) was dissolved in DCM (20 mL). DIPEA
613 uL, 3.60 mmol, 2.2 eq.) and PyBOP (937 mg, 1.80 mmol, 1.1 eq.) were added.
The solution was stirred for 15 min at RT and N,O-Dimethylhydroxylamine HCI
(192 mg, 1.96 mmol, 1.2 eq.) was added. The solution was stirred overnight at RT. The
mixture was washed with aq. HCI (0.5 M, 3x100 mL) and sat. NaHCO3 (100 mL) The
mixture was dried (Na2SO4) and conc. in vacuo. The crude product was purified
chromatographically (NP, CHCIs): The desired product was obtained as a white,
amorphous solid (974 mg, 1.49 mmol, 91% vyield). This procedure was adapted from

the literature.?’" The spectroscopic data agrees with the literature.328

17

1H-NMR (400 MHz, DMSO-ds): & = 8.59 (s, 1H, 5-NH), 7.93-7.85 (m, 2H, H5), 7.78-
7.71 (m, 2H, H2), 7.69-7.57 (m, 1H, a-NH), 7.45-7.38 (m, 2H, H4), 7.36-7.30 (m, 2H,
H3), 7.30-7.22 (m, 6H, H17), 7.22-7.13 (m, 9H, H16+18), 4.49 (m, 1H, H10), 4.36-4.17
(m, 3H, H7+8), 3.66 (s, 3H, H21), 3.10 (s, 3H, H20), 2.44-2.26 (m, 2H, H12), 1.87-1.61
(m, 2H, H11).

13C-NMR (101 MHz, DMSO-ds): 8 = 171.2 (C13), 156.1 (C9), 144.9 (C15), 143.9 (C19),
143.8 (C1), 140.7 (CB), 128.5 (C16), 127.7 (C4), 127.5 (C17), 127.1 (C3), 126.3 (C18),
125.4 (C2), 120.1 (C5), 69.2 (C14), 65.7 (C7), 61.1 (C21), 50.5 (C10), 46.7 (C8), 32.4
(C12), 31.8 (C20), 26.9 (C11).
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IR: v = 3306 (N-H), 3051 (=C-H), 1715, 1653 (C=0), 1490 (ring vibr.), 1246 (C-O-C),
759, 740 (=C-H deform.).

LC/MS (Method 3, 220 nm, ESI+): tr = 13.7 min, m/z: 671.3 [M+NH4*] (43), 654.3
[M+H*] (100).

HRMS (ESI+): C41H3oN3NaOs* (M+Na™*) calc.: 676.2782 found: 676.2782.

151 (BNH-169) (S)-4-Amino-N-tritylhex-5-ynamide

Reduction Homologation Sequence:

This a-amino alkyne was synthesised according to general procedure B from
(S)-Fmoc-GIn(Trt)-OH (8.4 g, 13.8 mmol). The reduction yielded a mixture (8.81 g) of
the desired aldehyde and starting material. The crude aldehyde was added in
anh. MeOH (56.0 mL) to the homologation reaction. The crude product was used

without further purification.

Reprotection:
The obtained residue was suspended in DCM (140 mL). DIPEA (2.40 mL, 13.8 mmol,

1.0 eq. rel. to acid) and Fmoc-ONSU (2.32 g, 6.88 mmol, 0.50 eq. rel. to acid) were
added. The mixture was stirred overnight at RT. The mixture was conc. in vacuo and
suspended in EtOAc (50 mL). The organic phase was washed with ag. HCI (1 M,
50 mL) and sat. NaHCOs3 (50 mL). The combined organic extracts were dried (Na2S0a4)
and conc. in vacuo. The crude product was purified chromatographically (NP,
EtOAc/Hex=2/8, Rr(EtOAc/Hex=3/7)=0.32). The desired Fmoc-protected a-amino
alkyne was obtained with impurities (2.55 g). This procedure was adapted from the

literature.2"

Deprotection:
Fmoc-protected a-amino alkyne (2.55 g, 4.32 mmol assuming 100% purity) and

octadecylmercaptan (12.4 g, 43.2 mmol, 10 eq.) were dissolved in THF (100 mL). DBU
(64.6 uL, 432 pymol, 10 mol%) was added. The mixture was stirred for 1 h at RT. The
mixture was conc. in vacuo and purified chromatographically (Washed apolar
impurities off with DCM, then MeOH/DCM=3/97 Rr(MeOH/DCM=5/95)=0.33): The
desired a-amino alkyne 151 was isolated as a white, amorphous solid (541 mg,
1.47 mmol, 10% yield over four steps). This procedure was adapted from the

literature.286
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1H-NMR (600 MHz, CDsOD): & = 8.51 (s, 1H, a-NH), 7.33-7.20 (m, 15H, H1-3), 4.03-
3.90 (m, 1H, H9), 3.21-3.17 (m,1H, H11), 2.72-2.60 (m, 2H, H7), 2.12-1.83 (m, 2H,
H8).

