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Meinen Eltern fiir ihre

immerwdhrende Unterstiitzung

»Il semble que la perfection soit atteinte non quand il n’y a plus rien a ajouter,

mais quand il n’y a plus rien a retrencher.“

(It seems that perfection is attained not when there is nothing more to add, but when there is nothing more to remove.)

- Antoine de Saint-Exupéry (1900 - 1944)
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Abstract / Zusammenfassung I

Abstract / Summary of the thesis

Abberrant activity of glycogen synthase kinase 33 (GSK3p) has been implicated in the
pathogenesis of neurodegenerative diseases like Alzheimer’s disease (AD). On top of
that, the kinase has been linked to a plethora of other pathological conditions like cancer,
diabetes, bipolar disorders, schizophrenia and osteoporosis. The main aim of this thesis
was the design and synthesis of novel GSK3p inhibitors exerting a possible positive effect
on a variety of neurodegenerative diseases. As a secondary objective, the synthesis of
dual targeting GSK3p/p38a mitogen-activated protein kinase (MAPK) inhibitors was
pursued. The p38a MAPK is involved in proinflammatory processes and has therefore
also emerged as a potential target for the treatment of neurodegenerative diseases.
Inhibition of both kinases may have synergistic beneficial effects on the progression of
many neurodegenerative diseases due to the pivotal impact of the two enzymes on the
underlying disease mechanism and neuroinflammation. The first project of this thesis
consisted of the optimization of a Tofacitinib-derived high throughput screening hit
against GSK3p. Starting from the hit scaffold, a variety of more flexible derivatives were
synthesized and investigated for their ability to inhibit the target kinase. In a second
approach, dual GSK3p/p38a MAPK inhibiting pyridinylimidazole-based screening hits
were optimized towards their inhibitory balance, metabolic stability and CNS penetration.
The best dual inhibitor of the series inhibited GSK3f and p38a MAPK in the low double
digit nanomolar range with a GSK3p/p38a MAPK ratio of 2.2 and displayed metabolic
stability in human liver microsomes as well as modest CNS penetration in a mouse model.
In the final project of this thesis, the obtained dual inhibitors were further optimized with
the aim to shift the selectivity completely towards GSK3p. Different substituents at the
imidazole-C2 and -C4 positions led to several inhibitors in the low single digit nanomolar
range with an exquisite selectivity over p38a MAPK. Moreover, the inhibitors showed an
excellent metabolic stability in human liver microsomes and a good overall kinome-
selectivity in a diverse panel of 56 kinases. The in the course of this doctoral thesis
prepared compounds can be used for further studying the direct influence of the two

kinases on neurodegenerative diseases like AD.



Abstract / Zusammenfassung v

Zusammenfassung

Fehlgeleitete Aktivitit der Glykogensynthase-Kinase 3 (GSK3pB) wurde in den letzten
Jahren oft in Verbindung mit der Pathogenese von neurodegenerativen Erkrankungen wie
Morbus Alzheimer (AD) gebracht. Auch an der Entstehung von weiteren
schwerwiegenden Krankheiten wie Krebs, Diabetes mellitus, bipolaren Stérungen,
Schizophrenie und Osteoporose scheint die Kinase beteiligt zu sein. Ziel dieser Arbeit
war das Design und die Synthese neuartiger GSK3p Inhibitoren mit méglichen positiven
Effekten auf eine Reihe neurodegenerativer Erkrankungen. Des Weiteren wurde die
Synthese dualer GSK3B/p38a Mitogen-aktivierte Protein Kinase (MAPK) Inhibitoren
verfolgt. Die p38a MAPK ist an einer Reihe von proinflammatorischen Prozessen
beteiligt und bietet sich daher als ein potentielles Target fiir die Behandlung
neurodegenerativer Erkrankungen an. Die Hemmung beider Kinasen verspricht
synergistische, positive Effekte bei einer Reihe von neurodegenerativen Erkrankungen,
insbesondere AD, da beide Kinasen tief in die zugrundeliegenden Mechanismen dieser
Erkrankungen eingreifen. Das erste Projekt dieser Arbeit bestand aus der Optimierung
einer von Tofacitinib abgeleiteten Leitstruktur, welche in einem Hochdurchsatz-
Screening gegen GSK3p identifiziert wurde. Ausgehend von dieser Struktur wurde eine
Reihe von flexibleren Derivaten synthetisiert, welche dann auf ihre biologische Aktivitit
getestet wurden. Aus dem gleichen Screening wurden duale GSK3B/p38a MAPK
Pyridinylimidazol-basierte Hemmstoffe identifiziert und im Hinblick auf ihre
inhibitorische Balance, metabolische Stabilitdt und ZNS-Géngigkeit optimiert. Der beste
duale Inhibitor dieser Serie hemmte GSK3f und p38a MAPK im niedrigen nanomolaren
Bereich mit einem GSK3p/p38a MAPK Verhiltnis von 2,2. AuBBerdem war der Inhibitor
metabolisch stabil nach Inkubation mit humanen Lebermikrosomen und zeigte eine
moderate ZNS-Penetration im Mausmodell. Im finalen Projekt dieser Arbeit, wurden die
erhaltenen dualen Inhibitoren weiter optimiert und die Selektivitdt wurde in Richtung
GSK3p verschoben. Austausch am Imidazol-C2 und -C4 fiihrte zu mehreren Inhibitoren
im einstellig nanomolaren Bereich mit sehr guter Selektivitit gegeniiber p38a MAPK.
Die Verbindungen zeigten wieder eine exzellente metabolische Stabilitdt und eine gute
Kinomselektivitit in einem Panel von 56 Kinasen. Die im Rahmen dieser Arbeit
hergestellten Verbindungen ermdglichen es den Einfluss der beiden Kinasen auf

neurodegenerative Erkrankungen wie AD weiter zu erforschen.
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1 Introduction

1.1 Alzheimer’s disease

In November 1906, the German psychiatrist Alois Alzheimer presented his talk “Uber
eine eigenartige Erkrankung der Hirnrinde” (“About a peculiar disease of the cerebral
cortex”) at a conference in Tiibingen.! His presentation included a detailed description of
the observations he made during the examination of his patient Auguste Deter. The 51-
year-old woman suffered, among other symptoms, from memory impairment, confusion
and sleep disorders. Her mental state deteriorated quickly and after her death, Alzheimer
was able to investigate her brain meticulously. The autopsy revealed histological
anomalies we know today as amyloid plaques and neurofibrillary tangles. In 1910 this
pathological condition was termed Alzheimer's disease (AD) and today the disease still
presents one of the major medical challenges of the 21% century. AD is the most common
form of dementia accounting for roughly 60% of all cases worldwide.> Other important
forms of dementia include vascular (~30%), Lewy body or frontotemporal dementia. The
number of patients affected by any of these diseases is expected to rise constantly, from
50 million in 2018 to an estimated number of 150 million by 2050.> AD not only causes
dreadful human suffering but also significant economic damage in the range of 1 trillion
US dollars per year. Although the disease was discovered more than 110 years ago,
today’s treatment options can only be described as insufficent. Currently, there are just
four chemical entities with two different modes of action approved by the FDA to treat
AD. Donepezil (4ricept®), galantamine (Razadyne®) and rivastigmine (Exelon®) work
as cholinesterase inhibitors thereby increasing the concentration of acetylcholine in the
synaptic cleft. Since many symptoms of AD are related to a deficiency in the cholinergic
transmission resulting from neuronal cell death, a cholinergic drug is able to briefly delay
or attenuate symptoms. Memantine (Namenda®) is a NMDA receptor antagonist able to
slow the clinical progression of AD in some patients for up to six months.* While a
modulating effect on the dysbalanced glutamatergic system is postulated for memantine,
its exact mechanism of action remains subject of scientific discussions.’ Besides that,
there are no more drugs available which in part is a result of the still poor understanding

of the pathophysiology of AD.
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In 1984 researchers identified the amyloid beta (AB) peptide as a main actor in the
development of the disease.® Two years later, hyperphosphorylation of the microtubule-
associated protein tau (t protein) in AD patients was discovered.’ These findings were the
basis for the amyloid cascade hypothesis which implies that the deposition of A plaques
in the brain is a key event in the pathogenesis of AD, leading to neurofibrillary tangles,
neuronal cell death and eventually dementia.®

In short, AP plaques are the result of the enzymatic processing of an integral membrane
glycoprotein called amyloid precursor protein (APP). There are two different possible
pathways for the degradation of APP: the amyloidogenic or the non-amyloidogenic
pathway (Figure 1.1). In the non-amyloidogenic pathway, APP is cleaved by the aspartic
protease oa-secretase and subsequently by y-secretase to give soluble p3 peptides.
However, in the amyloidogenic pathway, P-secretase cuts APP into the soluble
ectodomain sAPPp and the c-terminal fragment CTFB/C99. Cleavage of this fragment by
y-secretase leads to AP peptides of different lengths.” The longer A2 is perceived as the
most amyloidogenic form, but AP4o is also found in senile plaques. Once AP peptides
start to accumulate extracellularly, they tend to form small, still soluble aggregates called
AP oligomers. Nowadays these AP oligomers are recognized as the most neurotoxic form

of AB.1

a Non-amyloidogenic pathway b Amyloidogenic pathway

p3 peptides Amyloid-B peptides
APP SAPPa ﬁ SAPPB # B B
Extracellular U D BB

B-secretase U

Cleavage
sitges &‘_’::g;g:i: a-secretase { y-secretase B-secretase r y-secretase
‘ CTFa CTFB
Cell U
membrane

AICD AICD

Intracellular

Figure 1.1. The non-amyloidogenic and amyloidogenic pathway according to
CANTER, PENNEY AND TSAI. Reprinted by permission from Springer
Nature,” Copyright (2016).

Gradual deposition of AP oligomers and the formation of solid plaques impairs synaptic
functions and slowly leads to neuroinflammatory processes causing changes in
kinase/phosphatase activities and oxidative stress (Figure 1.3).!! Experimental evidence
indicates that AP accumulation induces the formation of another hallmark of AD:
neurofibrillary tangles (NFTs).!»!3 NFTs are aggregates of hyperphosphorylated 1

protein. There are many more neurodegenerative diseases (referred to as “tauopathies”)
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whose common feature is the accumulation of T proteins in the brain, e.g. chronic
traumatic encephalopathy (CTE), Pick's disease or progressive supranuclear palsy (PSP).
All tauopathies share the pathogenic role of altered t protein but the extent and
localization varies and the underlying factors in the development of the diseases are not
understood, yet.!* In healthy individuals, T proteins are responsible for the assembly and
stability of neuronal microtubules. Abnormal phosphorylation through kinases like
glycogen synthase kinase 33 (GSK3p), cyclin-dependent kinase (CDK) 5 and mitogen-
activated protein kinases (MAPKSs) inhibits microtubule assembly activity and prompts
self-association of T proteins into paired helical filaments (PHF).!> These PHF grow over
time to give polymerized NFTs and the lack of available soluble 1 protein leads to
disintegration of microtubules and axonal degeneration. Additionally, some forms of
aberrant t proteins (hyperphosphorylated, oligomeric or aggregated) may have toxic
effects similar to AP but the exact molecular mechanism of toxicity caused by those
abnormal 1 species has not been elucidated, yet.!® It has been postulated for instance that
intermediate T aggregates represent the most cytotoxic form and that insoluble PHF might
be merely the product of a neuronal detoxification process.!” Following this line of
argumentation, the observed tangles might be the result of damage already dealt and not
necessarily the driver of neuronal cell death.

This example shows the difficulties of investigating whether a causal link exists between
the development of AD and certain histological anomalies in the brain and how
challenging it is to validate an AD drug target given the number of cellular processes that

are only poorly understood.

Microtubule-  Soluble Soluble tau Neurofibrillary
bound tau tau aggregates tangles

Clearance
activators

Kinase | Aggregation
inhibitors | inhibitors
Nature Reviews | Drug Discovery

Figure 1.2. Tau pathology and possible intervention sites according to CITRON.
Reprinted by permission from Springer Nature,'® Copyright (2010).
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Figure 1.3.  “The sequence of major pathogenic events leading to AD proposed by the
amyloid cascade hypothesis” by SELKOE AND HARDY is licensed under CC
BY 4.0.'" This depiction provides an overview of neuronal events in the
pathogenesis of AD, ultimately leading to dementia.

One of the less controversial statements about the pathogenesis of AD, is that the
pathophysiological transformations in the brain start many years prior to a clinical
manifestation.!” This observation has direct consequences for any therapeutic approach.
On the one hand it underlines the urgent need for early biomarkers enabling the detection
of patients prior to developing symptoms and on the other hand it might mean that
treatment is already needed years before any memory loss is perceived. Therefore, any
new drug will be chronically administered for many years, making a favorable risk—

benefit ratio with few side-effects an inevitable need for new pharmaceuticals.
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1.2 Protein Kinases

1.2.1 The human kinome

Protein kinases are enzymes catalyzing the transfer of a y-phosphate group from a
nucleoside triphosphate to a substrate. Phosphorylation is the most common post-
translational modification of proteins®® but the list of possible substrates also contains
lipids, sugars and nucleosides.?' The direct antagonists of kinases are phosphatases which
catalyze the opposite reaction, the hydrolysis of a phosphoester bond thereby removing
the phosphate moiety from the substrate.?? In living cells, a finely tuned system of
phosphorylation and dephosphorylation is involved in almost every cellular signaling
pathway. Kinases are therefore essential for the maintenance and regulation of many
important cellular processes. Unsurprisingly, aberrant kinase activity has been linked to

severe diseases like cancer?

, neurodegenerative disorders** and chronic inflammatory
diseases.”> The human genome project revealed that there are 518 genes encoding for
protein kinases, resulting in more than 1,000 actual proteins as a result of different
mutations and splicing variations.?® The entirety of all kinases is often referred to as the
"kinome". MANNING et al. proposed a way to categorize kinases according to their

).27 Ultimately,

phylogenetic relationship as well as their sequence similarity (Figure 1.4
all 478 eukaryotic protein kinases have been categorized into seven major groups,

separated from the 40 atypical protein kinases, which form an extra group:

* AGC group (protein Kinase A, G, and C families):
contains many cytoplasmic serine/threonine kinases which are often regulated
by second messenger molecules

» CAMK group (Ca?**/calmodulin-dependent Kinase families):
despite the name, some families of non-calcium regulated kinases are also
included e.g. the proto-oncogene Pim-1 kinase

= CKI1 group (casein kinase 1 family)
highly conserved group across all species

* CMGC group (cyclin-dependent kinases, mitogen-activated protein kinases,
glycogen synthase kinases and CDK-like kinases)
contains mostly serine/threonine kinases including GSK3p and p38a MAPK

relevant for this work
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* TK group (tyrosine kinase)
as the name suggests, this group includes non-receptor tyrosine kinases (also
called cytosolic tyrosine kinases) and receptor tyrosine kinases;
both subgroups contain prominent examples of kinases targeted by kinase
inhibitors on the market like the janus kinase (JAK) or the epidermal growth
factor receptor (EGFR)
= TKL group (tyrosine kinase-like)
contains predominantly serine/threonine kinases in a variety of diverse and only
weakly related families
* STE group (homologs of yeast sterile kinase 7, 11 and 20 families):
some upstream activators and regulators of MAPKSs can be found in this group
= Atypical protein kinases
atypical protein kinases usually possess protein kinase activity despite the lack

of a sequence similarity to the eukaryotic protein kinase domain

The kinome tree is further divided into families and subfamilies, giving a detailed outline
about the relationship of the kinases to one another. A second, less precise classification
system is based on the substrates of the kinases. Typically, kinases phosphorylate
hydroxyl groups of either serine, threonine or tyrosine residues of other proteins and
classification according to their substrates leads to three groups, namely serine/threonine

kinases, tyrosine kinases and dual-specificity kinases (hence targeting all three residues).
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Figure 1.4. Human kinome phylogenetic tree according to MANNING et al?’
The figure was created using the interactive online tool KinMap.?® The red
dots mark the two kinases GSK3f and p38a MAPK.
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1.2.2 Structural features of protein kinases

The catalytic core (also called kinase domain) of eukaryotic protein kinases typically
consists of about 250 to 300 amino acids and is folded into a two-lobed structure which
consist of a smaller N-terminal domain (N-lobe) and a larger C-terminal domain (C-lobe)
(Figure 1.5). Both lobes are connected by a flexible amino acid stretch in the central part,
the so-called hinge region. The N-lobe is comprised of five stranded B-sheets and one
helical subdomain, the universally conserved aC-helix, while the C-lobe is predominantly
build from a-helices.?’ Based on sequence alignments, HANKS AND HUNTER divided the
structure further into 12 highly conserved subdomains.*® Subdomains I — IV are located
in the N-lobe, whereas subdomains VIa — XI are situated in the C-terminal part. The
kinase hinge region is part of the subdomain V. Subdomain I contains the glycine-rich
loop, a Gly-X-Gly-X-X-Gly consensus motif, which arranges the y-phosphate of ATP for
catalysis. Subdomain II possesses a conserved lysine within the B-strand 3, which is
crucial for kinase activity as it is forming interactions with the a- and B-phosphate of ATP
thereby anchoring the ATP in the binding cleft. Subdomain III is portrayed by the large
aC-helix and participates in the formation of a salt bridge between a Glu of the aC-helix
and the lysine from subdomain II. Subdomain IV seems to be less important for the
catalysis. As already mentioned above, subdomain V connects the N- and C-terminal lobe
and plays an important role for the binding of ATP. The adenine ring is usually bound to
the hinge via a bidentate hydrogen bond donor-acceptor motif. Similar to IV, subdomain
Vla is not directly involved in the catalytic process and serves merely as a support
structure.*® The following subdomain VIb contains the catalytic loop characterized by the
His-Arg-Asp-Leu-Lys-X-X-Asn motif. The name results from the important aspartic acid
residue which acts as the catalytic base, extracting a proton from the hydroxyl group of
the substrate. A conserved asparagine within the same loop binds a Mg?" ion that also
interacts with the a- and y-phosphate of ATP. The regulatory DFG-motif (Asp-Phe-Gly)
is situated in subdomain VII and because the Asp residue complexes a second Mg** ion,
it is sometimes also referred to as the magnesium positioning loop.*! The activation loop
is located between subdomain VII and VIII and as the name implies, phosphorylation of
certain amino acids in this region often leads to increased kinase activity.*>3* Subdomain
VIII plays an important role in substrate recognition and includes another highly
conserved motif called APE (Ala-Pro-Glu). Subdomain IX contains the large,

hydrophobic oF-helix* which includes an almost invariant aspartate residue. The last two
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subdomains X and XI are less conserved and seem to play only a minor role in the

catalysis.

Figure 1.5.

— N-lobe

— C-lobe

Structure of GSK3p in complex with adenylyl-imidodiphosphate which is
displayed in dark grey (PDB code: 1PYX). Important features are
highlighted in the following colors: P-loop (orange), aC-helix (red),
gatekeeper residue (brown), hinge region (yellow) and the activation loop
(cyan) is sandwiched between the DFG-motif (dark blue) and the APE-
motif (green).
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Schematic breakdown of the protein kinase ATP binding pocket:

TRAXLER et al. developed a general pharmacophore model of the protein kinase ATP
binding site, which is applicable for the design of ATP competitive kinase inhibitors.*’
The model classifies the ATP binding cavity into five different regions (Figure 1.6):
Adenine region:

This hydrophobic region is — as the name suggests — accommodating the adenine ring of
ATP which is usually engaged in a hydrogen bond donor-acceptor system with amino
acids of the hinge region. The great majority of ATP competitive inhibitors also occupy
this region and form one or often more hydrogen bonds with the hinge region.
Hydrophobic region I (HR I):

Access to this pocket is controlled by the so-called “gatekeeper” amino acid. As the
endogenous ligand ATP is not addressing this region, this subsite is less conserved and
therefore often exploited by medicinal chemists in order to gain additional inhibitory
potency and selectivity, hence this region is sometimes also referred to as “selectivity
pocket”. The size of this pocket is varying from kinase to kinase depending on the size
and flexibility of the gatekeeper amino acid (e.g. relatively small Thr106 in p38a MAPK
compared to a large Phe80 in CDK?2).

Hydrophobic region II (HR II):

This solvent exposed cavity is located adjacent to the adenine region and is also not
addressed by ATP. As a consequence, this region is often targeted to improve binding
affinity and selectivity of the inhibitors. In addition, its contact with the solvent exposed
front region is sometimes used to enhance the pharmacokinetic properties of the
molecules, for example by introducing soluble groups like morpholino or piperazine
moieties reaching into this area.

Ribose pocket:

The ribose pocket (also known as sugar pocket) is a hydrophilic region which is occupied
by ribose during the binding of ATP. Inhibitors often form hydrogen bonds with amino
acids in this area, which usually anchor the ribose hydroxyl groups (e.g. GInl85 in
GSK3p).

Phosphate region:

This region is in contact with the solvent exposed front and accommodates the
triphosphate tail of ATP. Therefore, it is a quite hydrophilic and highly conserved area of
the binding cleft.
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Figure 1.6. Schematic overview of ATP in the binding pocket of GSK3f based on
TRAXLER’S pharmacophore model;** water molecules, the 2™ Mg?* atom
and Asp200 are omitted in this scheme for clarity.

1.2.3 Types of kinase inhibitors

Attempts to assign protein kinase inhibitors according to their different binding modes

resulted in a classification system categorizing them from type I to VI:*°

Type I inhibitors:
Type I inhibitors bind to the ATP binding site in the active conformation (DFG-in state)

of the kinase. Therefore, all type I inhibitors are ATP competitive. Typically, one or more
hydrogen bonds with the hinge region are formed by a heterocyclic core occupying the
“adenine region”. Moreover, the HR I and HR II are often addressed in order to gain a
favorable selectivity profile and to improve physicochemical properties. Although this
class of compounds is often considered to be rather unselective, some highly selective

molecules have been described over the years.’’
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Type Il inhibitors:

Type II inhibitors bind to the inactive conformation of the kinase (DFG-out state). They
interact in a similar way with the adenine region of the binding pocket as type I inhibitors
but most importantly these compounds also interact with a hydrophobic “deep pocket”
proximal to the gatekeeper residue, which is only opened in the DFG-out conformation.
The term DFG-out originates from the conformational change of the DFG-Phe, which
shifts ~ 9 A towards the ATP binding cleft, away from the aC-helix. The serendipitous
discovery of this conformation during the development of Imatinib (Glivec®) fueled the
hope for more selective kinase inhibitors because the amino acids of the deep pocket are
usually less conserved than the ATP binding pocket itself.>® However, this assumptions
could not be supported by a closer analysis and comparison of approved type I and II
inhibitors.*® The approved type II inhibitors Ponatinib (/c/usig®) and Sunitinib (Sutent®)

are two examples of rather promiscuous inhibitors.*>#!

Type I'4 inhibitors:

As the name suggests, this class can be described as a hybrid between type I and II
inhibitors. Type 1'% inhibitors bind to the hinge region like type I inhibitors and interact
at the same time with the aC-helix-Glu and the DFG-Asp backbone. However, they are
unable to reach the “deep pocket” which would stabilize the DFG-out state, meaning that
they are able to bind the kinase in any DFG conformation state. As type 1% inhibitors
disrupt the important regulatory spine (R-Spine) due to their interference with the DFG-
motif, it is possible to achieve significantly increased target residence times at the
kinase.*? As a result, this class of inhibitors shows strongly reduced ATP-dependency

despite their binding to the ATP cleft.

Type 11l inhibitors:

According to SIMARD et al. allosteric kinase inhibitors can be split into two types:
type III and I'V. Type III inhibitors are defined as allosteric inhibitors that bind to a site
adjacent to the ATP binding cleft but do not interfere with it directly.* Because ATP and
the inhibitor can both bind at the same time, they are considered to be non-ATP
competitive binders. The evident advantage of this type of inhibitor is the possibility to
achieve a high level of selectivity but on the other hand rational drug design approaches

towards type III (or any other allosteric) inhibitors has proven to be very difficult.**
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Today, there are only two FDA-approved type III inhibitors on the market: Cobimetinib
(Cotellic®)* and Trametinib (Mekinist®)*, both inhibiting MEK.

Type 1V inhibitors:

As mentioned, type IV inhibitors are also allosteric inhibitors, but the interaction occurs
at a binding site not connected to the ATP pocket. One classic example of type IV
inhibitors is the Ber-Abl inhibitor GNF-247 but also all three FDA-approved mammalian
target of rapamycin (mTOR) inhibitors can be classified as type [V inhibitors: Everolimus
(Afinitor®), Sirolimus (Rapamune®) and Temsirolimus (Torisel®).>® This class of
binders holds the same advantages and drawbacks as described for type III inhibitors.
While the advantages in terms of e.g. (intra-family) selectivity are obvious, drug
discovery projects often struggle in the deliberate design of allosteric inhibitors since the
hydrophobic environment of most allosteric pockets makes it difficult to render drug-like
molecules with good binding affinity. Another issue is the lack of suitable assays to

discover allosteric inhibitors in screenings.

Type V inhibitors:

Type V inhibitors are by definition bivalent inhibitors, binding to two different regions
of the kinase.* As an example, LECHTENBERG et al. recently published a potent
combination of a small molecule targeting the ATP binding pocket of the extracellular
signal-regulated kinase (ERK) 1/2 and a peptide targeting the hydrophobic D-recruitment
site. The compound has an ICso value against ERK1/2 in the low nanomolar range but
suffers from a high molecular weight of almost 3000 Da and a surprising lack of
selectivity, proving that on top of the poor drug-like properties, bivalent inhibitors do not

automatically guarantee selectivity.*’

Type VI inhibitors (Covalent inhibitors):

Type VI inhibitors bind covalently to a reactive residue within the active site of the kinase.
Often the nucleophilic —SH group of a cysteine is targeted with an “electrophilic
warhead”. Covalent kinase inhibitors have been a hot topic for the last couple of years in
kinase drug discovery efforts. Originally, concerns about toxicity due to unwanted
reactivity impeded the development of type VI inhibitors, but once proof-of-concept
studies showed success in clinic trials, the general opinion shifted. In October 2018, there

were six covalent FDA-approved inhibitors on the market: Afatinib (Gilotrif®), Neratinib
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(Nerlynx®), Osimertinib (7Tagrisso®) and Dacomitinib (Vizimpro®) inhibiting EGFR-
mutants as well as Ibrutinib (Imbruvica®) and Acalabrutinib (Calquence®) inhibiting
BTK. Over the years a wide variety of electrophilic groups has been utilized as warheads
in the design of kinase-targeting inhibitors. The most commonly used warhead is
acrylamide followed by other o,p-unsaturated carboxamides.’® But also
cyanoacrylamides, o,pf-unsaturated sulfonamides, haloketones and sulfonyl fluorides
have been successfully applied as electrophiles.’! Most covalent inhibitors are designed
to target cysteine residues,”? but in some cases also lysine has been successfully
addressed.>® Additionally, soon it might be possible to also specifically target methionine
residues in the kinome as LIN ef al. presented oxaziridines as chemoselective warheads
targeting methionine in the proteome.>* However, until today this concept has not been
applied to any kinase, yet. One advantage of covalent inhibitors is the ability to achieve
high selectivity since only a limited number of kinases possess cysteine residues in the
proximity of the binding pocket.’? Another advantage is the prolonged residence time of
the compounds leading to the decoupling of the pharmacodynamic effects from the
pharmacokinetic properties of the molecules. Nonetheless a generalization of
(dis)advantageous assumptions is not advised in any case. As an example, proteomic
profiling of Osimertinib, a 3™ generation EGFR inhibitor, showed several non-kinase off-
targets in vivo, something that has not been seen in in vitro experiments before due to the
fact that lysosomal accumulation of Osimertinib occurs only in cells.”> Moreover, the
hope of reduced risk for emerging drug resistance against covalent inhibitors was
postulated but not fulfilled.>® Especially in cancer cells, the instable genome and the high
selective pressure applied by the kinase inhibitors quickly leads to drug resistance. While
covalent inhibitors have been introduced in order to fight therapy-induced resistance
against non-covalent kinase inhibitors like e.g. the 1% generation EGFR inhibitor
Gefinitib (Iressa ®),” cysteine point mutations have been observed in the clinic for all
approved covalent EGFR and BTK inhibitors, thus preventing the formation of a covalent
bond.*®* Still, covalent kinase inhibitors have become indispensable as pharmacological

tool compounds and drugs with further growing importance.
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1.2.4 Protein kinase inhibitors as established drug targets - limitations
and opportunities

For a long time, kinases were thought to be “undruggable” targets because of their high
homology in the ATP binding site. It seemed impossible to achieve a reasonable
selectivity within the kinome, resulting in a manageable side-effect profile. However, the
approval of Imatinib (Glivec®) in 2001 for the treatment of chronic myelogenous
leukemia and its extraordinary success in the clinic changed the prevailing opinion. As of
December 2018, there are 47 FDA-approved kinase inhibitors on the market. While the
great majority of these drugs is used to treat cancer, some are also prescribed for the
treatment of chronic inflammatory diseases like rheumatoid arthritis. Obviously, the long-
term risk-benefit ratio is much more important when chronic conditions like psoriasis,
inflammatory bowel disease or AD are treated. Thus, off-target selectivity has to be
reduced to a bare minimum, while most of the kinase inhibitors against cancer show a
more promiscuous behavior in the kinome. In fact, a retrospective analysis by KARAMAN
et al. showed that a lot of marketed kinase inhibitors were less selective than originally
thought but clinically these inhibitors still possess an acceptable risk-benefit ratio.*
However, over the years a lot of concepts for the development of highly selective kinase
inhibitors have been presented and successfully applied to the effect that off-target related
side-effects are no longer an obstacle in the development of chronically administered
kinase inhibitors.

The treatment of central nervous system (CNS) diseases with kinase inhibitors has been
mostly neglected in the last two “golden” decades of kinase inhibitors. As of today, there
is no approved inhibitor with a CNS indication on the market. Although several kinase
targets have been validated for a number of CNS disorders, there are a number of
complications along the way. The greatest challenge for every CNS drug is certainly the
necessity to penetrate the blood—brain barrier (BBB). Over the last years the
understanding and theoretical knowledge about this process has rapidly advanced and
concepts similar to Lipinski’s famous rule-of-five have been established for BBB
penetration but the design of potent and BBB crossing inhibitors still remains a big
challenge.®! Nevertheless, a number of inhibitors meeting those criteria have been

reported and are currently evaluated in clinical trials.6>%3
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1.3 Glycogen synthase kinase 3

1.3.1 The GSK3 family

GSK3 is a serine/threonine protein kinase which was first isolated from rabbit skeletal
muscle in 1980 at the University of Dundee. Identification of glycogen synthase (GS) as
a substrate of this new kinase led to the name, since protein kinase A and phosphorylase
kinase were already known as glycogen synthase kinases 1 and 2, respectively.®* In
humans, there are two genes encoding for two structurally closely related isoforms named
GSK3a (gene locus: 19¢g13.1-2; 51 kDa) and GSK3p (gene locus: 3¢13.3; 47 kDa). Both
isoforms share an overall similarity in the catalytic kinase domain of 97%.5° The main
difference between the two isoforms is an extended glycine-rich N-terminal domain in
GSK3a accounting for its slightly higher mass (Figure 1.7). Additionally, MUKAI et al.
discovered a splice-variant called GSK3B2 containing a 13 amino acid insert in the
catalytic domain.®® This splice-variant seems to be neuron-specific®’, has a slightly
different substrate preference®® and is possibly required for axon growth.® Although the
functional differences are not yet fully resolved, they seem to be marginal in regards to
drug discovery efforts. It is worth mentioning that no crystal structure of the human
GSK3a has been solved yet, while more than 75 crystal structures of the human GSK3f

were available in the Protein Data Bank in December 2018.7°

GSK-3a

51 kDa kinase domain
Ser21 Tyra279
[ P
aoies B kinase domain

47 kDa

Ser9 Tyr216 Ser3g9

Figure 1.7. Schematic comparison of GSK3a with its extended glycine-rich N-terminal
domain and GSK3B. Figure modified according to DOBLE AND
WOODGETT.”! Inhibitory/activating phosphorylation sites are marked with
red and green arrows, respectively.’>74
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GSK3ot MSGGGPSGGGPGGSGRARTSSFAEPGGGGGGGGECEPGGSASGPGGTGGGRASVGAMGGGVGASSSGGGPGGSGGE 75

GSK3p -——-————————- MSGR PR TS F AR —— —— — = — =~ — 12

GSK3ot GSGGPGAGTSFPPPGVKLGRDSGKVITVVATLGQGPERSQEVAYTDIKYIENIEIRaayY ORRLAETRELVATKEY 150
GSK3p SCHKPVQQPSAFGSMKVSRDKDGSKVITVVATPGQGPDRPQEVSYTDTEY I ENIEIRaay ORKLCDSGELVAIREY 87

GSK3a LODERFENRELOIMRELDHCNIVRLRYFFYSSGEKKDELYLNLVEBEYVPETVYRVARHFTRAKLTIPILYVEVYM 225
GSK3p LODERFENRELOIMRELDHCNIVRLRYFFYSSGEKKDEVYLNLVEBDYVPETVYRVARHYSRAKQTLEVIYVELYM 162
GSK3ot YOLFRSLAYIHSOGVCHRDIKPONLLVDPDTAVLKLCDEGSAROLVRGEENVSYICSRYYRAPELIFGATDYTSS 300
GSK3p YOLFRSLAYIHSFGICHRDIKPONLLLDPDTAVLKLCOEGSAROLVRGEENVSYICSRYYRAPELIFGATDYTSS 237
GSK3a IDVWSAGCVLAELLLGQPIFPGDSGVDOLVEIIKVLGTPTREQIREMNENYTEFKFPQIKAHPWTKVEFKSRTEDE 375
GSK3p IDVWSAGCVLAELLLGQPIFPGDSGVDQLVEIIKVLGTPTREQIREMNENYTEFKFPQIKAHPWTKVEFRPRTEDE 312
GSK3a AIALCSSLLEYTPSSRLSPLEACAHSFFDELRCLGTOLPNNRPLPPLEFNFSAGELSIQPSLNAILIPPHLRSDAG 420
GSK3p AIALCSRLLEYTPTARLTPLEACAHSFFDELRDPNVELENGRDTPALFNFTTQELSSNPPLATILIPPHARIQAR 387
GSK3a TTTLTPSSQALTETPTSSDWQSTDA-TPTLTNSS 483
GSK3p ASTPTNATAASDAN-TGDRGOTNNARSASASNST 420

Figure 1.8. Sequence alignment of GSK3a and GSK3f. Residue differences between
the two isoforms are marked red. The important regions of the kinases are
highlighted with colors: P-loop (purple), gatekeeper residue (black), hinge
region (yellow), DFG-motif (green), activation loop (light blue) and APE-
motif (grey). Phosphorylation sites are boldly underlined.

Despite their high structural similarity, the two isoforms are not completely functionally
redundant. Experiments with knockout mice showed that GSK3a~~ mice are viable while
GSK3B7 animals die in-utero due to defects in heart and skeletal development.’>7® In
other signaling pathways, the two isoforms seem to have overlapping functions e.g. in the
Wnt/B-catenin signaling pathway, studies found both isoforms to be completely
redundant.”” Therefore the next sections (1.3.2 to 1.3.4) refer to both isoforms and

differences are distinctly mentioned.

1.3.2 The peculiarities of GSK3

GSK3 is in general a rather wunique kinase for several reasons:
For a start, the kinase is constitutively active as the result of an autophosphorylation event
taking place after translation in the activation loop at Tyr279 (GSK3a) and Tyr216
(GSK3B).”® However, even without this activating phosphorylation, GSK3 has a
substantial basal activity since the activation loop adopts by default a conformation
analogous to the one observed in other kinases (e.g. CDK2 or ERK2) after a
phosphorylation in their activation segment took place.”-%" Another exceptional feature

of the kinase is that most substrates require a "priming phosphate" on a serine or threonine
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residue four amino acids C-terminal before the actual site of phosphorylation.®! This pre-
phosphorylation is carried out by other kinases and sets up a Ser/Thr-X-X-X-Ser/Thr(P)
recognition pattern for GSK3. The eponymous substrate GS is a perfect example to
illustrate this mechanism as it contains several Ser-X-X-X-Ser motifs in a row (Figure
1.9). Casein kinase (CK) 2 acts as the “priming kinase” in this case, phosphorylating GS
at a specific serine residue. GSK3 is then able to bind the primed phosphate and can in
turn phosphorylate at the P+4 position. Because GS has three additional serine residues —
always in the P+4 position — this process is repeated sequentially by GSK3 until all five

serine residues are phosphorylated.®?

D
——— B
-s®-x-x-x-s®-x-x-x-s®-x-x-x-s®-xf%?ffe-‘s@-

{GSK-3 example substrate: Glycogen synthase)

Figure 1.9. Schematic overview of the primed phosphorylation mechanism modified
from COHEN AND FRAME.®

Tight regulation of any kinase activity is essential to maintain the carefully balanced
homeostasis in all cell signaling pathways. This is in part done by phosphorylation at
Ser21 (GSK3a) and Ser9 (GSK3p) as this leads to an inhibitory mechanism. Thereby, the
N-terminal phosphorylated residue of the protein acts as a pseudosubstrate for GSK3,
occupying the binding site normally used by primed substrates.®* Some kinases that
phosphorylate GSK3 at those specific sites have been identified. In response to the insulin
signaling pathway, e.g. protein kinase B (PKB) inactivates GSK3 through Ser21/Ser9
phosphorylation but also p70 ribosomal S6 kinase and MAPK-activated protein kinase 1
have been described to target GSK3.**> Aside from Ser9, THORNTON et al. found evidence
for a possible, second inactivating phosphorylation at Ser389 of GSK3f. According to
the authors this phosphorylation is mediated by p38a MAPK and leads to a substantial
decrease of GSK3p (but not GSK3a) activity in mouse tissues.”* However, the in vivo
implications for humans remain questionable since for example GSK3f mediated hyper-
phosphorylation of 1t proteins occurs despite this postulated p38a MAPK-dependant

inhibitory mechanism.
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Not all substrates of GSK3 necessarily need to be primed in order to be recognized,
meaning some substrates are decoupled from this inhibitory regulation mechanism.%
Table 1.1 gives a small overview of some known GSK3 substrates. Over the years far
more than 100 substrates have been reported in the scientific literature but only a fraction

has been validated with appropriate methods.®’

Table 1.1. Selected GSK3 substrates

Metabolic and
signaling profeins Structural proteins Transcription factors
APC® CLASPY B-catenin”™
APP?! MAP1B?? c-jun®?
ATP citrate lyase® MAP2C?’ c-myc”®
Axin’’ T protein®® CREB-1%
elF2B!% Telokin'®! NFAT!?
Glycogen synthase!® NF-kB (p65/p105)1%4
Insulin receptor substrate-2'% Notch!%
Presenilin-1'" p53108109
STAT3/5!10

1.3.3 Wnt/B-catenin dependent pathway

The Wnt signaling pathway is a highly conserved pathway that regulates essential
processes during the embryonic development like “cell proliferation, cell fate
determination, cell differentiation and cell polarity”.!!'! In adults it is linked to tissue
homeostasis by somatic stem cell regulation and aberrant Wnt signaling has been
associated with certain types of cancer.!!? In addition to the so called B-catenin dependent
(canonical) pathway, there are also two B-catenin independent (non-canonical) pathways:
the non-canonical Wnt/planar cell polarity pathway and the non-canonical Wnt/calcium
pathway. All of these pathways are activated by Wnt ligands, which are highly post-
translationally modified proteins.!'> In the “off-state” of the P-catenin dependent
pathway, no Wnt ligand is binding to the extra-cellular receptor frizzled. A cytoplasmic

“B-catenin destruction complex” comprised of the proteins adenomatosis polyposis coli
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(APC), Axin, GSK3, protein phosphatase 2A (PP2A), CK1 and B-TrCP is responsible for

the ubiquitination and subsequent proteasomal degradation of B-catenin (Figure 1.10).''*

If a Wnt ligand binds to the seven transmembrane frizzled receptor and its co-receptor
LRP5/6, the canonical pathway is activated whereupon the protein dishevelled is recruited
intracellularly. In a complicated cascade, Axin and the B-catenin destruction complex
translocate to the membrane and hyperphosphorylation of dishevelled by CK1 ultimately
leads to the inactivation of the protein complex.'!> Now B-catenin starts to accumulate in
the cell and translocates to the nucleus where it acts as transcriptional co-activator of other
transcription factors like TCF/LEF, modifying the expression of a plethora of downstream

genes (Figure 1.10).'°
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Figure 1.10. Inactive and active state of the Wnt/B-catenin dependent pathway.

Since B-catenin is a proto-oncogene, certain mutations can lead to an accumulation of
B-catenin in the cells (and in the nucleus). This upregulation leads to the continuous
transcription of the downstream target genes, which include certain oncogenes that
promote carcinogenesis and tumor progression.!!” B-Catenin upregulation has been

measured in several types of cancers but seems to be especially present in colorectal
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malignancies.''® Naturally, there are concerns that potent GSK3 inhibitors might also
promote cancer as a result of this mechanism. However, studies found that a reduction of
the total GSK3 (both isoforms) activity by 75% is necessary to measure significant
differences in the B-catenin levels. Interestingly, COHEN et al. even observed a lower
cancer prevalence in psychiatric patients treated with the GSK3 inhibitor lithium
carbonate over a period from 1 to 18 years (Section 1.3.5).""° In order to avoid any feared
adverse drug events, finding the appropriate dose of the inhibitor is a key requirement.
Another approach to minimize such risks has been proposed by researchers at
AstraZeneca, who aim at the combination of GSK3f inhibitors with novel tissue-targeted

drug delivery systems to limit any off-target effects.!?’

1.3.4 The role of GSK3p in the insulin signaling pathway

@ sl glycogen synthesis

Figure 1.11. Insulin signaling pathway and the fate of GSK3 in case of insulin
receptor activation. When the insulin receptor is not activated by a
ligand, GSK3 is phosphorylating GS thereby inhibiting the synthesis
of glycogen (not seen in the picture).'?!

Insulin is a hormone released by the B-cells of the pancreatic islets and, upon release,

enabling among other metabolic effects, glucose uptake into cells and conversion of
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glucose to glycogen by activation of GS. Once the transmembrane insulin receptor is
activated by its endogenous ligands (insulin, IGF-I or IGF-II), autophosphorylation
within the intracellular TK domain occurs which in turn leads to the recruitment and
phosphorylation of insulin receptor substrates (IRS). Phosphorylated IRS can be bound
by numerous interaction partners, one of them being the phosphoinositide 3 kinase
(PI3K).!?? Activated PI3K is recruited to the plasma membrane where it catalyzes the
reaction of phosphatidylinositol-4,5-bisphosphate (Ptdins(4,5)P2) to
phosphatidylinositol-3,4,5-trisphosphate (Ptdins(3,4,5)P3). An important downstream
effector of Ptdins(3,4,5)P3 is protein kinase B (PKB; also known as AKT) which
inactivates GSK3 through the previously explained serine phosphorylation (Section
1.3.2). Phosphatases can now activate GS through dephosphorylation, stimulating the

insulin-induced synthesis of glycogen.?

In addition to the Wnt and insulin pathways, GSK3 also plays a role in reelin signaling'%3,
the hedgehog pathway'?*, notch signaling!®, dopamine signaling'?’, TGFp signaling'?’
and many more signaling pathways. Due to the extreme complexity of most pathways
and their interconnection, the exact role of GSK3 is not always completely elucidated yet.
Since a comprehensive study of all GSK3 connected pathways is not within the scope of
this thesis, further details about the aforementioned signaling cascades are omitted and

the reader is asked to resort to the extensive scientific literature on this topic.

1.3.5 Previously reported GSK3p inhibitors and their diverse applications

Over the years, GSK3 has become one of the most popular drug targets out of the
kinome. Almost every major pharmaceutical company pursued a GSK3f project resulting
in a myriad of inhibitors covering a wide variety of chemical space and physicochemical
properties.

Lithium chloride was the first inhibitor described for GSK3B with an ICso of 1-2 mM.!?#
Direct competition of Li* with Mg?" as well as an indirect mechanism via upregulation of
other pathways leading to an increased Ser9 phosphorylation have been proposed.!?3!%
This is interesting as lithium salts have been prescribed for the treatment of bipolar
disorders for more than 50 years. Lithium carbonate for instance is used as a “mood

stabilizer” but the exact mechanism of action is still unknown and a connection to its

capability of inhibiting GSK3P is likely.!** But lithium salts are by far not the only
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naturally occurring inhibitors. Plenty of natural products and derivatives thereof are
known to inhibit GSK3f but often a lack of potency and/or selectivity obstructs their use
as drug or pharmacological probe.'’! However, the discovery of 6-bromoindirubin
isolated from sea snails as a potent GSK3p inhibitor (ICso: 45 nM) and subsequent
synthetic efforts led to the improved and cell-permeable 6-bromoindirubin-3'-oxime
(BIO) (ICs0: 5 nM) which has been used as a pharmacological tool compound for a long
time despite its questionable selectivity profile.'*> Today, the ChemicalProbes portal'*?
recommends the use of the potent aminopyrimidine CHIR99021 (ICso: 6.7 nM) for in
vitro and cell models.'** The compound was designed as a potential type 2 diabetes
treatment exploiting the antihyperglycemic effects of a GSK3f inhibition and shows a

much better overall kinome selectivity profile than BIQ.!3136
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Figure 1.12. Pharmacological tool compounds of GSK3p: BIO'*? and CHIR99021.'%°

Despite a great number of potent small molecule inhibitors, only a few have made it into
clinical trials suggesting that preclinical toxicity is a major factor that has to be carefully
monitored.'?*!37 One of the few exceptions is the non-ATP competitive and irreversible
inhibitor Tideglusib.'*® Not only was Tideglusib tested in two phase II clinical trials for
the treatment of AD'*’ and progressive supranuclear palsy (PSP)!*°, but also did the
outcome demonstrate that the drug was safe to use over the 52-week course of the PSP
study. However, the trials did indicate a lack of efficacy in both cases. Tideglusib is
currently also under investigation (under the synonym AMO-02) in another phase II study
for the treatment of congenital myotonic dystrophy and has received fast track designation
by the FDA.!*!142 Another small-molecule GSK3p inhibitor in clinical trials is
LY2090314 (ICso: 1.3 nM), developed by Eli Lilly and Company.!** A phase I dose-
escalation study in combination with the cytostatics pemetrexed and carboplatin proved
temporary upregulation of B-catenin levels in peripheral blood cells at 40 mg of

LY2090314 — indicating that on-target binding occurs in humans.'** The same compound
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was investigated in an open-label phase II trial with acute myeloid leukemia patients and

showed a sufficient safety profile but overall limited clinical success.'*’

Tideglusib LY2090314

Figure 1.13. GSK3p inhibitors currently in clinical trials (as of November 2018).

Now it should be noted that all of the until here discussed inhibitors are more or less
equipotent towards both GSK3 isoforms. There have been some reports in literature about
molecules slightly selective towards one GSK3 isoform'“® but the general perception is
that there is still a lack of sufficiently isoform-selective inhibitors especially when
considering in vivo efficacy in mammalian (cell) models.

Recently WAGNER et al. published the two modestly isoform selective compounds
BRD3731 (GSK3a, ICso: 215 nM; GSK38, ICso: 15 nM) and BRD0705 (GSK3a, 1Cso:
515 nM; GSK3B, ICso: 66 nM) (Figure 1.14).!*7 According to the authors, only a tiny
difference in the hinge regions (Glu196 in GSK3a versus Asp133 in GSK3; Figure 1.8)
changes the conformation and size of a small selectivity pocket adjacent to the hinge
region. The neopentyl moiety of BRD3731 occupies this pocket in GSK3 while the
cavity in GSK3a is too small to accommodate such bulky residues. BRD0705 is currently

evaluated as a potential drug for the therapy of acute myeloid leukemia.!'*®

BRD3731 BRD0705

Figure 1.14. Modestly isoform selective GSK3 inhibitors.
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Some envisaged applications for GSK3f inhibitors have already been mentioned before
but on top of bipolar disorders, diabetes, cancer and a variety of neurodegenerative
diseases (Section 1.3.6), over the years plenty of other possible diseases and ailments have
been proposed as application areas. The list includes for example schizophrenia'®,
osteoporosis'®’, sepsis!®!, heart failure!>? and even alcohol dependence.!** A particularly
interesting application for small-molecule GSK3p inhibitors was recently proposed by
NEVES et al. Collagen sponges were soaked with a GSK3f inhibitor (either BIO,
CHIRY99021 or Tideglusib) and used to fill carious lesions in mice. Local activation of
the Wnt/B-catenin signaling pathway led to an increased expression of Axin-2 which
ultimately promoted odontoblast-like cells to produce a natural, reparative dentine.'>*
Biological regeneration of carious teeth seems to be possible with this method and since

the inhibitors were only used locally and in very low doses, the risk of adverse drug effects

is presumably very small.

Another fairly different use of GSK3 inhibitors has arisen from their ability to modulate
embryonic stem cells.'>> CHIR99021 for example enhances self-renewal of embryonic
stem cells as well as their viability.'>® Also functional hepatocytes were generated from
human adipose stem cells with the help of CHIR99021."%" Therefore, GSK3 inhibitors
could be an important component of tissue engineering techniques and other methods in

the area of regenerative medicines.
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1.3.6 Connections between GSK3f3 and AD

In 2008, HOOPER, KILLICK AND LOVESTONE postulated "the GSK3 hypothesis of
Alzheimer's disease".!*® Therein the authors claimed a central role for GSK3 in the
pathogenesis of AD and indeed, much evidence supporting this theory has accumulated
over the years.

Post-mortem brain sample analysis showed overexpression of GSK3 in AD patients but
direct evidence of increased enzymatic activity is still missing as it cannot be determined
from dead neuronal tissue.!*>1%° However, there is plenty of indirect evidence present:
among the confirmed substrates of GSK3 (Table 1.1) there are many proteins directly
involved in the AD pathology e.g. APP, presenilin-1 (PS-1) and t protein. PS-1 is part of
the y-secretase multiprotein complex and mutations of PS-1 are strongly linked to familiar
forms of AD.!®1:192 Phosphorylation of PS-1 by GSK3p at Ser353 and Ser357'%7 resulted
in an unfavorable APa42/A4o ratio and PS-1 phosphorylation was also increased in AD
brain samples.'® Furthermore, UEMURA et al. found changes in the localization and
function of PS-1 upon GSK3B mediated phosphorylation.'64

Elevated levels of AP led to increased GSK3B activity in rat neurons.'®> A possible
mechanism for this observation is the interaction of AP with the insulin signaling pathway
(Section 1.3.4). AP oligomers are responsible for the internalization of insulin receptors
from the cell membrane and the consequential reduction of insulin signaling prevents
PKB from transmitting an inhibitory phosphorylation on GSK3f, thus leading to
increased activity.'®® Upregulated GSK3pB on the other hand is mediating a plethora of
detrimental effects including transcription of proinflammatory genes driving
neuroinflammation'®’, enhanced apoptosis'®® and t hyperphosphorylation (see below).
PHIEL ef al. claimed that GSK3a promotes the generation of AB4oand AP42 peptides from
APP but not GSK3p.!%° However, according to LY ef al. inhibition of GSK3p mediates a
decreased B-secretase gene transcription and expression, thereby reducing the production
of AB.'7° While the isoform specific roles in the pathogenesis of AD are not elucidated
yet!”!, those findings establish a direct link between GSK3 and a main hallmark of AD
(plaques). But GSK3p is also strongly involved in the formation of a second hallmark of
AD called NFTs (details about the formation of NFTs are explained in Section 1.1).
GSK3p is one of the main actors responsible for the hyperphosphorylation of t proteins,
thus the name “human tau protein kinase I” can sometimes be found as a synonym.!’?
Consequently, upregulation of GSK3p in transgenic mice led to increased t hyper-

phosphorylation, NFT formation and signs of neurodegeneration.'” Conversely, in vitro
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inhibition of GSK3p in cultures of cortical neurons reduced t hyperphosphorylation.'’*
Furthermore, intracellular accumulation of GSK3p is regionally codistributed with
hyperphosphorylated t proteins and NFTs, indicating a causal connection.'” On top of
strong evidence for playing a pivotal role in the genesis of two pathological hallmarks of
AD, GSK3p also influences certain pathways of the CNS immune system. As a result of
dysregulated kinase activity, proinflammatory cytokines may gain the upper hand e.g.
through NF-kB signaling.!”® Active GSK3p leads to translocation of NF-kB and CREB
to the nucleus which in turn favors the transcription of proinflammatory cytokines.!””!"8
This is just one of the few — often poorly understood — mechanisms by which GSK3 is
involved in neuroinflammatory processes.

The direct impact of the kinase on PS-1 and AP processing or t phosphorylation alone
would make GSK3p an interesting drug target for AD. But when the combined
contribution of the kinase to neurodegeneration is summed up (Figure 1.15), this enzyme

can only result as one of the most promising targets for the treatment of AD currently

known.
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Figure 1.15. Schematic view of the most important links between GSK3f and certain
pathological hallmarks of Alzheimer’s disease modified from HOOPER,
KILLICK AND LOVESTONE. '8
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1.4 Mitogen-activated protein kinase 14
(p38a MAPK)

1.4.1 The p38 MAPK family

The mitogen-activated protein kinase 14, also called p38a MAPK, is a serine/threonine
protein kinase belonging to the p38 MAPK family and it was first described in 1994.17
Further members of the family are the 8, y and o isoforms. However, in terms of drug
discovery efforts, the a isoform is by far the most targeted kinase of this family because
of its important role in the biosynthesis of proinflammatory cytokines like interleukin
(IL)-1B, IL-6 and tumor necrosis factor (TNF)—a.'®" Having recognized the potential of
p38a MAPK inhibitors for the treatment of chronic inflammatory diseases like
rheumatoid arthritis, a race from bench to bedside was started. Between 1996 and 2005
alone, more than 234 patents related to p38a MAPK inhibitors have been claimed.'®!
Numerous p38a MAPK inhibitors have been evaluated in clinical trials and while no
inhibitor made it to market yet'®?, the extensive research certainly made p38a MAPK one

of the most well-studied kinases.

1.4.2 The p38a MAPK signaling pathway

The p38a MAPK signaling pathway (Figure 1.16) is activated by a variety of extracellular
triggers like oxidative stress, UV light, inflammatory cytokines or growth factors like
TGF-B.!8 Like in all MAPK signaling cascades, first the upstream MAPKKK is
activating the two MAPKKs MKK3 and MKK6 which then phosphorylate p38a MAPK
twice on a conserved Thr-X-Tyr motif within the activation loop.!®* The now active
kinase has a plethora of downstream substrates like other kinases, T protein or cytosolic
phospholipase A2. After nuclear translocation, a wide variety of transcription factors is
influenced by p38a MAPK leading to an upregulation of predominantly proinflammatory
cytokines like TNF-a and IL-1.
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Figure 1.16. The p38a MAPK signaling pathway in detail. Illustration reproduced by
courtesy of Cell Signaling Technology, Inc. (http://www.cellsignal.com/).
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1.43 The involvement of p38a MAPK in AD

Soon after its discovery, upregulated levels of p38a MAPK were detected in AD patients
and a link to neuroinflammation was suspected.'> The definition of neuroinflammation
is the presence of inflammatory responses within the brain and/or the spinal cord. Since
the CNS is protected by the BBB most elements of the immune system cannot enter this
highly sealed off area. Therefore, the CNS has its own neuroimmune system mainly
consisting of microglia and astrocytes.'®® Microglia are the equivalent of macrophages in
the CNS and as such vital for the primary immune response. Activation of microglia upon
injury, infections or other stimuli leads to the release of proinflammatory cytokines and
migration of the microglia towards the affected areas of the brain.!®” Particularly the
microglial p38a MAPK seems to be a key contributor to cytokine upregulation after
exposure to microglial activators (e.g. AP oligomers).'®® Prolonged inflammation and
continuously high levels of TNF-q, IL-1 and reactive oxygen species ultimately induces
apoptosis and neuronal degeneration. The role of p38a MAPK in these mechanisms has
been investigated meticulously in the last few years and evidence for a pivotal
involvement of p38a MAPK in neurodegeneration has been piling up. COLIE et al.
specifically downregulated p38a MAPK in neurons of 5xFAD mice (transgenic mice that
rapidly accumulate high levels of AB42 in the brain). Compared to normal SXxFAD, these
“5xFAD/p38aA-N" termed mice showed an improved memory and neurogenesis,
reduced levels of neuroinflammation and decreased AP accumulation.'®’

Aside from the massive impact of p38a MAPK on neuroinflammation, the kinase is
suspected to be involved in the hyperphosphorylation of t proteins. In vitro studies

suggested that 1 protein is a direct substrate of p38a MAPK %1%

and further analysis of
human brain samples indicated that p38a MAPK may phosphorylate t proteins in vivo,
t00.!”? A study of ZHU et al. showed at least big differences in the expression patterns and
amount of total p38a MAPK between samples of AD patients compared to age-matched
control subjects. Furthermore, immunoprecipitation of p38a MAPK led to co-
sedimentation of T PHF suggesting a close association of both proteins in vivo.!”? In a
newer study with “htau mice” which simulate a general tauopathy'®, treatment with a
brain-penetrant, selective p38a MAPK inhibitor significantly diminished t protein
phosphorylation and signs of insoluble T aggregates on top of the expected reduction of

proinflammatory cytokine release.!*
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In humans, just recently results of the first phase II clinical trial against AD with the
selective, brain-penetrant small-molecule inhibitor Neflamapimod/VX-745'° (Figure
1.17) have been published by EIP Pharma LLC and further investigations have been

announced.'?%1%7

Figure 1.17. Neflamapimod (originally named VX-745)!> is a selective, orally
bioavailable and CNS-penetrating p38a MAPK inhibitor, developed by
Vertex Pharmaceuticals.

In the exploratory clinical study, 16 patients with mild AD were enrolled and treated with
either 40 or 125 mg of Neflamapimod twice daily for 12 weeks. The results were
assessed by PET scans and a Wechsler Memory Scale test measuring Ap plaque burden
and the episodic memory, respectively. The small sample size makes it hard to draw solid
conclusions but the sponsor of the study feels confident enough to pursue further clinical
trials as there were statistically significant increases in the Wechsler Memory Scale test

and no severe adverse events were observed.'®’
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1.5 Potential synergistic effects of dual
GSK3B/p38ax MAPK inhibitors in a
variety of neurodegenerative
diseases

While AD certainly is the most common neurodegenerative disease, there are many more
incurable neurological disorders which ultimately lead to neuronal cell death. The list
includes but is not limited to Parkinson’s disease (PD), amyotrophic lateral sclerosis
(ALS), Huntington's disease (HD) and all prion diseases. Substantial evidence has arisen
that GSK3p and p38a MAPK both play an important role in the pathogenesis or the course
of many neurodegenerative diseases. PD for example is characterized by the progressive
degeneration of dopaminergic neurons in the substantia nigra pars compacta.
Histopathological changes like Lewy bodies comprised of aggregated a-synuclein can be
observed in the affected brain areas.'”® The abundant soluble protein a-synuclein is
usually unstructured but it can, under certain conditions, change its conformation into
a-helical structures that are prone to aggregation. o-Synuclein in turn is a GSK3p
substrate and kinase inhibition has shown beneficial effects on a-synuclein aggregation
in cellular models.!*” In a 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridin (MPTP) model of
PD, GSK3p inhibition prevented dopaminergic neurons from apoptosis, demonstrating
the pivotal role of the kinase in the disease progression.?”® For HD and ALS similar
observations about an involvement of GSK3p have been made.?*' 2% But also the family
of p38 MAPKSs is able to contribution to the progression of PD and ALS in a direct,
detrimental manner, as pharmacological studies have shown.?’*2%> On top of that
basically any persistent neural inflammation is in some way dependent on p38a MAPK
activity. As a general mediator of inflammation in all neurodegenerative disorders, p38a

MAPK is an attractive target for the attenuation of these inflammatory processes.>*

Regarding their involvement in AD, each kinase has been extensively discussed in
Sections 1.3.6 and 1.4.3, respectively, and a schematic overview can be found in Figure
1.18. A question that remains open is the relationship between the two kinases. As
mentioned in Sections 1.3.2, THORNTON et al. found evidence for a possible, inactivating
phosphorylation of GSK3p (Ser389) mediated by p38a MAPK.” However, these studies

were only performed in vitro and in mice, meaning the implications for healthy humans
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or AD patients are unclear. Since overactivation of p38a MAPK in AD brains does not
seem to prevent GSK3p mediated hyperphosphorylation of t proteins the significance of

the observed p38a MAPK-dependant inhibitory mechanism remains questionable.
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Figure 1.18. Schematic overview of the involvement of GSK3f and p38a MAPK in the
progression of AD.

In summary, GSK3 and p38a MAPK have both been identified as crucial components
of many neurodegenerative diseases. The inhibition of only one single kinase in these
multifactorial disease cascades seems to be inefficient due to the considerable number of
involved proteins. Targeting the hallmarks of neurodegenerative diseases with a dual
approach should result in synergistic effects since escape mechanisms can be prevented

from the start and multiple involved pathways are targeted at once.
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2 Aims

2.1 Aims and objectives of the thesis

Until today there is still no therapy to prevent, slow or cure the progression of AD.
Therefore, there is a high unmet medical need for new therapies and treatment options."’
As previously mentioned, GSK3p is a key enzyme in the disease progression of AD and
presents hence an attractive drug target. Similarly, p38a MAPK plays a vital role in the
associated neuroinflammatory processes. Thus, inhibition of one or both kinases presents

a viable option for the development of novel treatment options (Section 1.5).
The main aims of this thesis were:

(A)the design and synthesis of a potent, preferably (isoform-)selective and
brain penetrant GSK3p inhibitor with good kinome-wide selectivity
as well as the

(B) the design and synthesis of a potent, preferably (isoform-)selective and

brain penetrant dual p38a MAPK/GSK3p inhibitor

The first approach would focus on the aforementioned synergistic effects of a dual
inhibition of the two pivotal kinases in the development of AD. The second option would
allow the use of a novel GSK3 inhibitor alone or in combination with a suitable already

known p38a MAPK inhibitor.

During the course of this thesis, both aims were pursued separately in different projects.
First, the results of a high-throughput screening (HTS) against GSK3f were carefully
analyzed. The Tofacitinib-derived compound FM-064 (Figure 2.1) was a promising hit
structure, which at the tested compound concentration of 5.5 uM displayed an inhibition
of 87 %. A radiometric validation assay at ProQinase GmBH (Freiburg) determined an
ICso value of 5.29 uM. As a starting point of this work, FM-064 should be subjected to a
variety of different modifications in order to obtain first insights into the structure—

activity relationship (SAR) of this novel hit compound.
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Figure 2.1.  Structures of Tofacitinib and the derived hit compound FM-064.

* determined at ProQinase GmbH (Freiburg) using a FlashPlate-based radiometric assay

The 7H-pyrrolo[2,3-d]pyrimidine core structure is acting as the hinge binding motif in
Tofacitinib and the same binding mode was expected for FM-064 in regard to GSK3.
Possible sites of modifications included the exchange or removal of the cyanoacetamide
moiety (cyan, Figure 2.1), alterations at the exocyclic N-methyl group (green; Figure 2.1)
and different substituent patterns at the annealed phenyl ring (yellow; Figure 2.1). Since
ANDREEV already started with the preparation of the first analogues during his master
thesis?®®, the responsibilities were split among the participants in the project. All
modifications on the tricyclic core scaffold are therefore subject of a distinct PhD thesis.
Instead the focus of this work lies solely on the ring-opened analogues (as indicated by
the scissor in Figure 2.1) leading from the 9H-pyrimido[4,5-b]indole core to an
anilinopyrimidine analogue. The more flexible, ring-opened derivatives were then

modified at the different suggested sites as outlined above (Section 3.1).
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Figure 2.2.  Hit structure RN4186 already displayed a reasonable inhibitory potency
towards GSK3p and p38a MAPK.

Another interesting hit structure extracted from the HTS was the pyridinylimidazole
RN4186 (Figure 2.2). The compound is a known, potent p38a MAPK inhibitor and was
independently reported by HALEKOTTE ef al. as a potential CK18 inhibitor during the

preparation of this work.?> Optimization of this hit structure towards a better balanced
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dual GSK3p/p38a MAPK inhibitor according to aim (B) was then planned, starting with
the detailed analysis of further pyridinylimidazoles containted in the screening (Section
3.2.3). Subsequently, the knowledge gained was used for the design and synthesis of a
series of differently substituted N-(4-(4-(4-fluorophenyl)-2-(methylthio)-1H-imidazol-5-
yl)pyridin-2-yl)amides.

Using the knowledge and SARs obtained during the development of the dual
GSK3pB/p38a MAPK inhibitors, a GSK3f selective inhibitor according to aim (A) should
be developed containing the pyridinylimidazole core scaffold. In particular, the HR T of
GSK3p ought to be probed with different substituents in combination with different
modifications at the imidazole-C2 position (Section 3.2.5). The lipophilic ligand efficacy
of the novel inhibitors was closely monitored to avoid “molecular obesity” to support

CNS penetration and a gain of potency through specific protein-ligand interactions.*!°

In another project, it was planned to enhance the metabolic stability of the two known
p38a MAPK inhibitors ML3403 and LN950 (Figure 3.8) by replacing their metabolic
hotspot with a more stable group (Section 3.2.2).

Beyond this, some bioisosteric replacements in potent pyridinylimidazoles were
conducted to show the feasibility of such an approach. Those “proof-of-concept” studies
should demonstrate that not only imidazoles are tolerated by the targeted kinases, but also
different heterocycles might be used as a di- or trisubstituted backbone structure to avoid

certain issues associated with the imidazole ring (Section 3.3.6).
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3 Results and Discussion

3.1 Project I: Pyrimidine derivates

3.1.1 From Tofacitinib to GSK3f3

Tofacitinib (Xeljanz®), also known as CP-690,550%'!, is a JAKI1/JAK3 inhibitor
developed by Pfizer Inc. It was approved by the FDA (2012) and EMA (2017) for the
treatment of moderate to severe rheumatoid arthritis and has recently also been approved
for the treatment of psoriatic arthritis by the FDA. In an HTS against GSK3p, the
Tofacitinib-derived tricyclic compound FM-064 (Figure 3.1) was identified as a hit
structure showing 1% residual enzyme activity at 10 uM and 13% residual enzyme
activity at 5.5 uM in a validation assay. Tofacinitib itself did not show any detectable
inhibition of GSK3f at 1 uM in a reported selectivity screening.>'> FM-064 originated
from DR. MICHAEL FORSTER’S diploma thesis?*'® adressing JAK3 inhibitors and was
continued in the master thesis of ANDREEV, who further characterized the hit structure
towards GSK3B.2% The project continued in Andreev’s PhD thesis simultaneously to this
work, resulting amongst other compounds in the simplified structure SA01-024 (Figure

3.1) with an ICso of 1.86 uM.
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Figure 3.1.  Structures of Tofacitinib, the derived hit compound FM-064 and the
resulting simplified structure SA01-024.

While the methyl group on the piperidine ring is occupying the so-called “JAK selectivity
pocket” in JAK3, it was shown to be non-essential for activity against GSK3f. Therefore,
in the initial SAR investigations, the racemic N-Boc-3-(methylamino)piperidine

sidechain was utilized for the synthesis of all derivatives.
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It was decided to examine the importance of the tricyclic ring system by cutting the central
bond between the C4a and C4b atom in the 9H-pyrimido[4,5-b]indole core scaffold
(Figure 3.2.).
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Figure 3.2. Dismembering the structure of SA01-024 leads to compound 1.

The aminopyrimidine motif represents a privileged kinase inhibitor scaffold resulting
from its ability to form a bidentate hydrogen bond acceptor/donor system. Imatinib and
Ceritinib are two FDA-approved kinase inhibitors each containing a 2-anilinopyrimidine
but in literature also several 4-anilinopyrimidines are reported as potent kinase inhibitors
(Figure 3.3).2'*216 Our hypothesis was that derivatives with increased flexibility might
adjust better to the topology of the binding pocket or provide at least additional

information about the general SARs.
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Figure 3.3.  2-Anilinopyrimidine-containing drug Imatinib and the 2,4-dianilino-
pyrimidine Ceritinib are approved by the FDA for the treatment of
leukemia and NSCLC, respectively. Infigratinib is a pan-FGFR inhibitor
with a phenylurea moiety attached to the 4-anilinopyrimidine.?!> Another
4,6-dianilinopyrimidine was reported by ZHANG et al. as an EGFR
inhibitor, which originated from a combinatorial kinase-directed library.?'*
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Preliminary docking experiments with compound 1 in GSK3p (PDB code: 4PTC) using
Schrédinger Small-Molecule Drug Discovery Suite 2015-4* suggested a reasonable
hinge binding mode with the typical bidentate hydrogen bond acceptor/donor setup. The
backbone amide of Vall35 donates its hydrogen to the pyrimidine-N3, while the carbonyl
of Vall35 accepts a hydrogen from the pyrimidine-4-amine (Figure 3.4, 2D
representation). Rational poses were obtained for both stereoisomers of 1. Docking of the
lead compound SA01-024 resulted in similar binding modes. Most importantly, the hinge
binding mode was always postulated as described above by the Glide docking tool.
Interestingly, superimposition of the docked poses revealed (R)-1 and (S5)-SA01-024 to
be almost aligned and forming an additional hydrogen bond between the nitrile moiety
and Thr138 (Figure 3.4, PyYMOL figure). Those interactions were not seen for (S5)-1 and
(R)-SA01-024 as their nitrile groups were orientated more towards the solvent exposed
front region. No direct clashes with the gatekeeper (Leul32) were observed in any pose,
as there was always at least a distance of 4 A between Leul32 and the pyrimidine rings.
However, the gatekeeper prevents the aminopiperidine sidechains from rotating 90 to
180 © away from the aromatic ring systems — two conformations that have been identified
as favorable in ab initio calculations with SA01-024. The biggest difference was seen in
the angles between the planes of the rings. While the tricyclic core of SA01-024 was
obviously planar, compound 1 showed angles between 27 © and 45 °, depending on the
pose (ring angles measured between chlorophenyl and pyrimidine ring).

The lack of a crystal structure of GSK3p co-crystallized with FM-064, SA01-024 or a
closely related compound as ligand was one of the reasons why computer-aided drug
design strategies like structure-based lead optimization were not regarded as useful at the
beginning of the project. Another reason was the scarcity of credible SARs. For example,
it was unknown which stereoisomer was the eutomer and whether the nitrile group was
adding a substantial contribution to the binding affinity. The necessity of the exocyclic
amide moiety on the piperidine ring was equally unclear as the impact of the chloro atom.
Furthermore, the high flexibility of the aminopiperidine sidechain proved to be

challenging for most of the computational docking techniques.

* Maestro 10.4 (Schrodinger, LLC) with OPLS_2005 force field.
Prior to docking, all ligands were prepared using LigPrep with default settings.
The protein was processed using the Protein Preparation Wizard with default settings and the receptor
grid was defined by the co-crystallized ligand. Glide docking was performed with XP precision.
The figures were prepared with PyMOL 2.0.7 (Schrodinger, LLC).
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Altogether, the decision was made to generate some general SAR data first by
synthesizing a variety of compounds addressing the aforementioned questions and re-

evaluate the usefulness of computational docking methods at a later stage of the project.
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Figure 3.4. Top left: 2D representation of the interaction between GSK3f and 1.
Below: Overlay of (S)-SA01-024 (magenta) and (R)-1 (green) in GSK3f3
(PDB code: 4PTC). The glycine-rich-loop cartoon representation has been
omitted for clarity. Hydrogen bonds are shown as orange dashes.
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Figure 3.5. Modification sites for compound 1.

The simplified hit structure SA01-024 and its ring-opened derivative 1 offered plenty of
areas suitable for derivatization, exchange or removal of moieties to evaluate the
influence of each region on the binding affinity of the molecule.

An initial strategy consisted of derivatizing the nucleophilic nitrogen of the piperidine
ring by replacing the cyanoacetamide moiety (Figure 3.5; cyan) with a variety of other
amides. The carboxylic acids used in the amide coupling were chosen so that they
contained one or more hydrogen bond acceptors, as it was suspected that the nitrile might
act as a hydrogen bond acceptor, too. Additionally, the complete removal of the amide
and installation of the corresponding propanenitrile was attempted to reveal the influence
of the rather rigid, planar amide bond.

Another series of derivatives was planed, wherein the 3-chlorophenyl substituent (Figure
3.5; yellow) was exchanged against other phenyl rings with different substituents in the
3-position. Introduction of aminoheterocycles, differently-sized amides or phenyl ureas
attached to the pyrimidines was then a way to retain the suspected hinge binding motif
while exploring the surrounding SARs. The removal of the 3-chlorophenyl ring, leaving
a simple methylamine, was also supposed to reveal more insights into the binding mode.
Modifications on the N-methylpiperidine part (Figure 3.5; green) were not prioritized but
the removal of the methyl group would lead to increased polarity of the molecules and
another potential hydrogen bond donor site.

Finally, the replacement of the aniline nitrogen (Figure 3.5; orange) will be discussed in

detail in Section 3.1.3.
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3.1.2 Synthesis of amino-/amido-/anilinopyrimidines

Starting from commercially available 4,6-dichloropyrimidine, a nucleophilic aromatic
substitution (SnAr) with 3-chloroaniline led to the mono-substituted anilinopyrimidine 4,
which was obtained in high yields (Scheme 3.1). The introduction of the first amino group
deactivated the pyrimidine, making a second SnAr unfavorable. Literature procedures
proposed the use of harsh reaction conditions like high temperatures, prolonged heating
for days or the addition of strong acids. Since the fert-butyloxycarbonyl (Boc) protecting
group is fairly unstable under elevated temperatures and acidic conditions, all of the
mentioned conditions tend to be problematic in combination with N-Boc-3-
(methylamino)piperidine as the second reactant. While a deprotection of the Boc group
after the formation of the desired product would be without consequences, an earlier
formation of the unprotected piperidine (i.e. before/during the reaction) would certainly
lead to unwanted side-products as the intracyclic nitrogen atom is more nucleophilic than
the exocyclic N-methyl. In search of alternatives, neat heating of both reactants as
proposed in a patent was examined.?!” The reaction led to the desired disubstituted
pyrimidine but during the heating to 150 °C, the Boc group was indeed cleaved as
expected and a significant amount of a not further characterized side-product was formed.
Furthermore, the purification process was complicated and tedious, making the reaction
unsuitable as a general procedure due to its doubtful reproducibility. The unsubstituted
piperidine ring was coupled with cyanoacetic acid using benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) as coupling reagent and
N,N-diisopropylethylamine (DIPEA) as a base to afford the ring-openend analogue (1) of
the lead compound SA01-024.
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Scheme 3.1. Synthesis of compound 1: (a) conc. HCI, iPrOH, 85 °C, 83%; (b) N-Boc-3-
(methylamino)piperidine, neat, 150 °C; (c) cyanoacetic acid, PyBOP, DIPEA, DCM, rt,
15 % (over 2 steps).

Among the examinded alternatives to a SNAr under harsh conditions, the Buchwald-

Hartwig amination was found to be the most suitable one. This C-N bond forming,
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palladium-catalyzed cross-coupling reaction can be employed under mild conditions, also
tolerating acid labile reactants. In 1995, Stephen L. Buchwald and John F. Hartwig each
independently discovered a cross-coupling reaction of aryl bromides with amines using a
bis(tri-o-tolylphosphine)palladium(0) catalyst/ligand system in the presence of a
base.?!#2!? Originally the scope of the reaction was limited in terms of suitable substrates,
solvents and bases. Using novel phosphine ligands, today also aryl chlorides, iodides and
triflates can react with a broad repertoire of amines using a variety of different reaction
conditions. As a result, the Buchwald-Hartwig amination has become an indispensable tool
for chemists in the last two decades and is one of the most frequently used reactions in
medicinal chemistry.??
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Figure 3.6.  Catalytic cycle of Buchwald-Hartwig amination.

The catalytic cycle of the of Buchwald-Hartwig amination is similar to the general cycle
of all Pd-catalyzed cross-couplings. First the oxidative addition of the aryl halide to the
Pd° species takes place. In the second step, coordination of the amine to the palladium
occurs followed by deprotonation through the base. Finally, the reductive elimination
yields the aryl amine product and regenerates the catalyst. Instead of the reductive
elimination a B-hydrogen elimination may occur as side-reaction (not shown in Figure
3.6) which produces the hydrodehalogenated arene and an imine. However, with the right

choice of ligands this side-reaction can be completely avoided.??!?*
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Scheme 3.2. Comprehensive overview of all syntheses starting from key intermediate 5:
(a) TFA in DCM (1:5 ratio), rt, 92-100 %; (b) acrylonitrile, (sometimes EtsN), MeOH, rt,
33-62 %; (c) 2-aminopyridine or 3-aminopyridine or 3-substituted aniline, Pd2(dba)s,
XPhos, NaOrBu, DMF, 80 °C, 35-84 %; (d) cyclopropanecarboxamide, Pdx(dba)s,
XantPhos, Cs2CO3, DMF, 90 °C, 30 %; (e) 2 M methylamine in MeOH, 95-120 °C,
83 %; (f) Pdz(dba)s, (+-Bu)sP-HBF4, 0.5 M LiHMDS in 1,4-dioxane, 80 °C, 73 %;
(g) corresponding carboxylic acid, PyBOP, DIPEA, DCM, rt, 20-81 %, (h) phenyl
isocyanate, toluene, 90 °C, 62 %; (1) cyclopropanecarboxamide, Pd2(dba)s, XantPhos,
Cs2C0s, DMF, 110 °C, 78 %.
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Since the plan was to exchange the 3-chloroaniline moiety against different substituents,
in the first step 4,6-dichloropyrimidine was subjected to a SnxAr with N-Boc-3-
(methylamino)piperidine, resulting in the key intermediate 5. Starting from S a variety of
reactions was employed to obtain an array of differently 4,6-substituted pyrimidines with
the aim to generate some general SAR data (Scheme 3.2).

The SnAr of 5 with methylamine as a nucleophile proceeded smoothly (13) once the
reaction was heated for a prolonged time. Deprotection in diluted trifluoroacetic acid and
a subsequent Michael reaction with acrylonitrile gave the final product 15. As already
mentioned, with weaker nucleophiles or where harsh conditions were not applicable, the
Buchwald-Hartwig amination was used as an effective alternative. For example, key
intermediate 5 was coupled with various anilines using an tris(dibenzylideneacetone)-
dipalladium(0)/XPhos system in DMF to yield the still Boc-protected products (24a-24c).
After deprotection, the intermediates were derivatized at the intracyclic nitrogen of the
piperidine ring utilizing PyBOP and different carboxylic acids (26-29). Preliminary test
results indicated that an exchange of the cyanoacetamide moiety against other amides
seemed potentially unfavorable. New developments in the derivatization of the lead
compound SA01-024 also revealed that the replacement of a cyanoacetamide moiety
through propanenitrile was possibly beneficial and should be further investigated.??* For
this reason, the other two derivatives 25b and 25¢ which resulted from 3-fluoroaniline
and 3-aminophenol, respectively, were only subjected to a Michael addition with
acrylonitrile. Once the propanenitrile moiety was established as the most effective
substituent on the piperidine ring, intermediate 5 was deprotected and the piperidine was
reacted with acrylonitrile to give the versatile intermediate 7. Using Buchwald-Hartwig
amination with 2- and 3-aminopyridine, 3-(trifluoromethyl)aniline and 3-chloroaniline
led to the respective final compounds in moderate to very good yields. Most likely side-
reactions like homocoupling or polymerization were responsible for the lower yield
observed, when 3-chloroaniline was used as reactant (35 %, 11). Once more starting from
7, a Buchwald-Hartwig reaction using XantPhos as phosphine ligand and
cyclopropanecarboxamide as reactant yielded the 4-(cyclopropanecarboxamido)-
pyrimidine derivative 12. Applying similar reaction conditions to key intermediate 5 gave
the still Boc-protected 4-(cyclopropanecarboxamido)pyrimidine derivative (21) in much
higher yields (78 % here vs. 30 % for 12). Again, deprotection and in this case
derivatization with PyBOP and carboxylic acids gave two final compounds (22 and 23).

A second way to form amidopyrimidines was created after a procedure reported by
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GEHRINGER et al., in which lithium hexamethyldisilazide (LiHMDS) was used as an
ammonia equivalent in a Buchwald-Hartwig coupling.??* The formed aryl bissilylamine
was hydrolyzed with aqueous HCIl during the work-up, resulting in the free
aminopyrimidine 16. From 16, a benzamidopyrimidine derivative (18) was synthesized
using again PyBOP as an amide coupling reagent followed by the standardized
deprotection and a Michael addition with acrylonitrile. Urea formation in decent yields
was achieved by heating 16 and phenyl isocyanate in toluene for 16 hours. Deprotection
and Michael addition again produced a final compound, this time with a urea moiety as

the hinge binding motif (20).

Modifications on the exocyclic N-methyl nitrogen atom were limited to the removal of
the methyl group. The synthetic route was straightforward, starting again with an SNAr
between 4,6-dichloropyrimidine and in this case 3-fluoroaniline. Using the established
Buchwald conditions, the commercially available racemic N-Boc-3-aminopiperidine was
reacted with 32 in acceptable yields. The final product (34) was obtained after
deprotection and the previously described Michael addition (Scheme 3.3).
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Scheme 3.3. Synthesis of compound 32: (a) 3-fluoroaniline, DIPEA, n-BuOH, 120 °C,
62 %:; (b) N-Boc-3-aminopiperidine, Pd2(dba)s;, XPhos, NaOrBu, DMF, 80 °C, 42 %:; (c)
TFA in DCM (1:5 ratio), rt; (d) acrylonitrile, MeOH, rt, 59 % (over 2 steps).

Clearly, 2,4-substituted pyrimidines are an overrepresented structural class in kinase
scaffolds and literature reports when compared with its 4,6-analogue (e.g. Figure 3.3;
Imatinib and Ceritinib). A SciFinder comparision between these two closely related
heterocyclic core structures reveals a roughly 5-fold difference in favor of the 2,4-
diaminopyrimidine (as of December 2018). Thus, a “flipped” phenyl analogue of
compound 10 was synthesized and likewise tested in our assay. Synthesis started
accordingly from 24-dichloropyrimidine and the first SnAr with N-Boc-3-

(methylamino)piperidine gave the desired regioisomer in a very good yield (Scheme 3.4).
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The remaining steps to compound 35 were carried out analogues to the synthesis of the

4,6-derivatives.
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Scheme 3.4. Synthesis of 2,4-diaminopyrimidine 38: (a) N-boc-3-(methylamino)-
piperidine, DIPEA, iPrOH, 85 °C, 81 %; (b) aniline, Pd2(dba)3, XPhos, NaOfBu, DMF,
80 °C, 51 %; (c) TFA in DCM (1:5 ratio), rt; (d) acrylonitrile, MeOH, rt, 68 % (over 2

steps).

