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Summary of the thesis

In the field of drug discovery protein kinases have emerged as extremely promising
therapeutic targets, as witnessed by the increasing amount of FDA-approved kinase
inhibitors in the last decade. In particular, this thesis focuses on the c-Jun N-terminal
kinases (JNKs), a group of enzymes belonging to the family of mitogen-activated protein
kinases (MAPKSs) which regulate the cell response to a variety of extracellular stress stimuli.
The dysregulated activity of JNKs has been connected to diverse pathological states ranging
from neurodegenerative disorders to cancer and inflammatory or metabolic diseases.
However, despite the intense endeavor devoted to the research of novel inhibitors, no
clinical candidate has reached approval in therapy to date. For this reason, the presented
work pursued the targeting of JNKs by means of diverse strategies such as alternative

biological assay methodologies and synthesis of small-molecule inhibitors.

In the first part of the thesis a fluorescence polarization (FP)-based competition binding
assay was developed as a tool to efficiently evaluate the affinity of novel inhibitors for the
different JNK isoforms (JNKI, 2, and 3), as well as for the closely-related p38a MAPK. Such
assay required the synthesis of a fluorescently-labeled probe based on a pyridinylimidazole
scaffold which displayed K4 values in the low nM range for all the target enzymes. After
optimizing the procedure conditions, the new FP assay was validated by employing known
inhibitors and comparing the measured affinities with results from different methods.
Finally, the suitability for the high throughput screening format was confirmed,
highlighting the developed FP assay as a fast and relatively inexpensive methodology for

the rapid screening of novel inhibitors.

The second part of this thesis work consisted instead in the optimization of a dual
JNK3/p38a MAPK pyridinylimidazole-based lead compound aimed at shifting the
selectivity towards the JNK3. In detail, the substitution at different key positions of the
scaffold, as well as the nature of the five-membered core were alternatively modified.
Among the different attempts, the presence of a simple methyl group at the imidazole-C4
position, together with a 2-methylsulfanyl moiety permitted to abolish the activity on the
p38a MAPK while maintaining the inhibition on the JNK3. The best inhibitor of the series
inhibited the JNK3 in the low triple digit nanomolar range, with a > 27-fold selectivity over
the p38a MAPK. The achieved information concerning the structure-activity relationship
(SAR) together with the crystal structure determination of the best inhibitor in complex

with the JNK3 might aid the design of future optimization strategies.
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Zusammenfassung der Dissertation

Auf dem Gebiet der Wirkstoffforschung wurden Proteinkinasen als sehr vielversprechende
therapeutische Ziele identifiziert. Dies ldsst sich insbesondere an der stetig steigenden
anzahl an von der FDA zugelassenen Kinaseinhibitoren in den letzten fiinfzehn Jahren
erkennen. Die vorliegende Arbeit konzentriert sich im Speziellen auf c-Jun N-terminale
Kinasen (JNKs), eine Gruppe von Enzymen aus der Familie der mitogenaktivierten
Proteinkinasen (MAPKSs), die die Zellantwort auf eine ganze Reihe extrazelluldrer
Stressreize regulieren. Storungen der Aktivitit der JNKs wird mit zahlreichen Krankheiten
wie neurodegenerativen Prozessen, Krebserkrankungen, Entziindungen oder
Stoffwechselstorungen in Verbindung gebracht. Trotz intensiver Forschung an neuartigen
Inhibitoren wurde bis heute aber kein Wirkstoff zugelassen. Die vorliegende Arbeit
verfolgt daher das Ziel, die JNKs zum einen mittels alternativer biologischer Assays zu

charakterisieren und zum anderen mittels der Synthese geeigneter Molekiile zu inhibieren.

Der erste Teil der Arbeit behandelt die Entwicklung eines kompetitiven Bindungsassays
auf Basis der Fluoreszenzpolarisationsmessung. Er dient als Werkzeug zur Bestimmung
der Affinitdt der neuartigen Inhibitoren zu den drei verschiedenen Isoformen von JNK
(JNK1, 2 und 3) sowie der damit engverwandten p38a MAPK. Der Assay erforderte die
Synthese einer fluoreszenzmarkierten Verbindung auf Basis eines
Pyridinylimidazolgertistes, welche K4-Werte im niedrigen nanomolaren Bereich fiir alle
Zielenzyme aufweist. Nach der Optimierung der Bedingungen wurde der neue FP-Assay
validiert, indem bekannte Inhibitoren getestet wurden und deren gemessene Affinitdten
mit Ergebnissen aus anderen Methoden verglichen wurden. Schliefilich wurde die Eignung
des Assays zum schnellen und relativ kostengiinstigen Hochdurchsatzscreening zur

Identifizierung von neuartigen Inhibitoren bestitigt.

Der zweite Teil der Arbeit befasst sich mit der Optimierung einer pyridinylimidazol-
basierten Testverbindung zur Hemmung von JNK3 und p38a MAPK mit dem Ziel die
Selektivitdt hin zu JNK3 zu verschieben. Dazu wurden sowohl der zentrale Fiinfring als
auch die Substituenten variiert. So konnte gezeigt werden, dass eine einfache
Methylgruppe an der Imidazol-C4-Position in Verbindung mit einer 2-
Methylsulfanylgruppe die Inhibition der p38a MAPK unterbindet wéhrend die JNK3
weiterhin gehemmt wird. Die beste Verbindung dieser Serie inhibierte die JNK3 im
niedrigen dreistelligen nanomolaren Bereich bei einer mehr als 27-fachen Selektivitait
gegentiber p38a MAPK.

Die im Rahmen dieser Arbeit gewonnen Erkenntnisse hinsichtlich der Struktur-Wirkungs-
Beziehung (SAR), in Verbindung mit der erlangen Kristallstruktur des besten gefundenen

JNK3-Inhibitors bilden die Grundlage fiir weitere Optimisierungsansitze in der Zukunft.
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1. Introduction

1.1. Protein Kinases

The family of protein kinases is constituted by enzymes catalyzing the reaction of
phosphorylation, namely the covalent transfer of the y-phosphate group from a nucleoside
triphosphate (generally adenosine triphosphate (ATP)) to the free hydroxyl group of an
amino acid side chain (Ser, Thr, and Tyr).1 In detail, depending on the targeted amino acid,
these enzymes can be divided into Ser/Thr kinases, Tyr kinases, and dual-specificity
Ser/Thr/Tyr kinases.2 The action of protein kinases is counterbalanced by corresponding
protein phosphatases, which are able to reverse the process by cleaving the phosphoester
bond.*

Phosphorylation represents the most widespread and well-studied post-translational
modification in eukaryotic organisms,5¢ with an estimation of more than 200,000
phosphorylation sites within the human proteome.” Kinases are able to recognize one or
more substrates in an exceptionally specific fashion based both on local features, such as a
determined consensus sequence surrounding the phosphorylation site, as well as spatially-
separated docking motifs, favoring the recruitment and the right positioning of the
targets.8 Additionally, some kinases can associate with adaptors known as scaffold
proteins forming supramolecular complexes which ease the identification and
phosphorylation of the desired substrate.80 The introduction of a negatively-charged
phosphoryl group produces a conformational modification of the targeted protein which
can affect its functionality in a multitude of ways, like modulating its activation state,
altering the interaction with molecular partners, and influencing its stability or cellular

localization.l1

Protein kinases are among the major actors in signal transduction pathways, wherein
various phosphorylation events represent key steps of signaling cascades which regulate
nearly every basic cellular activity including proliferation, differentiation, apoptosis,
immunity, and metabolism.!>-14 The potential of different kinases to phosphorylate multiple
sites on the same target!> as well as the coordinated activity of protein kinases and
phosphatases* allow the fine tuning of this biochemical process, thus confirming its pivotal

role in the regulation of biological events. As a direct consequence, however, dysregulation
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in the activity of protein kinases is strongly connected with several pathological states,
causing these enzymes to emerge as potential drug targets in different therapeutic

approaches.1617

Sequence alignment of eukaryotic protein kinases has allowed the detection of conserved
features within their catalytic domains.!8 Subsequent advancements in the human genome
sequencing have then permitted to progressively broaden the number of genes belonging
to this superfamily and to deduce their phylogeny.’822 To date 518 genes have been
included in the superfamily of protein kinases, accounting for approximately the 1.7% of
the whole human genome and therefore acquiring the common denomination of “kinome”.
The possibility of alternative splicing leads to an estimation of more than 1,000 members,
making kinases one of the widest protein families in the human organism.?! Based on their
sequence similarity and evolutionary relationships, human protein kinases have been

classified into seven different groups as depicted in Figure 1.1:

AGC group: mainly contains kinases activated by second messengers like PKA,

PKG, and PKC

e CAMK group: includes kinases dependent on the Ca?*/calmodulin system

CMGC group: contains different classes of kinases generally activated by
phosphorylation like cyclin-dependent kinases (CDKs) and
mitogen-activated protein kinases (MAPKS)

TK group: composed of Tyr specific kinases often representing intracellular

catalytic domains of membrane receptors

TKL group: a heterogeneous group including diverse kinases structurally

related to Tyr kinases

STE group: includes upstream activators of MAPKs

CK1 group: mostly constituted by the casein kinase 1 family

In addition, this classification includes a group of 40 atypical protein kinases exhibiting
biochemical activity although lacking sequence similarity with the conserved kinase

domain.
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Figure 1.1 Representation of the human kinome phylogenetic tree as described by Manning ef al.2!
The figure was obtained through the web-based tool KinMap;? illustration reproduced courtesy of
Cell Signaling Technology, Inc. (www.cellsignal.com).

1.1.1. Structure of protein kinases

As previously mentioned, comparison of primary sequences of several kinase catalytic
domains has led to the identification of conserved features, which have been therefore
considered fundamental for the phosphotransfer activity. In particular, 12 conserved

subdomains have been detected, separated by amino acid stretches which instead diverge
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between the different classes of protein kinases.22 These identified subdomains mainly
consist of sequences possessing a defined secondary structure and are involved in the

formation of the active site and in the catalytic activity.418

The high primary structure similarity reflects on a common folding shared by the majority
of kinases. The catalytic domain of protein kinases, typically constituted by 250-300 amino
acids, is characterized by a two-lobed structure comprising a small N-terminal lobe and a
larger C-terminal domain, tethered by a flexible loop termed “hinge region”. The ATP is
accommodated in a cleft at the interface between the two lobes, where the adenine group

forms a bidentate hydrogen bond with the hinge region (Figure 1.2).2324

The N-terminal lobe, or N-lobe, is composed by a five-stranded antiparallel B-sheet motif
and generally a single a-helix (the aC-helix) which represents an important regulatory
element for the catalytic activity.? A Lys residue in the N-lobe, belonging to a highly
conserved motif Ala-Xxx-Lys, coordinates the a and 3 phosphate groups of ATP, and
interacts with an almost invariable Glu residue of the aC-helix through the formation of a
salt bridge, assumed to be crucial for the kinase activity. The flexible loop connecting (31
and 2 strands, known as the Gly-rich loop, comprises a conserved motif Gly-Xxx-Gly-Xxx-
Xxx-Gly which coordinates the 3 and y phosphates and was described to fold as a lid over

the bound ATP in the kinase active form.32224-27

Oppositely to the N-lobe, the C-terminal domain is prevalently composed of a-helices and
additionally contains four -sheet strands ($6-f9). The latter constitute the bottom of the
nucleotide binding cleft and comprise residues which are essential for the catalytic
activity.32¢ The catalytic loop, connecting 6 and 7 strands, contains most of the kinase
catalytic machinery including the conserved motif His/Tyr-Arg-Asp (HRD/YRD motif).
The Asp residue of this tripeptide takes part in the catalytic mechanism by extracting a
proton from the hydroxyl group of the substrate while a nearly invariable Asn within the
same loop binds a Mg?* ion that interacts with the a and y phosphates.242829 Of primary
importance for the regulation of the kinase catalytic activity is the activation loop, or A-
loop, which consists of a segment in the C-lobe whose length and composition vary
depending on the kinase. This sequence typically comprises one or more phosphorylation
sites which allow the activation of the enzyme by upstream kinases.2%30 The N-terminal end
of the A-loop, often named Mg binding loop, contains the highly conserved Asp-Phe-Gly
(DEG) motif in which the Asp residue points toward the ATP binding pocket and chelates
a second Mg?* ion coordinating the  and y phosphate groups. The Phe side chain of the
DEFG tripeptide makes hydrophobic interactions with two residues of the aC-helix (N-lobe)

and contributes to its correct positioning.27:0

Analysis of the protein kinase folding also resulted in the identification of hydrophobic

spines, namely series of non-continuous amino acid residues which are aligned and
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interconnected in the kinase active form, thus forming skeletons that stabilize the two lobes.
Although these structures are present in all kinases, the amino acid residues constituting
them are not always conserved and are not detectable in primary structure. The regulatory
spine, or R-spine, is composed of four residues, two in the N-lobe (of which one in the aC-
helix), and two in the C-lobe (the His/Tyr of the HRD/YRD motif in the catalytic loop and
the Phe of the DFG motif). The catalytic spine is instead consisting of eight non-conserved
hydrophobic residues belonging to both lobes and is completed by the adenine ring of the
bound ATP.3132 Both spines are anchored to the aF-helix, an extended a-helix sequence in

core of the C-lobe.33

Phosphorylation at one or multiple sites on the A-loop generally stabilizes the kinase in the
active conformation. In this state, the DFG motif is described to be in an “in” conformation
where the Asp points towards the ATP binding site and the Phe interacts with hydrophobic
residues of the aC-helix. The aC-helix also assumes an “in” conformation and is rotated
toward the catalytic site where the conserved Glu residue forms the aforementioned salt
bridge with the Lys side chain of the Ala-Xxx-Lys sequence. In addition, both the R-spine
and the catalytic spine are assembled.?”-293¢ Conversely, inactive, non-phosphorylated
kinases tend to adopt a “DFG-out” conformation where the positions of Asp and Phe
residues are switched due to a flip of the tripeptide of about 180°. As a result, the Asp side
chain points away from the ATP binding site, no longer stabilizing the phosphate groups
through the Mg?* ion. At the same time, the bulky side chain of Phe is shifted away from
the aC-helix and faces the ATP pocket, in some cases sterically blocking the binding of the
nucleotide. The inactive conformation is also characterized by a torsional movement of the
aC-helix away from the binding site, preventing the formation of the catalytic salt bridge.
The change of position of both aC-helix and the DFG-Phe causes the disruption of the R-

spine which results in a misalignment of the two lobes for the catalytic activity.

Finally, other structural elements can characterize the kinase “off-state” such as a particular
folding of the A-loop or the distortion of the Gly-rich loop.27293537 In any case, whereas
kinases share very similar conformations in their catalytically active state, several structural
differences can exist in their inactive forms and an univocal definition of the common

features characterizing the kinase “off-state” is extremely challenging.2934



18 1. INTRODUCTION

Figure 1.2. Crystal structure of c-Jun N-terminal kinase (JNK) 3 in complex with f,y-
methyleneadenosine 5'-triphosphate (AMP-PCP, yellow), PDB entry: 6EQ9. The protein backbone is
displayed in gray while the diverse kinase structural elements mentioned in section 1.1.1. are
highlighted with different colors: light green: hinge region; purple: aC-helix; salmon: Gly-rich loop;
cyan: DFG motif; blue: catalytic loop; red: activation loop; magenta: conserved Lys (Lys93 in JNK3);
Mg ion is displayed as a dark green sphere while polar interaction are shown as black dashed lines;
due to high flexibility, most of the electron density for the activation loop was missing; protein
structure on the left shows the typical bilobal folding of protein kinases whereas the close-up view
shown on the right highlights the ATP cleft, wherein the side chains of key amino acids are displayed
as sticks and some segments, including the Gly-rich loop, have been omitted for the sake of clarity;
in the enlargement it is possible to observe the bidentate hydrogen bond of the AMP-PCP with the
backbone atoms of Met149 and Glul47, as well as the interactions of Lys93 with the a and
phosphates and the salt bridge with Glu111; furthermore, the side chains of the conserved DFG and
HRD motifs are also shown.

1.1.2. Protein kinases as drug targets

As previously mentioned, a deregulated activity of several kinases has been recognized
having a causal role in the pathogenesis of different diseases.!¢ In the first instance, a strong
evidence has connected aberrant phosphorylation with various forms of cancer, as kinases

often constitute a switch in many signaling pathways regulating cell growth and
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proliferation.3839 Additionally, abnormal phosphotransfer activity has also been considered
responsible for other complex pathological conditions as inflammatory, autoimmune and
neurodegenerative diseases.441 The major role played by kinases in relevant diseases, along
with their druggability,*2 has prompted a remarkable endeavor in the discovery of protein
kinase inhibitors.l” Since the FDA approval of the first small molecule kinase inhibitor
Imatinib in 2001, more than 35 new small molecules have been approved at a constantly
increasing rate.#3% Although nearly the totality of molecules have been released as
therapeutic agents for various forms of malignancies, the introduction of Tofacitinib*
(Xeljanz®) in 2012 as an immunomodulating agent has proven the possibility to broaden

the field of applicability of kinase inhibitors.

In the research of kinase inhibitors directed at the ATP binding site, two primary challenges
need to be faced. Firstly, due to the similar structural features characterizing the members
of the kinome especially with regard to the ATP cleft, it is particularly difficult to achieve
molecules selectively inhibiting the target kinase. Moreover, inhibitors need to display a
high potency in order to be able to compete with high intracellular ATP concentrations,
typically ranging between 2 and 10 mM. Nevertheless, many kinase inhibitors have
succeeded in overcoming these complications and can be classified according to their
specific binding mode. A first criterion is based on the reversibility of the binding and
permits to distinguish between covalent and non-covalent inhibitors. Additionally, non-
covalent/reversible inhibitors can be divided into five different subgroups (Type I, II, 1'%,
III, IV) according to the targeted areas of the kinase (a graphical representation of the

different classes of kinase inhibitors is outlined in Figure 1.4 at the end of this section).

Type I inhibitors

Type Iinhibitors generally bind to the ATP cleft of the kinase in its active, DFG-in, aC-helix-
in conformation, wherein the Phe side chain of the DFG motif is buried in a hydrophobic
area of the protein close to the aC-helix. Since this conformation of the kinase allows the
binding with ATP, members of the type I class are considered fully ATP competitive.24647
A more correct description for the binding of type I inhibitors is that they can bind the ATP
pocket regardless of the kinase activation state, thus not requiring a particular conformation

of determined structural elements.48

Given the close resemblance of the ATP binding pocket in the active kinases, a satisfactory
selectivity was originally believed not to be achievable by targeting this conformation.
However, the high success in therapy of type I inhibitors has demonstrated the possibility
of reaching a clean selectivity profile by exploiting non-conserved features of specific

kinases.
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ATP competitive inhibitors typically follow a pharmacophore model developed by Traxler

and coworkers* which identifies five different subsites within the ATP binding pocket

(Figure 1.3):

¢ Adenine region:

¢ Sugar/Ribose pocket:

¢ Phosphate region:

¢ Hydrophobic region I:
(HRI)

¢ Hydrophobic region II:
(HRII)

in an analogous fashion as for ATP, this hydrophobic area
allows the formation of hydrogen bonds between the
inhibitor and the backbone amino acids of the hinge region.
All type I inhibitors form at least one H-bond interaction in
this area

this region, accommodating the ribose of the ATP, presents
mostly a hydrophilic character and offers the possibility of
hydrogen bond formation which can improve the binding
affinity

this area is opened to the solvent and has a highly hydrophilic
character. It is generally not addressed to increase the
binding affinity but polar substituents occupying this area
can be useful to improve the inhibitor solubility and

pharmacokinetic (PK) properties

also known as hydrophobic back pocket or selectivity pocket,
this area opens in the N-terminal lobe and is not addressed
by ATP. The access to this region is controlled by a specific
amino acid residue of the N-lobe named “gatekeeper”. Since
the gatekeeper and other residues surrounding this pocket
are not highly conserved, this region can be targeted in order
to achieve both selectivity for a specific kinase and increase
in binding affinity

this section consists in a solvent-exposed area which is not
occupied by ATP when bound to the enzyme. As the amino
acid composition is not conserved within the kinome it can
be targeted by both hydrophobic and hydrophilic

substituents to gain potency and selectivity

Many of the FDA-approved kinase inhibitors belong to the type I class, such as the EGFR
inhibitors Gefitinib (Iressa®) and Erlotinib (Tarceva®).2643
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Figure 1.3. Representation of the Traxler’'s pharmacophore model; the figure illustrates the
endogenous substrate ATP in the binding site of JNK3.

Type Il inhibitors

Inhibitors belonging to this category bind preferentially at the ATP pocket of the kinase in
the inactive DFG-out conformation, resulting in its stabilization.®® As previously
mentioned, this form occurs when the kinase is not phosphorylated at the A-loop and is
characterized by a flip of the DFG-motif where the Phe side chain is shifted approximately
10 A away from the aC-helix. This results in the exposure of a hydrophobic cleft often
named “deep pocket” or “allosteric site” which is absent in the ATP-bound kinase.® Type
I inhibitors typically form hydrogen bond contacts with the hinge region and target the
deep pocket with a hydrophobic substituent. A hydrogen bond donor-acceptor pair
(generally an amide or a urea) is also present immediately before this hydrophobic
substituent and contributes to the positioning of the latter in the deep pocket by interacting
with the aC-helix-Glu side chain and the DFG-Asp backbone.48

Since the amino acid composition of the deep pocket is not conserved, type II inhibitors are
considered to have a higher potential to achieve a clean selectivity profile. Moreover, not
all the members of the kinase family are supposed to assume the DFG-out conformation,
thus reducing the possible off-targets of this class of molecules.5! Nevertheless, despite an
overall higher selectivity profile of this category, some type II inhibitors also showed a
certain promiscuity within the kinome, and the original dogma claiming the elevated

selectivity of this category of inhibitors had to be revised.>2
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As mentioned, type Il inhibitors interact with some of the regions occupied by ATP and can
be theoretically classified as ATP competitive. However, the inactive DFG-out
conformation is known to have a significantly lower affinity for the endogenous substrate
compared to the active form, thus reducing the ATP competition with the inhibitors.>
Moreover, when analyzing the binding kinetics, it can be observed that type II inhibitors
present a low association rate (kon), and a very low dissociation rate (kof), which increase
the residence time on the target.5 Finally, studies analyzing the DFG-in and DFG-out forms
of the p38a MAPK have highlighted how in the latter the conformation of the A-loop places
the phosphorylation sites in a hidden position, probably preventing the activation by

upstream kinases.>*

Various type II inhibitors can be found among the FDA approved kinase inhibitors as the
aforementioned Abl-inhibitor Imatinib (Gleevec®) and the VEGFR/PDGFR inhibitor

Sorafenib (Nexavar®).2643

Type I¥2 inhibitors

This recent class of inhibitors was first described by Zuccotto et al. when observing the
binding mode of certain published inhibitors.5> Such compounds, still addressing the ATP
cleft, bind the kinase in an inactive DFG-in form wherein the aC-helix is shifted outwards
from the ATP binding site. Despite adopting a DFG-in conformation, such state is
catalytically non-competent, as the crucial Lys-Glu salt bridge is broken and the R-spine is
disassembled. The movement of the aC-helix results as well in the formation of a
hydrophobic cavity akin to the deep pocket of the DFG-out conformation, which can be
addressed to improve selectivity. Type I'2 inhibitors generally interact with the hinge via
hydrogen bonds and point towards the back cavity, in some cases also addressing other
areas defined by the Traxler’s pharmacophore (Figure 1.3). Some inhibitors of this class
have been described not to reach the back pocket but instead forming hydrogen bonds with
the aC-helix-Glu side chain and the DFG-Asp backbone, thus stabilizing the aC-helix-out
conformation.’¢5” The name attributed to this class suggests, therefore, the ability of these
“hybrid” inhibitors to target the DFG-in conformation of the kinase by forming interactions
analogous to the type Il class. As in the case of type Il inhibitors, the lower conservation of
the back cavity has been hypothesized to represent a determining factor in the achievement
of a higher selectivity. Furthermore, induction/selection of a particular conformation of the
kinase is responsible for the slow binding kinetics of these compounds, significantly
increasing the target residence time. As a result, the activity of these inhibitors is scarcely
influenced by the ATP concentration, despite their classification as ATP competitive due to

the occupancy of the nucleotide cleft.
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Among the FDA approved inhibitors, examples for this class are represented by the EGFR
inhibitor Lapatinib (Tykerb®) and by the Raf inhibitor Vemurafenib (Zelboraf®).26:43

Type III inhibitors

The definition of this class of inhibitors is particularly challenging and often not univocal,
due to the heterogeneity of compounds composing it. Type III inhibitors are generally
described to bind the kinase in an allosteric pocket adjacent to the ATP cleft and are
therefore non ATP competitive, as a simultaneous binding of the inhibitor and the
nucleotide is theoretically admitted.#> In some cases, these compounds can bind the deep
pocket of DFG-out conformations without interacting with the hinge. Otherwise, these
inhibitors can interact with the phosphoacceptor substrate binding site or exploit a novel
binding site of specific kinases.?® These features provide the potential of an exquisite
selectivity of action, accompanied by a lack of competition with the endogenous nucleotide
substrate. However, inhibitors belonging to this class can hardly be rationally designed
and, especially when aiming at the peptidic substrate binding site, this modality of
inhibition is rarely achievable through small molecules. To date, only one FDA approved
inhibitor can be included in this class, namely the MEK1/2 inhibitor Trametinib
(Mekinist®).

When referring to the substrate binding site it is worth to mention that this area can be
targeted by bivalent inhibitors which are presented in some classifications as type V
inhibitors.? These molecules consist of a classical small-molecule scaffold addressing the
ATP pocket that is connected through a linker to a peptide portion, occupying the substrate

binding site. To date, no molecule belonging to this class has been released.