13C-NMR (151 MHz, CDsOD): & = 173.5 (C6), 145.9 (C4), 130.0 (C3), 128.7 (C2),
127.8 (C1), 79.8 (C10), 77.9 (C11), 71.7 (C5), 43.4 (C9), 33.1 (C7), 30.4 (C8).

IR: v = 3274 (=C-H), 1641 (C=0), 1531 (N-H deform.), 1490 (ring vibration), 764, 698
(=C-H deform.).

LC/MS (Method 2, 220 nm, ESI+): tr = 5.7 min, m/z: 369.2 [M+H"] (100).

HRMS (ESI-): C2sH2sN20* [M+H"] calc.: 369.1961 found: 369.1961.

136 (BNH-170) (2R,3S)-2-Azido-3-(tert-butoxy)butanoic acid

This a-azido acid was synthesised according to general procedure C from
(2R,3S)-H2N-Thr(tBu)-OH (9.90 g, 56.5 mmol). The crude product was purified
chromatographically (NP, AcOH/EtOAc/Hex=1/9/90, Rr(AcOH/EtOAc/Hex=1/19/80)=
0.15, stain: bromocresol green): The desired product was obtained as a white,

amorphous solid (11.3 g, 55.9 mmol, 99% vyield).

O
£35\ig\oH
oM 4
TH-NMR (400 MHz, CDCls): & = 9.92 (bs, 1H, COOH), 4.23-4.09 (m, 1H, H3), 3.75-
3.59 (m, 1H, H5), 1.30-1.25 (m, 3H, H4), 1.21 (s, 9H, H1).

13C-NMR (101 MHz, CDCls): 8 = 173.9 (CB), 75.6 (C2), 68.8 (C3), 66.2 (C5), 28.3 (C1),
20.1 (C4).
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IR: v = 2977 (C-H), 2117 (-N3), 1718 (C=0), 1230 (C-O-C).

LC/MS (Method 2, 220 nm, ESI-): tr = 6.7 min, m/z: 401.2 [M+M-H*] (100), 199.9
[M-H*] (72).

HRMS (ESI-): CsH14N3O3" [M-H*] calc.: 200.1041 found: 200.1040.

138 (BNH-171) Methyl ((2R,3S)-2-azido-3-(tert-butoxy)butanoyl)-L-alaninate

This azido dipeptide was synthesised according to general procedure E from a-azido
acid 136 (100 mg, 497 umol). The crude product was purified chromatographically
(RP, HPLC, H20+FA/MeCN+FA=95/5 over 2 CV, 95/5 to 5/95 over 10 CV, 5/95 over

2 CV with 18 mL/min): The desired product was obtained as a white, amorphous solid

(118 mg, 412 umol, 83% yield).
6 NJ\WO ’

1H-NMR (600 MHz, CDCls): & = 7.33-7.19 (m, 1H, NH), 4.57-4.49 (m, 1H, H7), 3.93-
3.87 (m, 1H, H3), 3.87-3.82 (m, 1H, H5), 3.70 (s, 3H, H10), 1.42-1.34 (m, 3H, H8),
1.23-1.09 (m, 12H, H1+4).

\\
O\

13C-NMR (151 MHz, CDCls): 5 = 172.9 (C9), 167.7 (C8), 75.3 (C2), 68.2 (C3), 67.7
(C5), 52.4 (C10), 48.1 (C7), 28.2 (C1), 19.1 (C4), 18.5 (C8).

IR: v = 3302 (N-H), 2978 (CHs), 2104 (-N3), 1741, 1654 (C=0), 1210 (C-O-C).

LC/MS (Method 2, 220 nm, ESI+): tr = 7.6 min, m/z: 309.1 [M+Na*] (13), 287.1 [M+H"]
(6), 231.0 [M-C4H7] (100).

HRMS (ESI+): C12H22N4NaO4* [M+Na*] calc.: 309.1533 found: 309.1533.

156 (BNH-175) (S)-4-((S)-3,3,3-Trifluoro-2-methoxy-2-phenylpropanamido)-N-
tritylhex-5-ynamide

This Mosher amide was synthesised according to general procedure F from a-amino

alkyne 151 (50 mg, 136 uymol). The crude product was purified chromatographically
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(RP, HPLC, H20+FA/MeCN+FA=6/4 over 2 CV, 6/4 to 5/95 over 10 CV, 5/95 over
2 CV with 18 mL/min): The desired product was isolated as a clear, sticky, gum-like
solid (63 mg, 90.7 ymol, 66% yield).