Unfortunately, in the end all of the tested compounds were inactive or only very weakly
active against GSK3p and no solid SAR conclusions could be drawn on the basis of the
synthesized molecules (7able 3.1 and Table 3.2 for detailed overview). ELISA assays for
p38a MAPK, c-Jun N-terminal kinase 3 (JNK3) and JAK3 at 10 uM concentration of
compound revealed also no meaningful inhibition.

Despite a lot of effort, we were unable to obtain a co-crystal structure of GSK3 in
complex with any (fused or ring-opened) 9H-pyrimido[4,5-b]indole derivative.
Therefore, well reasoned predictions about binding mode and other certain peculiarities
of this compound class are impossible. However, the ring-opened, novel compounds
presented here have a distinctly higher degree of flexibility enabled by the additional
rotational bond between the two aromatic rings. This seems to result in low-energy
conformations of the molecules, which are highly unfavorable in regard to the overall

binding affinity.
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Table 3.1.

Biological activity of the synthesized anilinopyrimidines.
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Table 3.2.  Biological activity of the synthesized amidopyrimidines, phenylurea 18,

methylaminopyrimidine 13 and anilinopyrimidines 32 and 35.
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3.1.3 Synthesis of phenoxypyrimidines

Although the assumed hinge binding motif of the simplified 9H-pyrimido[4,5-b]indole
derivative SA01-024 involves a hydrogen bond acceptor/donor motif (Figure 3.4), a
series of phenoxypyrimidines was planned to validate our hinge binding theory. If correct,
the loss of one hydrogen bond donor would be reflected in a loss of activity compared to
the anilinopyrimidines. It should be noted that at the start of the project, no in-house assay
for GSK3 kinase activity was established, yet. Therefore, at the time of the synthesis of
this series, it was not yet known that the anilinopyrimidines series displayed only poor
inhibitory potency per se. A comparison between both series for our purposes then turned
out to be ineffectual. Nevertheless, the compounds were tested at ProQinase GmbH
(Freiburg) in a FlashPlate-based radiometric GSK3f assay. In-house screening at 10 uM
against p38a MAPK, JNK3 and JAK3 generated additional data to characterize the
compounds.

A straightforward synthetic route was planned, starting again from 4,6-
dichloropyrimidine. Two successive SNAr enabled the preparation of intermediates 41a
and 41b in good yields. Using the well-established deprotection conditions followed by
amide coupling with PyBOP or the previously described Michael addition with
acrylonitrile gave the final products 42-48 (Scheme 3.5).
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Scheme 3.5. Synthetic route to compounds 42-48: (a) phenol, K2CO3, DMF, rt, 65 % or
3-chlorophenol, K2CO3s, Nal, MeCN, rt, 97 %; (b) N-boc-3-(methylamino)piperidine,
DIPEA, DMF, 80 °C, 56-71 %; (c) TFA in DCM (1:5 ratio), rt, 81-83 %:; (d) carboxylic
acid, PyBOP, DIPEA, DCM, rt, 23-81 % or acrylonitrile, MeOH, rt, 94 %.
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In order to examine yet another hinge binding motif, a 6-aroylpyrimidine (50) was
synthesized starting again from key intermediate 5. Deprotonation of 3-
fluorophenylacetonitrile is achieved with sodium hydride as strong base and the resulting
stabilized benzylic carbanion then displaces the chlorine at the pyrimidine-C6. In situ
oxidation led to a 6-(3-fluorobenzoyl)pyrimidine derivative (49) which was subjected to

deprotection followed by a Michael addition to finally yield 50.
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Scheme 3.6. Synthesis of compound 50: (a) 3-fluorophenylacetonitrile, NaH, DMF,
-20 °C - rt; (b) atmospheric Oz; (¢) TFA in DCM (1:5 ratio), t; (d) acrylonitrile, MeOH,
rt, 76 % (over 4 steps).

As already expected all compounds were basically inactive with an ICso > 10 uM against
our desired target. Screening against an in-house kinase panel at a concentration of
10 uM from different families showed some very weak inhibition of p38a MAPK and
none in a JNK3 ELISA assay. Moreover, the tyrosine kinase JAK3 was also not affected
by the molecules. Only compounds 43, 44 and 50 showed a weak measurable effect, likely
due to their given similarity to the original lead structure Tofacitinib (which is a potent

JAK1/JAK3 inhibitor).
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Table 3.3 Biological activity of the synthesized phenoxypyrimidines

and 3-fluorobenzoylpyrimidine 47.
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R GSK3p | \rapi: | INK3' | JAK3
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W >100 uM* | 38 % 0 % n.d.
0
\)‘\CS >100 uM™ | 42 % 0 % 4%
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% >100 uM* | 37 % 0% 0%
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M >100 pM™ | 43 % 0% 19 %
N :
\(\/ 15 % n.d. 8 % 18 %
- >100 uM* | 17 % 7% 19 %

n.d. = not determined
*  =Cs values determined at ProQinase GmbH (Freiburg) using a FlashPlate-based radiometric assay
+ = tested in an ADP-Glo assay at a concentration of 10 uM225

I = tested in an ELISA assay at a concentration of 10 pM (conditions see legend Table 3.2)
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3.1.4 Synthesis of the simplified Tofacitinib derivative

Another idea to generate first SAR insights was the removal of the annelated
3-chlorophenyl from our starting structure SA01-024. A closely related analogue of the
original lead structure Tofacitinib should provide some clarity about the significance of
the tricyclic core structure. The synthesis of the simplified Tofacitinib derivative (54)
was started from commercially available 4-chloro-7H-pyrrolo[2,3-d]pyrimidine which
was protected with a tosyl group to facilitate the following SnxAr with N-Boc-3-
(methylamino)piperidine as described by ANDREEV.2®® Deprotection of the tosyl group
was achieved in a basic environment whereas the Boc-group was cleaved with diluted
trifluoroacetic acid. Finally, acrylonitrile was used to substitute the deprotected piperidine
nitrogen in a Michael reaction. In our in-house GSK3p ADP-Glo assay compound 54
showed an ICso of 2.99 uM. Compared to the tricyclic hit structure (ICso = 1.86 uM) the
removal of the ring leads to a ~ 2-fold decrease of inhibition. Changes in this rather small
magnitude allow the conclusion that the annelated ring is not involved in any kind of
directed interactions with the kinase. Also, it does not seem to sterically force the
piperidine ring into a favorable conformation. However, unspecified lipophilic

interactions might be leading to the slightly better potency of the inhibitor.
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Scheme 3.7. Synthesis of compound 54: (a) NaH, tosyl chloride, THF, 0 °C - rt, 92 %;

(b) N-Boc-3-(methylamino)piperidine, DIPEA, DMF, 70 °C, 65 %; (c) NaOsBu, THF, rt;
(d) TFA in DCM (1:5 ratio), rt; (e) acrylonitrile, MeOH, rt, 35 % (over 3 steps).
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3.2 Project II: Pyridinylimidazoles

3.2.1 History of pyridinylimidazoles in drug discovery

Trisubstituted pyridinylimidazoles have been known as anti-inflammatory drugs since
SKF-86002 and SB-203580 (Figure 3.7) were disclosed in 1987 and 1995 by SmithKline
Beecham, respectively.??*?%° At first the pharmacological target of the compounds was
unknown but researchers at the company eventually managed to isolate and identify the
p38a MAPK as an important kinase related to inflammatory processes.!” The fact that,
when binding to p38a MAPK, the inhibitors adopt a three-dimensional shape which
distantly resembles the form of a tear led to the term “teardrop binders”, which sometimes
is used to refer to this structural class of compounds. The high versatility of this scaffold
enabled the synthesis of multiple different pyridinylimidazole-based inhibitors, targeting
several kinases next to p38a MAPK such as CK18/CK1¢2”, JNK3%!, triple mutant
EGFR?2 B-Raf?*?, ALK5%* and TIE2 kinase®*°. A recent review by KOCH AND ANSIDERI
presents a general overview of the synthesis and biological activity of

pyridinylimidazoles against different kinases.?*°
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Figure 3.7. Prototypical trisubstituted pyridinylimidazoles and recognized

p380. MAPK inhibitors SKF-86002 and SB-203580.%*°
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3.2.2 Improving the metabolic stability of 2-methylsulfanylimidazoles

The results of this project were published in Publication I.

Potential drawbacks of the 2-methylsulfanylimidazole scaffold are the occurring
metabolic oxidation of the sulfur and the potential inhibition of cytochrome P450 (CYP)
enzymes. CYPs are hemeproteins which prevalenty catalyze monooxygenase reactions in
the liver. They are heavily involved in drug metabolism accounting for up to 75% of all
metabolism reactions in humans and changes in their activity can lead to severe adverse
drug reactions or treatment failure.”>’ Imidazoles (and N-containing heterocycles in
general) are known to be potential CYP inhibitors — a property that is even used
therapeutically: Fadrozole contains a tetrahydroimidazo[1,5-a]pyridine and acts as a
CYPI9A1 (aromatase) inhibitor by coordinating to the heme iron. It was approved in
1995 in Japan to treat estrogen-dependent breast cancer.?*®

There are several ways to minimize the risk of CYP-associated liabilities. Reducing
lipophilicity is a reasonable approach since unwanted CYP inhibition is often associated
with high log P values.?** Another way is the introduction of bulky or interfering moietys
next to the N-atoms so that the coordination to the heme iron is hindered. The most logical
option is of course the removal of the disturbing heterocycle. Simple omission of the
imidazole in this case was impossible as it was the structural backbone of the molecule.
Therefore, a bioisosteric replacement of the imidazole represented an interesting
possibility which is discussed in Section 3.2.6. Issues like CYP-mediated liver toxicity
became already obvious during the development of the triaryl pyridinylimidazole
SB-203580. LAUFER et al. introduced a sulfur at the imidazole-C2 partially in order to
reduce these toxic effects. However, this modification alone was not sufficient and only
when a bulky tetramethylpiperidinyl moiety was introduced at the imidazole-N1, CYP
inhibition was substantially reduced.’*® As already mentioned, those 2-thioimidazole
derivatives are prone to oxidation by metabolic enzymes such as CYPs. The resulting
sulfoxides are potent active metabolites which have been studied and characterized in
detail as p38a MAPK inhibitors.?*!2** However, in the GSK3p assay all tested sulfoxide
metabolites were 3 to 6-fold less active than their parent compounds indicating a potential
problem. The 2-methylsulfanylimidazoles acting as dual GSK3p/p38a MAPK inhibitors
(Publication II) displayed in fact decent stability (degradation of 50% over 4 h) in
preliminary experiments with human liver microsomes (HLM) but in the follow-up in

vivo experiments in mice, rapid metabolism to the sulfoxides was observed. In order to
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improve the metabolic stability of the compounds and to assess the influence of the 2-thio
moiety in regard to pharmacokinetic properties (e.g. cellular permeability) as well as CYP
inhibition, 2-alkylimidazole derivatives of the known potent p38a MAPK inhibitors
ML3403%* and LN950%** were synthesized (Figure 3.9).

F F. F
H ; N\>\ H ; '\{>\ H , "{>\ 0
S S S/
N~ N \ )ﬁ/N N \\\ N~ N \
N N OH N
ML3403 LN950 ML3603
ICso(p38) =  40nM ICs0(p38a) = 11 nM

Figure 3.8. Previously reported potent inhibitors of p38a MAPK: ML34032%,
LN950%*, and its active metabolite ML3603.24>

All synthesized 2-alkylimidazoles were metabolically stable over a period of 4 h when
incubated with HLM. They displayed a similar inhibitory activity as their corresponding
2-methylsulfanylimidazole counterparts when tested against the isolated p38a MAPK
enzyme in an ELISA assay.??® The complete findings of this exploratory study can be

found in Publication I (Appendix).

3.2.3 High-throughput screening and hit identification

The results of this project were published in Publication II.

Selected compounds of our in-house library containing more than 4000 molecules were
screened against GSK3p at a compound concentration of 5.5 uM in a HTS. This led to
the identification of some pyridinylimidazole-type inhibitors which showed a promising
activity of more than 80 % inhibition at the tested concentration. This result was
somewhat surprising since GSK3p was not seen as an off-target in selectivity screens

previously performed for other pyridinylimidazoles.
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Table 3.4.  Top 5 pyridinylimidazole-type screening hits against GSK3p.

ID Structure Inhibition at 5.5 pM Ref.
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A closer analysis of all 269 pyridinylimidazole-type structures extracted from the
screening, revealed that eleven out of the twelve best hits possessed an amide moiety at
the pyridine-C2 position, seven were 2-methylsulfanylimidazoles and the ratio of tri- to
tetrasubstituted imidazoles was seven to five. The first finding was rather unexpected
since most of the included pyridinylimidazoles either possessed an amino moiety at the
pyridine-C2 or similar to SB-203580 no substituent on the pyridine at all. From the five
best hits (7Table 3.4), p38a MAPK inhibition data on two compounds (57 and 59) were
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already published with values of 37 nM and 9 nM, respectively.?* Gratifyingly, the
screening contained multiple examples of “matched molecular pairs” that differ
structurally from each other only at a single site.?*’” By comparing the inhibitory potency
of these pairs, well-grounded assumptions about the importance of certain functional
groups in the structures could be deduced. Compound 57 had at least 12 derivatives with
modifications at the imidazole-N1 included in the HTS. Often short alkyl chains
(ethyl/propyl) with a halogen or hydroxyl group at the end were introduced in this
position. But also, a tetrahydropyranyl group or 3-propanonic acid were among the
functionalizations. However, all derivatives were substantially less active than 57,
indicating the importance of the unsubstituted imidazole nitrogen. Most of the compounds
in our library contained an S-methyl moiety at the imidazole-C2 position. Due to this bias
it was no surprise that many hits contained this motif. Interestingly the 2 best hit (56)
possessed a S-benzyl group in this position, which indicated a certain tolerance of bulkier
groups towards this zone and thereby space for modifications. A known metabolic
pathway of 2-methylsulfanylimidazoles is the CYP-mediated oxidation to the
corresponding 2-methylsulfinylimidazole.** The few sulfoxides included in the
screening were always showing decreased inhibition of GSK3f compared to their parent
compounds. This finding urged us to keep an eye on the prevalence of metabolites and
their activity during the development of the inhibitors. The most important suggestion
from the data referred to the pyridine-C2 position. As already mentioned, the best
inhibitors were all in possession of an amide moiety in this position. Exchange of the
acetamide of 57 against simple isopropyl- or cyclopropylamines resulted in a massive
loss of potency and the same decrease was seen for almost any amine. In contrast,
different amides had a quite diversified impact on the enzyme, depending on the size and
properties of the moiety attached adjacent to the amide group. This region demonstrated
potentially great promise for improvements and previous synthetic efforts were mostly
concentrated on different amines, making it reasonable to start expanding the SARs
around the N-(pyridin-2-yl)amide moiety. The as well desired effect of p38a MAPK
inhibition was also not impaired by the exchange of amines through amides at the
pyridine-C2 position, as demonstrated by the data published for 57 and 59. On top of that,
even bulky residues can be accommodated by p38a MAPK since the HR II is solvent-
exposed and therefore quite spacious. Because the pyridine core was considered to be
essential for binding to the hinge region of both kinases, any changes here were ruled out

for the first iterative synthetic cycles. The influence of the 4-flurorophenyl residue was
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impossible to interpret as the vast majority of structures in the screening library possessed
this structural feature. Additionally, the importance of an aryl ring in the imidazole-C4

position for p38a MAPK inhibition had been previously noticed.?!
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Figure 3.9. Possible modification sites of the core pyrid—inylimidazole are colored.

In summary, the best starting point for derivatization was found to be in the pyridine-C2
position. The synthesis of a series of different amides (blue; Figure 3.9) varying in size
and carrying different additional functional groups seemed a promising approach to gain
first SAR for this compound class in connection with GSK3f. Derivatization of the
imidazole-N1 and imidazole-C4 were disregarded for the moment for reasons explained
in the paragraph above. Lastly a closer look was taken on the differences between S-
methyl and S-benzyl (green; Figure 3.9), hence a small series of 2-benzylsulfanyl-
imidazoles was planned to assess the potential of certain amide functions in combination
with the S-benzyl moiety. As a consequence of the observed metabolic liabilities (Section
3.2.2), an additional series of 2-alkylimidazoles was synthesized and biologically

evaluated in the enzymatic assays.
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3.2.4 Optimization of dual GSK3/p38cx MAPK inhibitors

The results of this project were published in Publication II.

A retrosynthetic analysis of the screening hits offered two possibilities for the
introduction of the crucial amide moiety at the pyridine-C2 (Scheme 3.8). The preparation
of the 2-chloropyridine precursor 60 had been already described as a high-yielding four-

step synthesis.?*®

Using non-optimized Buchwald-Hartwig conditions with the
unprotected imidazole 60 and various (cyclo)alkylamides resulted in the corresponding
N-(pyridin-2-yl)amides with yields up to ~ 60 %. According to literature research, this is
the first time a successful Buchwald-Hartwig reaction has been reported for an
unprotected trisubstituted 2-methylsulfanylpyridinylimidazole bearing a halogen moiety

at the pyridine-C2 position.

E F.
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Scheme 3.8. Retrosynthetic approach towards the desired N-(pyridin-2-yl)amides.

However, the reaction suffered from inconsistent yields depending on the amides used
and the need of rather expensive catalysts/ligands. Thus, the direct preparation of the
desired compounds from intermediate 61 presented a more appealing option. Compound
61 itself can be synthesized for example starting from the corresponding 2-fluoropyridine
derivative of 60 using ammonia under harsh SNAr conditions in a high-pressure reactor.
As an alternative option, a slightly modified synthetic route from KOCH et al. was chosen
for the preparation of 61.2** Starting from tert-butyl N-(4-methylpyridin-2-yl)carbamate
a concise six-step synthesis derived from led to the key intermediate 61 in a good overall
yield of 34 % calculated over 7 steps (Scheme 3.9). Finally, the desired amide moieties
were introduced by direct reaction of 61 with acid chlorides or via carboxylic acids in
combination with an amide coupling reagent. In this manner, a variety of distinctively
substituted N-(pyridin-2-yl)amides were synthesized and evaluated in the biological in

vitro assays against GSK3p and p38a MAPK.
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Scheme 3.9. Synthesis of key intermediate 61: (a) NaH, 4-methoxybenzyl chloride, DMF,
0 °C, quant.; (b) NaHMDS, ethyl 4-fluorobenzoate, THF, 0 °C, 67 %; (c) NaNOz, acetic
acid, rt, quant.; (d) Hz, Pd/C 10 %, HCl in MeOH (sat. soln), 45 °C; (e) KSCN, DMF, 160
°C, 62 % (over 2 steps); (f) CHsl, NaOrBu, MeOH, 55 °C, 84 % (g) TFA, 45 °C, 97 %.
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Figure 3.10. Biological evaluation of the synthesized compounds against GSK3f and

p38a MAPK.
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A synthesized, small series of five 2-benzylsulfinylimidazoles (not shown here;
Publication II, Appendix) displayed — despite the promising hit structure 56 — only
moderate to weak activity against GSK3p and the series was therefore not further
developed. The ethylurea derivative 69 was also not displaying a much enhanced binding
affinity and the focus was consequently put entirely on amide derivates. Among the
synthesized compounds (Figure 3.10) were numerous inhibitors with an improved
inhibitory potency against GSK3[ going from the low triple, down to the double digit
nanomolar range (e.g. 77, 79, 84 and 88). The GSK3B/p38a MAPK ratio was also
improved in some compounds compared to the hit structure 55 (ratio of 4.1). The well-
balanced dual inhibitor 77 showed a GSK3p/p38a MAPK ratio of 1.7 and was at the same
time the most potent compound from this series regarding GSK3p. Thus, the inhibitor
was further evaluated towards its metabolic stability by in vitro experiments with HLM.
Due to previous studies on the metabolic stability of similar 2-methylsulfanylimidazoles,
it was known that the imidazole-C2 position is a “metabolic hotspot” for oxidation
(Section 3.2.2). As expected, the HLM experiments resulted in the generation of the
corresponding 2-alkylsulfinylimidazole (90) as the main metabolite. The compound was
also synthesized and subjected to both inhibition assays where it showed a 6-fold reduced
activity versus GSK3p while its activity versus p38a MAPK was only reduced by ~ 2-
fold. This shift of the GSK3B/p38a MAPK ratio from 1.7 to 5.4 was seen critical as the
steady formation of the active metabolite 90 in vivo would lead to an unwanted inhibitory

dysbalance over time.
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Figure 3.11. Biological evaluation of the metabolite 90 and the metabolically stable
2-alkylimidazole compounds 91-97 against GSK3f and p38a MAPK.
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Based on the experiences gained during the improvement of ML3403 and LN950
(Section 3.2.2), a series of 2-alkylimidazoles (91-97) were synthesized by Urs Haun with
the aim of creating metabolically more stable, potent, dual GSK3B/p38a MAPK
inhibitors.?* The concept was successfully realized as compound 93 was unaffected over
a 4 h period of incubation with HLM. Compounds 77 and 93 were additionally tested in
mice for their ability to cross the BBB. The active metabolite of 77 (= 90) and 93 showed
a moderate CNS-penetration proving the general suitability of this compound class to act
as CNS
TNF-a release from human whole blood (which is p38a MAPK-dependant)** was
determined for 77 (541 nM) and 93 (317 nM) as well as their in vitro CYP and human

drugs. Furthermore, the inhibition of  LPS-stimulated

Ether-a-go-go-related gene (hERG) channel inhibition profile (7able 3.5). Unintentitional
inhibition of the hERG channel has been associated with QT prolongation, a dangerous
cardiac side-effect. Compounds with hERG ICso values above 10 puM are usually
considered to be safe with respect to this adverse effect.>! Details about the dangers of

unwanted CYP inhibition have been already outlined in Section 3.2.2.

Table 3.5.  Evaluation of potential hERG and CYP liabilites.
% inhibition at compound conc. of 10 pM
Cpd hERG CYP1A2 | CYP2C9 | CYP2C19 | CYP2D6 | CYP3A4
30.1 88.4 71.7 56.1 14.6 75.6
43.3 83.6 83.6 81.7 58.3 75.1

Finally, GSK3 isoform selectivity was determined by subjecting a selected set of
compounds also to the ADP-Glo GSK3a assay. Comparing the absolute ICso values of 77
and 93, the inhibitors showed a 7.5-fold and 8.5-fold selectivity towards the B isoform,
respectively. To make definite statements about the discrimination of pyridinylimidazoles

between the o and P isoforms, the determination of the Ki values would be beneficial.

A deeper analysis of all data and detailed descriptions of the experimental procedures

performed can be found in Publication II (4ppendix).
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3.2.5 From dual-targeting to GSK3pB-targeting inhibitors

The results of this section were published in Manuscript I.

Compound 98 (Figure 3.12) originated as a simplified derivative from the potent dual
GSK3pB/p38a MAPK inhibitor 77 and its metabolically more stable 2-alkylimidazole
derivative 93, during the development of the dual-targeting inhibitors (Section 3.2.4).

F F
H Ny = H N = H Ny
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77 93 98

1C5, (GSK3B) = 40 nM 1C5, (GSK3B) = 35nM ICs0 (GSK3pB) = 1,684 nM
1Cs0 (p38at) = 24 nM 1Cs0 (p38at) = 16 nM 1Cs0 (p38at) > 10,000 nM

Figure 3.12. The potent dual GSK3B/p38a MAPK inhibitor 77 was derivatized to give
the metabolically more stable 2-alkylimidazole 93. Removal of the
4-fluorophenyl ring occupying HR 1, resulted in 98.

While the inhibitory potency of 98 versus GSK3p is decreased by a factor of ~ 45, a
complete loss of activity against p38a MAPK was observed. Those dramatic changes can
be attributed to the removal of the 4-fluorophenyl ring targeting the HR 1. ANSIDERI ef al.
showed the influence of different aromatic and (cycloc)aliphatic moieties at the
imidazole-C4 position on the inhibition of p38a. MAPK and the closely related JNK3.%!
Thus, it was known that pyridinylimidazole-based p38a MAPK inhibitors prefer an
aromatic ring reaching into HR I instead of smaller, non-aromatic residues. Regarding
GSK3p, the influence and importance of the 4-fluorophenyl ring was not elucidated yet.
The interesting inhibitory dysbalance of 98, made the molecule a good starting point for
further derivatizations with the aim of synthesizing a GSK3p selective di- or trisubstituted
pyridinylimidazole. It was planned to probe the HR I of GSK3f with different aromatic
and (cyclo)aliphatic moieties in order to deduce the best fitting residue with good
inhibitory potency and selectivity over p38a MAPK (Figure 3.13). At the same time, the
log P values and the lipophilic ligand efficacy of the synthesized compounds were
calculated.?> Decreased lipophilicity is generally associated with lower attrition rates in
clinical trials due to less toxicity issues (e.g. reduced CYP interactions) and better

pharmacokinetic properties.”>* Futhermore, log P values in the range of 0-3 have been
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appraised as beneficial for the crossing of the BBB.?>* As a result, the focus was to avoid

“molecular obesity” and the gain of potency solely through lipophilic interactions.?!°

The target molecules were constructed using a building block strategy beginning from the
cost-efficient 2-methylimidazole (< 0.16 €/g). In this synthetic route the di- and
trisubstituted imidazoles were build up gradually applying Pd-catalyzed C—C cross-
coupling reactions (Scheme 3.10). Utilizing this strategy enables easy access to flexible
variations in different parts of the molecules: probing the HR I with different aryl groups
at the imidazole-C4 is as well possible as testing differently substituted pyridines or even

other heterocycles as hinge binders.

amine H
HoN N Br derivatization* _N SN Br
|_) | R1 | * (derivatization only if desired as direct Stille
N coupling of 2-amino-4-bromopyridine also possible)

PG introduction 1.) ortho-lithiation Stille coupling
2.) Sn(Bu)sCl with prod 1.) Br.
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Scheme 3.10. General scheme of the flexible synthetic strategy towards differently
substituted 2-methylimidazoles. PG = protecting group.

A lot of different synthetic stragies utilizing Pd-catalyzed C—C cross-coupling reactions
towards pyridinylimidazole kinase inhibitors have been reported over the years (e.g.
LIEDTKE ef al.**®, GUNTHER et al.*?, JUCHUM et al.?*® and SELIG et al.?*%). However, none
of these routes were designed for the fast derivatization of the pyridine-C4 position, while
maintaining a determined moiety towards the HR II. Many more Pd-catalyzed C—C cross-
coupling strategies towards trisubstituted imidazoles have been described in literature but
often the products are rather easily accessible triarylimidazoles (like SB-203580) or the
synthetic procedures are incompatible with the azaheterocycle needed as integral part of
the hinge binding motif — especially if this heterocycle is further substituted (e.g. as N-
(pyridin-2-yl)amide or pyridine-2-amine).?>"2! One limitation of this route that has yet
to be overcome, is that despite a plethora of different catalysts/ligand systems tested,

couplings with (cyclo)alkylboronic acids were unsuccessful until now.
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Figure 3.13. Biological evaluation of 2-methylimidazoles bearing different substituents

targeting the HR I of GSK3.

All prepared substances were again measured in the ADP Glo GSK3f assay and the most
promising compounds were evaluated in an ADP Glo p38a MAPK assay which showed
good correlation with the previously used ELISA p38a MAPK assay concerning the
comparability of the ICso values (Figure 3.13). Overall, a very similar profile of moieties
is tolerated by both kinases. Aromatic rings filling the HR I are mandatory for
submicromolar potency even if GSK3p is slightly more tolerant towards cycloaliphatic
groups. Bigger moieties (105 and 106) are much better tolerated by p38a MAPK probably
due to the larger HR I resulting from different gate keeper moieties (Leu in GSK3f; Thr
in p38a MAPK). Similar to 106, Ansideri et al. recently reported a 4-(4-(naphthalen-2-
yl)-1H-imidazol-5-yl)pyridine with an ICso value of 16 nM versus p38a MAPK,
underlining the fact that there is plenty of space for bulky residues in the HR I of this
kinase.??! Introduction of ortho-, meta- and para-hydroxyphenyl rings led to the
improved compound 104 with a 4.5-fold selectivity towards GSK3p. Even more
selectivity was observed for compound 112, which displayed a 10-fold selectivity towards
GSK3p. Several more, rather well-balanced dual inhibitors were obtained (e.g. 103 and
111). However, overall these findings confirmed that substitution of the imidazole-C4

with aromatic moities is not beneficial when pursuing selectivity away from p38a MAPK.
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Thus, another strategy to generate more potent GSK3f inhibitors without an aromatic ring
towards the HR I had to be fabricated. A computational docking approach revealed an
opportunity to target a conserved lysine in GSK3p (Lys85) by exchanging the 2-methyl
group against a 2-carboxamide (Figure 3.14). This Lys is forming a crucial salt bridge
with Glu97 and is highly conserved throughout the kinome.?> However, due to its
flexibility and because of minor shifts in other areas of the kinases, the position of this
salt bridge and thus the position of the Lys85 can vary substantially. For example, in p38a
MAPK using pyridinylimidazoles as inhibitors, the corresponding Lys53 is forming a
charge-assisted hydrogen bond with the imidazole nitrogen in close proximity.?®> Hence,
despite the conservation, a good selectivity profile is achievable especially when other

parts of the molecules are considered as well.

Figure 3.14. Docking pose of 114 in GSK3 (PDB code: 4PTC). The glycine-rich-loop
cartoon representation has been omitted for clarity. Lysine 85 (upper right
side) and Valine 135 (/eft side; in the hinge region) are depicted in stick
representation. Hydrogen bonds are shown as orange dashes.

The synthesis and biological evaluation of the computationally designed and docked
compound 114 resulted in a potent GSK3p inhibitor with a favorable selectivity profile
in our in-house panel. The inhibitor was not only selective over p38a MAPK but showed
also a ~ 30-fold selectivity over JNK3, which is also targeted by a variety of

pyridinylimidazoles (Figure 3.15).2%
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H | N\>\ H | N\HNHZ
O N« | H O Na l H

98 114
ICso (GSK3B) = 1,684 nM IC5o (GSK3B) = 47nM
1Cs (p38a) > 10,000 nM ICso (p38a) > 10,000 nM
ICso(INK3) = 1,270 nM

Figure 3.15. Exchange of the 2-methyl group (98) against a 2-carboxamide (114) led to
an impressive improvement in GSK3p inhibition while the selectivity over

p38a MAPK was maintained.
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Scheme 3.11. General synthetic strategy towards imidazole-2-carboxamides.

The general synthetic route to the 2-methylimidazoles (Scheme 3.10) was slightly
modified and with the new procedure (Scheme 3.11), di- and trisubstituted imidazole-2-
carboxamides could be synthesized in a flexible fashion. After the hydrolysis of the ester

moiety in theory different derivatizations at the imidazole-C2 position are also possible.

From various synthesized 2-methylimidazole compounds with a variety of different
aromatic rings in the HR 1, it was obvious that selectivity over p38a MAPK could not be
expected from compounds 115-119. Nevertheless, some interesting observations could
be conceived from the biological evaluation of these 4,5-diarylimidazoles. Compared to
the 2-methylimidazole 101, compound 118 for example is showing a remarkably
improved inhibitory activity. Even more striking are the results for the derivatives 120,

121 and 122.
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Figure 3.16. Biological evaluation of the prepared imidazole-2-carboxamides.

The inhibitors all displayed high potency versus GSK3[ while they were virtually inactive
on p38a MAPK. Compounds 104, 121 and 122 were further evaluated towards their
metabolic stability by in vitro incubation with HLM. All inhibitors showed excellent
metabolic stability in this preliminary pharmacokinetic experiment. Compound 121 was
also subjected to a selectivity screen at a concentration of 500 nM against a panel of 57
kinases from diverse families across the kinome. Only MLK1 and the two closely related

kinases CDK2 and CDK9 were showing a residual activity of less than 25 %.

The complete, extensive synthetic work and the biological evaluation of all novel

compounds can be found in Manuscript I (4ppendix).
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3.2.6 Bioisosteric replacement of the imidazole ring leads to
pyridinyloxazoles

The term “bioisoster” is an extension to the original concept of “isosteres” developed by
Langmuir in 1919.2%° Bioisosters are molecules “that possess near-equal molecular shapes
and volumes, approximately the same distribution of electrons, and which exhibit similar
physical properties”.2® More importantly, bioisosteres exhibit the same biological effects
on the pharmacological target in terms of agonism, antagonism or modulation. The
decision to use an oxazole replacing the imidazole was made based on several
considerations:
a) Oxazoles were easily synthetically accessible from available starting material.
b) While the exchange of one atom (N = O) in the ring was considered a minor
one with only a small impact on most of the molecular properties (including
potency against both kinases), oxazoles are clearly less frequently detected as
CYP inhibitors.?®’
¢) Multiple di- and trisubstituted oxazoles have been reported in literature as
kinase inhibitors — often including their pharmacokinetic profiles, which
indicated the suitability of this scaffold in terms of general drug-likeness,
metabolic stability and toxicity risk assessment.?68-270
d) Simultaneously the 2-methylsulfanyl moiety of 77 (Figure 3.17) should be
exchanged against a metabolically more stable 2-alkyl group analogous to

Section 3.2.2.

77 bioisosteric
IC5)(GSK3B) = 40nM replaceme"t N
ICso(p38c) = 24nM A[( \>~s Aﬂ/“ _ | o>\
|
O Ny 123

Figure 3.17. The potent dual GSK3B/p38a MAPK inhibitor 77 was chosen as the

starting compound for a bioisosteric replacement of the heterocyclic core.
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Scheme 3.12. Synthetic route to trisubstituted oxazole 123: (a) Pb(OAc)4, AcOH, 120 °C,
53 %; (b) NH4OAc, AcOH, 120 °C, 58 %; (c) TFA in DCM (1:1 ratio), 50 °C, 78 %;
(d) cyclopropanecarbonyl chloride, pyridine, rt, 73 %.

The synthesis was started from a precursor (64) originally used for the synthesis of the
trisubstituted imidazole 77 (Scheme 3.12). A possible mechanism for the a-acetoxylation
of 64 with lead(IV) acetate is depicted in Scheme 3.12. The enol state of the ketone forms
an enol-lead(IV) acetate intermediate, which undergoes rearrangement to give 124 in fair
yield. Deprotection under strongly acidic conditions with gentle heating gave the free
aminopyridine (126) which was finally reacted with cyclopropanecarbonyl chloride to

afford the trisubstituted oxazole 123.

OLPb(OAC); Pb(OAC),
— - +
F F F o F
o OH 0.0 0
R 0 =k 0 R D Cpéb.o)]\ R )OJ\
N~ N~ N~ (0] N~

Scheme 3.13. Mechanism of the a-acetoxylation of enolizable ketones with lead(IV)

tetraacetate.

Taking into account the introduction of two protecting groups for the 2-aminopicoline
and the following condensation to obtain ethanone 64, a faster and more flexible approach
was needed to simplify the synthesis (Scheme 3.14). To evaluate the new synthetic route,
two new oxazoles were synthesized in which the 4-fluorophenyl ring was exchanged

against a 3-(trifluoromethyl)phenyl and a 3-(trifluoromethoxy)phenyl ring, respectively.
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First, the commercially available acetophenones (127a-b) were treated with bromine in
DCM. Cyclization was achieved by heating the intermediates 128a and 128b with
acetamide. Ultimately, bromination of the heterocycles followed by Suzuki coupling with
boronic acid ester 131 yielded the final oxazoles in high yields. The resulting three
oxazoles were all tested in the ADP-Glo GSK3p assay (7able 3.5). Compound 123
convincingly showed the same inhibitory potency as 77, proving that the bioisosteric
exchange is not detrimental to inhibitory potency. In case of compounds 132 and 133, the
much lower potency can be explained with the unfavorable and too bulky 3-substituents
on the phenyl ring occupying the HR I. In conclusion, it was shown that the bioisosteric
replacement of the central imidazole core by an oxazole can be done without loosing
affinity to both targets (123). This general strategy might be useful when pharmacokinetic

and toxicological issues possibly need to be adressed at a later stage of the development.

R R R
@\f a b [¢]
(0] (0] N - >
s
Br o

127a R' = CF; 128a R'=CF, 129a R'=CF;
b R'=OCF; b R'=OCF; b R'=0OCF;
R
I o
Ny
N d
N~ N
N + - =
\ o>/ il N [ >— 132 Rr'=cF,
Br | o 133 R' = OCF;
o N~
130a R'=CF, HNWA
b R'=OCF; 131
o)

Scheme 3.14. Synthetic route to oxazoles 132 and 133: (a) Br2, DCM, rt, 82-85 %; (b)
acetamide, 140 °C, 56 %; (c) NBS, AcOH, rt, 53-62 %; (d) PdCl2(PPhs)2, K2COs,
DMEF/H20 (4:1), 85 °C, 83-88 %.
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Table 3.6.  Biological evaluation of synthesized oxazoles.
R! Al
N
[ D>
Y ©
N~
HN\HA
0
R! R? GSK3p* + SEM p38u MAPK
F H 0.038 uM £ 0.001 0.073 uM
H CF; 0.934 uM £+ 0.074 -
H OCFs 2311 uM £ 0.206 -

* = 1Cs values determined in an ADP-Glo assay®*’; n = 2;

f=m=1

114 bioisosteric

N N
IC5o(p380) > 10,000 nM N~ N \H N~ X N
_ H 2 2

IC5y INK3) = 1,270 M 8 N | S Ne | 134

Figure 3.18. The potent GSK3p selective inhibitor 114 (Manuscript I) was chosen as
the starting point for a bioisosteric replacement of the heterocyclic core.

Another small bioisosteric replacement study was performed with compound 114 (Figure
3.18), a GSK3p selective inhibitor resulting from the efforts of shifting the selectivity of
dual GSK3p/p38a MAPK inhibitors towards GSK3p (Section 3.2.5). Substitution of the
imidazole-2-carboxamide against a pyrazole-1-carboxamide (134) should again prove the
viability of a bioisosteric replacement to remove e.g. potential CYP inhibition if needed.
RITCHIE et al. reported an analysis of compounds containing a variety of heterocycles
taken from the GlaxoSmithKline corporate database. The influence of those heterocycles
on solubility, protein binding and CYP inhibition was statistically evaluated.?s’ Pyrazoles
were, similar to oxazoles, statistically less prone to inhibit CYPs and the introduction of
a carboxamide was synthetically feasible. Therefore, 2-amino-4-bromopyridine was

reacted with cyclopropanecarbonyl chloride to afford the precursor 129. Suzuki coupling
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with the commercially available THP-protected pyrazole boronic ester and subsequent
deprotection under acidic conditions lead to 131 (Scheme 3. 15). Introduction of the amide

was achieved with sodium cyanate yielding the urea derivative 128.

_N
H,N Br — 2 N Br P g N N _C
YT O B 0
N 0O N~ O N~
136 137

135

—N —N 0
\ H |
N G NH 4 N N— IC5o(GSK3B) = 159 nM
| | NHy | 1Cso(p380) > 10,000 nM
O N~ O N~ ICso(INK3) = 2,707 nM
138 134

Scheme 3.15. Synthetic route to pyrazole-1-carboxamide 134: (a) cyclopropanecarbonyl
chloride, pyridine, DCM, rt, 84 %; (b) 1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazole-4-
boronic acid pinacol ester, K2COs3, Pd(dppf)Cl-DCM, 1,4-dioxane/H20 (6:1), 95 °C,
30 %; (c) 4 M HCl in 1,4-dioxane, MeOH, rt, 64 %; (d) NaOCN, AcOH/H20, rt, 48 %.

Compound 134 was tested in three available in-house assays and displayed a slightly
decreased yet still good inhibitory potency against GSK3f with an ICso of 159 nM. The
desired selectivity over p38a MAPK was retained and the also closely related kinase
JNK3 was only weakly inhibited with an ICso of 2,707 nM. This proof-of-concept
experiment showed one more time, that a bioisosteric replacement of the imidazole can
be realized without substantial loss of potency. To evaluate potential benefits regarding
pharmacokinetic and/or pharmacodynamic properties, further experiments are still

needed.
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4 Experimental part

4.1 Instruments and methods

HPLC

Method A

Method B

TLC

TLC-MS

NMR

Agilent 1100 Series HPLC system, equipped with an UV DAD
detector, detection at 218 nm, 254 nm and 280 nm.

XBridge™ 5 um C18 column 130 A, 150 mm x 4.6 mm;

oven temperature: 30 °C; injection volume: 10 uL;

flow rate: 1.5 mL / min; gradient: 0.01 M KH2POu, pH 2.3
(solvent A), methanol (solvent B), 45% B to 85% B in 9 min;

85% B for 6 min; stop time 15 min.

Hewlett Packard 1090 Series II LC, equipped with an UV DAD
detector, detection at 230 nm and 254 nm.

Phenomenex Luna® 5 pm C8(2) column 100 A, 150 mm x 4.6 mm;
oven temperature: 35 °C; injection volume: 5 pL;

flow rate: 1.5 mL / min; gradient: 0.01 M KH2POu, pH 2.3
(solvent A), methanol (solvent B), 40% B to 85% B in 8 min;
85% B for 5 min; 85% B to 40% B in 1 min; 40% B for 2 min;

stop time 16 min.

Merck fluorescent silica gel 60 F2s4 plates

Advion Expression S electrospray ionization mass spectrometer

connected with an Advion Plate Express

Bruker Avance III HD at 300 Mhz
or

Bruker Avance III HDX at 400 Mhz
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4.2 General procedures

General Procedure A (Buchwald-Hartwig-Amination)

The amine (1 — 1.5 eq.), Pd2(dba)s (0.08 - 0.16 eq.), XPhos (0.1 — 0.3 eq) and a base (3
eq.) were dissolved under an atmosphere of argon in anhydrous DMF (0.2 M). The
reaction mixture was then stirred for 18 h at 80 °C unless otherwise indicated. The mixture
was allowed to cool to room temperature and then quenched with saturated aqueous
NHa4Cl solution. It was extracted with EtOAc (3x) and the combined organic phases were
washed with saturated aqueous NH4Cl solution (2x) and brine (1x). After drying over

anhydrous Na2SOs4 the solvent was removed under reduced pressure.

General Procedure B (Boc deprotection)

The N-Boc protected compound was dissolved in a 5:1 mix of DCM and TFA (0.1 M).
The solution was stirred at room temperature until reaction control showed full
conversion (usually 3 - 10 h). Then the solvent was removed under reduced pressure and
saturated aqueous NaHCO3 solution was added (until pH = 7), before the product was
extracted with EtOAc (3 — 6x). The organic phases were combined, dried over anhydrous

Na2S04 and then removed under reduced pressure.

General Procedure C (DCC coupling)

The amine was dissolved in anhydrous DCM (0.1 M) under an atmosphere of argon and
1.1 eq. of the acid was added. Then 1.1 eq. of a 0.5 M solution of DCC in anhydrous
DCM were added to the reaction mixture in 2 portions at intervals of 5 minutes. After 4
h of stirring at room temperature, a precipitate was filtered off and washed with DCM (30

mL). The filtrate was collected and removed under reduced pressure.

General Procedure D (PyBOP coupling)

The amine and 3 eq. of DIPEA were dissolved in anhydrous DCM (0.1 M). The same
amount of solvent was used to dissolve 1.2 eq. of the carboxylic acid and 1.2 eq. of

PyBOP, together in a separate vial. After 5 min of stirring at room temperature, the
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mixtures were combined and further stirred without heating for 3 h before the solvent was
evaporated in vacuo and H20 was added. It was extracted with EtOAc (3x) and the
combined organic phases were washed with saturated NaHCOs3 solution (1x) and brine

(1x). After drying over anhydrous Na2SOs4, the solvent was removed under reduced

pressure.
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4.3 Preparations

tert-Butyl 3-((6-chloropyrimidin-4-yl)(methyl)amino)piperidine-1-
carboxylate (5)

i@
N

N™™S Molecular weight: 326.83

m/

N~ CI

“Boc Molecular formula: Ci1sH23CIN4O2

4,6-Dichloropyrimidine (650 mg, 4.36 mmol), N-Boc-3-(methylamino)piperidine
(940 mg, 4.36 mmol) and DIPEA (890 pL, 5.24 mmol) were dissolved in iPrOH (22 mL).
The mixture was stirred at 85 °C for 24 h before the solvent was removed under reduced
pressure. Purification by flash chromatography (SiOz, n-hexane/EtOAc 70:30) afforded
1.19 g (82.3 %) of an off-white solid. "H NMR (300 MHz, CDCl3) & 1.44 (s, 9H), 1.56 -
1.93 (m, 4H), 2.61 (t, J=12.1 Hz, 1H), 2.76 (dd, J = 12.3, 11.4 Hz, 1H), 2.93 (s, 3H),
3.92 - 4.20 (m, 2H), 4.36 (br. s., 1H), 6.43 (s, 1H), 8.36 (d, J= 0.7 Hz, 1H). '3C NMR (75
MHz, CDCI3) & 24.6, 27.9, 28.3, 29.9, 43.5, 45.8, 51.8, 79.9, 101.4, 154.6, 157.7, 159.8,
162.6. TLC-MS (ESI) m/z: 325.1 [M - H]". HPLC (A): tr=7.27 min.

6-Chloro-N-methyl-N-(piperidin-3-yl)pyrimidin-4-amine (6)

\N/Q“H Molecular formula: C1oH1sCIN4
le)j\ Molecular weight: 226.71
N

The title compound was synthesized according to General Procedure B starting from
compound 5 (1.48 g, 4.5 mmol) to afford 0.98 g (95.5 %) of a light yellow solid. '"H NMR
(300 MHz, MeOD) 6 1.86 - 2.20 (m, 4H), 2.97 - 3.12 (m, 1H), 3.22 (s, 3H), 3.33 - 3.47
(m, 3H), 5.32 (br. s, 1H), 7.30 (br. s., 1H), 8.69 (s, 1H). *C NMR (75 MHz, MeOD) §
22.9, 26.6, 32.3, 44.6, 45.2, 52.6, 105.0, 150.4, 153.4, 164.5. TLC-MS (ESI) m/z: 227.2
[M + H]". HPLC (A): tr= 1.30 min.
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3-(3-((6-Chloropyrimidin-4-yl)(methyl)amino)piperidin-1-yl)propane-
nitrile (7)

\N/O“\/\\\N Molecular formula: Ci13HisCINs
"i ~ Molecular weight: 279.77
N ¢l

Compound 6 (812 mg, 3.58 mmol) was dissolved in anhydrous MeOH (14 mL) before
acrylonitrile (890 pL, 10.75 mmol) was added. The mixture was stirred at room
temperature for 24 h. Because the reaction control showed incomplete conversion,
another portion of acrylonitrile (500 puL, 7.63 mmol) and Et3N (500 pL, 6.81 mmol) were
added and the mixture was stirred for 24 more h. The solvent was removed under reduced
pressure and the residue was purified by flash chromatography (SiO2, DCM:EtOH 95:5)
to afford 503 mg (50.2 %) of an off-white solid. '"H NMR (300 MHz, CDCI3) & 1.48 -
1.90 (m, 4H), 1.99 - 2.27 (m, 2H), 2.47 - 2.58 (m, 2H), 2.70 - 2.79 (m, 2H), 2.81 - 2.99
(m, 5H), 4.60 (br. s., 1H), 6.45 (s, 1H), 8.38 (d, J = 0.7 Hz, 1H). TLC-MS (ESI) m/z:
280.0 [M + H]". HPLC (A): tr=1.38 min.

3-(3-(Methyl(6-(pyridin-3-ylamino)pyrimidin-4-yl)amino)piperidin-1-
yl)propanenitrile (8)

N /O\l \/\\\N Molecular formula: CisH23N7

P | Molecular weight: 337.43

The title compound was synthesized according to General Procedure A starting from
compound 7 (80 mg, 0.29 mmol), 3-aminopyridine (40 mg, 0.37 mmol), XPhos (14 mg,
0.029 mmol), Pdz(dba)s (13 mg, 0.014 mmol) and NaO7Bu (82 mg, 0.86 mmol). The
product was purified by flash chromatography (SiO2, n-hexane:EtOAc 80:20 - 0:100)
to afford 64 mg (66.3 %) of an orange solid. 'H NMR (300 MHz, CDCls) § 1.48 - 1.62
(m, 1H), 1.62 - 1.87 (m, 3H), 1.97 - 2.09 (m, 1H), 2.09 - 2.20 (m, 1H), 2.46 - 2.57 (m,
2H), 2.64 - 2.79 (m, 2H), 2.81 - 2.94 (m, SH), 4.54 (br. s., 1H), 5.82 (s, 1H), 7.30 (t, J =
4.1 Hz, 1H), 7.91 (d, J= 8.2 Hz, 2H), 8.22 - 8.41 (m, 2H), 8.61 (br. s., 1H). *C NMR (75
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MHz, CDCl3) & 16.0, 24.5, 27.6, 29.8, 51.7, 52.8, 53.3, 55.5, 82.8, 118.8, 123.7, 128.1,
136.6, 142.7, 144.0, 157.5, 160.6, 162.5. TLC-MS (ESI) m/z: 338.3 [M + H]" m/z: 336.1
[M - H]". HPLC (A): tr=1.50 min, purity: 100.0 % (254 nm).

3-(3-(Methyl(6-(pyridin-2-ylamino)pyrimidin-4-yl)amino)piperidin-1-
yl)propanenitrile (11)

Molecular formula: Ci1sH23N7

\NQ\I\/\\\N
X =z .

N'k)j\ Q Molecular weight: 337.43
N H N

The title compound was synthesized according to General Procedure A starting from
compound 7 (69 mg, 0.25 mmol), 2-aminopyridine (35 mg, 0.37 mmol), XPhos (12 mg,
0.025 mmol), Pdx(dba); (11 mg, 0.012 mmol) and NaO7Bu (71 mg, 0.74 mmol). The
product was purified by flash chromatography (SiO2, n-hexane:EtOAc 80:20 = 0:100)
to afford 54 mg (64.9 %) of an orange solid. 'H NMR (300 MHz, CDCl3) § 1.43 - 1.63
(m, 1H), 1.68 - 1.85 (m, 3H), 2.02 (td, /= 11.0, 2.8 Hz, 1H), 2.15 (t, J = 10.4 Hz, 1H),
2.45-2.55 (m, 2H), 2.66 - 2.76 (m, 2H), 2.86 (d, /= 10.4 Hz, 2H), 2.93 (s, 3H), 4.64 (br.
s., 1H), 6.9 (dd, J = 6.8, 5.3 Hz, 1H), 6.99 (s, 1H), 7.32 (d, /= 8.3 Hz, 1H), 7.53 - 7.63
(m, 1H), 8.29 (dd, J = 4.9, 1.2 Hz, 1H), 8.34 (d, J = 0.6 Hz, 1H), 8.70 (br. s., 1H). 1*C
NMR (75 MHz, CDCl3) 6 16.0, 24.6, 27.7, 30.0, 51.6, 52.9, 53.6, 55.7, 86.4, 112.9, 116.8,
118.9, 137.8, 147.7, 154.0, 157.2, 159.0, 162.9. TLC-MS (ESI) m/z: 338.1 [M + H]" m/z:
335.9 [M - H]". HPLC (A): tr = 1.62 min, purity: 99.1 % (254 nm).

3-(3-(Methyl(6-((3-(trifluoromethyl)phenyl)amino)pyrimidin-4-
yl)amino)piperidin-1-yl)propanenitrile (10)

N /O\l \/\\\N Molecular formula: C20H23F3Ne

X
le)j\ /©\ Molecular weight: 404.44
N" N CF
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The title compound was synthesized according to General Procedure A starting from
compound 7 (80 mg, 0.29 mmol), 3-(trifluoromethyl)aniline (69 mg, 0.43 mmol), XPhos
(14 mg, 0.029 mmol), Pd2(dba); (13 mg, 0.014 mmol) and NaO7Bu (82 mg, 0.86 mmol).
The product was purified by flash chromatography (SiOz, n-hexane:EtOAc 80:20 =
20:80) to afford 56 mg (48.4 %) of a light yellow solid. "H NMR (300 MHz, CDCl3) &
1.42 - 1.60 (m, 1H), 1.61 - 1.85 (m, 3H), 2.02 (td, /= 11.2, 2.2 Hz, 1H), 2.13 (t, J = 10.6
Hz, 1H), 2.44 - 2.54 (m, 2H), 2.63 - 2.76 (m, 2H), 2.79 - 2.91 (m, 5H), 4.53 (br. s., 1H),
5.86 (s, 1H), 7.30 (d, /= 7.6 Hz, 1H), 7.44 (t, J= 7.8 Hz, 1H), 7.50 - 7.56 (m, 1H), 7.66
(s, 1H), 7.95 (d, J=10.6 Hz, 1H), 8.28 (s, 1H). '*C NMR (75 MHz, CDCls) § 16.0, 24.5,
27.6,29.8,51.7,52.8, 53.3, 55.6, 82.7, 117.5 (q, *Jcrzs = 3.7 Hz), 118.8, 119.6 (q, >Jcrs =
4.0 Hz), 123.9 (q, Jcrs = 272.7 Hz), 124.2, 129.8, 131.5 (q, 2Jcrz = 32.6 Hz), 140.3,
157.6, 160.5, 162.6. TLC-MS (ESI) m/z: 405.2 [M + H]" m/z: 403.0 [M - H]". HPLC (A):
tr=5.78 min, purity: 99.0 % (254 nm).

3-(3-((6-((3-Chlorophenyl)amino)pyrimidin-4-yl) (methyl)amino)piperidin-
1-yl)propanenitrile (11)

>N /O\l ~ N Molecular formula: C19H23CINs

X
Nfl /@ Molecular weight: 370.89
N H Cl

The title compound was synthesized according to General Procedure A starting from
compound 7 (110 mg, 0.39 mmol), 3-chloroaniline (150 mg, 1.18 mmol), XPhos (19 mg,
0.039 mmol), Pdz(dba); (18 mg, 0.019 mmol) and NaOsBu (113 mg, 1.18 mmol). The
product was purified twice by flash chromatography (SiOz, n-hexane:EtOAc 80:20 -
0:100 & SiO2, DCM:EtOH 98:2 = 96:4) to afford 51 mg (35.3 %) of a white solid. 'H
NMR (300 MHz, CDCl3) 6 1.43 - 1.61 (m, 1H), 1.62 - 1.87 (m, 3H), 2.03 (td, J=11.2,
2.4 Hz, 1H), 2.14 (t, J = 10.6 Hz, 1H), 2.46 - 2.56 (m, 2H), 2.68 - 2.77 (m, 2H), 2.81 -
2.90 (m, 5H), 4.56 (br. s., 1H), 5.83 - 5.90 (m, 1H), 7.05 (dt, /= 7.5, 1.7 Hz, 1H), 7.19 -
7.31 (m, 2H), 7.43 (t, J = 1.9 Hz, 1H), 8.05 (s, 1H), 8.25 - 8.32 (m, 1H). 1*C NMR (75
MHz, CDCl3) 6 15.9, 24.5, 27.6, 29.8, 51.6, 52.7, 53.3, 55.6, 82.5, 118.8, 119.3, 121.1,
123.2,130.2, 134.7, 140.9, 157.6, 160.6, 162.5. TLC-MS (ESI) m/z: 371.0 [M + H]" m/z:
368.9 [M - H]". HPLC (B): tr = 3.88 min, purity: 98.5 % (254 nm).
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N-(6-((1-(2-Cyanoethyl)piperidin-3-yl)(methyl)amino)pyrimidin-4-
yl)cyclopropanecarboxamide (12)

\N/O\l\/\\\N Molecular formula: C17H24N6O
N™™ O .
l)j\ Molecular weight: 328.42

" HJW

Compound 7 (85 mg, 0.30 mmol), cyclopropanecarboxamide (39 mg, 0.46 mmol),
XantPhos (18 mg, 0.030 mmol), Pdx(dba)s (14 mg, 0.015 mmol) and Cs2CO3 (297 mg,
0.91 mmol) were dissolved in anhydrous DMF (8 mL) under an atmosphere of argon. The
reaction mixture was stirred at 90 °C for 18 h. After cooling to room temperature, the
reaction was quenched with saturated NH4Cl solution. It was extracted with EtOAc (3x)
and the combined organic phases were washed with saturated NH4Cl solution (2x) and
brine (1x). After drying over anhydrous Na2SO4 the solvent was removed under reduced
pressure. The product was purified by flash chromatography (SiO2, n-hexane:EtOAc
80:20 = 20:80) to afford 30 mg (30.1 %) of a brownish solid. '"H NMR (300 MHz,
CDCl3) 6 0.82 - 0.91 (m, 2H), 1.02 - 1.11 (m, 2H), 1.39 - 1.56 (m, 1H), 1.57 - 1.70 (m,
1H), 1.75 (d, J = 2.6 Hz, 3H), 2.00 (td, J = 10.9, 2.8 Hz, 1H), 2.14 (t, /= 10.5 Hz, 1H),
243 - 2.54 (m, 2H), 2.63 - 2.76 (m, 2H), 2.78 - 2.88 (m, 2H), 2.88 - 2.97 (m, 3H), 4.36 -
4.99 (m, 1H), 7.39 (s, 1H), 8.31 (s, 1H), 10.13 (br. s., 1H). 3C NMR (75 MHz, CDCl3) §
8.5, 15.6, 15.8, 24.4, 27.5, 30.0, 51.5, 52.6, 53.4, 55.5, 90.0, 118.7, 156.9, (C*-Pyrim.
missing), 163.1, 173.7. TLC-MS (ESI) m/z: 329.1 [M + H]" m/z: 327.0 [M - H]. HPLC
(A): tr=1.46 min, purity: 99.6 % (254 nm).

tert-Butyl 3-(methyl(6-(methylamino)pyrimidin-4-yl)amino)piperidine-1-
carboxylate (13)

>N /O\l “Boc Molecular formula: C16H27N502
X

le Molecular weight: 321.43
“= -

Compound 5 (150 mg, 0.46 mmol) was dissolved in 2 M methylamine in MeOH solution

(5 mL) and stirred at 95 °C for 18 h. Reaction control did not show complete conversion
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so the reaction vessel was heated up to 120 °C and stirred for 30 more h. The solvent was
then removed under reduced pressure to afford 122 mg (82.7 %) of the title compound.
"H NMR (300 MHz, CDCls) § 1.46 (s, 9H), 1.60 - 1.73 (m, 2H), 1.78 (ddd, J = 8.3, 5.7,
2.8 Hz, 1H), 1.83 - 1.97 (m, 2H), 2.62 (t, /= 11.1 Hz, 1H), 2.75 (t, /= 11.8 Hz, 1H), 2.86
-2.93 (m, 6H), 4.10 (br. s., 1H), 4.44 (br. s., 1H), 4.79 (d, J = 4.8 Hz, 1H), 5.35 (br. s.,
1H), 8.15 (d, J = 0.6 Hz, 1H). TLC-MS (ESI) m/z: 320.1 [M - H]. HPLC (A): tr=4.09

min.

N% N¢-Dimethyl-N*-(piperidin-3-yl)pyrimidine-4,6-diamine (14)

\NJi)\“-| Molecular formula: C11Hi9Ns
X

Nﬁj\ Molecular weight: 211.31
~ -

The title compound was synthesized according to General Procedure B starting from
compound 13 (122 mg, 0.38 mmol) to afford 80 mg (95.4 %) of a solid. 'H NMR (300
MHz, CDCl3) 6 1.62 - 1.75 (m, 2H), 1.79 - 1.92 (m, 2H), 2.54 (td, /= 12.3, 2.8 Hz, 2H),
2.72 (t, J=11.6 Hz, 1H), 2.83 - 2.95 (m, 6H), 3.03 - 3.13 (m, 2H), 4.37 - 4.63 (m, 1H),
4.75(d,J=4.6 Hz, 1H), 5.32 (s, 1H), 8.14 (d, J= 0.7 Hz, 1H). TLC-MS (ESI) m/z: 210.1
[M - H]. HPLC (A): tr=1.36 min.

3-(3-(Methyl(6-(methylamino)pyrimidin-4-yl)amino)piperidin-1-
yl)propanenitrile (15)

\N/O\l\/\\\N Molecular formula: Ci4H22Ns
X .

’\i Molecular weight: 274.37
= -

Compound 13 (75 mg, 0.34 mmol) was dissolved in anhydrous MeOH (8 mL) before
Et3N (48 pL, 0.34 mmol) and acrylonitrile (22 pL, 0.34 mmol) were added dropwise. The
mixture was stirred at room temperature for 17 h and the solvent was removed under

reduced pressure. Purification by flash chromatography (SiO2, DCM:EtOH 97:3)
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afforded 58 mg (61.8 %) of a white solid. 'TH NMR (300 MHz, CDCl3) & 1.40 - 1.57 (m,
1H), 1.59 - 1.81 (m, 3H), 1.98 (td, /= 11.1, 2.8 Hz, 1H), 2.08 (t, /= 10.6 Hz, 1H), 2.42 -
2.52 (m, 2H), 2.58 - 2.75 (m, 2H), 2.77 - 2.83 (m, 3H), 2.84 (s, 2H), 2.86 (s, 3H), 4.52
(br. s., 1H), 5.27 (s, 2H), 8.09 (s, 1H). *C NMR (75 MHz, CDCI3) & 15.9, 24.6, 27.8,
28.4,29.8, 51.5, 52.9, 53.5, 55.6, 79.4, 118.9, 157.3, 162.5, 163.8. TLC-MS (ESI) m/z:
275.0 [M + H]" m/z: 272.9 [M - H]". HPLC (A): tr = 1.03 min, purity: 100.0 % (254 nm).

tert-Butyl 3-((6-aminopyrimidin-4-yl)(methyl)amino)piperidine-1-
carboxylate (16)

\N/O\l “Boc Molecular formula: CisH25N502
le N Molecular weight: 307.40
N” “NH,

The title compound was synthesized according to a slightly modified procedure taken
from GEHRINGER et al.?** Compound 5 (600 mg, 1.84 mmol), tri-tert-butylphosphonium
tetrafluoroborate (106 mg, 0.37 mmol) and Pdz(dba); (168 mg, 0.18 mmol) were
combined in a Schlenk tube. Under an atmosphere of argon, 0.5 M LiHMDS in
1,4-dioxane (7.24 mL, 3.62 mmol) was added and the mixture was stirred at 80 °C for
20 h. The reaction was allowed to cool to room temperature before 2 M aqueous HCI
solution (20 mL) was added and the reaction was stirred at room temperature for 30 min.
After neutralization with NaHCOs3 solution the aqueous phase was extracted with DCM
(4 x 30 mL). The combined organic layers were dried over anhydrous Na2SO4 and the
solvent was removed under reduced pressure. Purification by flash chromatography
(Si02, EtOAc:MeOH:Et3N 94:4:2) afforded 412 mg (73.0 %) of a golden solid. 'TH NMR
(300 MHz, CDCI3) & 1.44 (s, 9H), 1.53 - 1.68 (m, 2H), 1.69 - 1.79 (m, 1H), 1.80 - 1.90
(m, 1H), 2.50 - 2.65 (m, 1H), 2.72 (t, J = 11.8 Hz, 1H), 2.85 (s, 3H), 4.05 (br. s., 2H),
4.38 (br. s., 1H), 4.74 (br. s., 2H), 5.50 (s, 1H), 8.15 (d, /= 0.6 Hz, 1H). TLC-MS (ESI)
m/z: 308.0 [M + H]" m/z: 305.9 [M - H]. HPLC (A): tr= 3.88 min.
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tert-Butyl 3-((6-aminopyrimidin-4-yl)(methyl)amino)piperidine-1-
carboxylate (17)

"Boc Molecular formula: C22H29N503

L Molecular weight: 411.51

Compound 16 (85 mg, 0.28 mmol), benzoic acid (46 mg, 0.37 mmol), PyBOP (193 mg,
0.37 mmol) and DIPEA (145 pL, 0.83 mmol) were dissolved in anhydrous DCM (6 mL)
and treated according to General Procedure D. The product was purified by flash
chromatography (Si102, DCM:EtOH 98:2) to afford 60 mg (52.6 %) of the title compound.
"H NMR (300 MHz, CDCI3) § 1.47 (s, 9H), 1.69 (d, J = 6.7 Hz, 2H), 1.85 - 1.99 (m, 2H),
2.63 (t,J=11.3 Hz, 1H), 2.81 (t, J=11.8 Hz, 1H), 3.01 (s, 3H), 4.10 (br. s., 2H), 4.64
(br. s., 1H), 7.44 - 7.61 (m, 3H), 7.67 (s, 1H), 8.00 - 8.06 (m, 2H), 8.08 - 8.14 (m, 1H),
8.30 (s, 1H). TLC-MS (ESI) m/z: 412.2 [M + H]" m/z: 410.0 [M - H]. HPLC (A):
tr=6.29 min.

N-(6-((1-(2-Cyanoethyl)piperidin-3-yl)(methyl)amino)pyrimidin-4-
yl)benzamide (18)

v

N \/\\\N Molecular formula: C20H24Ne¢O
N e, _
t P Molecular weight: 364.45

Compound 17 (60 mg, 0.15 mmol) was treated according to General Procedure B. After
drying in vacuo, the product was dissolved in in anhydrous MeOH (5 mL) and
acrylonitrile (25 pL, 0.38 mmol) was added. The mixture was stirred at room temperature
for 16 h before the solvent was removed under reduced pressure. The product was purified
by flash chromatography twice (SiO2, DCM:EtOH 97:3 & SiOz, n-hexane/EtOAc 100:0
- 0:100) to afford 20 mg (37.9 %) of a light yellow solid. '"H NMR (300 MHz, CDCl;)
6 1.56 (dd, J=11.7, 4.7 Hz, 1H), 1.65 - 1.87 (m, 3H), 2.05 (td, J = 11.0, 3.3 Hz, 1H),
2.18 (t,J=10.6 Hz, 1H), 2.49 - 2.57 (m, 2H), 2.71 - 2.79 (m, 2H), 2.88 (d, /= 11.0 Hz,
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2H), 2.99 (s, 3H), 4.72 (br. s., 1H), 7.46 - 7.54 (m, 2H), 7.54 - 7.62 (m, 2H), 7.86 - 7.95
(m, 2H), 8.23 (d, J= 0.9 Hz, 1H), 8.80 (s, 1H). *C NMR (75 MHz, CDCl3) § 15.9, 24.5,
27.6,30.2, 51.7, 52.8, 53.6, 55.6, 90.1, 118.8, 127.2, 128.9, 132.5, 133.9, 156.7, 157.3,
163.3, 166.4. TLC-MS (ESI) m/z: 365.2 [M + H]" m/z: 362.9 [M - H]. HPLC (A): tr =
3.38 min, purity: 98.3 % (254 nm).

tert-Butyl 3-(methyl(6-(3-phenylureido)pyrimidin-4-yl)amino)piperidine-1-
carboxylate (19)

\N/ij\l “Boc Molecular formula: C22H30N6O3
X
Nﬁj\ j\ /@ Molecular weight: 426.52
—
N N N
H H

Compound 16 (95 mg, 0.30 mmol) and phenyl isocyanate (40 pL, 0.46 mmol) were
dissolved in anhydrous toluene (7 mL) under an atmosphere of argon. The reaction
mixture was stirred at 90 °C for 16 h. Afterwards the precipitate was filtered off, washed
with toluene and dried in vacuo to afford 79 mg (61.7 %) as a white solid. 'H NMR (300
MHz, CDCIl3) 6 1.48 (s, 9H), 1.59 - 1.73 (m, 2H), 1.74 - 1.84 (m, 1H), 1.86 (br. s., 1H),
2.64 (t,J=11.4 Hz, 1H), 2.79 (t, J= 11.7 Hz, 1H), 2.92 (s, 3H), 4.10 (br. s., 2H), 4.58
(br. s., 1H), 6.01 (s, 1H), 7.01 - 7.16 (m, 1H), 7.28 - 7.37 (m, 2H), 7.60 (d, J = 7.7 Hz,
2H), 8.36 (s, 1H), 9.06 (br. s., 1H), 11.55 (br. s., 1H). TLC-MS (ESI) m/z: 449.1 [M +
Na]" m/z: 425.0 [M - H]". HPLC (A): tr = 9.68 min.

1-(6-(Methyl(piperidin-3-yl)amino)pyrimidin-4-yl)-3-phenylurea (19a)

/Q\IH “TFA Molecular formula: C17H22NeO * TFA

>N
Nﬁj j\ /@ Molecular weight: 440.43 (326.40)

The title compound was synthesized according to General Procedure B from compound
19 (79 mg, 0.19 mmol) but instead of a basic aqueous work-up, the solvents were

evaporated in vacuo to afford 79 mg (96.8 %) of the white trifluoroacetate salt. 'H NMR
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(300 MHz, DMSO-ds) 6 1.40 - 1.56 (m, 1H), 1.60 - 1.74 (m, 3H), 2.36 (t, /= 11.4 Hz,
1H), 2.54 - 2.66 (m, 1H), 2.75 - 2.83 (m, 2H), 2.85 (s, 3H), 4.41 (br. s., 1H), 6.69 (s, 1H),
6.97 - 7.07 (m, 1H), 7.30 (t, J = 7.9 Hz, 2H), 7.44 - 7.52 (m, 2H), 8.26 (s, 1H), 9.24 (s,
1H), 10.27 (s, 1H). TLC-MS (ESI) m/z: 327.4 [M + H]" m/z: 325.2 [M - H]". HPLC (A):
tr=3.75 min.

1-(6-((1-(2-Cyanoethyl)piperidin-3-yl)(methyl)amino)pyrimidin-4-yl)-3-
phenylurea (20)

Molecular formula: C20H25N70

\NQ\/\\\N
X
N'k)j\ j\ @ Molecular weight: 379.47
~
N N N
H H

Compound 19a (64 mg, 0.19 mmol) was dissolved in anhydrous MeOH (5 mL) before
EtsN (54 pL, 0.38 mmol) and acrylonitrile (15 pL, 0.23 mmol) were added. The reaction
mixture was stirred for 16 h at room temperature before the solvent was removed under
reduced pressure. The product was purified by flash chromatography (SiO2, DCM:EtOH
98:2 = 95:5) to afford 37 mg (52.6 %) as a white solid. 'H NMR (300 MHz, CDCl3)
8 1.44 - 1.62 (m, 1H), 1.68 - 1.87 (m, 3H), 1.99 - 2.11 (m, 1H), 2.16 (t, J = 10.5 Hz,
1H), 2.45 - 2.56 (m, 2H), 2.68 - 2.77 (m, 2H), 2.81 - 2.99 (m, 5H), 4.69 (br. s., 1H), 6.09
(br. s., 1H), 7.04 - 7.13 (m, 1H), 7.28 - 7.36 (m, 2H), 7.61 (d, J = 7.6 Hz, 2H), 8.36 (s,
1H), 9.61 (br. s., 1H), 11.53 (br. s., 1H). *C NMR (75 MHz, CDCl3) § 16.0, 24.6, 27.7,
30.0, 51.6, 52.8, 53.6, 55.7, 86.5, 118.9, 120.1, 123.4, 128.8, 138.5, 153.9, 155.9, 158.3,
162.5. TLC-MS (ESI) m/z: 380.2 [M + H]" m/z: 378.2 [M - H]. HPLC (A): tr=5.23 min,
purity: 100.0 % (254 nm).

tert-Butyl 3-((6-(cyclopropanecarboxamido)pyrimidin-4-
yl)(methyl)amino)piperidine-1-carboxylate (21)

>N /Ql “Boc Molecular formula: C19H20N503
N~ O .
L Molecular weight: 375.47
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Compound 5 (186 mg, 0.57 mmol), cyclopropanecarboxamide (73 mg, 0.85 mmol),
XantPhos (33 mg, 0.057 mmol), Pdx(dba); (26 mg, 0.029 mmol) and Cs2CO3 (556 mg,
1.70 mmol) were dissolved in anhydrous DMF (5 mL) under an atmosphere of argon. The
reaction mixture was stirred at 110 °C for 18 h. After cooling to room temperature, the
reaction was quenched with saturated NH4Cl solution. It was extracted with EtOAc (3x)
and the combined organic phases were washed with saturated NH4Cl solution (2x) and
brine (1x). After drying over anhydrous Na>SO4 the solvent was removed under reduced
pressure. Finally, the product was purified by flash chromatography (SiO2,
n-hexane:EtOAc 100:0 = 20:80) to afford 167 mg (78.0 %) of an off-white solid.
'"H NMR (300 MHz, CDCl3) 8 0.87 - 0.94 (m, 2H), 1.09 (dd, J = 4.4, 3.1 Hz, 2H), 1.46
(s, 9H), 1.53 - 1.72 (m, 3H), 1.73 - 1.82 (m, 1H), 1.86 (br. s., 1H), 2.61 (t,J = 11.2 Hz,
1H), 2.78 (t, J= 11.8 Hz, 1H), 2.94 (s, 3H), 4.08 (br. s., 2H), 4.57 (br. s., 1H), 7.41 (s,
1H), 8.30 (d, /= 0.8 Hz, 1H), 9.37 (br. s., IH). TLC-MS (ESI) m/z: 376.0 [M + H]" m/z:
373.8 [M - H]". HPLC (A): tr=6.18 min.

N-(6-((1-(2-Cyanoacetyl)piperidin-3-yl)(methyl)amino)pyrimidin-4-
yl)cyclopropanecarboxamide (22)

/O Molecular formula: C17H22N6O2

N
N™ O © .
| Molecular weight: 342.40
k i~ %

Compound 21 (72 mg, 0.19 mmol) was treated according to General Procedure B. With
the deprotected intermediate, the title compound was synthesized according to General
Procedure D using cyanoacetic acid (20 mg, 0.23 mmol), PyBOP (120 mg, 0.23 mmol)
and DIPEA (98 pL, 0.58 mmol). The product was purified by flash chromatography
(SiO2, DCM:EtOH 98:2 = 95:5) to afford 38 mg (57.7 %) of a yellow solid. '"H NMR
(300 MHz, DMSO-d¢) 6 0.73 - 0.94 (m, 4H), 1.39 - 1.64 (m, 1H), 1.65 - 1.90 (m, 3H),
1.95-2.08 (m, 1H), 2.75 - 3.26 (m, 5H), 3.53 - 3.73 (m, 1H), 3.93 - 4.13 (m, 2H), 4.18 -
4.68 (m, 2H), 7.20 - 7.34 (m, 1H), 8.25 - 8.38 (m, 1H), 10.92 (br. s., 1H). 3C NMR (101
MHz, DMSO-ds) 6 8.6, 14.9, 24.5, 25.2,27.4, 30.2, 45.0, 51.9, 55.3, 89.5, 116.5, 156.8,
162.0,162.9, 174.2, 174.3. TLC-MS (ESI) m/z: 340.9 [M - H]. HPLC (A): tr= 1.67 min,
purity: 95.6 % (254 nm).
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N-(6-((1-(3-Hydroxy-4-methoxybenzoyl)piperidin-3-yl) (methyl)-
amino)pyrimidin-4-yl)cyclopropanecarboxamide (23)

O e
N N OH Molecular formula: C23H28N4O4
@)
Nﬁj\ Q Molecular weight: 425.49
N/ N%
H

Compound 21 (72 mg, 0.19 mmol) was treated according to General Procedure B. With
the deprotected intermediate, the title compound was synthesized according to General
Procedure D using isovanillic acid (39 mg, 0.23 mmol), PyBOP (120 mg, 0.23 mmol)
and DIPEA (98 uL, 0.58 mmol). The product was purified by flash chromatography
(Si02, DCM:EtOH 98:2 = 95:5) to afford 35 mg (42.7 %) of a beige solid. '"H NMR (300
MHz, CDCl3) 8 0.75 - 0.99 (m, 3H), 0.99 - 1.15 (m, 2H), 1.52 - 2.02 (m, 6H), 2.67 (br.
s., 1H), 2.76 - 2.99 (m, 4H), 3.85 (s, 3H), 4.72 (br. s., 2H), 6.81 (d, J= 8.3 Hz, 1H), 6.98
(d,J=8.2 Hz, 1H), 7.08 (br. s., 1H), 7.38 (s, 1H), 8.36 (s, 1H), 9.64 (br. s., 1H). *C NMR
(75 MHz, CDCl3) 6 8.7, 15.9, 24.8, 28.3, 30.0, 46.2, 51.7, 54.3, 55.9, 90.0, 110.6, 113.9,
119.7, 128.7, 145.4, 148.0, 156.5, 156.9, 163.1, 170.6, 173.9. TLC-MS (ESI) m/z: 426.2
[M + H]" m/z: 424.0 [M - H]". HPLC (A): tr = 2.77 min, purity: 98.5 % (254 nm).

tert-Butyl 3-(methyl(6-(phenylamino)pyrimidin-4-yl)amino)piperidine-1-
carboxylate (24a)

N /Ql “Boc Molecular formula: C21H20N502
X
le)j\ O Molecular weight: 383.50
N N
H

Compound 5 (0.64 g, 1.97 mmol), aniline (1.29 g, 2.96 mmol), Pd2(dba); (144 mg, 0.065
mmol), XPhos (127 mg, 0.111 mmol) and NaO7Bu (0.59 g, 5.91 mmol) were dissolved
in anhydrous DMF (15 mL) and processed according to General Procedure A.
Purification by flash chromatography (SiOz, n-hexane/EtOAc 100:0 = 20:80) afforded
673 mg (82.7%) of a white solid. "TH NMR (300 MHz, CDCl3) & 1.40 - 1.49 (m, 9H), 1.59
- 1.71 (m, 2H), 1.72 - 1.81 (m, 1H), 1.85 (d, J = 1.8 Hz, 1H), 2.61 (t, J=11.6 Hz, 1H),
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2.74 (t, J = 11.8 Hz, 1H), 2.85 (s, 3H), 4.08 (br. s., 2H), 4.46 (br. s., 1H), 5.87 (s, 1H),
7.07 - 7.22 (m, 2H), 7.28 - 7.41 (m, 4H), 8.25 (s, 1H). TLC-MS (ESI) m/z: 384.2 [M +
H]* m/z: 382.1 [M - H]. HPLC (A): tr = 6.17 min.

tert-Butyl 3-((6-((3-fluorophenyl)amino)pyrimidin-4-yl) (methyl)amino)-
piperidine-1-carboxylate (24b)

N /@ “Boc Molecular formula: C21H28FN502

A
le))\ /©\ Molecular weight: 401.49
NTTN F

Compound 5 (660 mg, 2.02 mmol), 3-fluoroaniline (336 mg, 3.03 mmol), Pd2(dba)s (92
mg, 0.10 mmol), XPhos (96 mg. 0.20 mmol) and NaOsBu (582 mg, 6.06 mmol) were
dissolved in anhydrous DMF (15 mL) and processed according to General Procedure
A. Purification was achieved by flash chromatography (SiO2, n-hexane:EtOAc 100:0 =
20:80) to afford 683 mg (83.7 %) of an off-white solid. "TH NMR (300 MHz, CDCl3) §
1.44 (s,9H), 1.57 - 1.71 (m, 2H), 1.72 - 1.82 (m, 1H), 1.83 - 1.91 (m, 1H), 2.53 - 2.67 (m,
1H), 2.74 (t, J=11.8 Hz, 1H), 2.87 (s, 3H), 4.08 (br. s., 2H), 4.46 (br. s., 1H), 5.89 (d, J
=0.6 Hz, 1H), 6.77 (td, J= 8.3, 1.9 Hz, 1H), 7.06 (dd, J = 8.0, 1.2 Hz, 1H), 7.16 (dt, J =
10.7, 2.2 Hz, 1H), 7.23 - 7.33 (m, 1H), 7.63 (br. s., 1H), 8.28 (d, J = 0.5 Hz, 1H). 13)C
NMR (75 MHz, CDCl3) 6 24.7, 28.1, 28.3, 29.8, 43.7, 46.2, 51.2, 79.7, 82.5, 108.3 (d,
2Jcr = 24.9 Hz), 110.1 (d, 2Jcr = 22.7 Hz), 116.7 (d, *Jcr = 2.8 Hz), 130.4 (d, 3Jcr = 9.4
Hz), 141.3 (d, *Jcr = 10.5 Hz), 154.8, 157.5, 160.5, 162.7, 163.2 (d, 'Jcr = 245.5 Hz).
TLC-MS (ESI) m/z: 402.0 [M + H]" m/z: 399.9 [M - H]". HPLC (A): tr = 7.43 min.

tert-Butyl 3-((6-((3-hydroxyphenyl)amino)pyrimidin-4-yl)-(methyl)amino)-
piperidine-1-carboxylate (24c)

N /Ql “Boc Molecular formula: C21H29N503

X
Nﬁl /@ Molecular weight: 399.50
N N OH
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Compound 5 (320 mg, 0.98 mmol), 3-aminophenole (330 mg, 3.03 mmol), Pdz(dba)3 (92
mg, 0.10 mmol), XPhos (96 mg, 0.20 mmol) and NaO7Bu (582 mg, 6.06 mmol) were
dissolved in anhydrous DMF (15 mL) and processed according to General Procedure
A. Purification was achieved by flash chromatography (SiO2, n-hexane:EtOAc 100:0 -
20:80) to afford 265 mg (67.9 %) of a brownish solid. '"H NMR (300 MHz, CDCl3) § 1.43
(s, 9H), 1.49 - 1.80 (m, 3H), 1.85 (br. s., 1H), 2.52 - 2.75 (m, 2H), 2.86 (s, 3H), 4.03 (br.
s., 2H), 4.22 (br. s., 1H), 6.06 (s, 1H), 6.59 (dd, J = 8.1, 1.5 Hz, 1H), 6.66 (dd, J = 8.1,
1.5 Hz, 1H), 6.92 (br. s., 1H), 7.12 (t,J= 8.0 Hz, 1H), 7.66 (br. s., 1H), 7.98 (s, 1H), 8.20
(s, 1H). TLC-MS (ESI) m/z: 400.1 [M + H]" m/z: 397.9 [M - H]. HPLC (A): tr = 5.04

min.

N*-Methyl-N¢-phenyl-N*-(piperidin-3-yl)pyrimidine-4,6-diamine (25a)

\N/O\IH Molecular formula: Ci6H21Ns
X
Nﬁj\ @ Molecular weight: 283.38

The title compound was synthesized according to General Procedure B starting from
Compound 24a (650 mg, 1.70 mmol) to afford 497 mg (103.2 %) of a solid. 'H NMR
(400 MHz, CDCl3) & 1.64 - 1.80 (m, 2H), 1.87 (d, /= 10.2 Hz, 2H), 2.53 - 2.66 (m, 1H),
2.75 (t, J=11.7 Hz, 1H), 2.82 (s, 3H), 3.15 (d, /= 11.9 Hz, 2H), 4.58 (br. s., 1H), 5.09
(br.s., 1H), 5.88 (s, 1H), 7.10 (quin, J =4.3 Hz, 1H), 7.35 (d, J=4.3 Hz, 4H), 8.24 (d, J
=0.9 Hz, 1H). TLC-MS (ESI) m/z: 284.2 [M + H]" m/z: 282.0 [M - H]". HPLC (A): tr=
1.40 min.