Type IV inhibitors

The last class of reversible inhibitors includes those molecules binding the kinase in an
allosteric site remote from the ATP binding cleft. Multiple binding modes are possible as
each kinase possesses unique features when moving away from the catalytic site. Although
the high potential of these molecules in terms of selectivity, it is rather uncommon to reach
this modality of inhibition with small molecules due to the scarce presence of druggable
pockets in this region of the protein. Examples of type IV approved inhibitors can be
represented by the macrolide-based compounds Sirolimus/Rapamicine (Rapamune®) and

Everolimus (Certican®), both targeting mTOR.
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Covalent inhibitors

Differently from reversible inhibitors, the compounds belonging to this category are able to
covalently modify the target enzyme leading to a long-lasting inactivation, since the
catalytic functionality can only be restored through ex novo synthesis of the protein.®
Despite the existence of different classes of covalent inhibitors, targeted covalent inhibitors
(TClIs) are the only ones which can be employed in the realm of kinases.t* Such molecules
consist of a core scaffold binding the ATP cleft and a weakly electrophilic moiety which
forms the covalent bond with a specific nucleophilic amino acid. The generic mechanism
of action of these inhibitors entails an initial noncovalent binding which allows the
positioning of the tempered “warhead” in proximity of the target residue, followed by the
formation of the covalent bond. For this reason, the activity of irreversible inhibitors
depends both on their affinity for the enzyme (described by the K; parameter) and on the

rate of covalent bond formation (indicated by the kinact value).6062

The most commonly targeted residue in protein kinases is represented by Cys,®364 although
a few examples of inhibitors covalently modifying a Lys side chain have been reported.656¢
Cys is the sole amino acid possessing a highly nucleophilic thiol group and is therefore
prone to react with the weakly electrophilic warheads of TCIs. In addition, such amino acid
is not involved in the catalytic mechanism of kinases, hence not conserved in the active site,

offering the potential for a high degree of selectivity.t4

The electrophilic warhead has to be positioned at optimal distance and orientation with
regard to the targeted Cys, and needs to possess a mild reactivity in order to not modify
off-target nucleophiles. The covalent tag is most commonly represented by an a,f-
unsaturated carbonyl group which can react as a Michael’s acceptor in the conjugate
addition of nucleophiles. However, other alkylating agents as a-haloketones or epoxides

can be employed as well.61.67

The interest on kinase covalent inhibitors has been increasingly rising during the last
decade, as this class presents several advantages compared to classical reversible
inhibitors.®8 Firstly, the irreversible inactivation of the enzyme allows to uncouple the
pharmacodynamic effect from the PK properties, conferring a high potency even at low
concentrations and ensuring an extended duration of action which persists even after the
drug has been cleared from the organism. This results in the possibility of administering
lower inhibitor doses and with lower frequency. Moreover, as mentioned before, targeting
an opportune non catalytic Cys residue allows to achieve a high level of selectivity, due to

the low conservation of those areas not involved in the phosphorylation reaction.60-62
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Figure 1.4. Schematic overview of the diverse types of kinase inhibitors. Each type is structurally
exemplified by a FDA-approved inhibitor wherein the key structural features are highlighted using
different colors; hinge-binding atoms are highlighted in yellow; for moieties occupying the HR I and
the deep pocket cyan and salmon were used, respectively; hydrogen bond donor-acceptor pair is
highlighted in blue while green was used for the covalent warhead; figure modified from Wu et al.43
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A major concern in the development of covalent inhibitors regards the possibility of severe
side effects deriving from the indiscriminate reactivity with off-targets. In particular, a
primary risk consists of idiosyncratic adverse reactions which can be triggered by the
formation of immunogenic protein-inhibitor adducts, a phenomenon known as
haptenization.t” Nevertheless, the therapeutic success of FDA-approved covalent inhibitors
like Afatinib (Giotrif®) and Osimertinib (Tagrisso®), targeting the epidermal growth factor
receptor (EGFR), demonstrate the efficacy and tolerability of this class of inhibitors.

1.2. MAPKs

MAPKs are a family of Ser/ Thr kinases belonging to the CMGC group and constitute a key
element of signal transduction pathways mediating the cellular response to a broad variety
of extracellular stimuli. Based on sequence homology and functionality four subgroups
have been observed within this family: the extracellular signal-regulated kinases (ERKs) 1
and 2, the c-Jun N-terminal kinases (JNKs) 1, 2, and 3, the p38 MAPKs a, §3, y, and 6, and
the ERK5.¢° Each member is characterized by an overall specific activation mechanism and
by distinct biological functions, although possibilities of cross-talk between different

pathways have also been described.”

All components of the MAPK family are activated through a phosphorylation cascade
comprising the activation in series of at least two upstream kinases. This multistep
mechanism offers the double advantage of amplifying the signal and allowing the
integration of diverse signaling pathways.” The transition of MAPKSs to a catalytically
active form is promoted by the double phosphorylation of a Thr and Tyr residues within a
Thr-Xxx-Tyr motif, carried out by a substrate-specific MAPK kinase (MAPKK, MKK or
MEK). MAPKKSs are in turn activated via Ser/Thr phosphorylation by upstream kinases
referred as MAPKK kinases (MAPKKKs) or MEK kinases (MEKKSs). Activation of
MAPKKKs/MEKKs can be triggered by a plethora of different stimuli which range from
environmental stress stimuli (such as heat or osmotic shock, UV radiation or ischemic
hypoxia) to the interaction of extracellular ligands (hormones, growth factors, cytokines,
lipopolysaccharide) with specific receptors, generally represented by Tyr kinase receptors
or G-protein coupled receptors (GPCRs). Each of these stimuli results in a distinct activation
profile which can involve one or more MAPKSs to a different extent.®73 Figure 1.5 provides

an overview of the different activation pathways of the MAPK family members.

Once activated, each member of the MAPK family can phosphorylate a variety of different
substrates resulting in the mediation of complex mechanisms as cell survival, proliferation,
and differentiation. The vast majority of MAPK substrates is represented by transcription

factors which upon phosphorylation can regulate the expression of specific genes; besides,
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MAPK-mediated signaling can also involve the phosphorylation of cytoplasmic targets.
Each MAPK presents specificity for a distinct subset of downstream targets although in
some cases two different MAPKs can act on the same substrate.®>7273 This substrate
selectivity is reached not only by the recognition of a particular sequence surrounding the
phosphorylation site (all MAPKSs generally phosphorylate Ser or Thr residues followed by
a Pro amino acid), but mostly thanks to docking motifs which confer complementarity
between the MAPK and its specific substrates.”

An additional important method in the regulation of the MAPK-mediated signaling
pathways is the presence of scaffold proteins which coordinate the sequential activation
within a MAPK module. In detail, such multi domain proteins can bind the different
components of a phosphorylation cascade (MAPKKK, MAPKK, and MAPK) thereby
promoting their spatial contiguity. The formation of this multi-enzyme complex increases

the efficiency of the signal propagation compared to diffusion-based signaling and reduces

MEKK1/4, ¥ ,
MLK3, ASK1 J
(2 (D DS G

Figure 1.5. Schematic representation of MAPKSs activation pathways. Figure was modified from
Margutti et al.”

the cross-talk between different pathways.”475

A-Raf, B-Raf,
Raf-1, Mos J

MAPKKK

1.2.1. JNKs

As already mentioned in the previous section, JNKs are Ser/Thr kinases constituting one
of the four subgroups of the MAPK family.”¢ The first members of this subfamily were
discovered in the 1990s and originally termed stress-activated protein kinases (SAPKs). The
name JNKs was instead later given after the c-Jun transcription factor, which represents the
first downstream target identified for these enzymes.”” Three different isoforms have been
classified within this group, namely JNK1 (also known as SAPK-y/MAPKS), JNK2 (SAPK-
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a/MAPK9) and JNK3 (SAPK-B/MAPK10), encoded by the three distinct genes jnk1, jnk2,
and jnk3. Each gene can then undergo alternative splicing, giving rise to a total of 10 JNK
isoforms (four isoforms for both JNK1 and JNK2 and two for JNK3).7880 Despite sharing a
high structural similarity, the JNK isoforms exhibit different tissue distribution since the
JNK1 and JNK2 are ubiquitously expressed, whereas the JNK3 is mostly restricted to the
brain, heart and testes. Moreover, the different isoforms are characterized by a distinct

substrate specificity, suggesting dissimilarities in their physiological functions.”80

In conformity with other members of the MAPK family, activation of JNKs is organized in
signaling modules comprising tandem phosphorylation of three protein kinases (Figure
1.5). More closely, activation of JNKs results from a concomitant phosphorylation of a Thr
and a Tyr residues within a Thr-Pro-Tyr motif in the activation loop carried out by the two
MAPKK MKK4 and MKK?7.7681 While MKKY7 is specific for JNKs, MKK4 can also
phosphorylate p38 MAPK members, albeit not being the main activator of these enzymes
in vivo. The two upstream kinases MKK4 and MKK7 have proven to function in a
synergistic manner so that both are required for the achievement of full JNK activation.828
The MAPKK enzymes MKK4 and MKK?7 can be phosphorylated by a multiplicity of
upstream MAPKKK which in turn are triggered by a variety of stress stimuli including heat
or osmotic shock, UV radiation, ischemia/reperfusion, and pro-inflammatory cytokines.!
An additional level of regulation of the JNK activation pattern is constituted by scaffolding
protein which, as previously mentioned, are able to bind the different elements of a
phosphorylation cascade, thus favoring the signal transmission.” Up to date, four different

isoforms of the JNK-interacting protein (JIP) have been identified.s184

Activated JNK can phosphorylate a broad subset of downstream targets including both
transcription factors and non-nuclear substrates.8> Phosphorylation of c-Jun, which takes
part in the formation of the activation protein (AP)-1, increases the transcriptional activity
of this complex. An analogous effect derives from the phosphorylation of the activating
transcription factor (ATF)2 which modifies gene expression through the formation of
dimers with members of the Jun family.8 Besides these two well-characterized pathways,
JNKSs can also act on additional nuclear targets, thereby modulating their effects on gene
transcription (Figure 1.6). Furthermore, JNKs have demonstrated to phosphorylate
cytosolic and mitochondrial substrates resulting in a modification of their functionality or

in the regulation of their stability.85

By means of diverse downstream targets, members of the JNK family are involved in
various physiological functions. Firstly, these kinases are implicated in the regulation of
cell survival/apoptosis in response to external stimuli. The role of JNKs in cell death has
been described as bivalent, since it depends on the entity of the stimulus and on the signal

integration with additional pathways.
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In general, a transient activation of JNKs seems to promote cell survival whereas a
prolonged stimulation results in triggering the apoptotic process.8287 Another significant
role of the JNK proteins consists in the modulation of inflammatory response and immune
system.88 In particular, mostly by promoting AP-1/ATF2-mediated gene expression, such
enzymes contribute to the production of pro-inflammatory cytokines as tumor necrosis
factor (TNF)-a and modulate the differentiation and activation of T-cells.8%% Finally, as
mostly shown in Drosophila, some members of the JNK family seem to be crucial in
embryonal morphogenesis,® this presumably explaining the non-viability of double

jnk1/jnk2 knockout mice due to premature embryonal death.

Due to their involvement in important physiological processes, a dysregulation of the
functionality of JNKs has been regarded as critical in diverse pathologic conditions.?2 Since

the JNK isoforms display dissimilarities regarding localization and substrate specificity,
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each isoform can differently contribute to a particular disease as it could be pointed out by

the selective silencing of one or more codifying genes.”

Neurodegenerative diseases

Within the last decades, a considerable evidence has connected the abnormal activity of the
JNK family members with diverse neurodegenerative diseases such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease, and multiple sclerosis, as well with

neuronal death following ischemic episodes.%%

Increased expression of phosphorylated JNK has been observed in post-mortem brains as
well as in biopsy samples of AD patients.> Additionally, activated JNK is able to
phosphorylate the amyloid precursor protein (APP) at Thr668 promoting its amyloidogenic
cleavage into the f-amyloid (AP) peptide 42, which is considered the major responsible
factor in the formation of AP plaques. The Tau protein can also be phosphorylated by the
JNKs leading to the formation of neurofibrillary tangles representing, together with A
plaques, the principal histological hallmarks of AD.9294% Finally, activation of the JNK
pathway is also associated with neuroinflammation and apoptosis, thereby resulting in

neuronal loss.%

Analogously to AD, specimens of post-mortem brains from PD patients revealed an
increased activation of the JNK-c-Jun pathway.%% In addition, mice knockout experiments
permitted to observe a neuroprotective effect of JNK-deficiency against 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-induced neurotoxicity, representing a typical animal
model for PD. More closely, whereas jnkl knockout mice showed similar results in
comparison to the wild-type ones, single jnk2 or jnk3 deletion proved to significantly reduce
cell loss after MPTP treatment. The neuroprotective effect was further enhanced following
double jnk2/jnk3 knockout, hence confirming the pivotal role of these two isoforms in the
progressive neurodegeneration characterizing PD.” As previously mentioned, effects
arising from the double jnkl/jnk2 knockout could not be observed due to non-viability of

mice carrying this genetic deletion.?

The recovery of blood circulation after a stroke/ischemia event can be associated to an
extended tissue damage along with neuronal death in a “penumbra area” surrounding the
site directly affected by the lack of oxygen supply. Such phenomenon is known as
ischemia/reperfusion injury and is caused by different factors including inflammatory
reaction and excitotoxicity.” JNK3 deficiency has been demonstrated to protect neurons
against hypoxia-driven excitotoxicity, as observed by the treatment of the cells with the Glu

receptor agonist kainic acid or by simulating hypoxia in mice models.9294% A similar effect
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was instead not registered in case of single jnk2 or jnkl knockout,” suggesting a specific

function of the JNK3 isoform in the response to excitotoxic insult.

Cancer

As mentioned before in this section, the JNK signaling pathway plays a bivalent role in the
cellular life cycle, on one hand mediating cell survival and proliferation and on the other
promoting stress-induced apoptosis. This dual behavior translates into a still unclear

function of the JNK family members in cancer development.92100

The evidence of a pro-oncogenic role of JNKs has been provided by several studies
demonstrating that these kinases take part in the Ras-mediated transformation by
phosphorylating c-Jun, responsible for blocking the expression of the tumor suppressor
p53.8192101102 Members of the JNK family can also promote tumor survival, development,
and dissemination by means of diverse mechanisms including cytokines production and
angiogenesis.'® In addition, increased JNK1 or JNK2 activity has been observed in diverse
cancer cell lines® and a selective deletion of jnkl or jnk2 in animal models has proven to

reduce the development of certain types of malignancies.100-102

At the same time, a significant number of experiments suggested a tumor suppressor
activity of the JNKs, as it would also be expected from their well-characterized pro-
apoptotic function. As an example, selective isoform knockout in mice models led to an
increased neoplastic proliferation'® or to a major susceptibility to develop tumors
following exposure to carcinogens.1% In any case, the different behavior of JNKs as tumor
suppressor or as tumor promoter seems to depend on the cell/tissue involved, as well as

on the kinase isoform.100-102

Metabolic diseases

An association of JNK isoforms with obesity, insulin resistance, and type 2 diabetes has
been highlighted in both in vitro and in vivo assays. In general, it can be observed that
obesity and type 2 diabetes are associated with a chronic inflammatory condition of the
adipose and liver tissues, wherein the cytokines and the free fatty acids produced may
activate the JNK pathway.1% A first observation hinting the implication of JNKs in these
metabolic pathologies is the increased activity of these enzymes in both dietary and
genetically obese mice. In addition, selective ablation of jnk1 resulted in a reduced weight
gain and lower adiposity of mice on a high-fat diet, along with lower plasma levels of
glucose and insulin. Similar results could be detected on JNK1-deficient genetically obese

mice, hence clarifying a role of this isoform in the obesity-induced insulin resistance.”10 In
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this pathological condition the molecular target of JNK1 was discovered to be the insulin
receptor substrate 1, whose phosphorylation on Ser307 prevents the interaction with the
insulin receptor.196107 Analogous outcomes could not be reproduced by jnk2 knockout mice,
which behaved analogously to the control. Such isoform might instead assume a role in the
non-obese type 1 diabetes, as deletion of jnk2 seemed to reduce the immune response

towards pancreatic islets and to decrease the apoptotic response of B-pancreatic cells.79.108

Inflammatory diseases

As already mentioned, JNKs are implicated in modulation of the inflammatory response
and contribute to the regulation of the immune system by influencing the activity of T-
lymphocytes, macrophages, and mast-cells.”2 These effects are mainly mediated by
increasing the transcriptional activity of the AP-1 complex and of the ATF2. These factors
can in turn increase the expression of pro-inflammatory cytokines as TNF-a and interleukin
(IL)-2 and of other mediators of the inflammatory response as matrix metalloproteinases
(MMPs).8892 These aspects have suggested a participation of the JNK signaling in chronical
inflammatory diseases which was confirmed by diverse studies.1112 In particular,
activation of the JNK pathway was observed in synovial cells and chondrocytes from
patients affected by rheumatoid arthritis (RA) and osteoarthritis, respectively.109110
Additionally, treatment of synovial cells from RA patients with JNK inhibitors reduced the
expression of MPPs involved in the degradation of joint cartilage, one of the symptoms

characterizing this autoimmune disease.!!!

Use of JNK inhibitors in an acute asthma mice model determined a decrease of immune
cells in the peribronchial area and a reduced production of pro-inflammatory cytokines and
immunoglobulin E compared to control, thereby suggesting an implication of the JNK

pathway in this inflammatory pathology.112

1.2.2. JNK inhibition

The key role assumed by the JNK pathway in several pathologic conditions has made these
enzymes emerge as attractive drug targets, prompting an intense endeavor in the pursue
of therapeutic inhibitors.113-115 Nevertheless, to date no JNK inhibitor has been introduced
in therapy and only a scarce number of candidates has reached clinical phase (Table 1.1).
While Tanzisertib, Bentamapimod, and CC-401 are classical type I inhibitors, binding
reversibly to the ATP binding site, the retro-inverso peptide inhibitor XG-102 is able to
occupy the docking site of the JIP scaffold protein, representing a less conventional strategy
for JNK inhibition.
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Table 1.1. JNK inhibitors in clinical trials

Name(s) Structure Indication, phase, status”
(0]
y Pulmonary fibrosis, Phase 1I,
CC-930 WNN N Terminated!16
/O \NI(\;: )—NH F
N
Tanzisertib HO E Discoid lupus erythematosus,
Phase II, Terminated!”
F
Post cataract surgery
inflammation, Phase III,
Completed!18
G102 HzN—pAsp—0GIn—pSer—parg—oPro—oV al—-oGi—oPra —| Post cataract surgery
L inflammation and pain, Phase III,
pPfe—pLew—oAsn—oleu—oThi—oThi—oPro—oling —| Com leted119
DINKEL1 [ p
blysi—oP ro—oArg—oPro—oPro—ohrg—ofrg—oArg
AM-111 | Acute inner ear hearing loss,
— pGIn=oArg=—mpArg—pLys—oLy5s—oArg =Gly—CO0H Phase I1I, Completed120
Acute sudden sensorineural
hearing loss, Phase 111,
Completed!?!
Bentamapimod @[S CN
4
N —N Inflammatory endometriosis,
AS602801 >_é\: />_0 N—> Phase II, Completed22
N .
PGL5001
CC-401 Refractgry acute myelo genous
leukemia, Phase I, Terminated!23
CC-90001 Undisclosed Idiopathic pulmonary fibrosis,

Phase II, Ongoing/Recruiting!?*

“For each candidate only the clinical trials at the most advanced phase have been reported.

The limited number of inhibitors reaching clinical phase underlines the necessity of new
compounds targeting the JNKs. As already mentioned in section 1.1.2., the principal hurdle
to overcome in the development of new kinase inhibitors consists in achieving high potency
along with selectivity within the kinome. In particular, when aiming at JNK inhibition, a
first challenge is represented by the achievement of selectivity of action over the
structurally-related p38a MAPK.125 This well-known enzyme, belonging to the same family

as JNKs, is analogously involved in signal transduction pathways triggered by stress
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stimuli and has also demonstrated a clear involvement in inflammatory and
neurodegenerative diseases, as well as in some types of malignancies.102126127 Due to the
contribution of JNKs and p38a MAPK to akin pathological conditions, some studies
pursued the dual inhibition of these targets as a potential strategy for the treatment of these
disturbs.128 Nevertheless, the research of JNK selective inhibitors would still be desirable
due to different reasons. In a first instance, the achievement of JNK specific inhibition
would facilitate a better understanding of the role of these kinases in the diverse diseases
and would help in assessing the therapeutic utility of selectively blocking this signaling
pathway. Additionally, as suggested by the failure of some preclinical and clinical
candidates targeting this enzyme, inhibition of p38a MAPK can potentially lead to
additional side effects, mostly consisting in hepatic or central nervous system (CNS)

toxicity, thus representing a risk for the safety profile of new compounds.12.130

The two members of the MAPK family share a high sequence similarity at the ATP binding
cleft, as outlined in Figure 1.7. JNK selective inhibitors need therefore to exploit the few

structural differences in the amino acids composing the active site of the two enzymes.

JNK3 HoN— Progg [lleyg Glyzy Serzz Glyzz Alazg Glnys Glyzs ey Valzg

p3aMAPK HaoN— Proge Valgn Gly3i Ser3yz Glyas Alazg Tyras Glvag Semp Valag

LAlmn llegy  Lysos Valigs Met1q6 Clujgy Leujgs Mehigo Aspisp Alagsy Asngs2 Leuyss Cvsisg

Alas] Valsp Lyss3 Valios Thrige Hisjoz Leujos Metigo Glyi1io Alapnn Aspria Leuyns Asngig

I\:I.culm Lysi9] Projo2 Serjon Asngog llejos Valhigg Valigy leans Lewzps Asp2o7 Pheaps Gly2po —COOH

Lewysg Lysis) Progs2 Serisa Asnisg Lewiss Alagse Valisy letps lLeutsp Aspla7 Pheies Gly169 —COOH

Figure 1.7. Comparison of JNK3 (light blue) vs p38a MAPK (green) sequences. Only amino acid
residues located at the ATP binding site are displayed. Residues differing between the two sequences
are highlighted in dark green. Sequence alignment was generated using EMBOSS-Needle tool from
European Molecular Biology Laboratory (EMBL-EBI, Wellcome Genome Campus, Hinxton,
Cambridgeshire, CB10 15D, UK).

A major difference between the JNK and p38a MAPK active sites lies in the “gatekeeper”
residue which, as explained in section 1.1.2,, is an amino acid limiting the access of
inhibitors to the HR 1. While the JNK gatekeeper consists of a Met residue which is
conserved throughout the JNK isoforms (Met146 in JNK3), a smaller Thr residue occupies
the same position in the p38a MAPK (Thr106), therefore delineating a wider cavity in the
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latter enzyme. In addition, some of the amino acids circumscribing the JNK binding site,
e.g. Ilen, Iles;, and Valigs (JNK3 numbering), are replaced by smaller residues in the p38a
MAPK, thereby resulting in the formation of a narrower binding cleft of the former kinase.
As an example, features like small size, planarity and hydrophobicity are considered the
determinant for the selectivity of the early JNK inhibitor SP600125 over the p38a MAPK
(Figure 1.8).131 However, despite reaching intra-MAPK selectivity, such anthrapyrazolone
derivative has been described to possess a poor selectivity within the kinome,’32 thus

underlining the need of more specific interactions besides the aforementioned features.

NN ICsp (uM)°
“O INKT  0.040
INK2  0.040
0 JNK3  0.090
SP600125 p38a MAPK  >10

Figure 1.8. Structure and biological activities of SP600126. “Data reported by Bennet et al.13!

As already mentioned in the previous paragraph, the three JNK isoforms diverge in
substrate specificity, hence differently contributing to the onset and progression of
pathological conditions. However, the involvement of each member of the JNK family
could only be assessed so far by selective gene knockout, a method which does not fully
allow to evaluate the effects resulting by the inhibition of these pathways in wild type
organisms, e.g. impossibility to observe effects of double jnkl/jnk2 knockout.
Consequently, the development of isoform-selective JNK inhibitors would provide a
pharmacological tool to clearly identify the different involvement of the JNK isoforms in
diseases, thus enabling the selection of the optimal therapeutic target within this subfamily.
Unfortunately, JNK1, JNK2, and JNK3 share more than 80% sequence similarity and

selectivity of action could not be reached so far.

In the vast majority of cases, kinase inhibitors are evaluated through the use of activity
assays, namely experiments which evaluate the influence of the inhibitor on the kinase
phosphotransfer activity by comparison with an uninhibited positive control. In particular,
an in-house enzyme-linked immunosorbent assay (ELISA), previously developed in the
group of Prof. Laufer, was successfully employed to measure the inhibitory activity of
compounds on JNK3 and p38a MAPK.1313 This assay format allows to quantify the
phosphorylation of the common target ATF2 due to the use of a horseradish peroxidase-

conjugated antibody that specifically binds the phosphorylated substrate. Such method has
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the clear advantage of providing a reliable and exhaustive assessment of the inhibitory
activity in presence of the endogenous cofactor ATP and is still routinely employed, as it
can be seen in the second part of this thesis, for the screening of newly synthesized
compounds. Nevertheless, factors as low cost efficiency, non-easy handling, and long assay
time limit the applicability of this procedure. Moreover, repeated separation and washing
steps are comprised in this assay procedure (non-homogenous assay), hence preventing its
applicability in high throughput screening (HTS) of compound libraries. Finally, the
aforementioned ELISA-based assay has only been established for the p38a MAPK and for
the JNK3, and currently no protocol has been developed for the JNK1 and JNK2 isoforms.
Alternatively, biological activity of candidate inhibitors can also be assessed through
binding assays measuring the stability of the enzyme-inhibitor complex. Although binding
parameters do not necessarily imply inhibitory activity, a correlation between binding and
inhibition can be assumed for those classes of inhibitors occupying the ATP cleft of the
enzyme, as they prevent the interaction with the endogenous cofactor and thus the

phosphotransfer reaction.