1H-NMR (600 MHz, CDCls): & = 7.55-7.48 (m, 2H, H2), 7.45-7.40 (m, 1H, H1),
7.40-7.33 (m, 2H, H3), 7.31-7.27 (m, 6H, H18), 7.27-7.24 (m, 3H, H19), 7.22-7.16 (m,
6H, H17), 6.67 (s, 1H, 5-NH), 4.82-4.72 (m, 1H, H9), 3.40 (s, 3H, H7), 2.47-2.36 (m,
1H, H13a), 2.36-2.27 (m, 2H, H13b+11), 2.08-1.92 (m, 2H, H12).

13C-NMR (151 MHz, CDCl3): & = 170.6 (C14), 166.0 (C8), 144.7 (C16), 132.7 (C5),
129.6 (C4), 128.8 (C3), 128.71 (C1), 128.65 (C17), 128.1 (C18), 127.5 (C2), 127.1
(C19), 83.8 (C6), 81.6 (C10), 72.5 (C1), 70.8 (C15), 55.1 (C7), 41.0 (C9), 33.5 (C13),
30.8 (C12).

IR: v = 3415 (N-H), 3298 (=C-H), 3057 (=C-H), 1668 (C=0), 1490 (ring virb.), 1155
(C-O-C), 766 (=C-H).

LC/MS (Method 2, 254 nm, ESI+): tr = 11.8 min, m/z: 607.3 [M+Na*] (65), 585.4
[M+H"] (33), 243.0 [Trt*] (100).

HRMS (ESI+): CssH3s1FsN2NaOs*™ [M+Na*] calc.: 607.2179 found: 607.2176.

157 (BNH-176) (S)-4-((R)-3,3,3-Trifluoro-2-methoxy-2-phenylpropanamido)-N-
tritylhex-5-ynamide

This Mosher amide was synthesised according to general procedure F from a-amino
alkyne 151 (50 mg, 136 uymol). The crude product was purified chromatographically
(RP, HPLC, H20+FA/MeCN+FA=6/4 over 2 CV, 6/4 to 5/95 over 10 CV, 5/95 over
2 CV with 18 mL/min): The desired product was isolated as a white, amorphous solid
(54 mg, 92.4 ymol, 68% yield).
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1H-NMR (600 MHz, CDCls): & = 7.55-7.50 (m, 2H, H2), 7.45-7.39 (m, 3H, H1+3), 7.32-
7.27 (m, 6H, H18), 7.27-7.23 (m, 3H, H19), 7.23-7.18 (m, 6H, H17), 6.79 (s, 1H, 5-NH),
4.82-4.73 (m, 1H, H9), 3.30 (s, 3H, H7), 2.54-2.37 (m, 2H, H13), 2.34-2.29 (m, 1H,
H11), 2.15-1.98 (m, 2H, H12).

13C-NMR (151 MHz, CDCl3): & = 170.7 (C14), 165.9 (C8), 144.7 (C16), 132.0 (C5),
129.7 (C4), 128.8 (C1), 128.71 (C3), 128.65 (C17), 128.1 (C2), 128.0 (C18), 127.1
(C19), 84.1 (C6), 81.8 (C10), 72.3 (C11), 70.8 (C15), 55.0 (C7), 41.1 (C9), 33.5 (C13),
31.0 (C12).

IR: v = 3298 (=C-H), 1668 (C=0), 1490 (ring vibr.), 1154 (C-O-C), 765 (=C-H).

LC/MS (Method 2, 254 nm, ESI+): tr = 11.8 min, m/z: 607.3 [M+Na*] (47), 585.4
[M+H"*] (27), 243.0 [Trt*] (100).

HRMS (ESI+): CssH3z1F3N2NaOs*™ [M+Na*] calc.: 607.2179 found: 607.2176.