N*-(3-Fluorophenyl)-N®-methyl-N°-(piperidin-3-yl)pyrimidine-4,6-diamine

(25b)
/O Molecular formula: Ci6H20FNs

\N NH
X .

Nﬁl Q Molecular weight: 301.17
N N F
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The title compound was synthesized according to General Procedure B starting from
24b (200 mg, 0.50 mmol) to afford 144 mg (96.14 %) of a yellow solid. 'H NMR (300
MHz, CDCls3) 6 1.54 - 1.70 (m, 2H), 1.74 - 1.89 (m, 2H), 2.37 (br. s., 1H), 2.43 - 2.54 (m,
1H), 2.66 (t, J=11.5 Hz, 1H), 2.83 (s, 3H), 3.02 (d, J = 12.4 Hz, 2H), 4.49 (br. s., 1H),
5.86 (s, 1H), 6.75 (tdd, /= 8.3, 2.4, 0.6 Hz, 1H), 7.04 (dd, J= 8.1, 1.3 Hz, 1H), 7.15 (dt,
J =108, 2.2 Hz, 1H), 7.21 - 7.31 (m, 1H), 8.00 (br. s., 1H), 8.25 (s, 1H). '*C NMR
(75 MHz, CDCl3) 6 23.7, 27.2, 29.8, 44.3, 46.3, 50.7, 83.6, 107.8 (d, /= 24.9 Hz), 109.6
(d,J=21.6Hz), 116.2 (d,J=2.8 Hz), 130.2 (d,J=9.4 Hz), 141.4 (d,J=10.5 Hz), 157 .4,
160.7, 162.2, 163.1 (d, J = 244.9 Hz). TLC-MS (ESI) m/z: 302.0 [M + H]" m/z: 300.1
[M - H]". HPLC (A): tr=2.24 min.

3-((6-(Methyl(piperidin-3-yl)amino)pyrimidin-4-yl)amino)phenol (25c¢)

\N/QIH Molecular formula: Ci6H21NsO
\ .

Nﬁj\ /@\ Molecular weight: 299.38
N ” OH

The title compound was synthesized according to General Procedure B starting from 24¢

(265 mg, 0.66 mmol) to afford 182 mg (91.5 %) of a brown solid. 'H NMR (300 MHz,

DMSO-ds) § 1.41 - 1.75 (m, 4H), 2.35 - 2.46 (m, 1H), 2.58 - 2.68 (m, 1H), 2.80 (s, 3H), 2.82
-2.92 (m, 2H), 4.45 (br. s., 1H), 5.84 (s, 1H), 6.30 - 6.36 (m, 1H), 6.89 - 7.06 (m, 2H), 7.16
(t,J=2.1 Hz, 1H), 8.15 (s, 1H), 8.92 (s, 1H), 9.27 (br. s., 1H). TLC-MS (ESI) m/z: 300.2

[M + H]" m/z: 298.1 [M - H]. HPLC (A): tr= 1.45 min.

Furan-3-yl(3-(methyl(6-(phenylamino)pyrimidin-4-yl)amino)piperidin-1-
yl)methanone (26)

)
\
N /Oxj Molecular formula: C21H23N502
O
N Molecular weight: 377.45
L
N N
H
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The title compound was synthesized according to General Procedure C starting from
Compound 25a (97 mg, 0.34 mmol), furan-3-carboxylic acid (42 mg, 0.37 mmol) and
0.5 M DCC in DCM solution (755 pL, 0.37 mmol). The product was purified thrice by
flash chromatography (SiO2, DCM:EtOH 95:5 & Si02, DCM:EtOH 98:2 = 97:3 & SiOz,
DCM:EtOH 100:0 = 94:6) to afford 42 mg (32.4 %) of a white solid. '"H NMR (300
MHz, CDCl3) & 1.62 - 2.00 (m, 4H), 2.58 - 2.98 (m, 5H), 4.19 (br. s., 1H), 4.77 (br. s.,
2H), 5.85 (s, 1H), 6.68 (br. s., 1H), 7.08 - 7.18 (m, 1H), 7.28 - 7.43 (m, SH), 7.59 (s, 1H),
7.91 (br. s., 1H), 8.27 (s, 1H). 3C NMR (75 MHz, CDCl3) § 24.9, 28.5, 29.9, (C*-Pip.
missing), (C-Pip. missing), 51.3, 81.8, 110.3, 120.9, 122.1, 124.0, 129.4, 139.1, 142.7,
143.8, 157.6, 161.2, 162.6, 163.9. TLC-MS (ESI) m/z: 378.0 [M + H]" m/z: 375.8 [M -
H]". HPLC (A): tr = 3.05 min, purity: 100.0 % (254 nm).

5-(3-(Methyl(6-(phenylamino)pyrimidin-4-yl)amino)piperidine-1-
carbonyl)pyrrolidin-2-one (27)

O

NH
~N /Q\j Molecular formula: C21H26N6O2

@)
Nl)j\ /@ Molecular weight: 394.48
kN/ N
H

The title compound was synthesized according to General Procedure C starting from
compound 25a (100 mg, 0.35 mmol), 2-pyrrolidone-5-carboxylic acid (50 mg, 0.39
mmol) and 0.5 M DCC in DCM solution (780 pL, 0.39 mmol). The product was purified
twice by flash chromatography (SiO2, DCM:EtOH 98:2 - 90:10 & SiOs,
DCM:EtOH:Et3N 95:4:1) to afford 96 mg (67.0 %) of an off-white solid. 'H NMR (300
MHz, CDCI3) 6 1.51 - 1.69 (m, 1H), 1.75 - 2.01 (m, 3H), 2.09 - 2.24 (m, 1H), 2.25 - 2.34
(m, 1H), 2.41 - 2.56 (m, 2H), 2.56 - 2.72 (m, 1H), 2.82 (s, 3H), 2.90 (dd, /= 13.0, 11.5
Hz, 1H), 3.86 (d, J = 13.0 Hz, 1H), 4.34 - 4.52 (m, 2H), 4.63 (d, /= 11.9 Hz, 1H), 5.86
(s, 1H), 7.12 (t, J = 7.0 Hz, 1H), 7.27 - 7.40 (m, 4H), 7.82 (br. s., 1H), 8.50 (s, 1H), 8.78
(s, 1H). 3C NMR (75 MHz, CDCl3) § 23.3, 24.7, 29.0, 29.8, 30.1, 42.9, 48.2, 52.8, 53.8,
81.9, 122.2, 124.2, 129.5, 139.0, 158.0, 161.4, 162.2, 168.9, 178.6. TLC-MS (ESI) m/z:
395.0 [M + H]" m/z: 392.8 [M - H]. HPLC (A): tr= 1.64 min, purity: 99.9 % (254 nm).
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Ethyl 3-(3-(methyl(6-(phenylamino)pyrimidin-4-yl)amino)piperidin-1-yl)-3-
oxopropanoate (28)

Oo—\
S ™
N N O Molecular formula: C21H27N503
(@]
le)j\ /@ Molecular weight: 397.48
N N
H

The title compound was synthesized according to General Procedure C starting from
compound 25a (100 mg, 0.35 mmol), ethyl potassium malonate (66 mg, 0.39 mmol) and
0.5 M DCC in DCM solution (780 pL, 0.39 mmol). Because reaction control did not show
full conversion after 5 h, another 400 pL (0.2 mmol) of 0.5 M DCC in DCM solution
were added and the reaction was further stirred overnight. The product was purified by
flash chromatography (SiO2, DCM:EtOH 100:0 = 90:10) to afford 28 mg (20.0 %) of a
white solid. '"H NMR (300 MHz, CDCl3) § 1.13 - 1.25 (m, 3H), 1.31 - 1.90 (m, 4H), 2.65
-2.79 (m, 1H), 2.84 (s, 3H), 2.90 - 3.24 (m, 1H), 3.53 (d, /= 12.2 Hz, 2H), 3.58 - 3.78
(m, 1H), 4.03 - 4.16 (m, 2H), 4.20 - 4.56 (m, 2H), 5.86 (d, J = 8.4 Hz, 1H), 6.88 - 6.98
(m, 1H), 7.21 - 7.32 (m, 2H), 7.58 (dd, J= 8.5, 1.0 Hz, 2H), 8.17 (d, /= 3.9 Hz, 1H), 9.06
(s, 1H). TLC-MS (ESI) m/z: 398.0 [M + H]" m/z: 395.8 [M - H]. HPLC (A): tr=2.71
min, purity: 98.9 % (254 nm).

Cyclopropyl(3-(methyl(6-(phenylamino)pyrimidin-4-yl)amino)piperidin-1-
yl)methanone (29)

Q‘g Molecular formula: C20H25Ns0

>N
le)j\ /@ Molecular weight: 351.45
—
N N

H

The title compound was synthesized according to General Procedure C starting from
compound 25a (100 mg, 0.35 mmol), cyclopropane carboxylic acid (42 mg, 0.39 mmol)
and 0.5 M DCC in DCM solution (780 pL, 0.39 mmol). The product was purified by flash
chromatography (SiO2, DCM:EtOH 97:3) to afford 101 mg (81.4 %) of a white solid.
"H NMR (300 MHz, CDCI3) 8 0.74 (br. s., 2H), 0.85 - 0.96 (m, 1H), 0.96 - 1.09 (m, 1H),
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1.53 - 1.68 (m, 1H), 1.68 - 1.88 (m, 3H), 1.88 - 2.00 (m, 1H), 2.37 - 2.81 (m, 1H), 2.87
(s, 3H), 3.02 (d, J=10.6 Hz, 1H), 4.20 (br. s., 1H), 4.40 - 4.80 (m, 2H), 5.88 (s, 1H), 7.07
-7.20 (m, 1H), 7.28 - 7.41 (m, 4H), 8.24 (d, J= 0.8 Hz, 1H). '3C NMR (75 MHz, CDCl3)
8 7.3, 11.2,24.5, 28.3, 29.8, 45.7, 48.1, 51.7, 81.7, 122.0, 124.0, 129.3, 139.2, 157.5,
161.2,162.7, 172.2. TLC-MS (ESI) m/z: 352.1 [M + H]" m/z: 350.0 [M - H]". HPLC (A):
tr = 2.99 min, purity: 98.8 % (254 nm).

3-(3-((6-((3-Fluorophenyl)amino)pyrimidin-4-yl) (methyl)amino)piperidin-
1-yl)propanenitrile (30)

N /O\l \/\\ Molecular formula: Ci19H23FNe

X
"i)j\ /©\ Molecular weight: 354.43
N H F

Compound 25b (75 mg, 0.25 mmol) was dissolved in anhydrous MeOH (10 mL) before
acrylonitrile (20 pL, 0.30 mmol) was added. The reaction mixture was stirred at room
temperature for 18 h. As the reaction was incomplete, another 15 pL acrylonitrile were
added and the reaction mixture was stirred for another 5 h before the solvent was removed
under reduced pressure. The product was purified by flash chromatography (SiO2,
DCM:EtOH 98:2 - 95:5) to afford 29 mg (32.9 %) as a green-greyish solid. '"H NMR
(300 MHz, CDCl3) 6 1.41 - 1.61 (m, 1H), 1.62 - 1.87 (m, 3H), 1.96 - 2.20 (m, 2H), 2.45
- 2.55 (m, 2H), 2.63 - 2.79 (m, 2H), 2.80 - 2.92 (m, 5H), 4.55 (br. s., 1H), 5.79 - 5.97 (m,
1H), 6.76 (tdd, J= 8.3, 2.5, 0.8 Hz, 1H), 7.02 - 7.08 (m, 1H), 7.18 (dt, /= 10.8, 2.2 Hz,
1H), 7.23 - 7.32 (m, 1H), 7.82 (s, 1H), 8.27 (d, J = 0.7 Hz, 1H). '3C NMR (75 MHz,
CDCl3) 6 16.0, 24.5, 27.7, 29.9, 51.7, 52.8, 53.4, 55.6, 82.6, 108.1 (d, *Jcr = 24.8 Hz),
110.0 (d, 2Jcr = 21.6 Hz), 116.5 (d, “Jcr = 2.7 Hz), 118.8, 130.4 (d, *Jcr = 9.4 Hz), 141.3
(d, *Jcr = 11.6 Hz) 157.6, 160.5, 162.6, 163.2 (d, 'Jcr = 245.6 Hz). TLC-MS (ESI) m/z:
355.0 [M + H]" m/z: 352.9 [M - H]. HPLC (A): tr = 2.80 min, purity: 99.9 % (254 nm).
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3-(3-((6-((3-Hydroxyphenyl)amino)pyrimidin-4-
yl)(methyl)amino)piperidin-1-yl)propanenitrile (31)

\N/Q\l\/\\\N Molecular formula: C19H24N6O
X

'\i)j\ /@\ Molecular weight: 352.44
N H OH

Compound 25¢ (69 mg, 0.23 mmol) was dissolved in anhydrous MeOH (5 mL) and
acrylonitrile (22 pL, 0.34 mmol) was added. The reaction mixture was stirred at room
temperature for 18 h. Then the solvent was removed under reduced pressure and the
product was purified by flash chromatography (SiO2, DCM:EtOH 97:3 - 92:8) to afford
41 mg (50.8 %) of a white solid. '"H NMR (300 MHz, DMSO-ds) & 1.43 - 1.65 (m, 3H),
1.68 - 1.78 (m, 1H), 1.83 - 1.98 (m, 1H), 2.12 (t, J = 10.6 Hz, 1H), 2.53 - 2.70 (m, 4H),
2.71 - 2.89 (m, 5H), 4.54 (br. s., 1H), 5.83 (s, 1H), 6.32 (ddd, /= 7.9, 2.3, 1.0 Hz, 1H),
6.88 - 6.96 (m, 1H), 6.97 - 7.06 (m, 1H), 7.16 (t, J = 2.1 Hz, 1H), 8.16 (s, 1H), 8.90 (s,
1H), 9.23 (s, 1H). 1*C NMR (101 MHz, DMSO-ds) & 14.9, 24.3, 27.0, 29.4, 50.7, 51.9,
52.9, 55.2, 83.6, 106.3, 108.5, 110.1, 119.9, 129.1, 141.8, 156.9, 157.5, 160.8, 161.7.
TLC-MS (ESI) m/z: 353.0 [M + H]" m/z: 350.9 [M - H]". HPLC (A): tr = 1.36 min, purity:
100.0 % (254 nm).

6-Chloro-N-(3-chlorophenyl)pyrimidin-4-amine * HCI (4)

0O
\NJi)\l < —N Molecular formula: Ci1o0H7C12N3 * HC1
N |
fl /@ Molecular weight: 276.55 (240.09)
N N Cl

4,6-Dichloropyrimidine (750 mg, 5.04 mmol), 3-chloroaniline (530 mg, 4.12 mmol) and
conc. HCI1 (750 pL) were dissolved in iPrOH (7.5 mL). The mixture was heated to 85 °C
in a pressure tube for 2.5 h, cooled to room temperature and stored at 4 °C overnight. The
formed precipitate was collected by filtration, washed with small amounts of ice-cold
iPrOH and dried in vacuo to afford 950 mg (83.3 %) of a white solid. "H NMR (250 MHz,
DMSO-ds) 6 7.00 (d, J=0.7 Hz, 1H), 7.08 (ddd, J=7.9, 2.1, 1.0 Hz, 1H), 7.34 (t, J=8.1
Hz, 1H), 7.57 (ddd, /= 8.2, 2.0, 1.0 Hz, 1H), 7.96 (t, J=2.1 Hz, 1H), 8.53 (d, /= 0.7 Hz,
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1H), 10.53 (s, 1H). 13C NMR (75 MHz, DMSO-ds) 6 106.0, 118.4, 119.4, 122.6, 130.4,
133.2, 140.8, 157.7, 158.3, 161.1. TLC-MS (ESI) m/z: 238.1 [M - H]". HPLC (A): tr =
7.94 min.

3-(3-((6-((3-Chlorophenyl)amino)pyrimidin-4-yl) (methyl)amino)piperidin-
1-yl)-3-oxopropanenitrile (1)

0]
\N/Q‘{{ Molecular formula: C19H21CINsO
Nﬁj\ /©\ Molecular weight: 384.87
N© N Cl

Compound 4 (200 mg, 0.72 mmol) and N-Boc-3-(methylamino)piperidine (170 mg, 0.79
mmol) were put together in a flask and heated neat at 150 °C for 4 h.?!” The black melt
was cooled down to room temperature and dissolved in MeOH. The solution was filtered
and purification by flash chromatography was attempted (SiO2, DCM:EtOH 95:5).
However, 215 mg (94.0 %) of an only partially purified compound could be isolated as
the separation proved to be inadequate under these conditions. Tests with SiO2 and
different solvent mixtures, addition of Ets3N or NHs to the solvent mix as well as
purification via Cl18-reversed phase silica gel did also not give satisfactory results.
Therefore, the compound was used in the next step without further purification. [Identity
was confirmed using TLC-MS (ESI) m/z: 318.1 [M +H]" m/z: 315.9 [M - H]". HPLC (A):
tr = 1.54 min.] The crude product was treated according to General Procedure D using
cyanoacetic acid (69 mg, 0.81 mmol), PyBOP (422 mg, 0.81 mmol) and DIPEA (355 puL,
2.03 mmol). Purification by flash chromatography (SiO2, DCM:EtOH 99:1 - 95:5 &
Si02, n-hexane:EtOAc 30:70) afforded 39 mg (15.0 % over 2 steps) of a yellowish solid.
'"H NMR (300 MHz, CDCl3) § 1.57 - 2.06 (m, 4H), 2.67 - 3.03 (m, 5H), 3.44 - 3.78 (m,
2H), 3.95 - 4.63 (m, 3H), 5.96 (d, J = 4.8 Hz, 1H), 7.03 - 7.13 (m, 1H), 7.18 - 7.33 (m,
3H), 7.42 (s, 1H), 8.28 (d, J= 6.2 Hz, 1H). 1*C NMR (75 MHz, CDCls) § 24.1, 25.6, 28.7,
31.4,44.7,47.1,52.6,83.5,114.0,119.5, 121.4, 123.8, 130.4, 134.8, 140.4, 157.8, 160.8,
161.9, 162.5. TLC-MS (ESI) m/z: 385.0 [M + H]" m/z: 382.9 [M - H]. HPLC (A):
tr=3.21 min, purity: 99.4 % (254 nm).
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6-Chloro-N-(3-fluorophenyl)pyrimidin-4-amine (32)

Molecular formula: Ci0H7CIFN3

Cl
I
kN/ N E Molecular weight: 223.64

4,6-Dichloropyrimidine (300 mg, 2.01 mmol), 3-fluoroaniline (250 mg, 2.22 mmol) and
DIPEA (525 pL, 3.00 mmol) were dissolved in n-BuOH (4 mL). The mixture was stirred
at 120 °C for 5 h. The solvent was removed under reduced pressure and the title compound
was purified by flash chromatography (SiO2, n-hexane/EtOAc 80:20) to afford 280 mg
(61.6 %) of an off-white solid. "H NMR (300 MHz, DMSO-ds) § 6.80 - 6.95 (m, 2H),
7.26 - 7.42 (m, 2H), 7.68 - 7.76 (m, 1H), 8.53 (s, 1H), 10.05 (s, 1H). TLC-MS (ESI) m/z:
221.8 [M - H]". HPLC (A): tr=6.19 min.

tert-Butyl 3-((6-((3-fluorophenyl)amino)pyrimidin-4-yl)amino)piperidine-
1-carboxylate (33)

HN/Q\l “Boc Molecular formula: C20H26FNs502
X

Nﬁ)\ /@\ Molecular weight: 387.46
N H F

The title compound was synthesized according to General Procedure A starting from
compound 32 (200 mg, 0.73 mmol), N-Boc-3-aminopiperidine (220 mg, 1.08 mmol),
XPhos (35 mg, 0.073 mmol), Pd2(dba)s (33 mg, 0.036 mmol) and NaO7Bu (211 mg, 2.19
mmol). The product was purified by flash chromatography (SiO2, n-hexane:EtOAc 100:0
- 30:70) to yield 118 mg (41.7 %) of a solid. "H NMR (300 MHz, CDCl3) & 1.33 - 1.48
(m, 9H), 1.51 - 1.64 (m, 2H), 1.67 - 1.81 (m, 1H), 1.90 - 2.04 (m, 1H), 2.82 - 3.31 (m,
2H), 3.61 (br. s., 2H), 3.85 (br. s., 1H), 5.12 (br. s., 1H), 5.84 (s, 1H), 6.73 - 6.84 (m, 1H),
7.00 - 7.17 (m, 2H), 7.28 - 7.36 (m, 1H), 7.57 (br. s., 1H), 8.21 (s, 1H). TLC-MS (ESI)
m/z: 388.2 [M + H]" m/z: 386.0 [M - H. HPLC (A): tr=4.25-8.00 min (extremely broad
peak).
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3-(3-((6-((3-Fluorophenyl)amino)pyrimidin-4-yl)Jamino)piperidin-1-
yl)propanenitrile (34)

HN/E)\l \/\\\N Molecular formula: CisH21FNe

X
Nﬁj\ /@\ Molecular weight: 340.41
N N F

Compound 33 (73 mg, 0.19 mmol) was treated according to General Procedure B. The
dried product was dissolved in anhydrous MeOH (5 mL) and acrylonitrile (14 uL, 0.21
mmol) was added. The reaction mixture was stirred for 14 h at room temperature before
the solvent was removed under reduced pressure. The product was purified by flash
chromatography (SiO2, DCM:EtOH 97:3) to yield 38 mg (58.8 %) of a yellow solid.
"H NMR (300 MHz, CDCl3) & 1.43 - 1.78 (m, 4H), 2.25 - 2.53 (m, 5H), 2.54 - 2.69 (m,
3H), 3.80 (br. s., 1H), 5.46 (d, J = 3.5 Hz, 1H), 5.74 (s, 1H), 6.63 - 6.78 (m, 1H), 6.95
(dd, J=8.1, 1.2 Hz, 1H), 7.05 (dt, J = 10.7, 2.2 Hz, 1H), 7.15 - 7.26 (m, 1H), 7.89 (s,
1H), 8.14 (s, 1H). 1*C NMR (75 MHz, CDCl3) § 16.0, 22.1, 28.7, 46.5, 53.1, 53.2, 57.9,
108.4 (d, 2Jcr = 24.4 Hz), 110.2 (d, 2Jcr = 21.3 Hz), 116.8 (d, *Jcr = 3.3 Hz), 118.7, 130.4
(d, *Jcr = 10.0 Hz), 130.5, 141.1 (d, *Jcr = 10.5 Hz), 158.3, 160.4, 162.1, 163.2 (d, 'Jcr
= 2449 Hz). TLC-MS (ESI) m/z: 341.2 [M + H] " m/z: 339.1 [M - H]". HPLC (A): tr=
1.73 min, purity: 98.6 % (254 nm).

tert-Butyl 3-((2-chloropyrimidin-4-yl)(methyl)amino)piperidine-1-
carboxylate (36)

L
N

N™ Molecular weight: 326.83

Boc Molecular formula: Ci1sH23CIN4O2

2,4-Dichloropyrimidine (500 mg, 3.36 mmol), N-Boc-3-(methylamino)piperidine (863
mg, 4.03 mmol) and DIPEA (1.76 mL, 10.07 mmol) were dissolved in iPrOH (7.5 mL).
The mixture was stirred at 85 °C for 16 h before the solvent was removed under reduced
pressure. Purification by flash chromatography (SiOz, n-hexane:EtOAc 70:30) afforded
885 mg (80.6 %) of a clear oil. 'H NMR (300 MHz, CDCl3) § 1.48 (s, 9H), 1.60 - 1.86
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(m, 3H), 1.87 - 1.97 (m, 1H), 2.64 (t,J=12.0 Hz, 1H), 2.78 (dd, /= 12.5, 11.1 Hz, 1H),
2.98 (s,3H), 3.79 - 4.36 (m, 3H), 6.39 (d, /= 6.0 Hz, 1H), 8.06 (d, /= 6.1 Hz, 1H). TLC-
MS (ESI) m/z: 349.2 [M + Na]*. HPLC (A): tr = 7.03 min, purity: 100.0 % (254 nm).
Small amounts of the corresponding fert-butyl  3-((4-chloropyrimidin-2-
yl)(methyl)amino)piperidine-1-carboxylate regioisomer were also isolated and analyzed:
"HNMR (300 MHz, CDCl3) 5 1.46 (s, 9H), 1.58 - 1.82 (m, 3H), 1.83 - 1.97 (m, 1H), 2.61
(t,J=11.8 Hz, 1H), 2.79 (dd, J=12.1, 11.5 Hz, 1H), 3.05 (s, 3H), 4.08 (br. s., 2H), 4.50
- 4.65 (m, 1H), 6.50 (d, J=5.1 Hz, 1H), 8.16 (d, J= 5.1 Hz, 1H). HPLC (A): tr=9.58

min.

tert-Butyl 3-(methyl(2-(phenylamino)pyrimidin-4-yl)amino)piperidine-1-
carboxylate (37)

\N/O\I\Boc Molecular formula: C21H2oN502
X
@\ )N|\)j Molecular weight: 383.50
N N
H

Compound 36 (159 mg, 0.49 mmol), aniline (68 mg, 0.73 mmol), Pd2(dba)s (22 mg,0.049
mmol), XPhos (23 mg, 0.024 mmol) and NaO7Bu (140 mg, 1.46 mmol) were dissolved
in anhydrous DMF (2.5 mL) and processed according to General Procedure A.
Purification by flash chromatography (SiO2, DCM:EtOH 97:3) afforded 102 mg (50.8 %)
of a white solid. "H NMR (300 MHz, CDCl3) & 1.41 - 1.51 (m, 9H), 1.58 - 1.98 (m, 4H),
2.64 (t,J=12.5 Hz, 1H), 2.79 (t, J=11.9 Hz, 1H), 2.97 (s, 3H), 4.13 (br. s., 2H), 4.35
(br. s., 1H), 6.02 (d, J = 6.1 Hz, 1H), 6.94 - 7.02 (m, 1H), 7.04 (s, 1H), 7.27 - 7.36 (m,
2H), 7.59 (dd, J = 8.6, 1.0 Hz, 2H), 7.99 (d, J = 6.1 Hz, 1H). TLC-MS (ESI) m/z: 384.5
[M + H]". HPLC (A): tr= 6.58 min.
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3-(3-(Methyl(2-(phenylamino)pyrimidin-4-yl)amino)piperidin-1-
yl)propanenitrile (38)

\/\\\N Molecular formula: C24H24Ns

X
©\ )N|\)j Molecular weight: 336.44
” N

Compound 37 (92 mg, 0.24 mmol) was treated according to General Procedure B. After
drying in vacuo, the product was dissolved in in anhydrous MeOH (5 mL) and
acrylonitrile (20 pL, 0.30 mmol) was added. The reaction mixture was stirred for 16 h at
room temperature before the solvent was removed under reduced pressure. Purification
by flash chromatography (SiO2, DCM:EtOH 96:4) afforded 55 mg (68.1 %) of a yellow
solid. '"H NMR (300 MHz, CDCl3) & 1.47 - 1.62 (m, 1H), 1.65 - 1.87 (m, 3H), 2.05 (td,
J=11.3,2.5Hz, 1H), 2.14 (t,J=10.5 Hz, 1H), 2.44 - 2.53 (m, 2H), 2.66 - 2.78 (m, 2H),
2.84-291 (m, 2H), 2.92 - 2.97 (m, 3H), 4.57 (br. s, 1H), 5.98 (d, /= 6.1 Hz, 1H), 6.93 -
7.02 (m, 1H), 7.27 - 7.34 (m, 2H), 7.45 (s, 1H), 7.62 (dd, J = 8.6, 1.0 Hz, 2H), 7.99 (d,
J = 6.1 Hz, 1H). 3C NMR (75 MHz, CDCl) § 15.9, 24.7, 27.7, 29.9, 51.9, 52.9, 53.4,
55.5,95.0, 118.7, 118.9, 121.5, 128.7, 140.3, 156.2, 159.4, 162.3. TLC-MS (ESI) m/z:
337.4 [M + H]". HPLC (A): tr = 2.24 min, purity: 100.0 % (254 nm).

4-Chloro-6-phenoxypyrimidine (39a)

Molecular formula: Ci10H7CIN20

o
KN/ 0 Molecular weight: 206.63

4,6-Dichloropyrimidine (0.97 g, 6.51 mmol), phenol (0.56 g, 5.95 mmol) and K2COs3
(2.07 g, 14.98 mmol) were dissolved in DMF (15 mL). The mixture was stirred at room
temperature for 3 h before saturated NaHCO3 solution (50 mL) was added and the mixture
was extracted with EtOAc (3x). The combined organic phases were washed with brine,
dried over Na2SO4 and removed under reduced pressure to afford 0.80 g (64.7 %) of an
orange solid. "H NMR (300 MHz, CDCl3) § 6.92 (d, J=0.7 Hz, 1H), 7.12 - 7.20 (m, 2H),
7.29 - 7.36 (m, 1H), 7.42 - 7.51 (m, 2H), 8.60 (s, 1H). '*C NMR (75 MHz, CDCls) §
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107.8, 121.4, 126.3, 130.0, 151.9, 158.5, 161.9, 170.3. TLC-MS (ESI) m/z: 205.2 [M -
HJ. HPLC (A): tr= 5.76 min.

4-Chloro-6-(3-chlorophenoxy)pyrimidine (39b)

Molecular formula: C10HsCI2N20

Cl

N)j\

m ~ Molecular weight: 241.07
N~ O Cl

4,6-Dichloropyrimidine (1.43 g, 9.60 mmol), 3-chlorophenol (1.03 g, 8.01 mmol), K2CO3
(1.66 g, 12.00 mmol) and Nal (20 mg, 0.13 mmol) were dissolved in MeCN (20 mL). The
mixture was stirred at room temperature for 24 h. Then the reaction was poured onto 1 N
aqueous sodium hydroxide solution (25 mL) and the mixture was extracted with Et20O
(3x). The collected organic phases were washed with brine, dried over Na2SO4 and
removed under reduced pressure to afford 1.89 g (97.4 %) of an orange solid. '"H NMR
(250 MHz, DMSO-ds) 6 7.25 (ddd, J = 8.1, 2.3, 1.1 Hz, 1H), 7.36 - 7.42 (m, 1H), 7.43 -
7.46 (m, 2H), 7.51 (t,J= 8.1 Hz, 1H), 8.67 (d, J=0.7 Hz, 1H). TLC-MS (ESI) m/z: 239.1
[M - H]". HPLC (A): tr=7.93 min.

tert-Butyl 3-(methyl(6-phenoxypyrimidin-4-yl)amino)piperidine-1-
carboxylate (40a)

O
\N Boc

Nﬁj /@ Molecular weight: 384.48
N o

Compound 39a (300 mg, 1.45 mmol), N-Boc-3-(methylamino)piperidine (465 mg, 2.17
mmol) and DIPEA (760 pL, 4.35 mmol) were dissolved in DMF (10 mL). The reaction
mixture was stirred for 96 h at 80 °C. Saturated aqueous NaHCO3 (15 mL) was added

Molecular formula: C21H28N40O3

and the product was extracted with EtOAc (3x). The combined organic phases were
washed with brine and after drying over anhydrous Na2SOs, the solvent was removed
under reduced pressure. The product was purified by flash chromatography (SiO2, n-
hexane:EtOAc 85:15) to afford 311 mg (55.7 %) of the title compound. '"H NMR (300
MHz, CDCl3) & 1.46 (s, 9H), 1.56 - 1.73 (m, 2H), 1.74 - 1.83 (m, 1H), 1.84 - 1.94 (m,
1H), 2.62 (t, J = 12.0 Hz, 1H), 2.77 (t, J = 11.8 Hz, 1H), 2.91 (s, 3H), 4.09 (br. s., 2H),
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4.43 (br. s., 1H), 5.90 (s, 1H), 7.10 - 7.16 (m, 2H), 7.17 - 7.25 (m, 1H), 7.36 - 7.43 (m,
2H), 8.31 (s, 1H). 13C NMR (75 MHz, CDCl3) § 24.7, 28.1, 28.3, 29.9, 43.6, 46.3, 51.6,
79.8, 86.2, 121.4, 125.1, 129.6, 153.0, 154.7, 157.6, 164.1, 170.1. TLC-MS (ESI) m/z:
385.1 [M + H]*. HPLC (A): tr=8.91 min.

tert-Butyl 3-((6-(3-chlorophenoxy)pyrimidin-4-yl)(methyl)amino)-
piperidine-1-carboxylate (40b)

Molecular formula: C21H27CIN4O3

le)j Q\ Molecular weight: 418.92
N/ (@) Cl

Compound 39b (370 mg, 1.53 mmol), N-Boc-3-(methylamino)piperidine (395 mg, 1.84
mmol) and DIPEA (805 pL, 4.60 mmol) were dissolved in DMF (10 mL). The reaction
mixture was stirred for 144 h at 80 °C. Saturated aqueous NaHCOs solution (15 mL) was
added and the product was extracted with EtOAc (3x). The combined organic phases were
washed with brine and after drying over anhydrous Na>SOs, the solvent was removed
under reduced pressure. The product was purified by flash chromatography (SiO2, n-
hexane:EtOAc 85:15) to afford 454 mg (70.8 %) of an orange semi-solid. 'H NMR (300
MHz, CDClI3) 6 1.38 - 1.51 (m, 9H), 1.52 - 1.82 (m, 3H), 1.82 - 1.94 (m, 1H), 2.61 (t, /=
12.0 Hz, 1H), 2.76 (t, J = 11.8 Hz, 1H), 2.91 (s, 3H), 4.08 (br. s., 2H), 4.40 (br. s., 1H),
5.93 (s, 1H), 6.97 - 7.05 (m, 1H), 7.10 - 7.21 (m, 2H), 7.25 - 7.34 (m, 1H), 8.28 (s, 1H).
B3C NMR (75 MHz, CDCl3) & 24.6, 28.0, 28.3, 29.9, 43.6, 46.1, 51.7, 79.8, 86.5, 119.7,
121.9, 125.2, 130.2, 134.7, 153.6, 154.7, 157.5, 164.1, 169.5. TLC-MS (ESI) m/z: 441.2
[M + Na]". HPLC (A): tr=10.27 min.

N-Methyl-6-phenoxy-N-(piperidin-3-yl)pyrimidin-4-amine (41a)

\N/Q\‘H Molecular formula: CisH20N4O
N'L)j /@ Molecular weight: 284.36
N~ o
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The title compound was synthesized according to General Procedure B starting from
compound 40a (300 mg, 0.78 mmol) to afford 180 mg (81.1 %) of the product. 'H
NMR (300 MHz, CDCl3) 6 1.56 - 1.73 (m, 2H), 1.77 - 1.91 (m, 2H), 2.25 (br. s., 1H),
2.50 (td, J=12.2, 2.5 Hz, 1H), 2.63 - 2.75 (m, 1H), 2.87 (s, 3H), 2.98 - 3.11 (m, 2H),
4.50 (br. s., 1H), 5.85 (s, 1H), 7.09 - 7.15 (m, 2H), 7.17 - 7.25 (m, 1H), 7.35 - 7.44 (m,
2H), 8.29 (s, 1H). 1*C NMR (75 MHz, CDCls) & 26.8, 28.4, 29.9, 45.9, 48.8, 53.1, 86.0,
121.3, 125.0, 129.6, 153.1, 157.6, 164.0, 170.1. TLC-MS (ESI) m/z: 285.2 [M + H]".
HPLC (A): tr=2.94 min.

6-(3-Chlorophenoxy)-N-methyl-N-(piperidin-3-yl)pyrimidin-4-amine (41b)

\N/Q“H Molecular formula: C16H19CIN4O
N'k)ﬁ\ Q Molecular weight: 318.81
N~ o Cl

The title compound was synthesized according to General Procedure B starting from
compound 40b (430 mg, 1.03 mmol) to afford 272 mg (82.7 %) of the product. 'H NMR
(300 MHz, CDCl3) 6 1.60 - 1.74 (m, 2H), 1.77 - 1.93 (m, 2H), 2.53 (td, J=12.3, 2.7 Hz,
1H), 2.67 - 2.78 (m, 1H), 2.87 (s, 3H), 3.01 - 3.13 (m, 2H), 3.30 (br. s., 1H), 4.53 (br. s.,
1H), 5.90 (s, 1H), 6.98 - 7.05 (m, 1H), 7.10 - 7.20 (m, 2H), 7.28 - 7.33 (m, 1H), 8.27 (s,
1H). 1*C NMR (75 MHz, CDCl3) § 26.3, 28.2, 29.9, 45.7, 48.4, 52.9, 86.4, 119.6, 121.8,
125.2, 130.2, 134.7, 153.7, 157.5, 164.0, 169.4. TLC-MS (ESI) m/z: 319.2 [M + H]".
HPLC (A): tr=4.74 min.

3-(3-(Methyl(6-phenoxypyrimidin-4-yl)amino)piperidin-1-yl)-3-
oxopropanenitrile (42)

0
\NQ\I Z L Molecular formula: C19H21N502
le)j\ /@ Molecular weight: 351.41
N o

The title compound was synthesized according to General Procedure D starting from

compound 41a (32 mg, 0.11 mmol), cyanoacetic acid (12 mg, 0.14 mmol), PyBOP (71
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mg, 0.14 mmol) and DIPEA (58 pL, 0.34 mmol). The product was purified by flash
chromatography (SiO2, DCM:EtOH 97:3) to afford 29 mg (72.5 %) of a white solid. 'H
NMR (300 MHz, CDCIl3) 6 1.63 - 1.95 (m, 4H), 2.37 - 2.75 (m, 1H), 2.78 - 2.86 (m, 3H),
2.90 - 3.10 (m, 1H), 3.39 - 3.70 (m, 3H), 4.53 (d, J=9.1 Hz, 2H), 5.77 - 5.86 (m, 1H),
7.06 (d,J= 8.2 Hz, 2H), 7.14 - 7.21 (m, 1H), 7.28 - 7.42 (m, 2H), 8.23 (s, 1H). *C NMR
(75 MHz, CDCl) 6 24.4, 25.1, 28.0, 30.2, 43.9, 47.8, 51.9, 86.5, 114.0, 121.4, 125.3,
129.7,152.9, 157.6, 160.6, 164.0, 170.3. TLC-MS (ESI) m/z: 374.1 [M + Na]" m/z: 350.2
[M - H]". HPLC (A): tr=4.29 min, purity: 99.7 % (254 nm).

3-(3-((6-(3-Chlorophenoxy)pyrimidin-4-yl)(methyl)amino)piperidin-1-yl)-3-
oxopropanenitrile (43)

O
\NQ\I Z . Molecular formula: Ci19H20CINsO2
le)j\ /@\ Molecular weight: 385.85
N o cl

The title compound was synthesized according to General Procedure D starting from
compound 41b (70 mg, 0.22 mmol), cyanoacetic acid (22 mg, 0.26 mmol), PyBOP (137
mg, 0.26 mmol) and DIPEA (115 pL, 0.66 mmol). The product was purified by flash
chromatography (SiO2, DCM:EtOH 97:3) to afford 22 mg (26.0 %) of a yellow solid. 'H
NMR (300 MHz, CDCl5) 8 1.58 - 2.05 (m, 4H), 2.50 - 2.83 (m, 1H), 2.92 (s, 3H), 3.03 -
3.18 (m, 1H), 3.44 - 3.78 (m, 3H), 4.52 - 4.69 (m, 2H), 5.92 - 5.97 (m, 1H), 7.04 (dt, J =
8.1, 1.0 Hz, 1H), 7.16 (t, J = 2.0 Hz, 1H), 7.19 - 7.25 (m, 1H), 7.30 - 7.38 (m, 1H), 8.31
(d,J=0.6 Hz, 1H). *C NMR (75 MHz, CDCl3) § 24.4, 25.1, 28.0, 30.3, 43.9, 47.8, 51.2,
86.9, 113.9, 119.8, 122.0, 125.5, 130.3, 134.9, 153.5, 157.5, 160.4, 164.1, 169.8. TLC-
MS (ESI) m/z: 408.1 [M + Na]" m/z: 384.0 [M - H]". HPLC (A): tr = 6.26 min, purity:
98.7 % (254 nm).
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3-(3-((6-(3-Chlorophenoxy)pyrimidin-4-yl) (methyl)amino)piperidin-1-
yl)propanenitrile (44)

SN /O“ \/\\ Molecular formula: C19H22CIN5O

Nm)j\ /@\ Molecular weight: 371.87
N o cl

Compound 41b (69 mg, 0.21 mmol) was dissolved in anhydrous MeOH (5 mL) before
acrylonitrile (150 pL, 2.09 mmol) was added. The reaction mixture was stirred for 5 h at
room temperature. Then the solvent was removed under reduced pressure and purification
by flash chromatography (SiO2, n-hexane:EtOAc 70:30 = 30:70) afforded 64 mg
(93.7 %) of an orange wax. 'H NMR (300 MHz, CDCI3) & 1.44 - 1.63 (m, 1H), 1.65 -
1.87 (m, 3H), 2.04 (td, J = 11.2, 2.6 Hz, 1H), 2.19 (t, J = 10.6 Hz, 1H), 2.45 - 2.57 (m,
2H), 2.67 - 2.78 (m, 2H), 2.79 - 3.01 (m, 5SH), 4.62 (br. s., 1H), 5.91 (s, 1H), 7.02 (ddd, J
=8.1,2.2,1.0 Hz, 1H), 7.14 (t, J=2.0 Hz, 1H), 7.16 - 7.21 (m, 1H), 7.28 - 7.35 (m, 1H),
8.27 - 8.32 (m, 1H). *C NMR (75 MHz, CDCl3) § 15.8, 24.4,27.5,30.1,51.9, 52.6, 53 .4,
55.5,86.4,118.7,119.7,121.9, 125.2, 130.2, 134.7, 153.7, 157.6, 164.1, 169.5. TLC-MS
(ESI) m/z: 372.0 [M + H]". HPLC (A): tr = 4.63 min, purity: 95.5 % (254 nm).

(3-(Methyl(6-phenoxypyrimidin-4-yl)amino)piperidin-1-yl)(thiophen-3-
yl)methanone (45)

S
\
\NQ\I ‘éj Molecular formula: C21H22N402S
N )j\ ° Molecular weight: 394.49
SNe
N~ O

The title compound was synthesized according to General Procedure D starting from
compound 41a (55 mg, 0.19 mmol), 3-thiophenecarboxylic acid (37 mg, 0.29 mmol),
PyBOP (149 mg, 0.29 mmol) and DIPEA (125 pL, 0.72 mmol). The product was purified
by flash chromatography (SiO2, DCM:EtOH 97:3) to afford 70 mg (74.2 %) of a yellow
solid. '"H NMR (300 MHz, CDCl3) & 1.59 - 2.10 (m, 4H), 2.50 - 3.08 (m, 5H), 4.09 (br.
s., 1H), 4.76 (br. s., 2H), 5.85 (br. s., 1H), 7.09 - 7.17 (m, 2H), 7.19 - 7.33 (m, 3H), 7.36
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- 7.46 (m, 2H), 7.61 - 7.77 (m, 1H), 8.32 (d, J= 0.6 Hz, 1H). *C NMR (75 MHz, CDCl3)
8 24.9, 28.3, 30.0, (C’-Pip. missing), (C*-Pip. missing), 51.7, 86.3, 121.4, 125.2, 125.7,
126.7, 127.2, 129.6, 136.1, 152.9, 157.4, 163.9, 166.0, 170.1. TLC-MS (ESI) m/z: 394.9
[M + Na]". HPLC (A): tr = 6.73 min, purity: 99.2 % (254 nm).

(3-Hydroxy-4-methoxyphenyl) (3-(methyl(6-phenoxypyrimidin-4-
yl)amino)piperidin-1-yl)methanone (46)

O-CHj

/O 97 Molecular formula: C24H26N40O4

)j\ Molecular weight: 434.50
! @

The title compound was synthesized according to General Procedure D starting from
compound 41a (55 mg, 0.19 mmol), isovanillic acid (39 mg, 0.23 mmol), PyBOP (121
mg, 0.23 mmol) and DIPEA (100 pL, 0.58 mmol). The product was purified by flash
chromatography (SiO2, DCM:EtOH 97:3) to afford 25 mg (29.8 %) of a white solid. 'H
NMR (300 MHz, CDCIl3) 6 1.12 - 1.35 (m, 1H), 1.35 - 1.62 (m, 1H), 1.62 - 1.93 (m, 4H),
1.94 - 2.05 (m, 1H), 2.82 - 2.97 (m, 4H), 3.89 (s, 3H), 4.72 (br. s., 2H), 5.83 (br. s., 1H),
6.84 (d, J = 8.3 Hz, 1H), 7.04 (d, J = 8.2 Hz, 1H), 7.07 - 7.17 (m, 3H), 7.20 - 7.26 (m,
1H), 7.35 - 7.50 (m, 2H), 8.37 (s, 1H). '*C NMR (75 MHz, CDCls) & 25.1, 28.4, 30.1,
(C?-Pip. missing), (CO-Pip. missing), 51.9, 56.0, 86.2, 110.3, 113.9, 119.8, 121.4, 125.3,
129.7, 145.3, 147.8, 152.9, 157.4, 164.0, 167.4, 169.9, 170.6. TLC-MS (ESI) m/z: 457.1
[M + Na]" m/z: 433.0 [M - H]". HPLC (A): tr = 5.96 min, purity: 96.0 % (254 nm).

Ethyl 3-(3-(methyl(6-phenoxypyrimidin-4-yl)amino)piperidin-1-yl)-3-
oxopropanoate (47)

C ﬁ Molecular formula: C21H26N4Ox
)j\ : Molecular weight: 398.46



4 Experimental part 122

The title compound was synthesized according to General Procedure D starting from
compound 41a (55 mg, 0.19 mmol), ethyl potassium malonate (49 mg, 0.29 mmol),
PyBOP (149 mg, 0.29 mmol) and DIPEA (125 puL, 0.72 mmol). The product was purified
by flash chromatography (SiO2, DCM:EtOH 97:3) to afford 22 mg (23.1 %) of an orange
sticky oil. '"H NMR (300 MHz, CDCl3) 8 1.15 - 1.24 (m, 3H), 1.53 - 1.92 (m, 4H), 2.35 -
2.73 (m, 1H), 2.79 - 2.88 (m, 3H), 2.90 - 3.05 (m, 1H), 3.37 - 3.50 (m, 2H), 3.60 - 3.75
(m, 1H), 4.08 - 4.19 (m, 2H), 4.34 - 4.68 (m, 2H), 5.82 (d, J = 3.2 Hz, 1H), 7.01 - 7.10
(m, 2H), 7.11 - 7.19 (m, 1H), 7.27 - 7.41 (m, 2H), 8.23 (s, 1H). *C NMR (75 MHz,
CDCD) 6 14.0, 24.6, 27.9, 30.1, 41.3, 42.0, 45.3, 51.7, 61.4, 86.3, 121.3, 125.2, 129.6,
152.9,157.4,163.9, 164.7, 167.5, 170.0. TLC-MS (ESI) m/z: 396.9 [M - H]". HPLC (A):
tr = 5.81 min, purity: 97.3 % (254 nm).

Cyclopropyl(3-(methyl(6-phenoxypyrimidin-4-yl)amino)piperidin-1-
yl)methanone (48)

\N/O\IX Molecular formula: C20H24N402
O
N)ﬁ\ Q Molecular weight: 352.44
L
N O

The title compound was synthesized according to General Procedure D starting from
compound 41a (32 mg, 0.11 mmol), cyclopropanecarboxylic acid (20 mg, 0.23 mmol),
PyBOP (121 mg, 0.23 mmol) and DIPEA (100 pL, 0.58 mmol). The product was purified
by flash chromatography (SiO2, DCM:EtOH 97:3 - 95:5) to afford 50 mg (80.7 %) of
an orange solid. '"H NMR (300 MHz, CDCl3) § 0.66 - 0.83 (m, 2H), 0.85 - 1.10 (m, 2H),
1.60 - 2.00 (m, 5H), 2.41 - 2.88 (m, 1H), 2.92 (s, 3H), 3.07 (br. s., 1H), 4.04 - 4.42 (m,
1H), 4.61 (br. s., 2H), 5.89 (s, 1H), 7.10 - 7.16 (m, 2H), 7.18 - 7.26 (m, 1H), 7.35 - 7.47
(m, 2H), 8.30 (s, 1H). '*C NMR (101 MHz, DMSO-d) 8 6.7, 10.5, 24.7,27.3, 29.6, 42.7,
46.0, 51.4, 86.3, 121.3, 124.8, 129.5, 152.9, 157.1, 163.7, 169.4, 171.1. TLC-MS (ESI)
m/z: 375.1 [M + Na]" m/z: 351.1 [M - H]. HPLC (A): tr= 6.10 min, purity: 97.4 % (254

nm).
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tert-Butyl 3-((6-(3-fluorobenzoyl)pyrimidin-4-yl) (methyl)amino)-
piperidine-1-carboxylate (49)

“Boc Molecular formula: C22H27FN4O3

m _ Molecular weight: 414.48

Compound 5 (100 mg, 0.31 mmol) was dissolved in anhydrous DMF (10 mL) under an
atmosphere of argon and cooled to -20 °C. Then sodium hydride 60% in mineral oil (25
mg, 0.61 mmol) was added and the reaction mixture was stirred for 30 minutes before 3-
fluorophenylacetonitrile (62 mg, 0.46 mmol) was added dropwise. The solution was
slowly brought to room temperature and was stirred for 48 h in the absence of oxygen.
Then the reaction vessel was opened to let air enter the system and it was stirred for
another 48 h before H20 (60 mL) was added to the reaction and it was extracted with
EtOAc (3x20mL). The crude product was used without further purification (yield
calculated see compound 50). "H NMR (300 MHz, CDCl3) & 1.46 (s, 9H), 1.57 - 1.87 (m,
3H), 1.87 - 1.98 (m, 1H), 2.65 (t,J=11.8 Hz, 1H), 2.83 (t,J=11.8 Hz, 1H), 3.03 (s, 3H),
4.11 (br. s., 2H), 4.56 (br. s., 1H), 7.05 (s, 1H), 7.25 - 7.33 (m, 1H), 7.41 - 7.51 (m, 1H),
7.81(d,J=9.4 Hz, 1H), 7.89 (d, J=7.8 Hz, 1H), 8.71 (s, 1H). TLC-MS (ESI) m/z: 438.5
[M + Na] . HPLC (A): tr=9.01 min.

3-(3-((6-(3-Fluorobenzoyl)pyrimidin-4-yl) (methyl)amino)piperidin-1-
yl)propanenitrile (50)

ye
N \/\\\N Molecular formula: C20H22FNsO
N
m _ Molecular weight: 367.43
N
0]

The crude product 49 was treated according to General Procedure B. The deprotected
compound was dissolved in anhydrous MeOH (5 mL) and acrylonitrile (100 pL, 1.88

mmol) was added. After 4 h stirring at room temperature, the solvent was removed under

reduced pressure and the product was purified by flash chromatography (SiOz,
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DCM:EtOH 97:3) to yield 86 mg (75.5 % over 4 steps starting from 5) of a yellow oil. 'H
NMR (300 MHz, CDCl3) 6 1.41 - 1.81 (m, 4H), 1.98 (td, J=11.2, 2.6 Hz, 1H), 2.15 (t,J
=10.5 Hz, 1H), 2.39 - 2.49 (m, 2H), 2.61 - 2.71 (m, 2H), 2.76 - 2.85 (m, 2H), 2.86 - 3.05
(m, 3H), 4.30 - 5.19 (m, 1H), 6.96 (s, 1H), 7.22 (tdd, J = 8.38, 2.7, 1.0 Hz, 1H), 7.38 (td,
J=8.0,5.5 Hz, 1H), 7.73 (ddd, J = 9.5, 2.5, 1.5 Hz, 1H), 7.81 (dt, J = 7.8, 1.2 Hz, 1H),
8.62 (d, J= 1.1 Hz, 1H). '3C NMR (75 MHz, CDCl3) § 15.8, 24.3, 27.4, 30.0, 51.8, 52.5,
53.4,55.4,102.3, 117.4 (d, 2Jcr = 22.7 Hz), 118.6, 120.3 (d, %Jcr = 21.6 Hz), 126.6 (d,
*Jcr = 2.8 Hz), 129.8 (d, *Jcr = 7.7 Hz), 137.3 (d, *Jcr = 6.6 Hz), 157.4, 159.9, 162.2 (d,
lJcr = 247.1 Hz), 162.4, 192.3. TLC-MS (ESI) m/z: 390.0 [M + Na]*. HPLC (A): tr =
2.74 min, purity: 98.3 % (254 nm).

4-Chloro-7-tosyl-7H-pyrrolo|[2,3-d]pyrimidine (52)

Cl
Nﬁﬁ
k Z~N Molecular formula: Ci3H10CIN3O2S

Molecular weight: 307.75

4-Chloro-7H-pyrrolo[2,3-d]pyrimidine (250 mg, 1.63 mmol) and sodium hydride 60% in
mineral oil (98 mg, 2.45 mmol) were suspended in ice-cooled, anhydrous THF under an
atmosphere of argon. After stirring at 0 °C for 30 minutes, tosyl chloride (372 mg, 1.95
mmol) was added and the mixture was allowed to warm to room temperature and stirred
for 5 more h. Then the reaction mixture was stored at -20 °C for 48 h before being poured
into ice-cold H20 (25 mL). After the addition of brine (100 mL), the precipitate was
filtered off and dried in vacuo to afford 459 mg (91.5 %) of a yellow solid. '"H NMR (300
MHz, DMSO-ds) 6 2.37 (s, 3H), 6.96 (d, J=4.1 Hz, 1H), 7.43 - 7.52 (m, J = 8.1 Hz, 2H),
8.01 - 8.09 (m, 2H), 8.12 (d, J = 4.0 Hz, 1H), 8.82 (s, 1H). 3C NMR (75 MHz, DMSO-
ds) 621.1,103.2,119.2,127.8, 128.6, 130.3, 133.7, 146.5, 150.5, 152.0, 152.5. TLC-MS
(ESI) m/z: 305.8 [M - H]". HPLC (A): tr=7.14 min.
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tert-Butyl 3-(methyl(7-tosyl-7H-pyrrolo[2,3-d]pyrimidin-4-yl)amino)-
piperidine-1-carboxylate (53)

le)ﬁ\/% Molecular formula: C24H31N504S
~
N

oﬁ\S‘O Molecular weight: 485.6

Compound 52 (200 mg, 0.65 mmol), N-Boc-3-(methylamino)piperidine (167 mg, 0.78
mmol) and DIPEA (340 uL, 1.95 mmol) were dissolved in anhydrous DMF (5 mL) and
stirred at 70 °C overnight. Then the reaction mixture was stored at -20 °C for 16 h before
being poured into ice-cooled H20. After the addition of saturated aqueous NH4Cl solution
(100 mL), the precipitate was filtered off and dried in vacuo to afford 207 mg (65.4 %)
of product. 'H NMR (300 MHz, DMSO-ds) § 1.19 (d, J = 6.2 Hz, 4H), 1.38 (s, 9H), 1.67
- 1.81 (m, 2H), 2.35 (s, 3H), 3.16 (s, 3H), 3.90 (d, /= 11.0 Hz, 2H), 4.58 (br. s., 1H), 6.90
(d,/=3.7Hz, 1H), 7.42 (d, J= 8.2 Hz, 2H), 7.62 (d, /= 4.0 Hz, 1H), 7.97 (d, J= 8.3 Hz,
2H), 8.25 (s, 1H). TLC-MS (ESI) m/z: 484.1 [M - H]". HPLC (A): tr=9.28 min.

3-(3-(Methyl(7H-pyrrolo|[2,3-d]pyrimidin-4-yl)amino)piperidin-1-
yl)propanenitrile (54)

\NQ\'\/\\\N Molecular formula: Ci15H20Ns
Nl)j\/% Molecular weight: 284.37
NN

Compound 53 (185 mg, 0.38 mmol) was dissolved in anhydrous THF (7.5 mL) before
the addition of NaOrBu (274 mg, 2.85 mmol). The reaction was stirred at room
temperature overnight. Complete conversion was seen in HPLC (Method A; ret. time.
4.22 min). The reaction was mixed with diluted aqueous NH4Cl solution and then
extracted with EtOAc (3x). Purification was achieved by flash chromatography (SiOz,
DCM:EtOH 96:4). The purified product was redissolved in DCM (4 mL). After the

addition of TFA (1 mL), the mixture was stirred at room temperature for 3 more h. Work-
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up was performed according to General Procedure B. The resulting N-methyl-N-
(piperidin-3-yl)-7H-pyrrolo[2,3-d]|pyrimidin-4-amine was dissolved in anhydrous MeOH
(5 mL) and acrylonitrile (10 pL, 0.15 mmol) was added. After 18 h, the solvents were
evaporated and the compound was dried in vacuo to afford 38 mg (35.1 % over 3 steps)
of a yellow solid. 'H NMR (300 MHz, CDCl3) & 1.67 (td, J = 11.3, 4.6 Hz, 1H), 1.73 -
1.88 (m, 2H), 1.93 (d, J=11.6 Hz, 1H), 2.07 (td, J=11.0, 3.3 Hz, 1H), 2.23 (t, /= 10.5
Hz, 1H), 2.47 - 2.57 (m, 2H), 2.64 - 2.83 (m, 2H), 2.92 (d, /= 11.0 Hz, 1H), 3.00 - 3.09
(m, 1H), 3.27 (s, 3H), 4.83 (br. s., 1H), 6.60 (d, /= 3.6 Hz, 1H), 7.11 (d, /= 3.6 Hz, 1H),
8.34 (s, 1H), 12.04 (br. s., 1H). 1*C NMR (75 MHz, CDCl3) § 15.9, 24.7, 28.0, 31.3, 53.0,
53.3, 53.5, 55.9, 101.9, 102.8, 118.8, 120.5, 150.5, 151.5, 157.4. TLC-MS (ESI) m/z:
285.2 [M + H]" m/z: 283.0 [M - H]". HPLC (A): tr = 1.24 min, purity: 100.0 % (254 nm).

1-Ethyl-3-(4-(4-(4-fluorophenyl)-2-(methylthio)-1H-imidazol-5-yl) pyridin-2-
yl)urea (69)

Molecular formula: CisHisFNsOS

N
/
\
I N>\ S Molecular weight: 371.43
H

4-(4-(4-Fluorophenyl)-2-(methylthio)- 1 H-imidazol-5-yl)pyridin-2-amine?’! (143 mg,
0.48 mmol) was dissolved in anhydrous THF (5 mL) under an atmosphere of argon. Ethyl
isocyanate (55 pL, 0.77 mmol) was added in one portion and the reaction was stirred at
55 °C. The solvents were removed under reduced pressure and purification by flash
chromatography (SiO2, DCM:EtOH 95:5) afforded 68 mg (38.5%) of a beige solid. 'H
NMR (300 MHz, DMSO-ds) 6 1.08 (t,J= 7.2 Hz, 3H), 2.61 (s, 3H), 3.12 - 3.23 (m, 2H),
6.84 (dd, /=54, 1.4 Hz, 1H), 7.12 - 7.33 (m, 2H), 7.36 - 7.54 (m, 3H), 8.00 (d, /=5.4
Hz, 1H), 8.44 (br. s., 1H), 9.17 (s, 1H), 12.72 (s, 1H). *C NMR (75 MHz, DMSO-ds) §
15.1,15.4,33.8,108.5, 114.2, 115.8 (d, 2Jcr = 21.6 Hz), 126.6 (d, *Jcr = 2.8 Hz), 130.1,
130.7 (d, *Jcr = 8.3 Hz), 134.3, 138.5, 142.2, 143.9, 146.3, 154.0, 154.7, 162.0 (d, 'Jcr =
247.1 Hz). TLC-MS (ESI) m/z =394.2 [M + Na]" m/z=370.2 [M - H]. HPLC (A): tr =
5.04 min, purity: 96.1 % (254 nm).
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2-(4-Fluorophenyl)-1-(2-((4-methoxybenzyl)amino)pyridin-4-yl)-2-oxoethyl
acetate (124)

F
_0 o Molecular formula: C23H21FN204
\©\/H i
N | X 0 Molecular weight: 408.43
N~
tert-Butyl (4-(2-(4-fluorophenyl)-2-oxoethyl)pyridin-2-yl)(4-methoxybenzyl)-

carbamate®’! (1.00 g, 2.22 mmol) was dissolved in glacial acetic acid (10 mL) before lead
tetraacetate (1.13 g, 2.55 mmol) was added. The reaction mixture was heated to 120 °C
for 16 h. After cooling to room temperature, the solvent was evaporated in vacuo before
saturated aqueous NaHCOs was added and it was extracted with DCM (3x). The
combined organic layers were dried over anhydrous Na2SOas and the solvent was removed
under reduced pressure. Purification by flash chromatography (SiO2, n-hexane/EtOAc
50:50) afforded 476 mg (52.5%) of a yellow solid. '"H NMR (300 MHz, CDCl3) § 2.20
(s, 3H), 3.80 (s, 3H), 4.40 (d, /= 5.5 Hz, 2H), 5.08 (t, /= 5.3 Hz, 1H), 6.40 (s, 1H), 6.59
(s, 1H), 6.63 (dd, J = 5.2, 1.4 Hz, 1H), 6.82 - 6.88 (m, 2H), 7.03 - 7.11 (m, 2H), 7.20 -
7.26 (m, 2H), 7.86 - 7.94 (m, 2H), 8.08 (d, J = 5.2 Hz, 1H). 3*C NMR (75 MHz, CDCl5)
820.6,45.7,55.2,76.4,105.8,111.8,114.0,115.9 (d, 2Jcr = 22.1 Hz), 128.7, 130.5, 130.6
(d, “Jcr = 2.8 Hz), 131.4 (d, 3Jcr = 9.4 Hz), 143.3, 149.0, 158.9, 165.9 (d, 'Jcr = 256.0
Hz), 170.1, 191.6. TLC-MS (ESI) m/z = 408.9 [M + H]" m/z = 406.8 [M - H]. HPLC (A):
tr = 3.80 min.

4-(4-(4-Fluorophenyl)-2-methyloxazol-5-yl)-N-(4-methoxybenzyl) pyridin-2-
amine (125)

Molecular formula: C23H20FN3O2

\
N / O>\ Molecular weight: 389.43

l\
N~

Compound 124 (440 mg, 1.08 mmol) and NH4OAc (830 mg, 10.80 mmol) were dissolved
in glacial acetic acid (12 mL) and heated to 120 °C for 18 h. After cooling to room
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temperature, the solvent was removed under reduced pressure and saturated aqueous
NaHCOs3 solution was added. It was extracted with DCM (3x), before the combined
organic layers were dried over anhydrous Na2SO4 and the solvent was again removed
under reduced pressure. Purification by flash chromatography (SiO2, DCM:EtOH 97:3)
afforded 245 mg (58.3%) of an orange solid. "H NMR (300 MHz, CDCl3) § 2.53 (s, 3H),
3.79 (s, 3H), 4.36 (d, J=5.7 Hz, 2H), 5.09 (t,J = 5.6 Hz, 1H), 6.54 (s, 1H), 6.73 (dd, J =
5.4, 1.4 Hz, 1H), 6.85 (d, J = 8.7 Hz, 2H), 7.05 (t, J = 8.8 Hz, 2H), 7.20 (d, J = 8.8 Hz,
2H), 7.57 (dd, J = 8.9, 5.4 Hz, 2H), 8.05 (dd, J = 5.4, 0.6 Hz, 1H). 3*C NMR (75 MHz,
CDCl3) § 13.9, 45.7,55.2,102.3, 109.5, 114.0, 115.6 (d, °Jcr = 22.1 Hz), 128.1 (d, *Jcr =
3.3 Hz), 128.5, 130.1 (d, *Jcr = 8.3 Hz), 130.7, 137.0, 137.2, 143.3, 148.7, 158.8, 158.9,
160.9, 162.7 (d, 'Jcr = 248.2 Hz). TLC-MS (ESI) m/z = 389.9 [M + HJ".

4-(4-(4-Fluorophenyl)-2-methyloxazol-5-yl)pyridin-2-amine (126)

Molecular formula: Ci1sH12FN3O

\
HoN l O>\ Molecular weight: 269.28

Compound 125 (120 mg, 0.31 mmol) was dissolved in DCM (3 mL) and trifluoroacetic
acid (3 mL). The solution was heated to 50 °C for 8 h before the reaction was quenched
with saturated aqueous NaHCO3 and it was extracted with DCM (3x). The combined
organic layers were dried over anhydrous Na>SO4 and the solvent was removed under
reduced pressure. Purification by flash chromatography (SiO2, DCM:2M NH3 in MeOH
97:3) afforded 65 mg (78.3%) of a beige solid. 'TH NMR (300 MHz, CDCl3) & 2.53 (s,
3H), 4.50 (br. s., 2H), 6.65 (dd, J= 1.4, 0.7 Hz, 1H), 6.75 (dd, /= 5.5, 1.5 Hz, 1H), 7.08
(t, J = 8.8 Hz, 2H), 7.58 (dd, J = 8.9, 5.4 Hz, 2H), 8.00 (dd, J = 5.5, 0.7 Hz, 1H). 13C
NMR (75 MHz, CDCls) § 13.9, 104.1, 110.3, 115.7 (d, 2Jcr = 22.1 Hz), 128.0 (d, *Jcr =
3.3 Hz), 130.1 (d, *Jcr = 8.3 Hz), 137.2, 137.5, 143.0, 148.6, 158.8, 161.1, 162.8 (d, 'Jcr
=248.8 Hz). TLC-MS (ESI) m/z=270.2 [M + H]".
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N-(4-(4-(4-Fluorophenyl)-2-methyloxazol-5-yl) pyridin-2-yl)-
cyclopropanecarboxamide (123)

Molecular formula: CioHi16FN3O2

H \
AWN / O>\ Molecular weight: 337.35

Compound 126 (59 mg, 0.22 mmol) was dissolved in anhydrous pyridine (4 mL) and
cooled to 0 °C. Cyclopropanecarbonyl chloride (46 mg, 0.44 mmol) was added and the
mixture was stirred at room temperature for 18 h. The solvent was removed in vacuo and
purification by flash chromatography (SiO2, n-hexane/EtOAc 55:45) afforded 54 mg
(73.0%) of a yellow solid. '"H NMR (300 MHz, CDCl3) § 0.89 (s, 2H), 1.08 - 1.16 (m,
2H), 1.54 - 1.65 (m, 1H), 2.55 (s, 3H), 7.05 - 7.15 (m, 3H), 7.53 - 7.65 (m, 2H), 8.16 (dd,
J=5.4,0.6 Hz, 1H), 8.50 (d, J= 0.5 Hz, 1H), 9.19 (s, 1H). *C NMR (75 MHz, CDCls)
§8.4,14.0,15.7,110.1, 115.2, 115.8 (d, 2Jcr = 22.1 Hz), 127.8 (d, “Jcr = 3.3 Hz), 130.2
(d, *Jcr = 8.3 Hz), 138.1, 138.3, 142.7, 147.6, 152.5, 162.9, 161.7 (d, 'Jcr = 248.8 Hz),
172.6. TLC-MS (ESI) m/z = 270.2 [M + H]". HPLC (A): tr = 6.79 min, purity: 99.2 %
(254 nm).

N-(4-Bromopyridin-2-yl)cyclopropanecarboxamide (136)

Molecular formula: CoHoBrN2O

H
N @ Br
O N~ Molecular weight: 241.09

4-Bromopyridine-2-amine (3.00 g, 17.34 mmol) was dissolved in DCM (40 mL) and
pyridine (1.82 mL, 22.54 mmol) was added at 0 °C. Cyclopropylcarbonyl chloride (1.73
mL, 19.07 mmol) was then added dropwise and the solution was stirred at room
temperature for 6 h. Saturated aqueous NaHCOs3 solution (15 mL) and H20 (30 mL) were
added and the organic phase was separated and dried over anhydrous Na2SOa. The solvent
was removed under reduced pressure and dried in vacuo to afford 3.50 g (83.7%) of a
white crystalline solid. 'H NMR (300 MHz, DMSO-ds) § 0.79 - 0.88 (m, 4H), 1.89 - 2.12
(m, 1H), 7.34 (dd, /= 5.3, 1.8 Hz, 1H), 8.22 (dd, /= 5.3, 0.4 Hz, 1H), 8.33 (dd, /= 1.7,
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0.4 Hz, 1H), 11.03 (s, 1H). TLC-MS (ESI) m/z = 239.0/241.0 [M - H]". HPLC (A): tr =
4.94 min.

N-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-
yl)cyclopropanecarboxamide (131)

H C,)J% Molecular formula: Ci1sH21BN203
N B-
Aﬂ/ @ © Molecular weight: 288.15
O N~

Compound 136 (1.00 g, 4.15 mmol), bis(pinacolato)diboron (1.26 g, 4.98 mmol),
potassium acetate (1.43 g, 14.52 mmol) and Pd(dppf)Cl>-DCM (136 mg, 0.166 mmol)
were dissolved in anhydrous, degassed 1,4-dioxane (10 mL) under an atmosphere of
argon. The reaction mixture was stirred at 85 °C for 18 h and after cooling to room
temperature, EtOAc (30 mL) was added. The solution was filtered over celite and the
filtrate was removed under reduced pressure and redissolved in EtOAc (50 mL). A spoon
of activated charcoal was added to the solution and the resulting suspension was stirred
at 85 °C for 30 min. The hot reaction mixture was filtered again over celite and the filtrate
was removed under reduced pressure. The crude product was suspended in n-heptane and
agitated for 30 min using an ultrasonic bath. The title compound was collected by
filtration to yield 1.05 g (88.1%) of a beige solid. "H NMR (300 MHz, DMSO-ds) § 0.74
- 0.86 (m, 4H), 1.30 (s, 12H), 1.94 - 2.05 (m, 1H), 7.24 (dd, J = 4.8, 0.9 Hz, 1H), 8.33
(dd, J=4.7,0.9 Hz, 1H), 8.35 (s, 1H), 10.77 (s, 1H). 3C NMR (101 MHz, DMSO-ds) §
7.7,14.2,24.6, 84.3, 118.4, 123.5, 138.6, 147.5, 151.9, 172.6. HPLC (A): tr = 1.36 min.

2-Bromo-1-(3-(trifluoromethyl)phenyl)ethan-1-one (128a)

CF3
Molecular formula: CoHeBrFz:O

Br Molecular weight: 267.05
0]

1-(3-(trifluoromethyl)phenyl)ethan-1-one (2.00 g, 10.63 mmol) was dissolved in DCM

(20 mL) and the solution was stirred at room temperature, while bromine (1.70 g, 10.63
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mmol) in DCM (10 mL) was added dropwise.?’?> The reaction was quenched with
saturated aqueous NaHCOs3 solution (20 mL) and the phases were separated. The organic
phase was dried over anhydrous Na2SO4 and purified by flash chromatography (SiOz2, n-
hexane/EtOAc 90:10) to afford 2.33 g (82.0%) of the title compound. 'H NMR (300 MHz,
CDCls) 6 4.47 (s, 2H), 7.63 - 7.70 (m, 1H), 7.88 (d, J= 7.8 Hz, 1H), 8.18 (d, /= 7.9 Hz,
1H), 8.25 (s, 1H).

2-Bromo-1-(3-trifluoromethoxy)phenyl)ethan-1-one (128b)

F2Co
30

Molecular formula: CoHeBrF302

Br Molecular weight: 283.04

0]

1-(3-(trifluoromethoxy)phenyl)ethan-1-one (2.00 g, 9.80 mmol) was dissolved in DCM
(20 mL) and the solution was stirred at room temperature, while bromine (1.57 g, 9.80
mmol) in DCM (10 mL) was added dropwise.?’> The reaction was quenched with
saturated aqueous NaHCOs3 solution (20 mL) and the phases were separated. The organic
phase was dried over anhydrous Na2SO4 and purified by flash chromatography (SiOz2, n-
hexane/EtOAc 90:10) to afford 2.37 g (85.3%) of the title compound. 'H NMR (300 MHz,
CDCl) 6 4.44 (s, 2H), 7.44 - 7.51 (m, 1H), 7.53 - 7.61 (m, 1H), 7.85 (s, 1H), 7.93 (dt, J
=17.6, 1.4 Hz, 1H).

2-Methyl-4-(3-(trifluoromethyl)phenyl)oxazole (129a)

CF;
Molecular formula: C11HsF3NO

\ N\>_/ Molecular weight: 227.19
0]

Compound 128a (1.28 g, 4.79 mmol) and acetamide (1.30 g, 22.00 mmol) were heated to
140 °C in a microwave reaction vial for 3 h. After cooling to room temperature, saturated
aqueous NaHCOs3 solution (20 mL) was added and it was extracted with EtOAc (3x). The

combined organic layers were dried over anhydrous Na2SO4 and the solvent was removed
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under reduced pressure. Purification by flash chromatography (SiO2, n-hexane/EtOAc
90:10) afforded 614 mg (56.4%) of a yellow liquid. 'H NMR (300 MHz, CDCls) § 2.53
(s,3H), 7.46 - 7.58 (m, 2H), 7.84 - 7.91 (m, 2H), 7.98 (s, 1H). *C NMR (75 MHz, CDCls)
813.9,122.2 (q, 3Jcrs = 3.9 Hz), 124.4 (q, *Jcrs = 3.9 Hz), 128.5, 129.2, 131.2 (q, 2Jcrs =
32.6 Hz), 132.0, 133.9, 139.5, 162.2. TLC-MS (ESI) m/z =227.9 [M + H]". HPLC (A):
tr = 7.04 min.

2-Methyl-4-(3-(trifluoromethoxy)phenyl)oxazole (129b)

F4C-
>0

Molecular formula: C11HsF3NO2
N Molecular weight: 243.19
\ (;%

The title compound was prepared following the procedure as described for compound
129a starting from 128b (800 mg, 2.82 mmol) and acetamide (1.30 g, 22.00 mmol).
Purification by flash chromatography (SiO2, n-hexane/EtOAc 90:10) afforded 382 mg
(55.7%) of an orange solid. '"H NMR (300 MHz, CDCl3) § 2.52 (s, 3H), 7.15 (ddt, J= 8.2,
2.3, 1.1 Hz, 1H), 7.41 (t, J = 8.0 Hz, 1H), 7.59 (br. s, 1H), 7.62 (dt, J= 7.8, 1.2 Hz, 1H),
7.84 (s, 1H). 1*C NMR (75 MHz, CDCls) § 13.9, 118.0, 120.1, 120.5 (d, 'Jocrs = 257.6
Hz), 123.6, 130.1, 133.3, 133.8, 139.5, 149.7, 162.1. TLC-MS (ESI) m/z = 2439 [M +
H]". HPLC (A): tr = 8.46 min.

5-Bromo-2-methyl-4-(3-(trifluoromethyl)phenyl)oxazole (130a)

CF;
Molecular formula: C11H7BrFsNO
N
| S Molecular weight: 306.08
(@]
Br

Compound 129a (400 mg, 1.76 mmol) was dissolved in glacial acetic acid (6 mL) and N-
bromosuccinimide (329 mg, 1.85 mmol) was added in one portion. The mixture was

stirred at room temperature for 4 h before an ice-water mix was added and it was extracted
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with EtOAc (3x). The combined organic layers were dried over anhydrous Na2SO4 and
the solvent was removed under reduced pressure. Purification by flash chromatography
(Si02, n-hexane/EtOAc 90:10 = 70:30) afforded 360 mg (53.1%) of the title compound.
"H NMR (300 MHz, CDCl3) § 2.53 (s, 3H), 7.50 - 7.63 (m, 2H), 8.14 (d, J= 7.5 Hz, 1H),
8.23 (s, 1H). '3C NMR (75 MHz, CDCl3) § 14.1, 116.6, 123.1 (q, *Jcrs = 3.9 Hz), 124.0
(q, 'Jers = 272.6 Hz), 124.7 (q, *Jcrz = 3.9 Hz), 129.0, 129.2, 130.9, 131.0 (q, 2Jcr3 = 32.6
Hz), 135.6, 162.5. HPLC (A): tr = 9.91 min.

5-Bromo-2-methyl-4-(3-(trifluoromethyl)phenyl)oxazole (130b)

F1C.
0

Molecular formula: C11HsF3NO2

N .
Molecular weight: 243.19
an
O

Br

The title compound was prepared following the procedure as described for compound
130a starting from 129b (370 mg, 1.52 mmol) and N-bromosuccinimide (284 mg, 1.60
mmol). Purification by flash chromatography (SiO2, n-hexane/EtOAc 90:10) afforded
301 mg (61.5%) of the title compound. 'H NMR (300 MHz, CDCl3) & 2.52 (s, 3H), 7.20
(ddt, J=8.3,2.3, 1.1 Hz, 1H), 7.45 (t, /= 8.0 Hz, 1H), 7.84 (s, 1H), 7.89 (dt,/=7.9, 1.2
Hz, 1H). *C NMR (75 MHz, CDCl3) § 14.1, 116.6, 118.9, 120.4, 120.5 (d, 'Jocrs = 257.1
Hz), 124.5, 129.9, 132.1, 135.6, 149.5, 162.4. HPLC (A): tr = 10.77 min.

N-(4-(2-Methyl-4-(3-(trifluoromethyl)phenyl)oxazol-5-yl)pyridin-2-
yl)cyclopropanecarboxamide (132)

CF;

Molecular formula: C20H16F3N302

N
A{(“ | O\>\ Molecular weight: 387.36

l\
O N~

Compound 130a (250 mg, 0.82 mmol), 131 (353 mg, 1.23 mmol), K2CO3 (339 mg, 2.45
mmol) and PdCl2(PPhs)2 (57 mg, 0.082 mmol) were dissolved in a mix of degassed DMF
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(4.8 mL) and degassed H20 (1.2 mL) under an atmosphere of argon. The reaction mix
was heated to 85 °C for 18 h and after cooling to room temperature, saturated aqueous
NH4Cl solution (15 mL) and H20 (25 mL) were added. It was extracted with EtOAc (3x)
and the combined organic layers were dried over anhydrous Na2SO4 and the solvent was
removed under reduced pressure. Purification by flash chromatography (SiO2,
DCM:EtOH 99:1) afforded 261 mg (82.5%) of a crystalline white solid. "H NMR (300
MHz, CDCl3) 6 0.82 - 0.93 (m, 2H), 1.05 - 1.15 (m, 2H), 1.54 - 1.66 (m, 1H), 2.57 (s,
3H), 7.08 (dd, J=5.3, 1.6 Hz, 1H), 7.48 - 7.56 (m, 1H), 7.61 - 7.66 (m, 1H), 7.81 (d, /=
7.7 Hz, 1H), 7.91 (s, 1H), 8.18 (dd, J=5.3, 0.6 Hz, 1H), 8.53 (d, /= 0.6 Hz, 1H), 9.23 (s,
1H). 3C NMR (75 MHz, CDCl3) § 8.5, 14.0, 15.7, 110.3, 115.4, 123.8 (q, 'Jcrz = 272.6
Hz), 125.1 q, CJcrs = 3.9 Hz), 125.4 (q, *Jcrs = 3.5 Hz), 129.2, 131.2 q (q, 2Jcrs = 32.6
Hz), 131.4, 132.6, 137.5, 138.0, 143.4, 147.8, 152.5, 162.0, 172.6. TLC-MS (ESI) m/z =
387.9 [M + H]" m/z=386.0 [M - H]". HPLC (A): tr = 8.74 min, purity: 99.0 % (254 nm).

5-Bromo-2-methyl-4-(3-(trifluoromethyl)phenyl)oxazole (133)

Molecular formula: C20H16F3N303
N
Molecul ight: 403.36
%(H | \}\ olecular weig
Y ©
(@] N~

The title compound was prepared following the procedure as described for compound 132
starting from 130b (150 mg, 0.47 mmol), 131 (201 mg, 0.70 mmol), K2CO3 (193 mg,
1.40 mmol) and PdCl2(PPhs) (33 mg, 0.047 mmol). Purification by flash
chromatography (SiOz, n-hexane/EtOAc 60:40 = 40:60) afforded 166 mg (88.3%) of a
yellow solid. "H NMR (300 MHz, CDCl3) § 0.84 - 0.93 (m, 2H), 1.07 - 1.17 (m, 2H), 1.54
- 1.67 (m, 1H), 2.56 (s, 3H), 7.11 (dd, J=5.4, 1.6 Hz, 1H), 7.23 (dt, /= 8.2, 1.1 Hz, 1H),
7.44 (t, J = 8.0 Hz, 1H), 7.48 (br. s., 1H), 7.59 (dt, J=7.7, 1.2 Hz, 1H), 8.19 (d, J=5.4
Hz, 1H), 8.53 (s, 1H), 9.25 (s, 1H). 3C NMR (75 MHz, CDCI3) § 8.4, 14.0, 15.7, 110.4,
115.5, 120.4 (d, 'Jocrs = 257.6 Hz)., 120.8, 121.2, 126.6, 130.2, 133.7, 137.3, 138.0,
143.4, 147.7, 149.3, 152.6, 161.9, 172.6. TLC-MS (ESI) m/z = 403.9 [M + H]" m/z =
401.9 [M - H]. HPLC (A): tr = 8.92 min, purity: 99.5 % (254 nm).
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N-(4-(1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazol-4-yl) pyridin-2-
yl)cyclopropanecarboxamide (137)

H /N\N\O Molecular formula: C17H20N402
N =~
Aff S O
(@] N

_ Molecular weight: 312.37

Compound 136 (350 mg, 1.45 mmol), 1-(tetrahydro-2H-pyran-2-yl)-1H-pyrazole-4-
boronic acid pinacol ester (565 mg, 2.03 mmol), K2CO3 (401 mg, 2.90 mmol) and
Pd(dppf)Cl>-DCM (118 mg, 0.145 mmol) were dissolved in degassed 1,4-dioxane
(6 mL)/H20 (1 mL) under an atmosphere of argon. The mixture was stirred at 95 °C for
18 h. The reaction mixture was allowed to cool to room temperature and more H2O was
added. It was extracted with EtOAc (3x) and the combined organic layers were dried over
anhydrous Na2SOa4. The solvent was removed under reduced pressure and purification by
flash chromatography (SiO2, DCM:EtOH 97:3) afforded 137 mg (30.2%) of an off-white
solid. "H NMR (300 MHz, CDCIs)  0.87 - 0.96 (m, 2H), 1.09 - 1.17 (m, 2H), 1.53 - 1.61
(m, 1H), 1.62 - 1.78 (m, 3H), 1.99 - 2.16 (m, 3H), 3.66 - 3.79 (m, 1H), 4.03 - 4.14 (m,
1H), 5.37 - 5.45 (m, 1H), 7.14 (dd, J= 5.3, 1.6 Hz, 1H), 7.92 (d, /= 0.6 Hz, 1H), 8.06 (d,
J=0.5Hz, 1H), 8.22 (dd, J=5.2, 0.6 Hz, 1H), 8.38 (d, /= 0.7 Hz, 1H), 8.50 (br. s., 1H).
TLC-MS (ESI) m/z=313.0 [M + H]" m/z=311.0 [M - H]. HPLC (A): tr = 2.83 min.