1.2.3. Fluorescence Polarization (FP)

FP is a fluorescence-based technique which can be applied to diverse assay formats and
thanks to its advantageous features like easy handling, cost efficiency, and amenability for

HTS is being widely used in the field of drug discovery.135-137

The theoretical basis of this method starts from the observation that the excitation of a
fluorophore by plane-polarized light yields a polarized emission, by virtue of a
phenomenon named photoselection. Considering a group of randomly-oriented
fluorophores irradiated by polarized light, the photoselection derives from the increased
probability of absorption of those molecules whose dipole is nearly parallel to the plane of
the exciting radiation. In this way it is possible to “select” a population of excited
fluorophores which, in case such molecules were immobilized, would emit light with a
polarization analogous to the one of the source.’® However, molecules in solution are
susceptible to Brownian motions, representing casual, non-ordered movements which
determine an extremely rapid tumbling of the fluorophores. Since the rotational relaxation
time p (time required by the molecule to rotate by an angle of 68.42°) has a much lower
order of magnitude than the fluorophore lifetime T (time window between absorption and
emission), free fluorotracers in solution are unable to conserve the polarization achieved
through photoselection. Conversely, when a fluorescently labeled molecule binds to a

macromolecule, e.g., a protein, the whole complex has a longer rotational relaxation time
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by virtue of the higher molecular weight, hence retaining the acquired polarization (Figure
1.9).198-141

' G —
Loss of
Polarization
Polarized light

4 )
- ¢ T k.
V —> V!
Retention of
Polarization

Figure 1.9. Graphic explanation of the FP principle. T represents the fluorophore lifetime, namely the
time required for the excited fluorophore to emit the radiation.

Upon excitation by plane-polarized light, the emitted radiation is split and directed into
two detectors, which measure the intensities of the emission parallel and perpendicular to
the plane of the source (I, and 11, respectively).14! These two parameters are then used to
calculate FP and/or fluorescence anisotropy (FA) through the equations 1.1 and 1.2,
respectively. FA is a parameter having the same meaning as FP, although the latter finds

wider use in biological applications.

f"—fl
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I -1,

Eq.1.1) FP = —_—
{q } f||+2_!r|

(Eq.1.2) FA =

One of the multiple purposes of the FP principle is the use in competition binding assays.
Such method consists in following the displacement of a fluorescently labeled probe by the
candidate inhibitor through the measurement of the progressive FP signal decrease. Such
method presents several advantages over the traditionally-employed radioligand-based
binding assays such as improved safety and easy handling, not requiring separation and
washing steps.1#2 The establishment of a FP-based binding assay requires several
considerations concerning the probe design, the choice of the fluorophore, and the different

assay parameters.139,140






2. Objective of the Thesis Work

The implication of JNKs in diverse pathological states has raised the interest toward the
development of JNK selective inhibitors. Such molecules might be useful both as tools for
better understanding the effective role of these enzymes in diseases, and as therapeutic
agents for the treatment of JNK-related disturbs. Although several selective inhibitors for
JNK have been reported, the scarce number of clinical candidates and the current absence

of approved inhibitors highlight the need for new molecules targeting these enzymes.

In a first instance, as an aid for the research of novel selective JNK inhibitors, a new
competition binding assay was developed in order to ease the evaluation of the binding
affinity of potential inhibitors of JNK3. Such assay is based on the technique of FP and
required the design and the synthesis of a suitable fluorescently-labelled probe based on
the pyridinylimidazole scaffold. After optimization, such assay was then extended to the
other members of the JNK family, JNK1 and JNK2, as well as to the closely related p38a
MAPK in order to provide a tool for a fast assessment of intra-MAPK and intra-JNK
selectivity. The findings resulting from this part of the thesis work are included in
Publications I and II.

In the second part, different attempts were carried out to achieve selective inhibitors of JNK
starting from a pyridinylimidazole-based lead. Numerous examples of molecules
belonging to this class have been reported as potent inhibitors of the p38a MAPK and were
obtained by optimization of the precursor SB203580 from SmithKline (Figure 2.1). An
exhaustive summary on the synthesis routes and biological activity of this class of

compounds is presented in Publication III.
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Figure 2.1. Examples of pyridinylimidazole derivatives as MAPK inhibitors. Data taken from
Goettert et al.,133134 Koch et al.,'*3 and Ansideri et al.1# (Publication I).
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Besides p38a MAPK, pyridinylimidazole-based compounds are also able to inhibit
members of the closely related JNK family and, as visible from Figure 2.1, alteration of the
substitution pattern can result in a different selectivity profile of these derivatives. For this
reason, a series of structural modifications was performed on compound 1 both by altering
the core scaffold and the substitution pattern (Figure 2.2), aimed at shifting the selectivity
of this dual inhibitor towards the JNK (in particular, the focus was initially maintained on
the JNK3, whereas the evaluation of intra-JNK selectivity was addressed only at a late
stage). The broad set of performed structural modifications required the development of

diverse synthesis strategies and is presented in Publications V and VII.

Modification of the —
5-membered ring \S-c

». Variation or removal
H,? of the S-Me group

Substitution at the > ‘ NH,
imidazole-C4 position /©/
N ” Substitution at the

pyridine-C2 position

Figure 2.2. Structural modifications of lead compound 1 involving different regions of the
pyridinylimidazole scaffold.

An alternative strategy which was pursued in order to obtain JNK selective inhibitors was
the transformation of the reversible inhibitor 1 into a TCI by modification of the substituent
at the pyridine-C2 position. Such approach aims at the formation of a covalent bond with
the non-catalytic Cys154 (JNK3 numbering) which, as depicted in Figure 1.7, is not
conserved in the p38a MAPK. This second strategy was prevalently carried out by Dr. Felix
Muth and Dr. Ahmed El-Gokha and the outcomes are collected in Publication IV.



3. Results and Discussion

3.1. Development and optimization of an FP-based
competition binding assay for JNK1, 2, and 3, and
p38a MAPK

3.1.1. Design and synthesis of a new FP probe

The first step in the establishment of a new FP-based competition binding assay consisted
in the design of a suitable fluorescent probe for the target enzymes. Compound 1 (Figure
2.1 and 3.1B) was discovered in a previous in-house study as a potent dual JNK3/p38a
MAPK inhibitor, with ICsy values in the low nM range on both enzymes and was therefore

selected as a potential precursor for the FP fluoroprobe.

An extremely important aspect in projecting an FP-probe consists in the position of the
labelling as the introduction of a bulky fluorescent tag might result in a loss of affinity of
the probe for its targets. Munoz et al. reported in 2010 an FP probe for the p38a MAPK
derived from the pyridinylimidazole-based reference compound SB203580.14> In such
molecule, the fluorescent tag, represented by a fluorescein moiety, was linked at the
imidazole-C2 position of the scaffold (compound 2, Figure 3.1A). Nevertheless, when
planning a new probe suitable for both JNK3 and p38a MAPK, the aniline moiety at the
pyridine-C2 position of compound 1 was assumed to be optimal for the installation of the
fluorescent label. The reason for this lies in the well-known binding mode of
pyridinylimidazole molecules, wherein the substituent at the pyridine-C2 position is
located in the solvent-exposed HR II (a more detailed explanation of the binding mode of
pyridinylimidazole-base inhibitors will be provided in section 3.2.1). Due to its opening on
the outside of the protein, this area is presumably more prone to tolerate the large

fluorescent group without substantial effects on the binding

A second crucial setting concerns the choice of the fluorophore and the method of labeling.
Fluorescein was selected as a fluorophore due to the affordable cost and to the availability

of a broad range of derivatives, allowing the labeling of diverse functional groups.
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Furthermore, virtually all plate readers are provided with the excitation/emission filters
necessary for this fluorophore (approximately 490/525 nm). Finally, the short lifetime T of
this fluorescent marker (= 4 ns) is well-suited for the analysis of small ligands interacting
with proteins heavier than 10 kDa.140 These features made fluorescein the first choice
fluorescent dye employed in FP assays, as also recently reviewed by Hall and coworkers.13
In particular, the selected dye was the fluorescein isothiocyanate (FITC) isomer 5, which
would easily react with the terminal aniline of compound 1 through the formation of a

thiourea bridge (Figure 3.1B).
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Figure 3.1. Design of FP probes; A) probe 2 reported from Munoz et al.> derived from standard
inhibitor SB203580; B) probe 3 designed for a new FP-based competition binding assay derived from
compound 1.

An initial choice made consisted in avoiding the introduction of a spacer between the core
scaffold and the fluorescent moiety, which was therefore directly linked to the terminal
amino group of compound 1. The rationale behind this decision lies in the fact that although
a spacer might increase the flexibility and reduce the impact of the bulky fluorophore on
the binding interactions, it could also determine the rotational freedom of the fluorescent
tag even when the probe is bound to the target. This phenomenon is named “propeller
effect” and can have detrimental outcomes on the FI> measurement as it reduces the signal

window between bound and unbound ligand.139140
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Before synthesis, the suitability of the designed probe 3 was confirmed by docking studies
(Figure 3.2). Both in the case of JNK3 and p38a MAPK reasonable poses were generated
wherein the fluorescent marker was positioned outside of the binding site, therefore

seeming not to hinder the interactions of the core scaffold.

© . % -, p38a MAPK

Figure 3.2. Docking poses of probe 3 with JNK3 (left, PDB entry: 3FI3) and p38a MAPK (right, PDB
entry: 10UK).

Besides the preparation of probe 3, four additional scaffolds and corresponding fluorescent
probes were synthesized varying the substitution pattern around the imidazole ring
(probes 3 and 8-11, Figure 3.3). This was carried out in order to broaden the subset of
potential probes and therefore select the one displaying the best features in terms of
applicability. All probes were tested in the aforementioned ELISA activity assay on both
JNK3 and p38a MAPK and the results were compared with their precursors, aimed at
observing the influence of the labelling on the inhibition potency (Figure 3.3). Among all
the synthesized probes, compounds 3 and 10 seemed to display optimal features to serve
as FP probes as they showed a high potency on the two enzymes which appeared to be only
negligibly affected by the installation of the fluorescent dye. For this reason, such
compounds were selected as candidates for the following assay optimization steps and the
introduction of a spacer was not considered necessary. On the other hand, probes 8 and 9
are characterized by a lower potency on JNK3 and by scarce or no inhibition of p38a MAPK
and are therefore not suitable to be employed as dual probes. Moreover, in case of these
two compounds the labelling with fluorescein seemed to have a considerable effect on the
inhibitory activity, which decreased significantly on both kinases. Analogously to its
precursor, probe 11 showed instead a moderate inhibition of both enzymes, with ICs values

in the triple-digit nM range.



44 3. RESULTS AND DISCUSSION

-

N CH
N CHg | >—g :
[ >¢ N
7 N N~ HO
N4 M 1 ICs(INK3)=24nM o O o ICsp (JNK3) = 48 nM
HN ICs0 (P38 MAPK) = 17 nM O OH  ICsg(p38a MAPK) = 26 nM
Q WO s
NH, S”°N
H o}
N cH
H3C N CH3 I \>~SI 8
[ -5 7 N
| X N N~ HO
N 4 ICs0 (JNK3) = 353 nM o O o ICs0 (JNK3) = 2,736 nM
HN ICs0 (P38a. MAPK) > 10 uM O OH ICs0 (p38a. MAPK) > 10 uM
NH O
[ j\ ol
NH, s N 8
H 0
N CH,3
CHs [ >=s

N
I A H N~ HO
N~ 5 ICs0 (JNK3) =410 nM HN O o ICs0 (JNK3) = 1,041 nM
O O OH
NH O

HN\©\ ICso (p38ct MAPK) = 3,679 nM ICs0 (p380 MAPK) = 4,335 nM
NH

o) 9
2 SN
H o}
F
F
N
N LD
| \> I A N
N ICsp (JNK3) = 7 nM N LT ICso (JNK3) = 74 nM
N~ ICs (p38a MAPK) = 5 nM HN O o ICs0 (p38a. MAPK) = 29 nM
T Q, Lo
\©\ NH O o) 10
NH, N
H o
F
F Q
Q -
N <N
\N i X
APS ICso (JNK3) = 39 nM N HO ICsp (JNK3) = 136 nM
N~ ICs0 (P38 MAPK) = 216 nM HN O 0 ICs0 (p380. MAPK) = 186 nM
Ny T Q e
& WO
NH, N
H e}

Figure 3.3. Structures and biological activity of the synthesized probe candidates (compounds 3 and
8-11) and their precursors (compounds 1 and 4-7). The synthetic schemes of compounds 1 and 4-7
will be discussed in the second part of the thesis, section 3.2 and detailed procedures as well as
analytical data can be found in Publication I (compounds 1 and 6), Publication IV (compound 4),
or in the experimental section of this thesis (compounds 5 and 7); experimental procedures for the
preparation of the fluorescent probes together with analytical data can be found in Publication I
(probes 3 and 10), Publication VI (probe 11) or in the experimental section of this thesis (probes 8
and 9).
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3.1.2. Probes characterization

The second step performed in the development of an FP-based competition binding assay
consisted of measuring the binding affinity of the synthesized probes to the selected targets
JNK3 and p38a MAPK. In classical binding assays, e.g., radioligand-based assays, the K4 of
a molecule is measured through saturation experiments wherein a fixed concentration of
protein is titrated against increasing concentrations of ligand. This can be performed
because by means of separation and washing steps the unbound ligand is removed before
the reading and only the bound probe can be detected. Conversely, in the homogeneous
FP-based binding assays, both bound and unbound species are present in the sample at the
time of measurement and take part in the generation of the FP signal. Although the bound
species has a much higher contribution on the observed polarization, increasing
concentrations of free probe would result in a progressive reduction of the FP signal, thus
hampering a correct K4 determination. This can be circumvented by modifying the assay
settings through the titration of a fixed amount of fluoroprobe against increasing
concentrations of protein.4¢ Unfortunately, this strategy requires high concentrations of
protein in order to reach the saturation conditions which might represent a limitation in

case of expensive targets.

As discussed, the Kq of the synthesized probe was determined by titrating a 10 nM solution
of probe with increasing concentrations of protein as schematized in Figure 3.4 (the range
of concentrations was adapted for each probe in order to reach a full saturation curve). A
well containing only fluoroprobe in assay buffer was also included as a negative control,

establishing the signal baseline.

Particularly important to mention is the use, for this assay, of an inactive form of both JNK3
and p38a MAPK. Probe 3 represents a classical type I inhibitor which, as explained in
section 1.1.2., can bind to the ATP site of the protein regardless of its activation state as the
flexible DFG motif can assume both the in and out conformations. On the other hand, the
use of a catalytically inactive kinase might represent an advantage, as it would allow the
identification of other inhibitor classes binding preferentially this form, as type II and type
I'/2 (type III inhibitors are presumably excluded since they do not directly occupy the ATP
cleft and therefore might not be able to displace the probe).

In case of probes 3 and 10, which had been selected for following optimization, FP signal
was measured after 15, 30, and 60 min of incubation in order to obtain additional

information regarding time of binding equilibrium onset and signal stability (Figure 3.5).
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Figure 3.4. Microplate scheme for K4 determination of synthesized probes; experiment was
performed three times in quadruplicate; in column 1 (light orange) a negative control containing 10
nM solution of probe in assay buffer was used, representing the baseline of the FP signal; the green
gradient in columns 2-12 represents the probe with increasing concentrations of protein;

Both probes showed high binding affinity for the two tested enzymes with K4 values in the
single digit nM range. Moreover, both compounds were characterized by a rapid binding
equilibrium onset and the measured Kq4 values appeared to be stable over time, with only a
negligible variation after 60 min incubation. An incubation time of 30 min and its

corresponding probe Kqvalues were selected for the further development of the assay.

In order to confirm the binding profile of probes 3 and 10 on JNK3 and p38a MAPK, an
independent binding assay was performed through isothermal titration calorimetry (ITC).
The two probes showed again high affinity for their targets with Kq values in the low
double-digit nM range (3: Kagnks) = 25 nM, Kqpasa mark) = 35 nM; 10: Kagnks) = 20 nM, Kapssa
mark) = 33 nM). The slight differences in the K4 absolute value in comparison with values
reported in Figure 3.5 can be attributed to intrinsic differences of the two assay methods as
well as to dissimilarities in the protocols used. Nevertheless, the high affinity and the

similar binding features of probes 3 and 10 were confirmed.

Given the nearly identical inhibition profile of the two probes, and needing to promote only
one fluoroprobe to the following steps, compound 10 was discarded only based on a lower

yield of its synthesis route and the optimization was carried out exclusively on probe 3.
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Figure 3.5. Titration curves and corresponding Ky values of probes 3 and 10 on JNK3 and p38a
MAPK measured at different incubation times. Each experiment was performed 3 times in
quadruplicate; data points represent mean value + SD; this and other graphs henceforth were
obtained using the software GraphPad Prism version 7.3 for Windows (GraphPad Software, La Jolla
California USA, www.graphpad.com).

Although not being chosen for further optimization, the K4 values of the other synthesized
probes (compounds 8, 9 and 11) on JNK3 were also determined in order to achieve the
characterization of all the prepared fluorotracers. For the titration experiments an

incubation time of 30 min was selected and results are presented in Table 3.1.

Table 3.1. K4 values of compounds 8, 9, and 11 on JNK3.

K4 on JNK3 (nM)

Cpdn. (mean value * SD)
8 188.0+3.0
44.6+6.9
11 114+ 6.6

Experiments were performed three
times in quadruplicate
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3.1.3. Assay conditions optimization

After determining the binding affinity of the selected probe 3 for JNK3 and p38a MAPK an
additional experiment was carried out in order to choose the final settings which would
improve the performance of the assay. In detail, given for probe 3 the values of Kagnisz) = 3.0
+ 0.2 nM and Kypssa Mark) = 5.7 £ 1.1 nM, a 5 nM concentration of compound 3 was chosen
to be employed in the competition binding assay. This is in line with practical
considerations in the development of an FP’-based binding assay, suggesting to reduce the

fluoroprobe concentration as much as possible, not exceeding twice the Kq4 value.14

A second crucial parameter in defining the assay efficiency is represented by the protein
concentration. Performing the competition assay at saturation conditions, where all the
fluoroprobe molecules are bound to the target, would obviously allow to obtain the
maximum signal window. However, these stoichiometric conditions would imply high
levels of unbound protein which would decrease the responsivity of the system to the
addition of competitors, thus reducing the sensitivity of the assay.1#” In order to determine
the optimal protein concentration a titration experiment analogous to the previous one was
performed using a 5 nM concentration of probe 3 and 30 min of incubation time (Figure
3.6). As suggested in FP-assay development guidelines,'*0 the optimal protein concentration
should produce, at the probe concentration selected for the assay, an increase in
polarization lying approximately between 50 and 80% of the titration curve. This range is
sufficiently away from the saturation conditions to provide sensitivity to the assay, being
at the same time able to yield an appropriate signal window (dynamic range). The titration
experiments displayed in Figure 3.6 permitted to identify 10 nM as the optimal
concentration of both JNK3 and p38a MAPK to be used in the competition assay. Such
concentration yielded for both enzymes an increase in polarization close to 80%, with the
satisfactory signal windows of approximately 140 and 160 mP for JNK3 and p38a MAPK,
respectively (it is important to mention that although FP is a dimensionless parameter,

millipolarization units or mP are commonly used to define its value).

To sum up, the parameters which were selected to be employed in the FP-based

competition binding assay were:

e 5 nM concentration of probe 3
¢ 10 nM concentration of protein

¢ 30 min incubation time
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Figure 3.6. Titration experiments for determining the optimal protein concentration; both assays
were performed using 5 nM concentration of probe 3. The green band represents the optimal protein
concentration range while the vertical dashed line indicates the selected protein concentration of 10
nM.

3.1.4. Assay validation

After setting the different parameters aimed at optimizing the assay performance, the
competition binding assay was run using the precursor of probe 3 (compound 1) to displace
the fluorotracer. The use of the unlabeled probe generally represents the “gold standard”
for the validation of this assay format as the interactions of the target with the labeled and
unlabeled compounds should be analogous.#0 The assay was performed as depicted in
Figure 3.7 by titrating a fixed concentration of probe 3 (5 nM) and JNK3 or p38a MAPK (10
nM) with increasing concentrations of the tested compound. For each compound tested a
well containing probe and protein and a well containing probe in assay buffer were also

added as positive and negative control, respectively.

/)y 2 3 4 S 1] ? 8 9 10 11 1
00000000000
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000000000000
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Figure 3.7. Plate scheme for the competition binding assay; each compound was tested in
quadruplicate; column 1 (light orange) represents a positive control consisting in probe and protein
while a negative control containing only probe in assay buffer is placed in column 12 (yellow). The
green and blue gradients in columns 2-11 represent increasing concentrations of two different
compounds.
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Compound 1 succeeded in displacing probe 3 in a dose-dependent manner both on JNK3
and p38a MAPK (Figure 3.8), in both cases resulting in ICsy values in the double-digit nM
range (ICsognks)= 20 nM; 1Csopasa Mark)= 51 nM). As the ICs value is strictly dependent on
the assay conditions e.g, probe affinity or concentration of probe and protein, a common
practice consists in the conversion of ICsp values into the inhibition constant (Kj). A well-
known tool for transforming ICso values into K; is represented by the Cheng-Prusoff
equation® (Eq. 3.1). This formula was developed for competitive inhibitors of Michaelis-
Menten enzymes and was subsequently adapted to be applied to competition binding
assays as well (Eq. 3.2) with the terms [L] and Kq referring to concentration and affinity of

the labeled ligand, respectively.

o 1Cs o 10w
(Eq.31) K= (Eq.32) Ki=—17
l-l_.l'w{.._ | Ky

However, the aforementioned equations are not suitable to be directly applied to FP-based
competitive binding assay, due to an incompatibility with the assumptions on which they
are based. For this reason, a modified Cheng-Prusoff equation suitable for FP binding
assays was developed by Nikolovska-Coleska et al.1#9 (Eq. 3.3) with the parameters [I]so,
[L]s0, and [P]o indicating the concentration of free inhibitor at 50% inhibition, concentration
of unbound labeled ligand at 50% inhibition, and concentration of free protein at 0%
inhibition, respectively.

-h-r' [ / ]._.-I

[L], L Py 1
Ky Ry

(Eq. 3.3)

Such equation was also implemented in a web-based tool allowing an easy conversion of

the ICso values into K; by simple input of the assay settings.150
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Figure 3.8. Competition binding assay and K; values of compound 1 on JNK3 and p38a MAPK; each
experiment was performed three times in quadruplicate; data points represent mean values + SD; K;
values indicate mean value = SEM.
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The K;values obtained by the assay of the probe precursor 1 on JNK3 and p38a MAPK
(Figure 3.8) proved to be extremely close to the K4 values of probe 3 on the same enzymes

(Figure 3.5), demonstrating the low impact of the fluorescent tag on binding interactions.

An additional method for validating the developed assay consisted of screening a small
library of compounds and comparing the obtained binding data with the results deriving
from a different assay. In particular, given the availability of an in-house ELISA activity
assay for both JNK3 and p38a MAPK (already mentioned in section 1.2.2.), this method was
chosen for comparison. The set of compounds was selected in order to achieve a broad
structural diversity alongside with different potency on the two target enzymes (Figure
3.9). This consisted therefore of a series of pyridinylimidazole-based inhibitors, including
the reference compounds SB203580 and ML3403, and non-pyridinylimidazole derivatives,
such as pyridinylquinoxaline 16. In addition, reference compound SP600125,
aminopyrimidine 15, and clinical candidate AS601245 were chosen to be tested uniquely
on JNK3, whereas high quality probe Skepinone-L and clinical candidate SB681323 were
selected for the p38a MAPK assay. An initial screening on the selected compound set
consisted in analyzing their autofluorescence at the excitation and emission wavelengths
used for the fluorescein (480 and 530 nm, respectively). Emission of fluorescence at the
aforementioned wavelengths would indeed create interference with the FP signal
measurement and would hamper the correct performance of the assay. Compounds
showing fluorescence cannot therefore be tested with the developed assay. Fluorescence of
compounds was measured and compared with the positive and negative controls

containing a 5 nM probe concentration and only DMSO, respectively.
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Figure 3.9. Set of compounds selected for the assay validation
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Although most of the compounds revealed to be suitable for the following assay,
derivatives SP600125 and AS601245 emitted a significantly higher fluorescence than the
negative control, thus needing to be excluded from the FP assay. Remaining compounds
were tested on the two enzymes and ICsy values were converted to Ki using the
aforementioned modified Cheng-Prusoff equation (Eq. 3.3). Results of the screening on the
set of compounds are reported in Table 3.2, together with the ICs values of the same
compounds in the in house ELISA assay. As expected, given the high difference in the assay

formats, an equivalence in the numeric value of inhibition data could not be observed.

Table 3.2. Biological activities of selected compounds measured in the FP assay

JNK3 p38a MAPK
Cpd. ELISA assay FP assay ELISA assay FP assay
ICs £ SEM* [nM] Kt SEM? [nM] ICso+ SEM* [nM] K;+ SEM* [nM]
S$B203580 727 +28b 167 +10 50 + 0.4¢ 56+1
1 24+1 3+02 17+04 14+2
ML3403 176 +2 40+6 40 + 54 38+1
LN950 181+4 13+1 11+£0.9 4+1
12 370 £13 49+2 53+4 39+9
13 742 12 142 +18 170+ 10 141 +10
14 67 £2 5+1 97 £8 61+7
15 147 +5 29+2 n.tf n.t.
16 3,950 + 2008 1,041 + 32 81+58 350 £10
Skepinone-L n.t. n.t. 5+2n 42104
SB681323 n.t. n.t. 13+0.1 701

n = 3. bdata previously reported by Goettert et al.13% cdata previously reported by Goettert et
al.133; ddata previously reported by Laufer et al.’; ¢data previously reported by Koch et al.143;
fn.t., not tested; sdata previously reported by Koch et al.1%2; "data previously reported by
Fischer et al.153,

Nevertheless, aimed at assessing a correlation between the results of the two different assay
systems, the inhibition data reported in Table 3.2 were analyzed by linear regression.
Results depicted in Figure 3.10 demonstrate that, despite the use of kinases in a different
activation state, the two assay formats show a high correlation, with R? values of 0.9555 and
0.8447 for JNK3 and p38a MAPK, respectively.
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Figure 3.10. Linear regression analysis of inhibition values reported in Table 3.2.