96 (BNH-177) 2-((11R,2R,5R,8R,11R,Z)-5-((1H-Indol-3-yl)methyl)-2-(3-amino-3-
oxopropyl)-11-((S)-1-hydroxyethyl)-4,7,10-trioxo-1'H-3,6,9-triaza-1(4,1)-

triazolacycloundecaphane-8-yl)acetic acid

Linear Pseudo Tetrapeptide:

This click cyclic tetrapeptide was synthesised according to general procedure D with
CTC resin (1.00 g, 1.55 mmol/g). The crude product was purified chromatographic-ally
(NP, TEA/MeOH/DCM=1/1/98 to 1/3/96, Rr(TEA/MeOH/DCM= 1/3/96)=0.25): The
desired azido tripeptide 164 was obtained as an off-white, amorphous solid (921 mg,
1.40 mmol, 90% yield). It was coupled to the a-amino alkyne 151 in anh. MeCN,
yielding the desired pseudo tetrapeptide 167 was obtained as a white, amorphous solid
(1.13 g, 1.16 mmol, 82% yield). The crude product was used without further

purification.
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Click Cyclisation and Deprotection:

The pseudo tetrapeptide 167 (100 mg, 99.1 umol) was cyclised for 72 h. The crude
cyclisation product was deprotected. The crude deprotection product was purified
chromatographically (NP, HPLC, aq. NH4OAc (10 mM)/MeCN=5/95 over 5 CV, 5/95 to
6/4 over 10 CV, 6/4 to 95/5 over 2 CV with 18 mL/min): The desired click cyclic
tetrapeptide 96 was obtained as a white, amorphous solid (11.5 mg, 20.7 ymol, 20%
yield rel. to pseudo tetrapeptide 167).

H,N-3% 21 N=N

1H-NMR (600 MHz, DMSO-ds): & = 12.44 (bs, 1H, COOH), 10.77 (s, 1H, Trp-5-NH),
8.40-8.26 (m, 1H, Gln-a-NH), 8.18-7.98 (m, 1H, H25), 7.72 (bs, 1H, Asp-NH), 7.58-
7.44 (m, 1H, H17), 7.38-7.26 (m, 1H, H14), 7.19 (s, 1H, GIn-5-NHz), 7.12-7.00 (m, 2H,
H12+15), 7.00-6.91 (m, 1H, H16), 6.71 (s, 1H, Trp-a-NH), 5.65 (bs, 1H, Thr-OH), 5.14-
5.02 (m, 1H, H20), 4.93-4.78 (m, 1H, H1), 4.52-4.41 (m, 1H, H2), 4.41-4.29 (m, 1H,
H5), 3.21-3.07 (m, 1H, HBa), 2.83-2.67 (m, 1H, HBb), 2.36-2.25 (m, 1H, H21a), 2.25-
2.13 (m, 2H, H22), 2.00-1.87 (m, 1H, H21b), 1.21 (bs, 3H, H3).

13C-NMR (151 MHz, DMSO-ds): & = 173.6 (C23), 171.1 (C19), 165.2 (C4), 150.1 (C24),
135.9 (C13), 127.2 (C18), 122.7 (C12), 121.4 (C25), 120.9 (C15), 118.21 (C16),
118.18 (C17), 111.2 (C14), 109.8 (C11), 72.6 (C1), 63.6 (C2), 53.5 (C5), 45.8 (C20),
31.8 (C22), 26.5 (C6), 25.2 (C21), 20.1 (C3).

IR: v = 3426 (O-H), 3291 (N-H), 1652 (C=0), 1527 (N-H deform.), 730 (=C-H).
LC/MS (Method 2, 220 nm, ESI+): tr = 4.3 min, m/z: 555.3 [M+H*] (100).

HRMS (ESI+): C2sH30NsNaO7* [M+Na*] calc.: 577.2130 found: 577.2129.

246



171 (BNH-178) (R)-4-(((R)-1-(((S)-6-Amino-6-oxohex-1-yn-3-yl)amino)-3-(1H-
indol-3-yl)-1-oxopropan-2-yl)amino)-3-((2R,3S)-2-azido-3-hydroxybutanamido)-

4-oxobutanoic acid

This unprotected, linear pseudo tetrapeptide was synthesised from the protected
pseudo tetrapeptide 167 (100 mg, 99.1 pmol) according to the deprotection protocol in
general procedure D. The crude product was purified chromatographically (NP, HPLC,
aqg. NH4OAc (10 mM)/MeCN=5/95 over 5 CV, 5/95 to 6/4 over 10 CV, 6/4 to 95/5 over
3 CV, 95/5 over 2 CV with 18 mL/min). The desired product was obtained as white,
amorphous solid (26.0 mg, 46.9 pmol, 47% yield).