N-(4-(1H-Pyrazol-4-yl)pyridin-2-yl)cyclopropanecarboxamide (138)

%( H NH Molecular formula: Ci12H12N4O
N =~

o) NI _— Molecular weight: 228.26

Compound 137 (260 mg, 0.83 mmol) was dissolved in MeOH (7 mL) and 4 M HCI in
dioxane (2 mL) was added. The resulting solution was stirred at room temperature for
18 h and the solvent was then removed under reduced pressure. Saturated aqueous
NaHCO3 (15 mL) was added and after the addition of DCM (10 mL) a white solid
precipitated between the two layers. Collection of the white solid by suction filtration
afforded 122 mg (64.2%) of the title compound. '"H NMR (300 MHz, CDCIs) & 0.70 -
0.80 (m, 4H), 1.90 - 2.01 (m, 1H), 7.25 (dd, J = 5.2, 1.6 Hz, 1H), 7.89 (s, 1H),
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8.16 (d, J= 5.2 Hz, 1H), 8.19 (d, J= 0.7 Hz, 1H), 8.26 (s, 1H), 10.67 (s, 1H), 13.12 (br.
s., 1H). TLC-MS (ESI) m/z =226.9 [M - H]. HPLC (A): tz = 1.30 min.

4-(2-(Cyclopropanecarboxamido)pyridin-4-yl)-1H-pyrazole-1-carboxamide
(134)

%‘/H :N\N \<NH2 Molecular formula: Ci13H13N502

o \©/E/ © Molecular weight: 271.28

Compound 138 (110 mg, 0.48 mmol) was dissolved in 90% aq. acetic acid (5 mL) and a
solution of NaOCN (47 mg, 0.72 mmol) in H20 (5 mL) was added. The reaction was
stirred at room temperature for 16 h before more H20 (15 mL) was added. The product
precipitated as a white solid and was collected by suction filtration. Further purification
by flash chromatography (SiO2, DCM:EtOH 96:4) afforded 63 mg (48.2%) of a white
solid. '"H NMR (300 MHz, DMSO-ds) § 0.72 - 0.92 (m, 4H), 1.92 - 2.12 (m, 1H), 7.47
(dd, J=5.2, 1.5 Hz, 1H), 7.96 (br. s., 1H), 8.05 (s, 1H), 8.26 (d, /= 0.6 Hz, 1H), 8.30 (d,
J =5.2 Hz, 1H), 8.33 (d, J = 0.6 Hz, 1H), 8.84 (d, J = 0.6 Hz, 1H), 10.83 (s, 1H).
3C NMR (75 MHz, DMSO-ds) § 7.7, 14.2, 109.4, 116.1, 122.4, 126.8, 140.0, 140.4,

148.6, 150.0, 152.8, 172.8. TLC-MS (ESI) m/z =293.9 [M + Na]" m/z =270.0 [M - H]".
HPLC (A): tr = 1.54 min, purity: 100.0 % (254 nm).
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Abstract: Invitro and invivo metabolism studies revealed that 2-alkylsulfanylimidazole
ML3403 (4-(5-(4-fluorophenyl)-2-(methylthio)-1H-imidazol-4-yl)-N-(1-phenylethyl)pyridin-2-amine)
undergoes rapid oxidation to the sulfoxide. Replacing the sulfur atom present in the two potent p38x
mitogen-activated protein (MAP) kinase inhibitors ML3403 and LN950 (2-((5-(4-fluorophenyl)-4-
(2-((3-methylbutan-2-yl)amino)pyridin-4-yl)-1H-imidazol-2-yl)thio)ethan-1-ol) by a methylene group
resulted in 2-alkylimidazole derivatives 1 and 2, respectively, having a remarkably improved
metabolic stability. The 2-alkylimidazole analogs 1 and 2 showed 20% and 10% biotransformation
after 4 h of incubation with human liver microsomes, respectively. They display a 4-fold
increased binding affinity towards the target kinase as well as similar in vitro potency and ex
vivo efficacy relative to their 2-alkylsulfanylimidazole counterparts ML3403 and LN950. For
example, 2-alkylimidazole 2, the analog of LN950, inhibits both the p38x MAP kinase as well as the
LPS-stimulated tumor necrosis factor-« release from human whole blood in the low double-digit
nanomolar range.

Keywords: kinase inhibitors; p38x MAP kinase; trisubstituted imidazoles; metabolic stability;
Alzheimer’s disease; neurodegenerative diseases; cancer

1. Introduction

The p38a mitogen-activated protein (MAP) kinase is a ubiquitously expressed serine/threonine
kinase, which is implicated in various cellular processes such as cell survival, proliferation and
differentiation. Because it promotes the expression of pro-inflammatory cytokines such as tumor
necrosis factor-oc (TNF-&) and interleukin-13 (IL-13), the p38ax MAP kinase has received a lot
of attention as a target for drug discovery programs since the mid-1990s. Several p38x MAP
kinase inhibitors were tested in clinical trials against cancer and chronic inflammatory diseases like
rheumatoid arthritis or chronic obstructive pulmonary disease. Despite these major efforts, up to
date there is still no p38x MAP kinase inhibitor on the market, as most of the trials were terminated
due to adverse events or lack of efficacy. However, recent studies suggest an important role of the
kinase in the pathogenesis of neurodegenerative diseases like multiple sclerosis and Alzheimer’s

Molecules 2017, 22, 1729; d0i:10.3390/molecules22101729 www.mdpi.com/journal /molecules
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disease [1-3]. Recently, two phase II studies of selective p38a MAP kinase inhibitor VX-745 (Figure S1,
supplementary materials) to treat Alzheimer’s disease have been completed [4,5].

Developed by SmithKline Beecham Pharmaceuticals, SB203580 is a trisubstituted imidazole
representing one of the first prototypical p38x MAP kinase inhibitors (Figure 1).

F. F F.
F H H H
N N N 0O
N 5 | s, | p)—s Wa
| \>_©_é 7 e 7 " OH ” N cHs
e
\ = N CH; Nz N CH; N
N~ HN HNk/LCHs HN
CH, CHs CHs
SB203580 ML3403 LN950 ML3603
ICso (P380)= 44 nM ICso (p38)= 40 NM ICs0 (p38c) = 11 nM
ICs0 (TNF-ar} = 1,760 nM ICs0 (TNF o) = 2,700 nM ICs (TNFa) = 37 nM

Figure 1. Pyridinylimidazoles as p38x MAP kinase inhibitors.

In collaboration with the University of Tiibingen, Merckle GmbH disclosed a structural analog
ML3403, which has been widely investigated in a variety of studies [6-10]. A further optimization
study resulted in 2-(2-hydroxyethylsulfanyl)-4-(4-fluorophenyl)-5-(2-aminopyridin-4-yl)imidazole
(LN950) [11]. Compared to ML3403, LN950 displays an improved p38x MAP kinase inhibitory
activity as well as a two orders of magnitude higher inhibition of lipopolysaccharide (LPS)-stimulated
TNF-« release from human whole blood (HWB) (Figure 1).

Both inhibitors, ML3403 and LN950, possess an alkylsulfanyl moiety in the imidazole-C2 position,
which is prone to oxidation by metabolic enzymes such as cytochrome p450 (CYP). The metabolic
stability of ML3403 was extensively investigated in in vitro (animal and human liver microsomes) as
well as in vivo (Wistar rats) studies [12,13]. Sulfoxide ML3603 (Figure 1) was identified as the main
metabolite in all studies and acts as an active metabolite. The conversion of ML3403 to ML3603 is
mainly driven by the four CYP isoenzymes CYP1A2, CYP2C19, CYP2D6, and CYP3A4. The sulfoxide
is then to a certain extent further metabolized to the corresponding sulfone; in addition N-dealkylation
of the phenylethyl moiety as well as N-oxidation of the pyridine have also been observed. In phase II
metabolism, N-conjugation of the dealkylated product by N-methyltransferase was predominantly
registered. Kammerer et al. [13] showed the in vitro half-life of ML3403 in male and female human
liver microsomes (HLM) to be 32.7 min. In vitro experiments using mouse and rat liver microsomes
also showed short half-lives of 5.9 and 11.4 min, respectively.

While the metabolite ML3603 itself is active on p38« MAP kinase, it would be favorable to have
a metabolically stable compound as a pharmacological tool compound since active metabolites can
affect e.g., dosing calculations, dose-response relations and off-target effects.

In order to develop metabolically more stable p38x MAP kinase inhibitors, we removed the
metabolic hot spot in ML3403 and LN950 and synthesized analogs of both inhibitors (compounds 1
and 2), wherein the sulfur atom was replaced by a methylene group (Figure 2).

We evaluated the binding affinity as well as the inhibitory activity of the novel compounds toward
the target kinase and their ability to inhibit the LPS-stimulated TNF-« release in human whole blood.
The obtained biological data of 1 and 2 were compared to those of the parent compounds in order
to estimate the influence of the sulfur atom present in ML3403 and LN950. Moreover, the metabolic
stability in human liver microsomes (HLM) of all four inhibitors was investigated. To rule out any
interference and possible side-effects due to CYP inhibition, we subjected the compounds to a CYP
inhibition assay.
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Figure 2. Modifications of ML3403 and LN950.

2. Results and Discussion

2.1. Chemistry

The synthesis of the ML3403 analog 1 was performed in a concise three-step synthetic route, as
depicted in Scheme 1. Ethanone 3 was oxidized to the corresponding x-diketone 4 in a Riley oxidation
using selenium dioxide. The imidazole ring formation was achieved in a Radziszewski imidazole
synthesis by reacting dione 4 in the presence of 7 M ammonia in methanol and propanal. In the
last step, the amino moiety at the pyridine-C2 position was introduced via a nucleophilic aromatic
substitution reaction.

o O N, CHy i N CH
| I 3 il 3
e _ \ \>_/ - | N\>_/
X = [0} = N S
| N‘ P \ H | H
N~ N_Z# N
F F F
4 5

3

Scheme 1. Synthesis of 2-ethylimidazole 1. (i) SeO,, acetic acid, 50 °C, 3 h, 62%; (ii) propanal, 7 M
ammonia in methanol, reflux temperature, 4 h, 43%; (iii) 1-phenylethylamine (excess), 160 °C, 72 h, 68%.

For the synthesis of the LN950 analog 2, a similar strategy consisting of Riley oxidation of an
ethanone followed by Radziszewski imidazole synthesis was pursued (Scheme 2). Ethanone 6 [11]
already bears the 3-methylbut-2-ylamine moiety at the pyridine-C2 position as well as a Boc-protecting
group. Riley oxidation of ethanone 6 under acidic conditions resulted in the «-diketone 7, wherein the
Boc-protecting group was cleaved, too.

Triisopropylsilyl (TIPS)-protected aldehyde 9 was synthesized by the oxidation of primary alcohol
8 using a copper(l)/(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) catalyst system according to
Hoover and Stahl [14]. The ring closing reaction of dione 7 and aldehyde 9 in the presence of
ammonium acetate in methanol afforded imidazole 10. Finally, the TIPS-protecting group was removed
under acidic conditions to yield the trisubstituted imidazole 2.
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Scheme 2, Synthesis of 2-(3-hydroxypropyl)imidazole 2. (i) SeQ,, acetic acid, reflux temperature,
1.5 h, 39%; (ii) N-methylimidazole, 2.2 -bipyridinyl, Cu(MeCN)4CF3503, (2,2,6,6-tetramethylpiperidin-
1-yl)oxyl, MeCN, room temperature (rt), 1.5 h, 20%; (iii) NH4OAc, methanol, reflux temperature, 4 h,
20%; (iv) HCl, methanol, rt, 1 h, 73%.

2.2. Biological Evaluation

2-Alkylsulfanyl imidazoles 1T and 2 were evaluated in an enzyme-linked immunosorbent assay
(ELISA) [15] as well as in a fluorescence polarization (FP)-based assay [16] for their ability to inhibit
and bind to the p38x MAP kinase. Moreover, the ability of the novel compounds to inhibit the
LPS-stimulated TNF-a release in HWB was tested [17]. In this ex vivo assay, the efficacy of the
inhibitors is determined more specifically with regard to pharmacokinetic characteristics such as
cellular permeability and plasma protein binding. The obtained data of 1 and 2 were compared to
those of their parent compounds ML3403 and LN950, respectively. The results are listed in Table 1.

2-Alkylimidazoles 1 and 2 are both potent inhibitors and potent binders of the target kinase,
displaying ICs5p and Kj values down to the low single-digit nanomolar range.

Table 1. Evaluation of trisubstituted imidazoles for their inhibition of p38a MAP kinase (ELISA assay),
their binding affinity to p38x MAP kinase (FP assay) as well as for their inhibition of TNF-« release in
LPS-stimulated human whole blood (HWB assay).

Cpd ELISA Assay p38a ICsp [nM]?®  FP Assay p38a K; [nM]?  HWB Assay TNF-a ICsp [nM] b

ML3403 40+5¢ 38+ 1¢ 2979 + 874
1 2542 11+3 2539 + 20

LN950 11 +09¢9 4+1°¢ 37+44d
2 11+5 1402 3241

an =3:Pn=2;:¢value taken from Laufer and coworkers [71; 4 value taken from Koch and coworkers [11]; ¢ value
taken from Ansideri et al. [16].

Comparison of the biological data of the 2-alkylsulfanylimidazole derivatives ML3403 and LN950
with their 2-alkylimidazole counterparts 1 and 2 reveals the replacement of the sulfur atom by a
methylene group not to have any influence on the biological activity of these inhibitors. However,
the 2-alkylimidazole derivatives display a 4-fold stronger binding affinity toward p38a MAP kinase
compared to their corresponding 2-alkylsulfanylimidazoles. The most potent 2-alkylimidazole derived
inhibitor 2 is 3.6-fold more active than the p38x MAP kinase reference compound M13403.
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2.3. Microsomal Stability Studies

Inhibitors ML3403, LN950, 1 and 2 were further tested for their metabolic stability in pooled adult
male & female HLM.

ML3403 is rapidly metabolized in our study displaying an in vitro half-life of 0.86 h (Figure 3).
After an incubation time of 4 h, less than 20% of ML3403 were present (Figure 3 and Table S1,
supplementary materials). Analysis of the metabolites by LC-MS (Tables 52-55, supplementary
materials) confirmed the aforementioned sulfoxide ML3603 (m/z 421.5) to represent the main
metabolite (almost 75% of all metabolites after 4 h). Up to 6% of the corresponding sulfone (m/z
437 4) was observed. Other low abundance metabolites were detected having an n1/z ratio of 301.4
(N-dealkylation) and 317.5 (N-dealkylation + sulfoxidation). These findings are in agreement with the
previously reported study by Kammerer et al. [13].

100+
= 759
® ]
- ML3403
: r
3 501 ML3603
g — sulfone of ML3403
25-_
0-; T T T 1
0 1 2 3 4
Time (h)

Figure 3. Metabolic stability of ML3403 and the formation of main metabolites (sulfoxide ML3603
and sulfone).

In contrast, 2-alkylimidazole 1 displays excellent metabolic stability remaining unmetabolized at
up to 80% after the incubation time of 4 h (Figure 4 and Table S6, supplementary materials). Among the
identified metabolites (Tables S7-510, supplementary materials), n,/z 283.6 was present, representing
the N-dealkylated metabolite. Additionally, the LC-MS analysis shows two peaks in close proximity,
both having an m/z ratio of 403.3. It is conceivable that both peaks correspond to the diastereomers
resulting from the hydroxylation of the methylene group present in the ethyl moiety. The most
prominent metabolite after the final sampling is seen at m/z 299.5 and is a combination of both
N-dealkylation and possible hydroxylation, accounting for almost 50% of all arising metabolites.

100-]
3 754
f: 1
§ 501 N-dealkylation + oxidation
E —— N-dealkylation
25+
0¥ $ . T J
0 1 2 3 4

Time (h)

Figure 4. Metabolic stability of 1 and the formation of main metabolites (N-dealkylation as well as
oxidation and N-dealkylation of 1).



Appendix 160

Molecules 2017, 22,1729 6o0f11

LN950 undergoes a similar but slightly slower biotransformation like ML3403. Over a time
span of 4 h, LN950 exhibits >70% degradation, most likely leading to the oxidation of the sulfur
atom at the imidazole-C2 position (Figure 5 and Table S11, supplementary materials). Examination
of the metabolites showed an almost identical pattern in comparison with ML3403, giving the
corresponding sulfoxide as the main metabolite, as well as the sulfone and some N-dealkylated
product (Tables 512-514, supplementary materials).

1007

= 751

R

‘g‘ ~ LN950

g sulfoxide of LN950

- o —— sulfone of LN950
0'. L L T 1
0 1 2 3 4

Time (h)

Figure 5. Metabolic stability of LN950 and the formation of main metabolites (sulfoxide and sulfone
of LN950).

The LN950 analog, imidazole 2, wherein the sulfur atom was replaced by a methylene group,
shows under same conditions an exquisite metabolic profile. After 4 h, a degradation of only 10% could
be observed (Figure 6 and Table S15, supplementary materials). Several metabolites were detected, all
in low quantities (Tables 516 and 517, supplementary materials). Overall, a similar metabolite pattern
as that for compound 1 was observed. In detail, CYP-mediated oxidation (hydroxylation or N-oxide)
and to a small extent N-dealkylation occured. Comparison of the substituents at the imidazole-C2
position of 2-alkylimidazoles 1 and 2 leads to the assumption that the more polar 2-hydroxyethyl
moiety of 2 is less susceptible for hydroxylation by CYP than the ethyl moiety present in 1 when
incubated with HLM.

100
— 754
s 2
=
S so0- N-dealkylation + oxidation
o .
£ - N-dealkylation
S
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0 T L T 1
0 1 2 3 4

Time (h)

Figure 6. Metabolic stability of 2 and the formation of main metabolites (N-dealkylation as well as
oxidation and N-dealkylation of 2).

2.4. CYP Inhibition

Pyridinylimidazoles, like SB203580, are known to inhibit CYP isoenzymes due to the capability of
the heterocyclic rings’ nitrogen atoms to coordinate with the iron present in these proteins [18]. High
CYP inhibition is associated with side-effects such as hepatotoxicity and is also responsible for many
clinically relevant drug-drug interactions [19].
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In an initial screening, ML3403 and LN950 as well as imidazoles 1 and 2 were studied for the
purpose of assessing their inhibitory activity on the CYP isoforms 1A2, 2C9, 2C19, 2D6 and 3A4
(Table 2). At a test concentration of 10 pM, ML3403 displays more than 50% inhibition of four out of
the five major drug metabolizing CYP isoforms. Compared to ML3403, LN950 shows a reduced CYP
inhibition profile. LN950 is a low inhibitor of CYP isoenzymes 1A2 and 2D6 and exhibits moderate to
high affinity for the other three tested CYP isoforms. The 2-alkylimidazoles 1 and 2 display a higher
affinity toward the tested CYP isoforms compared to their corresponding 2-alkylsulfanylimidazole
counterparts. 2-Alkylimidazoles 1 and 2 inhibit all five CYP isoforms by more than 70% and 60%,
respectively. The most potent inhibitor, 2-alkylimidazole 2, shows a similar inhibition of CYP isoforms
1A2 and 2C19 as well as a reduced 2C9 CYP inhibition in comparison to the p38x MAP kinase
reference compound ML3403. However, the CYP isoforms 2D6 and 3A4 are inhibited more strongly
by 2-alkylimidazole 2 than by ML3403. Since the tested concentration of 10 uM in the CYP inhibition
assay represents almost 1000-fold the IC5; value of imidazole 2 in the kinase activity assay, a certain
margin of safety might be given concerning CYP inhibition-associated side effects.

Table 2. (%) inhibition of the most important CYP isoenzymes at 10 uM.

CYp 1A2 2C9 2C19 2Dé6 3A4
ML3403 2 66.7 79.0 83.5 31.1 79.2
1 85.6 85.1 71.0 90.2 97.6
LN950 28.0 91.5 63.0 41.5 61.0
2 69.4 61.9 83.6 78.8 92.1

4 values taken from Laufer and coworkers [6].

3. Materials and Methods

3.1. Chemistry

Reagents and solvents were obtained from commercial sources and used without further
purification. Thin layer chromatography (TLC) reaction controls were performed for all reactions using
fluorescent silica gel 60 Fys4 plates (Merck, Darmstadt, Germany) and visualized under natural light
and UV illumination at 254 and 366 nm. The purity of tested compounds 1 and 2 were determined by
reverse phase high performance liquid chromatography (HPLC) (Agilent Technologies, Santa Clara,
CA, USA). HPLC was carried out on an Agilent 1100 Series HPLC system, equipped with an UV
DAD (detection at 218 nm, 254 nm and 280 nm). The chromatographic separation was performed
on an XBridge™ C18 column (Waters, Milford, MA, USA) (150 mm x 4.6 mm, 5 um) at 30 °C
oven temperature. The injection volume was 10 puL and the flow rate was 1.5 mL/min using the
following gradient: 0.01 M KH,POQy4, pH 2.3 (solvent A), methanol (solvent B), 45% B to 85% B in
9 min; 85% B for 6 min; stop time 16 min. Flash column chromatography was performed using an
Interchim PuriFlash 430 automated flash chromatography system (Interchim, Montlugon, France)
with Davisil LC60A 20-45 pum silica from Grace Davison or PuriFlash STHP 30 um columns. Nuclear
magnetic resonance (NMR) spectra were measured on a Bruker Avance III HD NMR spectrometer
(Bruker Daltonik GmbH, Bremen, Germany) at 300 MHz in the Organic Chemistry Institute, Eberhard
Karls Universitit Ttibingen. The chemical shifts & are reported in parts per million (ppm) relative to
tetramethylsilane. All spectra were calibrated against the (residual proton) peak of the deuterated
solvent used. Mass spectra were performed on an Advion Expression S electrospray ionization mass
spectrometer (ESI-MS) with an Advion Plate Express (TLC interface) (Advion, Ithaka, NY, USA).

3.1.1. Synthesis of 2-Alkylimidzole 1

1-(4-Fluorophenyl)-2-(2-fluoropyridin-4-yl)ethane-1,2-dione  (4) [20]. 1-(4-Fluorophenyl)-2-(2-
fluoropyridin-4-yl)ethan-1-one (3) (1500 mg, 6.43 mmol) was dissolved in glacial acetic acid
(10 mL) and selenium dioxide (928 mg, 8.36 mmol) was added. The reaction mixture was heated to
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50 °C for 3 h. After cooling to rt, the reaction was filtered and the solvent was removed under reduced
pressure. The crude product was taken up in ethyl acetate and washed with saturated NaHCO;
solution. The aqueous layer was adjusted to pH 10 with 1 M aq. NaOH solution and extracted twice
with ethyl acetate. The combined organic layers were dried over anhydrous Na;SOy, the solvent
was removed under reduced pressure and the residue was purified by flash chromatography (SiO,,
n-hexane /EtOAc 9:1 to 7:3) to give an orange solid (987 mg, 62%). TH-NMR (300 MHz, DMSO-d,)
§ 7.43-7.53 (m, 2H), 7.69 (d, ] = 0.8 Hz, 1H), 7.83 (dt, ] = 5.0, 1.7 Hz, 1H), 8.09-8.18 (m, 2H), 8.55 (d,
J =5.1Hz, 1H); MS-ESI (m/z) 301.9 [M + Na + MeOH]*; HPLC: tg = 5.73 min.

4-(2-Ethyl-4-(4-fluorophenyl)-1H-imidazol-5-yl)-2-fluoropyridine (5). Compound 4 (250 mg, 1.01 mmol) was
dissolved in methanol (5 mL). Subsequently, 7 M ammonia in methanol solution (2.89 mL, 20.23 mmol)
and propionaldehyde (88.11 mg, 1.52 mmol) were added successively. The reaction mixture was
heated to 80 °C for 4 h. After removing the solvent under reduced pressure, the crude product was
directly purified by flash chromatography (5i0», DCM/EtOH 97:3) to give a white solid (125 mg, 43%).
1H-NMR (300 MHz, DMSO-d) & 1.28 (t, ] = 7.6 Hz, 3H), 2.64-2.77 (m, 2H), 7.09 (s, 1H), 7.17-7.40 (m,
3H), 7.47-7.56 (m, 2H), 8.06 (d, ] = 5.4 Hz, 1H), 12.41 (br. s, 1H); MS-ESI (m/z) 286.0 [M + H]*, 284.0
[M — H]; HPLC: tg = 3.68 min.

4-(2-Ethyl-4-(4-fluorophenyl)-1H-imidazol-5-y1)-N-(1-phenylethyl)pyridin-2-amine (1). Compound 5 (60 mg,
0.21 mmol) was dissolved in c-methylbenzylamine (1 mL) and heated for 72 h to 160 °C. After cooling
to rt, the crude mixture was purified by flash chromatography (SiO,, DCM/EtOH 97:3) to give a
white solid (57 mg, 68%). 'H-NMR (300 MHz, CDCl3) § 1.18-1.25 (m, 3H), 1.38-1.44 (m, 3H), 2.63 (q,
] = 7.6 Hz, 2H), 4.44 (quin, ] = 6.5 Hz, 1H), 5.03 (d, | = 5.7 Hz, 1H), 6.3 (br. s, 1H), 6.65 (d, ] = 4.7 Hz, 1H),
6.91-6.99 (m, 2H), 7.10-7.25 (m, 5H), 7.33 (dd, ] = 8.0, 5.6 Hz, 2H), 7.90 (d, | = 5.4 Hz, 1H); 3C-NMR
(75 MHz, CDCl3) 5 12.6,21.7, 24.3, 51.8, 104.0, 111.4, 115.5 (d, ] = 21.6 Hz), 125.6, 126.9, 128.5, 130.0
(d, ] = 8.3 Hz), 144.3, 147.8, 150.2, 158.1, 162.3 (d, | = 247.7 Hz); MS-ESI (im/z) 387.1 [M + H]*; 385.1
[M — H]~; HPLC: tg = 7.23 min (100% purity).

3.1.2. Synthesis of 2-Alkylimidzole 2

4-(Triisopropylsilyl)oxy)butanal (9). 4-(Triisopropylsilyl)oxy)butan-1-ol (8) [21] (4,600 mg, 18.68 mmol)
was dissolved in MeCN (50 mL) before Cu(MeCN),CF3SO3 (352 mg, 0.93 mmol), 2,2"-bipyridyl
(149 mg, 0.93 mmol), TEMPO (146 mg, 0.93 mmol) and N-methylimidazole (154 mg, 1.87 mmol) were
added successively. The mixture was stirred at rt for 16 h. n-Hexane and water were added and the
organic layer was separated. The aqueous layer was extracted three times with diethyl ether. The
combined organic layers were washed with brine and dried over anhydrous NapSO,. The solvent
was removed under reduced pressure and the residue was purified by flash chromatography (5iO;,
n-hexane/EtOAc 90:10) to yield a yellowish oil (2580 mg, 56%). TH-NMR (300 MHz, CDCl3) § 0.99-1.13
(m, 21H), 1.67-1.79 (m, 2H), 2.55 (m, 2H), 3.72 (dt, | = 16.6, 6.5 Hz, 2H), 9.39 (s, 1H).

1-(4-Fluorophenyl)-2-(2-((3-methylbutan-2-yl)amino)pyridin-4-ylJethane-1,2-dione (7). tert-Butyl-(4-(2-(4-
fluorophenyl)-2-oxoethyl)pyridin-2-y1)(3-methylbutan-2-yl)carbamate (6) (395 mg, 0.99 mmol) was
dissolved in glacial acetic acid (8 mL). Selenium dioxide (142 mg, 1.28 mmol) was added and the
reaction was heated to reflux temperature for 1.5 h. After cooling to rt, the reaction was filtered and
the solvent was removed under reduced pressure. The crude product was taken up in ethyl acetate
and washed with saturated NaHCOj solution. The aqueous layer was adjusted to pH 10 with 1 M aq.
NaOH and extracted twice with ethyl acetate. The combined organic layers were dried over anhydrous
Nap50y, the solvent was removed under reduced pressure and the residue was purified by flash
chromatography (SiO,, n-hexane/EtOAc 80:20 to 60:40) to give a white solid (121 mg, 39%). 'H-NMR
(300 MHz, CDCl3) & 0.95 (dd, | = 10.0, 6.8 Hz, 6H), 1.15 (d, ] = 6.5 Hz, 3H), 1.82 (dg, ] = 12.3, 6.8 Hz,
1H), 3.69-3.78 (m, 1H), 6.82 (s, 1H), 6.91 (dd, | = 5.2, 1.4 Hz, 1H), 7.18-7.25 (m, 2H), 7.94-8.09 (m, 2H),
8.25 (dd, ] = 5.2, 0.5 Hz, 1H); MS-ESI (11/z) 315.1 [M + H|*; 313.1 [M — H]~; HPLC: tg = 5.07 min.
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4-(4-(4-Fluorophenyl)-2-(3-((triisopropylsilyloxy)propyl)-1H-imidazol-5-yl)-N-(3-methylbutan-2-yDpyridin-2-
antine (10). Compound 7 (125 mg, 0.40 mmol) was dissolved in methanol (10 mL). Ammonium acetate
(613 mg, 7.95 mmol) and aldehyde 9 (147 mg, 0.60 mmol) were added. The reaction was heated to
80 °C for 4 h. After cooling to rt, saturated NaHCQOj3 solution was added. The aqueous phase was
adjusted to pH 10 with 1 M aq. NaOH and extracted thrice with ethyl acetate. The combined organic
layers were dried over anhydrous Na;SOj, the solvent was removed under reduced pressure and
the residue was purified by flash chromatography (SiO,, n-hexane/EtOAc 50:50 to 0:100) to give a
colorless oil (43 mg, 20%). 'H-NMR (300 MHz, CDCl3) § 0.87 (dd, ] = 6.8, 1.6 Hz, 6H), 1.03-1.05 (m,
24H), 1.71 (td, | = 6.7, 5.4 Hz, 1H), 1.93-2.06 (m, 2H), 2.96 (d, ] = 6.1 Hz, 2H), 3.34-3.51 (m, 1H), 3.84
(d, ] = 4.5 Hz, 2H), 4.39 (d, | = 8.2 Hz, 1H), 6.19-6.54 (m, 1H), 6.57-6.70 (m, 1H), 6.94-7.15 (m, 2H),
7.31-7.44 (m, 1H), 7.57 (br. s, 1H), 7.89 (d, ] = 4.9 Hz, 1H), 9.96-10.24 (m, 1H); MS-ESI (m/z) 539.2
M + H]*, 537.1 [M — H]~; HPLC: tg = 5.12 min.

3-(4-(4-Fluorophenyl)-5-(2-((3-methylbutan-2-yDamino)pyridin-4-yl)-1H-imidazol-2-yDpropan-1-ol ~ (2).
Compound 10 (125 mg, 0.40 mmol) was dissolved in methanol (10 mL) and 2 M aq. HCI solution
was added. The reaction was stirred at rt for 1 h. The organic solvent was removed under reduced
pressure and the aqueous residue was treated with saturated NaHCOj; solution. A white precipitate
was formed, collected by filtration and taken up in ethyl acetate. The organic solution was dried over
anhydrous Na;SO4 and the compound was purified by flash chromatography (SiO,, DCM /EtOH
92:08 to 85:15) to give an off-white solid (22 mg, 73%). TH-NMR (300 MHz, CDCl3) 5 0.85 (d, ] = 6.5 Hz,
6H), 1.02 (d, ] = 6.6 Hz, 3H), 1.63-1.75 (m, 1H), 1.98 (dt, ] = 11.5, 5.8 Hz, 2H), 2.86-2.96 (m, 2H),
3.32-3.43 (m, 1H), 3.79 (t, ] = 5.3 Hz, 2H), 4.53 (d, ] = 8.5 Hz, 1H), 6.45 (s, 1H), 6.57 (d, | = 4.5 Hz,
1H), 7.03 (t, ] = 8.6 Hz, 2H), 7.46 (dd, | = 8.6, 5.4 Hz, 2H), 7.90 (d, | = 5.4 Hz, 1H); '>*C-NMR (75 MHz,
DMSO-ds) b 16.9, 17.7, 18.8, 26.5, 29.8, 32.5, 52.2, 62.3, 103.8, 110.5, 115.6 (d, | = 21.6 Hz), 130.1 (d,
] =7.7 Hz), 147.8,148.9, 158.5, 162.4 (d, | = 247.7 Hz); MS-ESI (m/z) 383.1 [M + H]*, 381.1 [M — H]~;
HPLC: tg = 6.53 min (100% purity).

3.2. HLM Stability Test

Pooled human liver microsomes (adult male & female) were purchased from Merck (Schnelldorf,
Germany). These microsomes were characterized in protein and CYP content. All incubations (final
total volume 1050 L) were made in the presence of an NADPH-regenerating system, consisting of
5 mM Glucose-6-phosphate, 5 U/mL Glucose-6-phosphate dehydrogenase and 1 mM NADP*. The
substrate (100 uM), the NADPH regenerating system and 4 mM MgCl, x 6 H,O in 0.1 M Tris buffer
(pH 7.4 at 37 °C) were preincubated for 5 min in an incubator at 37 °C and 750 rpm. The incubation
mix was split into 50 pL aliquots and the reaction was started by addition of the HLM. Thereby the
microsomal protein content was standardized to 1 mg/mL. To follow the course of metabolism, the
reaction tubes were quenched at selected time points (0, 10, 20, 30, 60, 120, 180 and 240 min) by adding
100 pL internal standard at a concentration of 22.5 uM in MeCN. The samples were vortexed for 30 s
and centrifuged (19,800 relative centrifugal force/4 °C/10 min). The supernatant was directly used for
LC-MS analysis (for detailed LC-MS conditions, see supplementary materials). All incubations were
conducted in triplicates and incubations with heat-inactivated HLM were used to prove that analyte
reduction results from metabolic degradation only. In all incubations, a limit of 1% organic solvent
was not exceeded.

3.3. CYP Inhibition Test

CYP inhibition (fluorimetric detection) assay was performed by Eurofins Panlabs Inc. (St. Charles,
MO, USA) with human recombinant CYP enzyme and the appropriate CYP substrate.
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4. Conclusions

Replacement of the sulfur atom present in both known p38a MAP kinase inhibitors ML3403 and
LN950 by a methylene group results in 2-alkylimidazole derivatives 1 and 2, showing remarkably
improved microsomal stability. Both compounds undergo minimal hydroxylation and N-dealkylation
upon incubation with HLM. Trisubstituted imidazoles 1 and 2 display a 4-fold increase in binding
affinity toward the kinase and possess a similar inhibition profile of p38a MAP kinase and the
LPS-stimulated TNF-« release from HWB like their 2-alkylsulfanylimidazole counterparts ML3403
and LN950. However, the exchange of the sulfur atom present in ML3403 and LN950 by a methylene
group is accompanied with a slightly higher CYP inhibition profile of 1 and 2. The most potent inhibitor,
2-alkylimidazole 2, inhibits both the p38x MAP kinase as well as the LPS-stimulated TNF-« release
from human whole blood in the low double-digit nanomolar range. Moreover, the excellent metabolic
profile of 2 gives advantage over the mixed pharmacokinetics of the p38ax MAP kinase reference
inhibitor ML3403 and its active metabolite. Therefore, 2-alkylimidazole 2 is a good alternative to
evaluate the role of this kinase in in vitro and in vivo studies.

Supplementary Materials: The following are available online, Figure S1 (Structure of VX-745) and Tables 51-517
(metabolic stability of the title compounds in HLM and metabolite formation).
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VX-745
Figure S1. Structure of selective p38a MAP kinase inhibitor VX-745.

Screening of Metabolites by LC-MS Analysis

Metabolite formation was analyzed with an Alliance 2695 Separations Module (Waters GmbH,
Eschborn). Samples maintained at 4°C, the column temperature was set to 40°C and injection volume
was 10 pL. The chromatographic separation for analytes 1 and ML3404 was performed on a
Phenomenex Synergi Max-RP column (150 x 4.6 mm; 5 pm); LN950 and 2 on a Phenomenex Synergi
Polar-RP column (150 x 4.6 mm; 5 um) with a precolumn of the same material, respectively. An
isocratic gradient of 8.5 min with 30% solvent A (90% H20O, 10% ACN, 0.1% formic acid) and 70%
solvent B (ACN, 0.1% formic acid) at a flow rate of 400 uL/min was used for LN950. 1 and ML3404
were chromatographically separated by a binary gradient of 11.25 min with the equal solvents as
mentioned before at a flow rate of 400 uL/min. The initial composition of 10% B was held for 20 sec,
followed by a linear gradient up to 85% B in 5.8 min, holding for 30 sec, immediately changing to
10% B and reequilibrating at the end. The detection was performed on a Micromass Quattro micro
triple quadrupole mass spectrometer (Waters GmbH, Eschborn) using the electrospray-ionization in
the positive-mode. Correspondent to the analyte the spray voltage was set to 3.0-4.0 kV. The heated

capillary operated at 250°C and the desolvation gas flow worked at 500 L/h.
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Metabolic stability of ML3403 in HLM

Table S1. Degradation of ML3404

ML3403 #1 #2 #3 AVERAGE standard
[min] % % % % deviation
0 100.00 100.00 100.00 100.00 0.00
10 79.36 81.21 81.21 80.59 1.07
20 68.53 7091 67.46 68.97 1.77
30 56.67 57.76 59.38 57.93 1.36
60 40.42 43.10 44.89 42.80 225
120 32.28 31.22 31.66 31.72 0.53
180 24.12 24.00 --* 24.06 0.08
240 15.55 15.71 17.47 16.25 1.07

Table S2. Formation of Metabolite ML3603: Sulfoxide of ML3403 (m/z 421.5)

421.5 #1 #2 #3 AVERAGE standard
[min] % % % % deviation
0 0.60 0.67 0.62 0.63 0.04

10 15.61 14.30 15.67 15.19 0.78
20 25.79 26.25 24.86 25.63 0.71
30 38.75 37.61 35.26 37.21 1.78
60 52.92 52.65 53.40 52.99 0.38
120 74.60 79.32 66.69 73.54 6.38
180 73.27 70.16 -* 717 2.20
240 83.78 71.29 69.59 74.88 7.75
Table S3. Formation of Metabolite: Sulfone of ML3403 (i1/z 437 .4)

437.4 #1 #2 #3 AVERAGE standard
[min] % % % % deviation
0 0.00 0.00 0.00 0.00 0.00
10 0.09 0.11 0.08 0.10 0.01
20 0.22 0.33 0.37 0.31 0.08
30 0.70 0.68 0.52 0.63 0.10
60 1.91 1.65 1.63 5 0.16
120 2.94 4.27 3.40 3.54 0.67
180 431 4.22 --* 4.27 0.06
240 6.80 4.89 5.65 5.78 0.96
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Table S4. Formation of Metabolite: N-dealkylation of ML3403 (m/z 301.4)

301.4 #1 #2 #3 AVERAGE standard

[min] % % % % deviation
0 0.00 0.01 0.00 0.00 0.01
10 0.93 0.87 0.80 0.87 0.06
20 1.00 1.50 1.27 1.26 0.25
30 1.95 1.90 1.87 1.91 0.04
60 2.85 2.66 2.60 2.70 0.13
120 3.09 3.15 2.90 3.05 0.13
180 2.75 2.58 -* 2.67 0.13
240 2:71 1.97 2.09 2.26 0.40

Table S5. Formation of Metabolite: N-dealkylation + sulfoxidation of ML3403 (1n/z 317.5)

3175 #1 #2 #3 AVERAGE standard

[min] % % % % deviation
0 0.00 0.00 0.00 0.00 0.00
10 0.05 0.07 0.04 0.05 0.01
20 0.18 0.26 0.24 0.23 0.04
30 0.26 0.36 0.31 0.31 0.05
60 0.81 0.81 0.89 0.84 0.05
120 2.52 3.23 1.88 2.54 0.67
180 3.09 2.96 -* 3.03 0.09
240 5.74 2.97 3.15 3.95 1.55

*sample was unanalyzable
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Metabolic stability of 2-alkylimidazole 1 in HLM

Table §6. Degradation of 1

1 #1 #2 #3 AVERAGE standard
[min] % % % % deviation
0 100.00 100.00 100.00 100.00 0.00
10 92.49 92.16 93.50 92.72 0.70
20 89.74 90.56 88.96 89.75 0.80
30 87.23 90.22 86.43 87.96 2.00
60 85.50 86.45 86.86 86.27 0.70
120 84.04 83.16 83.76 83.65 0.45
180 81.61 80.46 80.62 80.90 0.62
240 80.88 78.33 80.04 79.75 1.30

Table S7. Formation of Metabolite: N-dealkylation of 1 (m/z 283.6)

283.6 #1 #2 #3 AVERAGE standard

[min] % % % % deviation
0 0.15 0.36 0.45 0.32 0.15
10 2.03 1.44 0.88 1.45 0.57
20 1.81 0.92 1.45 1.40 0.45
30 2.02 1.67 2.19 1.96 0.26
60 2.22 1.33 1.27 1.61 0.53
120 2.37 1.99 2.97 244 0.49
180 432 2.41 2.61 Bl 1.05
240 3.48 1.68 2.61 2.59 0.90

Table 58. Formation of Metabolite: oxidation (hydroxylation or N-oxide) of 1 [peak 1] (m1/z 403.3)

403.3 #1 #1 #2 #3 AVERAGE standard

[min] Y% % % %o deviation
0 0.19 0.20 0.31 0.23 0.06
10 0.73 0.93 0.79 0.82 0.10
20 0.91 0.91 0.78 0.87 0.07
30 091 1.01 0.93 0.95 0.05
60 1.48 1.62 0.98 1.36 0.34
120 141 1.25 1.15 1.27 0.13
180 1.26 1.70 1.39 1.45 0.23
240 1.63 2.03 1.40 1.69 0.32
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Table §9. Formation of Metabolite: oxidation (hydroxylation or N-oxide) of 1 [peak 2] (m/z 403.3)

403.3 #2 #1 #2 #3 AVERAGE standard
[min] % % Yo % deviation
0 0.66 0.67 0.57 0.63 0.06
10 1.66 2.06 2.06 808 0.23
20 1.79 2.80 1.67 2.08 0.62
30 207 247 1.85 215 0.32
60 207 2.90 1.81 2.26 0.57
120 240 3.84 214 2.80 0.92
180 2.89 2.96 2.26 2.70 0.38
240 267 3.92 2.53 3.04 0.77

Table S10. Formation of Metabolite: oxidation (hydroxylation or N-oxide) + N-dealkylation of 1 (m/z 299.5)

299.5 #1 #2 #3 AVERAGE standard

[min] %o % % % deviation
0 1.53 1.55 1.67 1.58 0.08
10 3.66 4.22 3.66 3.85 0.32
20 4.07 4.86 3.91 4.28 0.51
30 3.82 5.28 4.48 4.53 0.73
60 528 7.05 453 5.62 1.30
120 537 7.77 4.59 591 1.66
180 6.13 6.54 5.66 6.11 0.44
240 6.11 9.20 5.66 6.99 1.93
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Metabolic stability of LN950 in HLM

Table S11. Degradation of LN950

LIN950 #1 %2 #3 AVERAGE | standard

[min] % % % % deviation
0 100.00 100.00 100.00 100.00 0.00
10 87.14 86.54 86.92 86.86 0.31
20 78.90 77.41 75.93 77.42 1.48
30 63.72 63.03 59.15 61.96 247
60 54.65 53.40 4791 51.99 3.59
120 40.46 37.14 34.09 37.23 3.19
180 32.27 34.26 29.76 32.10 23]
240 30.74 29.49 25.25 28.49 2.88

Table S12. Formation of Metabolite: Sulfoxide of LN950 (m/z 417.2)

417.2 #1 #2 #3 AVERAGE standard

[min] % % % % deviation
0 0.00 0.00 0.00 0.00 0.00
10 17.81 17.98 19.04 18.28 0.67
20 26.33 26.44 28.11 26.96 0.99
30 43.59 4448 46.49 44.85 1.49
60 51.15 52.58 52.16 51.97 0.73
120 64.39 63.22 63.12 63.58 0.70
180 68.65 70.55 71.79 70.33 1.58
240 76.67 73.48 74.41 74.85 1.64

Table 513. Formation of Metabolite: Sulfone of LN950 (m/z 433.2)

433.2 #1 #2 #3 AVERAGE standard
[min] % % % % deviation
0 0.00 0.00 0.00 0.00 0.00
10 0.00 0.16 0.16 0.11 0.09
20 0.00 0.43 0.45 0.29 0.25
30 1.09 1.16 1.45 1.24 0.19
60 1.77 1.97 2.27 2.00 0.25
120 327 4.09 3.96 B 0.44
180 4.33 4.91 5.65 4,96 0.67
240 5.33 5.19 6.27 5.59 0.59
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Table S14. Formation of Metabolite: N-dealkylation of LN950 (mm/z 331.1)

331.1 #1 #2 #3 AVERAGE standard
[min] % % % % deviation
0 0.00 0.00 0.00 0.00 0.00
10 2.11 2.30 2.26 208 0.10
20 3.27 3.35 3.35 3.32 0.04
30 542 5.38 5.33 5.38 0.05
60 5.95 6.09 5.83 5.96 0.13
120 6.31 6.23 5.56 6.03 0.41
180 6.21 6.20 6.03 6.15 0.10
240 6.11 6.11 5.58 5.93 0.30
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Metabolic stability of 2-alkylimidazole 2 in HLM

Table S15. Degradation of 2

2 #1 #2 #3 AVERAGE | standard
[min] % % % % deviation
0 100.00 100.00 100.00 100.00 0.00

10 95.05 97.48 98.92 97.15 1.96
20 91.81 94.65 94.25 93.57 1.54
30 91.71 89.70 94.12 91.84 2.21
60 91.28 88.75 95.94 91.99 3.65
120 91.51 89.68 93.50 91.57 1.91
180 90.53 86.95 93.80 90.42 3.43
240 89.68 87.61 91.90 89.73 2.15
Table S16. Formation of Metabolite: N-dealkylation of 2 (m/z 313.3)

313.1 #1 #2 #3 AVERAGE standard
[min] % % % % deviation
0 0.00 0.00 0.00 0.00 0.00
10 1.36 1.84 1.51 1.57 025
20 1.46 1.51 1.68 1.55 0.12
30 1.68 1.64 1.89 1.73 0.13
60 246 2.01 2.38 2.28 0.24
120 3.00 2.34 2.59 2.65 0.33
180 3.17 2.74 3.18 3.03 0.25
240 3.73 3.03 3.50 3.42 0.36

Table S17. Formation of Metabolite: oxidation (hydroxylation or N-oxide) + N-dealkylation of 2 (m/z 399.2)

399.2 #1 #2 #3 AVERAGE standard
[min] % % % % deviation
0 0.00 0.00 0.00 0.00 0.00
10 1.81 2.39 1.91 2.04 0.31
20 225 2.20 227 2.24 0.04
30 2.50 2.41 247 2.46 0.04
60 312 2.91 3.36 3.13 0.22
120 3.93 3.76 3.76 3.81 0.10
180 4.11 3.73 417 4.00 0.24
240 547 4.42 4.92 4.94 0.53
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Compounds simultaneously inhibiting two targets that are involved in the progression of the same
complex disease may exhibit additive or even synergistic therapeutic effects. Here we unveil 2,4,5-
trisubstituted imidazoles as dual inhibitors of p38a. mitogen-activated protein kinase and glycogen
synthase kinase 3B (GSK3p). Both enzymes are potential therapeutic targets for neurodegenerative
disorders, like Alzheimer's disease. A set of 39 compounds was synthesized and evaluated in kinase
activity assays for their ability to inhibit both target kinases. Among the synthesized compounds, potent
dual-target-directed inhibitors showing ICsg values down to the low double-digit nanomolar range, were
identified. One of the best balanced dual inhibitors presented in here is N-(4-(2-ethyl-4-(4-
fluorophenyl)-1H-imidazol-5-yl)pyridin-2-yl)cyclopropanecarboxamide (20c) (p38c¢, ICsp = 16nM;
GSK3B, ICsp = 35nM) featuring an excellent metabolic stability and an appreciable isoform selectivity
over the closely related GSK3a. Our findings were rationalized by computational docking studies based
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1. Introduction

Neurodegenerative disorders, like Alzheimer's disease (AD),
present one of the major medical challenges of the 21st century. It
was estimated that in 2015 more than 46 million people worldwide
were affected by AD [1]. With globally increasing life expectancy,
the prevalence of AD is going to rise constantly. Currently, there are
four active pharmaceutical ingredients approved by the FDA for the
treatment of AD. However, none of them is able to stop or cure the
disease. Therefore, there is a high unmet medical need for the
development of new treatment options and strategies.

In the last decade, much effort has been put into the
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development of new therapeutic concepts — with little success. One
of the reasons for the low clinical success rate of new therapies is
undoubtedly the still poor understanding of the pathophysiology of
AD. As AD is a complex disease with a multicausal pathogenesis, a
multi-target approach might be a promising and required strategy
for the treatment of this devastating condition.

Several kinases have been implicated in the pathology of AD.
Glycogen synthase kinase3p (GSK3p) is a serine/threonine kinase
for which significant evidence has been collected for its involve-
ment in AD pathology over the years [2—5]. GSK3p is responsible
for the hyperphosphorylation of the microtubule-associated pro-
tein tau, and is often referred to as a tau-kinase [6,7]. Overactivity of
GSK3p has also been connected to an increased production of B-
amyloids (AB) [8], memory deficits [9], oxidative stress and neu-
roinflammation [10]. Thus, the kinase plays a crucial role in almost
every pathway leading to the hallmarks of AD [11]. The p38a
mitogen-activated protein (MAP) kinase [12] is a serine/threonine
kinase, which has been identified as a drug target for chronic
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inflammatory diseases since the mid-1990s [13]. This enzyme plays
a central role in the biosynthesis of proinflammatory cytokines, like
the tumor necrosis factor (TNF)-o, both at translational and tran-
scriptional levels. The connection between the kinase and AD was
drawn by Hensley et al., who found increased activity of p38a MAP
kinase in human postmortem brain tissue from AD patients [14].
Since then, an increasing amount of evidence has been piling up to
establish a link between cytokine overproduction in the central
nervous system (CNS) modulated by p38a MAP kinase and neu-
roinflammation [15—18]. Furthermore, the kinase has also been
suspected to be involved in the hyperphosphorylation of tau pro-
teins. A study with a brain-penetrant, selective p38a. inhibitor
significantly diminished tau phosphorylation and signs of insoluble
tau aggregates on top of the expected reduction of proin-
flammatory cytokine released in a tauopathy mouse model [19].
Recently, two phase II studies on the selective p38a MAP kinase
inhibitor Neflamapimod for the treatment of AD were completed
successfully [20,21]. Two follow-up phase II studies were launched
in early 2018 (NCT03435861 & NCT03402659).

GSK3p and p38¢. MAP kinase both belong to the CMGC group
and share an overall sequence similarity of 42%. A closer analysis of
their ATP binding pockets reveals several distinctions between the
two enzymes (Fig. 1). Most importantly the gatekeeper residue in
p38a. MAP kinase is Thr106, whereas a slightly bulkier Leu132 oc-
cupies this position in GSK3B. Moreover, the hinge region is
composed of fairly different amino acids.

Pyridinylimidazoles are versatile scaffolds in kinase drug dis-
covery and have been used to target several kinases such as p38a
MAP kinase [22—26], CK16 [27], TEK [28], (triple mutant) EGFR and
the JNK family [29,30]. Recently, synthetic strategies towards 2-
alkylsulfanyl-4-aryl-5-(pyridin-4-yl)imidazoles as well as their
biological activities were reviewed by our group [31].

A screening of pyridinylimidazole-type p38a MAP kinase in-
hibitors from our in-house library (TGKIC, Tiibingen Kinase Inhib-
itor Collection) versus GSK3p led to the identification of compound
1a, serving as a lead compound for this study to design potent dual
GSK3B/p38a. MAP kinase inhibitors (Fig. 2). Independently from us,
compound 1a has recently been disclosed by Halekotte et al. in an
effort to synthesize CK16 inhibitors [27].

Based on the initial screening data, first structure-activity re-
lationships (SARs) were generated. An amide at the pyridine-C2
position seemed to be crucial for GSK3f activity. It was also
assumed that 2,4,5-trisubstituted imidazoles, in general, show a
higher affinity towards GSK3f than 1,2,4,5-tetrasubstituted imid-
azole derivatives. Previous SAR studies on the p38a MAP kinase
revealed that a tri- and tetrasubstitution pattern on the central
imidazole core as well as a wide variety of substituents at the
pyridine-C2 position (including amides) are well tolerated by the
kinase [31].

The aim of the present study was to design brain penetrant and
metabolically stable dual inhibitors of GSK3f and p38a MAP kinase,
which might serve as potential drugs for the treatment of neuro-
degenerative diseases. A series of 39 pyridinylimidazoles was
synthesized and variations at the pyridine-C2 position, the
imidazole-C2 and C4 positions as well as on both imidazole-N
atoms were performed to further improve the GSK3p inhibitory
activity while maintaining the excellent potency on p38x MAP
kinase.

2. Results and discussion
2.1. Chemistry

The 2-methylsulfanylimidazoles 1a-u and 2-
benzylsulfanylimidazoles 2a-e were synthesized by a linear

approach. Diversity at the pyridine-C2 position was introduced in
the last step of the synthetic sequences (Schemes 1 and 2). The key
intermediates 5-(2-aminopyridin-4-yl)imidazoles (10a, 10b) were
synthesized by a novel synthetic approach derived from a strategy
published by our group in 2008 (Scheme 1) [24]. Starting from N-
Boc protected 2-amino-4-methylpyridine 3, a p-methoxybenzyl
(pMB) moiety was introduced as second protecting group of the
amino function. The fully protected 4-picoline 4 was reacted with
sodium hexamethyldisilazide (NaHMDS) in THF and ethyl 4-
fluorobenzoate to obtain ethanone 5. An excess of sodium nitrite
dissolved in water was added dropwise to an acidic solution of 5 to
give o-oximino ketone 6. Subsequent treatment with Pd/C using
hydrogen at atmospheric pressure in methanolic HCI resulted in
both, reduction of the oximino group into a primary amino group as
well as cleavage of the Boc group. Conveniently, the acid labile pMB
was stable under these conditions. Cyclization of aminoketone 7
with potassium thiocyanate followed by the reaction with methyl
iodide or benzyl bromide resulted in S-substituted intermediates
9a and 9b, respectively. Finally, the pMB group was removed in neat
trifluoroacetic acid (TFA) with gentle heating to yield the key in-
termediates 10a and 10b.

The acylamino function at the pyridine-C2 position of imidaz-
oles 1b, 1c, 1s, 2b, and 2c was introduced via Buchwald-Hartwig
arylamidation by reacting known 2-chloropyridine derivatives
11a-b [26,32] with the corresponding amides in the presence of a
Pd catalyst (Scheme 2). In case of imidazoles 1a,d-r,t-u and 2a,d-e,
the amide moiety was installed depending on the commercial
availability of the starting material either by direct acylation of 2-
aminopridine derivates 10a and 10b with acid chlorides or by
reacting 10a and 10b with the corresponding carboxylic acids in the
presence of a coupling reagent. The sulfoxides 12a and 12b were
obtained by oxidation of 2-methylsulfanylimidazoles 1¢ and 1m
with hydrogen peroxide, respectively. (Scheme 2).

The synthesis of tetrasubstituted imidazoles 14 and 16 started
from known 4-(4-(4-fluorophenyl)-1-methyl-2-(methylthio)-1H-
imidazol-5-yl)pyridin-2-amine 13 [25] and 2-chloro-4-(5-(4-
fluorophenyl)-1-methyl-2-(methylthio)-1H-imidazol-4-yl)pyri-
dine 15 [22], respectively (Scheme 3). The cyclopropylamide moiety
at the pyridine-C2 position was introduced either by reaction of
pyridine-2-amine compound 13 and cyclopropanecarbonyl chlo-
ride or by Buchwald-Hartwig arylamidation of 2-chloropyridine
derivative 15 and cyclopropanecarboxamide.

4,5-Disubstituted imidazole 20a and 2,4,5-trisubstituted imid-
azoles 20b-g were prepared in analogy to our recently reported
protocol [33] based on the Radziszewski imidazole synthesis in four
steps starting from ethanone 5 (Scheme 4). Treatment of 5 under
Riley-Oxidation conditions yielded the corresponding o-diketone
17. Under these acidic conditions, the Boc protecting group was
already cleaved and in the next step, the pMB protecting group was
removed using neat TFA. Then, the primary aromatic amine 18 was
acylated with cyclopropanecarbonyl chloride. Interestingly, even
using only one equivalent of acyl chloride, beside the expected
monoacylated main product 19a a substantial amount of double
acylation (compound 19b) was observed. Since the monoacylated
product 19a, however, could not be isolated, we used cyclo-
propanecarbonyl chloride in excess and continued our synthetic
sequence with the double-acylated intermediate 19b. Ring closing
reaction to the imidazoles 20a-g was achieved by reacting the o-
diketone 19b with ammonium acetate and different (hetero)aro-
matic, aliphatic aldehydes as well as formaldehyde. Conveniently,
the second acyl was cleaved during this step. The yields in this
reaction fluctuated between 5% and 65%. The reaction of non-
enolizable aldehydes gave generally significantly higher yields
than aldehydes with an enolizable system. In case of latter ones, an
acid catalyzed aldol-reaction took place before the ring closing
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Fig. 1. (A) Structural overlay of GSK3p and p38a. MAP kinase. The most crucial differences in the amino acids of the ATP binding site are highlighted in green (GSK3p) and purple
(p38a MAP kinase). (B) Sequence alignment of GSK3f (UniProt code P49841) and p38« MAP kinase (UniProt code Q16539). The amino acids belonging to each region are highlighted

as depicted in (A).

reaction. For these compounds, we observed a second relatively
distinct spot on the TLC and the mass of this spot corresponded to a
molecule formed by ring closing reaction with the aldol product.
The disubstituted imidazole 25 was prepared starting from
commercially available 2-methylimidazole (21), which was pro-
tected in the first step using 2-(trimethylsilyl)ethoxymethyl (SEM)

chloride (Scheme 5). A procedure previously described by Markey
and Kelly was used [34], employing a directed ortho-metalation
using n-butyllithium followed by the addition of tributyltin chlo-

ride, to obtain imidazole-5-stannane 23.

Intermediate 23 was

reacted via a Stille coupling with N-(4-bromopyridin-2-yl)cyclo-
propanecarboxamide to yield imidazole 24. Final product 25 was
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OCHs
OCH,

ICs (p38at) = 88 nM
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1a

Fig. 2. Structure and biological data of in-house library screening hit 1a.

obtained after removal of the SEM protecting group under acidic
conditions.

2.2. Biological evaluation

2.2.1. Kinase activity assays and molecular modeling

The synthesized compounds were tested for their ability to
inhibit p38a MAP kinase and GSK3p using an enzyme-linked
immunosorbent assay (ELISA) [35] and the Promega ADP-Glo™
platform [36], respectively. As reference compounds, we selected
SB203580 (ICsp =41 nM) for the p38a. MAP kinase activity assay
and SB216763 (ICsp = 89 nM) for the GSK3p assay. To estimate the
GSK3 isoform selectivity, selected compounds were further evalu-
ated for their inhibitory potency toward GSK3o using again the
ADP-Glo™ activity assay. Specific inhibitors were further investi-
gated for their metabolic stability in human liver microsomes
(HLM) as well as in an ex vivo experiment for their ability to inhibit
the lipopolysaccharide (LPS)-stimulated TNF-« release from human
whole blood (HWB) [37]. In latter assay, SB203580 was used as
reference compound (ICso =3202 nM). Moreover, the two most
promising inhibitors (1c and 20c) were evaluated for their brain
penetration, their cytochrome P450 (CYP450) inhibition as well as
for their affinity to the human Ether-a-go-go-related gene (hERG)
channel.
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A possible binding mode for lead compound 1a (Table 1) within
the ATP binding site of p38a MAP kinase is depicted in Fig. 3. The
pyridine nitrogen atom as well as the NH at the pyridine-C2 posi-
tion act as a classical donor-acceptor hinge-binding motif engaging
in two H-bond interactions to the backbone of Met109 of the hinge
region. A charge-assisted H-bond interaction occurs between the
side chain of the Lys53 and the imidazole-N3 nitrogen. Moreover,
the imidazole ring lays on top of the Phe169 forming an aromatic
m— stacking interaction. The 4-fluorophenyl ring occupies the
hydrophobic region I (HR I). Access to this region is controlled by
the gatekeeper residue Thr106. Targeting of HR I might be an
important factor for selectivity over other protein kinases since
bulkier gatekeepers often do not tolerate large substituents [38].

Since different regions within the ATP binding site are highly
conserved among all protein kinases, a similar binding mode of the
lead compound 1a was expected for GSK3f. Because of the gate-
keeper on GSK3p being a bulkier amino acid (Leu132, in contrast to
Thr106 in p38a. MAP kinase), a simple rigid docking could lead to a
misguided evaluation. Thus, we utilized an Induced Fit docking
(IFD) [39—41] approach to study the binding to GSK3f. The IFD
revealed a comparative binding mode of compound 1a with GSK3f
as in p38a MAP kinase. As depicted in Fig. 4, the hinge-binding
motif (pyridine-2-amine) is, as expected, able to act as a donor-
acceptor to both, the carbonyl and NH group of Val135. Similar to
the pose for p38a. MAP kinase, the 4-fluorophenyl ring is located in
the HR I of GSK3. The proposed binding mode suggested a possible
cation-7 interaction between the 2,3,4-trimethoxyphenyl ring and
Arg141. However, as the Lys85 in GSK38 is in a fixed conformation
between two negatively charged residues (Asp200 and Glu97) and
it is located farther away compared to the corresponding Lys53 in
p38a. MAP kinase, we did not observe the charge-assisted H-bond
between the imidazole ring and the Lys85. Instead, one of the
imidazole tautomers is capable to form a H-bond with the Asp200
of the activation loop (part of the DFG motif). Since an equilibrium
of the two possible tautomeric forms is expected, we suggest that
the other imidazole tautomer (H-bond acceptor) may interact via a
water-mediated H-bond with the Lys85. This interaction is
observed in several X-ray structures of other protein kinases (e.g.

F F

N
Boc” “pMB pMB

10aR; = CHj3
10b R4 = benzyl

Scheme 1. Synthesis of key intermediates 10a and 10b. Reagents and conditions: (a) NaH, 4-methoxybenzyl chloride, DMF, 0 °C then rt, 18 h; (b) NaHMDS, ethyl 4-fluorobenzoate,
THEF, 0°C then rt, 2 h, 67% (over 2 steps); (c) NaNO, acetic acid, rt, 1 h, 100%; (d) Ha, Pd/C 10%, methanolic HCI, 45 °C, 6 h; (e) KSCN, DMF, 160 °C, 2 h, 62% (over 2 steps); (f) CHsl,
NaOtBu, MeOH, 55°C, 2 h, 84% (in case of preparation of 11a) or benzyl bromide, Cs,CO3, DMF, rt, 36 h, 35% (in case of preparation of 11b); (g) TFA, 45 °C, 96—97%.
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JNK3) complexed with similar pyridinylimidazole-type inhibitors
[42].

Based on our initial HTS data analysis, we concluded that GSK3p
inhibition was strongly enhanced when N-(pyridin-2-yl)amides
instead of N-(pyridin-2-yl)amines were present at the pyridine-C2
position. From previous studies, we also knew that p38a MAP ki-
nase tolerates both amines and amides in this position equally well
[25]. Therefore, a set of compounds bearing different amides at the
pyridine-C2 position was planned to collect first SAR, especially in
regards to GSK3p. Our first synthetic efforts led to the series of
compounds presented in Table 1 (1b-u).

Compared to the lead structure 1a, the close analogs 1f and 1g
bearing only one methoxy group at the phenyl ring are less active
against GSK3p. This indicates that the electronic properties of the
phenyl ring play an important role in the binding, probably, via
contributing to the cation— interaction with the Arg141 residue.
The decreased electron density in the phenyl ring could lead to a
weakened cation—m interaction as electron-withdrawing sub-
stituents are known to attenuate these types of interactions.
Consequently, inhibitor 1i (GSK38, IC50 = 995 nM) bearing an 3-(4-

(trifluoromethyl)phenyl)propanamide moiety showed a 3-fold
reduced GSK3p inhibition than the lead compound. These find-
ings support our proposed orientation of our inhibitor molecule
within the ATP bindings site. Meanwhile, these inhibitors (1f, 1g
and 1i) retained their high inhibitory activity against p38a MAP
kinase while displaying a substantial loss of activity versus GSK3p.
Shortening of the C-linker of 1a and 1i by one methylene group
resulted in compounds 1e and 1h, respectively. These compounds
exhibited decreased GSK3p inhibition, while p38a MAP kinase in-
hibition of 1e was increased almost by 7-fold compared to 1a. To
rationalize the data at hand, we decided to use already published
crystal structures of p38a. MAP kinase (PDB ID: 5ML5) and GSK3f
(PDB ID: 4PTC) for the molecular modeling experiments. According
to the computational approach, on GSK3f our compounds bind to
the hinge region with two H-bonds to Val135, which is followed by
Pro136, Glu137 and Thr138. Interestingly, Glu137 participates in a
salt bridge interaction with Arg141 (Fig. 5A). In the case of p38a.
MAP kinase, the corresponding amino acids are Met109, Gly110,
Ala111 and Asp112, while the corresponding residue to the Arg141
on p38a MAP kinase is Asn115, which is unable to interact with the
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hinge region. Another important structural feature on p38a MAP
kinase is the “glycine flip”. The peptide bond of Met109 and Gly110
can flip 180°, which has already been reported in the literature to
explain the selectivity of another class of compounds [43]. Instead
of the flexible glycine residue, GSK3 has a rigid Pro136 in this
position. Finally, GSK38 has a bulky Tyr134 residue, which is sta-
bilized on top of the hinge-region and forms a H-bond to the fixed
Pro136 (Fig. 5B). This Tyr134 occupies more space in the hinge
region compared to the Leu108 in this position on p38a MAP ki-
nase. Based on these three aspects, the flexibility of the residues in
the hinge region, the stabilizing salt-bridge Glu137—Arg141 and the
bulky Tyr134, we hypothesize that the hinge region of GSK3 is
clearly more constrained and crowded (in the vicinity of the hinge)
than in p38a MAP kinase. This would explain the hindered binding
of the shortened C-linker chain compounds 1e and 1h to GSK3p.
The importance of these three aspects was further exemplified by
the dramatical loss of activity towards GSK3 with the bulky and/or
planar structural properties containing compounds 1j, 1t and 1u.
With a molecular weight of >500 Da, the inhibitors discussed so
far are fairly heavy when considering the desired properties needed
for CNS penetration [44]. Additionally, our insights from the IFD
urged us to abandon any bulky residues that may clash with the
rigid hinge region of GSK3. Therefore, analogs of lead structure 1a

bearing smaller moieties at the pyridine-C2 position were synthe-
sized. Compound 1b with an N-acetyl moiety at the pyridine-C2
amino function displays improved GSK3f inhibition (GSK38, ICso
= 152nM) and a promising p38a MAP kinase/GSK3f inhibition
ratio of 3.3. Following this observation, a series of inhibitors (1b-d,
1j, 11-u) were synthesized bearing small cycloalkanecarboxamide
moieties at the pyridine-C2 position. Introduction of a cyclo-
propanecarboxamide resulted in the potent and balanced dual in-
hibitor 1c, showing ICsy values down to the low double-digit
nanomolar range for both target kinases (p38a, ICso = 24nM;
GSK38, IC59 = 40 nM). The proposed binding mode of 1c is depicted
in Fig. 6.

Modifications on the cyclopropyl ring resulted in a loss of GSK3f
activity. The introduction of a phenyl ring in position 2 of the
cyclopropyl ring (1k) resulted in a slight improvement of p38a MAP
kinase inhibition but also in a substantial drop of GSK3p activity.
The change of the spacer length between the amide function and
the cyclopropyl ring (11) as well as replacement of the small
cyclopropyl ring by bigger cyclobutyl (1m) or cyclopentyl (1d) rings
decreased the GSK3 inhibitory potency slightly. The introduction
of a trifluoromethyl group in position 1 of the cyclopropyl ring (1j)
led to a complete loss of GSK3 activity, which is in good agreement
with our hinge flexibility hypothesis (see Fig. 5B). Interestingly,
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Table 1 H
Structures and kinase activity of 2-methylsulfanylimidazoles 1a-u, 14, 16 and 26. . N
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1b o 4541 152+9 2
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1d Je 40104 136 +45 S )
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o
o dny
HyC’ .
1" /@/0\% 55£6 54234 Fig. 3. Two-dimensional schematic binding mode of pyridinylimidazoles in p38a MAP
kinase. The binding mode is derived from published crystallographic data (PDB ID:
1g oM 36+2 471+ 15 5ML5). The 4-fluorophenyl ring occupies HR I, while the HR II is rather large and
solvent exposed. H-bonds and the m— stacking interaction between the imidazole
ring and Phe169 are indicated with a black dashed line.
1h 29+1 3242 1592
’ compound 1j had also one order of magnitude reduced inhibitory
T oy 27£2 95656 potency on p38c. MAP kinase, which indicates that the tri-
AN fluoromethyl group attached to the cyclopropyl is already too close
1 /@ 184.+53 >10,000 to the hinge region and may distort the H-bond interactions with
Met109 (see Fig. 3). Nevertheless, the flexibility of the hinge region
1k @ 15+0.1 808 +31 on p38a MAP kinase still enables the binding of this compound
vl much better than GSK3p does.
1 1540 215449 Attempts to address the solvent interface (Fig. 7) with more

Y polar groups attached to small cycloalkyl groups in order to gain

1m /D 27+0 132+9 binding affinity through enthalpically favourable, stabilized water
networks, resulted in compounds 1n and 1q. Compared to the

7 cyclol_)utane analog lm, imidaz_ole l_n bearing a}—oxocyclobutyl

substituent at the amide function displayed no improvement in

1n o 20+1 183+7

1o ol 380 39569 GSK38 inhibition. In comparison to the parent cyclopentyl com-

/D pound 1d, pyridinylimidazole 1q having a 3-oxocyclopentyl sub-

1p cl 18+0 170+7 stituent showed a 2-fold increased GSK3 inhibitory activity. The

//\\// two cis/trans 3-chlorocyclobutyl isomers (10 and 1p) showed a

1q /&O 21+1 73+7 roughly 2-fold difference in inhibition for both kinases with the cis-
isomer being the more potent one.

Ir P 28+2 527 +44 Compound 1s bearing a 2-oxopyrrolidin-1-acetamide at the

1s R 23404 126423 pyridine-C2 position displayed a similar p38a MAP kinase/GSK3f

»Nb - - inhibition profile as 1d bearing a cyclopentylamide at the same

position. Imidazole 1r having 2-tetrahydrofuranyl at the amide

1t 1 j 22+1 3654+ 115 function showed a decreased GSK3 activity (factor 4) compared to

1d. The introduction of aromatic heterocyclic rings directly at the

lu 9 428 >10,000 amide function (1t and 1u) resulted in a tremendous loss of GSK3p

- inhibitory activity as a consequence of the aforementioned rigidity

32 B ;g;f 4 ;313'201% of the GSK3p hinge region (Fig. 5B). In contrast, none of the mod-

16 _ 1603 +733 1780+ 16 ifications at the pyridine-C2 position had any meaningful impact on

PR p38a MAP kinase inhibition. All pyridinylimidazoles reported in

b2 Table 1 except 1j, 14 and 16 are potent p38a MAP kinase inhibitors

displaying ICso values in the double-digit nanomolar range.
Replacement of the carbonyl part of the amide group by a methy-
lene group resulted in a complete loss of GSK3 affinity (compare
26 vs 1c), whereas this modification slightly increased p38a. MAP
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Fig. 4. Proposed binding mode of 1a on GSK3p obtained by IFD (PDB ID: 4PTC). H-bonds between the inhibitor and the kinase as well as the cation— interaction between the
trimethoxyphenyl ring and Arg141 are shown with black dashed lines.

A p380. MAPK GSK3p

Met109

Ala111

p38a MAPK

r

Fig. 5. (A) Differences in the hinge region of p382 MAP kinase (purple) and GSK3 (green). The activation loops of both structures are omitted for clarity. The blue sphere represents
the NH group of Met109 and Val135 in each kinase that forms a H-bond with the pyridine. The stabilizing salt bridge between Glu137 and Arg141 in GSK3 is highlighted by a red
circle. (B) The rigid environment of the GSK3f hinge region prevents the accommodation of compounds with bulkier moieties in close proximity to the hinge binding motif.
Compound 1j is unable to fit into the GSK3p while maintaining H-bonding to the hinge. The (trifluoromethyl)cyclopropyl moiety clash with the protein is illustrated here by crossing
the cavity surface (PDB ID: 4PTC). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

kinase inhibitory activity. Those findings exemplify the importance observed to play a crucial role for the compound affinity, as
of the amide group at the pyridine-C2 for the binding to GSK3p. demonstrated in other studies [45]. Indeed, we noticed important
This arises most likely from solvent interactions that have been solvent interactions with the amide in our molecular dynamics
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LS. T ® =

Fig. 6. Proposed binding mode of 1c on GSK3p obtained by IFD (PDB ID: 4PTC). The cyclopropyl moiety occupies ideally the small and rigid front pocket (HR II) area. H-bonds

between the inhibitor and the kinase are shown as black dashed line.

Fig. 7. The output conformation of the compound 1c after 200 ns MD simulation (PDB ID: 4PTC). The carbonyl group of the amide and the imidazole-N3 participate in the solvent
interactions. The protein surface is illustrated with light purple color and the solvent access to the binding site is highlighted in blue. The water molecules are displayed within 4 A
from the ligand. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

(MD) simulation (Fig. 7). Moreover, there seems to be a possibility
for solvent mediated, bridged interactions between the amide
carbonyl and the imidazole-N3. This may help to stabilize the active
conformation of the molecule, ultimately enhancing the overall
binding affinity. Interestingly, this effect was only dramatic with
GSK3. The bulky and charged Arg141 residue in GSK3p clearly
shields the solvent access to the binding site and influences to the
water network organization. In case of the more flexible and open
p38a. MAP kinase, the water network reorganization within the
pocket is tolerated thus enabling the binding of 26.

The introduction of substituents on the imidazole-N1 or -N3
atom of potent dual p38a MAP kinase/GSK3p inhibitor 1c resulted
in a drop of both GSK3B and p38a MAP kinase inhibitory activity
(compounds 14 and 16). This effect was more pronounced in the
case of 16. The methylation of the nitrogen atom adjacent to the 4-
fluorophenyl ring resulted in two orders of magnitude reduced
p38a. MAP kinase inhibitory activity, compromising the charge-
assisted H-bond to the Lys53 (see Fig. 3). In addition, in the case
of GSK3p, 16 would also disrupt either the H-bond to Asp200 or the
potential water-mediated interaction to Lys85 depending on the
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NH tautomerism (see Fig. 4).

In previous studies, our group showed that bigger moieties at
the imidazole-C2 position were well tolerated by p38a. MAP kinase
[24]. Therefore, the inhibitory potency of a small series of five
compounds, wherein the S-methyl group at this position was
replaced by a S-benzyl group, was evaluated (Table 2). In case of
GSK3p, imidazoles 2a-d displayed a decreased affinity (3- to 6-fold)
in comparison to their S-methyl counterparts 1a-d.

Computational studies of 2c with GSK3p revealed that the S-
benzyl substituent is oriented towards the solvent accessible region
and displays contacts with the lipophilic glycine rich loop residues,
mainly with Phe67, Val70, and Ile62. In agreement with previous
observations, imidazoles 2a-e bearing S-benzyl moiety at the
imidazole-C2 position displayed similar p382 MAP kinase inhibi-
tory activity as their S-methyl counterparts. Compound 2e with a 4-
fluorophenylacetamide at the pyridine-C2 position represents the
most potent p38a MAP kinase inhibitor in this series having an ICsg
value in the low single-digit nanomolar range and displaying a
greater than 500-fold selectivity over GSK3p.

Previous studies on in vitro metabolic stability of similar p38a.
MAP kinase inhibitors revealed that the alkylsulfanyl moiety at the
imidazole-C2 position is susceptible to oxidation, resulting in the
corresponding 2-alkylsulfinylimidazoles as main metabolites
[33,46]. To estimate the impact of the metabolism on the inhibition
profile, the corresponding sulfoxides of 1c and 1m were addition-
ally evaluated for their ability to inhibit both target kinases
(Table 3). Sulfoxides 12a and 12b showed a 3- and 6-fold reduced
GSK38 inhibition compared to 1c¢ and 1m, respectively, while the
two compounds displayed a similar p38« MAP kinase inhibition
profile like their S-methyl counterparts.

In order to remove the metabolic hotspot of the 2-
methylsulfanylimidazoles, another series of pyridinylimidazoles
were synthesized wherein the imidazole-C2 position was modified.
To this end, alkyl (20b,c), aryl (20d), arylalkyl (20e,f) and heteroaryl
(20g) substituents were introduced to this position (Table 4). In
case of p38a. MAP kinase, substitution of the imidazole-C2 position
had no influence on the inhibitory activity and compounds 20b-g
displayed ICsg values in the same range as the simple disubstituted

Table 2
Structures and kinase activity of 2-benzylsulfanylimidazole 2a-e.
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Table 3
Structures and kinase activity of 2-methylsulfinylimidazoles 12a and 12b.
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p380. MAP kinase® GSK3p"
12a A 4440 236+45
12b Pu, 29+6 428+19
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Table 4

Structures and kinase activity of 4,5-disubstituted imidazole 20a, 2,4,5-
trisubstituted imidazoles 20b-g and 1,5-disubstituted imidazole 25.

E

N N

| D, [ D—cH,
Y N Y N
N~ N~

HNE/A HNYA

o
20a-g 25
Cpd ICso [nM] + SEM
Ry p38a. MAP kinase® GSK3p"
20a ~u 19+1 64+4
20b et 191 53+12
20c ~_CHs 16+1 35+6
20d \@ 271 570 +98
20e 18+0 59+11
e : :
20f 20+05 133+7
e : :
20g \LO} 18+1 156 + 14
25 - >10,000 (1%)° 1684+ 120
4 n=3.
bn—2

€ Percent inhibition at indicated concentration, tested in a LANCE assay at Euro-
fins Cerep SA, France (reference compound in this assay: SB203580, ICso = 65 nM).

imidazole 20a. Looking at GSK38, introduction of a phenyl residue
(20d) led to a distinctly reduced inhibitory potency. Compared to
204, imidazole 20c with a small ethyl moiety at the imidazole C2-
position is the only example in this series displaying a signifi-
cantly improved inhibition as well as a p38a MAP kinase/GSK3f
inhibition profile similar to the most potent compound out of the S-
methyl series (1c).

As observed in previous studies [29,42], the removal of the 4-
fluorophenyl ring (25) led to a complete loss of p38a MAP kinase
inhibitory activity (Table 5). Moreover, this structural modification
resulted in a 32-fold reduced inhibitory activity of GSK3f (25 vs.
20b), demonstrating the importance of this residue also for GSK3f
inhibition.
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Table 5 B (11%). In addition, other biotransformation reactions took place on
GSK3a/P isoform selectivity. 2e as well as on its sulfoxide, e.g. oxidation to the corresponding

Cpd ICso [NM] + SEM* sulfone.

GSK3p GSK3a, o .

1 2 p 2.2.5. Pharmacokinetic and CNS penetration study

22 2255’3 ;ggfgss To further assess the plasma stability and evaluate brain

1a 363416 2046 + 220 penetration, the most potent dual p38a. MAP kinase/GSK3p in-

12a 236+45 1337+25 hibitors 1c and 20c were tested in adult male RjOrl:Swiss CD-1

20c 35+6 30122 mice. The mice were treated with a single dose intravenous in-

20e 59+11 428+96 jection (10 mg/kg) and plasma samples were collected 10, 30 and

‘n=2 120 min after the dosing. After the last sample was obtained, the

2.2.2. GSK3@ ATP-competitiveness

Compounds 1c¢ and 20c were tested at three different ATP
concentrations (25 M, 100 uM and 500 pM) to confirm their ATP-
competitiveness. As expected from our postulated binding mode,
higher concentrations of ATP led to significantly increased ICsg
values from 18 nM to 46nMat 25uM of ATP to 423nM and
492 nM at 500 uM of ATP in case of 1c and 20c, respectively (Figs. S3
and S4, supplementary data). This ATP-dependent behavior of both
compounds is a strong indicator for ATP-competitive binding of this
inhibitor class.

2.2.3. GSK3 isoform selectivity

The sequences of GSK3o and GSK3B are highly conserved,
showing 98% identity in the kinase domain [47]. The few existing
variations in their amino acid composition are mostly minor
changes and occur in areas that display no direct interactions with
the ATP binding site. In the hinge region, the only difference is that
the Asp133 of GSK38 is replaced by the Glu196 in GSK3a. The side-
chain of Asp133/Glu196 is pointing outwards from the ATP pocket
towards the solvent and is putatively interacting with the positively
charged residues (e.g. Arg113 in GSK3p) in the solvent interface. To
evaluate the structural influence of this difference among the iso-
forms is tedious as there is no publicly available crystal structure of
GSK3e.. During the preparation of this manuscript, however, Wag-
ner and co-workers demonstrated that the switch between these
two amino acids may have an influence on the topology of the ATP
binding site and the HR I [48]. These changes in the binding site
dynamics might explain the slight selectivity of the selected 2-
methylsulfanyl (1a,c), 2-benzylsulfanyl (2¢) and 2-alkylimidazole
(20c,e) derivatives for GSK3p versus GSK3a (Table 5). The closely
related analogs 1c and 20c proved to be the most selective com-
pounds with a 7.5- and 8.6-fold selectivity towards GSK3p,
respectively.

2.2.4. Metabolism

The two potent dual GSK3B/p38a MAP kinase inhibitors 1¢ and
20c, as well as the highly active and p38a MAP kinase selective
compound 2e, were further evaluated for their metabolic stability
in mixed male&female HLM (Tables S1-S3, supplementary data).
The 2-methylsulfanylimidazole 1c¢ was oxidized to the corre-
sponding sulfoxide 12a with a reasonable half-life of 190 min. After
4 h of incubation time, about 44% of 1c remained unmetabolized.
Sulfoxide 12a was detected as sole metabolite (65% after 4 h). The
cyclopropylamide moiety was not affected by the microsomes. In
contrast, 2-ethlysulfanylimidazole 20c showed excellent metabolic
stability in the HLM experiment, leaving more than 90% of the in-
hibitor unmetabolized after 4h. Benzylsulfanylimidazole 2e
exhibited better metabolic stability than 1c although more me-
tabolites were formed during the incubation (66% of 2e remained
untouched after 4 h). Similar to the experiment with 1c, the cor-
responding sulfoxide of 2e was detected as the main metabolite

mice were sacrificed for dissection of the brains. Blood and brain
samples were analyzed via LC-MS after preparation (see supple-
mentary data).