Besides confirming the validity of the developed assay, this observed correlation suggests
a potential use of the FP-based competitive binding assay as a fast and relatively
inexpensive pre-screening method for novel compounds, permitting to advance only most
promising compounds to the activity assay. In this regard, it is worth to mention that the
developed assay was employed to assess the influence of halogen bonding on JNK3
inhibition, this representing the first example of an FP-based binding assay on this

enzyme.!>*

3.1.5. Applicability to the HTS format

As mentioned in the end of the previous section, the correlation between the developed
assay and the in-house ELISA assay could be utilized for the fast estimation of the inhibitory
activity of large compound libraries, hence allowing to discard inactive compounds at an
early stage. For this reason, the applicability of the developed binding assay in an HTS
format was evaluated. This is also possible thanks to the homogeneity of the FP’-assay which
allows its performance by simple addition of reactants (mix and measure), thus avoiding
separation and washing steps. For the validation a procedure reported in an assay guidance
manual from the national center for biotechnology information (NCBI) was used.’®5 In
particular, experiments were performed following the interleaved plate protocol on a 96-
well plate. This consists of analyzing the intra- and inter-plate stability of three different

kinds of signals:

e “Max”: highest FP signal; well containing 5 nM probe and 10 nM protein in assay
buffer

e “Min”: lowest FP signal; well containing 5 nM probe, 10 nM protein, and a
concentration of a reference compound (in this case the probe precursor

1) at a concentration known to completely displace the probe
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e “Mid”: intermediate signal; well containing 5 nM probe, 10 nM protein and a
concentration of compound 1 close to the ICso value on the

corresponding enzyme

The assay on each enzyme must be performed in three independent runs on different days,
each time following a different pipetting pattern described in the manual so that each signal

is measured in all possible plate positions after three repetitions.

The aim of HTS validation is to assess whether the assay presents a sufficient
reproducibility of results and an adequate signal window width in order to avoid or reduce
the occurrence of false positives or false negatives in an HTS screening. The acceptance
criteria are in a first instance based on the conformity of calculated parameters within

defined threshold values:

o Coefficient of variation (CV) < 20% for each of the three signals in every plate
e Zfactor > 0.4 for every plate

e SD for the normalized %inhibition of the Mid value < 20% in every plate

e Normalized %inhibition for Mid value between 30 and 70% within three days
e No difference >15% in the normalized %inhibition of two different days

JNK3
Max Min Mid 7.
day FP value (mP) cv FP value (mP) cv FP value (mP) cv %inhibition factor
(mean * SD) (mean + SD) (mean * SD) (mean * SD)
1 300.3+2.2 0.7% 161.7 +2.8 1.7% 220.8+4.0 1.8% 57.4% +2.9% 0.89
2 300.5+3.8 1.2% 151.3+3.3 2.2% 210.7 £5.3 25% 602% +£3.5% 0.86
3 298.0+3.8 1.2% 1431 +3.2 2.2% 195.1+£5.0 25% 665% +3.2% 0.86
p38a MAPK
Max Min Mid 7.
day FP value (mP) cv FP value (mP) cv FP value (mP) cv %inhibition factor
(mean + SD) (mean + SD) (mean * SD) (mean *+ SD)
1 296.1+2.7 0.9% 1224 +43 3.5% 256.9+34 1.3% 22.6% £2.0% 0.88
2 3049+4.1 1.3% 1349+35 2.6% 2269+29 1.3% 459% £1.7% 0.86
3 291.9+6.9 2.3% 1249 +4.6 3.6% 2146 £4.7 22% 463% £2.8% 0.79

Table 3.3. Summary of HTS validation experiments
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The results of the HTS validation experiments on both enzymes, displayed in Table 3.3,
demonstrate that nearly all the acceptance criteria are satisfied. The unique slight deviation
is represented by the day 1 experiment on p38a MAPK wherein the measured value of
%inhibition was lower than 30%, causing therefore a difference >15% with the results of the
following days. However, the requirement of a Mid value lying within 30 and 70% is
described more as an ideal than as a compulsory criterion and the suitability of the
developed assays for the HTS format appears in any case to be clear from the other
calculated parameters. In this regard, worth to mention is the very high Z-factor registered
in all assay runs, indicating a broad signal window and a small intra-plate variability of

results.

The assessment of the suitability for the HTS assay was then completed by a visual
observation of the graphs resulting from the different experiments. In detail, data points
were plotted following the two different patterns “by row, then by column” and “by
column, then by row” and neither drift nor edge effect could be detected, thus confirming

the applicability of the developed assay for the HTS format.

3.1.6. Extension of the developed assay to the JNK1 and JNK2

As discussed in section 1.2.2., intra-JNK selectivity of new inhibitors is still representing an
unsatisfied need as only compounds displaying a slight preference for one of the three JNK
isoforms have been reported to date.’™# In order to easily evaluate the selectivity of novel
inhibitors within the JNK family, the FP-based competition binding assay previously
developed for the JNK3 and p38a MAPK was extended to the remaining isoforms of the
JNK subgroup. This was possible thanks to the poor selectivity of the synthesized probe 3,

a feature which resulted beneficial in broadening its versatility of use.

Probe K4 determination and optimization of assay parameters

In an analogous fashion as for the JNK3 and the p38a MAPK (section 3.1.2), the affinity of
probe 3 for JNK1 and JNK2 was determined by titrating a fixed concentration of
fluoroprobe with increasing concentrations of protein. In order to evaluate time-
dependence of the results, the FP signal was measured after incubation times of 15, 30, 60,
and 120 min (Figure 3.11). In order to maintain similar settings between the assay protocols
on different isoforms, a probe concentration of 5 nM was used in the titration experiments.
As it is possible to observe from Figure 3.11, probe 3 seems to have a lower affinity for JNK1
and 2 in comparison with JNK3. Measurements conducted at different time points

permitted to assess an overall stability of the Kq signal over time, with a negligible increase
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at incubation times higher than 60 min. As in the case of the aforementioned assay, the K4
value measured after 30 min incubation was selected for both enzymes. The titration
experiments were then directly used for the determination of the optimal protein
concentration, as previously discussed. This led to select kinase concentrations of 50 and 30

nM for JNK1 and JNK2, respectively, both yielding an increase in polarization of
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Figure 3.11. Titration of probe 3 with JNK1 and JNK2. Experiments were performed three times in
quadruplicate; data points and resulting K4 values are reported as mean value + SD; dashed lines

represent the range of protein concentrations producing an increase in polarization between 50 and
80%.

Assay validation

The first experiment to assess the validity of the assays consisted, as previously, in testing
the probe precursor 1 in a competitive binding assay using the selected settings. Conversion
of the resulting ICso values through the aforementioned modified Cheng-Prusoff equation
yielded K; values in the low double-digit nM range (1, Kignkiy = 19 nM; Kignke) = 12 nM),

very close to the Kq4 of probe 3 for the same enzymes. However, unlike in the case of JNK3
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and p38a MAPXK, the in-house ELISA assay was not developed for the JNK1 and JNK2 and
a direct comparison of the results was therefore not possible. For this reason, the validation
of the FP assay on JNK1 and JNK2 required this time the comparison of the binding results
with literature values of reference compounds tested on the same enzymes. For this
purpose four different ATP-competitive JNK standard inhibitors were selected (IQ-1S,15¢6
JNK inhibitor VIII,5? SR-3576,1% and SR-3306"%). As in the previous case the selection was
aimed at maximizing the chemical diversity. Moreover, additional factors had to been taken
in account such as the commercial availability and the existence of inhibition data for both
JNK isoforms on the same assay format. As these compounds did not show intrinsic
fluorescence at the wavelengths used in the assay readout, they all were tested in the

competition binding assay on the two enzymes (Table 3.4).

Table 3.4. K; values resulting from the FP-assay in comparison with literature data

JNK1 JNK2

Compound K; FP assay (nM)  Literature K; FP assay (nM)  Literature
(mean * SD?) data (nM) (mean * SD?) data (nM)

1 19+4 n.rb 12+1 nr.
1Q-1S 311+43 390 (Kg)° 390 + 38 360 (Kg)°

JNK inhibitor VIII 48 £12 2 (Ky) 35+5 4 (Kj)*
SR3576 40+6 170 (ICs0)e 8§12 nr.
SR3306 79+12 67 £19 (ICs0)f 215+ 57 283 £ 3 (ICs0)f

an = 3; n.r.,, data not reported in literature; cdata reported by Schepetkin et al.1%, SD not
reported; 4data reported by Szczepankiewicz et al.1%7, SD not reported; ‘data reported by
Kamenecka et al.1%8, SD not reported; /data reported by Chambers et al.10.

Although in most cases the obtained K; values seem to correspond to reported results of
JNK standard inhibitors, the diversity of assay formats employed, type of the reported
inhibition data (Ki, Kq, ICs0), and activation state of the protein used do not allow a direct
comparison of the results’ absolute values. Nevertheless, it can be stated that, when
inhibition data were reported for both JNK isoforms, the results obtained by the FP-based
binding assay follow an analogous trend as the published ones. However, due to the
different assay layouts of the published results and to the scarceness of tested inhibitors, a
linear regression analysis could not be performed to support the correlation between the

assays.
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3.2. Optimization of a pyridinylimidazole scaffold
aimed at achieving selectivity on JNK

3.2.1. Selection of a suitable lead compound

With the objective of reaching a selective inhibition of the JNKs, compound 1 (ICsognkz)= 24
nM; ICsopssa Mark)= 17 nM) was selected as a starting point for subsequent modifications.
However, this derivative cannot represent a lead compound “as such” due to the presence
of the free terminal aniline group. This moiety is recognized by the ZINC15 pattern tool*¢!
as a potential responsible for compound aggregation and might therefore convert the
compound into a so-called “pan assay interference compound” (PAIN). The latter represent
a category of compounds which by means of their chemical/physical properties are able to
interfere with common assay formats or to react non-specifically with the target, thereby
displaying a misleading biological activity.162163 Since aggregation constitutes one of the
most common causes of assay interferencel¢® the p-phenylendiamino group located at the
pyridine-C2 position of compound 1 was replaced with a 4-morpholinoaniline moiety
(compound 17, Figure 3.12) which has been previously reported as a suitable substituent in
this position.1¢* The akin potency of the new derivative 17 seemed in any case to confirm
the absence of an interference mechanism of the free terminal aniline substituent, thus
validating the inhibitory activity of 1 on the tested enzymes. Nevertheless, the new 4-
morpholinoaniline group was maintained constant when modifying other regions of the
scaffold in order to rule out aggregation-driven interference which might arise from the

combination of the p-phenylendiamino substituent with other moieties.
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H 3 JNK3 0.024 Ny JNK3 0.038
p38a MAPK 0.017 HN p38a MAPK 0.017

\
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N
NH
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Figure 3.12. Replacement of the p-phenylendiamino group of compound 1 with the 4-
morpholinoaniline moiety, affording compound 17. ICs values shown henceforth derive from the
biological evaluation of compounds using the aforementioned ELISA activity assays.133134

From the synthetic point of view, derivatives 1 and 17 could be prepared following a

procedure described by Laufer and coworkers®> wherein the construction of the 2-
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sulfanylimidazole is based on the Marckwald imidazole synthesis'¢®® (Scheme 3.1).
Introduction of the aromatic amine was then carried out by acid-catalyzed nucleophilic

aromatic substitution (Snar).

1) NaNO, AcOH
2) Hp PdIC CHl Amine
IKSON ,N>H= t-BuONa CH3 HCI/EtOH
X N N
| H N =
N~
19
F

1 R= -NH,

17 R=-N O
A —i

Scheme 3.1. Synthesis route of compounds 1 and 17

Several studies on pyridinylimidazole-based inhibitors, also supported by X-ray
crystallography, have provided a wide knowledge regarding the binding mode of this class
of molecules to both p38a MAPK and JNK3 (Figure 3.13). In particular, these molecules are
known to form a bidentate hydrogen bond interaction with the backbone amino acid of the
hinge region through the 2-aminopyridine donor/acceptor pair. In addition, the aromatic
substituent at the imidazole-C4(5) position is known to be accommodated in the
hydrophobic back pocket or HR I (see section 1.1.2) while the substituent at the pyridine-
C2 position occupies the solvent exposed HR II. Moreover, the imidazole N atom distal to
the pyridine ring forms a direct or HoO mediated hydrogen bond with the conserved lysine
side chain of the N lobe. Finally, the 2-methylsulfanyl moiety stretches towards the

R
\”'S;/n ‘?
P
(0] H
= & UH
HN Lysga
Q‘A F HR I
. N
. HH

phosphate region.

L '
HaC -
HNTO [ dg
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{ H CH3 !
Na region
HT |
O "N
.—-H NaR
M(:I.,_g*fo
HNLR HR II
o

Figure 3.13. Binding mode of pyridinylimidazole-based inhibitors in the binding site of JNK3. Figure
was modified from Laufer et al.?>!
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3.2.2. Exploration of the substitution at the HR 1

The first attempts aimed at increasing the selectivity towards the JNK3 consisted in
modifying the substitution at the imidazole-C4 position of compound 1. As resulting from
the well-known binding mode of the class of pyridinylimidazoles, the group in this position
is accommodated in the HR I, an area of the protein which is crucial in determining the

inhibitor selectivity.

Prior to synthesize derivatives carrying different substituents at the imidazole-C4 position,
a small set of modifications were conducted on the 5-membered core ring (Figure 3.14).
These changes were aimed at observing the effect of a different substituents arrangement
around the imidazole ring (such as 1,5- or 4,5-disubstituted imidazoles 21 and 22,

respectively), along with a change of the core to 2-amino-thiazole (compound 23).

8
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Figure 3.14. Core modifications of the lead compound 17.

Moreover, these structural modifications resulted in an overall simplification of the

scaffold, alongside with more convenient synthetic procedures.

The scaffold of compound 21 could be easily obtained through a multistep one-pot reaction
starting from the 2-bromoisonicotinaldehyde and 4-fluoroaniline, and achieving the ring
closure through Van Leusen reaction with p-toluenesulfonylisocyanide (Scheme 3.2). The
same scaffold could be used for the preparation of compound 7 (precursor of probe 11,
Figure 3.3).

F. Buchwald-Hartwig
amination
Os_H N._H TOSMIC or
F N
AcOH O K2COs4 N Shar

X E— E AN —_— N — 7,21
| NH, - 7

N Br Br N |

24 25 26 27

Br

Scheme 3.2. Synthesis route for the preparation of compounds 7 and 21a.
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Both compounds 22 and 23 could instead be obtained starting from the ethanone
derivatives 18 (Scheme 3.3). In case of the 4,5-disubstituted imidazole 22 the ethanone was
reacted in a Riley oxidation giving the corresponding diketone and then cyclized under
Debus-Radzizewski conditions. The strategy employed for the synthesis of 22 was also
followed for the preparation of compound 6, precursor of probe 10 (Figure 3.3). Worth to
mention, the use of a 2-chloro-pyridine derivative instead of the corresponding 2-fluoro
analog permitted to remarkably increase the yield of both steps, as it significantly reduced
the substitution of the halogen by a molecule of water. On the other hand, a-bromination
of ethanone intermediate followed by cyclization with methylthiourea afforded compound
23.

F CH,0
o NH,OH

SeO2 ACOH SnAr
AcOH = | o N
F. / N

cl 28
=
Nx E
X 18 \ CH
3
B (0] CHs SnA,
2 l >‘NH
HBr/AcOH /‘ Br
N

Scheme 3.3. Procedures for the preparation of compounds 6, 22, and 23.

Table 3.5 shows the biological activity of the synthesized compounds on both JNK3 and
p38a MAPK in comparison with ICso values of derivative 17. The different arrangement of
substituents around the imidazole ring characterizing compound 21 produced a decrease
in activity of one order of magnitude. Conversely, removal of the S-methyl group or
replacement of the core with a 2-methylamino-imidazole ring were well tolerated and gave
rise to compounds potently inhibiting both enzymes. In particular, 4,5-disubstituted
imidazole 22 displayed extremely similar inhibition values compared to the lead compound
17, leading to the assumption that the 2-methylsulfanyl substituent doesn’t exert an
additional influence on the activity. Moreover, likewise its trisubstituted analog 17,
compound 22 is also characterized by a balanced activity on both kinases (in contrast to
thiazole derivative 23, showing preference towards the p38a MAPK). These features in
combination with an easier synthesis route suggested to conduct the following

modifications on the disubstituted imidazole core rather than on the trisubstituted ring.
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Table 3.5. Biological activity of compounds derived from modification of the central core

ICs50 £ SD [MM]“

Cpd
JNK3 p38a MAPK
17 0.038 + 0.002 0.017 £ 0.001
21 0.276 £ 0.010 0.323 +0.014
22 0.031 + 0.002 0.021 + 0.001
23 0.015 £ 0.003 0.002 + 0.000

“Values represent the mean of three experiments

As outlined in Scheme 3.4 the 2-chloro-4-methylpyridine was first deprotonated by sodium
bis(trimethylsilyl)amide (NaHMDS) and then condensed with the appropriate ester
obtaining a series of ethanone derivatives carrying different aryl, cycloalkyl, and branched
alkyl substituents (compounds 34). These intermediates were then converted to the final

4,5-disubstituted imidazoles using the same procedure reported in Scheme 3.3.

0
& Scheme 3.3
= i M, R R= Aryl, cycloalkyl, ~ —— > 44-55
| R” 0" CH, \, branched alkyl —_— Table 3.6
N~ Cl |
33 N C 4,
32 *~._NaHMDS
e o
RN
R R= Linear alkyl
X
‘ ~
N"cl 35

Scheme 3.4. Synthesis of compounds 44-55.

Such synthetic strategy was unfortunately not applicable to the synthesis of derivatives
carrying linear alkyl chains (compounds 35), due to the impossibility to condense the 2-
chloro-4-methylpyridine (28) with the corresponding ethyl esters. This could derive from
the extraction of a proton at the aC of the ester by the deprotonated pyridine, thus
preventing the nucleophilic attack. The success on the NaHMDS condensation reaction on
cyclic or branched alkyl moieties, also having a proton in a position to the carbonyl group,
might be explained by the higher hindrance of their substituents. The synthesis of methyl-
and ethyl-substituted derivatives 42 and 43, respectively, required therefore a different
strategy (Scheme 3.5). Ketone derivatives 37 were transformed into the corresponding
oximes and subsequently tosylated. a-Aminoketones 39 were then obtained by Neber
rearrangement of tosyloximes 38 followed by hydrolysis of the resulting azirine

intermediate. Finally, after ring closure with KSCN, the imidazolin-2-thione ring of
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derivatives 40 was desulfurized in oxidative conditions and the 4-morpholinoaniline

moiety was successively installed.

OCH, oTs NHsCI
1) NH,OH RN 1) EtOK R 0
EtMgBr
6\ 9 2) TsCl, pyr|d|ne X 2) conc. HCI N
| = 0
cl N” el
38 39
l KSCN
N=\ S
RN NH —~o i HN—(
P Snar RTN H00/AcOH - NH
| A /@/N R -~
A
NN | [
H N7l =
42 R=-CH, N~ ~Cl
43 R=-CH,CH;, “ 40

Scheme 3.5. Synthetic strategy towards 4,5-disubstituted imidazoles 42 and 43 bearing a linear alkyl
substituent.

Table 3.6 illustrates the biological activities of compounds featuring different substituents
at the imidazole-C4(5) position (compounds 42-55) in comparison to the 4-fluorophenyl
derivative 22. As it can be observed, modification of the substitution pattern around the
phenyl ring seemed not to influence the activity on the two enzymes, giving rise in most of
cases to dual JNK3/p38a MAPK inhibitors with ICsp values in the double-digit nM range.
The lack of selectivity of these derivatives can be explained through the observations of
previous studies from Scapin and coworkers based on the structural determination of JNK3
in complex with different inhibitors, including a pyridinylimidazole-based compound.t¢?
Although the gatekeeper amino acid of JNK3 (Met146) differs from the corresponding
residue on p38a MAPK (Thr106) the aforementioned studies permitted to observe a shift of
the Met149 side chain of approximately 3 A in order to accommodate the aromatic
substituent on the imidazole core. By affecting the gatekeeper amino acid, this induced fit
significantly reduces the size difference between the two binding sites, hence not allowing
the achievement of a selectivity of action. Size increase of the substituent was still well-
tolerated in both cases as exemplified by the high potency of naphthyl derivative 51,
whereas the substitution with a heteroaromatic 5-membered ring (compound 50) caused a

loss of activity more prominent on the p38a MAPK.
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Table 3.6 Structure and biological activity of analogs of compound 22 bearing a different substituent
at the imidazole-C4 position.

X N
| H
N~
L
N
L_o
ICs50 £ SD [MM]“
Cpd R JNK3 p38a MAPK
F
22 @\ 0.031 + 0.002 0.021 + 0.001
42 HaC 0.833 + 0.139 >10 (41%)?
43 HaC ™ 1,198 +0.193 >10 (34%)?
CH,
e 2.833 + 0.046 =10 (50%)?
HaC
45¢ Hie J >10 (32%)¢ >10 (41%)?
ol (32%) @1%)
46 A 1.080 % 0.165 4.023 +0.193
a7 Y 1.757 +0.133 2.265 +0.177
48 L 2189 +0.136 1716 + 0,081
48¢ O\ 1.724 + 0.179 0.726 + 0.021
50 HEN, 0.758 + 0.049 3.259 +0.181
51 0.031 + 0.003 0.016 + 0.003
CFs
52 @\ 0143 +0.012 0.022 + 0.003
Br
53¢ @ 0131 +0.021 0.061 + 0,002
Cl
54 @ 0.060 + 0.008 0.038 + 0.002
55¢ ©\ 0.037 + 0.003 0.024 + 0.003

4 Csp values are the mean of three experiments; percent inhibition at indicated
concentration; ‘compounds synthesized by master student Camilla Scarpellini
under my co-supervision.
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A different effect could be detected by substituting the 4-fluorophenyl moiety with cyclic
or branched aliphatic groups. In case of p38a MAPK, the activity decreased along with the
reduction of the ring size, probably due to the progressive inability to occupy the larger HR
I of this enzyme. On the other hand, excluding the cyclopropyl derivative 46, the inhibitory
activity on JNK3 seemed not to be affected by the ring size.

A possible explanation for this behavior is that the cycloaliphatic moieties are not able to
induce the shift of the Met146 due to their higher flexibility. As a result, the small size of
the JNK3 HR I might force the inhibitor to adopt a different conformation wherein the
imidazole core is flipped of approximately 180° respect to the pyridine ring. Being located
in the wider phosphate region the cycloalkyl moiety does not contribute to the binding,
thus explaining the akin inhibitory activity of compounds 47-49. The hypothesis of the
central core flip can be supported by analogous findings reported by Wytiak and coworkers
for similar molecules!¢® and can also be observed by docking these inhibitors in the binding
site of JNK3, using the crystal structure with PDB entry 3V65.1¢° Since the inhibitor
crystallized in this structure does not target the HR I, the position of the Met146 reflects the
natural orientation of the JNK3 gatekeeper residue, hence representing the original size of
this pocket. As exemplified by Figure 3.15, representing the cyclopentyl derivative 48,
several poses were generated wherein the cycloalkyl substituent pointed away from the HR
I, thus resulting in a flip of the imidazole ring. It is worth to mention that also poses
displaying the classical conformation of the imidazole ring were possible, requiring
however a different orientation of the whole scaffold in order to fit the cyclic substituent in

the narrower HR L.

\ ( /‘\':/5 "
| ~N ":/'*
| R .
v’v

Figure 3.15. Docking pose of compound 48 (PDB entry: 3V6S). Docking was performed using the
software Schrodinger Maestro v11.03.016.

Regarding the introduction of branched aliphatic substituents, the isopropyl group
determined a severe drop of the inhibitory activity on p38a MAPK yet producing pM ICso
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values on JNKB3. Substitution with a bulkier tert-butyl moiety was instead not tolerated by

both enzymes.

A further decrease in the substituent size, consisting in the introduction of a methyl or an
ethyl group, resulted in a total loss of inhibitory activity on p38a MAPK (compounds 42
and 43, respectively). Interestingly, the same substituents managed to conserve the activity
on the JNK3, with the methyl derivative 42 representing the only example of the series
reaching an ICs value in the submicromolar range. This outcome seems to be in line with
the previous assumptions regarding the effect of cycloalkyl substituents. More closely, the
methyl group of compound 42 possesses the right size to fit in the narrow HR I of the JNK3
with the gatekeeper amino acid in its natural conformation, thus not requiring the 180° flip
of the imidazole ring. Because of the advantageous inhibition profile of compound 42, the
methyl group at the imidazole-C4(5) position was maintained stable when modifying other

areas of the scaffold.

3.2.3. Modifications on the five-membered core

Once the methyl substituent was selected as a suitable substituent at the imidazole-C4(5)

position, further structural changes were performed on the central core.

At a first instance, similar modifications to the ones described in the previous section were
carried out, aimed at modifying the arrangement of substituents around the imidazole core
(compounds 56 and 57, Figure 3.16). Alternatively, the imidazole core was replaced by a 2-

aminothiazole ring (compound 58).

HC_ ..
Ecore ---------------------------------------------
_____ N S CH
B N\ /\> ]: T3
-~ NH
l\‘l P N /,J\N | 4

Figure 3.16. Modifications at the imidazole core maintaining the methyl substituent at the imidazole-
C4(5) position.

For the preparation of the three scaffolds depicted in Figure 3.16 diverse strategies were
required. In case of inhibitor 56 the procedure reported in Scheme 3.2, based on Van Leusen
cyclization reaction, was not applicable due to the instability of the corresponding methyl-
imine intermediate. For this reason, the commercially available 5-bromo-N-

methylimidazole (59) was coupled to the (2-chloropyridin-4-yl)boronic acid (60) through a
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Pd-catalyzed Suzuki-Miyaura coupling reaction (Scheme 3.6). As in the previous examples,

the 4-morpholinoaniline moiety could be then introduced by nucleophilic aromatic

substitution.
Pd(PPhs) ~=N =N
HO._.OH 3l N
~N H,C—NA
r B” CsaCOs HaC™ "~/ Shr € (o
— N N
HaC” A |
P NN
N"cl
59 61 H 56

Scheme 3.6. Synthesis strategy for the preparation of compound 56.

For the 1,2-disubstituted imidazole scaffold of compound 57 a one-pot reaction starting
from the 2-chloro-isonicotinonitrile (62) was instead employed, following the procedure
described by Voss et al.170 (Scheme 3.7). Finally, the 2-methylaminothiazole core could be
obtained according to the Hantzsch method, namely by cyclizing an a-halogen carbony]l
compound with N-methylthiourea. This procedure was analog to the one used for the
synthesis of the 4-aryl-5-pyridinyl thiazole 23. However, due to the inaccessibility of the
corresponding ketone derivative (Scheme 3.4), the a-halogenation was conducted on its

regioisomer 36, thus leading to the 5-methyl-4-pyridinyl thiazole 58.