1H-NMR (600 MHz, DMSO-de): & = 10.79 (s, 1H, Trp-6-NH), 8.48-8.39 (m, 1H, Asp-
NH), 8.39-8.32 (m, 1H, GIn-NH), 8.10-8.01 (m, 1H, Trp-a-NH), 7.63-7.55 (m, 1H, H13),
7.35-7.29 (m, 1H, H16), 7.25 (bs, 1H, GIn-a-NH), 7.15-7.10 (m, 1H, H18), 7.09-7.02
(m, 1H, H15), 7.00-6.94 (m, 1H, H14), 6.73 (bs, 1H, GIn-5-NHz), 4.65-4.56 (m, 1H, H5),
4.56-4.46 (m, 1H, H20), 4.46-4.39 (m, 1H, H9), 3.94-3.85 (m, 1H, H2), 3.52-3.46 (m,
1H, H3), 3.20-3.16 (m,1H, H25), 3.14-3.06 (m, 1H, H10a), 2.99-2.90 (m, 1H, H10b),
2.72-2.63 (m, 1H, HBa), 2.51-2.43 (m, 1H, H6b), 2.11-2.05 (m, 2H, H22), 1.79-1.67 (m,
2H, H21), 1.04-0.99 (m, 3H, H1).

13C-NMR (151 MHz, DMSO-de): & = 173.4 (C23), 171.9 (C7), 170.5 (C19), 170.2 (C8),
168.1 (C4), 136.0 (C17), 127.2 (C12), 123.5 (C18), 120.8 (C15), 118.4 (C13), 118.2
(C14), 111.2 (C16), 109.7 (C11), 83.7 (C24), 73.2 (C25), 67.3 (C2), 67.2 (C3), 53.8
(C9), 49.5 (C5), 40.0 (C20), 36.5 (CB), 31.2 (C22), 30.6 (C21), 27.7 (C10), 19.9 (C1).

IR: v = 3260 (=C-H), 2111 (-N3), 1651 (C=0), 1515 (N-H), 1393 (CO in COO"), 1231
(C-N), 1096 (C-O), 744 (=C-H).
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LC (Method 6, 220 nm): tr = 8.6 min.

HRMS (ESI+): C2sH3soNsNaO7* [M+Na*] calc.: 577.2130 found: 577.2129.

170 (BNH-179) (R)-5-(((R)-6-Amino-1-(((R)-1-(4-hydroxyphenyl)but-3-yn-2-
yl)Jamino)-1-oxohexan-2-yl)Jamino)-4-((S)-4-amino-2-azido-4-oxobutanamido)-5-

oxopentanoic acid

This unprotected, linear pseudo tetrapeptide was synthesised from the protected
pseudo tetrapeptide 166 (100 mg, 98.7 pymol) according to the deprotection protocol in
general procedure D. The crude product was purified chromatographically (NP, HPLC,
aqg. NH4OAc (10 mM)/MeCN=5/95 over 2 CV, 5/95 to 95/5 over 10 CV, 95/5 over 2 CV
with 18 mL/min). The desired product was obtained as a white, amorphous solid
(28.0 mg, 50.1 uymol, 50% vyield).

HO.__O
S\E
7
0O 6
9

NH,

TH-NMR (600 MHz, DMSO-ds): & = 9.44-9.30 (m, 1H, Lys-a-NH), 8.28-8.07 (m, 2H,
Tyr-NH+GIu-NH), 7.69-7.54 (m, 1H, Asn-y-NH?2), 7.13-6.95 (m, 3H, Lys-e-NH2+H19),
6.72-6.59 (m, 2H, H20), 4.64-4.50 (m, 1H, H3), 4.35-4.25 (m, 1H, H16), 4.23-4.07 (m,
2H, H5+10), 3.10-3.07 (m, 1H, H23), 2.77-2.56 (m, 6H, H2+14+17), 2.22-2.04 (m, 2H,
HT7), 1.95-1.75 (m, 2H, H6), 1.65-1.38 (m, 4H, H11+13), 1.38-1.19 (m, 2H, H12).

13C-NMR (151 MHz, DMSO-ds): & = 176.3 (C8), 170.8 (C4), 170.7 (C9), 170.5 (C1),
169.2 (C15), 156.1 (C21), 130.2 (C19), 127.0 (C18), 114.9 (C20), 83.5 (C22), 73.5
(C23), 59.1 (C16), 53.6 (C5), 52.5 (C10), 42.1 (C3), 40.2 (C2), 38.5 (C14), 36.7 (C17),
33.4 (C7), 30.7 (C11), 27.7 (CB), 27.2 (C13), 22.3 (C12).

IR: v = 3271 (2C-H), 2412 (O-H), 2113 (-N3), 1629 (C=0), 1537, 1513 (N-H deform.),
1396 (CO in COO"), 1231 (C-N).

LC (Method 6, 220 nm): tr = 13.3 min.
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HRMS (ESI+): CasHasNsO7* [M+H*] calc.: 559.2623 found: 559.2620.