In contrast to the in vitro HLM experiments, 2-
methylsulfanylimidazole 1c¢ showed an even faster biotransfor-
mation rate to the corresponding sulfoxide 12a in vivo. After 10 min,
the ratio between S-methyl (1c) and sulfoxide (12a) was already
1:2. After 2 h, inhibitor 1c was almost completely metabolized. The
active metabolite 12a showed a slight blood-brain barrier pene-
tration (brain concentration: 65.8 ng/g after 2h), whereas the
concentration of 2-methylsulfanylimidazole 1c in the brain was
one-order of magnitude lower. The in vitro metabolically stable
inhibitor 20c showed relatively fast plasma clearance from 850 ng/
mL after 10 min to 95 ng/mL after 2 h. The brain concentration of
20c 2 h after dosing was 13.3 ng/g, which estimates a brain con-
centration of 20c exceeding its ICs values on GSK3f and p38a MAP
kinase of 1.1-fold and 2.5-fold, respectively.

The HWB assay presents a possibility to evaluate the effective-
ness of p38a. MAP kinase inhibitors in regard to their modulation of
proinflammatory cytokine secretion in a cell-based system [37]. In
this ex vivo assay, the amount of TNF-« release from HWB after LPS-
stimulation is quantified and the efficacy of the inhibitors is eval-
uated more specifically with respect to in vivo parameters like
plasma protein binding and cellular permeability. The release of
LPS-stimulated TNF-o. from HWB was inhibited by the compounds
1c and 20c at concentrations in the submicromolar range (Table 6).
The 2-alkylimidazole derivative 20c displayed slightly increased
inhibition compared to the 2-methylsulfanyl derivative 1c. This
observation correlates well with the data from the p38a MAP ki-
nase activity assay.

Further pharmacological profiling of the dual p38a. MAP kinase/
GSK3p inhibitors 1c and 20c included the evaluation of their ability
to inhibit hERG and relevant CYP isoforms (Table 6). At a test con-
centration of 10 uM, imidazole 1c displays a 30% inhibition of hERG
and inhibits three of the tested CYP isoform higher than 70%. Low
inhibition of CYP2D6 and moderate inhibition of CYP2C19 was
observed. At the same concentration, 2-ethylimidazole 20c shows
both a higher inhibition of hERG (43%) and an elevated CYP inhi-
bition profile than the 2-methylsufanylimidazole counterpart 1c.
This finding is in good agreement with recently reported results of a
study with similar imidazole derivatives [49].

The water solubility of dual GSK3B/p38a MAP kinase inhibitors
1c and 20c was measured in PBS buffer at a pH value of 7.8 (Figs. S1
and S2, supplementary data). While 2-methylsulfanylimidazole 1c¢
showed moderate solubility (0.051 mg/mL), the 2-ethylimidazole
20c displayed a 3-fold improved solubility (0.155 mg/mL).

Finally, compound 20c was further screened against a panel of
45 diverse kinases in order to achieve a preliminary evaluation of
its selectivity within the kinome. Ten additional kinases were
inhibited more than 60% at a testing concentration of 1 uM apart
from GSK3p and p38a MAPK (Table 7 and Table S4, supplementary
data). Among these, the tyrosine kinase receptors VEGFR2, EGFR,
FGRF2 and FGFR3 were found as targets. Also, the p38a MAPK-
related kinase JNK1 was identified as an off-target.
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Table 6
Inhibition of LPS-stimulated TNF-a. release from HWB as well as in vitro CYP and hERG Inhibition Data.

Cpd ICso [nM] + SEM* % inhibition @ 10 uM

TNF-o. release hERG CYP1A2 CYP2C9 CYP2C19 CYP2D6 CYP3A4

1c 541 +217 30.1 88.4 77.7 56.1 14.6 75.6

20c 317 +4 433 83.6 83.6 81.7 58.3 75.1

n=2.
Table 7 spectra were performed on an Advion Expression S electrospray

Off target activity of 20c (test concentration: 1 uM).

90—100% inhibition 75—90% inhibition 60—75% inhibition

Abl EPHA2
EGFR JNK1
EphB4

FGFR3

HGK (MAP4K4)

KDR (VEGFR2)

EPHA3
FGFR2

3. Conclusion

A comprehensive series of 2,4,5-trisubstituted imidazoles was
synthesized and biologically evaluated, providing for the first-time
valuable insights into the SARs of this class of compounds with
respect to their p38« MAP kinase and GSK3f inhibitory potencies.
Structural modifications led to promising inhibitors targeting
simultaneously both kinases relevant for the pathophysiology of
AD. The most promising balanced dual inhibitor N-(4-(2-ethyl-4-
(4-fluorophenyl)-1H-imidazol-5-yl)pyridin-2-yl)cyclo-
propanecarboxamide (20c) displayed ICsg values in the low double-
digit nanomolar range and shows excellent metabolic stability. In
addition to this, compound 20c demonstrated an 8.5-fold isoform
selectivity over GSK3a. and seems to possess favourable pharma-
cokinetic properties, like the ability to cross the blood-brain barrier
in mice.

4. Experimental section
4.1. Chemistry

4.1.1. General

All reagents and solvents were obtained from commercial
sources and used without further purification. Thin layer chroma-
tography (TLC) reaction controls were performed for all reactions
using fluorescent silica gel 60 F,s4 plates (Merck) and visualized
under natural light and UV illumination at 254 and 366 nm. All
tested compounds were determined to be > 95% purity by reverse
phase high-performance liquid chromatography (HPLC) (254 nm).
HPLC were carried out on an Agilent 1100 Series HPLC system,
equipped with an UV DAD (detection at 218 nm, 254 nm, and
280 nm). The chromatographic separation was performed on a
XBridge™ C18 column (150 mm x 4.6 mm, 5pum) at 30°C oven
temperature. The injection volume was 10 uL and the flow 1.5 mL/
min using the following gradient: 0.01 M KH,POy4, pH 2.3 (solvent
A), methanol (solvent B), 45% B to 85% B in 9 min; 85% B for 6 min;
stop time 16 min. Flash column chromatography was performed
using an Interchim PuriFlash 430 automated flash chromatography
system with Davisil LC60A 20—45 pum silica from Grace Davison or
PuriFlash SIHP 30 um columns. Nuclear magnetic resonance (NMR)
spectra were measured on a Bruker Avance Il HD NMR spectrom-
eter at 300 MHz in the Organic Chemistry Institute, Eberhard Karls
Universitdt Tiibingen. The chemical shifts ¢ are reported in parts per
million (ppm) relative to TMS. All spectra were calibrated against
the (residual proton) peak of the deuterated solvent used. Mass

ionization mass spectrometer (ESI-MS) with an Advion Plate Ex-
press (TLC interface).

4.2. Experimental procedures

4.2.1. General procedure for the Buchwald-Hartwig coupling
(General procedure A)

The amide (1.5—3 equiv), Pdy(dba)s (5 mol %), XantPhos (10 mol
%), cesium carbonate (3 equiv) and the 2-chloropyridinylimidazole
derivative (11a or 11b) were dissolved under an atmosphere of
argon in DMF (6.5 mL/mmol). The reaction mixture was then stirred
at 100 °C for 16 h. The reaction mixture was allowed to cool to rt
and sat. ammonium chloride solution was added. It was extracted
with ethyl acetate (3x) and the combined organic layers were
washed with sat. ammonium chloride solution (2x) and brine. After
drying over anhydrous Na;SO4 the solvent was evaporated under
reduced pressure.

4.2.2. General procedure for the amide coupling with PyBOP
(General procedure B)

The carboxylic acid (1-2.5 equiv) and (benzotriazol-1-yloxy)
tripyrrolidinophosphonium hexafluorophosphate (PyBOP) (1-2.5
equiv) were dissolved in DCM (25 mL/mmol). The resulting mixture
was stirred for 10 min at rt before the amine (1 equiv) and diiso-
propylethylamine (3 equiv) were added. The reaction was stirred
overnight at rt. The solvent was evaporated under reduced pressure
and the residue was dissolved in DCM and washed with brine and
sat. sodium bicarbonate solution. The organic layer was dried over
anhydrous Na;SO4 before the solvent was again evaporated under
reduced pressure.

4.2.3. General procedure for the amide coupling with HATU
(General procedure C)

The carboxylic acid (1-3 equiv) and 1-[bis(dimethylamino)
methylene]-1H-1,2,3-triazolo[4,5-b]|pyridinium  3-oxide hexa-
fluorophosphate (HATU) (1-1.4 equiv) were dissolved in DCM
(25 mL/mmol). The resulting mixture was stirred for 10 min at rt
before the amine (1 equiv) was added and the mixture was stirred
for 20 more min. Then diisopropylethylamine (3 equiv) was added
and the reaction was stirred overnight at rt. The solvent was
evaporated under reduced pressure and the residue was dissolved
in DCM and washed with brine and sat. sodium bicarbonate solu-
tion. The organic layer was dried over anhydrous Na;SO4 before the
solvent was again evaporated under reduced pressure.

4.2.4. General procedure for the Radziszewski imidazole synthesis
(General procedure D)

The diketone 19a was dissolved in acetic acid (20 mL/mmol) and
ammonium acetate (20 equiv) and the aldehyde (1.5 equiv) were
added. The reaction mixture was heated to 130°C for 4 h. After
cooling to rt, the reaction was diluted with DCM and sat. sodium
bicarbonate solution was added until gas evolution ceased. The
phases were separated and the aqueous layer was adjusted to pH
10—11 with 1 m NaOH and extracted thrice with DCM.
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4.2.4.1. tert-Butyl (4-methoxybenzyl)(4-methylpyridin-2-yl)carba-
mate (4). A solution of tert-butyl (4-methylpyridin-2-yl)carbamate
(2.00 g, 9.60 mmol) in DMF (20 mL) was cooled to 0 °C and sodium
hydride 60% in mineral oil (576 mg, 14.40 mmol) was added por-
tionwise over 5 min. The resultant mixture was stirred for 30 min at
0°C before 4-methoxybenzyl chloride (1.56 mL, 11.52 mmol) was
added in one portion and the reaction was stirred at rt for 18 h.
Water (200 mL) was added and it was extracted with ethyl acetate
(3x). The combined organic layers were dried over anhydrous
Na;S04 and concentrated in vacuo to afford a brown solid (3.27 g),
which was used in the next step without further purification. 'H
NMR (300 MHz, CDCl3) ¢ 1.43 (s, 9H), 2.33 (s, 3H), 3.77 (s, 3H), 5.11
(s, 2H), 6.76—6.87 (m, 3H), 7.17—7.25 (m, 2H), 7.45 (s, 1H), 8.25 (d,
J=5.0Hz, 1H). 3C NMR (75 MHz, CDCl3) 6 21.1, 28.2, 49.4, 55.7, 81.1,
113.5,120.3,120.8, 128.6, 131.6, 147.2, 148.1, 154.3, 154.5, 158.4. TLC-
MS (ESI) m/z = 350.8 [M + Na]*.

4.2.4.2. tert-Butyl (4-(2-(4-fluorophenyl)-2-oxoethyl)pyridin-2-
yl)(4-methoxybenzyl)carbamate (5). Under an atmosphere of
argon, compound 4 (1.41g, 4.29mmol) was dissolved in THF
(35mL) and the solution was cooled to 0°C. Sodium bis(-
trimethylsilyl)amide(4.30 mL, 8.60 mmol, 2 M in THF) was added
via syringe over 10 min and the resulting mixture was stirred for
45 min while still being cooled to 0 °C. Then ethyl 4-fluorobenzoate
(867 mg, 5.16 mmol) dissolved in THF (5mL) was added in one
portion and the reaction was further stirred for 2 hat rt. H,O
(150 mL) was added and the solution was carefully adjusted to
pH =7 using 0.5M aqueous HCI. The organic layer was separated
and the aqueous layer was extracted with ethyl acetate (2x). The
combined organic layers were dried over anhydrous Na;SO4 and
concentrated in vacuo to afford a brown solid (1.24 g, 67% over 2
steps). "H NMR (300 MHz, DMSO-dg) 6 1.36 (s, 9H), 3.70 (s, 3H), 4.47
(s, 2H), 5.02 (s, 2H), 6.79—6.86 (m, 2H), 7.04 (dd, ] = 5.1, 1.3 Hz, 1H),
7.13—7.19 (m, 2H), 7.30—7.41 (m, 2H), 7.50 (s, 1H), 8.08—8.16 (m, 2H),
8.30 (dd, J=5.1, 0.4 Hz, 1H). 3C NMR (75 MHz, CDCl3) 6 27.7, 43.9,
48.8, 54.9, 80.6, 113.5, 115.8 (d, }cr=22.1 Hz), 120.7, 121.6, 128.3,
130.9, 1313 (d, 3jcp = 9.4 Hz), 133.0 (d, 4cr = 2.8 Hz), 1454, 147.1,
153.4, 154.0, 158.1, 165.2 (d, 'Jcp = 252.1 Hz), 195.1. TLC-MS (ESI) m/
z=473.2 [M + Na]*.

4.2.4.3. tert-Butyl-(4-(2-(4-fluorophenyl)-1-(hydroxyimino)-2-
oxoethyl)pyridin-2-yl)(4-methoxybenzyl)carbamate (6). Sodium ni-
trite (483 mg, 7.00 mmol) was dissolved in H,0 (5 mL) and added
dropwise to a solution of 5 (1.05 g, 2.33 mmol) in glacial acetic acid
(15 mL) at 10 °C. The resulting mixture was stirred for 60 min before
H,0 (50 mL) was added and the aqueous phase was extracted with
ethyl acetate (3x). The combined organic layers were dried over
anhydrous Na;SO4 and concentrated in vacuo to afford an orange-
brown solid (1.12 g, 100%). 'TH NMR (300 MHz, CDCl3) ¢ 1.36 (s,
9H), 3.75 (s, 3H), 5.08 (s, 2H), 6.73—6.79 (m, 2H), 7.08—7.13 (m, 2H),
7.14—717 (m, 2H), 7.18 (d, ] = 2.7 Hz, 1H), 7.76 (s, 1H), 7.89—7.97 (m,
2H), 8.35 (d, J = 5.3 Hz, 1H). '3C NMR (75 MHz, CDCl3) 6 28.0, 49.7,
55.1, 81.9, 113.5, 116.3, 116.4 (d, 2Jcr = 22.7 Hz), 116.8, 128.6, 130.6,
131.0 (d, ¥Jcr = 2.8 Hz), 132.2 (d, Jcp = 9.4 Hz), 140.3, 148.0, 153.8,
154.1,154.9, 158.4, 166.6 (d, 'Jcp = 257.6 Hz), 192.1 TLC-MS (ESI) m/
z=1502.0 [M + Na]* m/z=478.1 [M —HJ.

4.2.4.4. 2-Amino-1-(4-fluorophenyl)-2-(2-((4-methoxybenzyl)
amino)pyridin-4-yl)ethan-1-one-hydrochloride (7). In a three-neck
round-bottom flask, compound 6 (1.12g, 2.33 mmol) was dis-
solved in a 1:1 mixture of methanol (15 mL) and hydrochloric acid
in methanol (15 mL). Palladium on carbon 10 wt % (250 mg) was
added and the flask was evacuated and backfilled with hydrogen
gas. The reaction was carefully heated to 45°C and vigorously
stirred for 6h under an atmosphere of hydrogen. The reaction

mixture was filtered through Celite and the solvent was evaporated
to give 7 as a yellow solid (904 mg), which was used in the next step
without further purification. TLC-MS (ESI) m/z = 366.3 [M+H]* m/
z=364.3 [M—-H]-.

4.2.4.5. 4-(4-Fluorophenyl)-5-(2-((4-methoxybenzyl)amino )pyridin-
4-yl)-1,3-dihydro-2H-imidazole-2-thione (8). Compound 7 (1.00g,
2.49 mmol) and potassium thiocyanate (532 mg, 5.47 mmol) were
dissolved in DMF (7 mL) under an atmosphere of argon and stirred
at 160 °C for 2 h. After cooling to rt, H,O (75 mL) was added and the
precipitate was filtered off and dried in vacuo to afford 8 as a yellow
solid (644 mg, 62% over 2 steps). 'H NMR (300 MHz, DMSO-dg)
03.73 (s, 3H), 4.35 (d,] = 5.2 Hz, 2H), 6.45 (d, ] = 5.0 Hz, 1H), 6.60 (s,
1H), 6.89 (d, J=8.5Hz, 2H), 7.16—7.33 (m, 5H), 7.46 (dd, ]=8.6,
5.4Hz, 2H), 7.88 (d, ] = 5.6 Hz, 1H), 12.70 (d, ] = 5.2 Hz, 2H). TLC-MS
(ESI) m/z = 407.6 [M + H]" m/z=405.3 [M —H]".

4.2.4.6. 4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-imidazol-4-yl)-N-
(4-methoxybenzyl)pyridin-2-amine (9a). Compound 8 (644 mg,
1.58 mmol) was dissolved in methanol (12 mL) and cooled to 0°C
before sodium tert-butoxide (305 mg, 3.17 mmol) and methyl io-
dide (100 puL, 1.60 mmol) were added. The reaction was stirred at
55°C for 2 h. Afterwards the solvent was evaporated and the crude
product was purified by flash column chromatography (SiO,, DCM/
EtOH 97:03 to 85:15) to afford a brown solid (560 mg, 84%). "H NMR
(300 MHz, DMSO-ds) 6 2.60 (s, 3H), 3.72 (s, 3H), 4.33 (d, J=5.5Hz,
2H), 6.47 (d, J=4.7Hz, 1H), 6.70 (br. s., 1H), 6.81-6.89 (m, 2H),
6.96—7.08 (m, 1H), 7.19 (d, J=8.5Hz, 3H), 7.28 (t, J=8.6 Hz, 1H),
7.40—7.56 (m, 2H), 7.73—8.00 (m, 1H), 12.60 (br. s., 1H). TLC-MS (ESI)
mfz = 4212 [M + H]" m/z=419.0 [M — HJ".

4.2.4.7. 4-(2-(Benzylthio)-5-(4-fluorophenyl)-1H-imidazol-4-yl)-N-
(4-methoxybenzyl)pyridin-2-amine (9b). Compound 8 (1.00g,
2.46 mmol) was dissolved in DMF (6 mL) before cesium carbonate
(425 mg, 3.08 mmol) and benzyl bromide (290 pL, 2.46 mmol) were
added. The reaction was stirred at rt for 36 h, before water (50 mL)
was added and it was extracted with ethyl acetate (3x). The com-
bined organic layers were dried over anhydrous Na;SOg4, concen-
trated in vacuo and purified by flash column chromatography (SiO-,
DCM/EtOH 97:03 to 85:15) to yield 9b as a brown oil (435 mg, 35%).
TH NMR (300 MHz, DMSO-dg) 6 3.71 (s, 3H), 4.25—4.49 (m, 4H), 6.49
(br. s., 1H), 6.73 (br. s, 1H), 6.86 (d, J=8.1Hz, 2H), 7.02 (d,
J=15.9Hz, 1H), 7.11-7.60 (m, 11H), 7.74—8.01 (m, 1H), 12.69 (br. s.,
1H). TLC-MS (ESI) m/z = 497.3 [M + H]" m/z=495.4 [M — H]".

4.2.4.8. 4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-imidazol-4-yl)
pyridin-2-amine (10a). Compound 9a (650 mg, 1.55 mmol) was
dissolved in TFA (6 mL) and heated to 55 °C until reaction control by
TLC showed complete conversion. The solvent was evaporated and
the product was redissolved in ethyl acetate and then washed with
sat. sodium bicarbonate solution (2x). Purification by flash column
chromatography (SiO,, DCM/EtOH 95:05 to 90:10) afforded a
golden solid (451 mg, 97%). "H NMR (300 MHz, DMSO-dg) 6 2.61 (s,
3H), 5.98 (br. s., 2H), 6.45 (dd, ] =5.4, 1.5Hz, 1H), 6.72 (br. s., 1H),
7.10—7.36 (m, 2H), 7.48 (br. s., 2H), 7.69—7.92 (m, 1H), 12.62 (br. s.,
1H). TLC-MS (ESI) m/z = 301.4 [M + H]" m/z=299.2 [M — HJ.

4.2.4.9. 4-(2-(Benzylthio)-5-(4-fluorophenyl)-1H-imidazol-4-yl)pyr-
idin-2-amine (10b). Compound 9b (398 mg, 0.80 mmol) was dis-
solved in TFA (6 mL) and heated to 55 °C until reaction control by
TLC showed complete conversion. The solvent was evaporated and
the product was redissolved in ethyl acetate and then washed with
sat. sodium bicarbonate solution (2x). Purification by flash column
chromatography (SiO,, DCM/EtOH 95:05 to 90:10) afforded a
brown solid (289 mg, 96%). "H NMR (300 MHz, DMSO-dg) 6 4.38 (s,
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2H), 5.94 (br. 5., 2H), 6.4 (d, J = 4.6 Hz, 1H), 7.11-7.56 (m, 10H),
7.68—7.91 (m, 1H), 12.71 (br. s., 1H); TLC-MS (ESI) m/z = 377.2 [M +
H]* mjz=375.3 [M — H".

4.2.4.10. N-(4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-imidazol-4-
yl)pyridin-2-yl)-3-(3,4,5-trimethoxyphenyl)propanamide (1a) [27].
The title compound was prepared according to general procedure
B starting from 10a (50mg, 0.17mmol) and 3-(3,4,5-
trimethoxyphenyl)propionic acid (52 mg, 0.22 mmol). Purification
by flash column chromatography (SiO,, DCM/EtOH 97:03) afforded
1a as a yellow solid (35 mg, 40%). 'TH NMR (300 MHz, CDCl3) 6 2.63
(s, 3H), 2.64—2.70 (m, 2H), 2.88—2.97 (m, 2H), 3.77 (s, 6H), 3.79 (s,
3H), 6.38 (s, 2H), 6.92—7.10 (m, 3H), 7.32—7.46 (m, 2H), 8.00 (d,
j=5.4Hz, iH), 8.31 (br. 5., 1H), 8.71 (br. 5., 1H). *C NMR (75 MHz,
CDCl3) 6 161, 317, 394, 56.1, 60.8, 105.3, 1114, 115.8 (d,
2Jep=22.1Hz),117.7,130.2 (d, }Jcr = 7.7 Hz), 136.2,136.4, 147.5,151.6,
153.2, 162.6 (d, 'Jcr = 248.0 Hz); TLC-MS (ESI) m/z = 545.7 [M +
Na]™ m/z=521.4 [M — H]". HPLC: tgr = 7.55 min (96.3% purity).

4.2.4.11. N-(4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-imidazol-4-yl)
pyridin-2-yl)acetamide (1b) [50].. The title compound was pre-
pared according to general procedure A starting from 11a (200 mg,
0.63 mmol) and acetamide (111 mg, 1.89 mmol). Purification by
flash column chromatography (SiO, DCM/EtOH 96:04) afforded 1b
as a yellow solid (118 mg, 55%). 'H NMR (300 MHz, DMSO-dg)
6 2.03—2.09 (m, 3H), 2.62 (s, 3H), 6.98—7.09 (m, 1H), 7.17 (s, 1H),
7.29 (t, J= 8.9 Hz, 1H), 7.43—7.55 (m, 2H), 8.13 (d, J = 5.4 Hz, 1H),
8.29 (s, 1H), 10.33 (s, 1H), 12.71 (br. s., 1H). *C NMR (75 MHz,
DMSO0-dg) 6 15.2, 23.9,110.4, 115.9 (d, ¥Jcr = 21.5 Hz), 116.5, 126.6 (d,
4Jcr=3.3 Hz),130.1,130.7 (d, 3Jcr = 8.3 Hz), 134.5,142.2, 143.8, 147.7,
152.5, 162.0 (d, 'Jcr = 245.5 Hz), 169.0. TLC-MS (ESI) m/z = 343.3
[M + H]* m/z=341.1 [M — H]". HPLC: tg = 3.60 min (96.7% purity).

4.2.4.12. N-(4-(4-(4-Fluorophenyl)-2-(methylthio)-1H-imidazol-5-
yl)pyridin-2-yl)cyclopropanecarboxamide (1c). The title compound
was prepared according to general procedure A starting from 11a
(200mg, 0.63mmol) and cyclopropanecarboxamide (40 mg,
0.47 mmol). Purification by flash column chromatography (SiO», n-
hexane/EtOAc 70:30 to 20:80) afforded 1c as a yellow solid (43 mg,
42%). 'TH NMR (300 MHz, DMSO-dg) & 0.78 (d, J=5.9 Hz, 4H),
1.93—-2.04 (m, 1H), 2.62 (s, 3H), 6.97 (dd, J=5.3, 1.6Hz, 1H),
7.12—-7.33 (m, 2H), 7.43—7.54 (m, 2H), 8.11 (d, /= 5.2 Hz, 1H), 8.34 (s,
1H), 10.60—10.84 (m, 1H), 12.66—12.82 (m, 1H). *C NMR (75 MHz,
DMSO-ds) 6 7.5,14.2,15.1,110.6, 115.8 (d, ¥/cr = 21.5 Hz), 116.3,126.6
(d, ¥cr = 3.3 Hz), 130.0, 130.7 (d, 3Jcr = 8.3 Hz), 134.5, 142.2, 1438,
147.6, 152.5, 161.9 (d, YJcp=247.1Hz), 172.3. TLC-MS (ESI) m/
z=369.1 [M + H|* m/z=366.9 [M — H]". HPLC: tg = 5.16 min (97.4%
purity).

4.2.4.13. N-(4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-imidazol-4-
yl)pyridin-2-yl)cyclopentanecarboxamide (1d). The title compound
was prepared according to general procedure B starting from 10a
(93 mg, 0.31 mmol) and cyclopentanecarboxylic acid (46 mg,
0.40 mmol). Purification by flash column chromatography (SiO»,
DCM/EtOH 97:03) afforded 1d as a yellow solid (60 mg, 49%). 'H
NMR (300 MHz, DMSO-dg) 6 1.46—1.58 (m, 2H), 1.60—1.73 (m, 4H),
1.75—1.90 (m, 2H), 2.62 (s, 3H), 2.83—2.99 (m, 1H), 6.97 (dd, ] = 5.3,
1.6 Hz, 1H), 7.25 (br. s., 2H), 7.42—7.56 (m, 2H), 8.15 (br. s., 1H), 8.31
(br. s., 1H), 10.34 (br. s., 1H), 12.74 (br. s, 1H). >*C NMR (75 MHz,
CDCl3) 6 16.0, 25.9, 30.2, 45.3, 111.1, 115.7 (d, %Jcr = 22.1 Hz), 117.2,
130.2 (d, 3Jce = 7.7 Hz), 146.2, 152.0, 162.6 (d, 'cp = 248.2 Hz), 181.7.
TLC-MS (ESI) mfz = 397.2 [M + H]* m/z=395.2 [M — H]". HPLC:
tr = 7.12 min (97.0% purity).

4.2.4.14. N-(4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-imidazol-4-
yl)pyridin-2-yl)-2-(3,4,5-trimethoxyphenyl)acetamide (1e). The title
compound was prepared according to general procedure B start-
ing from ida (72 mg, 0.24 mmoi) and 2-(3,4,5-trimethoxyphenyi)
acetic acid (136 mg, 0.6 mmol). Purification by flash column chro-
matography (SiO,, DCM/EtOH 97:03) afforded 1e as a yellow solid
(88 mg, 77%). 'H NMR (300 MHz, CDCl3) 6 2.59 (s, 3H), 3.61 (s, 2H),
3.77 (s, 6H), 3.80 (s, 3H), 6.45 (s, 2H), 6.96 (t, ] = 8.7 Hz, 2H), 7.05 (d,
J=49Hz, 1H), 7.35 (dd, ] = 8.5, 5.5 Hz, 2H), 8.02 (d, ] = 5.4 Hz, 1H),
8.33 (s, 1H), 8.48 (br. s., 1H). >C NMR (75 MHz, CDCl3) 6 16.1, 45.0,
56.1, 60.8,106.4, 111.3, 115.7 (d, %Jcr = 21.6 Hz), 117.9, 129.4, 130.2 (d,
3ep=77Hz), 137.3, 1435, 1475, 1515, 1536, 1625 (d,
g =248.2 Hz), 169.8. TLC-MS (ESI) m/z = 508.9 [M + H]* m/
z=5071 [M — H]". HPLC: tg = 6.20 min (100.0% purity).

4.2.4.15. N-(4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-imidazol-4-
yl)pyridin-2-yl)-3-(4-methoxyphenyl)propanamide (1f). The title
compound was prepared according to general procedure B start-
ing from 10a (72 mg, 0.24 mmol) and 3-(4-methoxyphenyl)propi-
onic acid (108 mg, 0.60 mmol). Purification by flash column
chromatography (SiO, DCM/EtOH 97:03) afforded 1f as a yellow
solid (50 mg, 45%). 'TH NMR (300 MHz, CDCl3) 6 2.55—2.71 (m, 5 H),
2.91(t,J=7.7Hz, 2H), 3.75 (s, 3H), 6.75—6.82 (m, 2H), 6.95—7.11 (m,
5H), 740 (dd,J=8.1,5.5Hz, 2H), 7.97 (d, ] = 5.5 Hz, 1H), 8.33 (s, 1H),
9.00 (br. s., TH). '*C NMR (75 MHz, CDCl3) 6 16.1, 30.3, 39.4, 55.2,
1113, 113.9, 1157 (d, ¥cr=21.6Hz), 117.5, 129.2, 1302 (d,
3Jcr=8.3 Hz), 132.3, 147.0, 151.6, 158.0, 162.6 (d, 'Jcr = 248.2 Hz),
171.4; TLC-MS (ESI) m/z = 462.8 [M + H]" m/z=461.0 [M —H]".
HPLC: tgr = 7.56 min (99.5% purity).

4.2.4.16. N-(4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-imidazol-4-
yl)pyridin-2-yl)-3-(3-methoxyphenyl)propanamide (1g). The title
compound was prepared according to general procedure B start-
ing from 10a (72 mg, 0.24 mmol) and 3-(3-methoxyphenyl)propi-
onic acid (108 mg, 0.60 mmol). Purification by flash column
chromatography (SiO,, DCM/EtOH 97:03) afforded 1f as a yellow
solid (73 mg, 66%). '"H NMR (300 MHz, CDCl3) 6 2.61 (s, 3H), 2.65 (d,
J=8.0Hz, 2H), 2.93 (t, J =73 Hz, 2H), 3.73 (s, 3H), 6.67—6.75 (m,
3H), 6.94—7.05 (m, 3H), 7.11-7.18 (m, 1H), 7.38 (dd, J = 8.2, 5.6 Hz,
2H), 7.97 (d, ] = 5.3 Hz, 1H), 8.32 (br. 5., 1H), 9.12 (br. 5., 1H). >*C NMR
(75MHz, CDCl3) ¢ 16.1, 45.0, 56.1, 60.8, 106.4, 111.3, 115.7 (d,
2Jer=21.6Hz), 117.9, 129.4, 130.2 (d, *Jcr=7.7 Hz), 137.3, 143.5,
147.5,151.5,153.6,162.5 (d, YJcp = 248.2 Hz), 170.6; TLC-MS (ESI) m/
z = 4629 [M + H|" m/z=4611 [M—H]. HPLC: tg=7.74min
(100.0% purity).

4.2.4.17. N-(4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-imidazol-4-
yl)pyridin-2-yl)-2-(4-(trifluoromethyl)phenyl)acetamide (1h).
The title compound was prepared according to general procedure
C starting from 10a (36 mg, 0.12 mmol) and 4-(trifluoromethyl)
phenylacetic acid (31 mg, 0.15 mmol). Purification by flash column
chromatography (SiO,, n-hexane/EtOAc 50:50) afforded 1h as a
yellow solid (43 mg, 73%). 'H NMR (300 MHz, DMSO-dg) 6 2.61 (s,
3H), 3.18 (s, 2H), 7.02 (dd,J = 5.3, 1.6 Hz, 1H), 7.23 (t, ] = 8.8 Hz, 2H),
7.43—7.51 (m, 2H), 7.56 (d, J=8.1 Hz, 2H), 7.69 (d, J = 8.1 Hz, 2H),
8.18 (d,J = 5.2 Hz, 1H), 8.26 (s, 1H), 10.75 (s, 1H), 12.72 (br. 5., 1H). 13C
NMR (101 MHz, DMSO-dg) 6 15.0, 42.6, 110.6, 1156 (d,
2Jp=22.0Hz), 1168, 1243 (q, “Jerz=272.2Hz), 1250 (q,
3Je;3=3.7Hz), 1273 (q, ez =315Hz), 1299, 1303 (d,
3Jcp=8.3 Hz), 140.6, 142.6, 147.7, 152.3, 161.8 (d, "Jcr =245.2 Hz),
169.0. TLC-MS (ESI) m/z = 487.3 [M + H]* m/z=485.2 [M —HJ".
HPLC: tg = 8.85 min (100.0% purity).

4.2.4.18. N-(4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-imidazol-4-
yl)pyridin-2-yl)-3-(4-(trifluoromethyl)phenyl))propanamide (1i).
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The title compound was prepared according to general procedure
B starting from 10a (72 mg, 0.24 mmol) and 3-[4-(trifluoromethyl)
phenyl]propionic acid (78 mg, 0.36 mmol). Purification by flash
column chromatography (Si0O,, n-hexane/EtOAc 50:50) afforded 1i
as a yellow solid (49 mg, 41%). 'H NMR (300 MHz, CDCl3) 6 2.63 (s,
3H), 2.70 (t, J = 7.4 Hz, 2H), 2.98—3.06 (m, 2H), 7.00 (t, ] = 8.6 Hz,
2H), 7.09 (d, ] = 4.9 Hz, 1H), 7.27 (d, ] = 8.0 Hz, 2H), 7.38 (dd, ] = 8.3,
5.4 Hz, 2H), 7.50 (d, J = 8.0 Hz, 2H), 7.97 (d, ] = 5.3 Hz, 1H), 8.29 (br.
s., TH), 9.09 (br. s., TH). *C NMR (75 MHz, CDCl3) 6 16.1, 30.6, 38.3,
111.2,115.8 (d, ¥Jcp = 22.1 Hz), 117.5,124.2 (q, Jcpz = 271.4 Hz), 125.4
(a0 *Jers=3.9Hz), 1286 (q, YJcrs=32.6Hz), 1287, 1302 (d,
3Jcp =8.3Hz), 143.8, 144.4, 146.2, 151.2, 162.7 (d, e = 248.8 Hz),
170.8. TLC-MS (ESI) m/z = 501.0 [M + H]|* m/z=499.1 [M —HJ.
HPLC: tg =9.32 min (97.1% purity).

4.2.4.19. N-(4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-imidazol-4-
yl)pyridin-2-yl)-1-(trifluoromethyl)cyclopropane-1-carboxamide
(1j). The title compound was prepared according to general pro-
cedure C starting from 10a (72mg, 0.24mmol) and 1-(tri-
fluoromethyl)cyclopropane-1-carboxylic acid (51 mg, 0.33 mmol).
Purification by flash column chromatography (SiO2, n-hexane/
EtOAc 50:50) afforded 1j as a yellow solid (43 mg, 41%). 'H NMR
(300 MHz, CDCl3) ¢ 1.30—1.37 (m, 2H), 1.45—1.53 (m, 2H), 2.64 (d,
J=3.9Hz, 3H), 6.97-7.10 (m, 3H), 7.33—7.43 (m, 2H), 8.10 (d,
J=5.3Hz, 1H), 8.22 (s, 1H), 8.40 (br. s., 1H). °C NMR (75 MHz,
CDCl3) 0 12.6, 162, 28.6 (q, *Jers =33.7Hz), 1114, 1159 (d,
2Jp=216Hz), 1181, 1254 (q, Ycrs=273.1Hz), 1302 (d,
31 =8.3 Hz), 1434, 147.8, 1511, 162.7 (d, Jcr = 248.8 Hz), 164.6.
TLC-MS (ESI) m/z = 437.2 [M + H]" m/z=435.3 [M — H]. HPLC:
tr = 8.04 min (97.6% purity).

4.2.4.20. trans-N-(4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-imida-
zol-4-yl)pyridin-2-yl)-2-phenylcyclopropane-1-carboxamide  (1k).
The title compound was prepared according to general procedure
C starting from 10a (53mg, 0.18 mmol) and trans-2-
phenylcyclopropane-1-carboxylic acid [51] (43 mg, 0.27 mmol).
Purification by flash column chromatography (SiO;, DCM/EtOH
97:03) afforded 1k as a semi-white solid (30 mg, 38%). '"H NMR
(300 MHz, CDCl3) 6 1.35 (ddd, J=8.0, 6.6, 4.6 Hz, 1H), 1.67 (dt,
J=9.4, 4.7Hz, 1H), 1.78—1.88 (m, 1H), 2.49—-2.59 (m, 1H), 2.64 (s,
3H), 6.89—6.96 (m, 1H), 6.98—7.10 (m, 4H), 7.14—7.29 (m, 3H),
7.34—7.50 (m, 2H), 7.90 (d, ] = 5.4 Hz, 1H), 8.34 (s, 1H), 9.29 (br. s.,
1H). 13C NMR (75 MHz, CDCl3) 6 16.1,16.6, 26.5, 27.5, 111.1, 115.8 (d,
2Jer=21.6 Hz), 117.4, 126.0, 126.5, 128.5, 130.1 (d, 3Jcr= 8.3 Hz),
140.0, 143.7, 147.4, 151.9, 162.6 (d, Jcr = 248.2 Hz), 171.0. TLC-MS
(ESI) m/z 4449 [M + H]" m/z=443.0 [M-H]. HPLC:
tr = 8.67 min (100.0% purity).

4.2.4.21. 2-Cyclopropyl-N-(4-(5-(4-fluorophenyl)-2-(methylthio)-
1H-imidazol-4-yl)pyridin-2-yl)acetamide (1lI). The title compound
was prepared according to general procedure B starting from 10a
(72 mg, 0.24 mmol) and cyclopropylacetic acid (36 mg, 0.36 mmol).
Purification by flash column chromatography (SiO,, DCM/EtOH
96:04) afforded 11 as a yellow solid (53 mg, 58%). 'H NMR
(300 MHz, DMSO-dg) ¢ 0.11-0.23 (m, 2H), 0.40—0.51 (m, 2H),
0.93—-1.13 (m, 1H), 2.26 (d, J=7.1Hz, 2H), 2.63 (s, 3H), 7.03 (dd,
J=54, 1.6 Hz, 1H), 7.26 (t, J=8.9 Hz, 2H), 7.50 (dd, ] =8.9, 5.5 Hz,
2H),8.16 (d,J = 5.4 Hz, 1H), 8.23 (d,] = 0.64 Hz, 1H),10.44 (s, 1H). >C
NMR (75MHz, DMSO-dg) 6 4.0, 7.6, 15.0, 41.0, 110.6, 115.7 (d,
Yo =216Hz), 116.6, 130.5 (d, jcr=7.8 Hz), 142.9, 146.8, 152.0,
161.9 (d, "Jcr = 245.4 Hz), 171.8. TLC-MS (ESI) m/z = 383.0 [M + H|*
m/z=381.0 [M — H]". HPLC: tg = 6.04 min (100.0% purity).

4.2.4.22. N-(4-(5-(4-Fluorophenyl)-2-(methylthio )-1H-imidazol-4-
yl)pyridin-2-yl)cyclobutanecarboxamide ~ (1m). Compound 10a

(125 mg, 0.30 mmol) was dissolved in pyridine (5 mL) and cooled to
0°C. Cyclobutanecarbonyl chloride (102 pL, 0.89 mmol) was added
dropwise with a syringe and the mixture was stirred overnight at rt.
Purification by flash column chromatography (Si0,, n-hexane/
EtOAc 70:30) afforded 1m as a yellow solid (24 mg, 21%). TH NMR
(300MHz, CDCl3) 6 1.80-2.04 (m, 2H), 2.12-2.25 (m, 2H),
2.25—-2.40 (m, 2H), 2.65 (s, 3H), 3.18 (quin, J = 8.5 Hz, 1H), 6.97—-7.07
(m, 3H), 7.43 (dd, J=8.1, 5.6 Hz, 2H), 8.04 (dd, ] = 5.4, 0.4 Hz, 1H),
8.16 (br. s., 1H), 8.36 (s, 1H); '3C NMR (75 MHz, CDCl3) 6 16.1, 17.9,
25.1,40.7,111.0,115.7 (d, )jc¢ = 21.6 Hz), 117.6,130.1 (d, 3Jcr = 8.3 Hz),
1474, 151.7, 162.6 (d, cr=248.2Hz), 173.9; TLC-MS (ESI) m/
z=1383.2[M+H]|" m/z=381.2 [M — H]". HPLC: tg = 6.30 min (99.1%
purity).

4.2.4.23. N-(4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-imidazol-4-
yl)pyridin-2-yl)-3-oxocyclobutane-1-carboxamide (1n). The title
compound was prepared according to general procedure B start-
ing from 10a (72 mg, 0.24 mmol) and 3-oxocyclobutanecarboxylic
acid (41 mg, 0.36 mmol). Purification by flash column chromatog-
raphy (SiOz, n-hexane/EtOAc 50:50) afforded 1n as a yellow solid
(88 mg, 93%). 'H NMR (300 MHz, DMSO-dg) 6 2.62 (s, 3H), 3.25 (td,
J=4.8, 2.3 Hz, 4H), 3.40—3.55 (m, 1H), 7.01 (dd, J = 5.3, 1.6 Hz, 1H),
7.25 (t, J=8.9Hz, 2H), 7.44-7.54 (m, 2H), 8.17 (d, J=5.2 Hz, 1H),
8.36 (s, 1H), 10.71 (s, 1H). 3C NMR (75 MHz, DMSO-dg) 6 15.1, 28.1,
51.0, 110.8, 115.7 (d, ?Jcp = 21.6 Hz), 116.8, 130.4 (d, 3Jcr = 8.3 Hz),
142.7, 147.8, 152.4, 161.8 (d, 'Jcr = 244.9 Hz), 172.9, 205.1. TLC-MS
(ESI) mfz = 3970 [M + H]" m/z=395.0 [M-H]. HPLC:
tr =4.09 min (97.2% purity).

4.2.4.24. trans-3-Chloro-N-(4-(5-(4-fluorophenyl)-2-(methylthio)-
1H-imidazol-4-yl)pyridin-2-yl)cyclobutane-1-carboxamide (10) and
cis-3-hloro-N-(4-(5-(4-fluorophenyl)-2-(methylthio)-1H-imidazol-4-
yl)pyridin-2-yl)cyclobutane-1-carboxamide (1p). The title com-
pounds were prepared according to general procedure C starting
from 10a (72 mg, 0.24 mmol) and 3-chlorocyclobutanecarboxylic
acid (48 mg, 0.36 mmol). Purification by flash column chromatog-
raphy (SiO2, DCM/EtOH 97:03) afforded the separated cis and trans
isomers each as a yellow solid (total yield 85 mg, 85% in a ratio of
trans/cis 2.5:1). The cis and trans geometry was confirmed by 2D
NOESY experiments.

4.2.4.25. trans-3-Chloro-N-(4-(5-(4-fluorophenyl)-2-(methylthio)-
1H-imidazol-4-yl)pyridin-2-yl)cyclobutane-1-carboxamide (10).
'H NMR (300 MHz, DMSO-dg) 6 2.37—2.48 (m, 2H), 2.62 (s, 3H), 2.75
(ddd, J=13.07, 7.75, 4.9 Hz, 2H), 3.56 (tt, = 9.5, 4.8 Hz, 1H), 4.65
(quin, J = 6.8 Hz, 1H), 6.99 (dd, J = 5.3, 1.5 Hz, 1H), 7.27 (br. s., 2H),
7.48 (dd, ] = 8.6, 5.6 Hz, 2H), 8.13 (br. s., 1H), 8.36 (br. s., 1H), 10.39
(br. s., 1H), 12.72 (br. s., 1H). *C NMR (75 MHz, MeOD) § 16.8, 37.6,
383, 52.5, 1134, 1169 (d, Ycr=216Hz), 119.0, 1318 (d,
3Jcr= 8.3 Hz), 145.2, 149.2, 153.6, 164.3 (d, Jcp = 2471 Hz), 175.4.
TLC-MS (ESI) mjz = 417.1 [M + H]* mjz=415.2 [M — H]"HPLC:
tr = 6.87 min (98.2% purity).

4.2.4.26. cis-3-Chloro-N-(4-(5-(4-fluorophenyl)-2-(methylthio)-1H-
imidazol-4-yl)pyridin-2-yl)cyclobutane-1-carboxamide (1p). 'H
NMR (300 MHz, MeOD) 6 2.44—2.58 (m, 2H), 2.64 (s, 3H), 2.67—2.80
(m, 2H), 2.99—3.13 (m, 1H), 4.34—4.46 (m, 1H), 7.07 (dd, J=5.3,
14Hz, 1H), 713 (t, J=8.8Hz, 2H), 7.40—7.48 (m, 2H), 813 (d,
J=53Hz, 1H), 8.17 (s, 1H). 3C NMR (75 MHz, MeOD) 6 16.8, 35.9,
387, 493, 1134, 1169 (d, %er=221Hz), 1191, 1318 (d,
3Jcp=8.3 Hz), 145.3, 149.2, 153.4, 164.3 (d, Ycr=246.6 Hz), 173.8.
TLC-MS (ESI) m/z = 4171 [M + H]* mjz=415.2 [M — H]". HPLC:
tr = 6.64 min (99.1% purity).
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4.2.4.27. N-(4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-imidazol-4-
yl)pyridin-2-yl)-3-oxocyclopentane-1-carboxamide (1q). The title
compound was prepared according to general procedure C start-
ing from 10a (72 mg, 0.24 mmol) and 3-oxocyclopentanecarboxylic
acid (53 mg, 0.42 mmol). Purification by flash column chromatog-
raphy (SiO,, DCM/EtOH 97:03) afforded 1q as a yellow solid (53 mg,
54%). "H NMR (300 MHz, CDCl3) § 2.09—2.30 (m, 3H), 2.33—2.38 (m,
1H), 2.40—2.46 (m, 1H), 2.49—2.57 (m, 1H), 2.61 (s, 3H), 2.97—3.13
(m, 1H), 6.94—7.06 (m, 3H), 7.37 (dd, J=8.7, 5.3 Hz, 2H), 7.99 (d,
J=5.4Hz, 1H), 8.24 (br. s., 1H), 8.52 (br. s., 1H). >C NMR (75 MHz,
DMSO-dg) 6 16.1, 25.3, 27.1, 37.4, 41.4, 111.3, 115.8 (d, ]Jcp = 22.1 Hz),
1176, 1302 (d, 3Jcr=7.8Hz), 1439, 146.7, 1515, 162.6 (d,
ep =248.2 Hz), 172.9, 217.2. TLC-MS (ESI) m/z = 433.2 [M + Na]*
m/z=409.3 [M — H|". HPLC: tg =4.31 min (98.3% purity).

4.2.4.28. N-(4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-imidazol-4-
yl)pyridin-2-yl)tetrahydrofuran-2-carboxamide (1r). The title com-
pound was prepared according to general procedure B starting
from 10a (93 mg, 0.30 mmol) and tetrahydro-2-furoic acid (46 mg,
0.40 mmol). Purification by flash column chromatography (SiO»,
DCM/EtOH 97:03) afforded 1r as a yellow solid (60 mg, 50%). 'H
NMR (300 MHz, CDCl3) ¢ 1.79—1.97 (m, 2H), 1.99—-2.11 (m, 1H),
2.19-2.34 (m, 1H), 2.60 (s, 3H), 3.85—3.95 (m, 1H), 4.01 (dt, ] =8.2,
6.5 Hz, 1H), 4.39 (dd, J=8.5, 5.8 Hz, 1H), 6.92—7.00 (m, 2H), 7.03
(dd, J=5.4, 1.5 Hz, 1H), 7.33—7.41 (m, 2H), 8.07 (dd, J=5.3, 0.6 Hz,
1H), 8.28—8.34 (m, 1H), 9.00 (s, 1H). >*C NMR (75 MHz, CDCl3) 6 16.1,
25.5, 30.2, 69.7, 78.3, 110.9, 115.6 (d, ?Jcr = 21.6 Hz), 117.9, 130.1 (d,
3Jce=8.3 Hz), 143.6, 147.8, 150.8, 162.4 (d, YJcr=248.1 Hz), 172.3.
TLC-MS (ESI) m/z = 399.2 [M + H|" m/z=397.2 [M — H]". HPLC:
tr = 5.98 min (97.6% purity).

4.2.4.29. N-(4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-imidazol-4-
yl)pyridin-2-yl)furan-3-carboxamide (1t). The title compound was
prepared according to general procedure C starting from 10a
(72 mg, 0.24 mmol) and 3-furoic acid (37 mg, 0.33 mmol). Purifi-
cation by flash column chromatography (SiO,, n-hexane/EtOAc
50:50) afforded 1t as a yellow solid (26 mg, 27%). 'H NMR
(300 MHz, DMSO-dg) 6 2.68 (s, 3H), 7.10 (dd, ] = 1.9, 0.7 Hz, 1H), 7.13
(dd, J=5.3, 1.5Hz, 1H), 7.32 (t, J = 8.6 Hz, 2H), 7.52—7.61 (m, 2H),
7.82 (t,J = 1.7 Hz, 1H), 8.28 (d, ] = 5.2 Hz, 1H), 8.41 (s, 1H), 8.57 (dd,
J=14,0.7 Hz, 1H), 10.61 (s, 1H), 12.76 (br. 5., 1H). *C NMR (75 MHz,
DMSO-dg) ¢ 15.0, 109.4, 111.6, 115.7 (d, ¥Jcp = 22.1 Hz), 117.0, 122.5,
130.4 (d, 3Jcp = 8.3 Hz), 142.8, 144.3, 146.6, 147.6, 152.3, 160.7, 161.8
(d, YJep = 244.9 Hz). TLC-MS (ESI) m/z = 395.3 [M + H]* m/z =393.2
[M — H]". HPLC: tg = 5.90 min (99.3% purity).

4.2.4.30. N-(4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-imidazol-4-
yl)pyridin-2-yl)picolinamide (1u). The title compound was pre-
pared according to general procedure B starting from 10a (72 mg,
0.24 mmol) and 3-picolinic acid (44 mg, 0.36 mmol). Purification by
flash column chromatography (SiO;, n-hexane/EtOAc 50:50) affor-
ded 1u as a yellow solid (58 mg, 64%). 'H NMR (300 MHz, DMSO-dg)
6 2.65 (s, 3H), 715 (dd, J=5.2, 1.6 Hz, 1H), 7.21-7.38 (m, 2H),
7.49-7.59 (m, 2H), 7.72 (ddd, ] = 7.5, 4.8, 1.3 Hz, 1H), 8.06—8.14 (m,
1H), 8.16—8.21 (m, 1H), 8.23 (br. s., 1H), 8.54 (br. s., 1H), 8.75 (dd,
J=4.7, 0.5Hz, 1H), 10.37 (br. s., 1H), 12.77 (br. s., 1H). '*C NMR
(75 MHz, DMSO-dg) 6 151, 110.0, 115.9 (d, ¥cr=21.6 Hz), 117.2,
122.2, 126.6 (d, 4cr = 3.3 Hz), 127.5, 130.5, 130.8 (d, 3Jcr = 8.3 Hz),
134.1, 138.5, 142.4, 144.3, 148.2, 148.5, 148.7, 151.0, 162.1, 161.7 (d,
1Jcp = 246.6 Hz). TLC-MS (ESI) mjz = 406.0 [M + H]* m/z =404.0
[M — H]". HPLC: tg = 7.71 min (97.5% purity).

4.2.4.31. N-(4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-imidazol-4-
yl)pyridin-2-yl)-2-(2-oxopyrrolidin-1-yl)acetamide (1s). The title
compound was prepared according to general procedure A

starting from 11a (130 mg, 0.41 mmol) and 2-oxopyrrolidin-1-
acetamid (87 mg, 0.61 mmol). Purification by flash column chro-
matography (SiOy, n-hexane/EtOAc 70:30 to 20:80) afforded 1cas a
yellow solid (33 mg, 19%). 'H NMR (300 MHz, CDCl3) 6 2.01-2.17 (m,
2H), 2.42—2.53 (m, 2H), 2.64 (s, 3H), 3.51 (t, ] = 7.0 Hz, 2H), 412 (s,
2H), 6.87—7.02 (m, 3H), 7.35 (dd, J=8.6, 54Hz, 2H), 7.96 (d,
J=5.3Hz, 1H), 8.12 (br. s., 1H), 9.38 (br. 5., 1H). *C NMR (75 MHz,
CDCl3) 6 16.1, 18.0, 30.4, 47.1, 48.5, 111.4, 115.5 (d, %Jcp = 21.6 Hz),
1179, 1301 (d, 3Jcr=83Hz), 1439, 147.3, 1513, 1624 (d,
1Jcp = 248.7 Hz), 166.6, 176.8. TLC-MS (ESI) m/z = 447.2 [M + Na]*
mfz=423.9 [M — H]". HPLC: tg = 3.96 min (100.0% purity).

4.2.536. trans-N-(4-(5-(4-Fluorophenyl)-2-(methylthio)-1H-
imidazol-4-yl)pyridin-2-yl)-2-

4.2.4.32. N-(4-(2-(Benzylthio)-5-(4-fluorophenyl)-1H-imidazol-4-yl)
pyridin-2-yl)-3-(3,4,5-trimethoxyphenyl)propanamide (2a). The ti-
tle compound was prepared according to general procedure B
starting from 10b (78 mg, 0.21mmol) and 3-(34,5-
trimethoxyphenyl)propionic acid (65 mg, 0.27 mmol). Purification
by flash column chromatography (SiO,, DCM/EtOH 97:03) afforded
2a as a yellow solid (56mg, 45%). '"H NMR (300 MHz, CDCl3)
0 2.58—2.70 (m, 2H), 2.86—2.98 (m, 2H), 3.76 (s, 6H), 3.79 (s, 3H),
4.30 (s, 2H), 6.38 (s, 2H), 7.00 (t, J=8.7 Hz, 3H), 7.17—7.30 (m, 5H),
7.31-7.45 (m, 2H), 7.98 (d,] = 5.2 Hz, 1H), 8.32 (br. 5., 1H), 8.66 (br. 5.,
1H). 13C NMR (75 MHz, CDCl3) ¢ 31.7, 39.0, 39.4, 56.1, 60.8, 105.3,
1114, 115.7 (d, ¥cr=21.0Hz), 117.7, 127.6, 128.7, 129.0, 130.2 (d,
3Jcr=8.3Hz), 136.2, 136.4, 137.4, 141.1, 147.5, 151.7, 153.2, 162.6 (d,
1Jcp=248.7 Hz), 170.9. TLC-MS (ESI) m/z=597.1 [M —H|". HPLC:
tr = 8.57 min (97.2% purity).

4.2.4.33. N-(4-(2-(Benzylthio)-5-(4-fluorophenyl)-1H-imidazol-4-yl)
pyridin-2-yl)acetamide (2b). The title compound was prepared ac-
cording to general procedure A starting from 11b (100 mg,
0.25mmol) and acetamide (44 mg, 0.75 mmol). Purification by
flash column chromatography (SiO,, DCM/EtOH 97:03 to 95:05)
afforded 2b as a yellow solid (82 mg, 78%). 'H NMR (300 MHz,
CDCl3) 6 2.08 (s, 3H), 4.28 (s, 2H), 6.93—7.03 (m, 2H), 7.08 (br. s., 1TH),
7.18-7.28 (m, 5 H), 7.35 (br. s., 2H), 8.01 (d, J = 5.3 Hz, 1H), 8.30 (br.
s., 1H), 9.11 (br. s., 1H), 10.67 (br. s., 1H). *C NMR (75 MHz, CDCl3)
0 24.4, 38.9, 1114, 115.7 (d, J=21.7 Hz), 117.7, 127.5, 128.5, 128.9,
130.1 (d, J = 8.3 Hz), 137.3, 141.3, 147.3, 151.8, 162.5 (d, ] = 248.3 Hz),
169.2. TLC-MS (ESI) m/z = 419.2 [M + H]|" m/z=417.0 [M —H]".
HPLC: tg = 6.42 min (98.2% purity).

4.2.4.34. N-(4-(2-(Benzylthio)-5-(4-fluorophenyl)-1H-imidazol-4-yl)
pyridin-2-yl)cyclopropanecarboxamide (2c). The title compound
was prepared according to general procedure A starting from 11b
(125mg, 0.32mmol) and cyclopropanecarboxamide (40 mg,
0.47 mmol). Purification by flash column chromatography (SiO,,
DCM/EtOH 97:03 to 95:05) afforded 2c as a yellow solid (90 mg,
64%). "H NMR (300 MHz, CDCl3) § 0.77—0.89 (m, 2H), 0.98—1.07 (m,
2H), 1.47—1.62 (m, 1H), 4.28 (s, 2H), 6.99 (t,] = 8.6 Hz, 3H), 7.15-7.29
(m, 5H),7.35 (br.s., 2H), 8.02 (d, ] = 5.3 Hz, 1H), 8.26 (br. 5., 1H), 9.10
(br. s., TH). 3C NMR (75 MHz, CDCl3) 6 8.4, 15.7, 39.0, 111.4, 115.7 (d,
2Jep=22.2 Hz), 1174, 127.5, 128.6, 129.0, 130.1 (d, 3Jcp=8.3 Hz),
137.3, 141.0, 147.3, 151.9, 162.5 (d, 1ICI::247.9 Hz), 172.6. TLC-MS
(ESI) mjz = 4456 [M + H|" m/z=4433 [M—H|. HPLC:
tr = 7.62 min (98.9% purity).

4.2.4.35. N-(4-(2-(Benzylthio)-5-(4-fluorophenyl)-1H-imidazol-4-yl)
pyridin-2-yl)cyclopentanecarboxamide (2d). The title compound
was prepared according to general procedure B starting from 10b
(78 mg, 0.21 mmol) and cyclopentanecarboxylic acid (31 mg,
0.27 mmol). Purification by flash column chromatography (SiOz, n-
hexane/EtOAc 70:30 to 0:100) afforded 2d as a yellow solid (40 mg,
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41%). 'TH NMR (300 MHz, CDCl3) 6 1.52—1.98 (m, 8H), 2.71 (quin,
J=79Hz, 1H), 4.29 (s, 2H), 6.93—7.06 (m, 3H), 7.19—7.30 (m, 5H),
7.31-7.45 (m, 2H), 8.00 (d, J = 5.4 Hz, 1H), 8.34 (br. s., 1H), 8.66 (br.
s., TH). 3C NMR (75 MHz, CDCl3) 6 26.0, 30.4, 39.0, 46.7, 111.4, 115.8
(d, ]Jep=21.5Hz), 117.5, 127.6, 128.6, 129.0, 130.2 (d, >Jcr = 8.3 Hz),
137.4, 141.0,147.1, 152.0, 162.6 (d, 'Jcp = 248.4 Hz), 175.4. TLC-MS
(ESI) mfz = 4729 [M + H]" m/z=4711 [M-H]|. HPLC:
tr = 9.14 min (95.4% purity).

4.2.4.36. N-(4-(2-(Benzylthio)-5-(4-fluorophenyl)-1H-imidazol-4-yl)
pyridin-2-yl)-2-(4-fluorophenyl)acetamide (2e). The title compound
was prepared according to general procedure B starting from 10b
(78mg, 0.21mmol) and 4-fluorophenylacetic acid (42 mg,
0.27 mmol). Purification by flash column chromatography (SiO,,
DCM/EtOH 97:03 to 95:05) afforded 2e as a yellow solid (73 mg,
69%). 'TH NMR (300 MHz, CDCl3) 6 3.67 (s, 2H), 4.30 (s, 2H),
6.96—7.11 (m, 5H), 7.18—7.32 (m, 7H), 7.37 (br. s., 2H), 8.02 (d,
J=5.4Hz, 1H), 8.17 (br. s., 1H), 8.28 (br. s., 1H). >C NMR (75 MHz,
CDCl3) & 388, 43.7, 1111, 1158 (d, %cr=21.6Hz), 1159 (d,
2 =21.0Hz), 117.8, 127.5, 128.6, 129.0, 129.5 (d, ¥Jcr=3.3 Hz),
130.1 (d, 3Jcr =77 Hz), 1309 (d, 3Jcr= 8.3 Hz), 137.4, 1413, 147.4,
151.4,162.1 (d, }Jcp = 246.6 Hz), 162.6 (d, 'Jcp = 248.2 Hz), 169.6. TLC-
MS (ESI) mjz = 5349 [M + Na]* mjz=511.2 [M—H]. HPLC:
tr = 10.54 min (95.0% purity).

4.2.4.37. N-(4-(4-(4-Fluorophenyl)-2-(methylsulfinyl)-1H-imidazol-
5-yl)pyridin-2-yl)cyclopropanecarboxamide (12a). Compound 1c
(73 mg, 0.19 mmol) was dissolved in acetontrile (10mL) and a
28-31 % wt. aqueous solution of Hz0; (20 uL, 0.195 mmol) was
added before the solution was stirred for 24 h at rt. An additional
60 uL (0.585 mmol) of aqueous H;0, solution (0.39 mmol) was
added and the mixture was further stirred until reaction control by
TLC showed complete conversion of the starting material (48 h).
Purification by flash column chromatography (SiO,, DCM/EtOH
97:3) afforded 12a as a yellow solid (37 mg, 51%). 'H NMR
(300 MHz, CDCl3) 6 0.82—0.92 (m, 2H), 1.02—1.12 (m, 2H), 1.61-1.74
(m, 1H), 3.12 (s, 3H), 6.94 (d, = 4.8 Hz, 1H), 7.08 (t, ] = 8.6 Hz, 2H),
7.39-7.49 (m, 2H), 7.88 (d, J = 5.3 Hz, 1H), 8.50 (s, 1H), 9.30 (br. s.,
1H),13.08 (br. s, 1H). *C NMR (75 MHz, CDCl3) 6 8.5, 15.6, 40.9,112.1,
116.0 (d, %Jcp=21.0 Hz), 117.4, 130.7 (d, *Jcr = 8.3 Hz), 146.9, 147.9,
152.2, 163.0 (d, Ycr = 247.1 Hz), 172.7; TLC-MS (ESI) m/z = 407.2
[M + Na]* m/z=383.2 [M—H|. HPLC: tg=3.47 min (100.0%
purity).

4.2.4.38. N-(4-(4-(4-Fluorophenyl)-2-(methylsulfinyl)-1H-imidazol-
5-yl)pyridin-2-yl)cyclobutanecarboxamide (12b). Compound 1m
(60 mg, 0.16 mmol) was dissolved in acetonitrile (10mL) and a
28—-31 % wt. aqueous solution of H0, (30 uL, 0.293 mmol) was
added before the solution was stirred for 24 h at rt. An additional
60 uL (0.585 mmol) of aqueous H;0; solution (0.39 mmol) was
added and the mixture was further stirred until reaction control by
TLC showed complete conversion of the starting material (72 h).
Purification by flash column chromatography (SiO2, n-hexane/
EtOAc 70:30 to 20:80) afforded 12b as a yellow solid (26 mg, 42%).
TH NMR (300 MHz, DMSO-dg) 6 1.72—1.85 (m, 1H), 1.85—2.00 (m,
1H), 2.01—2.26 (m, 4H), 3.09 (s, 3H), 3.35 (quin, J = 8.2 Hz, 1H), 6.99
(dd, J=5.2, 1.5Hz, 1H), 7.29 (t, J = 8.9 Hz, 2H), 7.47—7.58 (m, 2H),
8.18(d,J = 5.2 Hz, 1H), 8.38 (s, 1H), 10.27 (s, 1H), 13.89 (br. 5., 1H). 13C
NMR (75MHz, DMSO-dg) 6 17.7, 244, 39.1, 111.2, 1158 (d,
2Jep = 21.6 Hz), 116.9,130.8 (d, 3Jcr = 8.3 Hz), 147.9, 148.8,152.7,162.1
(d, Ycp = 244.9 Hz), 173.6. TLC-MS (ESI) m/z = 421.1 [M + Na|* m/
z=397.2 [M — HJ". HPLC: tg = 4.81 min (99.8% purity).

4.2.4.39. N-(4-(4-(4-Fluorophenyl)-1-methyl-2-(methylthio)-1H-
imidazol-5-yl)pyridin-2-yl)cyclopropanecarboxamide ~ (14)  [25].

4-(4-(4-Fluorophenyl)-1-methyl-2-(methylthio)-1H-imidazol-5-
yl)pyridin-2-amine (13) [25] (150 mg, 0.48 mmol) was dissolved in
pyridine (5 mL) and cooled to 0 °C. Cyclopropanecarbonyl chloride
(87 puL, 0.95 mmol) was added dropwise via syringe. The reaction
was stirred for 2 h before H;O (40mL) was added and it was
extracted with ethyl acetate (3x). The combined organic layers
were dried over anhydrous NaSO4, concentrated in vacuo and
purified by flash column chromatography (SiO,, n-hexane/EtOAc
50:50) to give 14 as a yellow solid (57 mg, 31%). TH NMR (300 MHz,
DMSO0-dg) 6 0.79—0.90 (m, 4H), 2.01—2.12 (m, 1H), 2.69 (s, 3H), 3.44
(s, 3H), 7.06—7.22 (m, 3H), 7.39—7.53 (m, 2H), 8.10 (d, ] = 0.5 Hz, TH),
8.46 (dd, J=5.0,=0.6 Hz, 1H), 11.02 (s, 1H). *C NMR (75 MHz,
DMSO0-dg) 6 7.7,14.2,15.3, 31.6, 114.3, 115.2 (d, ¥Jcr = 21.0 Hz), 120.3,
127.9, 128.2 (d, 3Jcp= 7.7 Hz), 130.4 (d, 4Jcr = 3.3 Hz), 137.0, 139.9,
143.9,148.8,152.8,161.0 (d, 1JCF =245.5 Hz), 172.8; TLC-MS (ESI) m/
z = 3831 [M + H]* mjz=383.1 [M—HJ. HPLC: tg=6.39min
(100.0% purity).

4.2.4.40. N-(4-(5-(4-Fluorophenyl)-1-methyl-2-(methylthio)-1H-
imidazol-4-yl)pyridin-2-yl)cyclopropanecarboxamide (16). The title
compound was prepared according to general procedure A start-
ing from 2-chloro-4-(5-(4-fluorophenyl)-1-methyl-2-(methylthio)-
1H-imidazol-4-yl)pyridine (15) [22] (100 mg, 0.30 mmol) and
cyclopropanecarboxamide (38.3 mg, 0.45mmol). Purification by
flash column chromatography (SiO,, n-hexane/EtOAc 70:30 to
50:50) afforded 16 as a yellow solid (72mg, 63%). 'H NMR
(300 MHz, CDCl3) 6 0.77—0.86 (m, 2H), 1.01-1.09 (m, 2H), 1.46—1.58
(m, 1H), 2.73 (s, 3H), 3.35 (s, 3H), 6.96 (dd, J=5.3, 1.6 Hz, 1H),
7.15-7.23 (m, 2H), 7.27—7.34 (m, 2H), 8.01 (dd, J = 5.4, 0.6 Hz, 1H),
8.33 (s, 1H), 8.85 (br. 5, 1H). *C NMR (75 MHz, CDCl3) 8.1,15.5, 15.7,
31.2, 111.0, 1165 (d, Jcp=21.6 Hz), 119.2, 125.9 (d, 4Jcr=3.3 Hz),
132.0 (d, 3Jcr = 8.3 Hz), 132.4, 135.8, 144.3, 144.3, 147.0, 151.9, 163.2
(d, YJer = 249.9 Hz), 171.9; TLC-MS (ESI) m/z = 383.4 [M + H]* m/
z=381.4 [M — H]". HPLC: tg = 5.50 min (98.9% purity).

4.2.4.41. 1-(4-Fluorophenyl)-2-(2-((4-methoxybenzyl)amino )pyr-
idin-4-yl)ethane-1,2-dione (17). Compound 7 (4.00g, 8.88 mmol)
was dissolved in acetic acid and selenium dioxide (1.17 g,
10.66 mmol) was added. The reaction mixture was stirred at 130 °C
for 1.5 h. After cooling to rt, the mixture was filtered and the solvent
was removed under reduced pressure. The residue was dissolved in
DCM (20 mL) and washed with sat. sodium bicarbonate solution
(3x). The aqueous layer was adjusted to pH 10—11 with 1 M NaOH
and extracted twice with DCM. The combined organic layers were
dried over anhydrous Na;SO4 and the compound was purified by
flash chromatography (SiO,, n-hexane/EtOAc 85:15 to 70:30) to
give 17 as a yellow solid (1.41 g, 44%). '"H NMR (300 MHz, CDCl3)
03.80 (s, 3H), 4.47 (d, ] = 4.3 Hz, 2H), 5.20 (br. s, 1H), 6.81—6.89 (m,
3H), 7.00 (dd, = 5.3, 1.4 Hz, 1H), 7.14—7.27 (m, 4H), 7.93-8.01 (m,
2H), 8.29 (dd, J=5.2, 0.7Hz, 1H). TLC-MS (ESI) m/z = 397.1
[M + MeOH|* m/z=363.0 [M — H|". HPLC: tg = 5.40 min.

4.2.4.42. 1-(2-Aminopyridin-4-yl)-2-(4-fluorophenyl)ethane-1,2-
dione (18). Compound 17 (1.18 g, 3.25 mmol) was dissolved in TFA
(15mL) and stirred at rt until reaction control by TLC showed
complete conversion. The solvent was removed under reduced
pressure and the residue was dissolved in DCM (20 mL) and washed
with sat. sodium bicarbonate solution (3x). The aqueous layer was
adjusted to pH 10—11 with 1M NaOH and extracted twice with
DCM. The combined organic layers were dried over anhydrous
NaySO4 and purified by flash chromatography (SiO,, n-hexane/
EtOAc 70:30 to 50:50) to give 18 as an orange-yellow solid (769 mg,
97%). '"H NMR (300 MHz, CDCl3) 6 6.46 (s, 2H), 6.84—6.87 (m, 2H),
747 (t, J=89Hz, 2H), 8.03 (dd, J=9.0, 54Hz, 2H), 817 (d,
J=6.1Hz, 1H). >C NMR (75 MHz, DMSO-dg) 6 107.8, 108.7, 116.9 (d,
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Y =22.1Hz), 128.7 (d, Ycr=2.8Hz), 133.0 (d, YJcr=10.5Hz),
139.3, 149.8, 160.7, 166.4 (d, Jcr = 256.5 Hz), 192.4, 194.6. TLC-MS
(ESI) mfz = 2769 [M + MeOH|* mjz=242.9 [M— HJ". HPLC:
tr = 2.18 min.

4.2.4.43. N-(Cyclopropanecarbonyl)-N-(4-(2-(4-fluorophenyl)-2-
oxoacetyl)pyridin-2-yl)cyclopropanecarboxamide (19b).
Compound 18 (1.06 g, 4.35 mmol) was dissolved in DCM (15 mL),
cooled to 0°C and N,N-diisopropylethylamine (2.50 mL,
15.22 mmol) was added. Subsequently a solution of cyclo-
propanecarbonyl chloride (1.82 g, 17.39 mmol) in DCM (10 mL) was
added dropwise to the cooled solution. After 1 h, the cooling bath
was removed and the mixture was stirred at rt for 17 h. Water
(50 mL) was added and the organic layer was collected, washed
with sat. sodium bicarbonate solution (2x) and dried over anhy-
drous Na;SOg4. Purification by flash chromatography (SiO,, n-hex-
ane/EtOAc 90:10 to 50:50) afforded 19b as an orange solid (350 mg,
21%). 'H NMR (300 MHz, CDCl3) 6 0.91—0.99 (m, 4H), 1.17—1.24 (m,
4H), 1.99 (tt, J=7.9, 4.6 Hz, 2H), 7.19—7.26 (m, 2H), 7.79—7.86 (m,
2H), 8.01-8.14 (m, 2H), 8.85 (dd, ] =5.0, 0.9 Hz, 1H). TLC-MS (ESI)
m/z = 435.0 [M + MeOH + Na|". HPLC: tgr = 6.89 min.

4.2.4.44. N-(4-(4-(4-Fluorophenyl)-1H-imidazol-5-yl)pyridin-2-yl)
cyclopropanecarboxamide (20a). The title compound was prepared
according to general procedure D starting from 19b (200 mg,
0.53 mmol) using ammonium acetate (811 mg, 10.52 mmol) and
paraformaldehyde (24 mg, 0.79 mmol). Purification by flash chro-
matography (SiO,, DCM/EtOH 95:05) afforded 20a as a white solid
(110 mg, 65%). 'H NMR (300 MHz, DMSO-dg) 6 0.78 (d, J = 5.9 Hz,
4H), 1.95-2.04 (m, 1H), 7.01 (dd, J=5.2, 1.5Hz, 1H), 7.26 (t,
J=8.9Hz, 2H), 745-754 (m, 2H), 7.87 (s, 1H), 8.17 (d, J=5.2 Hz,
1H), 8.33 (s, 1H), 10.73 (s, 1H), 12.79 (br. s., 1H). *C NMR (75 MHz,
DMSO-d) 6 7.6, 14.2, 110.9, 115.7 (d, ?Jcr = 22.1 Hz), 116.7, 130.3 (d,
3Jcr=8.3Hz), 1364, 1478, 152.6, 1617 (d, Jep=244.4Hz),
172.4.TLC-MS (ESI) mjz = 3229 [M + H]" m/z=321.0 [M—H].
HPLC: tg = 2.98 min (98.3% purity).

4.2.4.45. N-(4-(4-(4-Fluorophenyl)-2-methyl-1H-imidazol-5-yl)pyr-
idin-2-yl)cyclopropanecarboxamide (20b). The title compound was
prepared according to general procedure D starting from 19b
(100 mg, 0.26 mmol) using ammonium acetate (405 mg,
5.26 mmol) and acetaldehyde (17 mg, 0.39 mmol). Purification by
flash chromatography (SiO,, DCM/EtOH 95:05 to 90:10) afforded
20b as a white solid (10mg, 11%). '"H NMR (300 MHz, DMSO-dg)
6 0.78 (d, J=6.1 Hz, 4H), 1.94—2.03 (m, 1H), 2.34 (s, 3H), 6.96 (dd,
J=5.2,1.6 Hz, 1H), 7.23 (t,] = 8.8 Hz, 2H), 7.42—7.50 (m, 2H), 8.12 (d,
J=5.1Hz, 1H), 8.29 (br. 5., 1H), 10.66 (br. s., 1H), 12.33 (br. 5., 1H). '*C
NMR (75 MHz, CDCl3) ¢ 8.4, 13.9, 25.6, 111.0, 115.6 (d, ¥cF = 21.6),
1174, 130.0 (d, 3Jcr=8.3Hz), 1456, 147.6, 1519, 162.4 (d,
Jcp = 247.7 Hz), 172.7. TLC-MS (ESI) mjz = 3371 [M + H]* m/
z=335.1 [M — HJ]". HPLC: tg = 3.43 min (95.7%)

4.2.4.46. N-(4-(2-Ethyl-4-(4-fluorophenyl)-1H-imidazol-5-yl)pyr-
idin-2-yl)cyclopropanecarboxamide (20c). The title compound was
prepared according to general procedure D starting from 19b
(150 mg, 0.39mmol) using ammonium acetate (608 mg,
7.89 mmol) and propionaldehyde (34 mg, 0.59 mmol). Purification
by flash chromatography (SiO2, DCM/EtOH 97:03 to 94:06) afforded
20c as a white solid (47 mg, 34%). 'H NMR (300 MHz, CDCls)
6 0.81-0.89 (m, 2H), 0.99-1.05 (m, 2H), 1.29 (t, J=7.7 Hz, 3H),
1.53—1.63 (m, 1H), 2.71 (q, J = 7.6 Hz, 2H), 6.94—7.03 (m, 3H), 7.39
(dd,J = 8.6, 5.4 Hz, 2H), 8.05 (d, /] = 5.4 Hz, 1H), 8.26 (s, 1H), 9.19 (br.
s., 1H). 3C NMR (75 MHz, CDCl3) 6 8.4,12.6,15.7, 21.7,111.2,115.6 (d,
2 = 21.6 Hz), 117.5,130.1 (d, *Jr = 8.3 Hz), 147.4,150.8, 152.0, 162.4
(d, Ycp=247.1 Hz), 172.7. TLC-MS (ESI) m/z = 351.0 [M + H]* m/

z=349.1 [M — H]". HPLC: tg = 3.84 min (95.1% purity).

4.2.4.47. N-(4-(4-(4-Fluorophenyl)-2-phenyl-1H-imidazol-5-yl)pyr-
idin-2-yl)cyclopropanecarboxamide (20d). The title compound was
prepared according to general procedure D starting from 19b
(100mg, 0.26 mmol) using ammonium acetate (405 mg,
5.26 mmol) and benzaldehyde (42 mg, 0.39 mmol). Purification by
flash chromatography (SiO,, n-hexane/EtOAc 50:50) afforded 20d
as a white solid (25mg, 24%). '"H NMR (300 MHz, DMSO-dg)
00.75—0.84 (m, 4H), 1.96—2.05 (m, 1H), 7.06 (dd, ] = 5.3, 1.4 Hz, 1H),
7.29 (t, J=8.5Hz, 2H), 7.36—7.44 (m, 1H), 7.44-7.53 (m, 2H),
7.53—7.62 (m, 2H), 8.04—8.11 (m, 2H), 8.18 (d, J = 4.6 Hz, 1H), 8.40
(br. s., 1H), 10.73 (br. 5., 1H). *C NMR (75 MHz, DMSO-dg) 6 7.6, 14.2,
111.1, 115.7 (d, ?Jcp = 21.6 Hz), 116.5, 125.4, 128.7, 128.8, 129.9, 130.9
(d, 3Jcr = 8.9 Hz), 146.2, 147.7,152.5,161.9 (d, "Jcr = 242.1 Hz), 172.4.
TLC-MS (ESI) m/z = 421.0 [M + Na|* m/z=397.0 [M — H]". HPLC:
tr = 6.74 min (98.9% purity).

4.2.4.48. N-(4-(2-Benzyl-4-(4-fluorophenyl)-1H-imidazol-5-yl)pyr-
idin-2-yl)cyclopropanecarboxamide (20e). The title compound was
prepared according to general procedure D starting from 19b
(150 mg, 0.39mmol) using ammonium acetate (608 mg,
7.89 mmol) and phenylacetaldehyde (61 mg, 0.59 mmol). Purifica-
tion by flash chromatography (SiO;, n-hexane/EtOAc 70:30 to
30:70) afforded 20e as a tan white solid (8 mg, 5%). 'H NMR
(300 MHz, DMSO-dg) 6 0.82 (d, ] =5.96 Hz, 4H), 2.01-2.06 (m, 1H),
4,03—4.13 (m, 2H), 7.01 (dd, J = 5.27, 1.51 Hz, 1H), 7.27 (td, ] = 5.91,
2.48 Hz, 3H), 7.32—7.41 (m, 4H), 7.51 (dd, ] = 8.62, 5.59 Hz, 2H), 8.16
(br.s., 1H), 8.34 (br. s., 1H), 10.72 (br. 5., 1H), 12.21-12.99 (m, 1H). 13C
NMR (75MHz, DMSO-ds) 6 7.6, 14.2, 34.0, 110.7, 115.6 (d,
2Jcp=22.1Hz), 116.6, 126.4, 128.4, 128.5, 130.3 (d, 3Jcp=7.7 Hz),
138.2, 147.7,152.6, 161.8 (d, Jcr = 244.9 Hz), 172.4. TLC-MS (ESI) m/
z=413.1[M + H]" m/z=411.1 [M — H]". HPLC: tg = 6.65 min (95.9%
purity).

4.2.4.49. N-(4-(4-(4-Fluorophenyl)-2-phenethyl-1H-imidazol-5-yl)
pyridin-2-yl)cyclopropanecarboxamide ~ (20f). Compound  19b
(150 mg, 0.39 mmol) was dissolved in methanol (8 mL) before 7 M
ammonia in methanol (112mL, 789mmol) and 3-
phenylpropionaldehyde (79 mg, 0.59 mmol) were added. The re-
action was heated to 80 °C for 3 h. Evaporation of the solvent and
subsequent purification by flash chromatography (SiO,, n-hexane/
EtOAC 90:10 to 15:85) afforded 20f as a brown solid (25 mg, 15%). 'H
NMR (300 MHz, DMSO-dg) & 0.79 (d, J = 6.1 Hz, 4H), 2.00 (quin,
J=6.2Hz, 1H), 2.91-3.10 (m, 4H), 6.98 (dd, J=5.2, 1.6 Hz, 1H),
7.15—7.37 (m, 7H), 7.48 (dd, ] = 8.7, 5.6 Hz, 2H), 8.08—8.41 (m, 2H),
10.68 (br. s., TH), 12.42 (br. s., TH). '3C NMR (75 MHz, CDCl3) 6 8.5,
15.8, 30.5, 34.7, 111.2, 115.7 (d, 2]cl=:21.6 Hz), 117.5, 126.4, 128.4,
128.6, 1301 (d, *Jcp=8.3 Hz), 140.7, 147.5, 148.8, 152.0, 162.5 (d,
Yep=247.7Hz), 172.7. TLC-MS (ESI) m/z = 4271 [M + H]* m/
z=4252 [M — H]". HPLC: tgr = 6.89 min (97.5% purity).

4.2.4.50. N-(4-(4-(4-Fluorophenyl)-2-(furan-2-yl)-1H-imidazol-5-yl)
pyridin-2-yl)cyclopropanecarboxamide (20g). The title compound
was prepared according to general procedure D starting from 19b
(150 mg, 0.39mmol) using ammonium acetate (608 mg,
7.89 mmol) and 2-furaldehyde (57 mg, 0.59 mmol). Purification by
flash chromatography (SiO2, DCM/EtOH 97:03 to 95:05) afforded
20g as a brown solid (79 mg, 52%). 'TH NMR (300 MHz, DMSO-dg)
0 0.80 (d, J=5.9Hz, 4H), 1.13—1.24 (m, 1H), 6.66 (dd, = 3.2, 1.7 Hz,
1H), 7.02 (d, ] = 3.4 Hz, 2H), 7.29 (br. s., 2H), 7.55 (dd, ] = 8.6, 5.6 Hz,
2H), 7.84 (s, 1H), 8.12—8.44 (m, 2H), 10.76 (br. s., 1H), 13.10 (br. s.,
1H). 3C NMR (75 MHz, DMSO-dg) 6 7.6, 14.2,108.1, 111.1,111.9, 115.7
(d, ¥cr =216 Hz), 116.9, 130.7 (d, *Jcr = 8.3 Hz), 139.2, 1434, 145.2,
147.7, 152.5, 1619 (d, YJcr=245.5Hz), 172.4. TLC-MS (ESI) m/
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z = 389.0 [M + H]" mjz=387.0 [M —H]J. HPLC: tg=5.70 min
(100.0% purity).