1) MeONa

OCH; /—\ KO /—\ N)_\N
CN 2) ACOH, ;,  Ago, TN N K2C0s o N N HaC™ o
N Mel Sna, N\)
| A ” A ” | A
P 3) 6N HCl(aq) | |
N Cl = = N/ N
NT cl NT cl N
62 63 64 57

Scheme 3.7. Synthesis route towards 1,2-disubstituted imidazole 57.

Other modifications on the central core consisted instead in altering the substitution pattern
at the C2 position of the imidazole ring. Firstly, the 2-methylsulfanyl group was
reintroduced in order to evaluate its possible influence in combination with the 4-methyl
group (compound 66). Additionally, a 2-amino group was also installed in this position in
order to observe the effect of an electron donating group (compound 68). From the synthetic
point of view compound 66 was accessed by alkylating intermediate 40a with methyl iodide
and proceeding with the nucleophilic aromatic substitution (Scheme 3.8). The same
procedure allowed to obtain compound 4, the precursor of probe 8 (Figure 3.3). The 2-
aminoimidazole core could instead be obtained by reacting the a-aminoketone 39a with

cyanamide (Scheme 3.8).
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Scheme 3.8. Synthesis of derivatives carrying different substituents at the imidazole-C2 position
The first feature emerging from biological results of compounds 56-58, 66, and 68 (Table
3.7) is the complete loss of activity on the p38a MAPK which can be mostly attributed to

the replacement of the 4-fluorophenyl ring with a methyl substituent.

Table 3.7. Biological activities derivatives resulting from modifications at the central core

1Cs0 = SD [MM]”

Cpd

JNK3 p38a MAPK
56 0.714 +0.021 >10 (32%)"
57 >10 (42%)" >10 (15%)
58 2.500  0.092 >10 (9%)"
66 0.363 + 0.034 >10 (48%)"
68 1.395 +0.230 >10 (43%)"

qICsp values are the mean of three independent
experiments; ’percent inhibition at 10 pM concentration.

In addition, it can be observed that the replacement of the core to a 1,5-disubstituted
imidazole (56) was still tolerated whereas the 1,2-disubstitution (57) resulted in a dramatic
drop in activity. Analogously, a significantly higher ICso value could be observed when the
central imidazole core was transformed into a 2-methylaminothiazole (58). The presence of
the free amino group at the imidazole-C2 position exerted a counterproductive effect on the
inhibitory activity, producing an ICsp value in the pM range (68). On the other hand,
reintroduction of the 2-alkylsulfanyl group (66) determined a twofold increase in the
inhibitory activity. This outcome was surprising since the results displayed in Table 3.5
hinted a scarce influence of the S-methyl group on the activity of derivatives bearing a 4-
fluorophenyl substituent on the imidazole ring. Conversely, an evident contribution of the

2-alkylsulfanyl moiety could be observed on the 4-methyl substituted derivatives (a more
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detailed elucidation of the influence of the S-methyl moiety will be provided in the

following section).

After understanding the importance of the S-methyl moiety, a further series of
pyridinylimidazole derivatives was synthesized wherein an alkyl group was introduced on
the imidazole N atom while maintaining both the 4-methyl and the 2-alkylsulfanyl
substituents. Tetrasubstituted imidazoles are present in the core of several p38a MAPK and
dual JNK3/p38a MAPK potent inhibitors!26151.171 and this strategy was therefore applied to
the methyl-substituted scaffold as well. When synthesizing tetrasubstituted imidazole
derivatives as kinase inhibitors a special attention should be given to regioisomery. As it is
possible to understand from Figure 3.13, the position of the substituted imidazole N atom
is crucial for the formation of the essential binding interactions. In particular, substitution
on the imidazole N atom distal to the pyridine ring would hinder the formation of the
hydrogen bond with Lys93, hence reducing the binding affinity. As a proof of this, the
tetrasubstituted derivative 70 carrying a methyl group on the imidazole N atom away from
the pyridine ring was synthesized by reaction of compound 65 with methyl iodide,
followed by Buchwald-Hartwig amination on intermediate 69. Previous studies have
demonstrated that the nucleophilic substitution on pyridinylimidazoles tends to occur
regioselectively on this N atom when a 4-fluorophenyl ring is installed at the imidazole-C4
position.172 The same reaction carried out on the 4-methyl derivative 65 showed analogous
regioselectivity, affording compound 69 as the major product as it could be assessed by X-

ray crystallography (Figure 3.17).

~ HC  S-CH,
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Figure 3.17. Synthesis and structure determination of tetrasubstituted derivative 70.
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The significant drop in inhibitory activity of compound 70 confirmed the previous
assumptions and prompted the regioselective synthesis of analogs carrying the substitution
on the imidazole N atom adjacent to the pyridine ring. Such molecules can normally be
obtained through a route previously reported by Laufer and coworkers entailing the
cyclization of an a-ketoxime derivative with a trialkyl triazinane in order to introduce the
substituent in the desired position (Scheme 3.9).173 Nevertheless, the application of this
strategy starting from compound 37a was only successful in the case of the N-methyl-
substituted imidazole 76, yet being characterized by low yields and long reaction times. For
this reason, an alternative procedure was developed for the regiospecific preparation of
tetrasubstituted imidazoles (Scheme 3.9). Such route slightly modifies a strategy previously
published by Xi et al.17* and is based on the reaction of the a-aminoketone derivative 39a
with an opportune alkylisothiocyanate. Diverging from the reported route, the imidazolin-
2-thione intermediates 74 were reacted in a nucleophilic substitution in order to introduce

the alkyl group on the S atom.

CH, CHs o el S s
NOH N ) ’
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Scheme 3.9. Synthetic strategies for the preparation of tetrasubstituted imidazoles.

The route reported in the lower part of Scheme 3.9 was also applied as an alternative and
versatile strategy for the preparation of previously discovered tetrasubstituted derivatives
as potent p38a MAPK inhibitors (Publication V).
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Table 3.8. Biological activity of tetrasubstituted derivatives 76-78.

HiC_N  CHs,
| H—¢
~C N
NS R
0.
@
ICs0 = SD [uM]-
Cpd R =2 SD [uM]
JNK3 p38a MAPK
76 —CHj 2514 + 0.312 >10 (10%)?
77 M 2.091 +0.108 >10 (21%)?
78 — 6.509 + 1.326 >10 (40%)?

ICsp values are the mean of three independent experiments; ’percent
inhibition at 10 pM concentration.

Results displayed in Table 3.8 show that substitution of the imidazole N atom adjacent to
the pyridine had a detrimental effect on the inhibitory activity. In particular, N-methyl
derivative 78 showed a drop in inhibitory potency of nearly one order of magnitude
compared to the N-unsubstituted compound 66. Furthermore, the same compound resulted
even less active than the supposedly “wrong” regioisomer 70, suggesting that substitution

in such position might hinder crucial binding interactions.

After observing the beneficial effect of the 2-alkylsulfanyl group on the imidazole ring,
analogs of compound 66 bearing an ethyl chain or being unsubstituted at the imidazole-C4
position were synthesized (compounds 79 and 80, respectively). This detailed evaluation
was performed in order to estimate the optimal length of the substituent in this position in
combination with the S-methyl moiety. Compounds 79 and 80 could be obtained through
the same procedure used for compound 66 (Schemes 3.5 and 3.8) starting from 1-(2-
chloropyridin-4-yl)butan-1-one and 1-(2-chloropyridin-4-yl)ethan-1-one, respectively. As it
can be observed from the results in Table 3.9 derivative 66 emerged once more as the best
inhibitor of the series, thereby confirming the methyl group as the substituent possessing
the optimal length to address the HR L.
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Table 3.9. Assessment of the optimal length of the alkyl substituent at the imidazole-C4(5) position.

RGN CHs
| )—s
e
N/
ae!
N
b
ICsp = SD [uM]“
Cpd R % [uM]
JNK3 p38a MAPK
66 —CH; 0.363 £ 0.034 >10 (48%)b
79 _ fHs 1.095 £+ 0.064 >10 (38%)®
80 y 0.562 £ 0.021 >10 (43%)b

1Csp values are the mean of three independent experiments; ’percent
inhibition at 10 pM concentration.

3.2.4. Evaluation of the binding mode of compounds 42 and 66

In order to understand the influence of the 2-alkysulfanyl moiety in derivative 66 and to
explain its significantly higher inhibitory activity in comparison to the 2-unsubstituted
analog 42, the structure of JNK3 in complex with the two derivatives was determined by X-
ray crystallography. A preliminary assumption consisted in the capability of the S-methyl
group of inhibitor 66 to prevent the potential 180° flip of the imidazole ring which can
instead occur in derivative 42, as already hypothesized for aforementioned compounds
(Section 3.2.2. and Figure 3.15). This conformational change might be responsible for the
twofold drop in inhibitory activity of compound 42. Nevertheless, as noticeable from the
two crystal structures depicted in Figure 3.18, both inhibitors assumed the “classical”
conformation with the 4-methyl substituent pointing towards the HR I of the enzyme, and
the imidazole N atom interacting with the conserved Lys93 via a double water-mediated
hydrogen bond. These findings seem therefore to rule out the hypothesis of the imidazole

flip.
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Figure 3.18. Crystal structures of inhibitors 42 (A, PDB entry: 6EMH) and 66 (B, PDB entry: 6EKD)
soaked in JNK3. Only the JNK3 active site is displayed. The protein backbone is displayed in gray.
The compounds and interacting amino acids are highlighted as sticks. Active site residues with
common orientations and interactions are shown in light blue, while the residues that differ between
both complexes are highlighted in the same color as the respective inhibitor. Side chains for which
multiple orientations are observed (Asn194 in complex with 42 and Asn152 in complex with 66) are
shown in both orientations. Water molecules are represented as red spheres and hydrogen bonds
are shown as black dashed lines.

General observations which can be done for both inhibitors are the bidentate hydrogen
bond interaction with the Met149 and the formation of a water-mediated hydrogen bond
between the imidazole N atom adjacent to the pyridine ring and the Asn152. The latter
finding might explain the detrimental effect of alkyl substituents in this region (Table 3.8)
(a more detailed description of the binding mode of the two inhibitors is presented in
Publication VII). A major feature distinguishing the two crystal structures is the position
of the conserved Gly-rich loop (see Section 1.1.1). In the case of the unsubstituted derivative
42 this region is lacking electron density due to high flexibility. Conversely, inhibitor 66
seems to stabilize this segment thanks to both hydrophobic and polar interactions,
positioning it in a downward conformation. A closer analysis of this behavior based on the
superposition of different crystal structures (Figure 3.19) revealed that inhibitor 66 induces
a collapse of the Gly-rich loop akin to the one visible in the JNK3-AMP-PCP complex (PDB
entry: 6EQ9), thus determining a compression of the ATP binding site. This effect which is
driven by the S-methyl moiety seems therefore to be the responsible for the higher

inhibitory potency of compound 66 in comparison with derivative 42.
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Figure 3.19. Comparison of gatekeeper Met146 orientation and the Gly-rich loop positioning upon
JNK3 inhibitor binding with other ligand-bound JNK3 structures. Overlay of the JNK3-66 complex
structure (light green), the JNK3-42 complex structure (light red), the AMP-PCP bound JNK3
structure (light orange), and the 1PMN structure reported by Scapin, et al®” (blue). The
superposition was performed using the “align” function in PyMOL. The side chain of the gatekeeper
Met146 and the Gly-rich loop are highlighted. Only compounds 42 and 66 are shown for the sake of
clarity.

Other considerations on the inhibitors binding mode regard the positioning of the Met146
side chain, representing the gatekeeper of the enzyme. As expected, in both complexes with
the 4-methyl substituted inhibitors 42 and 66 the gatekeeper is in a “natural” conformation,
resembling the one of the JNK3-AMP-PCP complex. On the other side, as already
mentioned in section 3.2.2., aryl substituents in this position can induce a shift in of the
Met146 side chain, thus increasing the size of this hydrophobic pocket, as also visible in
Figure 3.19 for the 1IPMN crystal structure (blue). By binding to the enzyme with the
gatekeeper in its natural conformation 4-methyl substituted derivatives present the optimal
length to occupy the narrow HR I of the JNK3 while being too small to interact with the
wider pocket in p38a MAPK. This explanation might therefore provide a rationale for the
high selectivity of compounds 42 and 66 towards the JNK3.

3.2.5. Modification of the substituent at the HR II

The last series of modifications consisted in the replacement of the 4-morpholinoaniline

substituent of compound 66 with different aliphatic and aromatic substituents. Such
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derivatives could be easily synthesized by nucleophilic aromatic substitution starting from
intermediate 65 (Scheme 3.8).

The first attempt consisted in introducing moieties which have been previously reported in
potent pyridinylimidazole-base inhibitors of the p38a MAPK. In detail, the 3-methylbut-2-
ylamine and the 1-phenylethyl-1-amine, which can be found in the structure of the LN95043
and ML3403,15! respectively, were installed at this position giving rise to derivatives 81 and

82, respectively (Figure 3.20).
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Figure 3.20. Design and biological activities of compounds 81 and 82.

The purpose of this strategy was to increase the potency on the JNK3 by inserting groups
which resulted beneficial for the closely-related p38a MAPK while maintaining the
selectivity of action provided by the methyl substituent on the imidazole core.
Nevertheless, results displayed in Figure 3.20 revealed that this approach is
counterproductive, as besides a dramatic loss in activity on JNK3 for both compounds 81
and 82, the substituent of compound 82 could even restore the inhibitory activity on the
p38a MAPK. The effect of the two branched alkyl/arylalkyl substituents of p38a MAPK
standard inhibitors LN950 and ML3403 was further evaluated on different cores and
compared with the corresponding derivatives bearing the aromatic 4-morpholinoaniline/p-
phenylendiamine groups (Figure 3.21). In accordance with the results observed for
compounds 81 and 82, the 3-methylbut-2-ylamine and the 1-phenylethyl-1-amine were
scarcely tolerated at the pyridine-C2 position also when combined with other cores. This
demonstrates that, despite their high similarity, the JNK3 and the p38a MAPK present

different requirements when targeting this area of the protein.
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Figure 3.21. Effect of substituents at the pyridine-C2 position in combination with different cores;
Eitel, M.; Koch, P., unpublished results; ‘compound reported in the diploma thesis from Philipp
Krause; ‘El-Gokha, A.; Koch, P.; unpublished results;



3. RESULTS AND DISCUSSION 77

In addition, the substitution at the pyridine-C2 position was further explored through the
insertion of different cycloalkyl moieties (Figure 3.22). Despite not producing any
improvement on JNK3 inhibition, cycloaliphatic substituents showed an increase in activity
alongside with the size of the cycle thus underlining the importance of hydrophobic

interactions in this area.
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Figure 3.22. Structure and biological activity of derivatives bearing different substituents at the
pyridine-C2-N position; all compounds showed ICsopasa Mark) > 10 pM.

As noticeable in the crystal structure of derivative 66 in complex with JNK3 (Figure 3.18), a
potential chance to increase the inhibitory activity is represented by the targeting of GIn155,
a residue located in the HR I of the enzyme and only 4 A away from the N atom of the
morpholine moiety. In order to achieve a sufficient flexibility to reach the GIn155, a trans-
4-aminocyclohexanol and a trans-cyclohexane-1,4-diamine groups were installed at the
pyridine-C2 position (compounds 99 and 100, respectively). The former group was

previously reported in potent p38a MAPK inhibitors!5! and is present in the JNK clinical
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candidate CC-930/ Tanzisertib (Table 1.1) wherein its capability to target the GIn155 was
confirmed by crystal structure (Figure 3.23). Due to the similarity between Tanzisertib and
compound 99 at the hinge binding motif, the introduction of the same substituent was
supposed to enable the formation of a hydrogen bond with the side chain of GIn155, as also
predicted by docking studies (Figure 3.23).
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Figure 3.23. Possible analogies in the binding mode of CC-930/Tanzisertib and compound 99; A)
structural similarity between Tanzisertib and compound 99; B) comparison between crystal
structure of Tanzisertib (green) in complex with JNK3 (PDB entry: 3TTI) and compound 99 (cyan)
docked in the same enzyme (PDB entry: 6EKD); analogously to the Tanzisertib, compound 99 shows
the possibility to target the GIn155 through the formation of a hydrogen bond.

Nevertheless, lower inhibitory activity of compound 99 in comparison with derivative 66
hints that an additional interaction might not be formed by the new substituent.
Alternatively, the decreased inhibition might suggest once more the necessity of a phenyl
ring in this region, rather than alkyl moieties. In order to increase the length of the
substituent and improve its capability to target the side chain of GIn155, a series of amides
was prepared starting both from compound 100 as well as from its aromatic analog 101
(Figure 3.22). In this way it would be possible to introduce a group able to act as both
hydrogen donor and acceptor and to seek for additional interactions within the HR 1L
Unfortunately, none of the derivatives of this series were able to overcome the inhibitory
activity of compound 66, resulting in most cases even weaker than their amine precursors.
An overall analysis of the biological activity within this series permits once again to assess
the better suitability of the aromatic derivatives over their cycloaliphatic counterparts;

furthermore, increasing the size of the substituent at this position was not beneficial, as the
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small acetamido derivatives 102 and 106 represented the most active compounds of the

group.

3.2.6. Further characterization of compound 66

Since compound 66 represented the most potent and selective derivative synthesized in this
work, a further characterization was carried out. At a first instance the intra-JNK selectivity
was evaluated in order to understand whether such scaffold might possess selectivity
towards one of the members of the JNK family. Results displayed in Table 3.10 only
highlighted a slight selectivity of derivative 66 over the JNK2 isoform, although the three

kinases showed similar ICsy values.

Table 3.10. Inhibitory activity of compound 66 on the three JNK isoforms

ICso [nM]
JNK1 JNK2 JNK3
119 468 184

Compounds were tested by Reaction Biology corporation
(Malvern, PA, USA) using a radiometric assay.

In order to spot potential liabilities to be addressed in a following optimization process
compound 66 was also evaluated for its metabolic stability as well for non-specific

interactions with potential off-targets.

Initially, the metabolic stability was evaluated in in vitro experiments performed by
incubating the compound with human liver microsomes (HLM). A major drawback of 2-
alkylsulfanyl derivatives is represented by their intense metabolization, mostly consisting

in the oxidation of the thioether group to the corresponding sulfoxide moiety.17>
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Figure 3.23. Plotted results of metabolic stability assays on HLM.
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Experiments performed on compound 66 revealed instead a relative stability, leaving

approximately 80% of the unmodified product after 4 h incubation (Figure 3.24).

Compound 66 was additionally tested for its capability to interact with cytochrome P450
(CYP450) enzymes as well with human ether-a-go-go related gene (hERG) channels, both
representing common non-specific off-targets of different drugs. In particular, CYP450
inhibition constitutes a prevalent liability of pyridinylimidazole scaffolds, mainly

depending on their aptitude to coordinate the prosthetic haem iron of these enzymes.165176

Table 3.11. inhibition of hERG channels and CYP450 enzymes by compound 66

hERG inhibition CYP450 inhibiton [% inhibition at 10 pM]
[% inhibition at 10 pM] 1A9 2C9 2C19  2D6 3A4

38.8 51.5 53.9 35.6 19.0 75.1

Data presented in Table 3.11 seem to display a reduced inhibition of four out of five tested
isoenzymes. Nevertheless, the elevated inhibition of the most prominent isoform 3A4
represents a non-negligible shortcoming which would need to be resolved in following
optimization strategies. On the other side, compound 66 displayed low interaction with the
hERG channels, with less than 40% inhibition at 10 pM.

3.2.7. Application of a covalent inhibition strategy on compound 66

Due to the high selectivity of derivative 66 over the p38a MAPK, the 4-methyl-substituted
imidazole scaffold was selected as a starting point for the synthesis of irreversible
inhibitors. As already mentioned in section 1.1.2. such inhibitors are composed by a core
structure binding reversibly to the ATP cleft and by a mildly electrophilic moiety targeting
anon-conserved Cys residue in the proximity of the binding site. In particular, as noticeable
from the sequence alignment illustrated in Figure 1.7, a Cys residue located in the JNK3 HR
IT (Cys154, JNK3 numbering) is not conserved in the binding site of p38a MAPK thus
resulting suitable to be addressed by the electrophilic warhead. A similar strategy was
previously adopted by Zhang and coworkers on a 2-amino-4-pyridinylpyrimidine scaffold
giving rise to the potent high quality kinase probe JNK-IN-81¢° (Figure 3.24). In such
approach an acrylamide-based warhead was linked to the main scaffold through a spacer

represented by two aromatic rings connected by an amide bond.
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Figure 3.24. Covalent inhibition strategy on the pyridinylimidazole scaffold based on high quality
probe JNK-IN-8.

Due to the resemblance between the binding mode of JNK-IN-8 and compound 66, mainly
centered on the bidentate hydrogen bond with the backbone of Met149, an analogous
combination of spacer/warhead was installed on the pyridinylimidazole scaffold of the
latter inhibitor. Since the linker needs to comprise the optimal length in order to position
the reactive moiety in proximity of the targeted Cys residue, both the meta- and para-

substituted derivatives were synthesized (compounds 110 and 111, respectively).

Table 3.12. Structure and biological activities of compounds 110-112.
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iICsyp values are the mean of three independent experiments;
bincubation time 50 min; cincubation time 60 min; Ycompound
synthesized by Dr. Ahmed EI-Gokha.
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Results displayed in Table 3.12 demonstrate the success of the covalent inhibition strategy
transferred to the pyridinylimidazole scaffold. More closely, the insertion of the covalent
warhead at the meta position of the phenyl ring (compound 110) permitted to reach an ICso
value in the low single digit nM range while maintaining the selectivity over the p38a
MAPK. Such inhibitory activity was more than 100-fold higher than the one exhibited by
the para-substituted derivative 111, proving the latter substitution pattern not to be optimal
to target the Cys154. In addition, the significantly higher ICsy value of compound 112,
representing the saturated analog of inhibitor 110, permitted to attribute the high inhibitory
activity of the latter to the formation of the covalent bond. A further demonstration of the
irreversible targeting of Cys154 could be provided by mass shifts experiments performed
by liquid chromatography-mass spectroscopy (LC-MS) analysis of the JNK3 after
incubation with the inhibitor. Prior to the measurement, a declustering potential was
applied to the sample in order to disrupt weak electrostatic interactions. In case of
compound 110 a mass shift corresponding to the molecular weight of the inhibitor could be
detected. Conversely, the same result was not obtained when performing the LC-MS
experiment on the saturated analog 112, once more confirming the covalent mechanism of
action of derivative 110. Additionally, the Cys154 was identified as the amino acid targeted
by the irreversible inhibitor, since incubation of compound 110 with a JNK3 mutant

wherein Cys154 was replaced by Ala did not result in an increase in molecular weight.



Experimental section

The following section includes the detailed procedures for the preparation of those
compounds presented in the thesis work which were not included in any of the accepted

publications or in the submitted manuscript.

General

All reagents and solvents were of commercial quality and utilized without further
purification. Yields were calculated on the pure product and were not optimized. Thin layer
chromatography (TLC) reaction controls were performed for all reactions using fluorescent
silica gel 60 Fas4 plates (Merck) and visualized under natural light and UV illumination at
254 and 366 nm. The purity of all tested compounds are > 95% as determined via reverse
phase high performance liquid chromatography (HPLC) using one of the 2 following
methods. For Method A the instrument used was a Hewlett Packard HP 1090 Series II LC
equipped with a UV diode array detector (DAD, detection at 230 nm and 254 nm). The
chromatographic separation was performed on a Phenomenex Luna 5u C8 column (150 mm
x 4.6 mm, 5 pm) at 35 °C oven temperature. The injection volume was 5 pL and the flow 1.5
mL / min using the following gradient: 0.01 M KH2POs, pH 2.3 (solvent A), MeOH (solvent
B), 40% B to 85% B in 8 min; 85% B for 5 min; 85% to 40% B in 1 min; 40% B for 2 min; stop
time 16 min. Alternatively, for Method B, Agilent 1100 Series HPLC system was used,
equipped with a 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 pm) at 30 °C
oven temperature. The injection volume was 10 pL and the flow 1.5 mL / min using the
following gradient: 0.01 M KH,PO,, pH 2.3 (solvent A), MeOH (solvent B), 45% B to 85% B
in 9 min; 85% B for 6 min; stop time 16 min. Column chromatography was performed on
Davisil LC60A 20 - 45 um silica from Grace Davison and Geduran Si60 63-200 pm silica
from Merck for the pre-column using an Interchim PuriFlash 430 automated flash
chromatography system. Nuclear magnetic resonance (NMR) spectra were measured on a
Bruker ARX NMR spectrometer at 250 MHz or on a Bruker Avance III HD NMR
spectrometer at 300 MHz in the Organic Chemistry Institute, Eberhard Karls Universitat
Tubingen or on a Bruker Avance NMR spectrometer at 400 MHz in the Institute of
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Pharmaceutical Sciences, Eberhard Karls Universitdt Tiibingen. 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 TLC interface in the Institute of Pharmaceutical Sciences, Eberhard Karls Universitit

Tibingen.