169 (BNH-180) (R)-5-(((R)-6-Amino-1-(((R)-1-(4-(benzyloxy)phenyl)but-3-yn-2-
yl)amino)-1-oxohexan-2-yl)amino)-4-((S)-4-amino-2-azido-4-oxobutanamido)-5-

oxopentanoic acid

This unprotected, linear pseudo tetrapeptide was synthesised from the protected
pseudo tetrapeptide 165 (100 mg, 95.5 pmol) according to the deprotection protocol in
general procedure D. The crude product was purified chromatographically (NP, HPLC,
aq. NH4OAc (10 mM)/MeCN=5/95 over 2 CV, 5/95 to 95/5 over 10 CV, 95/5 over 2 CV

with 18 mL/min). The desired product was obtained as white, amorphous solid

(24.0 mg, 37.0 umol, 38% vyield).
\Q )
22 ~ 25
24
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1H-NMR (600 MHz, DMSO-ds): & = 9.44-9.27 (m, 1H, Lys-a-NH), 8.31-8.19 (m, 1H,
Tyr-NH), 8.19-8.09 (m, 1H, Glu-NH), 7.70-7.56 (m, 1H, Asn-y-NH2), 7.47-7.41 (m, 2H,
H24), 7.41-7.35 (m, 2H, H25), 7.35-7.29 (m, 1H, H26), 7.19-7.12 (m, 2H, H19),
7.11-7.03 (m, 1H, Lys-e-NH2), 6.95-6.87 (m, 2H, H20), 5.06 (s, 2H, H22), 4.66-4.55 (m,
1H, H3), 4.35-4.27 (m, 1H, H16), 4.32-4.10 (m, 2H, H5+10), 3.13-3.07 (m, 1H, H28),
2.87-2.57 (m, 6H, H2+14+17), 2.26-2.04 (m, 2H, H7), 1.96-1.77 (m, 2H, H6), 1.69-1.41
(m, 4H, H11+13), 1.41-1.13 (m, 2H, H12).

13C-NMR (151 MHz, DMSO-ds): 5 = 176.1 (C8), 170.9 (C4), 170.7 (C9), 170.6 (C1),
169.3 (C15), 157.1 (C21), 137.2 (C23), 130.4 (C19), 129.3 (C18), 128.4 (C25), 127.7
(C26), 127.6 (C24), 114.4 (C20), 83.3 (C27), 73.8 (C28), 69.1 (C22), 59.1 (C16), 53.6
(C5) 52.5 (C10), 42.1 (C3), 40.1 (C2), 38.5 (C14), 36.8 (C17), 33.1 (C7), 30.6 (C11),
27.5 (C6), 27.0 (C13), 22.3 (C12).

IR: v = 3276 (=C-H), 3063 (=C-H), 2115 (-N3), 1632 (C=0), 1513 (N-H deform.), 1393
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(C-N), 1243 (C-O-C).
LC/MS (Method 2, 254 nm, ESI+): tr = 5.4 min, m/z: 649.4 [M+H*] (100).
HRMS (ESI+): CazHaoNsNaO7* [M+Na*] calc.: 671.2912 found: 671.2912.

3.4 Biochemical Assays

All biological tests were performed by Lead Discovery Center in Dortmund. A detailed
description of the assay procedures is included here for completeness. Upon arrival

each compound was dissolved in DMSO and stored at RT.

The nucleotide exchange assay protocol was copied, with slight modifications, from
BENARY et al. in 2025.49