4.2.4.51. 2-Methyl-1-((2-(trimethylsilyl)ethoxy )methyl)-1H-imid-
azole (22). 2-Methylimidazole (21) (925 mg, 11.27 mmol) was dis-
solved in THF (40 mL), cooled to 0°C and sodium hydride 60% in
mineral oil (500 mg, 12.50 mmol) was added portionwise over
5min. After 30 min of stirring at 0°C, 2-(trimethylsilyl)ethox-
ymethyl chloride (2.00 mL, 11.30 mmol) was added dropwise and
the mixture was stirred at rt for 18 h. Purification by flash chro-
matography (SiO,, n-hexane/EtOAc 90:10 to 60:40) afforded 22 as a
clear oil (2.30g, 96%). 'H NMR (300 MHz, CDCl3) 6 —0.02 (s, 9H),
0.82—0.95 (m, 2H), 2.43 (s, 3H), 3.39—3.53 (m, 2H), 5.18 (s, 2H), 6.90
(s, 2H).

4.2.4.52. 2-Methyl-5-(tributylstannyl)-1-((2-(trimethylsilyl)ethoxy)
methyl)-1H-imidazole (23). The title compound was synthesized
according to a previously reported method [34] to give 23 as a clear
0il (1.41 g, 25%). "H NMR (300 MHz, CDCl3) 6 0.00 (s, 9H), 0.85—0.96
(m, 12H), 1.02—1.11 (m, 5H), 1.25—1.40 (m, 7H), 1.46—1.56 (m, 5H),
2.48 (s, 3H), 3.37—3.47 (m, 2H), 5.14 (s, 2H), 6.90 (s, 1H). TLC-MS
(ESI) m/z = 373.0 [M + H]*.

4.2.4.53. N-(4-(2-Methyl-1-((2-(trimethylsilyl)ethoxy )methyl)-1H-
imidazol-5-yl)pyridin-2-yl)cyclopropanecarboxamide (24).
Compound 23 (462mg, 0.92 mmol), N-(4-bromopyridin-2-yl)
cyclopropanecarboxamide (222 mg, 0.92 mmol) and Pd(PPhs)s
(77 mg, 0.069 mmol) were dissolved in degassed 1,4-dioxane
(9 mL) under an atmosphere of argon. The reaction mixture was
heated to 105 °C for 18 h before the solution was filtered through a
pad of Celite. The pad was washed with DCM (30 mL) and the
solvents were removed under reduced pressure. Purification by
flash chromatography (SiO,, DCM/EtOH 95:05) afforded 24 as an
off-white solid (265 mg, 77%). '"H NMR (300 MHz, CDCl3) 6 —0.04 (s,
9H), 0.84—0.92 (m, 4H), 1.06—1.15 (m, 2H), 1.55—1.67 (m, 1H), 2.53
(s, 3H), 3.45—3.55 (m, 2H), 5.28 (s, 2H), 7.16 (dd, J = 5.3, 1.6 Hz, 1H),
7.18 (s,1H), 8.27 (dd,J=5.2, 0.6 Hz, 1H), 8.30 (d, ] = 0.6 Hz, 1H), 9.17
(s, TH). 13C NMR (75 MHz, CDCl3) 6 —1.5, 8.3, 13.7, 15.7, 17.7, 66.0,
72.7,112.2, 118.0, 128.6, 131.3, 140.0, 148.0, 148.8, 152.2, 172.5. TLC-
MS (ESI) mfz = 3949 [M + Na]* mjz=371.0 [M —H]". HPLC:
tr = 5.99 min (100.0% purity).

4.2.4.54. N-(4-(2-Methyl-1H-imidazol-5-yl)pyridin-2-yl)cyclo-
propanecarboxamide (25). Compound 24 (69 mg, 0.19 mmol) was
dissolved in DCM (2 mL) before TFA (2 mL) was added and the so-
lution was stirred for 6hat rt. Sat. sodium bicarbonate solution
(15mL) was added and the organic layer was separated. The
aqueous phase was extracted with DCM (4x) and the combined
organic layers were dried over anhydrous Na,SO4 before the sol-
vent was removed under reduced pressure. Purification by flash
chromatography (SiO,, DCM/EtOH 95:05 to 90:10) afforded 25 as a
tan white solid (40mg, 89%). 'H NMR (300 MHz, DMSO-dg)
00.74—0.86 (m, 4H), 1.96—2.06 (m, 1H), 2.32 (s, 3H), 7.35(dd, ] = 5.2,
1.6 Hz, 1H), 7.61 (s, 1H), 8.18 (d, J=5.2 Hz, 1H), 8.40 (d, J=0.4Hz,
1H), 10.64 (s, 1H), 12.07 (br. s., TH). 3C NMR (75 MHz, DMSO-dg)
0 7.6,13.8, 14.3, 108.1, 114.5, 116.6, 136.5, 143.5, 145.4, 147.9, 152.7,
172.5. TLC-MS (ESI) m/z = 243.0 [M + H|" m/z=241.0 [M — HJ.
HPLC: tg = 1.35 min (99.1% purity).

4.2.4.55. N-(Cyclopropylmethyl)-4-(4-(4-fluorophenyl)-2-(methyl-
thio)-1H-imidazol-5-yl)pyridin-2-amine  (26). Compound  11a
(100 mg, 0.31mmol) and cyclopropanemethylamine (545 pL,
6.29 mmol) were combined in a small reaction vessel. The reaction
was heated to 160 °C for 48 h. The reaction mixture was allowed to
cool to rt and HO (15 mL) was added. It was extracted with ethyl

acetate (3x) and the combined organic layers were washed with
brine. After drying over anhydrous Na;SO4 the solvent was
removed under reduced pressure and purified by flash chroma-
tography (SiO, DCM/EtOH 97:03) afforded 26 as a yellow solid
(23 mg, 21%). '"H NMR (300 MHz, MeOD) § 0.15—0.22 (m, 2H),
0.43—-0.52 (m, 2H), 0.91-1.08 (m, 1H), 2.61 (s, 3H), 3.02 (d,
J=6.8Hz, 2H), 6.52 (dd, ] = 5.5, 1.4 Hz, 1H), 6.57 (s, 1H), 7.05—7.17
(m, 2H), 7.38—7.49 (m, 2H), 7.79 (dd, J = 5.5, 0.4 Hz, 1H). 13C NMR
(75 MHz, MeOD) ¢ 4.0, 11.7, 17.0, 47.8, 107.0, 111.8, 116.7 (d,
2jep=21.6 Hz), 131.8 (d, *Jcp = 8.3 Hz), 144.6, 148.3, 160.7, 164.1 (d,
1jcp = 246.6 Hz). TLC-MS (ESI) m/z = 355.5 [M + H]" m/z=353.4
[M — H]". HPLC: tg = 5.08 min (100.0% purity).

4.3. GSK3 assay

Inhibitory activity on GSK3a and GSK3p was evaluated by using
the ADP-Glo™ Kinase Assay kit from Promega (Promega Corpora-
tion, Madison, WI 53711, USA) [36]. The assay was performed in
white, non-treated 384-well plates (Corning) using a concentration
of 0.50 ng/uL of recombinant human GSK3a or 0.58 ng/uL of re-
combinant human GSK38, 25 uM ATP, and 0.2 pg/uL GSK3 substrate
G50-58 (sequence: YRRAAVPPSPSLSRHSSPHQ(pS)EDEEE) in pres-
ence of serial dilutions of test compounds. A control consisting of
uninhibited kinase and one presenting ATP/substrate solution were
also included in the plate. Kinase was pre-incubated with the test
compounds for 10 min at rt and the reaction was then started with
the addition of substrate/ATP and run for 60 minat rt. After the
addition of ADP-Glo™ reagent (5 pL, 60 min incubation) and kinase
detection reagent (10 pL, 30 min incubation), the luminescence was
measured using a FilterMax F5 microplate reader (Molecular De-
vices) with an integration time of 500 ms. Raw data were normal-
ized to the values of control wells and analyzed using the software
GraphPad Prism v.7.03. Each experiment was performed two times
in quadruplicate.

4.4. Molecular modeling

All the modeling was conducted with Maestro Small-Molecule
Drug Discovery Suite 2017-4 (Schrodinger, LLC) with OPLS3 force
field [52]. Prior to docking, the small-molecules were prepared
with LipPrep (default settings) using Epik [53,54] to generate the
potential tautomers and ionization states. The Induced Fit docking
[39—41] was performed with the GSK3 crystal structure (PDB ID:
4PTC), which was prepared using Protein Preparation Wizard
(default settings) [55]. The box center was defined by the co-
crystalized ligand. H-bond constrains were applied to the hinge
region Val135 (backbone NH and O). The default settings were used
in the IFD, except the Glide redocking was conducted with XP
precision [56]. The MD simulation was conducted with Desmond
[57]. The system was solvated in a cubic box (edges 13 A from the
protein) and neutralized with counterions (Cl~). The water was
described with TIP3P water model [58]. The final system consisted
of 58,185 atoms. The default relaxation protocol was used before
the 200 ns production simulation, which was conducted in NPT
ensemble (300K; 1.01325bar). The figures were prepared with
PyMOL 2.2.3 (Schrodinger, LLC).

Notes
The authors declare no competing financial interest.
Acknowledgments

We thank Jens Strobach and Katharina Bauer for their assistance
in the p38a MAP kinase ELISA activity assay. We appreciate the



Appendix

195

328

E Heider et al. / European Journal of Medicinal Chemistry 175 (2019) 309—329

helpful comments of Johannes Heidrich on the use of PyMOL and
Schrodinger Maestro. This study was supported by the Federal
Ministry of Education and Research (BMBF) within the BioPharma-
Neuroallianz consortium (Neuro-T8B project).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ejmech.2019.04.035.

Abbreviations

AD Alzheimer's disease

GSK3 glycogen synthase kinase 3

MAP mitogen-activated protein

PyBOP (benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate

HATU 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo
[4,5-b]pyridinium 3-oxide hexafluorophosphate

HWB human whole blood

LPS lipopolysaccharide

NaHMDS sodium hexamethyldisilazide

SEM 2-(trimethylsilyl)ethoxymethyl

TFA trifluoroacetic acid

TNF-o. tumor necrosis factor-o.
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Screening of Metabolites by LC-MS Analysis

The metabolite formation was analyzed with an Alliance 2695 Separations Module (Waters GmbH,
Eschborn). Samples were maintained at 4 °C, the column temperature was set to 40 °C and injection
volume was 10 pL. The chromatographic separation for all analytes was performed on a Phenomenex
Synergi Polar-RP column (150 x 4.6 mm; 5 pm) with a precolumn of the same material. An isocratic
gradient of 9 min with 30 % solvent A (90 % H20, 10 % ACN, 0.1 % formic acid) and 70 % solvent B
(ACN, 0.1 % formic acid) at a flow rate of 370 yL/min was used for 1c. For 20c, an isocratic gradient
of 10 min with 31.5 % solvent A (90 % H-0O, 10 % ACN, 0.1 % formic acid) and 68.5 % solvent B
(ACN, 0.1 % formic acid) at a flow rate of 350 yuL/min was used. For 2e, an isocratic gradient of 9.5
min with 30 % solvent A (90 % H20, 10 % ACN, 0.1 % formic acid) and 70 % solvent B (ACN, 0.1 %
formic acid) at a flow rate of 400 yL/min was employed. The detection was performed on a Micromass
Quattro micro triple quadrupole mass spectrometer (Waters GmbH, Eschborn) using the
electrospray-ionization in the positive-mode.

Spray voltage was set to 4.0 kV. The heated capillary operated at 250 °C and the desolvation gas
flow worked at 500 L/h.

Metabolic stability in human liver microsomes

Table S1. Degradation of 1c

time [min] |  #1 [%] #2 [%] #3[%] |AVERAGE[%]| SD
0 100.00 100.00 100.00 100.00 0.00

10 98.94 98.19 99.40 98.84 0.50

20 99.25 95.28 99.25 97.93 1.87

30 90.27 89.61 89.04 89.64 0.50

60 82.49 81.95 80.91 81.78 0.65
120 65.71 64.55 67.32 65.86 1.14
180 52.46 52.54 51.17 52.06 0.63
240 43.81 4468 4352 44.00 0.49

Table S2. Degradation of 20c

time [min] |  #1 [%] #2 [%] #3[%] | AVERAGE [%]| SD
0 100.00 100.00 100.00 100.00 0.00

10 95.36 94.97 95.90 95.41 0.38

20 90.94 96.85 92.31 93.36 2.53

30 91.62 95.88 93.96 93.82 1.74

60 95.32 97.07 93.05 95.15 1.64
120 93.82 96.08 99.39 96.43 2.29
180 97.38 100.08 98.73 1.35
240 96.83 99.73 98.28 145
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Table S3. Degradation of 20e

time [min] |  #1 [%] #2[%] |AVERAGE[%]| SD
0 100.00 100.00 100.00 0.00

10 94.27 90.52 92.40 1.88

20 85.12 82.12 83.62 1.50

30 78.34 77.88 78.11 0.23

60 68.87 69.99 69.43 0.56
120 67.42 57 69.85 243
180 67.25 70.19 68.72 1.47
240 66.81 65.30 66.06 076

S3
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Solubility testing

To investigate the solubility of the compounds, a dilution series of the corresponding compounds was
prepared in methanol (1, 0.5, 0.1, 0.05, 0.01 mg/mL) and measured by HPLC (detection at 254 nm).
Plotting the area underneath the curve to the mass concentration of the solutions gave a calibration
line, which was used to calculate the solubility afterwards. A saturated solution of the corresponding
compound in PBS buffer (pH 7.8) was prepared and sonicated for 1 h. The same samples were then

filtered, measured by HPLC and the peak area was used to estimate the solubility using the previously
gathered equation.

Compound 1c

6000 y=6223.5x-98.374 o
RZ:OQQB_{’;.-"”

3000 e

peak area [mAU*s]

1000

0 0.2 0.4 0.6 0.8 1
¢ in MeOH [mg/ml]

Figure S1. Calibration line with concentrations ranging from 0.01 mg/mL to 1 mg/mL of 1c.

= Solubility of compound 1¢: 0.051 mg/mL

Compound 20c

y=6731.4x-87.533
2 aa®
6000 Ri=0.9923

peak area [mAU*s]
=
8
o

0 0.2 0.4 0.6 0.8 1
¢ in MeOH [mg/ml]

Figure S2. Calibration line with concentrations ranging from 0.01 mg/mL to 1 mg/mL of 20c.

= Solubility of compound 20¢: 0.155 mg/mL
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Kinase selectivity screening of 20c.

Compound 20c was tested at Cerep, Eurofins (Celle L'Evescault, France) in the ExpresS Diversity

Kinase Panel against 45 selected human kinases at a concentration of 1 uM.

Table S4. Inhibition of selected kinases (n=2).

# kinase name kinase family? | mean inhibition [%]
1 Abl TK 91.47
2 Akt1 (PKBalpha) AGC 2.06
3 Aurora-A other 2.76
4 CaMK2alpha CAMK -2.55
5 CDK1 CAMGC -11.56
6 CDK2 CAMGC 11.15
7 CHK1 CAMK 9.05
8 CHK?2 CAMK -9.70
9 c-Raf (Raf-1) TKL 59.75
10 EGFR TK 93.35
11 EPHA2 TK 95.53
12 EPHA3 TK 76.63
13 EphB4 TK 94.67
14 ERK2 (MAPK1) CMGC 10.94
15 FGFR TK 47.03
16 FGFR2 K 74.38
17 FGFR3 TK 64.45
18 GSK3beta CMGC 96.97
19 HGK (MAP4K4) STE 97.87
20 IKKalpha Other -2.16
21 IR RTK 424
22 IRAK4 TKL 2.96
23 JAK3 TK 24.83
24 JNK1 CMGC 78.26
25 KDR (VEGFR2) TK 98.73
26 LCK TK 56.43
27 MAPKAPK?2 CAMK -4 .86
28 MARK1 CAMK -5.30
29 Met TK 54.87
30 MNK2 CAMK 1.16
31 NEK2 Other -1.98
32 PAK2 STE 558
33 PAK4 STE 4.82
34 PDK1 AGC -5.07
35 PIM2 CAMK -0.24
36 PKA AGC -7.30
37 PKCbeta AGC 10.68
38 PLK1 Other 2.78
39 ROCK1 AGC -8.13
40 SAPK2A (p38alpha) CMGC 93.63
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Table S4. continued.

# kinase name kinase family? | mean inhibition [%]
41 SGK1 AGC 8.36
42 SIK CAMK 8.06
43 SRC TK 51.61
44 TAO2 STE 54 .43
45 TRKA TK 10.60

28AGC: containing PKA, PKG and PKC families; CAMK: calcium/calmoduline-dependent protein kinases; CK1:
casein kinase 1-like; CMGC: containing CDK, MAPK, GSK3 and CLK families; TK: tyrosine kinase; TKL:

tyrosine kinase-like; STE: homologs of yeast sterile 7, sterile 11, sterile 20 kinases.
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Characterization as ATP-competitive GSK3p inhibitors

Compounds 1¢ (Figure S3) and 20c (Figure S4) were tested at three different ATP concentrations

(25 pM, 100 pM and 500 pM) to prove their ATP-competitiveness.

Cpd 1c: 25 pM ATP

100 + A A
' IC5o = 18.46 nM
S
50
5 R?=0.0422
3
£, Hill Slope = 0.6086
- i & 2 3 H 5
: log c(Inhibitor) [nM]
504 :
Cpd 1c: 100 uM ATP
100 4
IC50 = 174.3 nM
£
c 501 R? = 0.9034
S
4 : Hill Slope = 0.9608
c 0 T — T T
1 1 2 3 4
log c(Inhibitor) [nM]
504 :
Cpd 1¢: 500 pM ATP
1004 1
ICsq = 423 NM
=
- R? = 0.8481
8
£ : Hill Slope = 0.7518
£ o] o T — T 1
- Jr 1 2 i3 4 5
log c(Inhibitor) [nM]
-50 :

Figure S3. ADP-Glo assay results of 1c at different ATP concentrations.
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Inhibition [%]
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Hill Slope = 0.867

ICs = 492.1 NM
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.50
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Figure S4. ADP-Glo assay results of 20c at different ATP concentrations.

S8



Appendix 205

CYP and hERG inhibition

CYP and hERG inhibition assays were performed by Reaction Biology Corp. (Devault, PA, USA).

CYP inhibition assay (fluorimetric detection) was performed at 10 uM inhibitor concentration in single

dose duplicate mode with human recombinant CYP enzyme and the appropriate CYP substrates:

CYP1A2: 3-Cyano-7-ethoxycoumarin
CYP2C9: Vivid® OOMR Substrate
CYP2C19:  Vivid® EOMCC Substrate
CYP2D6: Vivid® EOMCC Substrate (sic/)
CYP3A4 Vivid® BOMR Substrate: Cyp3A4

Furafylline was used as a positive control compound for CYP1A2, while Ketoconazole was used as
a positive control compound for all other tested CYP enzymes.
The hERG assay is based on the competition of a fluorescently labeled tracer (Predictor™ hERG

Tracer Red) binding to the membrane preparation containing hERG (Predictor™ hERG Membrane).

Compounds and tracer were mixed with the membrane preparation (in the dark) and the FP was
measured after 4 h incubation at rt.
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PK evaluation/CNS penetration in male CD1 mice

Compounds 1c and 20c were evaluated in regard to their basic pharmacokinetic parameters including
brain penetration after intfravenous administration to male RjOrl:Swiss CD-1 mice.

The experiments were performed by a CRO (Pharmacelsus GmbH, Saarbriicken, Germany) in
accordance with the regulations of the local Animal Welfare authorities. The animals were checked
for clinical signs throughout the study. They showed a normal behavior throughout the duration of the

experiment and no adverse effects were observed.

The compounds were formulated (10 % DMA, 40 % PEG, 30 % PEG, 20 % H20) and administered
by intravenous injection into the tail vein (2 mL/kg = 10 mg/kg). Three serial samples were obtained
from each mouse 10 min, 30 min and 120 min after dosing. A volume of 80 L Li-heparin plasma was
obtained from the retrobulbar venous plexus under isoflurane anesthesia. Whole blood was stored
on ice until centrifugation (10 minutes at 3000 g, 4 °C). Plasma was prepared within 45 min after
collection. Subsequently, the mice were sacrificed for dissection of the brains. All samples were

frozen and stored at -20 °C until the LC-MS analysis.

LC-MS settings:

The LC-MS system consisted of an Accela U-HPLC pump and an Accela Open Autosampler (Thermo
Fisher Scientific, USA) combined with a Q-Exactive mass spectrometer (Orbitrap™ technology with
accurate mass) equipped with a H-ESI (heated electrospray interface) (Thermo Fisher Scientific,
USA). The generated data was evaluated using the standard software Xcalibur 2.2. The LC flow rate
was set to 600 pl/min and the compounds were separated on an analytical column (Kinetex Phenyl-
Hexyl, 2.6 pm, 50x2,1 mm, Phenocmenex, Germany) with pre-column (Gemini C6-Phenyl Security
Guard Cartridge 4x2mm, Phenomenex, Germany). Gradient elution with water/0.2% HFBA as
agueous phase (A) and acetonitrile/0.2% HFBA as organic phase (B).

% B: 15 (0-0.1 min) to 97(0.4-1.7 min) to 15(1.8-2.5 min).
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Stock solutions of 1¢, 20c and 12a (= metabolite of 1¢) (2 mg/mL in DMSQO) were diluted with DMSO
to a final concentration of 100 ug/mL (start solution). Working solutions were prepared by further

dilution of the start solution in DMSO.

For quantification, the ISTD method was applied and the system calibrated using logarithmic
regression as mathematical model for an accurate best-fit calibration. The concentration levels for
calibration were chosen in the range of actual sample concentrations. The selectivity expressed as
signal to noise ratio was = 5. Method variability was assessed evaluating the within-run accuracy and

precision.

Preparation of the blood samples:

Calibration standards and QCs were prepared by spiking 20 L of drug free blank plasma with 2.4 pL
working solution. The calibration standards and quality controls were prepared in duplicates. A
volume of 20 pL of unknown samples, zero samples and blanks were spiked with 2.4 yL DMSO.
After 10 min of equilibration, a volume of 40 yL acetonitrile containing the internal standard
(Diazepam, 300 ng/mL) was added to each calibration standard, QC, zero sample and unknown
sample, while a volume of 40 L plain acetonitrile was added to all blanks. Samples were vigorously
shaken and centrifuged for 10 min at 6000 g at 20 °C. The particle free supernatant was diluted 1+1
with water. An aliquot was transferred to 200 yL sampler vials and subsequently subjected to LC-MS
with an injection volume of 15 pL. An aliquot was transferred to 200 uL sampler vials and

subsequently subjected to LC-MS with an injection volume of 15 pL.

Preparation of the brain samples:

Brains were homogenized in 1 volume of PBS using a Tissue Homogenizer (2x 10 sec, 5000 rpm
Precellys® 24/Dual (Peqglab Biotechnologie GmbH) combined with Precellys Kit ceramic beads, 2.8
mm).

Calibration standards and QCs were prepared by spiking 50 pL of drug free blank brain homogenate
with 6 uL working solution. The calibration standards and quality controls were prepared in duplicates.

A volume of 50 pL of unknown samples, zero samples and blanks were spiked with 6 uyL DMSO. After
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10 min of equilibration, a volume of 100 pL acetonitrile containing the internal standard (Diazepam,
300 ng/mL) was added to each calibration standard, QC, zero sample and unknown sample, while a
volume of 100 pL plain acetonitrile was added to all blanks. Samples were vigorously shaken and
centrifuged for 10 min at 6000 g at 20°C. The particle free supernatant was diluted 1+1 with water.
An aliquot was transferred to 200 yL sampler vials and subsequently subjected to LC-MS with an

injection volume of 15 L.
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Normalized Intensity
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Normalized Intensity
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ABSTRACT: Glycogen synthase kinase-3 (GSK3f) is R R GSK3B
involved in many pathological conditions and represents an i @

attractive drug target. We previously reported dual GSK343/ rQI Vs S )

p38a mitogen-activated protein kinase inhibitors and HN\(A N v
identified N-(4-(4-(4-fluorophenyl)-2-methyl-1H-imidazol-S- 0 HN\lﬁ
yl)pyridin-2-yl)cyclopropanecarboxamide (1) as a potent dual 3> [Fater motwork siabiizaton]

inhibitor of both target kinases. In this study, we aimed to

design selective GSK3/ inhibitors based on our pyridinylimi- AN . o  GSK3: Ry "—ﬂ;_%o f (‘B'.
dazole scaffold. Our efforts resulted in several novel and ~ : N Lo~ IC,=3nM l"N’ . NHz_-‘ o
X 2

s

potent GSK3f inhibitors with IC, values in the low N_/ = P M LLlE=764 v <5
nanomolar range. S-(2-(Cyclopropanecarboxamido)pyridin- HNW/X HNﬁzzg':;i?;zsi‘lliig HY \“A
4-yl)-4-cyclopropyl-1H-imidazole-2-carboxamide (6g) dis- o 2 o

played very good kinase selectivity as well as metabolical

stability and inhibited GSK3f activity in neuronal SH-SYSY cells. Interestingly, we observed the importance of the 2-
methylimidazole’s tautomeric state for the compound activity. Finally, we reveal how this crucial tautomerism effect is
surmounted by imidazole-2-carboxamides, which are able to stabilize the binding via enhanced water network interactions,
regardless of their tautomeric state.

KEYWORDS: Protein kinase inhibitors, glycogen synthase kinase-3, pyridinylimidazoles, tautomerism,
molecular dynamics simulation, quantum mechanics

lycogen synthase kinase-3f (GSK3p) is a ubiquitously We recently reported a series of pyridinylimidazoles as dual
expressed serine/threonine kinase, which plays an GSK3//p38a MAP kinase (MAPK) inhibitors and identified
important role in a variety of different cell signaling pathways. trisubstituted imidazole 1 as a potent balanced inhibitor of
GSK3p plays a crucial role in almost every pathway leading to both target enzymes (Figure 1).'> Furthermore, we observed
the hallmarks of Alzheimer’s disease"”” and is often referred to that the removal of the para-fluorophenyl ring (2), which
as a tau-kinase due to its capacity to modulate tau might be located in the hydrophobic region (HR) I of the ATP
hyperphosphorylation. Overactivity of GSK3f has also been binding site, resulted in a significantly reduced GSK3p
connected to an increased production of ﬂ-amyloids,3 inhibition with a complete loss of activity against p38a
neuroinflammation, and oxidative stress.” MAPK. In this study, our aim was to further improve the
GSK3p has also been associated with a plethora of other
pathological conditions such as diabetes,” cancer,”® schizo- Received:  April 17, 2019
phrenia,9 bipolar disorders,'® and osteoporosis.11 Thus, Accepted:  August 26, 2019
GSK3p is considered to be an attractive drug target. Published: August 26, 2019

ACS Publications — © 2019 American Chemical Society 1407 DOI: 10.1021/acsmedchemlett.9b00177
hid ACS Med. Chem. Lett. 2019, 10, 14071414
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Figure 1. Pyridinylimidazole-based lead compounds 1 and 2.

activity of our pyridinylimidazole scaffold while shifting the
selectivity toward GSK3p.

Recently, employing quantum mechanics (QM) in drug
design and development has become increasingly popular. For
instance, QM can be utilized to improve docking and scoring,
determining protonation states and optimizing structures as
well as ligand binding energies.">'* Also, the importance of
water in drug design is gaining more and more emphasis."®
The effect of water network stabilization for ligand binding has
been demonstrated e.g. by Klebe and co-workers.'® In
addition, molecular dynamics (MD) simulations offer valuable
insights into ligand binding interactions.'” By utilizing QM
calculations with MD simulations, we disclosed the importance
of tautomerism and water networks for the activity of our
pyridinylimidazole compounds. In this case, the observed SAR
could not have been clarified by simplified computational
tools, such as docking, which has major caveats especially
related to the solvent effects and dynamics of the system'® that
were found determining for the activity differences among
imidazoles.

B RESULTS AND DISCUSSION

Detailed descriptions of the synthetic sequences are reported
in Schemes S1—S14 (Supporting Information, SI).

To address the alarming diffuse trend of increasing the
inhibitor logP value in the lead optimization,'® we monitored
the lipophilic ligand efficacy (LLE) of the synthesized
compounds.”® The LLE of our lead compounds 1 and 2 was
already high with values of 5.10 and 4.40, respectively (Table
1).

Initially, we examined the influence of different substituents
reaching into the HR I of GSK3f. To this end, we synthesized
a series of 2-methylpyridinylimidazoles with different cyclo-
aliphatic and aromatic moieties attached to the imidazole-C4
position.

Replacing the aromatic ring with cycloalkyl moieties at the
imidazole-C4 position (3j—m) resulted in a substantial loss of
activity, leading to modest inhibitors of GSK3f in the
micromolar range displaying complete inactivity against p38a
MAPK.

Compounds with bulky moieties, such as 2-naphtyl (3h),
were inactive, probably because of a steric clash in the HR L

Replacement of the para-fluorophenyl ring with the S-
membered heteroaromatic rings thiophene (3d) or furan (3e)
as well as other minor changes on the para-fluorophenyl ring,
such as addition of a methyl (30) or a second fluorine atom
(3i), led to inhibitors with slightly increased ICg, values
compared to 1. Introduction of a pyrimidine (3g) at the
imidazole-C4 led to a completely inactive derivative. The less
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lipophilic ortho- and meta-hydroxyphenyl derivatives (3a and
3b, respectively) turned out to be potent GSK3f inhibitors
with sound LLE values, while the para-hydroxyphenyl
compound (3c) displayed substantially diminished inhibition
against both kinases. All potent GSK3/ inhibitors bearing an
aromatic ring in the HR I, however, remained potent inhibitors
of p38a MAPK, except for 3e with 10-fold selectivity for
GSK3p4.

To elucidate the observed dramatic loss of activity of certain
compounds, we investigated the influence of the R;-substituent
on the imidazole ring’s tautomeric state. To this end, we
conducted QM calculations to assess the probability of
different tautomeric states and conformations for the
compounds (Figure 2, see SI for details). Indeed, QM results
indicated that the active compounds generally prefer tautomer
A or at least represent a reasonable population of this
tautomeric state (Table S3, Supporting Information). For
instance, the low nanomolar inhibitors 3a, 3b, 3d, and 3e
display a clear preference for tautomer A (>71.5%). In turn,
the less active compounds 3¢ and 3j—m display a clearly
diminished population of tautomer A (<17%).

Obviously, the preference of a specific tautomeric state does
not fully determine the compound activity. For example, the
inactive compound 3g clearly prefers tautomer A (85.9%), but
the pyrimidine group is suboptimal for the hydrophobic region
(solvent preference). On the contrary, the highly lipophilic
para-fluorophenyl substituent in compound 1 clearly increases
potency, despite its preference for tautomer B. Interestingly,
the inactive 2-methoxyphenyl derivative 3f appears only in a
specific conformation as tautomer A, wherein the methoxy-
group folds on top of the pyridinyl ring (Table S3, Supporting
Information), which most likely impedes the binding. Overall,
the tautomeric state preference partially, but not solely,
determines the 2-methylimidazole activity.

Next, we attempted to improve the binding affinity of 1 via
enhancing interactions at the solvent interface in the HR II. To
this end, MD simulations (200 ns) demonstrated the potential
suitability of compounds bearing N-(pyridin-2-yl)tri- or
tetrazolepropanamide moieties (4a,b; Figures S2—S4, Support-
ing Information). Both displayed cation—7 interactions with
the Argl41 and improved solvent interactions combined with
significantly lower log P values (Table 2). The simulation of 4a
highlighted an identical binding mode for the triazole ring as
observed in a crystal structure (PDB ID: SKSN).!

Compounds 4a and 4b show a similar potency as the lead
compound 1 but with enhanced LLE values. Removal of the
para-fluorophenyl anchor resulted in compounds 4c and 4d,
both displaying substantially reduced inhibitory potency. This
clearly results from the negative log P values of these
compounds, which seems to compromise their binding affinity
(entropic penalty). Nevertheless, these compounds still exhibit
mediocre target inhibition and fit nicely into the SAR of the
series.

To overcome the highlighted tautomerism-related issues
observed with the 2-methylimidazoles, we designed and
synthesized a series of imidazole-2-carboxamides. Instead of
the acceptor nitrogen of tautomer A, the 2-carboxamides could
neglect the tautomeric state of the imidazole by presenting the
amide oxygen toward the Lys85 region. This amino acid side
chain has been successfully targeted by carbonyl groups; for
example, Pfizer disclosed 6-amino-4-(pyrimidin-4-yl)pyridones
interacting with Lys85,”* while Bristol-Myers Squibb reported
potent pyrrolopyridinones.”> Moreover, we investigated ethyl

DOI: 10.1021/acsmedchemlett.9b00177
ACS Med. Chem. Lett. 2019, 10, 1407-1414
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Table 1. Activity and Physicochemical Parameters of 2-Methylimidazoles 3a—o

Ry N
[ D—cH,
N
N~
o
[¢]
Cpd R, ICs0 + SEM [uM] ICs0 [uM] Alog P® LLE Tautomer A
GSK3p2 p38a MAPK population (%)¢
1 F@—{ 0.053 £ 0.012¢ 0.019¢% 2.88 440 29.386
2 H— 1.68+0.12¢ >10%e 0.72 5.10 ndf
OH
3a G—f 0.011 +0.001 0.050 240 5.56 85.508
HQ
3b G—l 0.043 £ 0.005 0.024 2.40 497 2.834 (93.8858)
3c Ho©—{ 0.893 +0.001 1.851 240 3.65 12.687
S
3d D—i 0.069 £ 0.000 0.048 240 477 81.318
0
3e E/)—; 0.099 £ 0.033 0.987 1.84 517 71.467
0-CH,
3f @_i >10 0.504 2.65 - 31.19
A\
3g ¢ }—{ >10 >10 0.89 - 85.892
-
3h >10 0.081 3.58 - 20.289
F
3i . >D | 0.059 + 0.007 0.019 3.08 415 nd.
3j > 3.09 £ 0.30 >10 1.76 3.75 6.014
3k O 411+0.19 >10 222 | 317 10229
31 O—f 5.46 +0.01 >10 2.68 2.59 16.734
3m <:>—§ 4.64+1.16 >10 313 2.20 16.552
O,
3n O@ 0.467 £ 0.006 0.030 2.44 3.89 nd.
HsC.
30 . >D § 0.117 £ 0.015 0.007 3.36 3.57 nd.

%y = 2. PCalculated with Canvas (Schrodinger LLC).* “According to QM Conformer & Tautomer Predictor of Maestro (Schrdinger, LLC, New
York, NY, 2018) (see SI and Table S3 for details). @Values taken from Heider et al.'> “Determined by ELISA activity assay.” “n.d. = not determined.
2The intramolecular H-bond to amide conformation excluded (see Table S3, SI).

esters as well as a hydroxyl moiety for their suitability to (Table 3). In the case of compound 1, the introduction of a

address the Lys8S residue.

carboxamide moiety at the imidazole-C2 position (6h) did not

In contrast to methylimidazole 2, imidazole-2-carboxamide substantially improve the inhibitory activity. Installation of an
6a showed a >35-fold improvement in potency (LLE 7.49) ethyl ester (Sa and Sc) yielded mediocre inhibitors high-

1409 DOI: 10.1021/acsmedchemlett.9b00177
ACS Med. Chem. Lett. 2019, 10, 1407—1414
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Figure 2. (A) The imidazole ring has two potential tautomeric forms:
in tautomer A, the nitrogen next to the R;-group is unprotonated and
can act as a H-bond acceptor, whereas in tautomer B it is protonated
and can act as a H-bond donor. (B) The R;-group influences the
preferred tautomeric state and conformation. As an example, the
lowest energy conformations (in solution) of the highly active
compound 3d and of the poorly active compound 31 are shown here.
Compound 3d prefers the active conformation with tautomer A, and
31 exists in the inactive conformation with tautomer B.

lighting the importance of the amide function. Introduction of
a hydroxy moiety at the imidazole-C2 methyl group resulted in
6i, showing a 2-fold reduction in GSK3# inhibition and no
shift in the ICy, value of p38a MAPK. In most cases,
imidazole-2-carboxamides were better inhibitors of GSK3p
than their corresponding 2-methylimidazole counterparts (e.g.,
6¢ vs 3f, 6e vs 30). Only the already potent 2-hydroxyphenyl
3a (vs 6b) displayed no improvement in activity.

The most striking differences existed in cycloalkyl
substituted compounds 6f and 6g, exhibiting dramatically
improved potency against GSK3f along with higher LLE
values compared to the corresponding 2-methylimidazole

derivatives 3m and 3j, which displayed only mediocre activities
and preferred tautomer B. Moreover, all three compounds
showed significant selectivity over p38a MAPK, and
compound 6g was among the best from this series (GSK3/,
ICso: 0.003 uM; p38a MAPK, ICs, >10 uM; LLE 7.64).

To further investigate these dramatic activity differences, we
first confirmed that the amide group replacing the methyl
group on the imidazole-C2 position had no influence on the
tautomeric state preference (Table S3). As an example, the
cyclopropyl-substituted compounds 3j and 6g display an
analogous population of the tautomeric state A, namely 6.0%
and 6.7% for 3j and 6g, respectively. Nevertheless, the potency
of these two inhibitors is dramatically different, with the
imidazole-2-carboxamide derivative 6g showing a 3 orders of
magnitude higher activity than its methyl counterpart (3j).

To gain a deeper insight into the compound binding and the
activity differences between 2-methylimidazoles and imidazole-
2-carboxamides, we conducted a total of 8 us MD simulations
for the selected compounds bound to GSK3/ in their preferred
tautomeric state: 3j and 6g in tautomeric state B and 3a and 6b
in tautomeric state A. The initial 1 gs MD simulations
suggested unstable binding only for 3j, where its lipophilic
cyclopropyl group is exposed to water in the HR I (Figure 3
and Figures SS and S9, Supporting Information). Whereas with
6g the amide stabilizes a water network near Asp200 and the
cyclopropyl group is shielded from the solvent, allowing the
stable binding of tautomer B (Figure 3 and Figures SS and S9,
Supporting Information). With tautomer A preferring 3a and
6b, the 2-hydroxyphenyl was shielded from solvent regardless
of the methyl or amide group substituent on the imidazole ring
(Figure 3 and Figures S7 and S9, Supporting Information).
These observations were confirmed in unbiased simulations,
conducted using another crystal structure as the starting
configuration (Figures S6, S8 and S10, Supporting Informa-
tion). Based on these data, the energetically favorable tautomer
B of 3j does not support the suggested stabilizing interactions
with the dynamic water network, which leads to water exposed
HR I, whereas the preferred tautomer A of 3a is capable to
shield the HR I from water via direct or water mediated

Table 2. Activity and Physicochemical Parameters of N-(Pyridin-2-yl)tri- or tetrazolepropanamide Bearing 2-Methylimidazoles

4a—d
Ry N
[ D—cHy
A N
\ H
N~
HN R
(0]
ICs0 + SEM [uM] ICso [1M]
cpd R; R, GSK3p2 p38a MAPK Alog P LLE
4a N
F@—i N 0.082 £ 0.007 0.041 1.16 5.92
\=N
4b Nen
F@—i D 0.072 £ 0.008 0.038 1.83 5.32
\=N
4e H— NS 5.18+0.10 10 0.99 6.27
%N\;N T g - )
4d Nep
H— E—N\;N 442+0.29 >10 -0.32 5.65

%y = 2. YCalculated with Canvas (Schrédinger LLC).>

DOI: 10.1021/acsmedchemlett.9b00177
ACS Med. Chem. Lett. 2019, 10, 1407—-1414



Appendix

228

ACS Medicinal Chemistry Letters

Table 3. Inhibition Data and Physicochemical Parameters of Ethyl Imidazole-2-carboxylates S and Imidazole-2-carboxamides

6-8
F
R4
N N
I \>*R2 Br N O i HO
TN I L. " s (O
N~ N~ N~
HNWT/ZX Her/Zx HNTfCHS
0 56 o) 7 0 8
IC50 + SEM [uM] ICs0 [uM]
cpd R; R, GSK3p® p38a MAPK Alog Pb LLE
o
5 H CH 0.739 £ 0.186 10 1.07 5.06
: 1 £ >
o
6a H—} < 0.047 £ 0.020 >10¢ -0.16 7.49
NH,
(o]
5 F@—{ CH 0.899 £ 0.010 0.089 3.23 2.82
c = ons
o
6h F@—{ 0.039 £ 0.017 0.019¢ 1.99 5.52
NH,
6i F@—{ E—\OH 0.091 £ 0.006 0.016 2.20 4.84
O
6j HyC—| H 0.013 £ 0.001 >10 0.12 7.76
NH,
o
6g > H 0.003 + 0.000 >10 0.88 7.64
NH,
o
6f <:>—{ < 0.003 £ 0.000 >10 2.25 6.27
NH,
OH o)
6b H 0.023 £ 0.001 0.158 1.52 6.12
NH,
O—CH, o
6¢ H 0.265 +0.017 2.35 1.77 481
NH,
HsC 0
6e H 0.079 + 0.003 0.016 2.48 4.62
F NH,
F3C-Q 0
6d H 0.352 +0.002 2.04 3.91 2.54
NH,
7 - - 0.354¢ >10 0.59 5.86
8 - - 0.047 £ 0.004 0.117 1.24 6.09
% = 2. PCalculated with Canvas (Schrédinger LLC).*> “Determined by ELISA activity assay.” 9y = 1.

interactions to Lys8S and maintain a stable binding (Figures
$5—S88, Supporting Information). Thus, QM calculations with
the MD simulations provide a potential explanation for the
observed activity differences.

Selected compounds (1, 3a, 3i, 6a, and 6h) were further
tested for their GSK3/ affinity in a previously reported ESI-
QTOF assay (Tables S1 and S2, Supporting Information).*®
Using this completely different assay system, the potency trend
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of these GSK3f inhibitors obtained in the ADP-Glo activity
assay was confirmed.

Moreover, inhibitors 3a and 6g were tested for their
metabolic stability by incubation with human liver microsomes
(HLM) over a period of 4 h (Tables S4 and SS, Supporting
Information). Both compounds displayed excellent metabolic

stability in this assay.

DOI: 10.1021/acsmedchemlett.9b00177
ACS Med. Chem. Lett. 2019, 10, 1407—-1414
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Figure 3. Representative snapshots from MD simulations of compounds 3j (A), 3a (B), 6g (C), and 6b (D). (E) Compound 3j appears in a
shifted binding orientation compared to 6g, whereas both 2-hydroxyphenyl derivatives (F) 3a and 6b display similar binding orientation in the
simulations. The shift in the binding orientation of compound 3j occurs due to direct H-bond interaction from the imidazole to Asp200. This
interaction, with the increased solvent exposure of the lipophilic cyclopropyl group (see Figures SS—S6, Supporting Information), explains the 3
orders of magnitude difference in activity between 3j and 6g. The protein surface is illustrated in transparent light blue color and hydrogen bonds

with yellow dashed lines in A-D.

Further pharmacological profiling of the potent GSK3j
inhibitor 6g included the evaluation of its ability to inhibit
relevant CYP isoforms (Table 4). At a test concentration of 10
M, imidazole-2-carboxamide 6g shows a clean CYP inhibition
profile. Only low inhibition of CYP1A2 was observed.

Table 4. Inhibition of CYP450 Isoenzymes

% inhibition of CYP isoform @ 10 pM
2C9 2C19 2D6
0.8 -2.0 —-2.8

Cpd
6g

1A2
25.5

3A4
=23
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To assess the overall kinome selectivity, the most promising
inhibitor 6g was screened against a representative panel of 68
diverse kinases (Table S6, Supporting Information), including
the target kinase GSK3/ and all members of the MAP kinases.
At a concentration of 0.5 uM (>160-fold its ICq, value on the
target kinase) only CDK2, CDK9, JNK3, MLK2, and VEGFR2
were substantially inhibited by 6g, suggesting an acceptable
kinome selectivity for this compound.

To confirm the biological activity of imidazole-2-carbox-
amide 6g, we tested it in a cell-based GSK3/ assay. At the
tested concentration of 1 yM, 6g inhibits GSK3f activity, in
terms of inactive phospho-GSK3a/f (Ser21/9) increase, after
1 h of treatment in neuronal SH-SYSY cells (Figure 4).

DOI: 10.1021/acsmedchemlett.9b00177
ACS Med. Chem. Lett. 2019, 10, 1407—1414
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Figure 4. Inhibition of GSK3 activity in neuronal SH-SYSY cells.
Cells were incubated with compound 6g [1 uM] for 1 h. At the end of
incubation, the phosphorylation of GSK3a/f# (Ser21/9) (inactive
GSK3a/f form) was determined by Western blotting. Data are
expressed as the ratio between phospho-GSK3a/f and total GSK3f
levels normalized against f-actin and reported as mean = SD of at
least three independent experiments (***p < 0.001 versus untreated
cells; ¢ test).

Since CDK2, CDK9, and VEGFR2 are off-targets of 6g, we
also determined its cytotoxic profile on different cell lines after
48 h of incubation. A margin of safety is given concerning
cytotoxic side effects. In the case of tested nontumorigenic
cells, the concentration to cause a 50% decrease in cell viability
is in the low micromolar range, which corresponds to >1000-
fold the ICg, value of the GSK3/ kinase activity assay (Figure
S11, Supporting Information).

In the case of the selected tumorigenic cells (Figure S12,
Supporting Information), compound 6g shows antiproliferative
activity in a human breast cancer cell line (Figure S12B,
Supporting Information), at 0.1 #M and less at 0.01 zM. This
may be a relevant result, as GSK3/ is a target in the treatment
of human breast cancer.”” Breast cancer patients with
overexpression of GSK3f presented poor prognosis, and
GSK3p inhibition suppressed the viability and proliferation
of breast cancer cells in vitro.”®

In summary, we synthesized a diverse set of 33 novel di- and
trisubstituted pyridinylimidazoles. The most potent GSK3p
inhibitors 6f, 6g, and 6j were selective over p38a@ MAPK and
had reasonable (CNS) druglike log P values. Imidazole 6g was
metabolically stable in HLM, displayed a very good selectivity
profile, and showed no affinity toward pharmacologically
relevant CYP isoenzymes. Importantly, the LLE values of the
series illustrate that the series’ potency is not driven by
molecular obesity.>

The SAR of the synthesized compounds was explained with
QM calculations and MD simulations. The series represent an
interesting example of the influence of the 2-methylimidazole
tautomerism on the compound activity. The effect of
tautomerism was indirectly surmounted by introducing the
water-network stabilizing 2-carboxamide, thus exemplifying the
importance to consider that subtle molecular differences may
have significant influence on the dynamics of the system.
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1. Synthetic procedures

General

All reagents and solvents were obtained from commercial sources (Merck, abcr, ChemPur, Acros,
AlfaAesar or Activate Scientific) and used without further purification. Thin layer chromatography (TLC)
reaction controls were performed for all reactions using fluorescent silica gel 60 F254 plates (Merck)
and visualized under natural light and UV illumination at 254 and 366 nm. All tested compounds were
determined to be 295% purity by reverse phase high-performance liquid chromatography (HPLC) (254
nm). HPLC were carried out on an Agilent 1100 series HPLC system, equipped with an UV DAD
(detection at 218 nm, 254 nm, and 280 nm). The chromatographic separation was performed on a
XBridge™ C18 column (150 mm x 4.6 mm, 5 um) at 30 °C oven temperature. For Method A, the injection
volume was 5 pL and the flow 1.5 mL / min using the following gradient:

0.01 M KH2PO4, pH 2.3 (solvent A), methanol (solvent B), 45% B to 85% B in 9 min; 85% B for 6 min;
stop time 15 min. For Method B, the injection volume was 5 pL and the flow 1.5 mL / min using the
following gradient: 0.01 M KH2PO4, pH 2.3 (solvent A), methanol (solvent B), 5% B to 95% B in 15 min;
95% B for 3 min; stop time 18 min. Flash column chromatography was performed using an Interchim
PuriFlash 430 automated flash chromatography system with Davisil LC60A 20 - 45 ym silica from Grace
Davison or PuriFlash SIHP 30 um columns. Reverse-phase flash column chromatography was
performed using the same system with a PuriFlash C18-HP, 15 yM 35g column. Nuclear magnetic
resonance (NMR) spectra were measured on a Bruker Avance |l HD NMR spectrometer at 300 MHz or
a Bruker Bruker Avance Il HDX at 400 MHz. The chemical shifts & are reported in parts per million
(ppm) relative to TMS. All spectra were calibrated against the (residual proton) peak of the deuterated
solvent used. If a mixture of deuterated solvent was used the spectrum was calibrated against CDCl3
unless otherwise stated. Mass spectra were recorded on an Advion Expression S electrospray ionization

mass spectrometer (ESI-MS) with an Advion Plate Express (TLC interface).

General Procedures

General Procedure A (Radziszewski synthesis):

The corresponding diketone (1 eq.), acetaldehyde (2 eq.) and NH4OAc (10 eq.), were dissolved in MeOH
(0.2 M) and heated to reflux for 3 h. After cooling to rt, the solvent was evaporated and the crude product
was taken up in a mix of EtOAc and H20. The organic phase was collected and the aqueous layer was
extracted twice more with EtOAc. The combined organic layers were dried over anhydrous Na>SO4
before the solvent was removed under reduced pressure and the compound was purified by flash

chromatography.
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General Procedure B (Buchwald-Hartwig amidation):

The amide (1.5 eq.), Pdz(dba)s (5 mol%), XantPhos (10 mol%), cesium carbonate (3 eq.) and the 2-
chloropyridinylimidazole derivative (1 eq.) were dissolved under an atmosphere of argon in DMF (0.3
M). The reaction mixture was then stirred at 100 °C for 16 h. The reaction mixture was allowed to cool
to rt and sat. aq. NH4Cl solution was added. It was extracted with EtOAc (3x) and the combined organic
layers were washed with sat. ag. NH4Cl solution (2x) and brine. After drying over anhydrous Na2SO4 the

solvent was removed under reduced pressure and the compound was purified by flash chromatography.
General Procedure C

The acetophenone (1 eq.) was dissolved in DMSO (0.6 M) and aq. HBr solution 48% (3 eq.) was added.
The solution was stirred in an open flask at 55 °C for 18 h." After cooling to rt, H2O was added and it
was extracted with EtOAc (3x). The combined organic layers were dried over anhydrous Na2SO4 and
the solvent was removed under reduced pressure. The crude product was immediately dissolved in
MeOH (0.2 M). In a second flask, NH4OAc (5 eq.) was also dissolved in MeOH (5 M) before ethyl
glyoxylate (polymer form ~50% in toluene; 3 eq.) was added in one portion. The previously prepared
solution of 2,2-dihydroxyethan-1-one derivative in MeCN was then added dropwise over 15 min. After
1.5 h, the solvent was evaporated, H.0O was added and it was extracted with EtOAc (5x). The combined
organic layers were dried over anhydrous Na2SOs before the solvent was removed under reduced

pressure and the compound was purified by flash chromatography.
General Procedure D (Suzuki coupling Method A)

The bromoimidazole derivative, (aryl)boronic acid (1.3 — 1.6 eq.), cesium fluoride (3 eq.),
benzyltriethylammonium chloride (0.06 eq.) and Pd(dppf)Cl:DCM (0.06 eq.) were dissolved in a
degassed 1:1 mixture of toluene/H20 (4 mL). The mixture was heated to 100 °C under an atmosphere
of argon for 18 h. The reaction mixture was allowed to cool to rt and more H20 was added. It was
extracted with EtOAc (3x) and the combined organic layers were dried over anhydrous NazSOas. The

solvent was removed under reduced pressure and the compound was purified by flash chromatography.
General Procedure E (SEM deprotection)

The compound was dissolved in a 1:5 mixture of trifluoroacetic acid in DCM and stirred at rt until reaction
control showed full conversion (5 — 72 h). Sat. ag. NaHCOs solution was carefully added until the
aqueous layer was adjusted to pH 7. The organic layer was collected and depending on the estimated
polarity of the compound it was extracted with either DCM (3x) or EtOAc (3x). The combined organic

layers were dried over anhydrous Na2SO4 before the solvent was removed under reduced pressure.
General Procedure F (Suzuki coupling Method B)

The bromoimidazole (1 eq.), (aryl)boronic acid (1.3 — 1.6 eq.), potassium carbonate (3 eq.) and
Pd(dppf)Cl2:DCM (0.06 eq.) were dissolved in degassed DMF (2.5 mL). The mixture was heated to 80
°C under an atmosphere of argon for 18 h. The reaction mixture was allowed to cool to rt and sat. aq.

NH4CI solution was added. It was extracted with EtOAc (3x) and the combined organic layers were dried

S4



Appendix 236

over anhydrous Na2SO4. The solvent was removed under reduced pressure and the compound was
purified by flash chromatography.

General Procedure G (HATU coupling)

The carboxylic acid (1 eq.), 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate (1 eq.) and N,N-diisopropylethylamine (3 eq.) were dissolved in DCM under an
atmosphere of argon. The mixture was stirred at rt for 10 min before the amine (0.7 eq.) was added and
the solution was stirred for 18 h. H2O was added to the reaction and the organic layer was collected. It
was then extracted with EtOAc (3x) and the combined organic layers were dried over anhydrous
Naz2SOs4. The solvent was removed under reduced pressure and the compound was purified by flash

chromatography.

Synthesis of 3a-q
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Br

N
| D—CH,
s3 ~ N
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Scheme S1. Reagents and conditions: (a) NaH, SEM-CI, THF, 0 °C then rt, 18 h, 96%; (b) n-BulLi,
tributyltin chloride, Et2O, 0 °C then rt, 2 h, 26%; (c) Pd(PPha)4, 1,4-dioxane, 105 °C, 77%, (d) NBS,
MeCN, -20 °C, 20 min, 77-88%; (e) arylboronic acid, CsF, benzyltriethylammonium chloride,
Pd(dppf)Cl2-DCM, toluene/H20, 100 °C, 16 h, 53-89%; (f) trifluoroacetic acid, DCM, rt, 6 h, 25-85%.

2-Methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazole (S1)?
SEM
N

[ )—CHs
N

2-Methylimidazole (925 mg, 11.27 mmol) was dissolved in THF (40 mL), cooled to 0 °C and sodium
hydride 60% in mineral oil (500 mg, 12.50 mmol) was added portionwise over 5 min. After 30 min of

stirring at 0 °C, 2-(trimethylsilyl)ethoxymethyl chloride (2.00 mL, 11.30 mmol) was added dropwise and
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the mixture was stirred at rt for 18 h. Purification by flash chromatography (SiOz2, n-hexane/EtOAc 90:10
to 60:40) afforded 3 as a clear oil (2.30 g, 96%). '"H NMR (300 MHz, CDCIs) 3 -0.02 (s, 9H), 0.82 - 0.95
(m, 2H), 2.43 (s, 3H), 3.39 - 3.53 (m, 2H), 5.18 (s, 2H), 6.90 (s, 2H).

2-Methyl-5-(tributylstannyl)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazole (S2)?

H5;C

Sn N
HsC EN/%CH?’

The title compound was synthesized according to the method reported by Markey and Kelly? to give S$2
as a clear oil (1.41 g, 25%). "H NMR (300 MHz, CDCls) 8 0.00 (s, 9H), 0.86 - 0.93 (m, 11H), 1.03 - 1.11
(m, 5H), 1.22 - 1.40 (m, 9H), 1.48 - 1.55 (m, 4H), 2.47 (s, 3H), 3.36 - 3.47 (m, 2H), 5.14 (s, 2H), 6.90 (s,
1H). TLC-MS (ESI) m/z: calculated for C22H4sN20SiSn [M-SEM+2H]* 373.2, found 373.0.

N-(4-Bromopyridin-2-yl)cyclopropanecarboxamide (S3)*

4-Bromopyridine-2-amine (3.00 g, 17.34 mmol) was dissolved in DCM (40 mL) and pyridine (1.82 mL,
22.54 mmol) was added at 0 °C. Cyclopropylcarbonyl chloride (1.73 mL, 19.07 mmol) was added
dropwise and the solution was stirred at rt for 6 h. Sat. aq. NaHCOs solution (15 mL) and H20 (30 mL)
were added and the organic phase was separated and dried over anhydrous Na2SOs. The solvent was
removed under reduced pressure and dried in vacuo to afford 3.50 g (83.7%) of a white crystalline solid.
'H NMR (300 MHz, DMSO-dg) 8 0.79 - 0.88 (m, 4 H), 1.89 -2.12 (m, 1 H), 7.34 (dd, J = 5.3, 1.8 Hz, 1
H), 8.22 (dd, J = 5.3, 0.4 Hz, 1 H), 8.33 (dd, J = 1.7, 0.4 Hz, 1 H), 11.03 (s, 1 H). TLC-MS (ESI) m/z:
calculated for CoHsBrN20O [M-H]- 239.0/241.0, found 239.0/241.0. HPLC: {r = 4.94 min (99.3% purity).

N-(4-(2-Methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-5-yl)pyridin-2-

yl)cyclopropanecarboxamide (S4a)?

N
H [ S—cH,
B
O N~ SEM

Compound S2 (462 mg, 0.92 mmol), N-(4-bromopyridin-2-yl)cyclopropanecarboxamide (S3) (222 mg,
0.92 mmol) and Pd(PPhs)s (77 mg, 0.069 mmol) were dissolved in degassed 1,4-dioxane (9 mL) under
an atmosphere of argon. The reaction mixture was heated to 105 °C for 18 h before the solution was
filtered through a pad of Celite. The pad was washed with DCM (30 mL) and the solvents were removed
under reduced pressure. Purification by flash chromatography (SiO2, DCM/EtOH 95:05) afforded 24 as
an off-white solid (265 mg, 77%). "H NMR (300 MHz, CDCls) 5 -0.04 (s, 9H), 0.84 - 0.92 (m, 4H), 1.06 -
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1.15 (m, 2H), 1.55 - 1.67 (m, 1H), 2.53 (s, 3H), 3.45 - 3.55 (m, 2H), 5.28 (s, 2H), 7.16 (dd, J=5.3, 1.6
Hz, 1H), 7.18 (s, 1H), 8.27 (dd, J = 5.2, 0.6 Hz, 1H), 8.30 (d, J = 0.6 Hz, 1H), 9.17 (s, 1H). '*C NMR (75
MHz, CDCls) d -1.5, 8.3, 13.7, 15.7, 17.7, 66.0, 72.7, 112.2, 118.0, 128.6, 131.3, 140.0, 148.0, 148.8,
152.2, 172.5. TLC-MS (ESI) m/z: calculated for C1sH28N4O2Si [M-H]- 371.2, found 371.0. HPLC: tr =
5.99 min.

N-(4-(4-Bromo-2-methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-5-yl)pyridin-2-

yl)cyclopropanecarboxamide (S5a)

Br.

N
H l \>\CH3
N

O N~ SEM

Compound S4a (150 mg, 0.40 mmol) was dissolved in MeCN (10 mL) under an atmosphere of argon
and the solution was cooled to -20 °C. N-Bromosuccinimide (79 mg, 0.44 mmol) was added in one
portion and the mixture was stirred at -20 °C for 5 h min before it was quenched with sat. aq. Na2SOs
solution. The aqueous phase was extracted with EtOAc (3x) and the combined organic layers were dried
over anhydrous Na2SOs and the solvent was removed under reduced pressure. Purification by flash
chromatography (SiO2, DCM:EtOH 97:3) afforded 160 mg (88.2%) of a light yellow solid. "H NMR (300
MHz, CDCls) 6 -0.06 (s, 9H), 0.80 - 0.93 (m, 4H), 1.07 - 1.14 (m, 2H), 1.58 - 1.68 (m, 1H), 2.49 (s, 3H),
3.32-3.43 (m, 2H), 5.20 (s, 2H), 7.21 (dd, J = 5.2, 1.6 Hz, 1H), 8.28 (d, J = 0.6 Hz, 1H), 8.34 (dd, J =
5.2, 0.6 Hz, 1H), 9.31 (s, 1H). '3C NMR (75 MHz, CDCls) 5 -1.6, 8.4, 13.5, 15.7, 17.6, 66.2, 73.2, 114 .4,
115.2, 120.0, 127.5, 138.9, 1475, 147.7, 152.0, 172.5. TLC-MS (ESI) m/z: calculated for
C19H27BrN4O2Si [M-H]- 449.1/451.1, found 449.2/451.1. HPLC: {r = 8.02 min.

N-(4-(4-(2-Hydroxyphenyl)-2-methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-5-
yl)pyridin-2-yl)cyclopropanecarboxamide (S6a)

OH

N
N [ D—cH,
N

0O N_J SEm

The title compound was synthesized according to General Procedure D starting from compound S5a
(140 mg, 0.31 mmol), 2-hydroxyphenylboronic acid (68 mg, 0.50 mmol), cesium fluoride (141 mg, 0.93
mmol), benzyltriethylammonium chloride (4.2 mg, 0.019 mmol) and Pd(dppf)Cl-DCM (15 mg, 0.019
mmol). Purification by flash chromatography (SiO2, DCM:EtOH 97:3) afforded 115 mg (79.8%) of a solid.
'"H NMR (300 MHz, CDCls) 6 -0.04 (s, 9H), 0.74 - 0.86 (m, 2H), 0.88 - 0.96 (m, 2H), 1.06 - 1.15 (m, 2H),
1.57 - 1.68 (m, 1H), 2.55 (s, 3H), 3.34 (dd, J = 9.0, 7.7 Hz, 2H), 5.12 (s, 2H), 6.49 - 6.56 (m, 1H), 6.90
(dd, J=7.9, 1.6 Hz, 1H), 6.93 - 6.99 (m, 1H), 7.04 - 7.11 (m, 2H), 8.30 (s, 1H), 8.35 (d, J = 5.1 Hz, 1H),
9.03 (br. s., 1H). '3C NMR (75 MHz, CDCls) 6 -1.5, 8.5, 13.2,15.7, 17.7,66.2, 72.6, 115.9, 116.6, 117.5,
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118.4, 121.9, 124.9, 126.2, 128.4, 135.8, 141.5, 144.5, 148.3, 152.4, 156.8, 172.4. TLC-MS (ESI) m/z:
calculated for C2sH32N4O3Si [M+H]* 465.2, found 465.2. HPLC: tr = 6.95 min.

N-(4-(4-(3-Hydroxyphenyl)-2-methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-5-
yl)pyridin-2-yl)cyclopropanecarboxamide (S6b)

OH

N
§ [ D—cHy
N

O N~ SEM

The title compound was synthesized according to General Procedure D starting from compound S5a
(120 mg, 0.27 mmol), 3-hydroxyphenylboronic acid (75 mg, 0.54 mmol), cesium fluoride (171 mg, 1.12
mmol), benzyltriethylammonium chloride (5.1 mg, 0.023 mmol) and Pd(dppf)Cl2:DCM (18.4 mg, 0.023
mmol). Purification by flash chromatography (SiO2, DCM:EtOH 97:3) afforded 110 mg (89.1%) of a solid.
"H NMR (300 MHz, CDCls) 6 -0.05 (s, 9H), 0.77 - 0.89 (m, 4H), 1.02 - 1.09 (m, 2H), 1.58 - 1.66 (m, 1H),
2.48 (s, 3H), 3.22 - 3.36 (m, 2H), 5.09 (s, 2H), 6.70 (d, J = 8.0 Hz, 1H), 6.90 - 6.99 (m, 2H), 7.01 - 7.11
(m, 2H), 8.12 (d, J = 5.1 Hz, 1H), 8.30 (s, 1H), 9.24 (s, 1H). '*C NMR (75 MHz, CDCl3) 5 -1.5, 8.5, 13.6,
15.5, 17.7, 66.1, 72.5, 114.5, 114.9, 115.6, 119.0, 121.6, 125.8, 129.5, 134.2, 137.5, 141.1, 147.0,
147.8, 151.9, 156.9, 173.0. TLC-MS (ESI) m/z: calculated for C25H32N4OsSi [M+H]* 465.2, found 465.5.
HPLC: tr = 6.94 min.

N-(4-(4-(4-Hydroxyphenyl)-2-methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-5-
yl)pyridin-2-yl)cyclopropanecarboxamide (S6c)

HO

N
o [ D—ch,
o7 N

O N~ SEM

The title compound was synthesized according to General Procedure D (heated for 36 h) starting from
compound S5a (160 mg, 0.35 mmol), 4-hydroxyphenylboronic acid pinacol ester (125 mg, 0.57 mmol),
cesium fluoride (162 mg, 1.06 mmol), benzyltriethylammonium chloride (4.8 mg, 0.021 mmol) and
Pd(dppf)Cl2:DCM (17.0 mg, 0.021 mmol). Purification by flash chromatography (SiO2, DCM:EtOH 97:3
to 95:5) afforded 110 mg (67.6%) of a solid. '"H NMR (300 MHz, CDCIs) 8 -0.06 (s, 9H), 0.81 - 0.93 (m,
4H), 1.08 (br. s., 2H), 1.51 - 1.70 (m, 1H), 2.54 (s, 3H), 3.30 - 3.45 (m, 2H), 5.18 (s, 2H), 6.60 (d, J=5.5
Hz, 2H), 6.95 (d, J = 4.1 Hz, 1H), 7.14 (d, J = 6.6 Hz, 2H), 8.23 (br. s., 2H), 9.29 (br. s., 1H). °C NMR
(75 MHz, CDCls) 5-1.5,8.4,13.0,15.7,17.7,66.1,72.7,115.4, 115.6, 121.6, 123.9, 124.8, 129.1, 138.2,
141.2,146.9, 147.8, 152.1, 156.7, 172.6. TLC-MS (ESI) m/z: calculated for C2sH32N4O3Si [M+H]* 465.2,
found 465.5. HPLC: tr = 6.50 min.

S8



Appendix

240

N-(4-(2-Methyl-4-(thiophen-2-yl)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-5-yl)pyridin-2-
yl)cyclopropanecarboxamide (S6d)

N
i [ D—cH,
R

(o) N_ _— SEM

The title compound was synthesized according to General Procedure D starting from compound S5a
(120 mg, 0.27 mmol), 2-thienylboronic acid (54 mg, 0.43 mmol), cesium fluoride (121 mg, 0.80 mmol),
benzyltriethylammonium chloride (3.6 mg, 0.016 mmol) and Pd(dppf)Cl2:DCM (13 mg, 0.016 mmol).
Purification by flash chromatography (SiO2, DCM:EtOH 97:3) afforded 108 mg (89.3%) of a solid. 'H
NMR (300 MHz, CDCls) & -0.06 (s, 9H), 0.79 - 0.94 (m, 4H), 1.06 - 1.14 (m, 2H), 1.61 (s, 1H), 2.55 (s,
3H), 3.28 - 3.42 (m, 2H), 5.12 (s, 2H), 6.88 (dd, J = 5.0, 3.7 Hz, 1H), 6.97 (dd, J= 3.6, 1.0 Hz, 1H), 7.13
(dt, J=5.0, 1.7 Hz, 2H), 8.28 (s, 1H), 8.34 (d, J = 5.0 Hz, 1H), 8.93 (s, 1H). 3C NMR (75 MHz, CDCls)
6-15,84,134,15.7,17.7,66.0, 72.8, 115.7, 121.6, 123.3, 124.0, 125.0, 127.2, 133.0, 137.0, 140.8,
146.8, 148.0, 1562.2, 172.3. TLC-MS (ESI) m/z: calculated for C23H30N4O2SSi [M+H]* 455.2, found 455.2.
HPLC: tr = 8.13 min.

N-(4-(4-(Furan-2-yl)-2-methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-5-yl)pyridin-2-

yl)cyclopropanecarboxamide (S6e)

N
N [ D—cH,
7 N

O No—~o SEM

The title compound was synthesized according to General Procedure D starting from compound S5a
(150 mg, 0.33 mmol), 2-furanylboronic acid (59 mg, 0.53 mmol), cesium fluoride (151 mg, 1.00 mmol),
benzyltriethylammonium chloride (4.5 mg, 0.020 mmol) and Pd(dppf)Cl2:DCM (13 mg, 0.016 mmol).
Purification by flash chromatography (SiO2, DCM:EtOH 97:3) afforded 118 mg (81.0%) of a solid. 'H
NMR (300 MHz, CDCls) 3 -0.04 (s, 9H), 0.81 - 0.94 (m, 4H), 1.04 - 1.12 (m, 2H), 1.55 - 1.66 (m, 1H),
2.55 (s, 3H), 3.33 (dd, J= 8.9, 7.7 Hz, 2H), 5.16 (s, 2H), 6.34 (dd, J = 3.3, 1.8 Hz, 1H), 6.44 (dd, J = 3.3,
0.6 Hz, 1H), 7.14 (dd, J = 5.1, 1.3 Hz, 1H), 7.28 - 7.30 (m, 1H), 8.26 (s, 1H), 8.33 (d, J = 5.1 Hz, 1H),
8.75 (br. s., 1H). 'C NMR (75 MHz, CDCls) 5 -1.6, 8.3, 13.3, 15.4, 17.6, 66.0, 72.6, 106.1, 110.9, 115.6,
121.3, 125.5, 130.3, 140.5, 141.3, 147.3, 147.4, 148.8, 152.0, 172.6. TLC-MS (ESI) m/z: calculated for
Ca23H30N4O3Si [M+Na]* 461.2, found 461.5. HPLC: {r = 7.75 min.
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N-(4-(4-(2-Methoxyphenyl)-2-methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-5-
yl)pyridin-2-yl)cyclopropanecarboxamide (S6f)

OCH,

N
H [ >—cH,
N

O N~ SEM

The title compound was synthesized according to General Procedure D starting from compound S5a
(200 mg, 0.44 mmol), 2-methoxyphenylboronic acid (101 mg, 0.67 mmol), cesium fluoride (202 mg, 1.33
mmol), benzyltriethylammonium chloride (6 mg, 0.027 mmol) and Pd(dppf)Cl-DCM (22 mg, 0.027
mmol). Purification by flash chromatography (SiO2, DCM:EtOH 97:3) afforded 113 mg (53.3%) of the
titte compound. 'H NMR (300 MHz, CDClz) 6 0.00 (s, 9H), 0.82 - 0.99 (m, 4H), 1.06 - 1.15 (m, 2H), 1.60
-1.72 (m, 1H), 2.61 (s, 3H), 3.43 - 3.52 (m, 2H), 3.47 (s, 3H), 5.31 (s, 2H), 6.78 - 6.86 (m, 2H), 6.96 (id,
J=75,09Hz, 1H), 7.23 - 7.31 (m, 1H), 7.46 (dd, J = 7.5, 1.7 Hz, 1H), 8.15 (d, J = 5.1 Hz, 1H), 8.27
(s, 1H), 9.64 (s, 1H). '*C NMR (75 MHz, CDCls) d -1.6, 8.1, 13.4, 15.3, 17.6, 54.5, 65.8, 72.8, 110.7,
113.8, 119.9, 120.4, 123.2, 127.6, 128.8, 131.4, 135.9, 141.8, 146.9, 147.0, 151.9, 156.4, 172.3. TLC-
MS (ESI) m/z: calculated for C26H34N4O3Si [M+H]* 479.2, found 479.3. HPLC: {r = 7.03 min.

N-(4-(2-Methyl-4-(pyrimidin-5-yl)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-5-yl)pyridin-2-

yl)cyclopropanecarboxamide (S6g)

N
TN
N

Compound S5a (90 mg, 0.20 mmol), pyrimidine-5-boronic acid (37 mg, 0.30 mmol), K2COs (83 mg, 0.60
mmol) and Pd(PPhs)4 (23 mg, 0.020 mmol) were dissolved in a degassed 3:1 mixture of DME/H20 (4
mL) under an atmosphere of argon. The mixture was heated to 105 °C under an atmosphere of argon
for 18 h. The reaction mixture was allowed to cool to rt and more H20 was added. It was extracted with
EtOAc (3x) and the combined organic layers were dried over anhydrous Na2SOas. The solvent was
removed under reduced pressure and the compound was purified by flash chromatography (SiOz,
DCM:EtOH 97:3 to 95:5) to yield 60 mg (66.7%) of the title compound. 'H NMR (300 MHz, CDCls) o -
0.04 (s, 9H), 0.81 - 0.88 (m, 2H), 0.89 - 0.95 (m, 2H), 1.03 - 1.12 (m, 2H), 1.54 - 1.66 (m, 1H), 2.58 (s,
3H), 3.32 - 3.45 (m, 2H), 5.14 (s, 2H), 6.97 (dd, J = 5.1, 1.3 Hz, 1H), 8.28 (s, 1H), 8.33 (d, J = 5.0 Hz,
1H), 8.72 (s, 1H), 8.81 (s, 2H), 9.03 (s, 1H). '*C NMR (75 MHz, CDCl3) d -1.6, 8.4, 13.3, 15.5, 17.6,
66.2,72.7,115.2, 120.5, 128.0, 128.0, 131.6, 139.9, 147.8, 148.5, 152.7, 154.6, 156.4, 172.6. TLC-MS
(ESI) m/z: calculated for C23H30NeO2Si [M+Na]* 473.2, found 473.5. HPLC: {r = 7.69 min.

S10



Appendix 242

N-(4-(4-(2-Hydroxyphenyl)-2-methyl-1H-imidazol-5-yl)pyridin-2-yl)cyclopropanecarboxamide
(3a)

OH

N
N [ S—cH,
N

O N~

The compound was synthesized according to General Procedure E starting from compound Séa (115
mg, 0.25 mmol). Purification by flash chromatography (SiO2, DCM:EtOH 95:5) afforded 70 mg (84.6%)
of an off-white solid. '"H NMR (300 MHz, CDCls) 5 0.90 - 0.99 (m, 2H), 1.05 - 1.13 (m, 2H), 1.56 - 1.67
(m, 1H), 2.47 (s, 3H), 6.70 (td, J = 7.5, 1.2 Hz, 1H), 7.01 (dd, J = 8.2, 1.1 Hz, 1H), 7.13 - 7.20 (m, 1H),
7.27 - 7.30 (m, 1H), 7.37 (dd, J = 7.8, 1.6 Hz, 1H), 8.18 (s, 1H), 8.18 - 8.20 (m, 1H), 8.57 (br. s., 1H).
3C NMR (75 MHz, CDCls/MeOD [2:1 v/V]) 6 7.3, 12.3, 14.2, 111.4, 115.7, 117.1, 117.5, 118.8, 128.9,
129.1, 142.7, 144.6, 146.7, 151.2, 154.5, 173.2. TLC-MS (ESI) m/z: calculated for C19H1sN4O2 [M+H]*
335.2, found 335.2. HPLC: {r = 2.14 min (99.7% purity).

N-(4-(4-(3-Hydroxyphenyl)-2-methyl-1H-imidazol-5-yl)pyridin-2-yl)cyclopropanecarboxamide
(3b)

N
H I \>\CH3
Y N

O N~

The title compound was synthesized according to General Procedure E starting from compound S6b
(110 mg, 0.24 mmol). Purification by flash chromatography (SiO2, DCM:EtOH 95:5 to 90:10) afforded
33 mg (41.7%) of a solid. TH NMR (400 MHz, DMSO-d) 8 0.75 - 0.82 (m, 4H), 1.95 - 2.03 (m, 1H), 2.33
(s, 3H), 6.71-6.90 (m, 3H), 6.98 (dd, J =5.2, 1.2 Hz, 1H), 7.17 - 7.26 (m, 1H), 8.07 (d, J = 4.2 Hz, 1H),
8.40 (s, 1H), 9.56 (s, 1H), 10.61 (s, 1H), 12.19 (br. s., 1H). 13C NMR (101 MHz, DMSO-ds) 8 7.5, 13.7,
14.2, 110.9, 114.9, 115.0, 116.4, 118.9, 128.9, 129.8, 132.1, 132.8, 144.4, 144.7, 147.2, 152.5, 157.5,
172.2. TLC-MS (ESI) m/z: calculated for C19H1eN4O2 [M+H]* 335.2, found 335.3. HPLC: tr = 1.88 min
(99.4% puirity).

N-(4-(4-(4-Hydroxyphenyl)-2-methyl-1H-imidazol-5-yl)pyridin-2-yl)cyclopropanecarboxamide
(3c)

HO
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The compound was synthesized according to General Procedure E starting from compound Séc (110
mg, 0.24 mmol). Purification by flash chromatography (SiO2, DCM:EtOH 95:5) afforded 41 mg (51.8%)
of a green-yellowish solid. '"H NMR (300 MHz, DMSO-de) 3 0.66 - 0.88 (m, 4H), 1.93 - 2.04 (m, 1H),
2.32 (s, 3H), 6.80 (d, J = 8.5 Hz, 2H), 6.96 (dd, J = 5.3, 1.5 Hz, 1H), 7.24 (d, J = 8.6 Hz, 2H), 8.06 (d, J
= 5.3 Hz, 1H), 8.36 (s, 1H), 9.64 (s, 1H), 10.60 (s, 1H), 12.09 (br. s., 1H). '*C NMR (75 MHz, DMSO-ds)
0 7.5, 13.7, 14.2, 110.5, 115.5, 116.1, 129.6, 144.2, 147.3, 152.5, 157.2, 172.3. TLC-MS (ESI) m/z:
calculated for C19H1sN4O2 [M+H]* 335.2, found 335.5. HPLC: {r = 1.80 min (99.7% purity).

N-(4-(2-Methyl-4-(thiophen-2-yl)-1H-imidazol-5-yl)pyridin-2-yl)cyclopropanecarboxamide (3d)

a5
NN
%{H [ D—cH,
NN
| H
0 N~

The compound was synthesized according to General Procedure E starting from compound S6d (98
mg, 0.22 mmol). Purification by flash chromatography (SiO2, DCM:EtOH 95:5) afforded 39 mg (55.9%)
of a beige solid. '"H NMR (300 MHz, DMSO-ds) 8 0.71 - 0.85 (m, 4H), 2.01 (quin, J = 6.1 Hz, 1H), 2.33
(s, 3H), 7.02-7.09 (m, 1H), 7.12 (dd, J = 5.2, 1.2 Hz, 1H), 7.20 (d, J = 2.7 Hz, 1H), 7.51 (d, J = 4.9 Hz,
1H), 8.21 (d, J = 5.2 Hz, 1H), 8.35 (s, 1H), 10.74 (s, 1H), 12.37 (br. s., 1H). '*C NMR (75 MHz, DMSO-
ds) 0 7.6,13.6,14.2,111.0, 116.8, 125.4, 126.0, 127.6, 145.4, 147.8, 152.6, 172.5. TLC-MS (ESI) m/z:
calculated for C17H16N4OS [M+H]* 325.1, found 325.3. HPLC: tr = 2.33 min (99.8% puirity).

N-(4-(4-(Furan-2-yl)-2-methyl-1H-imidazol-5-yl)pyridin-2-yl)cyclopropanecarboxamide (3e)

7 O
N
X N
| H
(0] N =~

The compound was synthesized according to General Procedure E starting from compound Sée (115
mg, 0.26 mmol). Purification by flash chromatography (SiO2, DCM:EtOH 95:5) afforded 24 mg (24.7%)
of a light yellow solid. 'H NMR (300 MHz, CDCls) 8 0.84 - 0.93 (m, 2H), 1.00 - 1.13 (m, 2H), 1.58 - 1.68
(m, 1H), 2.40 (s, 3H), 6.42 (dd, J = 3.4, 1.8 Hz, 1H), 6.71 (d, J = 3.3 Hz, 1H), 7.34 - 7.43 (m, 2H), 8.20
(d, J=5.4 Hz, 1H), 8.41 (s, 1H), 9.04 (br. s., 1H). 3C NMR (75 MHz, CDCls/MeOD [2:1 v/v]) 8 8.0, 12.8,
14.9, 107.7, 111.1, 111.6, 117.8, 141.6, 146.2, 147.0, 151.2, 173.5. TLC-MS (ESI) m/z: calculated for
C17H16N4O2 [M+H]* 309.1, found 309.2. HPLC: tr = 2.20 min (99.2% purity).
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N-(4-(4-(2-Methoxyphenyl)-2-methyl-1H-imidazol-5-yl)pyridin-2-yl)cyclopropanecarboxamide (3f)

OCH,

N
H | \>\CH3
Y N

(6] N _~

The compound was synthesized according to General Procedure E starting from compound S6f (110
mg, 0.23 mmol). Purification by flash chromatography (SiO2, DCM:EtOH 95:5 to 90:10) afforded 49 mg
(61.2%) of a beige solid. "H NMR (400 MHz, DMSO-ds) 5 0.71 - 0.84 (m, 4H), 1.93 - 2.02 (m, 1H), 2.33
(s, 3H), 3.64 (s, 3H), 6.79 (dd, J = 5.3, 1.4 Hz, 1H), 7.00 (td, J = 7.4, 0.7 Hz, 1H), 7.11 (d, J = 8.2 Hz,
1H), 7.25 (dd, J = 7.5, 1.6 Hz, 1H), 7.37 - 7.45 (m, 1H), 7.99 (d, J = 5.4 Hz, 1H), 8.33 (s, 1H), 10.54 (s,
1H), 12.10 (br. s., 1H). '*C NMR (101 MHz, DMSO-ds) d 7.5, 13.7, 14.2, 55.2, 109.9, 111.7, 115.3,
120.5, 130.1, 131.2, 144.2, 147.0, 152.3, 156.8, 172.1. TLC-MS (ESI) m/z: calculated for C20H20N4O4
[M+H]* 349.2, found 349.3. HPLC: tr = 2.57 min (100.0% purity).

N-(4-(2-Methyl-4-(pyrimidin-5-yl)-1H-imidazol-5-yl)pyridin-2-yl)cyclopropanecarboxamide (3g)

N
N
N __

The compound was synthesized according to General Procedure E starting from compound Ség (60
mg, 0.13 mmol). Purification by flash chromatography (SiO2, DCM:EtOH 98:2 to 90:10) afforded 26 mg
(61.0%) of a yellow solid. "H NMR (400 MHz, DMSO-de) 5 0.71 - 0.84 (m, 4H), 1.90 - 2.07 (m, 1H), 2.39
(s, 3H), 7.05 (dd, J = 5.2, 1.6 Hz, 1H), 8.16 - 8.29 (m, 2H), 8.83 (s, 2H), 9.10 (s, 1H), 10.79 (s, 1H),
12.40 (br. s., 1H). '*C NMR (101 MHz, DMSO-de) 8 7.7, 13.6, 14.2, 110.6, 116.6, 146.7, 148.4, 152.7,
155.2, 156.9, 172.6. TLC-MS (ESI) m/z: calculated for C17H16NeO [M+H]* 321.1, found 321.3. HPLC: tr
=1.37 min (96.9% purity).
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Synthesis of 3h and 3i

:SEM ISEM /SEM
N N BN RGN
| H—CH, | )—CHs | )—CHs | )—CHs
>~ N -2 . ~ N _b ~¢ N c ~ N
| SEM | | —_— |
N~ N~ N~ N A
HNWA HN\“/B HN\‘% HN#
O O (0] (6]
Sda S4b S5b S6h, S6i
RGN
| H—CH,
d ~" N
- . \ H $6h,3h R = naphthalen-2-yl
N A $6i,3i R = 3,4-difluorophenyl

Scheme S2. Reagents and conditions: (a) SEM-CI (5 mol%), MeCN, 85 °C, 18 h, 88%; (b) NBS, MeCN,
-20 °C, 20 min, 77-88%; (c) arylboronic acid, CsF, benzyltriethylammonium chloride, Pd(dppf)Cl2-DCM,
toluene/Hz20, 100 °C, 16 h, 53-89%; (d) trifluoroacetic acid, DCM, rt, 6 h, 25-85%.