Detailed procedures

N1-(4-(2-(Methylthio)-1H-imidazol-5-yl)pyridin-2-yl)benzene-1,4-diamine (5)

/ N\>‘ CH; In a pressure vial 2-chloro-4-(2-(methylthio)-1H-imidazol-5-

B ” S yl)pyridine (248 mg, 1.1 mmol, for the synthesis of 2-chloro-4-(2-

= (methylthio)-1H-imidazol-5-yl)pyridine see Publication VII) and p-
HN

phenylendiamine (154 mg, 1.5 mmol) were dissolved in n-butanol and
NH, after that 1.25 M HCl in EtOH (880 pL, 1.1 mmol) was added in one
portion. The vial was tightly closed and the reaction was heated at 180 °C and stirred for 12
h. The solvent was evaporated at reduced pressure and the residue was purified twice by
flash column chromatography (S5iO,, DCM/EtOH gradient elution from 97:03 to 50:50) and
(5102, DCM/EtOH 85:15) obtaining 165 mg of the desired product (50% yield); 'H NMR
(400 MHz, DMSO-ds) 6 2.58 (s, 3H), 4.75 (br. s, 2H), 6.55 (d, ] = 8.3 Hz, 2H), 6.90 (d, ] = 4.5
Hz, 1H), 7.08 (br. s, 1H), 7.25 (d, ] = 7.8 Hz, 2H), 7.72 (br. s, 1H), 7.97 (d, ] = 5.1 Hz, 1H), 8.43
(s, 1H), 12.46 (br. s, 1H); 3C NMR (101 MHz, DMSO-de) 6 15.3, 103.2, 108.9, 114.3, 115.1,
116.7,121.5,131.0, 139.4, 142.0, 143.2, 147.5, 157.6; ESI-MS: (m/z) 296.2 [M-H]-, 298.2 [M+H]*;
HPLC (B): t, = 1.860 min.

N-(4-(1-(4-Fluorophenyl)-1H-imidazol-5-yl) pyridin-2-yl)benzene-1,4-diamine (7)

F In a pressure vial 2-bromo-4-(1-(4-fluorophenyl)-1H-imidazol-5-
yl)pyridine (27, 300 mg, 0.94 mmol, for the synthesis of compound 27 see

N Publication VII) and p-phenylendiamine (509 mg, 4.71 mmol) were
' suspended in n-butanol (3 mL) and after that 1.25 M HCl in EtOH was
HN added (752 pL, 0.94 mmol). After tightly closing the vial the reaction was
\©\NH2 heated at 180 °C and stirred overnight (18 h); After evaporating the solvent

at reduced pressure the residue was purified by flash column
chromatography (SiO,, DCM/EtOH gradient elution from 100:0 to 95:05) giving 260 mg of
the desired product (80% yield); TH NMR (250 MHz, DMSO-ds) & 4.78 (br. s, 2H), 6.27 (s,
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1H), 6.37 (dd, ] = 5.4, 1.2 Hz, 1H), 6.45 (d, ] = 8.5 Hz, 2H), 6.90 (d, ] = 8.5 Hz, 2H), 7.31 - 7.48
(m, 5H), 7.93 (d, ] = 5.1 Hz, 1H), 7.96 (d, ] = 1.7 Hz, 1H), 8.35 (s, 1H); 13C NMR (101 MHz,
DMSO-de) 5105.4,111.2, 114.2,116.5 (d, ] = 21.9 Hz), 122.0, 127.8 (d, ] = 8.8 Hz), 129.7, 129.8,
130.7, 132.5, 137.2, 140.7, 143.9, 148.0, 157.3, 161.5 (d, | = 245.9 Hz); ESI-MS: (m/z) 344.2 [M-
HJ-, 346.1 [M+H]*; HPLC (A): t, = 2.487 min.

1-(3',6'-Dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthen]-5-y1)-3-(4-((4-(4-methyl-
2-(methylthio)-1H-imidazol-5-yl)pyridin-2-yl)amino)phenyl)thiourea (8)

HsC N CH Compound 4 (100 mg, 0.32 mmol, for the synthesis of
, 3
N /N\>‘S compound 4 see Publication IV) was dissolved in
|
N H HO aceton (= 20 mL) and after that fluorescein-

HN\©\ O 0 isothiocyanate isomer 5'(6") (188 mg, 0.48 mmol) was
OH
NH O

added and the mixture was stirred for 24 h protected
S)\N O ° from light. After removing the solvent at reduced
pressure the residue was purified twice by flash column
chromatography (S5iO,, DCM/MeOH gradient elution from 95:05 to 90:10) and (SiO,,
DCM/EtOH gradient elution from 95:05 to 50:50) obtaining 101 mg of the desired product
(45% yield); ™M NMR (250 MHz, DMSO-d¢) 6 2.43 (s, 3H), 2.56 (s, 3H), 6.55 - 6.74 (m, 6H),
7.00 (d, ] = 4.6 Hz, 1H), 7.12 - 7.26 (m, 2H), 7.38 (d, | = 8.3 Hz, 2H), 7.71 (d, ] = 8.5 Hz, 2H),
791 (d, ]=8.1Hz, 1H), 8.09 (d, ] =5.4 Hz, 1H), 8.39 (s, 1H), 9.14 (br. s., 1H), 10.25 (br. s., 2H),
10.49 (br. s., 1H), 10.86 (br. s., 1H), 12.41 (br. s., 1H); 3C NMR (75 MHz, DMSO-ds) 6 11.5,
15.5,52.1,102.3,106.2, 109.8, 111.3, 112.9, 116.9, 117.7, 124.0, 124.6, 127.4, 129.1, 129.6, 131 .4,
134.0, 135.6, 139.2, 139.4, 141.7, 143.2, 147.2, 152.0, 156.3, 160.0, 168.7, 179.3; ESI-MS: (m/z)
699.3 [M-H]; HPLC (B): t; = 7.514 min.

1-(3',6'-Dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthen]-5-yl)-3-(4-((4-(2-
(methylthio)-1H-imidazol-5-yl) pyridin-2-yl)amino)phenyl)thiourea (9)

/ N CH, The title compound was synthesized following the

N

N N>§ S same procedure as compound 8 starting from
H

N # HO compound 5 (60 mg, 0.20 mmol) and fluorescein-

HN\©\ O O OH isothiocyanate isomer 5(6”) (118 mg, 0.30 mmol) (8 h).
NH

The crude product was purified by flash column
chromatography (DCM/EtOH gradient elution from
95:05 to 70:30) obtaining 102 mg of the desired product;
H NMR (250 MHz, DMSO-de) 6 2.59 (s, 3H), 6.55 - 6.73 (m, 6H), 7.04 (d, ] = 5.1 Hz, 1H),
7.19 (d, ] =8.3 Hz, 1H), 7.27 (br. s, 1H), 7.34 (d, ] = 8.8 Hz, 2H), 7.70 (d, ] = 8.7 Hz, 2H), 7.80
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(br.s, 1H), 7.86 (dd, ] = 8.1, 1.8 Hz, 1H), 8.07 (d, ] = 5.3 Hz, 1H), 8.29 (d, ] = 1.4 Hz, 1H), 9.13
(s, 1H), 10.00 - 10.45 (m, 4H), 12.51 (br. s, 1H);-3C NMR (75 MHz, DMSO-ds) 6 15.2, 48.6,
102.3, 105.0, 109.8, 110.3, 112.8, 117.0, 117.3, 117.9, 124.0, 124.8, 126.6, 129.1, 130.0, 131.3,
139.1, 139.4, 141.6, 142.2, 147.3, 152.0, 156.5, 159.8, 168.6, 179.4; ESI-MS: (m/z) 685.3 [M-H];
HPLC (B): t: = 7.292 min.

4-(1-(4-Fluorophenyl)-1H-imidazol-5-yl)-N-(3-methylbutan-2-yl) pyridin-2-amine (85)

F. In a pressure vial 2-bromo-4-(1-(4-fluorophenyl)-1H-imidazol-5-
yl)pyridine (27, 100 mg, 0.31 mmol, for the synthesis of compound 27 see
N7\ Publication VII) was suspended in 3-methylbutan-2-amine (700 pL, 6.2

7 = mmol) and after closing the vial the reaction mixture was heated at 180 °C

N~ CHs for 96 h; H,O was added and the aqueous layer was then exctracted three
HN\H\CH , times with EtOAc. The combined organic layers were then washed with
CH3 H>O and NaCl saturated solution, dried over anhydrous Na,SO, and
concentrated at reduced pressure. The residue was then purified by flash column
chromatography (S5iO,, DCM/EtOH gradient elution from 100:0 to 95:05) giving 42 mg of
the desired product (42% yield); TH NMR (250 MHz, DMSO-ds) & 0.81 (t, ] = 6.3 Hz, 6H),
0.95 (d, ] = 6.6 Hz, 3H), 1.56 - 1.75 (m, 1H), 3.56 - 3.64 (m, 1H, partially overlapping with the
H>O signal), 6.11 (d, ] = 5.1 Hz, 1H), 6.18 (s, 1H), 6.26 (d, ] = 8.3 Hz, 1H), 7.25 - 7.48 (m, 5H),
7.79 (d, ] = 5.1 Hz, 1H), 7.95 (s, 1H); 3C NMR (101 MHz, DMSO-ds) & 16.4, 17.7, 19.2, 31.8,
50.7,105.3,109.5, 116.4 (d, ] = 22.7 Hz), 127.9 (d, ] = 8.8 Hz), 129.4, 131.0, 132.6, 136.8, 140.5,
147.8,158.7,161.5 (d, | = 245.9 Hz); ESI-MS: (m/z) 323.2 [M-H]-, 325.4 [M+H]*; HPLC (A): t,
= 4.975 min.

N!-(4-(1-Methyl-1H-imidazol-2-yl) pyridin-2-yl)benzene-1,4-diamine (87)

H30\N In a pressure vial 2-chloro-4-(1-methyl-1H-imidazol-2-yl)pyridine (64,

- 200 mg, 1.0 mmol, for the synthesis of compound 64 see Publication VII)
=

N l and p-phenylendiamine (168 mg, 1.5 mmol) were suspended in n-

o butanol and then 1.25 M HCl in EtOH (826 pL, 1.0 mmol) was added and
\©\ the close vial was heated at 180 °C and stirred for 17 h. After evaporating

NH; the solvent at reduced pressure the crude residue was purified by flash

column chromatography (SiO,, DCM/EtOH gradient elution from 100:0 to 80:20) obtaining
66 mg of the desired product (24% yield); 1H NMR (400 MHz, DMSO-ds) 6 3.79 (s, 3H), 4.81
(br.s, 2H), 6.54 (d, | = 8.3 Hz, 2H), 6.91 (d, ] = 4.5 Hz, 1H), 7.00 (s, 1H), 6.97 (s, 1H), 7.22 (d,
] =8.3Hz, 2H), 7.29 (s, 1H), 8.09 (d, ] = 5.3 Hz, 1H), 8.56 (s, 1H)**C NMR (101 MHz, DMSO-
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ds) 8 34.6,107.1, 111.3, 114.6, 121.6, 124.4, 127.8, 130.8, 138.3, 142.8, 144.5, 147.6, 157.3; FAB-
MS (m/z) 266.3 [M+H]*; HPLC (B): t: = 1.067 min.

4-(1-Methyl-1H-imidazol-2-yl)-N-(3-methylbutan-2-yl)pyridin-2-amine (88)
HsC. The title compound was synthesized following the same procedure used
N\/\> for compound 85 starting from 2-chloro-4-(1-methyl-1H-imidazol-2-
Q)\N yl)pyridine (64, 65 mg, 0.33 mmol, for the synthesis of compound 64 see
N CHs Publication VII) and 3-methylbutan-2-amine (773 pL, 6.71 mmol) (48 h).
HN \H\CH , After the work up the residue was purified by flash column
CH,3 chromatography (SiO,, DCM/EtOH 97:03) giving 40 mg of the desired
product (48% yield); 'H NMR (400 MHz, DMSO-ds) 6 0.91 (d, ] = 6.8 Hz, 3H), 0.88 (d, ] = 6.8
Hz, 3H), 1.05 (d, ] = 6.6 Hz, 3H), 1.72 - 1.87 (m, 1H), 3.77 (s, 3H), 3.82 - 3.93 (m, 1H), 6.41 (d,
J=8.1Hz, 1H), 6.73 (d, ] = 5.3 Hz, 1H), 6.81 (s, 1H), 6.98 (s, 1H), 7.26 (s, 1H), 7.99 (d, ] = 5.3
Hz, 1H); 3C NMR (101 MHz, DMSO-d¢) 6 16.7, 18.0, 19.2, 32.0, 34.5, 50.4, 106.8, 109.8, 124.1,
127.8,138.1, 144.9, 147.7, 158.9; FAB-MS (m/z) 245.3 [M+H]*; HPLC (A): t, = 2.534 min.

4-(1-Methyl-1H-imidazol-2-yl)-N-(1-phenylethyl) pyridin-2-amine (89)

H3C\N The title compound was synthesized following the same procedure used
\/\> for compound 85 starting from 2-chloro-4-(1-methyl-1H-imidazol-2-
N
N/\ l yl)pyridine (64, 200 mg, 1.0 mmol, for the synthesis of compound 64 see
Publication VII) and 1-phenylethan-1-amine (2.63 mL, 20.65 mmol) (72 h).
HN

After the work up the residue was purified by flash column
CHs chromatography (5iO,, DCM/EtOH 97:03) giving 130 mg of the desired
product (45% yield); TH NMR (400 MHz, DMSO-ds) 6 1.45 (d, ] = 6.8 Hz, 3H), 3.70 (s, 3H),
4.96 - 512 (m, 1H), 6.68 - 6.85 (m, 2H), 6.99 (s, 1H), 7.08 - 7.22 (m, 2H), 7.23 - 7.34 (m, 3H),
7.35 - 7.45 (m, 2H), 7.91 - 8.04 (m, 1H); 3C NMR (101 MHz, DMSO-ds) 6 23.6, 34.4, 49.8,
106.5, 110.5, 124.2, 125.9, 126.3, 127.8, 128.1, 138.2, 144.6, 145.9, 147.8, 158.3; FAB-MS (m/z)
279.3 [M+H]*; HPLC (A): t, = 3.293 min.

4-(4-(4-Fluorophenyl)-1H-imidazol-5-yl)-N-(3-methylbutan-2-yl) pyridin-2-amine (90)

The title compound was synthesized following the same procedure used for compound 85
starting from 2-fluoro-4-(4-(4-fluorophenyl)-1H-imidazol-5-yl)pyridine (70 mg, 0.27 mmol,
for the synthesis of 2-fluoro-4-(4-(4-fluorophenyl)-1H-imidazol-5-yl)pyridine see
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F. Publication I) and 3-methylbutan-2-amine (626 pL, 5.44 mmol) (48 h).
After the work up, the residue was purified by flash column

i N\> chromatography (SiO,, DCM/EtOH gradient elution from 95:05 to 85:15)

yZ N giving 47 mg of the desired product (40% yield); 'H NMR (250 MHz,
N s | H DMSO-de) 6 0.89 - 1.14 (m, 6H), 1.20 (d, ] = 6.6 Hz, 3H), 1.80 - 2.03 (m, 1H),
HN 2.70 (s, 3H), 3.88 (d, ] = 6.3 Hz, 1H), 6.48 (br. s, 1H), 6.61 (d, ] = 5.1 Hz, 1H),
\H\CH3 6.78 (br. s, 1H), 7.29 - 7.54 (m, 2H), 7.61 - 7.79 (m, 2H), 7.91 - 8.13 (m, 2H),

3.376 min.

12.77 (br. s, 1H); ESI-MS: (m/z) 323.3 [M-H]-, 325.3 [M+H]*; HPLC (A): . =

N'-(4-(5-Methyl-2-(methylamino)thiazol-4-yl) pyridin-2-yl)benzene-1,4-diamine (93)

HyC
° S CH3
| )>—NH
N

]

N
HN\O\
NH»

The title compound was synthesized following the same procedure
of compound 7 starting from 4-(2-chloropyridin-4-yl)-N,5-
dimethylthiazol-2-amine (200 mg, 0.83 mmol, synthesis of 4-(2-
chloropyridin-4-yl)-N,5-dimethylthiazol-2-amine can be found in
Publication VII), p-phenylendiamine (451 mg, 4.17 mmol), and 1.25
M HCl in EtOH (664 pL, 0.83 mmol) (18 h). After evaporating the

solvent at reduced pressure the residue was purified by flash

column chromatography (S5iO,, DCM/EtOH gradient elution from 100:0 to 90:10) giving 95
mg of the desired product (27% yield); 'TH NMR (250 MHz, DMSO-ds) 6 2.37 (s, 3H), 2.80 (d,
] =4.6 Hz, 3H), 4.73 (br. s, 2H), 6.53 (d, ] = 8.8 Hz, 2H), 6.80 (dd, ] = 5.4, 1.2 Hz, 1H), 6.90 (s,
1H), 7.22 (d, ] = 8.5 Hz, 2H), 7.33 (q, ] = 4.7 Hz, 1H), 8.02 (d, ] = 5.4 Hz, 1H), 8.43 (s, 1H); 13C
NMR (101 MHz, DMSO-de) 6 12.2, 30.7, 107.1, 112.0, 114.2, 117.1, 121.5, 130.8, 143.2, 143.4,
143.5, 147.3, 157 4, 165.4; ESI-MS: (m/z) 310.2 [M-H]-, 312.2 [M+H]*; HPLC (A): t. = 2.625

min.

N,5-Dimethyl-4-(2-((3-methylbutan-2-yl)amino)pyridin-4-yl)thiazol-2-amine (94)

H3;C

S CHj
, ~—NH
| N
N
X" CH,
HN
CHs
CH;

The title compound was synthesized following the same procedure
used for compound 85 starting from 4-(2-chloropyridin-4-yl)-N,5-
dimethylthiazol-2-amine (135 mg, 0.56 mmol, the synthesis of 4-(2-
chloropyridin-4-yl)-N,5-dimethylthiazol-2-amine can be found in
Publication I) and 3-methylbutan-2-amine (1.29 mL, 11.3 mmol) (42
h). After the work up the residue was purified by flash column

chromatography (SiO,, DCM/EtOH gradient elution from 100:0 to 90:10) giving 47 mg of
the desired product (30% yield); 'TH NMR (250 MHz, DMSO-ds) 6 0.91 - 1.04 (m, 6H), 1.12
(d, ] = 6.6 Hz, 3H), 1.78 - 1.96 (m, 1H), 2.44 (s, 3H), 2.89 (d, | = 4.9 Hz, 3H), 3.82 - 4.03 (m,
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1H), 6.38 (d, ] = 8.3 Hz, 1H), 6.71 (dd, ] = 5.4, 1.2 Hz, 1H), 6.81 (br. s, 1H), 7.37 (q, ] = 4.6 Hz,
1H), 7.99 (d, ] = 5.4 Hz, 1H); 3C NMR (101 MHz, DMSO-ds) 6 12.2,16.7,17.9,19.2, 30.6, 32.0,
50.3, 107.0, 110.4, 116.6, 142.8, 143.8, 147.1, 158.9, 165.2; ESI-MS: (m/z) 289.2 [M-H]-, 291.2
[M+H]*; HPLC (B): t; = 4.423 min.
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ARTICLE INFO ABSTRACT

Acricle history: Two Auorescein-labeled pyridsnylimidazoles were synthesized and evaluated as probes for the boding
Recewed 4 December 2015 affinity determination of potential kinase inhibitors to the c-fun N-termunal kinase 3 (JNK3) and pi8z
m;g‘ farm mitagen-activated protein kinase (MAPK), Fiorescence polarization (FP)-based competitian binding
Accepted 26 2016 assays were d far both using 1-(3',6'-dehy y~3-0x0-3H-spir 19~

xamhm]»s-yl}ub(u-lul -fluoropheayl)-2-{methylthio)- 1 H- mnml-s-yuwndwz-ymmlm)
phenylithioures [5] as an FIP probe (NK3: Ky < 3.0 nM; p3Ba MAPK: X - 5.7 aM). The validation of the
assays with known hshitars of INK3 and p38a MAPK revealed that both FP assays correlate very well

Avadable coline & March 2016

O el with inhibition data received by the actvity assays. This, in additon to the viability of bath FP-based
Biading 2553y binding assays for the high-throughput screenimg procedure, makes the assays suitable as inexpensive
un N-terminal kinave ) prescreening protocols for INK3 and p38a MAPK inhibitors.

P82 MAP kinase 0 2016 Elsevier Inc. Al oghts reserved,

Within the mitogen-activated protein kinase (MAPK) family, the
two serine/threonine kinases, ¢-Jun N-terminal kinase 3 (JNK3) and
P38a MAPK have emerged during recent decades as particulasly
attractive therapeutic targets due to thesr implication in several
pathologic conditions, INK3, which is predominantly expressed in
the brain, is assoclated with neurodegenerative diseases such as
Alzheimer's di (AD), Parkinson's disease (PDL and Hunting-
ton's disease | 1,2]. On the ather hand, p38a MAPK is respansible for

Adtvroiinms wsed; MAPK. mitogen-activated protesn Kinase: JNK. o fun N-tee-
minal kisase: AD, Alzdeimers disease; PO, Parkeson's disease, Im' adencsine
TS, high throughp 1P, I MIC,
flocescem sothiocyamate: FLSA, mxymbunlzd n-ummmem assay: NOE,
Maolocular Operanng Envieosesent; TLC thin byer chromatograpiy; UV, witrriokel:
HALL, wgh-performance hqud chromatography: NMR. nodlear magneos reso-
nance ppm, paets pee eaian; ESLMS, electroigeay lonizatien mass wmv
KT, room temrpe v DAMF, dimethf de; IME, -
boviee serum Jlbumee pom, mulwmpaunw Ncnumdcwlm
Biotechmalngy formation: 3V, peremtage coefficiom of varation: (TC, nuthermad
ttraton calerimetsy.
* Covrespanding ssthor,
E-muod oddress pherne ket tuetsagen de (B Koch)

fort ) b e o 1010701, ab 2006 205
Q0032607 )0 2016 Elsevier tnc. AR rights reserved.

different inflammatory responses and thus has become a well-
established target for some chronic Inflammatory diseases such
as rheumatosd arthritis |31 inflammatory bowed disease (41, and
psoriasis |59]. Recently, several clinical trials investigating the
benefit of p382 MAPK inhibstors for the treatment of chronic
obstructive pulmonary disease were terminated |6,7]. In addition,
some studies have also lughlxghled pBM MAPK as & key protein in
the pathogenesis of generative di s, including AD, PD,
and multiple sclerosis (5101 As a consequence, great efforts have
been focused in finding inhibitors for both JNK3 and p38a2 MAPK
L1113, which led to the achievement of molecules endowed with
a good potency, although often lacking a satisfactory selectivity.
INK3 and p382 MAPK are both activated in response (o envi-
ronmental stress stimuli as well as pro-inflammatory cytokines and
take part in different signaling pathways | 14 17|, The activation is
carried out by upstream MAPK kinases MKK4/MKK? and MKK3/
MKKG for jNKB and p3s« MAPK respectively, via a concomitant
borylation of a th icue and a tyrosi idue sit-
uared at lhr activation ksop [ 15,18, Among others, the most evadent
conformational modification following is the shift of a tripepade
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Glu-Phe-Gly situated at the beginning of the activation loop, known
as the DFG mouf, from an “out” conformation on the inactive
enzyme to an “in” conformation | 19]. Such modification has been
well characterized and widely described for p38e MAPK | 20.21],
and recently the possible adoption of the DFG-out conformation
has been reported for JNK3 as well [22]. The majority of the p38a
MAPK inhibitors and nearly all of the reported NK3 inhibitors
discovered so far are classified as type | inhibitors, banding at the
adenasine tnphosphate (ATP) binding site of the enzyme In its
active conformation and thus being ATP competitive | 271 However,
most of type I inhibitors are also able to bind to the inactive form of
the enzyme, probably due to the fact that the positon of the DFG
mocif does not affect the binding mode of these compounds | 21,24,
On the other side, type Il inhibitors bind the ATP cleft of the inactive
enzyme, exploiting 3 hydrophobic pocket known as the deep
pocket, which is present only in the DFG-out conformation | 25).
Because the inactive form of the kinase s not able to bind AT, this
modality of binding avoids the competition with high intracellular
ATP concentrations, Furthermare, because the amino acid compo-
sition of the deep pocket is low conserved wathin the catalynic site
of redated kinases, type 1l binding allows achieving an improved
selectivity profile. Despite the high desirability of MAPK type 1l
inhibitors, only a few of these inhibitors have been characterized
for p38a MAPK | 261 whereas to date no type Il inhibutoes have been
reported far JNK3.

The activity of type | inhibitors on INK3 and p38x MAPK is
generally evaluated through biological assays quantifying the
amount of MAPK substrate phosphorylated from the active en-
zymes in the presence and absence of the inhibitor [27 28], These
activity assays provide an exhaustive indication about the inhibs-
tory activity of compounds but are generally expensive, time-
consuming, and not ameénable for high-throughput  sc ing

as on gatckeeper mutations of INK3 {34 and represents the first
example of an FP-based binding assay on JNK3. On the other side,
Munoz and coworkers in 2010 reparted an FP competition assay for
the inactive form of p38a MAPK [ 77|, The probe employed in this
assay (compound 2; iz |} Is based on the prototypical p38a MAPK
Inhibitor S8203580, which was modified on its side chain and
labeled with the 4'-isomer of luorescein isothiocyanate (FITC)L
However. the FP assay reported by Munoz and coworkers does not
show correfation with the p382 MAPK activity assay (R = ~0.4005)
137)

Here, we describe the development of two novel and wider
applicable probes (compounds 5 and 6; fiz ) due to their deri-
vation from dual JNK3/p382 MAPK inhibitors (compounds 3 and 4;
Fig 2} Two analogous binding assays employing the inactive form
of bath kinases, INK3 and p38x MAPK, using the most promising
probe 5 were optimized. The use of the inactive form of both ki-
nases enhances the application spectrum of these assays because it
enables the evaluation of banding affinity for type | inhibitors as
well as type Il inhibitoss, The results obtained from the binding
assays were correlated with the results obtained from enzyme-
linked immunosorbent assay [(ELISA) activity assays, and the
viability of the optimized protocols m an HTS format was
invesrigated,

Materials and methods
Computational docking analysis
Molecule and binding pocket preparation for docking

To prepare molecules for docking. we used the Moalecular
Operating Environment (MOE) suite’s “molecule wash®™ function to

(HTS) due to multiple separation and washing steps. The evaluation
of type Il inhibitors is instead far more challenging. although some
screening assays for inactive p3fa MAPK have been reported dur-
g recent years | 29,30, An additional strategy in the identification
of new kinase inhibiters is the detection of the bindling affinity of
novel compounds for the enzymes, which is a substantial prereg-
uisite for any inhibitory activity. With this scope, here we report the
development and optimization of fluorescence polarization (FP)-
based competivon binding assays. which employ a nowel
fluorescein-labeled probe binding 1o both the active and inactive
conformations of INK3 and p3B2 MAPK. FP is a technique increas-
ngly used within recent years in the field of drug discovery due 1o
its advantages such as versatility, speed, easy handling, and cost
efficiency [31.32) It & even useful for detecting weak binding
events limited only by compound solubility [ 31 The basic princi-
ple of this methodology is that after excitation by plane polarized
Hght, the fluorophore’s emission is polarized as wetl due to pho-
toselection. However, the capability of the fluorophore to retain
such polanzation depends on its molecular size. Small molecules,
such as the fluorophore alone, are prone to fast tumbling due to
Brownian motions. Therefore, the light emitted easily loses the
polarization achieved and produces a low FP signal. On the other
hand, the FP* signal dramatically increases when the fluorophore
binds to a protein due to a slower tumbling of the high molecular
wedght complex. As a result, the displacement of a lluorescent
probe from the enzyme by a tested d can be foll i by

depr strong acids and protonate strong  bases (MOE
2013.08; Chemical Computing Group, M I, QC, Canada) En-
ergy minimization of all molecules was then performed by using
the MMFF34x force field at a gradient of 0.0001 root mean square
deviation (rmsd). Existing chirality was preserved and partial
charges were calculated according to the parameters of the force
field.