Nucleotide Exchange Assay

Inactive, GDP-bound K-RAS is incubated with SOS1 and GTP. K-RAS is transferred
to its active GTP-bound state which leads to a release of GDP. The K-RAS bound GTP
is hydrolysed to GDP even in the absence of the corresponding GAP protein. In the
GDP GloBioluminescent GDP detection assay for glycosyltransferases (Promega,
Madison, WI, USA) used, GDP is converted to ATP which can be quantified using a
luciferase/luciferin reaction. The resulting luminescence signal is then measured with
a suitable microplate reader. This assay was developed for K-RAS wild type protein as
well as for the G12D and G12V mutant. For every sample, 5 uL K-RAS working solution
in assay buffer (50 mM HEPES pH 7.5,4 mM MgCI2, 2 mM EGTA, 0.01% Brij35, 1 mM
TCEP) were transferred into a suitable assay plate (e. g. Greiner #784075). The test
compound was added with an echo acoustic dispenser (Beckman Coulter, Brea, CA,
USA) in a concentration range from 3000 pM to 3 uM (8-point dilution). After addition
of the test compound 5 pL of SOS1-GTP mix in assay buffer were added. The reaction
mix was incubated overnight at room temperature followed by the addition of 10 uL
GPD detection reagent. After a second incubation period of 1 h at room temperature
the luminescence signal was measured with an Envision spectrophotometer (Perkin
Elmer, Waltham, MA, USA). ICso values were determined from the sigmoidal dose
response curves with the software Quattro Workflow (Quattro GmbH, Munich,
Germany). To filter out compounds which interfere with the nucleotide exchange assay
independent from K-RAS and SOS1, a control assay was developed. For this, GDP
was titrated and detected with the GDP Glo bioluminescent GDP detection assay for
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glycosyltransferases (Promega, Madison, WI, USA) to generate a luminescence signal
comparable to the positive control of the nucleotide exchange assay. Compounds were
checked for assay interference by performing dose response curves in the same
concentration range as for the nucleotide exchange assay. For every sample,10 uL
GDP (125 nM final assay concentration) in assay buffer (50 mM HEPES pH 7.5, 4 mM
MgCl2, 2 mM EGTA, 0.01% Brij35, 1 mM TCEP) was transferred into a suitable assay
plate (e. g. Greiner #784075). The test compound was added with an echo acoustic
dispenser (Beckman Coulter, Brea, CA, USA) in a concentration range from 3000 uyM
to 3 uM (8-point dilution). The reaction mix was incubated over night at room
temperature followed by the addition of 10 uL GPD detection reagent. After a second
incubation period of 1 h at room temperature the luminescence signal was measured
with an Envision spectrophotometer (Perkin Elmer, Waltham, MA, USA). ICso values
were determined from the sigmoidal dose response curves with the software Quattro
Work-flow (Quattro GmbH, Munich, Germany).

The CellTiter-Glo assay protocol was copied, with slight modifications, from JEUKEN et
al. in 2022.%

CellTiter-Glo Assay

The CellTiter-Glo Luminescent Cell Viability Assay (Promega) is a homogeneous
method of determining the number of viable cells in culture. It is based on quantification
of ATP, indicating the presence of metabolically active cells. On day 1 25 L of the cell
suspension are seeded at a cell number that assure assay linearity and optimal signal
intensity. After incubation for 24 h at 37°C/5% CO2-compounds dissolved in DMSO are
added at different concentrations by Echo Liquid Handling Technology. Cells are
further incubated in humidified chambers for 72 h at 37°C and 5% CO:. Cells treated
with the compound vehicle DMSO are used as positive controls and cells treated with
10 uM staurosporine serve as negative controls. At day 5-72 h after compound
addition - the CellTiter Glo Reagent is prepared according to the instructions of the kit
(Promega Inc.). Thereon, mixture and assay plates are equilibrated at room
temperature for 20 min. Equal volumes of the reagent-medium-mixture is added to the
volume of culture medium present in each well. The plates are mixed at ~300 rpm for
2 minutes on an orbital shaker. The microplates are then incubated at room

temperature for 10 minutes for stabilization of the luminescent signal. Following
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incubation, the luminescence is recorded on a Victor microplate reader (Perkin Elmer)
using a 200 ms integration time. The data is then analysed with Excel using the XLFIT
Plugin (dose response Fit 205) for |ICso-determination. As quality control the Z'-factor
is calculated from 16 positive and negative control values. Only assay results showing

a Z'-factor 20.5 are used for further analysis.
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4 Abbreviations

AA
AcOH
Al
ASL
CADD

CataCXium® PtB

CCF

CDI

CPC

CRD

CTC
CuAAC
Ccv
DARPiIn
DBU

DCM
AGbind
Cyctetpep
Cyctripep
DARPins
DIBAL-H
DIC
DIPEA
DMA
DMAP
DMF

DMP
DMTMM BF4

dppf
ECFP
EDCI
EDTA
EGFR
ESI
eq.
FA
FDA
Fmoc-ONSU
GDP
GEF
GTP
GUI
h
HATU

HBA
HBD

Amino acid

Acetic acid

Artificial intelligence

Atom selection language

Computer-Aided Drug Design
2-(Di-tert-butyl-phosphino)-1-phenyl-1H-pyrrole
Cyclopentyl chloroformate
1,1'-Carbonyldiimidazole

Cyclopentyl carbamate

Cysteine-rich domain

2-Chlorotrityl chloride

Cu-catalysed azide-alkyne cycloaddition
Column volume or cross validation

Designed ankyrin repeat protein
1,8-Diazabicyclo[5.4.0]undec-7-ene
Dichloromethane