N-(4-(2-Methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1 H-imidazol-4-yl)pyridin-2-
yl)cyclopropanecarboxamide (S4b)

/SEM
N
Aﬂ/“ ’ />‘CH3
| X N
(0] N~

Compound S4a (349 mg, 0.94 mmol) was dissolved in MeCN (10 mL) and catalytic amounts of 2-
(trimethylsilyl)ethoxymethyl chloride (8.31 uL, 0.047 mmol) were added. The mixture was stirred at 80
°C for 18 h to perform a “SEM switch” according to Sames an coworkers.5 Purification by flash
chromatography (SiO2, DCM:EtOH 95:05) afforded 307 mg (88.0%) of the title compound. "H NMR (300
MHz, CDCls) 8 -0.06 (s, 9H), 0.78 - 0.89 (m, 4H), 0.99 - 1.12 (m, 2H), 1.68 (dq, J = 8.1, 3.9 Hz, 1H),
2.44 (s, 3H), 3.39 - 3.52 (m, 2H), 5.16 (s, 2H), 7.45 (s, 1H), 7.53 (dd, J=5.4, 1.5 Hz, 1H), 8.18 (d, J =
5.4 Hz, 1H), 8.45 (s, 1H), 10.20 (br. s., 1H). '¥C NMR (75 MHz, CDCIs) d -1.6, 8.3, 12.8, 15.4, 17.6,
66.4,75.4,109.2,115.2, 119.0, 136.9, 144 .4, 146.4, 146.5, 151.8, 173.2. TLC-MS (ESI) m/z: calculated
for C19H28N4O2Si [M-H]- 371.2, found 371.0. HPLC: tr = 7.11 min.
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N-(4-(5-Bromo-2-methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-4-yl)pyridin-2-

yl)cyclopropanecarboxamide (S5b)

SEM

Br. N/
A”/H | />‘CH3
| X N
(0] N~

Compound S4b (670 mg, 1.80 mmol) was dissolved in MeCN (15 mL) under an atmosphere of argon
and the solution was cooled to -20 °C. N-Bromosuccinimide (336 mg, 1.88 mmol) was added in one
portion and the mixture was stirred at -20 °C for 20 min before it was quenched with sat. aq. Na2SO3
solution. The aqueous phase was extracted with EtOAc (3x) and the combined organic layers were dried
over anhydrous Na2SO4 and the solvent was removed under reduced pressure. Purification by flash
chromatography (SiO2, DCM:EtOAc 80:20 to 10:90) afforded 622 mg (76.6%) of a pale yellow solid. H
NMR (300 MHz, CDCls) 8 -0.01 (s, 9H), 0.82 - 0.96 (m, 4H), 1.09 - 1.17 (m, 2H), 1.58 - 1.69 (m, 1H),
2.52 (s, 3H), 3.55 - 3.63 (m, 2H), 5.32 (s, 2H), 7.66 (dd, J = 5.4, 1.7 Hz, 1H), 8.27 (dd, J = 5.4, 0.7 Hz,
1H), 8.95 (s, 1H), 9.28 (br. s, 1H). 13C NMR (75 MHz, CDCls) & -1.6, 8.1, 13.8, 15.4, 17.6, 66.3, 73.2,
102.2, 110.6, 116.5, 134.0, 143.0, 146.7, 147.2, 152.0, 172.8. TLC-MS (ESI) m/z: calculated for
C19H27BrN4O2Si [M-H]- 449.1/451.1, found 449.0/450.9. HPLC: tr = 9.13 min.

N-(4-(2-Methyl-5-(naphthalen-2-yl)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-4-yl)pyridin-
2-yl)cyclopropanecarboxamide (S6h)

LX) sem
NS P
|

O N~

The title compound was synthesized according to General Procedure D starting from compound S5b
(85 mg, 0.19 mmol), 2-napthylboronic acid (85 mg, 0.30 mmol), cesium fluoride (86 mg, 0.57 mmol),
benzyltriethylammonium chloride (2.6 mg, 0.011 mmol) and Pd(dppf)Cl>:DCM (9.2 mg, 0.011 mmol).
Purification by flash chromatography (SiO2, DCM:EtOH 97:3 to 95:5) afforded 79 mg (86.6%) of a solid.
"H NMR (300 MHz, CDCls) 8 0.00 (s, 9H), 0.79 (dd, J=7.7, 3.3 Hz, 2H), 0.83 - 0.92 (m, 2H), 0.98 - 1.06
(m, 2H), 1.51 - 1.62 (m, 1H), 2.65 (s, 3H), 3.35 - 3.45 (m, 2H), 5.14 (s, 2H), 6.94 (dd, J = 5.4, 1.5 Hz,
1H), 7.49 (dd, J = 8.4, 1.7 Hz, 1H), 7.58 - 7.68 (m, 2H), 7.88 - 8.05 (m, 5H), 8.57 (s, 1H), 9.50 (s, 1H).
3C NMR (75 MHz, CDCls) 6 -1.6, 7.9, 13.4, 15.3, 17.7, 65.9, 72.4, 111.8, 116.7, 126.5, 126.9, 127.2,
127.7,128.1, 128.2, 128.8, 130.6, 131.2, 133.2, 133.2, 134.3, 144.6, 146.1, 146.8, 152.1, 172.0. TLC-
MS (ESI) m/z: calculated for C2sHzaN4O2Si [M+Na]* 521.2, found 521.3. HPLC: {r = 10.34 min.
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N-(4-(5-(3,4-Difluorophenyl)-2-methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-4-
yl)pyridin-2-yl)cyclopropanecarboxamide (S6i)

F

SEM
N

N | )—ch,
NN

The title compound was synthesized according to General Procedure D starting from compound S5b
(200 mg, 0.44 mmol), 3,4-difluorophenylboronic acid (92 mg, 0.58 mmol), cesium fluoride (202 mg, 1.33
mmol), benzyltriethylammonium chloride (6.0 mg, 0.027 mmol) and Pd(dppf)Cl2:DCM (21.7 mg, 0.027
mmol). Purification by flash chromatography (SiOz, n-hexane:EtOAc 80:20 to 20:80) afforded 172 mg
(80.1%) of a solid. "H NMR (300 MHz, CDClz) 8 0.00 (s, 9H), 0.79 (dd, J = 7.3, 2.9 Hz, 2H), 0.84 - 0.93
(m, 2H), 0.97 - 1.11 (m, 2H), 1.56 (d, J = 3.9 Hz, 1H), 2.55 (s, 3H), 3.42 (t, J = 8.3 Hz, 2H), 5.03 (s, 2H),
7.08 (d, J=5.0 Hz, 1H), 7.17 - 7.75 (m, 3H), 8.11 (d, J = 5.1 Hz, 1H), 8.30 (s, 1H), 9.71 (br. s., 1H). 13C
NMR (75 MHz, CDCls) 6 -1.6, 8.1, 13.2, 15.4, 17.7, 66.1, 72.4, 111.6, 116.7 (d, 2Jcr = 17.1 Hz), 118.1
(d, 2Jcr = 17.7 Hz), 120.1, 126.4 (dd, 3Jcr = 6.1, 4.4 Hz), 127.5 (dd, 3Jcr = 6.4, 3.6 Hz), 129.2, 134.5,
144.1, 146.3, 146.7, 150.4, 150.9 (dd, 'Jcr = 253.2, 15.5 Hz, 151.9 (dd, "Jcr = 256.0, 17.1 Hz), 172.2.
TLC-MS (ESI) m/z: calculated for C2sH3zoF2N4O2Si [M+H]* 485.2, found 485.3. HPLC: tr = 10.05 min
(100.0% purity).

N-(4-(2-Methyl-4-(naphthalen-2-yl)-1H-imidazol-5-yl)pyridin-2-yl)cyclopropanecarboxamide (3h)

ool
%TH B Iﬁ\%CHB

O N~

The compound was synthesized according to General Procedure E starting from compound S6h (138
mg, 0.28 mmol). Purification by flash chromatography (SiO2, DCM:EtOH 95:5) afforded 86 mg (84.4%)
of a yellowish solid. '"H NMR (300 MHz, DMSO-ds) 8 0.69 - 0.83 (m, 4H), 1.93 - 2.04 (m, 1H), 2.39 (s,
3H), 6.98 (dd, J = 5.3, 1.6 Hz, 1H), 7.47 - 7.58 (m, 3H), 7.84 - 7.96 (m, 3H), 8.02 (s, 1H), 8.09 (d, J =
5.1 Hz, 1H), 8.40 (s, 1H), 10.68 (s, 1H), 12.42 (br. s., 1H). '3C NMR (75 MHz, CDCI3/MeOD [2:1 v/V]) &
7.7, 12.6, 14.5, 111.5, 117.4, 125.7, 125.8, 125.8, 126.6, 127.2, 127.5, 127.8, 129.3, 132.4, 133.0,
134.2, 142.7, 145.8, 146.9, 151.4, 173.3. TLC-MS (ESI) m/z: calculated for C23H20N4O [M+H]* 369.2,
found 369.2. HPLC: tr = 5.07 min (100.0% purity).
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N-(4-(4-(3,4-Difluorophenyl)-2-methyl-1H-imidazol-5-yl)pyridin-2-yl)cyclopropanecarboxamide
(31)

N
N

O N~

The compound was synthesized according to General Procedure E starting from compound S6i (165
mg, 0.34 mmol). Purification by flash chromatography (SiO2, DCM:EtOH 95:5) afforded 102 mg (84.6%)
of a yellowish solid. "H NMR (300 MHz, CDCls) 6 0.85 - 0.95 (m, 2H), 1.02 - 1.10 (m, 2H), 1.55 - 1.69
(m, 1H), 2.44 (s, 3H), 7.02 (dd, J = 5.4, 1.6 Hz, 1H), 7.07 - 7.16 (m, 1H), 7.18 - 7.25 (m, 1H), 7.27 - 7.36
(m, 1H), 8.10 (dd, J = 5.4, 0.5 Hz, 1H), 8.21 (d, J = 0.8 Hz, 1H), 8.90 (br. s., 1H). TLC-MS (ESI) m/z:
calculated for C19H16F2N4O [M+H]* 355.1, found 355.2. HPLC: tr = 3.63 min (100.0% purity).

Synthesis of 3j-m

CHs SEM
i N:{\IH H | N>\ N
O RN \ H l
R a b,c %(N CH3+ N />*CH3
N = D NSEM B N
| | O N~ . 0 N~
N” >l N" el

(¢ S6j

S7a-d S8a-d

S7a,88a,3j R = cyclopropyl
S7b,S8b,3k R = cyclobutyl

RN NH S$7¢,S8¢,3l R = cyclopentyl
$7d,58d,3m R = cyclohexyl

Scheme S3. Reagents and conditions: (a) CHzCHO, NH4sOAc, MeOH, 65 °C, 3 h, 38-54%; (b) NaH,
SEM-CI, THF, 0 °C to rt, 18 h, 100%; (c) cyclopropanecarboxamide, Cs2COs, Pdz(dba)s, XantPhos,
DMF, 100 °C, 16 h, 8-77%; (d) trifluoroacetic acid, DCM, rt, 24 h, 52%.
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2-Chloro-4-(4-cyclopropyl-2-methyl-1H-imidazol-5-yl)pyridine (S8a)

N
cl N ’ N\>‘CH3
N P

The title compound was prepared according to General Procedure A starting from 1-(2-chloropyridin-
4-yl)-2-cyclopropylethane-1,2-dione’ (S7a) (2.50 g, 11.93 mmol). Purification by flash chromatography
(SiO2, DCM:EtOH 99:1 to 90:10) afforded 1.22 g (43.59%) of a brown-orange wax. '"H NMR (300 MHz,
CDCl3) 6 0.69 - 0.81 (m, 2H), 0.96 - 1.07 (m, 2H), 1.90 - 2.03 (m, 1H), 2.35 (s, 3H), 7.67 (dd, J = 5.4,
1.4 Hz, 1H), 7.77 (d, J = 0.9 Hz, 1H), 8.28 (d, J = 5.4 Hz, 1H), 10.17 (br. s., 1H). '*C NMR (75 MHz,
CDCls) 6 7.1, 7.5, 18.3, 119.1, 120.4, 130.9, 134.1, 144.3, 144.8, 149.0, 151.5. TLC-MS (ESI) m/z:
calculated for C12H12CIN3 [M+H]* 234.1, found 233.8. HPLC: tr = 1.57 min.

2-Chloro-4-(4-cyclobutyl-2-methyl-1H-imidazol-5-yl)pyridine (S8b)

| X

N~

N
Cl l \>‘CH3
N

The title compound was prepared according to General Procedure A starting from 1-(2-chloropyridin-
4-yl)-2-cyclobutylethane-1,2-dione? (S7b) (782 mg, 3.49 mmol). Purification by flash chromatography
(SiO2, DCM:EtOH 95:05 to 90:10) afforded 337 mg (39.0%) of a red oil. '"H NMR (300 MHz, CDCls) &
1.76 - 1.90 (m, 1H), 1.97 - 2.11 (m, 1H), 2.22 (quind, J = 9.3, 2.1 Hz, 2H), 2.31 - 2.44 (m, 2H), 2.38 (s,
3H), 3.75 - 3.84 (m, 1H), 7.38 (dd, J = 5.3, 1.5 Hz, 1H), 7.48 (d, J = 0.9 Hz, 1H), 8.27 (d, J = 5.3 Hz,
1H). 3C NMR (75 MHz, CDCls) 6 18.2, 18.3, 29.0, 31.5, 119.6, 120.9, 129.4, 135.7, 144.7, 145.2, 149.1,
151.6. TLC-MS (ESI) m/z: calculated for C13H14CIN3 [M+H]* 248.1, found 248.0. HPLC: tr = 2.49 min.

2-Chloro-4-(4-cyclopentyl-2-methyl-1H-imidazol-5-yl)pyridine (S8c)

N
Sl | N\>~CH3
N P

The title compound was prepared according to General Procedure A starting from 1-(2-chloropyridin-
4-yl)-2-cyclopentylethane-1,2-dione' (S7c¢) (946 mg, 3.98 mmol). Purification by flash chromatography
(SiO2, DCM:EtOH 95:05 to 90:10) afforded 565 mg (54.2%) of a beige solid. 'H NMR (300 MHz, CDCls)
5 1.56 - 1.88 (m, 6H), 2.02 - 2.18 (m, 2H), 2.41 (s, 3H), 3.28 - 3.42 (m, 1H), 7.44 (dd, J = 5.3, 1.3 Hz,
1H), 7.56 (s, 1H), 8.30 (dd, J = 4.9, 3.0 Hz, 1H). '3C NMR (75 MHz, CDCls) d 13.8, 25.4, 33.3, 36.5,
119.9, 121.2, 130.3, 135.8, 144.7, 145.8, 149.1, 151.6. TLC-MS (ESI) m/z: calculated for C14H16CIN3
[M+H]* 262.1, found 261.8. HPLC: tr = 3.24 min (100.0% purity).
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2-Chloro-4-(4-cyclohexyl-2-methyl-1H-imidazol-5-yl)pyridine (S7d)

| X

N._~

N
cl I N\>"CH3
H

The title compound was prepared according to General Procedure A starting from 1-(2-chloropyridin-
4-yl)-2-cyclohexylethane-1,2-dione’ (S7d) (781 mg, 3.10 mmol). Purification by flash chromatography
(SiO2, DCM:EtOH 95:05 to 90:10) afforded 326 mg (38.1%) of a yellow solid. '"H NMR (300 MHz, CDCls)
5 1.09 - 1.28 (m, 1H), 1.29 - 1.56 (m, 4H), 1.69 - 1.99 (m, 5H), 2.38 (s, 3H), 2.83 - 3.01 (m, 1H), 7.41
(dd, J=5.3, 1.4 Hz, 1H), 7.55 (s, 1H), 8.29 (d, J = 5.3 Hz, 1H). 'C NMR (75 MHz, CDCls) & 13.9, 25.8,
26.4, 33.0, 35.4, 119.7,121.2, 129.7, 137.1, 144.4, 145.8, 149.3, 151.8. TLC-MS (ESI) m/z: calculated
for C1sH1sCINs [M+H]* 276.1, found 275.8. HPLC: tr = 4.39 min (100.0% purity).

N-(4-(4(5)-Cyclobutyl-2-methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-5(4)-yl)pyridin-2-

yl)cyclopropanecarboxamide (S6j)

SEM
N N
H [ D—cH, «+ H [ )—cH,
| X N | X N
O N~ SEM O N~

Compound S8b (282 mg, 1.14 mmol) was dissolved in THF (15 mL) and the solution was cooled to 0
°C. NaH 60% dispersion in mineral oil (64 mg, 1.60 mmol) was added in one portion and the resulting
suspension was stirred for 30 min. Then 2-(trimethylsilyl)ethoxymethyl chloride (212 pL, 1.20 mmol) was
added, the ice-bath was removed and the solution was stirred for 18 h. H20 (25 mL) was added and it
was extracted with EtOAc (3x). The combined organic layers were dried over anhydrous Na2SO4 and
the solvent was removed under reduced pressure. The crude product was dried in vacuo before it was
processed according to General Procedure B. Purification by flash chromatography (SiO2, DCM:EtOH
95:05 to 90:10) afforded 216 mg (76.6%) of a mix of two regioisomers (ratio 2.5:1) over 2 steps. isomer
1: 'TH NMR (300 MHz, CDCIs) & -0.07 (s, 9H), 0.77 - 0.92 (m, 4H), 1.04 - 1.13 (m, 2H), 1.56 - 1.68 (m,
1H), 1.77 - 2.02 (m, 2H), 2.16 (qt, J = 8.3, 2.6 Hz, 2H), 2.32 - 2.48 (m, 2H), 2.51 (s, 3H), 3.29 - 3.40 (m,
2H), 3.46 (quin, J = 8.8 Hz, 1H), 5.13 (s, 2H), 6.97 (dd, J = 5.2, 1.5 Hz, 1H), 8.13 (s, 1H), 8.29 (d, J =
5.2 Hz, 1H), 9.14 (s, 1H). '*C NMR (75 MHz, CDCls) -1.6, 8.3, 13.5, 15.7, 17.6, 18.4, 28.7, 32.6, 65.8,
72.6,114.4,120.0, 125.3,140.7, 142.9, 146.7, 147.6, 152.0, 172.3. isomer 2: "H NMR (300 MHz, CDCl5)
50.00 (s, 9H), 0.75 (dd, J = 7.9, 3.0 Hz, 2H), 0.84 (dd, J = 7.7, 3.2 Hz, 2H), 1.02 - 1.12 (m, 2H), 1.42 (s,
1H), 1.59 - 2.18 (m, 4H), 2.32 - 2.48 (m, 5H), 3.44 - 3.57 (m, 2H), 3.75-3.93 (m, 1H), 5.13 (s, 2H), 7.27
(s, 1H), 8.05 - 8.30 (m, 2H), 9.46 (s, 1H). '3C NMR (75 MHz, CDCls) 6 -1.5, 8.1, 13.3, 15.5, 17.8, 18.6,
28.9,31.3,65.8,73.0,114.2, 119.3, 133.1, 134.0, 145.1, 146.0, 146.6, 151.3, 172.5 TLC-MS (ESI) m/z:
calculated for C23H3aN4O2Si [M+H]* 427.2, found 427.3. HPLC: fr = 7.24 min & 8.74 min.
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N-(4-(4-Cyclopropyl-2-methyl-1H-imidazol-5-yl)pyridin-2-yl)cyclopropanecarboxamide (3j)

N
H [ \>‘CH3
T N

O N~

The title compound was prepared according to General Procedure B starting from S8a (238 mg, 1.02
mmol). Purification by flash chromatography (SiO2, DCM:EtOH 95:05 to 90:10) afforded 51 mg (17.7%)
of an off-white solid. '"H NMR (300 MHz, CDCls) 8 0.70 - 0.77 (m, 2H), 0.83 - 0.91 (m, 2H), 0.97 - 1.05
(m, 2H), 1.05 - 1.12 (m, 2H), 1.57 - 1.68 (m, 1H), 2.01 (i, J = 8.3, 5.2 Hz, 1H), 2.32 (s, 3H), 7.49 (dd, J
=5.4,1.4Hz, 1H), 8.22 (d, J = 5.4 Hz, 1H), 8.58 (s, 1H), 9.26 (br. s., 1H). 3C NMR (75 MHz, CDCls) 5
74,76,83,13.9, 158, 1104, 116.5, 130.9, 135.0, 143.4, 143.6, 147.5, 151.9, 172.7. TLC-MS (ESI)
mjz: calculated for C1sH1sN4O [M+H]* 283.1, found 282.8. HPLC: {r = 1.93 min (99.4% purity).

N-(4-(4-Cyclobutyl-2-methyl-1H-imidazol-5-yl)pyridin-2-yl)cyclopropanecarboxamide (3k)

N
N [ D—ch,
B

O N~

The mix of regioisomers from S6j (210 mg, 0.49 mmol) was dissolved in DCM (5 mL) and trifluoroacetic
acid (1 mL). The solution was stirred at rt for 24 h before additional DCM and sat. aq. NaHCOs solution
was added until the aqueous phase was adjusted to pH 7. The organic layer was separated and the
solvent was removed under reduced pressure. Purification by flash chromatography (SiO2, DCM:EtOH
95:05 to 90:10) afforded 76 mg (52.2%) of an off-white solid. '"H NMR (300 MHz, CDCls) 5 0.86 - 0.94
(m, 2H), 1.08 - 1.15 (m, 2H), 1.52 - 1.63 (m, 1H), 1.83 - 1.97 (m, 1H), 2.00 - 2.33 (m, 4H), 2.40 - 2.49
(m, 4H), 3.86 (quin, J = 8.7 Hz, 1H), 7.30 (d, J = 4.4 Hz, 1H), 8.14 (s, 1H), 8.18 (d, /= 5.2 Hz, 1H), 8.34
(br. s., 1H). 3C NMR (75 MHz, CDCls) & 8.4, 13.6, 15.7, 18.2, 28.7, 32.0, 110.5, 116.9, 127.8, 138.1,
143.0, 144.5, 147.5, 151.6, 172.9. TLC-MS (ESI) m/z: calculated for C17H20N4O [M+H]* 297.2, found
297.3. HPLC: tr = 2.76 min (100.0% purity).

N-(4-(4-Cyclopentyl-2-methyl-1H-imidazol-5-yl)pyridin-2-yl)cyclopropanecarboxamide (3I)

N
N [ D—ch,
7 N

O N~

The title compound was prepared according to General Procedure B starting from S8c (300 mg, 1.15
mmol). Purification by flash chromatography (SiO2, DCM:EtOH 95:05 to 90:10) afforded 33 mg (9.3%)
of an off-white solid. '"H NMR (300 MHz, CDCls/MeOD [1:1 v/v]) 6 0.81 - 0.94 (m, 2H), 1.05 - 1.14 (m,
2H), 1.56 - 1.64 (m, 1H), 1.66 - 1.86 (m, 6H), 2.05 - 2.19 (m, 2H), 2.47 (s, 3H), 3.32 - 3.44 (m, 1H), 7.31
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(d, J = 44 Hz, 1H), 8.22 (d, J = 5.2 Hz, 1H), 8.32 (s, 1H), 8.52 (br. s., 1H). C NMR (75 MHz,
CDCIs/MeOD [1:1 v/Iv]) 8 7.2, 12.1, 14.3, 24.8, 32.5, 35.9, 111.2, 116.9, 129.5, 135.8, 143.6, 144.2,
146.8, 151.1, 173.3. TLC-MS (ESI) m/z: calculated for C1gH22N4O [M+H]* 311.2, found 311.0. HPLC: tr
= 3.49 min (98.5% purity).

N-(4-(4-Cyclohexyl-2-methyl-1H-imidazol-5-yl)pyridin-2-yl)cyclopropanecarboxamide (3m)

N
H [ D—cH,
7N

The title compound was prepared according to General Procedure B starting from S8d (250 mg, 0.91
mmol). Purification by flash chromatography (SiO2, DCM:EtOH 95:05 to 90:10) afforded 22 mg (7.5%)
of a yellow solid. 'H NMR (300 MHz, CDCls) 5 0.82 - 0.89 (m, 2H), 1.04 - 1.12 (m, 2H), 1.25 - 1.52 (m
5H), 1.56 - 1.65 (m, 1H), 1.66 - 1.83 (m, 3H), 1.89 (d, J = 9.7 Hz, 2H), 2.34 (br. s., 3H), 2.89 - 3.05 (m,
1H), 7.27 (d, J = 5.1 Hz, 1H), 8.21 (d, J = 5.3 Hz, 1H), 8.34 (s, 1H), 9.30 (br. s., 1H). 3C NMR (75 MHz,
CDCls) 6 8.2, 13.8, 15.7, 25.8, 26.3, 32.9, 35.4, 111.1, 114.3, 117.1, 129.2, 138.2, 144.0, 147.5, 152.0,
172.6. TLC-MS (ESI) m/z: calculated for C1sH2aN4O [M+H]* 325.2, found 325.1. HPLC: tr = 4.73 min
(100.0% purity).

Synthesis of 3n
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Scheme S4. Reagents and conditions: (a) 5-bromo-1,3-benzodioxole, Pd(PPhs)4, 1,4-dioxane, 105 °C,
18 h, 83%; (b) SEM-CI, MeCN, 80 °C, 18 h; (c) NBS, MeCN, 0 °C, 30 min, 46% (over 2 steps); (d) S11,
CsF, benzyltriethylammonium chloride, Pd(dppf)Cl2:DCM, toluene/H20, 100 °C, 16 h, 32%; (e)
trifluoroacetic acid, DCM, rt, 24 h, 50%.
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5-(Benzo[d][1,3]dioxol-5-yl)-2-methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazole (S9)

N
| \>_CH3
<o N\SEM
o}

Compound S2 (563 mg, 1.12 mmol), 5-bromo-1,3-benzodioxole (338 mg, 1.68 mmol) and Pd(PPhs)4
(97 mg, 0.084 mmol) were dissolved in degassed 1,4-dioxane (8 mL) under an atmosphere of argon.
The reaction mixture was heated to 105 °C for 18 h before the solution was filtered through a pad of
celite. The pad was washed with DCM (30 mL) and the solvents were removed under reduced pressure.
Purification by flash chromatography (SiOz, n-hexane:EtOAc 60:40 to 30:70) afforded 310 mg (83.1%)
of a clear oil. '"H NMR (300 MHz, CDCls) & -0.03 (s, 9H), 0.84 - 0.91 (m, 2H), 2.50 (s, 3H), 3.38 - 3.47
(m, 2H), 5.14 (s, 2H), 6.00 (s, 2H), 6.81 - 6.95 (m, 4H). 3C NMR (75 MHz, CDCls) d -1.5, 13.6, 17.7,
65.8, 72.3, 101.2, 108.5, 109.5, 122.8, 123.9, 125.7, 133.5, 146.3, 147.4, 147.8. TLC-MS (ESI) m/z:
calculated for C17H2aN203Si [M+H]* 333.2, found 333.3. HPLC: tr = 6.44 min.

4-(Benzo[d][1,3]dioxol-5-yl)-5-bromo-2-methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazole
(S10)

SEM
Br. NI
| )—CH;,
o) N
<O

Compound S9 (300 mg, 0.90 mmol) was dissolved in MeCN (10 mL) and catalytic amounts of 2-
(trimethylsilyl)ethoxymethyl chloride (7.96 pL, 0.045 mmol) were added. The mixture was stirred at 80
°C for 18 h to perform a “SEM switch4. The solvent was removed under reduced pressure and the crude
product was redissolved in MeCN (15 mL). The solution was cooled to 0 °C and N-bromosuccinimide
(160 mg, 0.90 mmol) was added in one portion. The reaction was further stirred at 0 °C for 30 min before
sat. aq. Na2SOs solution was added and it was extracted with EtOAc (3x). Purification by flash
chromatography (SiO2, n-hexane:EtOAc 60:40) afforded 170 mg (45.8%) of a tangerine oil. '"H NMR
(300 MHz, CDCls) & 0.01 (s, 9H), 0.90 - 0.99 (m, 2H), 2.53 (s, 3H), 3.57 - 3.66 (m, 2H), 5.30 (s, 2H),
5.98 (s, 2H), 6.86 (d, J = 8.5 Hz, 1H), 7.40 - 7.48 (m, 2H). '3C NMR (75 MHz, CDCl3) 6 -1.6, 13.9, 17.7,
66.1, 73.1, 98.2, 100.8, 107.3, 108.0, 120.4, 127.1, 136.7, 146.4, 146.6, 147.4. TLC-MS (ESI) m/z:
calculated for C17H23BrN203Si [M+H]* 411.1/413.1, found 411.4/413.4. HPLC: tr = 10.39 min.

N-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)cyclopropanecarboxamide (S11)*

H5;C

CH;
H 9/§<CH3
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Compound S3 (1.00 g, 4.15 mmol), Bis(pinacolato)diboron (1.26 g, 4.98 mmol), KOAc (1.43 g, 14.52
mmol) and Pd(dppf)Cl2:DCM (136 mg, 0.166 mmol) were dissolved in degassed 1,4-dioxane (10 mL)
under an atmosphere of argon. The reaction mixture was stirred at 85 °C for 18 h and after cooling to
rt, EtOAc (30 mL) was added. The solution was filtered over celite and the filtrate was removed under
reduced pressure and redissolved in EtOAc (50 mL). A spoon of activated charcoal was added to the
solution and the resulting suspension was stirred at 85 °C for 30 min. The hot reaction mixture was
filtered again over celite and the filtrate was removed under reduced pressure. The crude product was
suspended in n-heptane and agitated for 30 min using an ultrasonic bath. The title compound was
collected by filtration to yield 1.05 g (88.1%) of a beige solid. '"H NMR (300 MHz, DMSO-ds) d 0.74 -
0.86 (m, 4H), 1.30 (s, 12H), 1.94 - 2.05 (m, 1H), 7.24 (dd, J = 4.8, 0.9 Hz, 1H), 8.33 (dd, J = 4.7, 0.9 Hz,
1H), 8.35 (s, 1H), 10.77 (s, 1H). '3C NMR (101 MHz, DMSO-ds) d 7.7, 14.2, 24.6, 84.3, 118.4, 123.5,
138.6, 147.5, 151.9, 172.6. HPLC: fr = 1.36 min.

N-(4-(4-(Benzo[d][1,3]dioxol-5-yl)-2-methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-5-
yl)pyridin-2-yl)cyclopropanecarboxamide (S6k)

() =
! | SEM
NTX N
H | )—CHs;
soh
(6]

The title compound was synthesized according to General Procedure D starting from compound S$10
(165 mg, 0.40 mmol), S$11 (173 mg, 0.60 mmol), cesium fluoride (183 mg, 1.20 mmol),
benzyltriethylammonium chloride (5.5 mg, 0.024 mmol) and Pd(dppf)Cl2:-DCM (19.7 mg, 0.024 mmol).
Purification by flash chromatography (SiO2, DCM:EtOH 97:3) afforded 64 mg (32.4%) of the title
compound. '"H NMR (300 MHz, CDCls) & -0.06 (s, 9H), 0.80 - 0.95 (m, 4H), 1.05 - 1.12 (m, 2H), 1.56 -
1.66 (m, 1H), 2.54 (s, 3H), 3.31 - 3.40 (m, 2H), 5.14 (s, 2H), 5.90 (s, 2H), 6.64 - 7.25 (m, 4H), 8.21 -
8.29 (m, 2H), 9.04 (br. s., 1H). TLC-MS (ESI) m/z: calculated for C26H32N404Si [M+H]* 493.2, found
493.8. HPLC: tr = 7.60 min.

N-(4-(5-(Benzo[d][1,3]dioxol-5-yl)-2-methyl-1H-imidazol-4-yl)pyridin-2-
yl)cyclopropanecarboxamide (3n)
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The title compound was synthesized according to General Procedure E starting from S6k (60 mg, 0.12
mmol). Purification by flash chromatography (SiO2, DCM:EtOH 95:5) afforded 22 mg (49.8%) of an off-
white solid. "H NMR (300 MHz, DMSO-ds) 8 0.78 (d, J = 6.1 Hz, 4H), 1.89 - 2.04 (m, 1H), 2.33 (s, 3H),
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6.05 (s, 2H), 6.82 - 7.03 (m, 4H), 8.11 (d, J = 5.2 Hz, 1H), 8.32 (s, 1H), 10.65 (s, 1H), 12.37 (br. s., 1H).
3C NMR (101 MHz, DMSO-ds) 5 7.6, 13.6, 14.2, 101.2, 108.5, 108.6, 110.6, 116.4, 122.0, 144.5, 146.9,
147.4, 147.5, 152.5, 172.3. TLC-MS (ESI) m/z: calculated for C20H1sN4O3 [M+H]* 363.1, found 363.4.
HPLC: tr = 2.70 min (98.0% purity).

Synthesis of 30
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Scheme S5. Reagents and conditions: (a) 48% aq. HBr/DMSO, 55 °C, 18 h; (b) ethyl glyoxylate
(polymer form ~50% in toluene), NH4OAc, MeOH/MeCN, rt, 1.5 h, 28% (over 2 steps); (c) NBS, MeCN,
0 °C, 1 h, 70%; (d) SEM-CI, NaH, THF, 0 °C to rt, 18 h, 76%; (e) S11, CsF, benzyltriethylammonium
chloride, Pd(dppf)Cl2:-DCM, toluene/H20, 100 °C, 18 h, 14%; (f) trifluoroacetic acid, DCM, rt, 88%.

5-(4-Fluoro-3-methylphenyl)-2-methyl-1H-imidazole (S12)

N
H3c]©/[N>\CH3
H
F

4'-Fluoro-3'-methylacetophenone (500 mg, 3.29 mmol) was treated according to a modified General
Procedure C. After the oxidation, the 1-(4-fluoro-3-methylphenyl)-2,2-dihydroxyethan-1-one was
dissolved in MeOH (20 mL) and added dropwise to a previously prepared solution of NH4OAc (1.27 g,
16.43 mmol) and acetaldehyde (550 pL, 9.86 mmol) in MeOH (10 mL). After 1.5 h, the solvent was
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evaporated, H20 was added and it was extracted with EtOAc (5x). The combined organic layers were
dried over anhydrous Na:SOs before the solvent was removed under reduced pressure and the
compound was purified by flash chromatography (SiO2, DCM:EtOH 97:3 to 90:10) to afford 172 mg
(27.5%) of a brown-red oil. '"H NMR (300 MHz, CDCls) & 2.19 (s, 3H), 2.38 (s, 3H), 6.91 (t, J = 8.8 Hz,
1H), 7.05 (s, 1H), 7.31 - 7.48 (m, 2H). '3C NMR (75 MHz, CDCl3) 3 12.9, 14.4 (d, 3Jcr = 3.3 Hz), 114 4,
115.2 (d, 2Jcr = 22.7 Hz), 123.7 (d, 3Jor = 8.3 Hz), 125.2 (d, 2Jcr = 17.7 Hz), 127.2 (d, *Jcr = 3.3 Hz),
128.0 (d, 3Jcr = 5.0 Hz), 135.8, 145.0, 160.6 (d, "Jcr = 245.5 Hz). TLC-MS (ESI) m/z: calculated for
C11H11FN2 [M+H]* 191.1, found 191.1. HPLC: {r = 2.52 min.

4-Bromo-5-(4-fluoro-3-methylphenyl)-2-methyl-1H-imidazole (S13)

F

H
N
HsC \ b/CHg
N
Br

Compound 812 (172 mg, 0.90 mmol) was dissolved in MeCN (5 mL), cooled to 0 °C and N-
bromosuccinimide (161 mg, 0.90 mmol) was added in one portion. The mixture was stirred for 1 h at 0
°C before the reaction was quenched with sat. aq. Na2SOs solution. The aqueous phase was extracted
with EtOAc (3x) and the combined organic layers were dried over anhydrous Na2SO4 and the solvent
was removed under reduced pressure. Purification by flash chromatography (SiO2, n-hexane:EtOAc
90:10 to 30:70) afforded 170 mg (69.8%) of a white solid. '"H NMR (300 MHz, DMSO-de) 8 2.27 (d, J =
1.7 Hz, 3H), 2.29 (s, 3H), 7.16 - 7.29 (m, 1H), 7.47 - 7.64 (m, 2H), 12.44 (br. s., 1H). TLC-MS (ESI) m/z:
calculated for C11H10BrFN2 [M+H]* 269.1/271.1, found 269.1/271.1. HPLC: {r = 5.93 min.

4(5)-Bromo-5(4)-(4-fluoro-3-methylphenyl)-2-methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-
imidazole (S14)

F
SEM F

[}

N N
HsC { )CHs . HC T Y—CHs

N N

Br B SEM

The title compound was prepared following the procedure as described for compound S6j starting from
compound S13 (130 mg, 0.48 mmol). Purification by flash chromatography (SiO2, n-hexane:EtOAc
65:35) afforded 118 mg (76.2%) of a solid as a mixture of both regioisomers. TLC-MS (ESI) m/z:
calculated for C17H24BrFN20Si [M+H]* 399.1/401.1, found 399.1/401.1. HPLC: fr = 11.29 min & 11.69

min.
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N-(4-(5(4)-(4-Fluoro-3-methylphenyl)-2-methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-
4(5)-yl)pyridin-2-yl)cyclopropanecarboxamide (S6l)

F F
SEM
HaC
H3C N 3 N’
[ D—crs . [ >—ch,
| X N | X N
N  SEM N~
HN% HN%
o o

The title compound was synthesized according to General Procedure D starting from compound S14
(100 mg, 0.25 mmol), S$11 (123 mg, 0.43 mmol), cesium fluoride (114 mg, 0.75 mmol),
benzyltriethylammonium chloride (3.4 mg, 0.015 mmol) and Pd(dppf)Cl2:DCM (12 mg, 0.015 mmol).
Purification by flash chromatography (SiO2, n-hexane:EtOAc 65:35) afforded 17 mg (14.3%) of only one
pure regioisomer. '"H NMR (300 MHz, CDCl3) & -0.05 (s, 9H), 0.80 - 0.93 (m, 4H), 1.04 - 1.13 (m, 2H),
1.57 - 1.65 (m, 1H), 2.20 (d, J = 1.7 Hz, 3H), 2.55 (s, 3H), 3.27 - 3.43 (m, 2H), 5.16 (s, 2H), 6.75 - 6.86
(m, 1H), 6.94 (dd, J=5.2, 1.5 Hz, 1H), 7.02 - 7.11 (m, 1H), 7.41 (dd, J = 7.6, 1.7 Hz, 1H), 8.23 (dd, J =
5.2,0.6 Hz, 1H), 8.27 (s, 1H), 8.98 (s, 1H). 3C NMR (75 MHz, CDCl3) 5 -1.5, 8.4, 13.4,14.4,15.7, 17 .7,
66.0, 72.7, 114.6, 115.2 , 121.4, 124.6, 125.6, 126.4, 129.6, 130.6, 137.6, 141.4, 146.9, 147.8, 152.3,
160.5 (d, 'Jor = 246.0 Hz), 172.4. TLC-MS (ESI) m/z: calculated for C26H33N4O2Si [M+H]* 481.7, found
481.7. HPLC: tr = 9.02 min.

N-(4-(4-(4-Fluoro-3-methylphenyl)-2-methyl-1H-imidazol-5-yl)pyridin-2-

yl)cyclopropanecarboxamide (30)
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The title compound was synthesized according to General Procedure E starting from one pure isomer
of 86l (17 mg, 0.049 mmol). Purification by flash chromatography (SiO2, DCM:EtOH 95:5) afforded 11
mg (88.4%) of an off-white solid. "H NMR (300 MHz, CDCls) 5 0.88 - 0.91 (m, 2H), 1.02 - 1.09 (m, 2H),
1.59-1.68 (m, 1H), 2.24 (d, J = 1.7 Hz, 3H), 2.43 (s, 3H), 6.95 (t, J=9.0 Hz, 1H), 7.05 (dd, J=5.4, 1.6
Hz, 1H), 7.17 - 7.24 (m, 1H), 7.32 (dd, J = 7.4, 1.7 Hz, 1H), 8.03 (d, J = 5.3 Hz, 1H), 8.29 (s, 1H), 9.09
(br. s., 1H). 13C NMR (75 MHz, CDCls) & 8.5, 14.0, 14.4 (d, 3Jcr = 3.3 Hz), 15.7, 110.7, 115.2 (d, 2JcF =
22.7 Hz), 117.2, 125.3 (d, 2Jcr = 17.7 Hz), 127.4 (d, 3Jcr = 8.3 Hz), 131.5 (d, 3Jcr = 5.0 Hz), 145.6,
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147.0, 151.8, 161.1 (d, 'Jcr = 246.0 Hz), 172.9. TLC-MS (ESI) m/z: calculated for C20H17FN4O [M+H]*
351.2, found 351.5. HPLC: tr = 4.31 min.

Synthesis of 4a and 4b
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Scheme S6. Reagents and conditions: (a) SeO2, acetic acid, 70 °C, 3 h, 84%; (b) acetaldehyde,
NH4OAc, MeOH, 65 °C, 3 h, 53%; (c) 10% aq. HCI, 110 °C, 18 h, 47%; (d) carboxylic acid, HATU,
DIPEA, rt, 18 h, 42-56%.

N-(4-(2-(4-Fluorophenyl)-2-oxoacetyl)pyridin-2-yl)acetamide (S15)

F

N-(4-(2-(4-fluorophenyl)acetyl)pyridin-2-yl)acetamide® (8.20 g, 30.12 mmol) was dissolved in glacial
acetic acid (150 mL) and selenium dioxide (5.01 g, 45.17 mmol) was added before the mixture was
heated to 70 °C for 3 h. After cooling to rt, the solution was filtered over celite and the solvent was
removed in vacuo. Purification by flash chromatography (SiOz, n-hexane:EtOAc 60:40) afforded 7.26 g
(84.2%) of a bright yellow solid. '"H NMR (300 MHz, DMSO-ds) d 2.11 (s, 3H), 7.36 - 7.57 (m, 3H), 7.95
-8.17 (m, 2H), 8.47 - 8.69 (m, 2H), 10.87 (s, 1H). 3*C NMR (75 MHz, DMSO-ds) & 23.9, 112.0, 116.8 (d,
2Jcr = 22.7 Hz), 117.7, 128.6 (d, “Jer = 2.8 Hz), 133.3 (d, 3Jcr = 10.5 Hz), 140.1, 149.7, 153.3, 166.4 (d,
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1Jcr = 256.6 Hz), 169.8, 191.4, 193.1. TLC-MS (ESI) m/z: calculated for C1sH11FN203 [M+H]* 287.1,
found 287.1. HPLC: tr = 4.44 min.

N-(4-(5-(4-Fluorophenyl)-2-methyl-1H-imidazol-4-yl)pyridin-2-yl)acetamide (S16)

F
H /N>‘
A\
CH
HaC N~ N 3

The title compound was synthesized according to General Procedure A starting from S15 (7.26 g,
25.36 mmol). Purification by flash chromatography (SiO2, DCM:EtOH 97:03 to 95:05) afforded 4.18 g
(53.1%) of a yellow solid. "H NMR (300 MHz, DMSO-ds) & 2.04 (s, 3H), 2.34 (s, 3H), 6.97 - 7.20 (m,
2H), 7.27 (t, J = 8.7 Hz, 1H), 7.39 - 7.53 (m, 2H), 8.01 - 8.38 (m, 2H), 10.29 (s, 1H), 12.28 (br. s., 1H).
3C NMR (75 MHz, CDCIs/MeOD [2:1 v/v]) d 13.0, 23.6, 111.2, 115.3 (d, 2Jcr = 21.6 Hz), 117.4, 129.9
(d, 3Jcr = 8.3 Hz), 145.8, 147.2, 151.3, 162.2 (d, 'Jcr = 245.5 Hz), 169.9. TLC-MS (ESI) m/z: calculated
for C17H1sFN4O [M+H]* 311.1, found 311.2. HPLC: tr = 1.91 min.

4-(4-(4-Fluorophenyl)-2-methyl-1H-imidazol-5-yl)pyridin-2-amine (S17)

F

N
HaN I N\>‘CH3
NS "

Compound $16 (570 mg, 1.84 mmol) was dissolved in 10% aq. HCI (15 mL) and refluxed for 18 h. After
cooling to rt, the solution is neutralized with 20% aq. NaOH and the forming precipitate is filtered off and
dried in vacuo to give 233 mg (47.3%) of a beige-brown solid. '"H NMR (300 MHz, DMSO-ds) 5 2.32 (s,
3H), 5.72 (s, 1H), 5.92 (s, 1H), 6.37 - 6.70 (m, 2H), 7.14 (t, J = 8.9 Hz, 1H), 7.23 - 7.31 (m, 1H), 7.40 -
7.55 (m, 2H), 7.68 - 7.89 (m, 1H), 12.15 (br. s., 1H). 3C NMR (75 MHz, CDCIs/MeOD [2:1 v/v]) d 12.6,
105.9, 111.4, 115.1 (d, 2Jcr = 21.6 Hz), 129.8 (d, 3Jcr = 7.7 Hz), 145.2, 146.2, 158.7, 162.1 (d, 'Jcr =
247 .1 Hz). TLC-MS (ESI) m/z: calculated for C1sH1sFN4 [M+H]* 269.1, found 269.2. HPLC: {r = 1.29 min
HPLC: {r = 4.39 min (method B).

N-(4-(5-(4-Fluorophenyl)-2-methyl-1H-imidazol-4-yl)pyridin-2-yl)-3-(1H-1,2,4-triazol-1-
yl)propanamide TFA salt (4a)

F
0
N N
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The title compound was synthesized according to General Procedure G (in 5 mL DMF) starting from
compound 817 (100 mg, 0.37 mmol) and 3-(1H-1,2,4-triazol-1-yl)propanoic acid (75 mg, 0.53 mmol).
Purification by flash chromatography (SiO2, DCM/2M ammonia in MeOH 90:10) and subsequent
purification by RP-18 flash chromatography (MeCN:H20 [8:2]/H20 + 0.1% TFA) afforded 82 mg (56.3%)
of the TFA salt. 'TH NMR (300 MHz, DMSO-de) 8 2.64 (s, 3H), 3.00 (t, J = 6.4 Hz, 2H), 4.45 (t, J = 6.3
Hz, 2H), 7.08 (dd, J=5.2, 1.2 Hz, 1H), 7.29 - 7.42 (m, 2H), 7.49 - 7.61 (m, 2H), 8.20 (s, 1H), 8.34 (d, J
=5.2 Hz, 1H), 8.47 (br. s., 1H), 10.78 (s, 1H). '*C NMR (101 MHz, DMSO-ds) d 11.5, 35.7, 44.5, 111.1,
116.4 (°Jcr = 22.0 Hz), 117.3, 123.6 (d, *Jcr = 3.7 Hz), 125.3, 128.8, 131.0 (d, 3Jcr = 8.8 Hz), 137.4,
144.2, 145.6, 148.8, 151.3, 152.5, 162.8 (d, "Jor = 247.2 Hz), 169.5. 'F NMR (282 MHz, DMSO-ds)
8 -110.9 (4-F-Phe), -74.2 (CFs). TLC-MS (ESI) m/z: calculated for C20H1sFN7O [M+H]* 392.2, found
392.5. HPLC: tr = 7.25 min (method B) (96.0% purity).

N-(4-(4-(4-Fluorophenyl)-2-methyl-1H-imidazol-5-yl)pyridin-2-yl)-3-(1H-tetrazol-1-yl)propanamide
(4b)

N= N
N\\ \\ H I \>‘CH3
bR

The title compound was synthesized according to General Procedure G starting from compound S17
(100 mg, 0.37 mmol) and 3-(1H-tetrazol-1-yl)propanoic acid (75 mg, 0.53 mmol). Purification by flash
chromatography (SiO2, DCM/2M ammonia in MeOH 95:05 to 90:10) afforded 61 mg (42.3%) of an off-
white solid. "H NMR (300 MHz, DMSO-ds) 8 2.35 (s, 3H), 3.08 (t, J = 6.5 Hz, 2H), 4.72 (t, J = 6.5 Hz,
2H), 7.01 (dd, J = 5.2, 1.6 Hz, 1H), 7.23 (t, J = 8.8 Hz, 2H), 7.40 - 7.53 (m, 2H), 8.12 (d, J = 5.2 Hz, 1H),
8.25 (br. s., 1H), 9.34 (s, 1H), 10.53 (s, 1H), 12.33 (br. s., 1H). 13C NMR (75 MHz, DMSO-ds) 5 13.7,
35.4,43.6, 110.5, 115.6 (d, 2Jcr = 21.6 Hz), 116.7, 130.2 (d, 3Jcr = 7.2 Hz), 144.2, 145.0, 147.8, 152.1,
161.6 (d, 'Jcr = 244.9 Hz), 168.5. TLC-MS (ESI) m/z: calculated for C1sH17FNsO [M+H]* 393.2, found
393.6. HPLC: tr = 7.25 min (method B) (100.0% purity).
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Synthesis of 4c and 4d

s18 $19a A=CH
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Scheme S7. Reagents and conditions: (a) 2-amino-4-bromopyridine, Pd(PPhs)4, 1,4-dioxane, 105 °C,
18 h, 41%; (b) carboxylic acid, HATU, DIPEA, rt, 18 h, 52-66%; (c) trifluoroacetic acid, DCM, rt, 8 h, 44-
45%.

4-(2-Methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazol-5-yl)pyridin-2-amine (S18)

N
[ S—chH
HaN A N>‘ 3
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Compound S2 (1.00 g, 2.00 mmol), 2-amino-4-bromopyridine (282 mg, 3.00 mmol) and Pd(PPhs)4 (170
mg, 0.15 mmol) were dissolved in degassed 1,4-dioxane (15 mL) under an atmosphere of argon. The
reaction mixture was heated to 105 °C for 18 h before the solution was filtered through a pad of celite.
The pad was washed with DCM (30 mL) and the solvents were removed under reduced pressure.
Purification by flash chromatography (SiO2, DCM/2M ammonia in MeOH 95:5) afforded 592 mg (41.3%)
of an orange solid. '"H NMR (300 MHz, CDCls) 6 -0.04 (s, 9H), 0.80 - 0.91 (m, 2H), 2.48 (s, 3H), 3.41 -
3.52 (m, 2H), 5.19 (s, 2H), 6.66 (s, 1H), 6.72 (dd, J = 5.5, 1.2 Hz, 1H), 7.05 (s, 1H), 8.00 (d, J = 5.4 Hz,
1H). '®C NMR (75 MHz, CDCls) 6 -1.6, 13.6, 17.7, 66.0, 72.6, 107.0, 112.8, 127.8, 131.6, 139.6, 147.2,
148.2, 168.5. TLC-MS (ESI) m/z: calculated for C1sH14aN4OSi [M+H]* 305.2, found 305.3. HPLC: tr =
2.56 min.

N-(4-(2-Methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1 H-imidazol-5-yl)pyridin-2-yl)-3-(1H-1,2,4-
triazol-1-yl)propanamide (S19a)
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The title compound was synthesized according to General Procedure G starting from compound S$18
(100 mg, 0.33 mmol) and 3-(1H-1,2,4-triazol-1-yl)propanoic acid (67 mg, 0.47 mmol). Purification by
flash chromatography (SiO2, DCM/2M ammonia in MeOH 95:5) afforded 93 mg (66.3%) of a white solid.
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"H NMR (300 MHz, CDCls) 8 -0.03 (s, 9H), 0.88 - 0.98 (m, 2H), 2.53 (s, 3H), 3.03 (t, J = 6.1 Hz, 2H),
3.48 -3.56 (m, 2H), 4.58 (t, J = 6.1 Hz, 2H), 5.26 (s, 2H), 7.17 - 7.21 (m, 2H), 7.92 (s, 1H), 8.18 (s, 1H),
8.21-8.30 (m, 2H), 9.39 (br. s, 1H). '*C NMR (75 MHz, CDCl3) 8 -1.5, 13.6, 17.7, 36.5, 44.7, 66.0, 72.7,
112.4, 118.6, 128.5, 131.2, 140.1, 143.9, 148.1, 148.8, 151.7, 152.0, 168.2. TLC-MS (ESI) m/z:
calculated for C20H29N702Si [M+Na]* 450.2, found 450.5. HPLC: {r = 3.76 min.

N-(4-(2-Methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1 H-imidazol-5-yl)pyridin-2-yl)-3-(1H-tetrazol-
1-yl)propanamide (S19b)

,N:N H [ N>\
N | \ CH
\\/N\/\”/N B N 3
o N_J  Sem

The title compound was synthesized according to General Procedure G starting from compound S18
(150 mg, 0.49 mmol) and 3-(1H-tetrazol-1-yl)propanoic acid (100 mg, 0.70 mmol). Purification by flash
chromatography (SiO2, DCM/2M ammonia in MeOH 95:5) afforded 110 mg (52.4%) of a white solid. H
NMR (300 MHz, CDCls) 8 -0.02 (s, 9H), 0.89 - 0.99 (m, 2H), 2.56 (s, 3H), 3.15 (t, J = 5.8 Hz, 2H), 3.51
- 3.59 (m, 2H), 4.85 (t, J = 6.0 Hz, 2H), 5.28 (s, 2H), 7.20 (s, 1H), 7.23 (dd, J = 5.2, 1.6 Hz, 1H), 8.21
(br.s., 1H), 8.28 (dd, J = 5.2, 0.6 Hz, 1H), 8.86 (s, 1H), 8.90 (br. s., 1H). 3C NMR (75 MHz, CDCls) & -
1.5, 13.5, 17.8, 36.2, 43.5, 66.2, 72.9, 112.4, 118.8, 127.9, 131.4, 139.9, 143.7, 148.3, 148.7, 151 .4,
167.7. TLC-MS (ESI) mi/z: calculated for C1sH2sNsO2Si [M+Na]* 451.2, found 451.6. HPLC: tr = 3.49

min.

N-(4-(2-Methyl-1H-imidazol-5-yl)pyridin-2-yl)-3-(1H-1,2,4-triazol-1-yl)propanamide (4c)

/=N N
NN N ’ N\>~CH3
W I H
0O N~

Compound S$19a (93 mg, 0.22 mmol) was dissolved in a 1:5 mixture of trifluoroacetic acid in DCM and
stirred at rt for 8 h. The solvent was evaporated and the crude product was purified by flash
chromatography (SiO2, DCM/2M ammonia in MeOH 95:5) to yield 29 mg (44.9%) of a yellow solid. "H
NMR (300 MHz, CDCls) & 2.63 (s, 3H), 3.06 (t, J = 6.4 Hz, 2H), 4.51 (t, J = 6.5 Hz, 2H), 7.47 (dd, J =
5.2, 1.5 Hz, 1H), 8.01 (s, 1H), 8.20 (s, 1H), 8.36 (s, 1H), 8.39 (d, J = 5.2 Hz, 1H), 8.57 (s, 1H), 10.81 (s,
1H). 3C NMR (101 MHz, DMSO-ds) 8 13.8, 35.8, 44.6, 108.0, 114.7, 116.3, 136.6, 143.7, 144.3, 145 .4,
147.8, 151.4, 152.3, 169.0. TLC-MS (ESI) m/z: calculated for C14H1sN7O [M+H]* 298.1, found 298.2.
HPLC: tr = 1.09 min tr = 4.14 min (method B) (95.1% puirity).

N-(4-(2-Methyl-1H-imidazol-5-yl)pyridin-2-yl)-3-(1H-tetrazol-1-yl)propanamide TFA salt (4d)
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N\\/N\/\H/N N I N>‘CH3 HO&::
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Compound S19b (93 mg, 0.22 mmol) was dissolved in a 1:5 mixture of trifluoroacetic acid in DCM and
stirred at rt for 8 h. As the product was highly soluble in water, the solvents were evaporated and the
crude product was directly purified by flash chromatography (SiO2, DCM/2M ammonia in MeOH 90:10).
Subsequent purification by RP-18 flash chromatography (MeCN:H20 [8:2]/H20 + 0.1% TFA) afforded
40 mg (44.1%) of the TFA salt. '"H NMR (400 MHz, DMSO-ds) 8 2.33 (s, 3H), 3.11 (t, J = 6.4 Hz, 2H),
4.64 - 4.80 (m, 2H), 7.36 (dd, J = 5.2, 1.4 Hz, 1H), 7.65 (s, 1H), 8.18 (d, J = 5.3 Hz, 1H), 8.35 (br. s.,
1H), 9.40 (s, 1H), 10.51 (s, 1H). 3C NMR (101 MHz, DMSO-ds) d 13.7, 35.4, 43.6, 108.0, 114.8, 116.5,
136.2, 143.4, 144.3, 145.4, 147.9, 152.2, 168.6. '°F NMR (282 MHz, DMSO-ds) d -73.4. TLC-MS (ESI)
miz: calculated for C13H14NsO [M+Na]* 321.1, found 321.2. HPLC: tr = 3.77 min (method B) (97.5%
purity).

Synthesis of 5a,6a and 7
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Scheme S8. Reagents and conditions: (a) NaH, SEM-CI, THF, 0 °C then rt, 18 h, 91%; (b) 2.0 M LDA
solution in THF/heptane/ethylbenzene, ethyl chloroformate, THF, -78 °C, 2 h, 52%; (c) $11, KF, XPhos,
Pd(OAc)2, 1,4-dioxane/H20, 110 °C, 18 h, 65% or K2COs, Pd(dppf)Cl2-DCM, DMF, 85 °C, 18 h, 82%;
(d) trifluoroacetic acid, DCM, rt, 6 h, 94%; (e) 7 M ammonia in MeOH, 45 °C, 18 h, 66-74%.(f) NBS,
MeCN, -20 °C to rt, 3 h, 70%; (g) 7 M ammonia in MeOH, 45 °C, 48 h followed by trifluoroacetic acid,
DCM/EtOH, 45 °C, 48 h, 62% (over 2 steps)

4-Bromo-1-((2-(trimethylsilyl)ethoxy)methyl)-1 H-imidazole (S20)

8§32



Appendix

264

4-Bromo-1H-imidazole (5.00 g, 34.02 mmol) was dissolved in THF (50 mL) under an atmosphere of
argon while being cooled to 0 °C. NaH 60% dispersion in mineral oil (1.77 g, 44.22 mmol) was added
portionwise over 10 min and the resulting suspension was stirred for 20 more min. Then 2-
(trimethylsilyl)ethoxymethyl chloride (6.37 mL, 36 mmol) was slowly added and the resulting mixture
was stirred at rt for 18 h. H20 (150 mL) was added, the organic layer was separated and the aqueous
layer was further extracted with DCM (3x). The combined organic layers were dried over anhydrous
Naz2S04 before the solvent was removed under reduced pressure. Purification by flash chromatography
(SiOz2, n-hexane:EtOAc 90:10) afforded 8.61 g (91.3%) of a light orange oil. '"H NMR (300 MHz, DMSO-
ds) 5 -0.04 (s, 9H), 0.80 - 0.87 (m, 2H), 3.43 - 3.51 (m, 2H), 5.30 (s, 2H), 7.44 (d, J = 1.6 Hz, 1H), 7.79
(d, J=1.5Hz, 1H). '3C NMR (75 MHz, DMSO-ds) 6 -1.4, 17.1, 65.5, 75.3, 114.3, 118.8, 138.1. TLC-MS
(ESI) m/z: calculated for CoH17BrN20Si [M+Na]* 299.0/301.0, found 299.1/301.1. HPLC: tr = 7.93 min
(218 nm).

Ethyl 4-bromo-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazole-2-carboxylate (S21)

§EM
N O
[ < chs
r/[N o—/

Compound S20 (3.25 g, 11.72 mmol) was dissolved in THF (40 mL) under an atmosphere of argon and

B

the solution was cooled to -78 °C. Lithium diisopropylamide 2.0M solution in THF/heptane/ethylbenzene
(6.00 mL, 12.0 mmol) was added dropwise over 30 min. The red solution was stirred further for 30 min
at -78 °C. In the meantime, a second flask was evacuated and backfilled with argon (3x). Ethyl
chloroformate (3.36 mL, 35.17 mmol) and THF (5 mL) were added and then also cooled to -78 °C. Then
the imidazole solution was added dropwise to the ethyl chloroformate solution and after complete
addition the solution was further stirred at -78 °C for 30 min before it was quenched by the addition of
H20 (150 mL). The organic layer was separated and the aqueous layer was further extracted with EtOAc
(3x). The combined organic layers were dried over anhydrous Na2SQO4 before the solvent was removed
under reduced pressure. Purification by flash chromatography (SiO2, n-hexane:EtOAc 90:10) afforded
2.14 g (52.3%) of an orange wax. 'H NMR (300 MHz, DMSO-ds) 5 -0.07 (s, 9H), 0.79 - 0.87 (m, 2H),
1.30 (t, J = 7.1 Hz, 3H), 3.48 - 3.57 (m, 2H), 4.30 (q, J = 7.2 Hz, 2H), 5.66 (s, 2H), 7.84 (s, 1H). 3C NMR
(75 MHz, DMSO-ds) 5 -1.5, 14.0, 17.1, 61.3, 66.1, 76.3, 114.6, 125.5, 135.6, 157.4. TLC-MS (ESI) m/z:
calculated for C12H21BrN203Si [M+Na]* 371.0/373.0, found 371.0/372.9. HPLC: tr = 9.93 min.

Ethyl 4-(2-(cyclopropanecarboxamido)pyridin-4-yl)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-

imidazole-2-carboxylate (S22)
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Compound S21 (100 mg, 0.29 mmol), S11 (148 mg, 0.52 mmol), K2COs (119 mg, 0.86 mmol) and
Pd(dppf)Cl:DCM was dissolved in degassed DMF (3 mL) under an atmosphere of argon. The reaction
mixture was heated to 85 °C for 18 h. After cooling to rt, sat. aq. NH4ClI solution (40 mL) was added and
it was extracted with EtOAc (3x). The combined organic layers were dried over anhydrous Na2SO4
before the solvent was removed under reduced pressure. Purification by flash chromatography (SiOz,
DCM:EtOH 97:3) afforded 101 mg (82.0%) of a white solid. Alternative prep.: Compound S21 (500 mg,
1.43 mmol), $22 (825 mg, 2.86 mmol), KF (333 mg, 5.73 mmol), XPhos (68 mg, 0.143 mmol) and
Pd(OAc)2 (16 mg, 0.072 mmol) were dissolved in a mix of degassed 1,4-dioxane (8.6 mL) and degassed
H20 (4.1 mL) under an atmosphere of argon. The reaction mixture was heated to 110 °C for 18 h. After
cooling to rt, H20 (40 mL) was added and it was extracted with EtOAc (3x). The combined organic layers
were washed with brine and dried over anhydrous Na2SO4 before the solvent was removed under
reduced pressure. Purification by flash chromatography (SiO2, n-hexane:EtOAc 50:50 to 30:70) afforded
401 mg (65.1%) of a white solid. '"H NMR (300 MHz, CDCls) 6 -0.01 (s, 9H), 0.84 - 0.91 (m, 2H), 0.91 -
0.98 (m, 2H), 1.08 - 1.16 (m, 2H), 1.46 (t, J = 7.1 Hz, 3H), 1.56 - 1.66 (m, 1H), 3.53 - 3.63 (m, 2H), 4.47
(9, J=7.2Hz, 2H), 5.80 (s, 2H), 7.68 (dd, J = 5.3, 1.5 Hz, 1H), 7.78 (s, 1H), 8.29 (dd, J = 5.3, 0.6 Hz,
1H), 8.52 (d, J = 0.6 Hz, 1H), 8.99 (s, 1H). '3C NMR (75 MHz, CDCl3) 5 -1.5, 8.4, 14.2, 15.8, 17.8, 62.0,
67.2, 77.1, 109.6, 116.1, 122.5, 136.9, 139.7, 142.8, 148.0, 152.0, 159.0, 172.7. TLC-MS (ESI) m/z:
calculated for C21H30N4O4Si [M+Na]* 453.2, found 453.5. HPLC: {r = 9.55 min.

Ethyl 5-(2-(cyclopropanecarboxamido)pyridin-4-yl)-1H-imidazole-2-carboxylate (5a)

Compound S22 (110 mg, 0.26 mmol) was treated according to General Procedure E and stirred at rt
for 18 h. Sat. ag. NaHCOs3 solution was added until the aqueous phase was adjusted to pH 7. The
organic phase was collected and the aqueous layer was extracted with DCM (2x). The combined organic
layers were washed with brine and dried over anhydrous Na2SQOa4 before the solvent was removed under
reduced pressure. Purification by flash chromatography (SiO2, DCM:EtOH 95:5) afforded 72 mg (93.9%)
of a white solid. '"H NMR (300 MHz, DMSO-ds) 6 0.74 - 0.90 (m, 4H), 1.34 (t, J= 7.1 Hz, 3H), 1.93 - 2.09
(m, 1H), 4.35 (q, J = 7.1 Hz, 2H), 7.49 (dd, J = 5.2, 1.4 Hz, 1H), 8.06 (s, 1H), 8.27 (d, J = 5.2 Hz, 1H),
8.54 (s, 1H), 10.74 (s, 1H), 13.65 (br. s., 1H). 3C NMR (75 MHz, DMSO-ds) d 7.6, 14.2, 14.2, 61.0,
108.6, 115.1, 119.9, 137.9, 140.2, 142.7, 148.1, 152.8, 158.3, 172.6. TLC-MS (ESI) m/z: calculated for
C15H16N4O3 [M+H]* 301.1, found 301.3. HPLC: tr = 2.20 min (100.0% puirity).

5-(2-(Cyclopropanecarboxamido)pyridin-4-yl)-1H-imidazole-2-carboxamide (6a)

O Na&
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Compound 5a (70 mg, 0.23 mmol) was dissolved in 7 M ammonia in MeOH (5 mL) and heated to 45 °C
for 18 h. The solvent was removed under reduced pressure and purification by flash chromatography
(SiO2, DCM:EtOH 95:05 to 90:10) afforded 46 mg (73.5%) of a white solid. "H NMR (300 MHz, DMSO-
de) 8 0.76 - 0.95 (m, 4H), 2.02 (quin, J = 6.1 Hz, 1H), 7.58 (dd, J = 5.5, 1.3 Hz, 1H), 7.63 (br. s., 1H),
7.80 (br. s., 1H), 7.99 (s, 1H), 8.27 (d, J = 5.5 Hz, 1H), 8.37 (s, 1H), 11.10 (br. s., 1H). '°C NMR (75
MHz, DMSO-de) d 8.1, 14.4, 108.8, 115.3, 120.6, 138.0, 142.4, 144.2,146.2, 151.7, 159.9, 173.2. TLC-
MS (ESI) m/z: calculated for C1sH13NsO2 [M+H]* 271.2, found 272.2. HPLC: {r = 1.39 min (95.3% purity).

Ethyl 4-(5-bromo-2-(cyclopropanecarboxamido)pyridin-4-yl)-1-((2-(trimethylsilyl)ethoxy)methyl)-
1H-imidazole-2-carboxylate (S23)

/SEM
N o
H |
4
%(NTCEEN%‘/CHB
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Compound S22 (101 mg, 0.24 mmol) was dissolved in MeCN (2 mL) at -30 °C. N-Bromosuccinimide
(44 mg, 0.25 mmol) was added in one portion and the solution was stirred at -30 °C. Reaction control
after 10, 30 and 120 min showed no conversion so the solution was slowly brought to rt and stirred
overnight. Reaction control now showed full conversion and the reaction was quenched with sat. aq.
Na2S0Os solution and extracted with EtOAc (3x). The combined organic layers were washed with brine
and dried over anhydrous Na2SO4 before the solvent was removed under reduced pressure. Purification
by flash chromatography (SiOz, n-hexane:EtOAc 80:20 to 20:80) afforded 83 mg (69.5%) of an off-white
solid. "H NMR (300 MHz, CDCls) 8 -0.02 (s, 9H), 0.84 - 0.92 (m, 2H), 0.92 - 0.99 (m, 2H), 1.11 (dd, J =
4.3, 3.0 Hz, 2H), 1.44 (t, J = 7.2 Hz, 3H), 1.54 - 1.65 (m, 1H), 3.57 - 3.66 (m, 2H), 4.44 (q, J = 7.1 Hz,
2H), 5.83 (s, 2H), 8.06 (s, 1H), 8.38 (s, 1H), 8.70 (s, 1H), 8.78 (s, 1H). '*C NMR (75 MHz, CDCls) & -1.5,
8.4,14.2,15.7, 17.8, 61.9, 67.1, 77.1, 112.4, 114.6, 124.9, 136.3, 137.5, 142.7, 150.1, 150.7, 159.1,
172.1. TLC-MS (ESI) m/z: calculated for C21H20BrN4+O4Si [M+Na]* 531.1/5633.1, found 531.0/533.0.
HPLC: tr = 11.24 min.

5-(5-Bromo-2-(cyclopropanecarboxamido)pyridin-4-yl)-1H-imidazole-2-carboxamide (7)
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Compound S$23 (80 mg, 0.167 mmol) was suspended in 7 M ammonia in MeOH (3 mL) and stirred at
45 °C for 48 h. The solvent was removed under reduced pressure and the crude product was dissolved
in a mix of DCM (4 mL), EtOH (2 mL) and trifluoroacetic acid (1 mL). The reaction was stirred at 45 °C
for 48 h. Sat. aq. NaHCOs solution was added until the aqueous phase was adjusted to pH 7. The
forming precipitate was collected by suction filtration and the aqueous phase was further extracted with
EtOAc (2x) and DCM (2x). The organic layers were dried over anhydrous Na>SO4 and the solvent was

removed under reduced pressure. The combined fractions were purified by flash chromatography (SiOz2,
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DCM:EtOH 97:3 to 90:10) to afford 36 mg (61.7%) of a yellow solid which was poorly soluble in most
organic solvents (MeOH, THF, MeCN, EtOAc, DCM, n-hexane). "H NMR (300 MHz, DMSO-dg) 5 0.77
- 0.89 (m, 4H), 1.95 - 2.07 (m, 1H), 7.66 (br. s., 1H), 7.73 (br. s., 1H), 8.02 (s, 1H), 8.48 (s, 1H), 8.71 (s,
1H), 10.88 (s, 1H), 13.48 (br. s., 1H). C NMR (75 MHz, DMSO-dg) d 7.8, 14.2, 111.2, 113.4, 121.0,
136.7, 141.5, 142.6, 150.4, 151.4, 159.7, 172.6. TLC-MS (ESI) m/z: calculated for C13H12BrNsO2
[M+Na]* 372.0/374.0, found 371.9/373.9. HPLC: tr = 2.93 min (97.1% purity).

Synthesis of 6b
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Scheme S9. Reagents and conditions: (a) NBS, MeCN, -20 °C, 1 h, 75%; (b) arylboronic acid, KF,
Pd(dppf)Cl2-DCM, 1,4-dioxane/H20, 85 °C, 18 h, 93%; (c) 7 M ammonia in MeOH, 45 °C, 18 h, 66-74%.

Ethyl 4-bromo-5-(2-(cyclopropanecarboxamido)pyridin-4-yl)-1H-imidazole-2-carboxylate (S23)

Br
H / N\HO
(0] N~

Compound 5a (410 mg, 1.37 mmol) was dissolved in MeCN (2 mL) at -20 °C and N-bromosuccinimide
(243 mg, 1.37 mmol) was added in one portion. The mixture was stirred at -20 °C for 1 h before it was
quenched with. The aqueous phase was extracted with EtOAc (3x) and the combined organic layers
were dried over anhydrous Na2SO4 and the solvent was removed under reduced pressure. Purification
by flash chromatography (SiO2, DCM:EtOH 97:3 to 95:5) afforded 389 mg (75.1%) of a pale white solid.
"H NMR (300 MHz, DMSO-dg) 6 0.75 - 0.88 (m, 4H), 1.27 - 1.37 (m, 3H), 1.97 - 2.09 (m, 1H), 4.35 (q, J
= 7.2 Hz, 2H), 7.43 - 7.56 (m, 1H), 8.39 (d, J = 5.2 Hz, 1H), 8.64 (s, 1H), 10.89 (s, 1H), 14.37 (br. s.,
1H). 3C NMR (75 MHz, DMSO-ds) & 7.7, 14.1, 14.3, 61.4, 110.8, 116.8, 138.1, 148.3, 152.5, 157.6,
172.8. TLC-MS (ESI) m/z: calculated for C1sH1sBrN4Os [M+Na]* 401.0/403.0, found 401.0/402.9. HPLC:
tr = 4.49 min.
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Ethyl 5-(2-(cyclopropanecarboxamido)pyridin-4-yl)-4-(2-hydroxyphenyl)-1H-imidazole-2-
carboxylate (5b)
OH
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Compound 823 (100 mg, 0.26 mmol), 2-hydroxyphenylboronic acid (73 mg, 0.53 mmol) and
Pd(dppf)Cl2:DCM were dissolved in degassed 1,4-dioxane (7 mL) under an atmosphere of argon and
degassed 0.25 M aq. KF solution (3.25 mL) was added. The reaction was stirred at 90 °C for 18 h. Work-
up was performed according to General Procedure D. Purification by flash chromatography (SiO2,
DCM:EtOH 97:3 to 95:5) afforded 96 mg (92.8%) of a solid. '"H NMR (400 MHz, MeOD) & 0.82 - 0.88
(m, 2H), 0.91 - 0.97 (m, 2H), 1.42 (t, J= 7.2 Hz, 3H), 1.78 - 1.89 (m, 1H), 4.44 (q, J = 7.1 Hz, 2H), 6.88
(t, J=7.5Hz, 1H), 6.93 (d, J = 8.1 Hz, 1H), 7.13 (d, J = 4.3 Hz, 1H), 7.21 (d, J = 7.5 Hz, 1H), 7.28 (t, J
=7.5Hz, 1H), 8.12 (d, J = 4.3 Hz, 1H), 8.22 (br. s., 1H). TLC-MS (ESI) m/z: calculated for C21H20N4O4
[M+H]* 392.2, found 393.3. HPLC: {r = 3.58 min.

5-(2-(Cyclopropanecarboxamido)pyridin-4-yl)-4-(2-hydroxyphenyl)-1H-imidazole-2-carboxamide
(6b)
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Compound 5b (96 mg, 0.24 mmol) was dissolved in 7 M ammonia in MeOH (5 mL) and heated to 45 °C
for 18 h. The solvent was removed under reduced pressure and the product was purified by flash
chromatography (SiO2, DCM:EtOH 95:5 to 90:10) to afford 59 mg (66.4%) of a beige-brown solid. 'H
NMR (400 MHz, DMSO-ds) 3 0.69 - 0.84 (m, 4H), 1.83 - 2.12 (m, 1H), 6.81 - 6.91 (m, 2H), 6.95 (d, J =
8.1Hz, 1H), 7.19 (d, J=7.2 Hz, 1H), 7.27 (t, J= 7.3 Hz, 1H), 7.55 (br. s., 1H), 7.71 (br. s., 1H), 8.06 (d,
J =4.9 Hz, 1H), 8.40 (s, 1H), 9.70 (s, 1H), 10.60 (br. s., 1H), 13.17 (br. s., 1H). 3C NMR (101 MHz,
DMSO-ds) 6 7.5, 14.2, 110.6, 115.9, 116.1, 117.2, 119.0, 129.6, 130.4, 131.5, 135.2, 140.7, 144.2,
147.2, 1562.4, 155.5, 160.0, 172.2. TLC-MS (ESI) m/z: calculated for C19H17NsO3 [M+H]* 364.1, found
364.3. HPLC: tr = 2.12 min (100.0% purity).
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Synthesis of 5¢ and 6c¢c-f
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6CcR = 2-methoxy S27a R = 2-methoxy
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5e R = cyclohexyl

Scheme S$10. Reagents and conditions: (a) 48% aqg. HBr/DMSO, 55 °C, 18 h or in case of S24e: SeO2,
dioxane/H20 (15:1), 110 °C; (b) ethyl glyoxylate (polymer form ~50% in toluene), NH4+OAc,
MeOH/MeCN, rt, 1.5 h, 41-71%; (c) NBS, MeCN, 0 °C, 1 h, 53-74% or in case of S25a: Br2, DCM/2M
ag. Na2COs, 0 °C to rt, 14 h, 63%; (d) SEM-CI, K2COs, DMF, 0 °C to rt, 3.5-6.5 h, 62-86%; (e) S11,
K2COs, Pd(dppf)Cl:DCM, DMF, 80 °C, 18 h, 71-84% or in case of S26a: $11, KF, Xphos, Pd(OAc)z,
1,4-dioxane/H20 (3:1), 110 °C, 18 h, 44%; (f) 7 M ammonia in MeOH, rt or 45 °C, 18-96 h, 59-78%
(for 6¢ & 6d); (g) trifluoroacetic acid, DCM, rt, 48 h 45-70% (over 2 steps for 6d and 6e).

Ethyl 4-(2-methoxyphenyl)-1H-imidazole-2-carboxylate (S24a)

OCH,

0]
5
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2’-Methoxyacetophenone (826 mg, 5.50 mmol) was treated according to General Procedure C.
Purification by flash chromatography (SiO2, DCM:EtOH 97:3 to 90:10) afforded 763 mg (56.3%) of a red
oil. 'H NMR (300 MHz, DMSO-ds) 8 1.34 (t, J = 7.1 Hz, 3H), 3.91 (s, 3H), 4.35 (q, J = 7.2 Hz, 2H), 7.01
(td, J=7.5,1.0 Hz, 1H), 7.08 (d, J = 8.1 Hz, 1H), 7.21 - 7.30 (m, 1H), 7.69 (br. s., 1H), 8.07 (br. s., 1H),
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13.39 (br. s., 1H). TLC-MS (ESI) m/z: calculated for C13H14N203 [M+Na]* 269.1, found 269.4. HPLC: {r
=4.18 min.

Ethyl 4-(4-fluoro-3-methylphenyl)-1H-imidazole-2-carboxylate (S24b)
F

H5;C o}
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4'-Fluoro-3'-methylacetophenone (500 mg, 3.29 mmol) was treated according to General Procedure C.
Purification by flash chromatography (SiO2, DCM:EtOH 97:3) afforded 582 mg (71.4%) of a red oil. 'H
NMR (300 MHz, CDCls) 5 1.34 (t, J = 7.2 Hz, 3H), 2.26 (d, J = 1.7 Hz, 3H), 4.40 (q, J = 7.2 Hz, 2H), 6.99
(t, J = 8.9 Hz, 1H), 7.45 (s, 1H), 7.48 - 7.56 (m, 1H), 7.61 (d, J = 7.1 Hz, 1H). "3C NMR (75 MHz, CDCl5)
6 14.0, 14.4 (d, 3Jcr = 3.3 Hz), 61.8, 115.2 (d, 2Jcr = 22.7 Hz), 124.3 (d, 3Jcr = 7.7 Hz), 125.1 (d, 2JcF =
17.7 Hz), 128.6 (d, 3Jcr = 5.5 Hz), 137.8, 159.1, 160.9 (d, "Jcr = 246.0 Hz). TLC-MS (ESI) m/z: calculated
for C13H1sFN202 [M+Na]* 271.1, found 271.1. HPLC: tr = 6.13 min.

Ethyl 4-(4-fluorophenyl)-1H-imidazole-2-carboxylate (S24c)

F.

O
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4'-Fluoroacetophenone (863 mg, 6.25 mmol) was treated according to General Procedure C.
Purification by flash chromatography (SiO2, DCM:EtOH 97:3) afforded 606 mg (41.4%) of a red oil. 'H
NMR (300 MHz, DMSO-ds) 8 1.34 (t, J = 7.1 Hz, 3H), 4.35 (q, J = 7.1 Hz, 2H), 7.22 (t, J = 8.8 Hz, 2H),
7.79-7.95 (m, 3H), 13.46 (br. s., 1H). 3C NMR (75 MHz, DMSO-ds) 3 14.2, 60.8, 115.4 (d, 2JcF = 22.1
Hz), 117.3, 126.6 (d, 3Jcr = 7.7 Hz), 130.3 (d, “Jcr = 2.8 Hz), 137.2, 141.6, 158.4, 161.4 (d, "Jcr = 246.0
Hz). TLC-MS (ESI) m/z: calculated for C12H11FN202 [M-H]- 233.1, found 233.1. HPLC: {r = 4.59 min.

Ethyl 4-(3-(trifluoromethoxy)phenyl)-1H-imidazole-2-carboxylate (S24d)
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3'-(Trifluoromethoxy)acetophenone (866 mg, 3.67 mmol) was treated according to General Procedure
C. Purification by flash chromatography (SiO2, n-hexane:EtOAc 70:30 to 50:50) afforded 580 mg
2(52.7%) of a red oil. '"H NMR (300 MHz, CDCls) 8 1.33 (t, J = 7.1 Hz, 3H), 4.41 (q, J= 7.1 Hz, 2H), 7.13
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(d, J=8.2Hz, 1H), 7.38 (t, J= 8.0 Hz, 1H), 7.56 (s, 1H), 7.63 - 7.76 (m, 2H), 10.43 (br. s., 1H). TLC-MS
(ESI) m/z: calculated for C13H11F3N203 [M+H]* 301.1, found 300.9. HPLC: {r = 7.47 min.

Ethyl 4-cyclohexyl-1H-imidazole-2-carboxylate (S24e)

N O
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Cyclohexyl methyl ketone (500 mg, 3.96 mmol) was oxidized with selenium dioxide (484 mg, 4.36 mmol)
according to a literature procedure® and then treated further according to General Procedure C.
Purification by flash chromatography (SiO2, DCM:EtOH 97:3) afforded 385 mg (43.7%) of an orange
solid. "H NMR (300 MHz, CDCls) & 1.24 - 1.48 (m, 8H), 1.65 - 1.85 (m, 3H), 1.98 - 2.09 (m, 2H), 2.59 -
2.72 (m, 1H), 4.38 (q, J = 7.2 Hz, 2H), 6.96 (d, J = 0.6 Hz, 1H). '*C NMR (75 MHz, CDCls) 8 13.7, 25.6,
25.8,32.4,35.7,60.9, 121.2, 136.2, 145.0, 159.0. TLC-MS (ESI) m/z: calculated for C12H18N202 [M+H]*
223.1, found 223.1. HPLC: {r = 3.64 min.