All crysad structures (3F13 and 10UK) 138 39| were downloaded
from the Protein Data Bank (PD8) |40, Subsequently, protonation
of the protein-ligand complex was performed with the MOE
“protonate 30" function at standard settings (T — 300 K pH 70,
ionic strength | - 0.1 M).

Docking experiments

All docking experiments were performed using the docking
program GOLD {version 5.22; Cambridge Crystallographic Data
Centre, Cambridge, UK) in combination with the scoring functions
ChemPLP (41| and GoddScore [42] for 3513 and the combination of
GoldScore and ChemScore [47] for TOUK. The search efficiency for
the genetic algarithm was increased from standard 100% 1o 200% at
automatic mode. Binding site residues were defined by specifying
crystal structure ligand coordinates, and the active site radius
setting remained at a default value of 6 A with the “detect cavity”
option enabled, For each target, we employed a test docking of the
ligand from the crystal structure into its binding pocket. If pose
retrieval was unsatisfying, we optimized docking parameters and

measuring the FP signal directly after the addition (mix and mea-
sure) without separation and washing steps. This feature, together
with significantly impraved safety, makes the FP.based binding
assay supenor in comparison with traditional binding assays based
on radioligands | 34.35]

The assay presented here, using slightly different conditions,
was recently employed by aur group on the wild-type form as well

d with the best settings in respect of pase retrieval,
Probe synthesis

General

All reagents and solvents were of commercial quality and used
without further purificason. Thin layer chromatography (TLC) re-
action controls were performed for all reactions using Aucrescent
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silica ged 60 Faeq plates {Merck) and visualized under natural light
and ultraviolet (UV) ilumination at 254 and 365 nm. The purity of
ali synthesized probes and tested compounds is greater than 95% as
determined via reverse phase high-performance liquid chroma-
tograply (HPLC) on a Hewdett Packard HP 1090 serfes 11 LC device
equipped with a UV diode array detector (DAD; detectson a1 230
and 254 nm}, The chromatographic separation was performed on &
Phenomenex Luna C8 column (150 » 46 mm. 5 um) at 35 "C oven
temperature. The inpection volume was 5 pl and the flow was
1.5 mi/min using the following gradient: 0.01 M KH,PO, (pH 2.3}
({solvent A). methanol (solvent 8, 40% B to 85% B in 8 min; 85% 8 for
5 min; 85% to 40% B in 1 min; 40% B for 2 min: stop time 16 min.
Cohy chromatography was performed on  Davisil  LC60A
2045 ym sifica from Grace Davison and Geduran $i60 63~ 200 gm
silica from Merck for the precotumn using an interchim Punfash
430 auvtomated flash chromatography system. Nuclear magnetc
resonance (NMR) spectra were measured on a Bruker Avance NMR
spectrometer at 250 MHz in the Organx Chemistry Institute.
Eberhard Karls Universitat Tabingen. or on a Bruker Avance 400
NMR spectrometer in the Institute of Pharmaceutical Scences,
Eberhard Karls Universitat Tiibingen. Chemical shifts are reported
in parts per million (ppm) relative to tetramethydsilane. All spectra
were calibrated against the (ressdual proton) peak of the deuterared
solvent used. Mass spectra were performed on an Advion Expres-
sion S electrospray jonizanon mass spectrometry (ESI-MS) in-
strument wath TUC interface in the Institute of Pharmaceutical
Sclences, Eberhard Karls Universitat Tobingen.

Expenimental procedires

N1-(4-(4-{4-Huorophenyl )-2-(methylthio }- 1 H-imidazol-5-y! )pyr-
idin-2-yi jbenzene-1.4-dlamine (3). In a pressure tube, compound B
{500 mg, 1L.65 mumol) and p-phenylendiamine (267 my, 247 mmol)
were suspended i n-butanol (10 mi), and then 125 M HCl in
ethanol (1,32 ml, 1.65 mmod) was added, After sealing the tube. the
mixture was stirred at 180 “C for 16 b The solvent was evaporated
at reduced pressure, and the residue was purified by fash column
ch graphy (dichlc hane/ethanol, 19:1 to 93:7), gving
568 mg of product (88%). 'H NMR (400 MHz, DMSO-dg) & (ppm)
261 (s, 3H), .74 {br s, 2H}, 6.49 (d, ) « 7.1 Hz, 2H), 6.53-6.96 (m,
2H), 711 (d. | = 71 Hz, 2H), 746-7.37 (m, 2H), 750 (br s, 2H),
780-8.11 (m. 1H), 8.24-8.54 (m, 1H)L 12,65 {(br 5, 1H): HPLC:
= 336 min, 98%; ESI-MS: [M+H| " calculated 392,13, found 392.2,

1-(3.6'-Dihydroxy- 3-oxu-3H-spirof (sebenzofuran- 1,4 -xanthen [-5-
yi)-3-{4-((d-{4-{4-fleorophenyl)-2-(methylthio }- 1 H-imidazol-5-y)
pyndin-2-yi jemino jphenyl thiourea {5). A suspension of 3 {200 mg,
051 mmol) and HIC somer 5' (298 mg, 0.76 mmol) in acetone
(60 ml) was stirred at room temperature (RT) for 24 h covered from
light. The solvent was evaporated at redoced pressure and the
residue was punified by flash column chromatography (dichloro-
methane/ethanol, 19:1 to 4:1), giving 207 mg of the desired com-
pound {52%). "H NMR (250 MHz, DMSO-dy) i (ppm} 262 (s, 3H),
655685 (m, THL 7.05-7.35 (m. 6M), 745765 (m, 4H), 7.83 {d,
1= 8.2 Hz, THL 795-3.15 (m, TH), 820 [br s, 1H), 910 (br 5, 1H),

F F
B Sr
Y W " — i H Ho &
N._Z# =
HN HN s Q o
1S |08 Pe e
1 NN 'S
3 R=SCH; 5 R=SCH,
4R=H 6 R=H

Fig2. Novel frrobes for INKS and s36a MAIK FP aisay oed an potent dudl N3 (58 MAN infiisstors 3 and 4,
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9951025 (m, 4H). 12.70 (br s, 1H); HPLC: ¢ = 619 min, 95%:
ESI-MS: [M-H| " calkoulated 779.85, found 7795,

2-Fluoro-4-{4-(3-fluorophenyl }- | H-imidazod-5- vl jpyridine ()
Compound 10 (200 g 30% mmol} was disselved In dime-
thytformamide (DMF; 5 mi), and then formaldehyde (243 mg,
8.09 mmol), ammaonium acetate (6.23 g, 80.9 mmol), and glacial
acetic acid (47 mg. 0.81 mmol) were added and the mixture was
stirred at 70 °C for 1 h. The reaction mixture was poured into water
andl the precipitate formed was filtered, washed with water, and
dried, The solid was then purified by column chromatography
(dichloromethane/ethanol, 97:3 to 4:1), yielding 200 mg [ 10%) of
n

Spectroscopic data were in agreement with those in the litera-
ture [44],

N1-{4-(4-[4-Fluorophenyt }- TH-imidazol-5-y )pyridin-2-yl Jbenzene-
14-diamine (4). In a pi e tube, compound M {150 mg,
0.58 mimol) and p-phenylendiamine (315 mg, 2,91 mmol) were
suspended In n-butanol (3 mi), and then 125 M HCl In ethanol
(0.46 ml, 0.58 mmol) was added. After sealing the tube, the mixture
was stirred at 180 C for 16 h, The salvent was evaporated in vacuo
and the residue was purified twice by column chromatography
(dichloromethane/ethanol, 19:1 to 4:1), giving 124 mg of product
(60%). "H NMR (250 MHz, DMSO-dy) é {ppm) 4.75 (br 5, 2H), 6.46 (d,
J = 86Hz, 2H)L. 660 (dd, [y = 5.3 Hz, J; = 12 Hz, 1H), 6.77 (br 5, 1H),
7.06(d,) = 8.6 Hz, 2H), 7.20-7.30 {(m, 2H). 745-7.55(m, 2H), 780 (s,
1H), 7.95 (br s, 1H), 8.35 (b s, 1H), 1260 [br s, 1H); HPLC: ¢ — 225
min, 100%; ESI-MS: [M-H]' calculated 34638, found 3463:
[M-H] " calculated 344,38, found 344.3.

1-{3',6'-Dilydroxy-3-axo-3H-spirofisobenzofuran- 1.9 -xanthen |-5-
y1)<3-(4-((4-(3-{4-luorophenyl)- IH-imidazol-5-yl Jpyridin-2-yl)
amino jpherny frhiourea (6). A solution of compound 4 (70 mg,
0.20 mmol) and ATC isomer 5' (118 mg. 0.30 mmol) in acetone
(20 ml) was stirred at RT for 24 h The reaction mixture was
concentrated to dryness, and the residue was purified by column
chromatography (dichloromerhane/ethanol, 9:1 to 1:1) to yield
60 mg (40%) of product 6. 'H NMR (250 MHz, DMSO-dg) § (ppm)
6.50-6.67 (m, 6H), 6,73 {d, ) = 55 Hz, 1H) 7.05-7.35 (m, 7H),
745760 (m. 4H), 780787 (m;, 2H). 8.05 (br s, TH), 8.26 (br s,
1H), 9.05 (br s, 1H), 10.00-10.60 {m, 4H), 12.52 (br s, 1H); HPLC:
t = 3.77 muin, 96%; ESI-MS: [M-H| calculated 73376, found
7334,

Expression and purification of inoctive [NK3 and inactive p38a
MAPK

Inactive JNK3 and p38x MAPK were expressed and purified
following the procedure previously reported by Lange and co-
workers | 15],

Activity assay

Probes § and 6, as well as compounds 1, 3, and 12 to 22, were
tested for their tnhibitory activity for JNK3 andfor p382 MAPK in
previously repocted ELISA activity assays (27281

P assay

General

All FP measurements were performed in black, nonbinding 96-
well plates (Greiner Beo-ne) and conducted through & CLARIOstar
microplate reader (BMG Labtech) using excitation and emissian
filters of 480 ard 530 nm, respectively. For INK3 measurements,

buffer A (25 mM Hepes [pH 7.0}, 100 mM NaCl, 2 mM MgCla. 10 mM
[-mercaptoethanol [BME], and .05 mg/ml bovine serum albumin
|BSA)) was used, whereas buffer B (25 mM Tris [pH 711 100 mM
NaCl, 10 mM MgCly, 5 mM dithiothreitol [DTT], 5% glycerol, and
0.05 mg/ml BSA) was employed in the assay performed on p38a
MAPK. The concentration of DMSO used In every assay was 5% (v/v),
and the final volume in every well was 200 pl. Incubation was
carried out for the respective tme at RT on an Eppendorf MixMate
at 400 revolutions per minute (rpm). Including 2 min inside the
plate reader in order to equilibrate at the measurement tempera-
ture (25 °C for [NK3 and 28 “C for p38x MAPK), which deviated only
marginally from the incubation temperature, Before every mea-
surement, the focal height of the excitation beam was tuned in
order to achieve the optimal fluorescence intensity and the gain
value for both detectors was adjusted, All experiments were per-
formed three times in quadruplicate. Absolute polarizavon values
were normalized to the average values of flrst well and last well
replicates and are reported as percentages. Data were fitted to a
four-parameter logistic curve with variable slope using the soft-
ware GraphPad rism 4 (Graphi*ad Software. San Diego, CA, USA)L X,
values for the competition assays were calculated from the
measured [Cop valuees using a modified Cheng—Prusoff equation
from the Wang's graup (45 46),

Probe characterization and tdme stability

A final concentration of 10 nM of probes 5 and 6 was titrated
with 3-fold increasing concentrations of NK3 and p38x MAPK,
ranging from 0 to 600 nM. Concentrations used for both kinases
were 0, 0.01, 003, 0.09, 027, 082, 2.47, 740, 22.22, 66.66, 200, and
600 nM. Prior to the reading plates were incubated for tatal times
of 15, 30, and 60 min.

Optimization of assay conditions

A final concentration of 5 nM of probe 5 was titrated with 3-fold
increasing concentrations of JNK3 and p382 MAPK, ranging from
0 to 300 nM. Concentrations used for both kinases were 0, 0,005,
0.015, 0,045, 0,13, 0.41,1.23, 3,70, 1111, 33.23, 100, and 200 nM, The
FPP was measured after a total time of incubation of 30 min.

Autofluorescence assay

Prior to the measurement. compounds 1, 3, and 12 to 23 were
tested for their fluorescence intensity at the excitation and emis-
sion wavelengths of 480 and 530 nm, respectively, using a con-
centration of 1 yM of the test compound in buffer A. Buffer A
cantalning 5% DMSO (v/v) served as a negative control, whereas
two different concentrations of probe 5 (5 oM and 1 gM) in the
same buffer were used as positive controls.

Comperition binding essay

Final concentrations of 10 nM of the respective protein kinase
and 5 nM of probe 5 were measured after the addition of mereasing
concentrations of compounds 1. 3, 12 to 16, 18, and 20 to 23 (11
different concentrations including a well without inhibitor). For
each measurement, a well containing a 5-nM concentration of
probe 5 in buffer was included as a negative control, The range of
compound concentrations was selected (n order to achieve a full
sigmoidal curve, The FP signal was d after an incubaty
time of 30 min. Linear regression on plotted loganthmic results of
the FP assay and the ELISA activity assay was calculated using
GraphPad Prism 4.

HTS assay walidation

The suitability for HTS of the competition binding assays on
INK3 and p38x MAPK was evaluated following the National Center
for Biotechnology Information (NCBI) guidlelines manual [47], The
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interleaved signal format described was employed, For the assays, a
10-nM concentration of the enzyme in the respective assay buffer
and a 5-nM concentration of probe 5 were emploved in every well.
DMSO (5%, v/v) was constantly used in all of the assay plates. As a
negative control for bath enzymes. probe 5 alone at the afore-
mentioned concentration was chosen, In the JNK3 experiments,
compound 3 at a concentration of 1 gM was employed 25 a positive
cantrol, whereas the same compound at 20 nM concentration was
used as middle control. Regarding the p382 MAPK. the same
compound (3) was employed at concentrations of 2 pM and 50 nM
for the positive and middle controls, respectively, The experiment
was performed three times on 3 different days; controls were
plated in a black. nonbinding 96-well plate following the scheme
reported in the literature [47], and the FP signal was read after
30 min of incubation at RT. The nt was carried out at
25 °C, and the focus height and the gain values were adjusted
before every measurement. Percentage coefficients of variation (%
CVs) for the negative, positive, and middle contrals were calculated
for cach plate. Each single-well signal of middle control was
normakized to the mean of negative and positive controls of the
same plate in order to achieve a percentage of activity. After that,
the and dard deviati for the midd] | were
calculated on the normalized values. Finally, the Z-factor of every
plate was calculated. The single-well signals of each day were
plotted separatety in graphs “by row, then column® and “by column,
then row” using the software Graph Pad Prism 4 in order to detect
drift or edge effects.

[sathermul titration calarimetry

A reverse isothermal titration calosimetry (ITC) was performed
due to the lack of solubility of compounds to be tested. Solutions
(10 mM) of probes 5 and 6 in DMSO were diluted 1:100 with pure
DMSO and eventually further diluted 1:20 with buffer C (50 mM
Hepes [pH 7.0 100 mM NaCl, 2 mM MgCly, and 2 mM trig(2-
carboxyethyl jphosphine [TCEP]) for INKI and with buffer D
(25 mM Tris [pH 71}, 100 mM Na<l, 10 mM MgCly, and 1 mM BME)
for p38x MAFK In order to achleve a 4-uM concentration of com-
pound with a 5% (v/v] final DMSO concentration. The aloremen-
tioned solutions were Joaded into the sample cell of a MicroCal
1TC200 (formerly GE Healthcare, now Malvern). A freshly concen-
trated solutson of JNK3 or p38a MAPK in buffer C or D, respectively,
containing a 3% (v/v] DMSO conx i was loaded in the
titration syringe. Measurements were performed at 25 “C. Protein
salution was titrated into the sample cell in 20 injection steps of 2 ul
each at a rate of 0.5 pljs with an interval of 120 s between the steps.
Stirring was applied at 1000 rpm. Before the first step, 0.5 pl of
protein solution was injected into the sample cell in order to correct
for protein diffusion from the syringe during experimental setup
and equilibration, The data point of this pre-step was neglected
during data analysis. Data analysis was performed using MicroCal
Origin software (version 70552: Originlab, Northampton, MA.
USAJ

Results
Design, synthesis, und characterization of probes 5 and 6

As a starting point for the design of the two probes. the two
pyridinylimidazoles 3 and 4 were selected as precorsar molecules
{Fg 2) Both compounds were identified in a current ongoing
research program as potent dual inhibitors of JNK3 and p38x MAPK
(Table 1) The p-phenylendiamino group present in both com-
pounds was chosen for the linking of the fluorescein tag. Compu-
tational docking studdses of 3 with both kinases {see Fig 5110 online

Tabibe 1
Biotogucal activity of precursors 3 and 4 and pentes 5 aod 6 tested tn ELISA actavity
assays

Comgound 1Css # SEM (nM)
INK3 plie MAIK
3 et 1740
4 47204 15403
s 4812 Wa0
6 Tae W2
Mare.m ~ 3

supplementary material) as well as comparison of the binding
mode with similar pyndinylimidazole- and pynimidinylimidazole-
based kinase inhibitors | 1845 .4%| revealed that this poction of
the molecule occupies the hydrophobic region Il of the enzyme.
Thas is an area of the ATP binding pocket that is solvent exposed and
thus is supposed to be able to tolerate the bulkiness of the fluo-
rescein modety. In contrast to the previously reported probe 2 by
Munoz and coworkers (Fig. 1) |37], we chose the more easily
available 5'-isomer of FITC as a starting material to insert the flu-
orophore, The design hypothesis of our probes was supported by
computational docking studies of compound 5, with both enzymes
shawing the bulky fluorescein group ranging outside the enzyme
and therefore presumably not hampering the binding (see Sig. 52
supplementary material)

The first probe, compound 5, was synthesized as depicted in
Scheme | ostarting from known 2-chloro-4-{4-{4-fluorophenyl)-2-
(methylthio}-1H-imidazol-5-yl)pyridine (8), Pyridinylimidazole 8,
which is synthetically accessibie from the commercially avallable 2-
chloro-4-methylpyrictine (7) in four synthetic steps |50, was sub-
sequently reacted in a nucleophilic aromatic substitution reaction
with p-phenylendiamine to obtain compound 3. The precursor 3
was labeled with the fluorophore through the formation of a
thiourea group between the primary amino group and the 5-iso-
mer of FITC at RT.

The second probe. compound 6 (PITD105016 i our previously
published work [ 16]), was prepared starting from already reported
ethane-1,2-dione 10, which was synthesized according to our re-
ported protocol in two steps from 2-flupro-4-methylpyridine (9)
[Scheme 2) |51 Cyclization under Radzisewski conditions |52] of
dione 10 using ammonium acetate and formaldehiyde provided
pynidinylimidazole 11. Finally. the substitution with p-phenylendi-
amine and the Introduction of the fluorophore yielding probe 6
were performed using the same conditions as described for probe
5

Probes 5 and 6 were also tested for their ability to inhibit JNK3
and p382 MAPK. showing only a negligible decrease in potency in
comparison with the unlabeled precursors 3 and 4 {Table 1), This
demonstrates the low impact of the fluorescent moiety on the
binding affinity, confirming our desagn hypothesis as well as the
results of the docking studies.

The insertion of a further spacer b the fi in y
and the p-phenylendiamino group therefore was considered un-
necessary and potentially detnimental because a higher flexibility of
the Nuorescein-labeled probe could cause a decrease in the width
of the signal windaw (511

Ky determination of probes

With the aim to estimate the binding of the two probes ta the
mactive form of the protein kinases, a fixed concentration of 10 nM
of probes 5 and 6 was titrated with increasing concentrations of
JNK3 and p38a MAPK (0-600 nM). The FP signal was read after
incubation at RT for 15, 20, and 60 min, thereby akso allowing
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Schemne 2. Synthesis of probe 6 starting from 2-fuore-4-meshylpyridine (9) Reagents and conditions: (1) formaldedyde, NHOAL, acetic acd, OMF, 70 'C | Iy
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evaluation of the time dependence of the expenments in terms of
equitibrium onset and signal stability. Nonlinear fit of the data
obtained in the titration experiments of the two probes (i )
resulted in very close Ky values in the low single-digit nanomolar
range for both kinases (Table 2) Due to a very similar binding
profile of the two compounds, the selection of probe § for the
further optimization of the assays relied mainky on a higher overall

yield of the synthetic route (23% in the case of probe 5 vs. 1% in the
case of probe 6; cf. Scheme | vs Scheme 1) Regarding the tme
dependence of the assays, both probes showed in both enzymes
only a small vasation in Kg value {<1.3 nM) between 15 and 60 min.
This suggests a rapid onset of the binding equilibrium of the probes
that is already reached after 15 min. Nevertheless, because an in-
cubation time of 30 min was considered more suitable in binding
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deviannoms.

competition assays of inhibitors with unknown binding kinetics,
the Ky values of the two probes after 30 min of incubation were
selected as the Ka values to be considered in the competition assays.

The K4 values of probes 5 and 6 were further determined using
ITC as an additonal rechnique. The K: values (Table 3; see also
Fig 53 i supplemeantary matecial) obtained by ITC experiments for
bath probes are stightly higher compared with those obtained by
direct titration in the corresponding FP assays, probably due to
different intrinsic characteristics of the two technigues and of the
experimental protocols. Nevertheless, the high affinity of the
probes for the two enzymes was again confirmed.

Optimization of assay conditions

After determination of Ks values for probe 5 (Tuble 1) a con-
centration of 5 nM was selected as a final concentration to be used

Tadde 2
Bending alfimities of probes S and 6 for NC and pdlis MAPK at different tmes of
Incubation tested o the AP asuays

Prode Ky SEM (aM)

NG I MAPK

15 min 30 mwe 00 min 15 min 30 min 00 mm
s 27+02 30£02 40=03 35410 57213 022132
. 23400 26201 3201 62401 6502 72:03

Note. n ~ 3, Cuncentracion of probe wsed was 10 nW\ Total vohume of DMSO was 5%
(viv) SEM, wtandaed error of the mean.

in the competition assays for both enzymes. This is in accordance
with F* assay development guidetines (541 suggesting a probe
concentration as low as possible, preferably not significantly higher
than twice the probe Ky value, Using this prabe concentration, a
second titratson with increasing concentrations of the two enzymes
was performed In order to select the optimal protein concentration
(see Fig 54 W supplementary material), In line with practical
considerations | %4/, such concentration should yield an increase in
the polarization signal included between 50 and 80% of the averall
signal window, thereby giving a still significant width of signal and
at the same time being far from stoichiometric conditions, in order
to provide the assay with a better sensitivity, Therefore, a concen-
tranon of 10 nM of both enzymes, yielding signal windows of
approximately 140 and 165 mP for JNK3 and p38x MAPK, respec-
tively, was selected as the standard concentration employed in the
competition assays.

mdﬂdlmdp«hSdlhmlﬂmdphhlmdmvm-dwm.
Ivobe Ky = SEM (0M)
K3 P38 MAFK
5 2545 1545
o ELEA) Vel

Note w3, Results were ohitamed through revene (TC Nromemn concentraton m the
nrration syvinge was 55 uM aod compound comcentration i the sample cell was
4 ohh SEM, atandard errur of the mean.
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With the purpose of validating the optimized assays, as well as
assessing their viabdity in predicting the potency of type | in-
hibétors in referénce activity assays, a series of 13 compounds
(P ) was selected to be evaluated for JNK3 and/or p382 MAPK for
their capability 1o displace the flvorescein-labeled probe 5. This
seres consists of different pyridinylimidazoles from our compound
library [5550), including the nonlabeled precursor of probe §
(compound 3) as well as the two p38a MAPK reference compounds
SB203580 (1) and ML3403 (12). To demonstrate the full capacity of
the probe, examples of non-pyridinylimsdazole-type  kinase

£ Ansdont ot ol J Avolyeco! Mackemsny 503 (2016) 28 40 3%

(Mﬁ‘&)
E F
N F
1 j:j HC
" oS 1R

NI F

o L_o O " H n’kn’ NS0

HNYCH; F F

CHy 2
{skepinone-L) (SB681323)
FigA. Structures of tesied compoands.
Assay validarion and correlation inhibitors were also selected to be Investigated. The early [NK3

inhibitor SPE00125 (17) |57, aminopyrimidine 18 | 15/, and clinical
candidate AS601245 (19) |15 were chasen for the assay on INK3,
whereas high-guaiity kinase probe skepinone-L (21) [59] and
clinical candidate SBGB1323 (22) |60 were tested an p38z MAPK.
Finally, pyridinylquinoxaline 20 |51 | was tested on both enzymes.
All compounds were previously evaluated in ELISA activity assays
(1Csy values are shown in Tabie 4) and were then chosen in order 1o
achieve, within the series, a range of different activities for both
enTYmes.