Binding free energy

Cyclic tetrapeptides

Cyclic tripeptides

Designed ankyrin repeat proteins
Diisobutylaluminium hydride
N,N*-Diisopropylcarbodiimide

N, N-Diisopropylethylamine
N,N-Dimethylacetamide
4-Dimethylaminopyridine
N,N-Dimethylformamide

Dess-Martin periodinane
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium
tetrafluoroborate
1,1’-bis(diphenylphosphino)ferrocene

Extended connectivity fingerprint or Morgan fingerprint
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
Ethylenediaminetetraacetate

Epithelial growth factor receptor

Electrospray ionisation

Equivalents

Formic acid

Food and drug administration
N-(9-Fluorenylmethoxycarbonyloxy)succinimide
Guanosine 5'-diphosphate

Guanine nucleotide exchange factor
Guanosine 5'-triphosphate

Graphical user interface

Hours
1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium 3-oxide hexafluorophosphate
Hydrogen bond acceptors

Hydrogen bond donors
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Hex
HILIC
HOBt
HPLC
HVR
Hz
ICs0
iPrOH
J

Kb
KRAS
KNN
LDC
MAPK
MBMB
MC
MCF
MDS
MeCN
MM
MMGBSA
ML

ms
MSA
MTBE
mTORC2
Mw
nM
NRB
tr
LC/MS
MeOH
min
NBS
NF1
NIS
NMM
PEG200
PIP
PIP2
PIP;
PI3K
PMI
PPI
PPII

ppm
PyBOP

pAKT
pERK

Cyclohexane

Hydrophilic Interaction Liquid Chromatography
Hydroxybenzotriazole

High performance liquid chromatography
Hypervariable region

Hertz

Half-maximal inhibitory concentration
Isopropanol

Coupling constant

Dissociation constant

Kirsten rat sarcoma virus GTPase

K-nearest neighbours

Lead Discovery Center

Mitogen-activated protein kinase

Methyl 4-(bromomethyl)-3-methoxybenzoate
Methyl carbamate

Methyl chloroformate

Molecular dynamics simulation

Acetonitrile

Micromolar

Molecular mechanics generalized born surface area
Microliter

Milliseconds

Methanesulfonamide

Methyl tert-butyl ether

Mammalian target of rapamycin complex 2
Molecular weight

Nanomolar

Number of rotatable bonds

Retention time

Liquid chromatography mass spectrometry
Methanol

Minutes

N-Bromosuccinimide

Neurofibromin

N-lodosuccinimide

N-Methylmorpholine

Polyethylene glycol with mean molar mass of 200 g/mol
Piperidine
Phosphatidylinositol-4,5-bisphosphate
Phosphatidylinositol (3,4,5)-trisphosphate
Phosphoinositide 3-kinase

Principal moment of inertia

Protein-protein interaction

Protein-protein interaction inhibitor

parts per million
Benzotriazol-1-yloxytripyrrolidinophosphonium
hexafluorophosphate

Phosphorylated AKT

Phosphorylated ERK
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QSAR
RAF
RAL
RALGDS
RBD
RF

Rr
RMSE
RO5
RO4
SAR
SOS
SPPS
SVR
tAKT
TBAC
TBAI
TBHP
TBTA
TEA
tERK
Tf
TFA
THF
TIPS
TLC
TMP
TMS
TSA
t-SNE

Quantitative structure activity relationship
Rapidly accelerated fibrosarcoma kinase
RAS-like GTPase

RAS-like guanine nucleotide dissociation stimulator protein
RAS binding domain

Random forest

Retardation factor

Root mean square error

Lipinski’s rule of five

Rule of four

Structure activity relationship

Son of Sevenless

Solid-phase peptide synthesis

Support vector

Total AKT

Tetrabutylammonium chloride
Tetrabutylammonium iodide

t-Butyl hydroperoxide
Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyllamine
Triethylamine

Total ERK

Triflyl, trifluoromethyl

Trifluoroacetic acid

Tetrahydrofurane

Triisopropyl silane

Thin layer chromatography
2,2,6,6-Tetramethylpiperidine
Trimethylsilyl

o-Toluenesulfonamide

t-Distributed stochastic neighbour embedding
Wavenumber
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6 Appendix

Figure 65: Predicted binding poses of biazoles 14, 23, 58, 59, 61, 62, as well as of zafirlukast
derivatives 38, and 40 at P1 in 6ZL5.




Figure 66: Predicted binding poses of zafirlukast derivatives 41-45, 47, 48, and 56 at P1 in 6ZL5.




Figure 67: Predicted binding poses of zafirlukast derivatives 49 and 50 at P1 in 6ZL5.
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