Ethyl 5-bromo-4-(2-methoxyphenyl)-1H-imidazole-2-carboxylate (S25a)
OCH,

N o]
| \> <

N (0}

H \

CHs

Br

Compound S24a (400 mg, 1.62 mmol) was dissolved in DCM (5 mL) and 2M aq. Na2COs solution (5
mL). The mixture was cooled to 0 °C and bromine (100 pL, 1.95 mmol) was added dropwise. The
reaction was further stirred at rt overnight before sat. ag. NaS20s solution was added and it was
extracted with DCM (3x). The combined organic layers were dried over anhydrous Na2SO4 and the
solvent was removed under reduced pressure. Purification by flash chromatography (SiO2, n-
hexane:EtOAc 60:40) afforded 333 mg (63.1%) of a yellow solid. "H NMR (300 MHz, CDCls) d 1.40 (t,
J=7.2Hz, 3H),3.92 (s, 3H),4.42(q, J=7.2 Hz, 2H), 7.01 (d, J = 8.4 Hz, 1H), 7.08 (td, J= 7.6, 1.0 Hz,
1H), 7.37 (ddd, J= 8.3, 7.5, 1.7 Hz, 1H), 8.08 (dd, J = 7.8, 1.6 Hz, 1H), 11.15 (br. s., 1H). '3C NMR (75
MHz, CDCIs) 8 14.2, 55.8, 62.0, 111.3, 115.6, 115.9, 121.0, 128.4, 129.2, 130.4, 135.5, 155.7, 158.3.
TLC-MS (ESI) miz: calculated for C13H13BrN20s [M+Na]* 247.0/249.0, found 347.2/349.2. HPLC: tr =
5.89 min.

Ethyl 5-bromo-4-(3-(trifluoromethoxy)phenyl)-1H-imidazole-2-carboxylate (S25b)

F4CO

Br

N 6]
| Y~
” o]

CHj
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Compound S24b (580 mg, 1.93 mmol) was dissolved in MeCN, cooled to 0 °C and N-bromosuccinimide
(344 mg, 1.93 mmol) was added in one portion. The mixture was stirred for 1 h at 0 °C before the
reaction was quenched with sat. aq. Na2SOs solution. The aqueous phase was extracted with EtOAc
(3x) and the combined organic layers were dried over anhydrous Na2SO4 and the solvent was removed
under reduced pressure. Purification by flash chromatography (SiO2, n-hexane:EtOAc 90:10) afforded
541 mg (73.9%) of the title compound. 'H NMR (300 MHz, CDCIs) & 1.30 (t, J = 7.2 Hz, 3H), 4.35 (q, J
=7.2Hz, 2H), 7.22-7.28 (m, 1H), 7.48 (t, J = 8.1 Hz, 1H), 7.70 (s, 1H), 7.77 (d, J = 7.9 Hz, 1H), 12.11
(br. s., 1H). ®C NMR (75 MHz, CDCIs) 6 13.9, 62.6, 119.9, 120.4 (d, "Jocrs = 258.2 Hz), 121.0, 125.6,
130.2, 137.1, 149.4, 158.6. TLC-MS (ESI) m/z: calculated for C13H10BrFsN203s [M+Na]* 401.0/403.0,
found 400.8/402.7. HPLC: tr = 9.61 min.

Ethyl 5-bromo-4-(4-fluorophenyl)-1H-imidazole-2-carboxylate (S25c)

F

[ >
Br H O_\
CH3

The title compound was prepared following the procedure as described for compound S$25b starting
from compound S24c¢ (540 mg, 2.31 mmol) and N-bromosuccinimide (410 mg, 2.31 mmol). Purification
by flash chromatography (SiO2, n-hexane:EtOAc 80:20) afforded 430 mg (59.4%) of a white solid. 'H
NMR (300 MHz, CDCl3) 6 1.28 (t, J= 7.2 Hz, 3H), 4.31 (q, J = 7.2 Hz, 2H), 7.13 (t, J = 8.6 Hz, 2H), 7.71
-7.83 (m, 2H), 12.02 (br. s, 1H). *C NMR (75 MHz, CDCls) 8 14.0, 62.4, 115.8 (d, 2Jcr = 21.6 Hz), 129.4
(d, 3Jcr = 8.8 Hz), 136.6, 158.7, 162.8 (d, 'Jor = 246.0 Hz). TLC-MS (ESI) m/z: calculated for
C12H10BrFN202 [M+Na]* 335.0/337.0, found 335.2/337.2. HPLC: {r = 6.84 min.

Ethyl 5-bromo-4-(4-fluoro-3-methylphenyl)-1H-imidazole-2-carboxylate (S25d)

F

C
Hj | NHO
Br ” O_\
CHs

The title compound was prepared following the procedure as described for compound S$25b starting
from compound S24d (470 mg, 1.89 mmol) and N-bromosuccinimide (337 mg, 1.89 mmol). Purification
by flash chromatography (SiOz, n-hexane:EtOAc 80:20) afforded 384 mg (52.8%) of a yellow solid. 'H
NMR (300 MHz, CDCls) 8 1.29 (t, J = 7.1 Hz, 3H), 2.31 (s, 3H), 4.31(q, J= 7.1 Hz, 2H), 7.06 (t, /= 8.8
Hz, 1H), 7.48 - 7.66 (m, 2H), 11.71 (br. s., 1H). '3C NMR (75 MHz, CDCIs) & 14.0, 14.6 (d, 3Jcr = 3.3
Hz), 62.3, 115.4 (d, 2Jcr = 23.2 Hz), 125.5 (d, 2Jcr = 17.7 Hz), 126.7 (d, 3Jcr = 8.3 Hz), 130.7 (d, 3JcF =
5.5 Hz), 136.5, 158.6, 161.5 (d, 'Jcr = 249.3 Hz). TLC-MS (ESI) m/z: calculated for C13H12BrFN202
[M+Na]* 349.0/351.0, found 349.2/351.2. HPLC: tr = 8.14 min.
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Ethyl 4-cyclohexyl-1H-imidazole-2-carboxylate (S25e)

| NHO
B N O\
CHj
The title compound was prepared following the procedure as described for compound S$25b starting
from compound S24e (380 mg, 1.71 mmol) and N-bromosuccinimide (304 mg, 1.71 mmol). Purification
by flash chromatography (SiO2, n-hexane:EtOAc 80:20) afforded 299 mg (58.1%) of a white solid. H
NMR (300 MHz, CDCls) & 1.17 - 1.59 (m, 5H), 1.36 (t, J = 7.2 Hz, 3H), 1.71 - 1.97 (m, 5H), 2.78 (i, J =
11.8, 3.3 Hz, 1H), 4.40 (q, J = 7.2 Hz, 2H), 10.98 (br. s., 1H). 13C NMR (75 MHz, CDCls) & 13.7, 25.4,
26.0, 31.3, 34.9, 61.5, 114.0, 135.3, 138.2, 158.3. TLC-MS (ESI) m/z: calculated for C12H17BrN202
[M+Na]* 323.0/325.0, found 323.2/325.2. HPLC: tr = 8.31 min.

Ethyl 5(4)-bromo-4(5)-(2-methoxyphenyl)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazole-2-
carboxylate (S26a)

OCHs OCHj,
SEM
N 00—\ + N 00—\
[ Y CHs [ CH,
Br™ N 0 Br~ N 0
SEM

Compound S25a (326 mg, 1.00 mmol) was dissolved in DMF (3 mL) and cooled to 0 °C before K2CO3
(180 mg, 1.10 mmol) was added. After stirring for 30 min, SEM-CI (195 pL, 1.30 mmol) was added and
the reaction was further stirred at rt for 3 h. H20 (35 mL) was added and it was extracted with EtOAc
(3x). The combined organic layers were dried over anhydrous Na2SO4 and the solvent was removed
under reduced pressure. Purification by flash chromatography (SiO2, n-hexane:EtOAc 90:10 to 50:50)
afforded 280 mg (61.5%) of a clear oil, containing both regioisomers. TLC-MS (ESI) m/z: calculated for
C19H27N204Si [M+Na]* 477.1/479.1, found 476.8/478.8.

Ethyl 4(5)-bromo-5(4)-(3-(trifluoromethoxy)phenyl)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-
imidazole-2-carboxylate (S26b)

SEM
N O N O
F,CO F,CO
3 B JCHJ s Wat:
Br N\ o Br N o
SEM

Compound S25b (490 mg, 1.30 mmol) was dissolved in DMF (3 mL) and cooled to 0 °C before K2COs
(215 mg, 1.56 mmol) was added. After stirring for 30 min, SEM-CI (259 pL, 1.57 mmol) was added and
the reaction was further stirred at rt for 6 h. H20 (35 mL) was added and it was extracted with EtOAc
(3x). The combined organic layers were dried over anhydrous Na2SO4 and the solvent was removed

under reduced pressure. Purification by flash chromatography (SiO2, n-hexane:EtOAc 95:05 to 85:05)
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afforded 565 mg (85.6%) of a mix of regioisomers (ratio 4.3:1). isomer 1: '"H NMR (300 MHz, CDCIs) &
0.00 (s, 9H), 0.83 - 1.05 (m, 2H), 1.46 (t, J = 7.2 Hz, 3H), 3.66 (dd, J = 8.7, 7.7 Hz, 2H), 4.49 (q, J = 7.1
Hz, 2H), 5.96 (s, 2H), 7.21 (ddt, J= 8.2, 2.3, 1.0 Hz, 1H), 7.46 (t, J = 8.0 Hz, 1H), 7.87 (s, 1H), 7.94 (dt,
J=17.8, 1.2 Hz, 1H). isomer 2: "H NMR (300 MHz, CDCls) 6 0.00 (s, 9H), 0.86 - 0.94 (m, 2H), 1.45 (t, J
=7.2 Hz, 3H), 3.54 - 3.62 (m, 2H), 4.47 (q, J = 7.1 Hz, 2H), 5.66 (s, 2H), 7.35 (dd, J = 6.7, 1.0 Hz, 1H),
7.47 - 7.56 (m, 3H). TLC-MS (ESI) m/z: calculated for C1oH24BrFsN204Si [M+Na]* 531.1/533.1, found
530.8/532.9. HPLC: tr = 12.55 min & 14.27 min.

Ethyl 5(4)-(2-(cyclopropanecarboxamido)pyridin-4-yl)-4(5)-(2-methoxyphenyl)-1-((2-
(trimethylsilyl)ethoxy)methyl)-1H-imidazole-2-carboxylate (S27a)

OCH; OCH,
SEM
H [ Y= CH, H | ) CH,
| N N e} | X N o}
O N~ SEM O N_~

Compound S26a (265 mg, 0.70 mmol), $11 (406 mg, 1.41 mmol), KF (164 mg, 2.82 mmol), XPhos (34
mg, 0.070 mmol) and Pd(OAc)2 (8 mg, 0.035 mmol) were dissolved in a mix of degassed 1,4-dioxane
(6 mL) and degassed H20 (2 mL) under an atmosphere of argon. The reaction mixture was heated to
110 °C for 18 h. After cooling to rt, H20 (40 mL) was added and it was extracted with EtOAc (3x). The
combined organic layers were washed with brine and dried over anhydrous Na>SO4 before the solvent
was removed under reduced pressure. Purification by flash chromatography (SiO2, n-hexane:EtOAc
70:30 to 50:50) afforded 165 mg (43.7%) of a mix of regioisomers which could not be separated
completely by column chromatograpy. example NMR for one pure isomer: '"H NMR (300 MHz, CDCls)
0 -0.11 (s, 9H), 0.68 - 0.80 (m, 4H), 0.95 - 1.03 (m, 2H), 1.44 (t, J = 7.1 Hz, 3H), 1.49 - 1.57 (m, 1H),
3.26 - 3.37 (m, 2H), 3.70 (s, 3H), 4.46 (q, J = 7.1 Hz, 2H), 5.22 (d, J = 10.2 Hz, 1H), 5.88 (d, J = 10.3
Hz, 1H), 6.98 - 7.09 (m, 3H), 7.21 (d, J = 6.8 Hz, 1H), 7.47 (t, J = 7.5 Hz, 1H), 8.04 (d, J = 5.3 Hz, 1H),
8.29 (s, 1H), 9.31 (s, 1H). ®C NMR (75 MHz, CDCl3) 5 -1.6, 7.9, 14.2,15.4,17.7,55.4, 61.6, 66.1, 73.8,
111.5,111.8,117.1,117.2, 121.0, 131.6, 132.6, 132.7, 136.8, 136.9, 143.8, 146.8, 151.9, 157.7, 159.2,
171.8. TLC-MS (ESI) m/z: calculated for C2sH3sN4OsSi [M+H]* 537.3, found 537.3.

Ethyl 4-(2-(cyclopropanecarboxamido)pyridin-4-yl)-5-(3-(trifluoromethoxy)phenyl)-1-((2-
(trimethylsilyl)ethoxy)methyl)-1H-imidazole-2-carboxylate or ethyl 5-(2-(cyclopropanecarbox-
amido)pyridin-4-yl)-4-(3-(trifluoromethoxy)phenyl)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-
imidazole-2-carboxylate (S27b)

SEM

F4CO N O I\ F.CO N O
(¢ ol - (>
N

H H
A\WN ~~ N o— A\WN ~~ N 0o
| CHy | SEM CHs
o N o N

Y /
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The title compound was synthesized according to General Procedure F starting from one (not closer
characterized) pure regioisomer of $26b (250 mg, 0.49 mmol), $11 (219 mg, 0.76 mmol), potassium
carbonate (203 mg, 1.47 mmol) and Pd(dppf)Cl:-DCM (40 mg, 0.049 mmol). Purification by flash
chromatography (SiO2, n-hexane:EtOAc 70:30) afforded 213 mg (73.5%) of the title compound. 'H NMR
(300 MHz, CDCls) 8 -0.02 (s, 9H), 0.84 - 0.97 (m, 4H), 1.07 - 1.16 (m, 2H), 1.50 (t, J= 7.1 Hz, 3H), 1.58
-1.68 (m, 1H), 3.47 - 3.59 (m, 2H), 4.53 (q, J = 7.1 Hz, 2H), 5.74 (s, 2H), 7.04 - 7.13 (m, 2H), 7.28 - 7.35
(m, 2H), 7.49 (dt, J = 7.9, 1.2 Hz, 1H), 8.34 - 8.41 (m, 2H), 8.92 (s, 1H). '*C NMR (75 MHz, CDCl3) d -
1.5, 8.5, 14.3, 15.7, 17.7, 62.1, 66.4, 73.7, 115.4, 120.3, 120.0, 120.2 (d, "Jocrs = 257.1 Hz), 121.2,
126.1, 129.7, 131.7, 134.7, 137.3, 138.7, 139.6, 148.3, 149.1, 152.4, 159.1, 172.4. TLC-MS (ESI) m/z:
calculated for C2sH33F3N4OsSi [M+Na]* 613.2, found 613.0.

5-(2-(Cyclopropanecarboxamido)pyridin-4-yl)-4-(2-methoxyphenyl)-1H-imidazole-2-

carboxamide (6c)

OCH,
N NH,
H |
NN b
| H

Compound S27a (160 mg, 0.30 mmol) was dissolved in 7 M ammonia in MeOH (5 mL) and stirred at 45
°C for 48 h. The solvent was removed under reduced pressure and the crude product was redissolved
in DCM (3 mL) and trifluoroacetic acid (3 mL). The solution was stirred at rt for 48 h and work-up was
performed according to General Procedure E. Purification by flash chromatography (SiO2, DCM:EtOH
99:1 to 95:5) afforded 51 mg (45.3%) of a tan white solid. '"H NMR (300 MHz, DMSO-de) 8 0.70 - 0.88
(m, 4H), 1.97 (quin, J = 6.2 Hz, 1H), 3.60 (s, 3H), 6.89 (dd, J= 5.3, 1.3 Hz, 1H), 7.00 (t, J = 7.3 Hz, 1H),
710 (d, J=8.3 Hz, 1H), 7.27 (d, J = 6.4 Hz, 1H), 7.39 - 7.48 (m, 1H), 7.57 (br. s., 1H), 7.75 (br. s., 1H),
8.07 (d, J = 5.3 Hz, 1H), 8.29 (s, 1H), 10.66 (s, 1H), 13.27 (br. s., 1H). '3C NMR (75 MHz, DMSO-ds) &
7.6,14.2,55.2,110.5, 111.7, 116.1, 120.4, 130.6, 131.4, 141.0, 147.0, 152.2, 157.0, 160.0, 172.3. TLC-
MS (ESI) m/z: calculated for C20H19NsO3 [M+Na]* 400.1, found 400.0. HPLC: {r = 2.08 min (98.5%).

5-(2-(Cyclopropanecarboxamido)pyridin-4-yl)-4-(3-(trifluoromethoxy)phenyl)-1H-imidazole-2-

carboxamide (6d)

F4CO
H | N 0
N
| H  NH
(6] N

Compound S27b (213 mg, 0.36 mmol) was dissolved in 7 M ammonia in MeOH (4 mL) and stirred at rt
for 96 h. The solvent was removed under reduced pressure and the crude product was redissolved in
DCM (3 mL) and trifluoroacetic acid (3 mL). The solution was stirred at rt for 48 h and work-up was

performed according to General Procedure E. Purification by flash chromatography (SiO2, DCM:EtOH
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95:5) afforded 109 mg (70.1%) of a white solid. "H NMR (300 MHz, DMSO-dg) d 0.70 - 0.85 (m, 4H),
1.91-2.06 (m, 1H), 6.97 - 7.43 (m, 3H), 7.52 (br. s., 2H), 7.64 (s, 1H), 7.89 (br. s., 1H), 8.12 - 8.37 (m,
2H), 10.57 - 10.96 (m, 1H), 13.71 (br. s., 1H). *C NMR (75 MHz, DMSO-ds) d 7.6, 14.1, 111.6, 117.5,
119.7,120.0 (d, "Jocrs = 256.5 Hz), 120.9, 127.8, 130.6, 141.9, 143.5, 147.8, 148.3, 152.6, 159.8, 172.4.
TLC-MS (ESI) miz: calculated for C20H16F3NsOs [M-H]- 430.1, found 429.8. HPLC: t&: = 6.30 min
(100.0%).

Ethyl 5-(2-(cyclopropanecarboxamido)pyridin-4-yl)-4-(4-fluorophenyl)-1H-imidazole-2-
carboxylate (5c)

H I \
| H I
N~ C

The title compound was synthesized according to General Procedure F starting from compound S25¢

Hs

(200 mg, 0.64 mmol), S11 (239 mg, 0.83 mmol), potassium carbonate (265 mg, 1.92 mmol) and
Pd(dppf)Cl2:DCM (31 mg, 0.038 mmol). Purification by flash chromatography (SiO2, DCM:EtOH 97:3)
afforded 198 mg (78.7%) of a white solid. "H NMR (300 MHz, CDCls) 5 0.80 - 0.92 (m, 2H), 0.99 - 1.09
(m, 2H), 1.39 (t, J = 7.1 Hz, 3H), 1.53 - 1.71 (m, 1H), 4.42 (q, J = 7.1 Hz, 2H), 7.05 (t, J = 8.4 Hz, 3H),
7.36 - 7.54 (m, 2H), 7.91 (d, J = 5.1 Hz, 1H), 8.36 (s, 1H), 9.14 (br. s., 1H), 12.25 (br. s., 1H). 3C NMR
(75 MHz, CDCls) 6 8.5, 14.2, 15.6, 62.2, 112.2, 115.9, 118.0, 130.6, 137.8, 147.3, 151.9, 159.4, 163.0,
172.6. TLC-MS (ESI) m/z: calculated for C21H1sFN4Os [M+Na]* 417.1, found 417.4. HPLC: {tr = 4.85 min
(97.6% purity).

Ethyl 5-(2-(cyclopropanecarboxamido)pyridin-4-yl)-4-(4-fluoro-3-methylphenyl)-1H-imidazole-2-
carboxylate (5d)

F
H;C I N o
H \
AWN N NH
| H O™\
O N~ CH,4

The title compound was synthesized according to General Procedure F starting from compound $25d
(200 mg, 0.61 mmol), S11 (229 mg, 0.79 mmol), potassium carbonate (265 mg, 1.83 mmol) and
Pd(dppf)Cl2-DCM (30 mg, 0.037 mmol). Purification by flash chromatography (SiO2, DCM:EtOH 97:3)
afforded 208 mg (83.5%) of a white solid. '"H NMR (300 MHz, CDCls) 8 0.84 (d, J = 3.7 Hz, 2H), 1.03
(br. s., 2H), 1.39 (t, J = 7.0 Hz, 3H), 1.63 (br. s., 1H), 2.21 (s, 3H), 4.42 (q, J = 6.9 Hz, 2H), 6.95 (t, J =
8.6 Hz, 1H), 7.03 - 7.24 (m, 2H), 7.33 (br. s., 1H), 7.91 (d, J = 3.3 Hz, 1H), 8.38 (s, 1H), 9.23 (br. 5., 1H),
12.39 (br. s., 1H). TLC-MS (ESI) m/z: calculated for C22H21FN4Os [M+Na]* 431.2, found 431.4. HPLC:
tr = 6.49 min.
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Ethyl 4-cyclohexyl-5-(2-(cyclopropanecarboxamido)pyridin-4-yl)-1H-imidazole-2-carboxylate
(Se)

B Ya
H \)
Zl\ﬂ/N N N>_\/<
| H 9™\
O N~ CHjy

The title compound was synthesized according to General Procedure F starting from compound S25e
(200 mg, 0.66 mmol), $11 (287 mg, 1.00 mmol), potassium carbonate (277 mg, 2.00 mmol) and
Pd(dppf)Cl2:-DCM (43 mg, 0.053 mmol). Purification by flash chromatography (SiO2, DCM:EtOH 95:05)
afforded 179 mg (70.5%) of a white solid. '"H NMR (300 MHz, CDCl3) 5 0.79 - 0.89 (m, 2H), 1.03 - 1.12
(m, 2H), 1.38 (t, J = 7.2 Hz, 3H), 1.41 - 1.58 (m, 3H), 1.60 - 1.66 (m, 1H), 1.69 - 2.05 (m, 5H), 2.60 (br.
s., 2H), 3.09 (br. s., 1H), 4.41 (q, J = 7.1 Hz, 2H), 7.44 (dd, J = 5.1, 1.7 Hz, 1H), 8.24 (d, J = 5.2 Hz, 1H),
8.43 (s, 1H), 9.27 (br. s., 1H), 11.15 (br. s., 1H). TLC-MS (ESI) m/z: calculated for C21H26N4O3 [M+Na]*
405.2, found 405.6. HPLC: tr = 6.93 min.

5-(2-(Cyclopropanecarboxamido)pyridin-4-yl)-4-(4-fluoro-3-methylphenyl)-1H-imidazole-2-
carboxamide (6¢e)

F
HsC ]N o
H A\
N~ NH
| H  NH
0O N~

Compound 5d (190 mg, 0.47 mmol) was dissolved in 7 M ammonia in MeOH (4 mL) and stirred at rt for
18 h. The solvent was removed under reduced pressure and purification by flash chromatography (SiOz,
DCM:EtOH 97:3 to 95:5) afforded 104 mg (58.9%) of a white solid. '"H NMR (300 MHz, DMSO-ds)
0.66 - 0.87 (m, 4H), 1.88 - 2.08 (m, 1H), 2.22 (s, 3H), 7.05 (d, J = 5.0 Hz, 1H), 7.12 - 7.31 (m, 2H), 7.43
(d, J=7.2Hz, 1H), 7.59 (s, 1H), 7.79 (br. s., 1H), 8.16 (d, J = 5.2 Hz, 1H), 8.34 (s, 1H), 10.68 (s, 1H),
13.45 (br. s., 1H). '3C NMR (75 MHz, DMSO-dg) 8 7.6, 14.1 (d, 3Jcr = 3.3 Hz), 14.2, 111.2, 115.2 (d,
2Jcr = 22.1 Hz), 117.2, 124.6, 125.6, 128.5, 131.4, 132.3, 134.7, 141.2, 143.8, 147.6, 152.5, 159.9,
160.7 (d, '"Jor = 246.2 Hz), 172.4. TLC-MS (ESI) m/z: calculated for C20H1sFNsO2 [M+Na]* 402.1, found
402.3. HPLC: tr = 4.85 min (99.0%).

4-Cyclohexyl-5-(2-(cyclopropanecarboxamido)pyridin-4-yl)-1H-imidazole-2-carboxamide (6f)

B Y
H N
A”/N N NH
| H o NH
O No—
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Compound 5e (170 mg, 0.44 mmol) was dissolved in 7 M ammonia in MeOH (4 mL) and stirred at rt for
18 h. The solvent was removed under reduced pressure and purification by flash chromatography (SiOz,
DCM:EtOH 95:5 to 90:10) afforded 123 mg (78.3%) of a white solid. '"H NMR (300 MHz, DMSO-ds) &
0.77 - 0.86 (m, 4H), 1.14 - 1.43 (m, 3H), 1.62 - 1.86 (m, 7H), 1.97 - 2.07 (m, 1H), 2.90 - 3.03 (m, 1H),
7.30 (dd, J=5.2, 1.5 Hz, 1H), 7.47 (br. s., 1H), 7.68 (br. s., 1H), 8.29 (d, J = 5.2 Hz, 1H), 8.33 (s, 1H),
10.74 (s, 1H), 12.98 (s, 1H). 3C NMR (75 MHz, DMSO-ds) 6 7.6, 14.3, 25.2, 26.1, 31.5, 34.8, 111.0,
117.2, 133.6, 138.5, 140.3, 144.0, 147.9, 152.4, 160.1, 172.6. TLC-MS (ESI) m/z: calculated for
C19H23Ns02 [M+H]* 354.2, found 354.5. HPLC: tr = 5.19 min (99.5% purity).

Synthesis of 69

pMB o o
N CH a pMB b c
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Scheme S11. Reagents and conditions: (a) 2.0M NaHMDS in THF, ethyl cyclopropanecarboxylate,
THF, 0 °C then rt, 2 h, 68%; (b) trifluoroacetic acid, DCM, 55 °C, 48 h, 78%; (c) cyclopropanecarbonyl
chloride, pyridine, DCM, 0 °C then rt, 18 h, 85%; (d) SeO2, acetic acid, 70 °C, 3 h, 38%; (e) ethyl
glyoxylate (polymer form ~50% in toluene), NH4OAc, THF/MeOH, rt, 18 h, 38%; (f) 7 M ammonia in
MeOH, 45 °C, 72 h, 65%.

tert-Butyl (4-(2-cyclopropyl-2-oxoethyl)pyridin-2-yl)(4-methoxybenzyl)carbamate (S28)

HsCO

tert-Butyl (4-methoxybenzyl)(4-methylpyridin-2-yl)carbamate (1500 mg, 4.66 mmol) was dissolved in
THF (60 mL) under an atmosphere of argon. The solution was cooled to 0 °C before 2M sodium
bis(trimethylsilyl)amide in THF (4.75 mL, 9.50 mmol) was added via syringe over 10 min and the
resulting mixture was stirred for 45 min while still being cooled to 0 °C. Then ethyl
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cyclopropanecarboxylate (783 mg, 6.88 mmol) dissolved in THF (5 mL) was added in one portion and
the reaction was further stirred for 2 h at rt. H20 (150 mL) was added, the organic layer was separated,
and it was extracted with EtOAc (3x). The combined organic layers were dried over anhydrous NazSO4
and the solvent was removed under reduced pressure. Purification by flash chromatography (SiOz, n-
hexane:EtOAc 75:25) afforded 1.23 g (67.8%) of the title compound. '"H NMR (300 MHz, CDCIs) 6 0.83
-0.94 (m, 2H), 1.01 - 1.11 (m, 2H), 1.42 (s, 9H), 1.89 - 2.00 (m, 1H), 3.77 (s, 3H), 3.82 (s, 2H), 5.12 (s,
2H), 6.75 - 6.83 (m, 2H), 6.88 (dd, J = 5.0, 1.4 Hz, 1H), 7.18 - 7.25 (m, 2H), 7.57 (s, 1H), 8.33 (d, J =
5.0 Hz, 1H). '3C NMR (75 MHz, CDCl3) d 11.6, 20.4, 28.2, 49.4, 49.8, 55.2, 81.3, 113.5, 120.4, 120.6,
128.7, 131.5, 144.2, 147.5, 154.2, 154.8, 158.4, 206.5. TLC-MS (ESI) m/z: calculated for C23sH2sN203
[M+Na]* 419.2, found 419.3. HPLC: tr = 8.28 min.

2-(2-Aminopyridin-4-yl)-1-cyclopropylethan-1-one (S29)

Compound S28 (1.23 g, 3.16 mmol) was dissolved in DCM (2 mL) and trifluoroacetic acid (2 mL) and
heated to 55 °C for 48 h. The solvent was evaporated and the product was redissolved in EtOAc and
then washed with sat. aq. NaHCOs3; solution (2x). The organic layer was removed under reduced
pressure to afford 435 mg (78.1%) of the title compound. 'H NMR (300 MHz, CDClIs) 5 0.80 - 0.93 (m,
2H), 1.00 - 1.11 (m, 2H), 1.95 (tt, J = 7.8, 4.5 Hz, 1H), 3.70 (s, 2H), 4.34 (br. s., 2H), 6.37 (d, J = 0.6 Hz,
1H), 6.52 (dd, J = 5.2, 1.5 Hz, 1H), 8.00 (dd, J = 5.3, 0.4 Hz, 1H). '*C NMR (75 MHz, CDCls) 6 11.6,
20.3, 49.8, 109.2, 115.3, 144.9, 148.2, 158.7, 206.9. TLC-MS (ESI) m/z: calculated for C1oH12N20
[M+H]* 177.1, found 177.1. HPLC: tr = 1.13 min.

N-(4-(2-Cyclopropyl-2-oxoethyl)pyridin-2-yl)cyclopropanecarboxamide (S30)

Compound S29 (435 mg, 2.36 mmol) was dissolved in DCM (10 mL), cooled to 0 °C and pyridine (242
uL, 2.94 mmol) was added slowly. After 5 min, cyclopropanecarbonyl chloride (195 pL, 2.60 mmol) was
added dropwise and the resulting solution was stirred at rt for 18 h. The solvents were removed under
reduced pressure and purification by flash chromatography (SiO2, DCM:EtOH 97:3) afforded 490 mg
(85.0%) of a clear oil. '"H NMR (300 MHz, CDCl3) 8 0.76 - 0.92 (m, 4H), 0.99 - 1.13 (m, 4H), 1.54 - 1.68
(m, 1H), 1.96 (tt, J = 7.8, 4.6 Hz, 1H), 3.83 (s, 2H), 6.88 (dd, J = 5.2, 1.5 Hz, 1H), 8.15 (s, 1H), 8.19 (d,
J=5.1Hz, 1H), 9.83 (br. s., 1H). *C NMR (75 MHz, CDClsz) 8 8.2, 11.5, 15.4, 20.5, 49.8, 115.4, 120.6,
145.9, 147.2, 152.2, 172.7, 206.3. TLC-MS (ESI) m/z: calculated for C14H16N202 [M+Na]* 267.1, found
267.1. HPLC: tr = 1.67 min.
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N-(4-(2-Cyclopropyl-2-oxoacetyl)pyridin-2-yl)cyclopropanecarboxamide (S31)

Compound S30 (450 mg, 1.84 mmol) was dissolved in glacial acetic acid (10 mL) and selenium dioxide
(232 mg, 2.09 mmol) was added. The mixture was heated to 70 °C for 3 h. After cooling to rt, the solution
was filtered over celite, the solvent was removed in vacuo and redissolved in DCM. The organic phase
was washed with sat. ag. NaHCOs solution (2x) and then removed under reduced pressure. Purification
by flash chromatography (SiO2, n-hexane:EtOAc 60:40) afforded 180 mg (37.8%) of a yellow-orange
oil. '"H NMR (300 MHz, CDCls) 8 0.84 - 0.99 (m, 4H), 1.07 - 1.18 (m, 4H), 1.61 - 1.70 (m, 1H), 2.64 (it, J
=7.8,4.6 Hz, 1H), 7.52 (dd, J = 5.2, 1.5 Hz, 1H), 8.40 (dd, J = 5.2, 0.7 Hz, 1H), 8.73 (s, 1H), 9.27 (br.
s., 1H). 3C NMR (75 MHz, CDCIs) &6 8.7, 13.9, 15.7, 18.0, 114.4, 118.3, 141.3, 148.1, 152.7, 172.8,
190.0, 200.1. TLC-MS (ESI) m/z: calculated for C14H14N203 [M-H]- 257 .1, found 257.1. HPLC: tr = 2.60

min.

5-(2-(Cyclopropanecarboxamido)pyridin-4-yl)-4-cyclopropyl-1H-imidazole-2-carboxamide (6g)

N (0]
H \>_42
N | N
NN e
(0] N~

Compound 831 (180 mg, 0.70 mmol) was dissolved in THF (5 mL) and ethyl glyoxylate (polymer form
~50% in toluene; 428 pL, 2.10 mmol) was added in one portion. A previously prepared solution of
NH4OAc (540 mg, 7.00 mmol) in MeOH (3 mL) was now added and the solution was stirred at rt for 18
h. The solvent was removed under reduced pressure and H20 (40 mL) was added before it was
extracted with EtOAc (3x). The combined organic layers were dried over anhydrous Na2SO4 and the
solvent was removed under reduced pressure. The crude product was dissolved in 7 M ammonia in
MeOH (4 mL) and the mixture was heated to 45 °C for 18 h. The solvent was removed under reduced
pressure and purification by flash chromatography (SiO2, DCM:EtOH 90:10) afforded 17 mg (7.8%) of
a white solid. "H NMR (400 MHz, DMSO-ds) 8 0.78 - 0.84 (m, 4H), 0.87 - 0.92 (m, 2H), 0.98 - 1.06 (m,
2H), 1.99 - 2.07 (m, 2H), 7.48 (br. s., 1H), 7.55 (dd, J = 5.3, 1.5 Hz, 1H), 7.66 (br. s., 1H), 8.28 (dd, J =
5.3, 0.5 Hz, 1H), 8.64 (s, 1H), 10.71 (s, 1H), 12.84 (s, 1H). '3C NMR (101 MHz, DMSO-ds) 6 7.1, 7.6,
7.8, 14.3, 110.2, 116.4, 135.2, 135.4, 139.4, 143.7, 147.7, 152.4, 160.0, 172.5. TLC-MS (ESI) m/z:
calculated for C16H17NsO2 [M+Na]* 334.1, found 334.4. HPLC: {r = 1.95 min (98.8% purity).
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Synthesis of 8 and 6h
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Scheme S12. Reagents and conditions: (a) ethyl glyoxylate (polymer form ~50% in toluene), NH4sOAc,
MeOH, rt, 18 h, 38%; (b) 7 M ammonia in MeOH, 45 °C, 72 h, 65%; (c) trifluoroacetic acid, DCM, 55 °C,
6 h, 91%; (d) cyclopropanecarbonyl chloride or acetyl chloride, pyridine, 0 °C then rt, 18 h, 39-49%.

Ethyl 4-(4-fluorophenyl)-5-(2-((4-methoxybenzyl)amino)pyridin-4-yl)-1H-imidazole-2-carboxylate
(S32)

1-(4-Fluorophenyl)-2-(2-((4-methoxybenzyl)amino)pyridin-4-yl)ethane-1,2-dione? (500 mg, 1.37 mmol)
was dissolved in THF (7 mL) and ethyl glyoxylate (polymer form ~50% in toluene; 841 uL, 4.12 mmol)
was added in one portion. A previously prepared solution of NH4OAc (1.06 g, 13.72 mmol) in MeOH (5
mL) was now added and the solution was stirred at rt for 18 h. The solvent was removed under reduced
pressure and H20 (40 mL) was added before it was extracted with EtOAc (3x). The combined organic
layers were dried over anhydrous Na2SO4 and the solvent was removed under reduced pressure.
Purification by flash chromatography (SiOz, n-hexane:EtOAc 50:50 to 0:100) afforded 230 mg (37.6%)
of a yellow resin. "H NMR (300 MHz, CDCls) 8 1.32 (t, J = 7.1 Hz, 3H), 3.76 (s, 3H), 4.22 (s, 2H), 4.36
(9, J=7.2 Hz, 2H), 5.81 (br. s, 1H), 6.57 (br. s., 1H), 6.65 (d, J = 5.4 Hz, 1H), 6.77 - 6.82 (m, 2H), 6.96
-7.04 (m, 2H), 7.12 (d, J = 8.6 Hz, 2H), 7.41 (dd, J = 8.4, 5.4 Hz, 2H), 7.80 (d, J = 5.5 Hz, 1H). '*C NMR
(75 MHz, CDCl3) d 14.1, 45.6, 55.2, 62.1, 104.7, 111.5, 113.9, 115.7 (d, 2Jcr = 21.6 Hz), 128.4, 130.4,
130.6 (d, 3Jcr = 8.3 Hz), 137.5, 147.0, 158.6, 158.8, 159.2, 162.8 (d, "Jcr = 249.3 Hz). TLC-MS (ESI)
mjz: calculated for C2sH23FN4O3s [M+H]* 447.2, found 447.0. HPLC: tr = 6.38 min.
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4-(4-Fluorophenyl)-5-(2-((4-methoxybenzyl)amino)pyridin-4-yl)-1H-imidazole-2-carboxamide
(S33)

F.
HsCO N
NH
\©\/H I H ’
N
| H
N~

Compound 832 (330 mg, 0.74 mmol) was dissolved in 7 M ammonia in MeOH (4 mL) and the mixture
was heated to 45 °C for 72 h. The solvent was evaporated and H20 (10 mL) was added before it was
extracted with EtOAc (3x). The combined organic layers were dried over anhydrous Na2SQO4 before the
solvent was removed under reduced pressure to yield 200 mg (64.8%) of a cream-colored solid. 'H
NMR (300 MHz, DMSO-de) 6 3.72 (s, 3H), 4.28 - 4.39 (m, 2H), 6.48 - 6.66 (m, 2H), 6.86 (dd, J = 8.6,
3.5 Hz, 2H), 7.13 - 7.31 (m, 4H), 7.44 - 7.60 (m, 3H), 7.66 - 8.03 (m, 3H), 13.43 (br. s., 1H). TLC-MS
(ESI) miz: calculated for C23H20FNsO2 [M+H]* 418.2, found 418.1. HPLC: tr = 4.60 min.

5-(2-Aminopyridin-4-yl)-4-(4-fluorophenyl)-1H-imidazole-2-carboxamide (S34)

F
N NH,
\
HoN l >\\<
XON%
| H
N~

Compound S33 (190 mg, 0.46 mmol) was dissolved in DCM (3 mL) and trifluoroacetic acid (3 mL). The
solution was heated to 55 °C for 6 h before the reaction was quenched with sat. ag. NaHCOs3 solution
and it was extracted with DCM (3x). Purification by flash chromatography (SiO2, DCM:EtOH 97:3 to
95:5) afforded 124 mg (90.5%) of an off-white solid. "H NMR (300 MHz, DMSO-ds) 8 5.89 (br. s., 2H),
6.50 (dd, J=5.3, 1.5 Hz, 1H), 6.57 (s, 1H), 7.25 (t, J = 8.7 Hz, 2H), 7.47 - 7.55 (m, 2H), 7.57 (br. s., 1H),
7.80 (br. s., 1H), 7.84 (d, J = 5.2 Hz, 1H), 12.28 (br. s., 1H). TLC-MS (ESI) m/z: calculated for
C1sH12FNsO [M+H]* 298.1, found 298.0. HPLC: fr = 2.19 min.

5-(2-(Cyclopropanecarboxamido)pyridin-4-yl)-4-(4-fluorophenyl)-1H-imidazole-2-carboxamide
(6h)

F
N NH,
H )
A[(N I H
X N9
| H
O N~

Compound S34 (35 mg, 0.12 mmol) was dissolved in pyridine (4 mL) and cooled to 0 °C.

Cyclopropanecarbonyl chloride (11.75 pL, 0.13 mmol) was added and the mixture was stirred at rt for
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18 h. The solvent was removed in vacuo and purification by flash chromatography (SiO2, DCM:EtOH
95:5) afforded 21 mg (48.8%) of a sand-colored solid. '"H NMR (300 MHz, DMSO-ds) 6 0.73 - 0.84 (m,
4H), 1.91 - 2.04 (m, 1H), 7.04 (dd, J = 5.2, 1.6 Hz, 1H), 7.24 (t, J = 8.9 Hz, 2H), 7.49 (dd, J = 8.9, 5.5
Hz, 2H), 7.60 (br. s, 1H), 7.84 (br. s, 1H), 8.20 (d, J = 5.2 Hz, 1H), 8.25 (s, 1H), 10.77 (s, 1H). 3C NMR
(75 MHz, DMSO-ds) 6 7.8, 14.3, 111.7, 115.6 (d, 2Jcr = 21.6 Hz), 117.6, 130.9 (d, 3Jcr = 8.3 Hz), 141.5,
147.6, 152.4, 160.0, 162.1 (d, "Jcr = 246.5 Hz), 172.6. TLC-MS (ESI) m/z: calculated for C19H1sFN5O2
[M+Na]* 388.1, found 388.1. HPLC: tr = 3.95 min (96.8% purity).

5-(2-Acetamidopyridin-4-yl)-4-(4-fluorophenyl)-1H-imidazole-2-carboxamide (8)

The title compound was prepared following the procedure as described for compound 6h starting from
compound S34 (150 mg, 0.50 mmol) and acetyl chloride (47 pL, 0.66 mmol). Purification by flash
chromatography (SiO2, DCM:EtOH 95:5 to 90:10) afforded 64 mg (37.4%) of an orange solid. '"H NMR
(300 MHz, DMSO-ds) 6 2.05 (s, 3H), 7.10 (dd, J = 5.2, 1.6 Hz, 1H), 7.23 (t, J = 8.8 Hz, 2H), 7.50 (dd, J
= 8.8, 5.5 Hz, 2H), 7.61 (s, 1H), 7.85 (s, 1H), 8.20 (d, J = 5.3 Hz, 1H), 8.23 (s, 1H), 10.42 (s, 1H), 13.51
(br. s, 1H). 13C NMR (75 MHz, DMSO-de) 8 23.9, 111.4, 115.6 (d, 2Jcr = 22.1 Hz), 117.6, 130.8 (d, 3JcF
= 8.3 Hz), 141.4, 147.8, 152.4, 159.9, 162.0 (d, 'Jcr = 246.6 Hz), 169.1. TLC-MS (ESI) m/z: calculated
for C17H14FNsO2 [M+Na]* 362.1, found 362.2. HPLC: {r = 2.14 min (98.1% purity).

Synthesis of 6i

F F H3C F
o N O-si 8 N OH
a | > cH, b | N\>J
= o) = N — ~
| | H I H
N N N

AﬁfNKA HNYA HNYA

(o) o] S35 ©) 6i

Scheme S13. Reagents and conditions: (a) (tert-butyldimethylsilyloxy)acetaldehyde, NH4OAc, MeOH,
80 °C, 4 h, 20%; (b) Tetrabutylammonium fluoride in THF, rt, 5 h, 46%.
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N-(4-(2-(((tert-Butyldimethylsilyl)oxy)methyl)-4-(4-fluorophenyl)-1H-imidazol-5-yl)pyridin-2-
yl)cyclopropanecarboxamide (S35)

F
H3sC CH,
CHj
H | -8, H
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N-(Cyclopropanecarbonyl)-N-(4-(2-(4-fluorophenyl)-2-oxoacetyl)pyridin-2-yl)cyclo-propanecarbox-
amide? (313 mg, 0.82 mmol), 2-((tert-butyldimethylsilyl)oxy)acetaldehyde (251 uL, 1.32 mmol) and
NH4OAc (1.27 g, 16.46 mmol) were dissolved in MeOH (8 mL). The reaction mixture was heated to 80
°C for 4 h. Work-up was performed according to General Procedure A. Purification by flash
chromatography (SiO2, n-hexane:EtOAc 80:20 to 0:100) afforded 78 mg (20.3%) of a brown solid. 'H
NMR (300 MHz, CDCls) 6 0.14 (s, 6H), 0.81 - 0.88 (m, 2H), 0.94 (s, 9H), 1.01 - 1.10 (m, 2H), 1.50 - 1.65
(m, 1H), 4.86 (s, 2H), 6.96 - 7.11 (m, 3H), 7.39 - 7.49 (m, 2H), 8.07 (d, J = 5.4 Hz, 1H), 8.33 (br. s, 1H),
9.10 (s, 1H). TLC-MS (ESI) m/z: calculated for C2sH31FN4O2Si [M+H]* 467.2, found 467.7. HPLC: tr =
9.95 min.

N-(4-(4-(4-Fluorophenyl)-2-(hydroxymethyl)-1H-imidazol-5-yl)pyridin-2-
yl)cyclopropanecarboxamide (6i)

Compound S35 (78 mg, 0.67 mmol) was dissolved in 1.0M TBAF in THF (5 mL) and stirred at rt for 5 h.
Purification by flash chromatography (SiO2, DCM:EtOH 95:5) afforded 27 mg (45.8%) of a yellow-orange
solid. "H NMR (300 MHz, MeOD) 6 0.14 (s, 6H), 0.81 - 0.88 (m, 2H), 0.94 (s, 9H), 1.01 - 1.10 (m, 2H),
1.50 - 1.65 (m, 1H), 4.86 (s, 2H), 6.96 - 7.11 (m, 3H), 7.39 - 7.49 (m, 2H), 8.07 (d, J = 5.4 Hz, 1H), 8.33
(br. s, 1H), 9.10 (s, 1H). '3C NMR (75 MHz, MeOD) 3 8.6, 15.7, 58.3, 113.6, 116.8 (d, 2Jcr = 22.1 Hz),
119.1, 129.5 (d, 4Jcr = 3.3 Hz), 131.8 (d, 3Jcr = 8.3 Hz), 144.5, 149.1, 150.6, 153.6, 164.2 (d, 'JcF =
246.6 Hz), 175.3. TLC-MS (ESI) m/z: calculated for C1eH17FN4O2 [M+H]* 353.1, found 353.4. HPLC: tr
= 2.78 min (95.9% purity).
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Synthesis of 6j
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Scheme S14. Reagents and conditions: (a) NaH, SEM-CI, THF, 0 °C then rt, 18 h, 98%; (b) 2.0 M
Lithium diisopropylamide solution in THF/heptane/ethylbenzene, ethyl chloroformate, THF, -78 °C, 2 h,
32%; (c) 7 M ammonia in MeOH, rt, 18 h, 88%; (d) $11, Na2COs, cataCXium® A, Pd(OAc)2, DME/H20,
90 °C, 18 h, 40%.

Ethyl 4(5)-bromo-5(4)-methyl-1H-imidazole-2-carboxylate (S36)

B SEM
NN Bra__N
DRI

Hoe” N Hic” N

SEM

The title compound was prepared following the procedure as described for compound S$20 starting from
4-bromo-5-methyl-1H-imidazole (820 mg, 5.09 mmol), NaH 60% dispersion in mineral oil (305 mg, 7.64
mmol) and 2-(trimethylsilyl)ethoxymethyl chloride (991 pL, 5.60 mmol). Purification by flash
chromatography (SiO2z, n-hexane:EtOAc 90:10 to 60:40) afforded 1.46 g (98.3%) of a clear oil (mix of
both regioisomers). '"H NMR (300 MHz, DMSO-ds) 8 -0.03 (s, 18H, 2x (CH3)3 of SEM), 0.74 - 0.91 (m
4H, 2x CHz2of SEM), 2.06 (s, 3H, CH3[1]), 2.15 (s, 3H, CH3[2]), 3.39 - 3.51 (m, 4H, 2x CH: of SEM), 5.24
(s, 2H, CH2 of SEM[1]), 5.29 (s, 2H, CH2 of SEM[2]), 7.75 (s, 1H, Imid.-CH[1]), 7.90 (s, 1H, Imid.-CH[2]).
TLC-MS (ESI) m/z: calculated for C10H19BrN20Si [M+H]* 291.0/293.0, found 291.0/293.1. HPLC: tr =
7.57 min + 8.90 min.

Ethyl 4(5)-bromo-5(4)-methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1 H-imidazole-2-carboxylate
(S37)

N r
>4 N O
IN\ + I H
Hac” N O™\ H N o
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The title compound was prepared following the procedure as described for compound S21 starting from
S36 (550 mg, 1.88 mmol), lithium diisopropylamide 2.0M solution in THF/heptane/ethylbenzene (944
pL, 1.88 mmol) and ethyl chloroformate (550 pL, 5.76 mmol). Work-up was performed according to the
synthesis of S21. Purification by flash chromatography (SiOz, n-hexane:EtOAc 90:10 to 50:50) afforded
220 mg (32.1%) of a mix of regioisomers which could not be separated completely by column
chromatograpy. example NMR for one pure isomer: '"H NMR (300 MHz, CDCIs) 5 -0.01 (s, 9H), 0.85 -
0.94 (m, 2H), 1.39 (t, J = 7.2 Hz, 3H), 2.33 (s, 3H), 3.51 - 3.61 (m, 2H), 4.40 (9, J = 7.1 Hz, 2H), 5.82 (s,
2H). ®C NMR (75 MHz, CDCIs) 5-1.5,9.6, 14.2,17.7,61.8, 66.3, 74.0, 116.3, 132.5, 135.3, 158.4. TLC-
MS (ESI) m/z: calculated for C13H23BrN20sSi [M+Na]* 385.1/387.1, found 385.2/387.2. HPLC: {r = 10.14
min & 10.37 min.

4(5)-Bromo-5(4)-methyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-imidazole-2-carboxamide (S38)

NG \ o)
\
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A mixture of regioisomers 837 (220 mg, 0.61 mmol) was dissolved in 7 M ammonia in MeOH (5 mL)
and stirred at rt for 18 h. The solvent was evaporated and purification by flash chromatography (SiOz,
n-hexane:EtOAc 50:50 to 0:100) afforded 178 mg (87.9%) of a mix of regioisomers which could not be
separated by column chromatography. TLC-MS (ESI) m/z: calculated for C11H20BrN3O2Si [M+H]*
334.1/336.1, found 334.4/336.4. HPLC: tz = 9.14 min.

5-(2-(Cyclopropanecarboxamido)pyridin-4-yl)-4-methyl-1H-imidazole-2-carboxamide (6j)

HaC I N o
H N
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l H o NH2
O N~

Compound $38 (60 mg, 0.18 mmol), $11 (78 mg, 0.27 mmol), Na2COs (57 mg, 0.54 mmol), cataCXium®
A (13 mg, 0.036 mmol) and Pd(OAc)z (6 mg, 0.027 mmol) were dissolved in a degassed 3:1 mixture of
DME/H20 (4 mL) under an atmosphere of argon. The mixture was heated to 90 °C under an atmosphere
of argon for 18 h. The reaction mixture was allowed to cool to rt and more H20 was added. It was
extracted with EtOAc (3x) and the combined organic layers were dried over anhydrous Na2SO4. The
solvent was removed under reduced pressure and the crude product was dissolved in DCM (4 mL) and
trifluoroacetic acid (4 mL). After stirring for 24 h, the solution was neutralized with sat. aq. NaHCOs to
pH 7. The organic layer was separated and the aqueous layer was extracted with EtOAc (3x). The
combined organic layers were dried over anhydrous NaxSO4 and the solvent was removed under
reduced pressure. Purification by flash chromatography (SiO2, DCM/2M ammonia in MeOH 99:1 to 95:5)
afforded 20 mg (40.0%) of a white solid. '"H NMR (300 MHz, DMSO-ds) & 0.73 - 0.89 (m, 4H), 1.96 -
2.08 (m, 1H), 2.46 (s, 3H), 7.43 (dd, J = 5.3, 1.3 Hz, 1H), 7.49 (br. s., 1H), 7.67 (br. s., 1H), 8.27 (d, J =
5.2 Hz, 1H), 8.44 (s, 1H), 10.73 (s, 1H), 13.11 (br. s., 1H). 3C NMR (75 MHz, DMSO-de) 5 7.6, 11.4,
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14.2,109.6, 116.0, 129.4, 134.1, 139.5, 143.8, 147.8, 152.5, 160.0, 172.6 TLC-MS (ESI) m/z: calculated
for C1aH1sNsO2 [M+H]* 286.1, found 286.2. HPLC: tr = 6.31 min (method B) (100.0% purity).
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2. ESI-QTOF assay

We followed the method reported in our previous paper.”

Materials: GSK3B enzyme and synthetic peptide GSM were purchased from Merck Millipore
(Darmstadt, Germany). Adenosine triphosphate (ATP) disodium salt hydrate, ammonium acetate,
ammonium hydroxide, dimethyl sulfoxide (DMSO), magnesium acetate tetrahydrate, formic acid, were
purchased from Sigma-Aldrich (St. Louis, MO, USA). All other reagents were of analytical grade and
filtered by nylon membrane filters 0.40 um from Merck Millipore (Darmstadt, Germany). Ultrapure water
was obtained on a Purite LTD water purification system (Thame, UK). Stock solutions of ATP (1 mM)
were prepared in pH 7.4, 6 mM ammonium acetate and 1.6 mM magnesium acetate buffer. Stock
solutions of GSM (1 mM) and 100 ng/L GSK3p were prepared in the same buffer and stored in aliquots
at —80 °C. Further dilutions were prepared with fresh buffer before carrying out the assay. The inhibitors
stock solutions (10 mM) were diluted with DMSO to achieve the concentration of 1 mM and then they
were further diluted to the desired concentration with buffer. The percentage of DMSO was kept below
1%.

Inhibition assay by ESI-QTOF: The inhibition studies were performed by setting the assay solutions
composed of 2.5 ng/L GSK3, 62.5 uM GSM substrate, 250 uM ATP and inhibitors. Enzymatic reactions
were carried out in the Eppendorf ThermoMixer (Hamburg, Germany) at 37 °C for 30 min. The sample
solutions were analyzed by flow injection into the electrospray ionization (ESI) source at a 10 pyL/min
flow rate in positive ion mode (+ESI) with Micromass QTOF Ultima Global (Manchester, UK) equipped
with an ESI source, and operating with a QTOF mass analyzer. Instrument control, data acquisition and
processing were performed with Waters MassLynx 4.1 software (Manchester, UK). The ESI-QTOF
source temperature was set at 80 °C, the capillary voltage at 3.0 kV and the cone voltage at 80 V. The
scan time was set at 1 s, the inter scan time at 0.1 s and the desolvation gas was 200 L/h. Mass
chromatograms were recorded in total ion current (TIC) mode in the mass range 100-1200 m/z. The
spectra (m/z 370-815) deconvolution was carried out onto a true mass scale using the maximum
entropy (MaxEnt1)-based software supplied with MassLynx 4.1 software. Output parameters were set
as follows: mass range 2000-5000 Da; resolution 0.50 Da/channel. The uniform Gaussian model was
used with 0.75 Da width at half height. The abundance of phosporylated muscle glycogen synthase P-
GSM, as ion product of enzymatic reaction, was expressed as the ratio between the intensity of its
diphosphorylated ion form and the amount of both the intensities of diphosphorylated and
monophosphorilated GSM most abundant ion form, expressed as percentage. The applied formula is
reported in Eq. (1). Data were analyzed by Microsoft Excel software.

P-GSM

(P—GSM + GSM) 100

Eq. (1)

The % of inhibition at different inhibitors concentrations, was calculated by the following formula reported
in Eq. (2).

Eq. (2) 100 - (:‘—f]- 100)
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Ai is the intensity percent obtained in the presence of inhibitor and Ao is the intensity percent obtained
in the absence of inhibitor. Inhibition curves were obtained for compound 3a by plotting the % inhibition
versus the logarithm of inhibitor concentrations in the assay solution. The linear regression parameters
were determined and an ICso value of 0.034 yM was extrapolated (GraphPad Prism 4.0, GraphPad

Software Inc.).

Compounds 3i, 6a and 6h were tested at single concentration corresponding to their ICso previously
determined by luminometric assay. Compound 1 was tested at 0.7 yM. The obtained percentages of

inhibition are reported in Table 1.

Table S1. Comparison of ESI-QTOF and ADO-Glo™ results.
ESI-QTOF assay results ADP-Glo™ assay results

Cpd % inhibition ICs0+ SEM [uM]
1 0% @ 0.700 pM 1.684 + 0.120
3i 27.85% @ 0.059 uM 0.059 + 0.007
6a 29.80% @ 0.047 uM 0.047 +0.020
6h 25.41% @ 0.039 uM 0.039 + 0.017

For these compounds, the ICso values were derived by applying the Eq. (3) reported by Kornacker and
coworkers,® where [I] is the concentration of the tested inhibitor and “% inhibition” is the observed

inhibition percentage. The derived ICso values are reported in Table S2.

100

Eq. (3) ICso = 1" Grimmbiton— D

Table S2. Comparison of ESI-QTOF and ADO-Glo™ [Cso values.
ESI-QTOF assay results ADP-Glo™ assay results

Cpd ICso[UM]? ICs0 £ SEM [uM]
1 > 0.700 1.684 £ 0.120
3a 0.034 0.011 % 0.001
3i 0.220 0.059 + 0.007
6a 0.163 0.047 + 0.020
6h 0.159 0.039 + 0.017

@mean value of two independent experiments. RSD below 5%

The ICso values obtained by both ADP-Glo™ method and by ESI-QTOF method are in good agreement

as shown by the following correlation graph.
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Correlation Graph
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Figure S1. Correlation plot for inhibitory potency (plCso) of tested inhibitors obtained by ESI-QTOF

assay and the ADP-Glo™ assay.
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3. Molecular modeling, QM calculations and MD simulations

All the modeling was conducted with Maestro Small-Molecule Drug Discovery Suite 2018-4 (Schrédinger,
LLC) with OPLS3e force field,*'® unless otherwise stated. The figures were prepared with PyMOL 2.2.3
(Schrédinger, LLC).

QM Conformer & Tautomer Prediction

For the tautomer prediction, we used the QM Conformer & Tautomer Predictor tool of Maestro
(Schrodinger, LLC, New York, NY, 2018) that utilizes Jaguar' in the QM calculations. In brief, the
workflow is the following:

The proton donor and acceptor atoms are identified, and protons are redistributed among these to form
a list of tautomers (protons can also be added to or subtracted from the input molecule). The generated
tautomers were next ranked by their semiempirical PM3 heat of formation, and the high-energy
tautomers were then discarded. For the surviving tautomers, a set of conformers were generated with
MacroModel and the high-energy structures were eliminated by their semiempirical PM3 heat of
formation. Subsequently, DFT geometry optimizations were performed on the surviving structures, using
the B3LYP-D3/LACVP** level of theory. Finally, the structures were ranked using single-point energies
at the M06-2X/cc-pVTZ(-f) calculated at the optimal geometries from the previous step. The Boltzmann

populations were calculated based on the Solution phase energy at the temperature of 298.15 K.
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Table S3 Results of QM Conformer & Tautomer Prediction

Rix N Ry H
\
~ | N>_CH:3 = | N/>_CH3 Note: The conformations highlighted with yellow
\ H | (e.g. 3a-1) are shown on the right.
N~ N~
HN HN
(0] (0]
Tautomer A Tautomer
(“acceptor”) B (“donor”)
Conform. Solution phase Tautomer Boltzma.nn
energy population
3a-I -1104.296602 A 44.472
3a-Il -1104.296234 A 30.106
3a-lll -1104.295322 B 11.457
3a-Ilv -1104.294701 A 5.934
3a-V -1104.294536 A 4.982
3a-VI -1104.293568 B 1.788
3a-VIl -1104.293228 B 1.248
3a-Vill -1104.288470 A 0.008
3a-IX -1104.287568 A 0.003
3a-X -1104.287402 A 0.003
GSK3B: 1Csp = SEM [uM]= 0.011 + 0.001
Tautomer A total pop: 85.508%
Solution phase Boltzmann
Conform. Tautomer A
energy population
3f-1 -1143.578678 B 38.173
3f-11 -1143.578454 B 30.113
3f-l -1143.578256 A* 24.408
3f-1IvV -1143.577047 A* 6.782
3f-v -1143.573711 B 0.198
3f-Vi -1143.573631 B 0.182
3f-Vii -1143.573149 B 0.109
3f-Vil -1143.572068 B 0.035

GSK3B: ICs = SEM [UM] = > 10 uM

Tautomer A total pop: 31.19%

*Tautomer A appears only in a conformation where the methoxy-group folds on top of the pyridinyl ring (non-binding
conformation)

Solution phase Boltzmann
Conform. Tautomer A
energy population
3d-I -1349.830260 A 33.202
3d-1l -1349.830196 A 31.018
3d-111 -1349.829072 B 9.433 R
3d-IvV -1349.829046 B 9.178
3d-V -1349.828982 A 8.575
3d-ViI -1349.828974 A 8.503
3d-Vil -1349.823891 B 0.039
3d-Vill -1349.823712 B 0.032
3d-IX -1349.822647 A 0.010
3d-X -1349.822568 A 0.010

GSK3B: ICso = SEM [M] = 0.069 + 0.000
Tautomer A total pop: 81.318%
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Solution phase Boltzmann
Conform. Tautomer N
energy population
3c-l -1104.295629 B 35.763
3c-ll -1104.295420 B 28.660
3c-lll -1104.295204 B 22.803
3c-IV -1104.293884 A 5.631
3c-V -1104.293827 A 5.302
3c-VI -1104.292269 A 1.019
3c-Vil -1104.291961 A 0.735
3c-VIII -1104.288925 B 0.029
3c-IX -1104.288924 B 0.029
3c-X -1104.288892 B 0.028
GSK3B: ICsp  SEM [uM] = 0.893 + 0.001
Tautomer A total pop: 12.687%
Conform. Solution phase Tautomer Boltzma.nn
energy population
3g-I -1061.148029 A 21.208
3g-1l -1061.147961 A 19.717
3g-lll -1061.147922 A 18.917
3g-IV -1061.147245 A 9.244
3g-V -1061.147183 A 8.652
3g-VI -1061.147127 A 8.154
3g-Vil -1061.146353 B 3.593
3g-VIlI -1061.146340 B 3.543
3g-IX -1061.146333 B 3.515
3g-X -1061.146317 B 3.457

GSK3B: ICso + SEM [uM] > 10 uM
Tautomer A total pop: 85.892%
Note: Pyrimidine is unsuitable for hydrophobic pocket.

Solution phase Boltzmann
Conform. Tautomer N
energy population
1-1 -1128.306260 B 24.865
1-11 -1128.306193 B 23.180
1-1 -1128.305582 A 12.136
1-Iv -1128.305315 A 9.144
1-v -1128.305114 B 7.389
1-vi -1128.305110 B 7.360
1-Vil -1128.304984 B 6.437
1-Vill -1128.304611 A 4.337
1-IX -1128.304478 A 3.769
1-X -1128.303533 B 1.385

GSK3B: ICso + SEM [uM] = 0.053 + 0.0122
Tautomer A total pop: 29.386%
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Solution phase Boltzmann Boltzmann
Conform. Tautomer A .
energy population population?
3b-I -1104.297522 B* 96.981 -
3b-11 -1104.293541 A 1.431 47.390
3b-lll -1104.293523 A 1.403 46.495
3b-IV -1104.290784 B 0.077 2.556
3b-V -1104.290191 B 0.041 1.364
3b-VI -1104.289543 B 0.021 0.686
3b-VII -1104.289482 B 0.019 0.644
3b-VIII -1104.289403 B 0.018 0.592
3b-IX -1104.288674 B 0.008 0.273
3b-X -1104.283337 B 0.000 0.001

GSK3B: ICsp + SEM [uM] = 0.043 + 0.005
Tautomer A total pop: 2.834% (93.885% when intramolecular H-bond conformation 16-I is excluded)
*intramolecular H-bond
a population distribution excluding the intramolecular bond conformation

Solution phase Boltzmann
Conform. Tautomer A
energy population
3e-l -1026.847726 A 27.085
3e-ll -1026.847633 A 24.544
3e-lll -1026.847341 B 18.016
3e-IV -1026.846808 B 10.237
3e-V -1026.846805 A 10.210
3e-Vi -1026.846746 A 9.590
3e-Vil -1026.842545 B 0.112
3e-Vill -1026.842530 B 0.110
3e-IX -1026.841911 B 0.057
3e-X -1026.841532 A 0.038
GSK3B: ICs + SEM [uM] = 0.099  0.033
Tautomer A total pop: 71.467%
Conform. Solution phase Tautomer Boltzma‘nn
energy population
3k-I -954.022095 B 28.389
3k-11 -954.022069 B 27.632
3k-111 -954.021732 B 19.337
3k-1V -954.021454 B 14.403
3k-V -954.020006 A 3.106
3k-VI -954.019877 A 2.710
3k-VII -954.019871 A 2.693
3k-Vill -954.019448 A 1.720
3k-1X -954.014328 B 0.008
3k-X -954.013155 B 0.002

GSK3B: ICs0 + SEM [uM] = 4.114 + 0.191
Tautomer A total pop: 10.229%

S63

\S

"



Appendix 295

Solution phase Boltzmann
Conform. Tautomer A

energy population
3I-1 -993.357257 B 28.091
31-11 -993.357103 B 23.843
31-111 -993.356732 B 16.095
3I1-Iv -993.356680 B 15.237
3Il-v -993.355688 A 5.329
3l-vI -993.355552 A 4.612
3I-vil -993.355282 A 3.467
31-vil -993.355232 A 3.286
31-1X -993.351037 A 0.039
31-X -993.347911 A 0.001

GSK3B: ICsp = SEM [uM] = 5.456 * 0.006
Tautomer A total pop: 16.734%

Solution phase Boltzmann
Conform. Tautomer A
energy population
3h-1 -1182.687499 B 51.856
3h-I1 -1182.686104 B 11.833
3h-111 -1182.685564 B 6.681
3h-IvV -1182.685365 A 5.411
3h-v -1182.685277 A 4,931
3h-VI -1182.685252 B 4.802
3h-ViI -1182.685199 B 4.539
3h-VIII -1182.684985 A 3.617
3h-IX -1182.684886 A 3.257
3h-X -1182.684831 A 3.073
GSK3B: ICsp £ SEM [uM] = > 10 uM
Tautomer A total pop: 20.289%
Solution phase Boltzmann
Conform. Tautomer A
energy population
3j-1 -914.716713 B 20.118
3j-11 -914.716682 B 19.469
3j-11 -914.716653 B 18.864
3j-IvV -914.716572 B 17.327
3j-V -914.716067 B 10.144
3j-VI -914.715850 B 8.063
3j-VIl -914.714501 A 1.932
3j-VIII -914.714341 A 1.630
3j-1X -914.714283 A 1.534
3j-X -914.713799 A 0.918

GSK3B: ICsp £ SEM [uM] = 3.085 + 0.304
Tautomer A total pop: 6.014%
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Solution phase Boltzmann
Conform. Tautomer A
energy population
6g-1 -1044.125829 B 21.528
6g-ll -1044.125800 B 20.867
6g-111 -1044.125748 B 19.762
6g-1V -1044.125613 B 17.132
6g-V -1044.125424 B 14.023
6g-VI -1044.124012 A 3.142
6g-VIl -1044.123911 A 2.823
6g-Vill -1044.121999 A 0.372
6g-1X -1044.121940 A 0.350
6g-X -1044.115771 A 0.001
GSK3p: ICso + SEM [uM] = 0.003 + 0.000
Tautomer A total pop: 6.688%
Conform. Solution phase Tautomer Boltzma‘nn
energy population
3m-I -1032.674226 B 38.531
3m-II -1032.673584 B 19.524
3m-lll -1032.673014 B 10.676
3m-IV -1032.672765 B 8.199
3m-V -1032.672547 B 6.511
3m-VI -1032.672202 A 4.514
3m-VIl -1032.672180 A 4.414
3m-VIiI -1032.672106 A 4.078
3m-IX -1032.671974 A 3.546
3m-X -1032.666049 B 0.007
GSK3p: ICsp + SEM [uM] = 4.644 + 1.159
Tautomer A total pop: 16.552%
Conform. Solution phase Tautomer Boltzma.nn
energy population
6f-1 -1162.082426 B 29.067
6f-I1 -1162.082186 B 22.549
6f-1 -1162.082042 B 19.362
6f-1V -1162.081962 B 17.784
6f-V -1162.080625 A 4.317
6f-VI -1162.080347 A 3.216
6f-VII -1162.080159 A 2.634
6f-VIII -1162.079229 A 0.984
6f-1X -1162.076626 B 0.062
6f-X -1162.075806 B 0.026

GSK3pB: IC50 £ SEM [uM] = 0.003 + 0.000
Tautomer A total pop: 11.151%
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MD simulations

For the MD simulations we used the structures 6GN1'2 and 4PTC* (for the additional simulations of 3a,
3j, 6b and 6g), which were prepared with Protein Preparation Wizard (default settings).’® The initial
coordinates for the ligand-protein complexes were obtained by Induced Fit Docking (IFD),'*'¢ using
default settings, except the Glide redocking was conducted with XP.17 The grid box was defined by the
co-crystalized ligand. Before the docking, the small-molecules were prepared with LipPrep (default
settings) using Epik.'8'° The tautomeric state of a compound used in the simulations was chosen based
on the QM Conformer & Tautomer Predictor results. The MD simulations were conducted with

Desmond.2°

For the compounds 3a, 3j, 6b and 6g, the systems were solvated in a cubic box (edges 14 A from the
protein) and neutralized with counterions (CI) with 0.15M NaCl salt. The water was described with TIP3P
water model.2' The final 6GN1 systems consisted of 65,545; 65,405; 65,561 and 65,460 atoms. The
4PTC systems consisted of 74,622; 74,642; 74,632 and 74,631 atoms. The default relaxation protocol
of Desmond was used before the 1,000 ns production simulations, which were conducted in NPT
ensemble (310 K, thermostat: Nosé-Hoover chain; 1.01325 bar, barostat: Martyna-Tobias-Klein). The
default timestep of 2 fs and cutoff radius of 9.0 A for Coulombic interactions were used. The total

simulation time was 8 us (4 x 2 x 1,000 ns).

The compounds 4a and 4b were solvated in an orthorhombic box (edges 13 A from the protein) with

counterions (CI) without salt, resulting in systems of 56,176 and 56,445 atoms. After the default

relaxation protocol, the systems were simulated for 200 ns with the above-mentioned settings.

Figure S2. The output conformations of compounds 4a (A) and 4b (B) after 200 ns MD simulations.
The most important interacting residues and the closest water molecules are shown. The H-bonds are

displayed with yellow and the cation-n interaction with green dashed line.
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Figure S3. The simulation interactions of compound 4a (A) and 4b (B). In the solvent exposed area

near the HR Il, compound 4a displays interaction to Tyr134, TT-cation interaction to Arg141 and water

mediated interactions, whereas 4b interacts with Thr138 and Arg141. Interactions that appear >10%
frequency in the simulation are shown.
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Figure S4. The RMSD of protein backbone and ligand in the simulations of compound 4a (A) and 4b
(B).
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Figure S5. The simulation interactions of compound 6g (A) and 3j (B) in 6GN1 simulations. The

instability of compound 3j binding can be observed from the solvent exposure of the cyclopropyl moiety

in the HR-I region. The amide residue (compound 6g) stabilizes the solvent interaction networks and

shields HR-I from solvent enabling stable binding. Interactions that appear >10% frequency in the

simulation are shown. See interaction legend from Figure S3.
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Figure S6. The simulation interactions of compound 6g (A) and 3j (B) in 4PTC simulations. Identical
interactions are observed as in Figure S5, with the solvent exposure of the cyclopropyl with compound

3j (B). Interactions that appear >10% frequency in the simulation are shown. See interaction legend

from Figure S3.

S68



Appendix 300

LEU
132 \ % %
B:
- ALA
B 83 H20 o
134 OH
B:
B B: ASN
VAL a A
: &
B:
VAL — N H20
m 135 98 \
LEU . o
188 N,
\ N H20
H
(o] H20
NH :

Compound 6b
IC,, =23 nM

ASN
186

Compound 3a

IC,, =11 nM
B:
ALA
83
B:
LEU
132
B:
ASN HN
186 X
H20 " .
: HO
N ~gE
Tautomer A 6 3
Lys85 interaction g &

Figure S7. The simulation interactions of compound 6b (A) and 3a (B) in 6GN1 simulations. The
tautomer A with the methyl derivative (compound 15) forms a direct interaction to the Lys85 (61%).
Interactions that appear >10% frequency in the simulation are shown. See interaction legend from

Figure S3.
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Figure S8. The simulation interactions of compound 6b (A) and 3a (B) in 4PTC simulations. The
tautomer A with the methyl derivative (compound 3a) forms a water mediated interactions to the Lys85
and more frequent intramolecular interaction to the hydroxyl-group compared to Figure S7. The
lipophilic part of the 2-hydroxyphenyl is shielded from water as in Figure S7. Interactions that appear

>10% frequency in the simulation are shown. See interaction legend from Figure S3.
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Figure S9. The RMSD of protein backbone and ligand in the 6GN1 simulations of compound 6g (A), 3j
(B), 6b (C) and 3a (D).
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Figure S10. The RMSD of protein backbone and ligand in the 4PTC simulations of compound 6g (A),

3j (B), 6b (C) and 3a (D).
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4. Metabolic stability in human liver microsomes

Microsomes from liver, pooled from human (male and female) (Lot: SLBQ7487V) were purchased from
Merck (Schnelldorf, Germany). The incubations of compounds 3a and 6g were made in the presence
of an NADPH-regenerating system (5 mM Glucose-6-phosphate, 5 U/mL Glucose-6-phosphate
dehydrogenase and 1 mM NADP*). The substrate (100 uM), the NADPH-regenerating system and 4
mM MgCl2:6 H20 in 0.1 M Tris buffer (pH 7.4) were preincubated for 5 min at 37 °C and 750 rpm. The
incubation mix was split into aliquots (50 pL) and the reaction was started by the addition of HLM. The
reaction was quenched at selected time points (0, 10, 20, 30, 60, 120, 180 and 240 min) by adding 100
WL internal standard at a concentration of 22.5 yM in MeCN. The samples were vortexed for 30 s and
centrifuged (19,800 relative centrifugal force/4 °C/10 min). The supernatant was directly used for LC-
MS analysis (see below). All incubations were conducted in triplicates and a limit of 1% organic solvent

was not exceeded. Propranolol was used as a positive control.

The metabolite formation was analyzed with an Alliance 2695 Separations Module (Waters GmbH,
Eschborn). Samples were maintained at 4 °C, the column temperature was set to 40 °C and injection
volume was 10 pL. The chromatographic separation for all analytes was performed on a Dr Maisch
Nucleosil 100 C18 column (53 x 4.6 mm; 5 ym). The following gradient of solvent A (90% H20, 10%
ACN, 0.1% formic acid) and solvent B (MeOH, 0.1% formic acid) at a flow rate of 400 yL/min was used:

gradient

time [min] A [%] B [%]
0 90 10
2 90 10
10 0 100
12 0 100
14 90 10

The detection was performed on a Micromass Quattro micro triple quadrupole mass spectrometer
(Waters GmbH, Eschborn) using the electrospray ionization in the positive-mode. Spray voltage was set
to 4.5 kV. The heated capillary operated at 250 °C and the desolvation gas flow worked at 600 L/h.

Table S4 Metabolic degradation of 3a.

time [min] #1 [%] #2 [%] #3 [%] AVERAGE [%] SD
0 100.00 100.00 100.00 100.00 0.00
10 100.31 109.91 96.72 102.31 6.82
20 93.29 109.27 95.71 99.42 8.62
30 100.84 103.72 99.25 101.27 2.26
60 101.84 106.23 102.17 103.41 2.44
120 100.10 99.27 96.03 98.47 2.15
180 107.06 102.81 100.14 103.34 3.49
240 101.91 103.72 100.48 102.04 1.63
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Table S5 Metabolic degradation of 6g.

time [min] #1 [%] #2 [%] #3 [%] AVERAGE [%] SD
0 100.00 100.00 100.00 100.00 0.00
10 104.45 102.45 97.33 101.41 3.67
20 99.26 103.68 95.42 99.45 413
30 103.95 99.37 100.85 101.39 2.33
60 99.75 102.88 101.58 101.40 1.57
120 105.62 100.03 100.14 101.93 3.20
180 94.73 97.80 105.70 99.41 5.66
240 98.49 99.30 105.62 101.14 3.90
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5. Kinome selectivity screening

Compound 6g was tested at Eurofins Cerep SA (Celle-L'Evescault, France) in enzymatic radioactive

assays in a panel of 68 different kinases (including GSK3p) from diverse families.

Table S6 Kinome selectivity screening

residual activity in % residual activity in %
using 0.5 uM of 6g using 0.5 uM of 6g
Abl(h) 68 MAPK2(h) 95
(ERK2)
ALK(h) 85 MAP4K4(h) 47
(HGK)

AMPKa1(h) 102 MAPKAP-K2(h) 33
ASK1(h) 85 MEK1(h) 102

Aurora-A(h) 38 MLK1(h) 12

CaMKI(h) 124 Mnk2(h) 65

CDK1/cyclinB(h) 36 MSK2(h) 95
CDK2/cyclinA(h) 11 MST1(h) 77
CDKe6/cyclinD3(h) 98 mTOR(h) 111
CDKT7/cyclinH/MAT1(h) 82 NEK2(h) 109
CDK9/cyclin T1(h) 6 p70S6K(h) 95
CHK1(h) 84 PAK2(h) 47

CK1y1(h) 68 PDGFRB(h) 108

CK2a2(h) 55 Pim-1(h) 79
c-RAF(h) 109 PKA(h) 111

DRAK1(h) 52 PKBa(h) 105

eEF-2K(h) 122 PKCa(h) 67
EGFR(h) 109 PKC6(h) 98
EphA5(h) 89 PKG1a(h) 113
EphB4(h) 82 Plk3(h) 114

FGFR3(h) 87 PRAK(h) 52

Fyn(h) 74 ROCK-I(h) 105
Rse(h) 116

IGF-1R(h) 108 Rsk1(h) 73

IKKa(h) 47 SAPK2a(h) 102
(p38a)

IRAK4(h) 57 SAPK2b(h) 91
(p38B)

JAK2(h) 77 SAPK3(h) 48
(p38y)

JNK1a1(h) 31 SAPK4(h) 64
(p38%)

JNK2a2(h) 78 SRPK1(h) 108
JNK3(h) 7 TAK1(h) 83
KDR (h) 26 PI3 Kinase 100

(VEGFR2) (p110b/p85a)(h)

LOK(h) 39 PI3 Kinase (p120g)(h) 100
Lyn(h) 67 P13 Kinase 96
(p110d/p85a)(h)

MAPK1(h) 85 PI3 Kinase 102

(ERK1) (p110a/p85a)(h)
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6. Inhibition of CYP450 isoenzymes

CYP inhibition assays were performed by Eurofins Panlabs Inc. (St Charles, MO, USA).

CYP inhibition assay (fluorimetric detection) was performed at 10 uM inhibitor concentration in single
dose duplicate mode with human recombinant CYP enzyme and the appropriate CYP substrates:
CYP1A2, 3-cyano-7-ethoxycoumarin (CFC); CYP2C9, CFC; CYP2C19, 7-methoxy-4-trifluoromethyl-
coumarin (MFC); CYP2D6, MFC; CYP3A4 7-benzyloxy-trifluoromethylcoumarin (BFC)

7. Investigation of cell toxicity on six different cell lines

Maintenance of cell culture

The experiments were performed in an in vitro model of cell cytotoxicity analyses on hepatocellular
carcinoma (HepG2), human prostate cancer (LNCap), human breast adenocarcinoma (MCF7), human
lung fibroblast (MRC5), chinese hamster ovary (CHO-K1) and murine macrophages (RAW 264.7). The
cells lines were cultured in appropriate medium, supplemented with 10% (v/v) of fetal bovine serum
(FBS) and 1 % antibiotic/antimycotic solution. For subculture, cells were dissociated with trypsin-EDTA
(Cultilab), split into a 1:3 ratio and subculture into Petri dishes with 25 cm? growth area. Raw 264.7 cells
were dissociated using a scrapper. Culture medium was replaced every 2 days until the cells reached
the total confluence after 4-5 days of initial seeding. Cells were maintained in the following controlled

conditions: 95% of humidified atmosphere, 5% of CO2 and constant temperature of 37°C.

Cytotoxicity

The assessment of cell viability was performed according to the MTT colorimetric assay on 6 different
cells lines. Cells were treated with different concentrations of 6g for 48 h. The effects were estimated by
colorimetric assay based on the conversion of tetrazolium salts (MTT) after 3 h of incubation to a blue
formazan product by active mitochondria. The absorbance was read at 570 nm using a Spectramax i5

microplate reader. Results were expressed as percentage of control.
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Figure S11. Evaluation of the cytotoxic potential of 6g in non-tumorigenic cells lines. (A) Chinese
hamster ovary cells CHO-K1, (B) human lung fibroblast cell line MRC-5, and (C) murine macrophages
RAW 264.7.

Cell viability was evaluated by MTT assay, after 48h treatment with 6g. Mean values + SEM are shown.

***p<0.001 compared with control. Vehicle (DMSOQ); Positive Control (hydrogen peroxide).
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Figure S12. Evaluation of the cytotoxic potential of 6g in tumorigenic cells lines. (A) Hepatocellular
carcinoma cell line HepG2 , (B) human breast adenocarcinoma cell line MCF7, and (C) human prostate
cancer cell line LNCaP.

Cell viability was evaluated by MTT assay, after 48h treatment with 6g. Mean values + SEM are shown.

***p<0.001 compared with control. Vehicle (DMSO); Positive Control (hydrogen peroxide).
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8. Inhibition of GSK3B in SH-SYS5Y cells

Material and Methods

Cell culture

Human neuronal SH-SY5Y cells were routinely grown in Dulbecco’s modified Eagle’s Medium
supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 50 U/mL penicillin and 50 pg/mL

streptomycin at 37°C in a humidified incubator with 5% CO-.

Western Blotting

SH-SY5Y cells were seeded in 60 mm dishes at 2 x 10° cells/dish, incubated for 24 h and subsequently
treated with compound 6g [1 uM] for 1 h at 37°C in 5% COa2. At the end of incubation, cells were lysed
by addition of ice-cold lysis buffer containing leupeptin 2 ug/mL and PMSF 100 pg/mL. An aliquot was
used for protein analysis with the Bradford assay for protein quantification. Cell lysates (50 ug per
sample) were separated by SDS-polyacrylamide gels and transferred onto nitrocellulose membranes,
which were probed with primary phospho-GSK3a/f (Ser21/9) (1:1000; Cell Signaling Technology,
Danvers, MA, USA) and secondary antibodies. ECL reagents (Pierce, Rockford, IL, USA) were utilized
to detect targeted bands. The same membrane was stripped and reprobed with total GSK3p (1:1000;
Cell Signaling Technology) and B-Actin (1:1000; Sigma Aldrich, St. Louis, MO, USA) antibodies. Data
were analysed by densitometry, using Quantity One software (Bio-Rad, Hercules, CA, USA). Data are

expressed as ratio between phospho-GSK3a/p and total GSK3p levels normalized against B-Actin.
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