All selected compounds were primarily tested for auto-
fluorescence at the absorption and emission wavelengths used for
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Tatde 4

Compasisom of activity of tested compounds on ELISA activity assays and FP assays.
Compouwnd ma PIa MAPK

Activity assry [Kag = SEM] (nM) 11 bending assay (K = SEM) (nM) Actwity assay (10q = SEM) [otd] IV hinfing assay (K, = SEM) (s}

1 T 2w 167 + 10 Weod Ml
3 Mt 3.02 17 204 1422
” 176+2 O=6 Wy ELES |
Rk 181 ¢4 11 nzoy el
" 13 &2 5124 3929
Ak M2 12 142 218 170 210 141=10
16 6742 541 9T 8 ls7
" M7+ 5 N2 ne na
mn 3,950 o 2007 1041 o 12 Blpas 350 5 10
n at ne 517 42+ 04
n nt nt LEE T

Notr. w ~ 3. SEM. stamdard croe of the mean, i, not tested,
* Dara previcusly reported by Goetten and comorkess [27].
¥ D previsusty reported by Goettert and commurkers |14,
" Duza previously reported by Lawder and coworkers (61]
! up y rep try Koch and (361,

* Data prevousty rep d bry Koch and 1
' Data previously reported by Fischer amd coworkers |20

the fluorescein-labeled probe in order to ensure that the measured
FP signal couk! be exclusively artributable to the probe, One of the
drawbacks of FP assay indeed is its unsuitabilsty for the evaluation
of compounds showing autofluorescence at the same wavelengths
employed for the Muoraphore (51 For this reasen, SP600125 (17)
and ASB01245 (19}, which displayed a fluorescence comparable to
the positive control (5-nM probe ), needed to be excluded from the
assay (data not shown). To achieve for every measurement a
complete displacement of the labeled probe, compounds were
tested at different ranges of concentrations depending on their
ability to bind the two protein kinases. The 1Csg values resulting
from the competition binding assays were then converted into K,
values through a modified Cheng-Prusoff eguation |45.46]
(Table 4,

As displayed In Fig 5, the assays are valid for both enzymes
because the unlabeled precursor of probe 5 (compound 3) and
other tested inhibitors are able to displace the probe in a dose-
dependent manner. Subseguent to the assay validation, the corre-
latkon between the presented FP-based binding competition assays
and the ELISA activity assays was investigated. A correlation be-
tween these two assays could make the binding assays useful tools
for preliminary evaluation of new inhibitors of JNK3 and p38a
MAPK in a fast and relatively inexpensive manner with the aim to
promote only better binders to a further characterization of the
inhibition profile. Correlation was assessed through linear regres-
sson of the plotted logarithmic data for boch assay methods (71 6)
With regard to JNK3, the enzyme activity assay and the F-based
vompetition binding assay proved to correlste  remarkably
(R = 0.9555). In the case of p38ax MAPK, a good correlation was
observed (RY ~ 0.8447), representing an advantage of our opti-
mized p38a MAPK FP assay in comparison with the existing one.
These results display the suitability of both presented assays in the
prediction of the Inhibitory activity of novel compounds.

As it 3 possible to observe from Table 4, the K values of the
testedd compounds are between the low single-digit nanomolar
range and the low single-digit micromolar range. To estimate the
limiration of banding affinity detection. a pon-optimized (nhibitor,
pamely 144-fluorophenyl»5-(pyridin-4-yljimidazole (23), was
tested as an example of 3 weak binder in both optimized FP assays.
Compound 23 displayed &; values of 2168 + 29 nM and
24,030 + 1,589 nM for [NK3 and p382 MAPK, respactively (Fig 7).
Binders of INK3 and p38x MAPK with K, values up to the low

double-digit nanomolar range are detectable using the optimized
FP assay protocols presented,

HIS assay vaikdation

The outcome of the experiments performed in the previous
section prompted us to exploit the correlation between the binding
and the activity assays on both enzymes for the rapid estimarion of
the {potential) inhibitory activity for Lirge compound sets, One of
the advantages of FP assay is indeed the possibility to measure the
signal directly after the addition of the components without
washing or separation steps {mix and measure ), which makes such
assays suitable for the HTS format. To assess the viability of the FP
assays developed for HTS, we followed the procedure reported in
NCBI guidelines |47 As negative control, probe 5 alone was
selected. As 4 positive control, the unlabeled probe {compound 3),
at a concentration known to displace the probe completely, was
added to the same concentration of probe 5, Finally, compound 3
was used as a middle control at a concentration close 1o its 10y
value, Results obtained {Tables 5 and 6) were in agreement with the
acceptance criteria described i the gusdelines (%CVs < 20% for all
controls, normalized standard deviations for the middle
contral <20, low inter-plate variability of the normalized middlbe
signal, and Z-factor >04) and the plots of the single-well values
shawed the absence of significant drift and edge effecrs {see
Figs. 5558 In supplementary material), highlighting the suitability
of these assays for the HTS procedure.

Discussion

The h for novel inhibitors of the twa protein kinases,
INK3 and p38a MAPK. is still ongoing and aimed to the discovery of
molecules displaying a high efficacy together with a satisfactory
selectivity profile. A key approach might be represented by the
identification of molecules, which bind preferentially the inactive
conformation of these enzymes (type IF inhibitors), taking advan-
tage of binding pockets that are less conserved within the family of
clasely related kinases. With this scope, we developed twa FP-
based competition binding assays employing the inactive form of
the two kinases able to measure the binding affinity of both type |
and type 11 inhibitors. Classical activity assays using the active ki-
nase exchude type Il inhibitors predominantly binding to the
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Note. ¥, cxpernument nueber, SO, standand deviation.

inactive enzyme, Extending a previously reported assay for p38a
MAPK, the assay presented here broadens the range of applicability
including JNK3 due to the use of a dual [NK3/p38« MAPK inhibitor
as a precursor of the probe employed. In addition, the comparison
of the FP assays presented with well-known ELISA activity assays
allowed observing a correlation between the two assays performed
on both protein kinases. These results point out the potential of the
assays presented as rapid and relatively imexpensive (eg, low
concentrations of kinase needed, no costly kinase substrates and
antibodses required) alternatives to activity assays, which can be
wsed (o predict the inhibitary activity of new comgounds at an early
stage. Finally, the suitability of these assays to the HTS format al-
lows the screening of wide libraries of compounds and therefore
represents an impravement in the research of new JNK3 and p382
MAPK inhibitars.

Conclusion

The synthesis of two  novel floorescein-based  pyr-
Idinylimidazoles and thelr evaluation for their ability to act as
probes for the determination of binding alfinity of kinase inhibitors

are suitable as mexpensive prescreening protocols for INK3 and
P38a MAPK inhibitors
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Appendix A. Supplementary data

to JNK3 and p382 MAPK has been presented, Fast and mexpensive
FP assays for both enzymes using probe 5 (INK3: Kg = 3.0 nM: p38a
MAPK: K4 « 5.7 nM) were developed and validated with known
inhibitors of JNK3 and p38x MAPK. The comparison of the results
obtamed from the FP assays wath the results of ELISA-based activity
assays revealed a good to excellent correlation, which makes the
P38Sa MAPK FP assay superior to the reported one. Moreover, both
FP assays are easily adaptable to the HTS procedure and therefore

Suppl ary data related to this article can be found at huip: /|
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Synthesis of compound 16

Under dry conditions, compound 3 (100 mg, 0.26 mmol) was dissolved in pyridine (5 mL) followed
by addition of 4-(tert-butyl)benzoyl chloride (60 ylL, 0.31 mmol) at r.t. The reaction mixture was stirred
al r.1. for 48 h. The reaction was quenched with water (5 mL) and the aqueous layer was extracted
3 times with ethyl acetate (5 mL). The organic layers were dried over anhydrous Na-SO. and the
solvent was then evaporated under reduced pressure. The crude product was purified by flash
column chromatography (dichloromethane - ethanol 19:1) giving 69 mg (50%) of the desired
product. "H-NMR (250 MHz, DMSO-ds): & (ppm) 1.32 (s, 9 H), 2.62 (s, 3 H), 6.68 (dd, J, = 5.2 Hz,
Jo= 1.1 Hz, 1 H), 7.02 (br. s., 1 H), 7.27 (br. 5., 2 H), 7.43-7.68 {m, 8 H), 7.88 (d, /= 8,54 Hz, 2 H),
8.03 {br.s., 1 H), 8.97 (s. 1 H), 10.04 (s, 1 H), 12.68 (br. 5, 1 H); HPLC: t = 10.12 min, 99%: ESI-MS:

[M + HJ* caleulated 552.22, found 552.3.

Synthesis of 1-(4-fluorophenyl)-5-(pyridin-4-yl)imidazole (23)

A solution of 4-fluoroaniline (118.7 ul., 1.25 mmol), 4-pyridinecarboxaldehyde (117.4 uL, 1.25 mmol)
and acetic acid (125 ul) in ethanol (10 mL) was heated to reflux temperature for 2 h. After cooling
1o r.1., the selvent was removed under reduced pressure and the remaining residue was dissolved
in a mixture of methanol (8.75 mL) and dimethoxyethane (3.75 mL). To this solution, K2CO3 (345
mg, 2.5 mmel} und p-toluenesulionylmethyl isocyanide (366 mg, 1.87 mmol) was added and the
reaction mixture was heated to reflux temperature for 3 h. After cooling to r.t., the solvent was
removed under reduced pressure and the remaining residue was dissoived in dichloromethane and
washed with water. The organic layer was dried over anhydrous Na:SOs and the solvent was then
evaporated under reduced pressure The crude product was purified by flash column chromategraphy
{dichloromethane — methanol 1:0 to 9:1) yielding 92 mg (31%) of the desired product. "H-NMR (250
MHz, DMSO-ds): 8 (ppm) 7.08 (d, J = 4Hz, 2H), 7.36-7.44 (m, 4H), 7.57 (s, 1H), 8.05 (s, 1H), 8.46
(d, J=4Hz, 2H); HPLC: t = 3.54 min, 100%: ESI-MS: [M + H]* calculated 240.08, found 240.0.
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Figure S1: Docking poses of ligand 3 in the active centre of JNK3 (a} and p38a MAPK (b) using the
software GOLD [1]. For the protein models, we used the crystal structures of Protein Data Bank
entries 3F13 and 10UK for JNK3 and p38a MAPK, respectively [2]. Possible hydrogen bonds are
shown as dashed lines.
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Fig. S2. Docking poses of probe 5 in the active centre of JNK3 (a) and p38a MAPK (b) using the
software GOLD [1]. For the protein models, we used the crystal structures of Protein Data Bank
entries 3F13 and 10UK for JNK3 and p38a MAPK, respectively [2]. Possible hydrogen bonds are
shown as dashed lines.
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JNK3
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ont a

In order to evaluate the solorm selectivity of novel mhabitors within the c-Jun N-termanal lanase {JNK)
tamily, a fluorescence polarization-based competstion binding assay, previcasly developed for JNK3, was
extended to the other soforms INK1 and JNK2. The assay is based on the displacement of x versatile
fl iyl le-based probe and was validated by testing the precussor of the probe s

Ruoceescence polarieation
Tending assay

Cun Naerminal Kinases
L3
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well as «ana'm! jN’K Inhitxtos.

© 2017 Elsevier Inc. All rights reserved.

The c-Jun N-terminal kinases (JNKs) represent a subfamily of the
mitogen-activated protein kinases [MAPKs) and are encoded by
three different genes (fnkl, fnk2 and fnk3) for a totad of 10 isoforms
arising from altemative splicing (1. Despite their high sequence
homology. the INK isoforms present differences in tissue distribu-
tion. In contrast to the ublquitous expressson of INK1 and JNK2.
NK3 is being restricted to the brain, heart and testis. In addstion,
these isalk show di Harities in terms of substrate specificity,
regulation from upstream kinases, and signal transduction path-
ways |1 3| Several studies have highlighted the involvement of
the NKs i diverse pathological conditions, such as peurodegen-
erative  discases, stroke, diabetes and tumorigenesis (4 GL
although the speaific pathophysiological rode of the single soforms
has not always been fully elucidated. For this reason, the develop-
ment of novel JNK isoform-selective inhibitors as pharmacological
toals would be highly desirable in order to dissect the contribution
of the single lsoforms in each pathological state, Furthermore, this
would represent a starting point in the perspective of a JNK
isoform-specific therapeutic approach. Nevertheless, given the
considerable structural similanty between JNK1 JNK2 and JNK3,
this goal has not been achieved yet (751

* Covreipanding ssthoe
E-muod oddress pherne ket tuetsagen de (B Koch)

ot (o dew ! 10,1010 |f.ab 20T D5 022
0003-2607 )0 2017 Ehevier ac. All rights reserved,

In order to ease the beological evaluation of potential inhibitors
of INK3, we recently reported in this journal the development and
opttmization of a fluorescence polarization (FP)-based binding
assay for this kinase |9). This assay is based on the competitive
displacement of probe PITO105006 (1), which was obtained by
fluorescein-labelling of the potent pyridinylimidazole-based INK3
inhibétor PITOI0M002 (113 1) |9). The necessity of evaluating intra-
JNK selectivity prompted us to broaden this existing assay to JNK1
and JNK2. in order to improve the efficiency in the development of
soform specific inhibitors. As in the case of our reported JNK3 FP-
assay, the INK1 and JNK2 were employed in their inactive forms (for
INK1 and JNK2 expression and purification, see supplementary
material], This allows the detection of compounds binding prefer-
entially the kinases in such state (type-Il inhibitors) as well as the
detection of mast type-l inhibitors [ 1001

The first step cansisted in assessing the sutability of probe 1 for
JNK1 and JNK2 This was evaluated by direct titration of a fixed
concentration of probe 1 (5 nM) using threefold Increasing con-
centrations of protein, ranging from 25 pM to 1.5 uM. A well con-
taining no protein was also included as a negative control. The
assays were performed in dblack, non-binding 96-well plates
(Greiner Bio-One) reaching a final volume of 100 uL and were
repeated three times in quadruplicate, A constant 5% DMSO con-
centration (viv) was used in every well together with the assay
buf¥er (20 mM TRIS pH 7.5, 250 mM NaCl, 5 mM f-mercaptoethanol
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and 005 mg/mlL bavine serum albumin). In order to evaluate the
ume dependency of the binding event. the plate was incubated at
foom temperature for 15, 30, 60, and 120 min in an Eppendarf
MixMate ar 400 rpm before every reading. The measurement was
then conducted through a CLARIOstar microplate reader (BMG
Labtech GmbH) using excitation and emission filters of 480 nm and
of 530 nm, respectively. Last 2 min of every incubation thme were
carried out inside the reader, previously equilibrated at 25 °C, Prior
o every measurement, the excitation beam was focused at the
optimal height and the gain values for both detectors were
adjusted, The absolute polarization values were normalized using
the software GraphPad Prism 4 (GraphPad Prism 4, GraphPad
Software Inc., San Diego, CA, USA) and results were reported as
percentages. Four-parameter logistic curves with vanable slope
were fitted to the data points using the same software. Probe 1
revealed to be suitable for both INK1 and INK2, displaying Kq values
in the Jow nanomolar range {Fig 1) though showing a slightly
lower aftinity in comparison with JNK3 (Kg « 3.0 + 0.2 nM; 30 min)
[91. The versatility of probe 1 is the result of its poor intra-MAPK
selectivity. a5 demonstrated by its capability to efficsently bind also
the closely related p38a MAPK (Kg = 57 nM; 30 minl The
measured Ky values appeared to remain overall stable over time,
only showing & negligible time-dependent increase after incuba-
von times longer than 1 h. The K4 values measured after 30 min
incubation, (JNK1: Kq = 12,5 + 2.0 nM; JNK2: Ks = 7.2 = 1.5 M)
were selected as the parameters of probe 1 to be used in the
competition assay. This choice, in agreement with aur previousky
developed assay procedure, unifies the assay conditions for the
three different INK isoforms and therefore allows a better com-
parisan of the results obtained. The titration experiment permitted

also the determination of the optimal protein concentration to use
in the competition assay. As reported in literature | 12], this con-
centration should produce an increase in the polarization signal
laying between 50 and 80% in order to work in non-stoichiometric
canditions and achieve at the same time a satisfactory signal win-
dow. The enzyme concentrations selected were therefore 50 nM for
INK1 and 30 nM for JNK2, both yielding an increase in polarization
of appraximately SO%.

The assays were validated by testing the non-kabelled precursor
of probe 1, compound PITO104002, togecher with four chemically
diverse JNK standard inhibitors (1Q-15 115, JNK inhibitor VIII [ 11],
SR-3576 [15] and SR-3306 | 14]. for the structures of these in-
hibitoss, see Fip 51, supplementary matenal) purchased from
Merck Millipore (Germany ). The selected compounds were initially
screened for avtofluorescence using the same protocol previously
described by us || and did not show significant intrinsic fluores-
cence at the excitation/emission wavelengths of 480/530 nm. Probe
1(5 nM) and the carresponding kinase {50 nM and 30 nM for [NKI
and JNK2, respectively) were then incubated for 30 min with
threefold increasing concentrations of inhibitor. A positive control
containing no inhibitor and a negative control containing only
probe 1in xssay buffer were also included in the measurement. The
s were mamntained equal to the afore.
mentioned oncs. The absolute polarization values were normalized
1o the readout of positive and negative controd and data points were
fitted 10 logistic curves as previously described (for assay graphs,
see i S, supplementary material ), Finally, K values were derived
from the measured ICso values using a modified Cheng-Prusoff
equation | 17,18].

As displayed in Table |, the assays can be considered valid for
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" Diea repormed by Kamenecks et 4l | 171 S0 not reported.
! Doea vepormed by Chambers et al | 161,

bath enzymes since all tested inhibitors are able to displace the
probe in & dose-dependent manner, The K, of compound
PITOI04002 anxd the Ky of probe 1, measused on the same enzyme.
shiowed us values (Table | and Fig. 1). This was observed
also in the case of JNK3 (PITO104002: K, ~ 3.0 + 0.2 nM; probe 1;
Kg = 3.0 = 0.2 nM) and demonstrates that the intreduction of the
buiky fluorophore is well tolerated by all members of the |NK
family.

In most cases, the measured K; values correspond to the re-
ported activities of the tested standard INK inhibitors. However, a
direct comparison of the obtained data with the reported ones from
literature is not possible due to the diverse assay layouts, the dif-
ferences in the inhibition parameters and the use of the kinases in
different activation states. Instead. it can be stated that when test
results were reported for both INK1 and JNK2, the comparsson with
the data from the FP assay revealed an analogous trerdd on the
Iinhibitory activity, despite their differences in absolute values.

To sum up, our previously reported convenient Fi-based
competition binding assay protocol for JNK3 was successfully
extended for all members of the JNK family by using the same probe
in analogous conditions. The easy handling and cost efficlency
leatures of the FP technigue in combination with the possibility to
directly compare the results obtained from the three isaforms,
provided a useful tool for both determining the binding affinity to
these enzymes and for the assessment of sefectivity within the JNK
sublamily. This is particularly useful when trying 1o exploit subtle
structural differences in the binding poeckets for the induction of
subtype selectivity | 19].
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JNK1 and JNK2 expression and purification

The JNK1 gene was amplified and cloned into the expression vector pET-24a-HLT using
the Gibson Assembly® Master Mix (New England Biolabs GmbH). The cloning was
performed according to the manual with exception of the heat shock lasting 45 s instead of
30 s. Clones were cultured overnight in lysogeny broth media at 37 °C. The plasmid was
finally extracted using the QlAprep Spin Miniprep Kit¥ (Qiagen) in agreement with the

manual and checked by Eurofins Genomics.

The JNK2 gene was synthesized and cloned into the same expression vector pET-24a-HLT
by GeneArt™ (Thermo Fisher Scientific) and the plasmid was rechecked by Eurofins

Genomics.

The plasmids were transtormed in Escherichia coli BL21 competent cells using the following
protocol: 2 pL of a 100 pg/mL plasmid solution were added to the competent cells and
incubated on ice for 30 min. The cells were then heat-shocked at 42 °C for 2 min, followed
by 5 min incubation on ice. 900 uL of 2xYT media were added and the cell suspension was
incubated for 1 h at 37 °C. 200 pL were plated on plates of 2xYT agar, containing 50 ug/uL
kanamycin and 30 pg/uL chloramphenicol whereas the remaining cell suspension was
centrifuged at 3000 rpm for 2 min. The supernatant was discarded with exception of 200 pL
which was used to resuspend the pellet and the resulting suspension was plated on another
2xYT plate. Both plates were incubated overnight at 37 °C. 10 mL of 2xYT media, containing
both antibiotics, were used to wash the plates and were then added to 90 mL of the same
media. The culture was grown at 37 °C and 200 rpm until reaching an ODsco = 1, at which
point 10 mL of this pre-culture were inoculated into each of 6-8 2L flasks containing 1 L of
2xYT and antibiotics. The culture was grown at 37 °C and 220 rpm to an ODe = 0.4 - 0.6.

The temperature was then lowered to 18 °C and 800 pL of 1 M isopropyi-1-thio-B-D-
S2
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galactopyranoside (Roth) were added for induction. The protein was expressed overnight
and afterwards the cells were harvested by centrifugation at 4000 rpm for 30 min.

The pellet was resuspended in JNK lysis buffer (20 mM Tris pH 7.4, 500 mM NaCl, 15 mM
imidazole, 5 mM B-mercaptoethanol (BME)). The suspension was added with DNase,
RNase, and EDTA-free protease inhibitor cocktail tablets (Roche) and then lysis by
ultrasound pulses was performed. The sonication procedure consisted in 5 consecutive
4 min programs, each alternating 15 s pulses and 30 s pause, using a Bandelin Sonoplus
HD 3200 with KE76 sonicator tip. The resulting suspension was centrifuged at 18500 rpm
for 1 h at 4 °C and the supernatant was filtered through a polyethersulfon membrane with
0.22 um pores. The first purification step was performed by a Ni2*-NTA column (GE
Healthcare), previously equilibrated with lysis buffer. After loading, the lysate was eluted by
JNK Elution Butfer (20 mM Tris pH 7.5, 500 mM NacCl, 300 mM imidazole, 5 mM BME) used
in a linear gradient. Protein containing fractions were pooled and TEV protease was added
at a final concentration of 1 mg/mL and diluted 1:2. The solution dialysed ovemight with
regenerated cellulose (12 kDa molecular weight cut-off) at 4 °C. The solution was loaded on
a Ni?*-NTA column and eluted using JNK Elution Buffer in a two-step gradient (40 and 80%).
The washing phase and the flow through were pooled and the resulting solution was
concentrated using a Vivaspin® 15 (Sartorius) with a MW cut-off of 10 kDa. Last purification
step was performed using a HiLoad 27/60 Superdex 75 prep grade gel filtration column,
which was equilibrated with JNK gel filtration buffer (20 mM Tris pH 7.5, 250 mM NaCl, 5%
(v/v) glycerol, 5 mM BME). The protein containing fractions were pooled and concentrated

as described above.,

S3
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The following sequence of JNK1 was expressed.
MHHHHHHSGAFEFKLPDIGEGIHEGEIVKWFVKPGDEVNEDDVLCEVONDKAVVEIPSPVKGKVL
EILVPEGTVATVGQTLITLDAPGYENMTTGSDTGENLYFQGGSMSRSKRDNNFYSVEIGDSTFTVL
KRYQONLKPIGSGAQGIVCAAYDAILERNVAIKKLSRPFONQTHAKRAYRELVLMKCVNHKNIGLLN
VFTPQKSLEEFQDVYIVMELMDANLCQVIQMELDHERMSYLLYQMLCGIKHLHSAGIHRDLKPSNI
VVKSDCTLKILDFGLARTAGTSFMMTPYVVTRYYRAPEVILGMGYKENVDIWSVGCIMGEMIKGGY
LFPGTDHIDQWNKVIEQLGTPCPEFMKKLQPTVRTYVENRPKYAGYSFEKLFPDVLFPADSEHNK
LKASQARDLLSKMLVIDASKRISVDEALQHPYINVWYDPSEAEAPPPKIPDKQLDEREHTIEEWKEL
IYKEVMDLE*

The following sequence of JNK2 was expressed:
MHHHHHHSGAFEFKLPDIGEGIHEGEIVKWFVKPGDEVNEDDVLCEVQNDKAVVEIPSPVKGKVL
EILVPEGTVATVGQTLITLDAPGYENMTTGSDTGENLYFQGGSMDSQFYSVQVADSTFTVLKRYQ
QLKPIGSGAQGIVCAAFDTVLGINVAVKKLSRPFONQTHAKRAYRELVLLKCVNHKNIISLLNVFTP
QKTLEEFQDVYLVMELMDANLCQVIHMELDHERMSYLLYOMLCGIKHLHSAGIIHRDLKPSNIVVK
SDCTLKILDFGLARTASTNFMMTPYVVTRYYRAPEVILGMGYKENVDIWSVGCIMGELVKGSVIFQ
GTDHIDOQWNKVIEQLGTPSAEFMAALQPTVRNYVENRPAYPGIAFEELFPDWIFPSESERDKIKTS
QARDLLSKMLVIDPDKRISVDEALRHPYITVWYDPAEAEAPPPQIYDAQLEEREHAIEEWKELIYKE
VMD*
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Review Article

2-Alkylsulfanyl-4(5)-aryl-5(4)-heteroarylimidazoles: An Overview
on Synthetic Strategies and Biological Activity
Pierre Koch ([ and Francesco Ansidert

Department of Pharmaceutical and Medicinal Chemistry, Institute of Pharmaceutical Sciences, Eberhard
Karls Universitat Tubingen, Tubingen, Germany

2-Alkylsulfanyl-4(5)-aryl-5(8)-heteroarylimidazoles represent an important dass of ATP-competitive
protein kinase inhibitors, offering the possibility of multiple interactions with different regions of the
target enzyme. The necessity of exploring the effects of diverse chemical decorations around the
imidazole core prompted the design of several synthetic routes aimed at achieving both effidency
and flexibility, Additionally, the optimization of established protocols and the extensive use of
transition metal-catalyzed cross-coupling reactions have been broadening the spectrum of preparative
methodologies within the last decade. This review summarizes the progress in the development of
synthetic strategies leading to 2-alkylsulfanyl-4(5)-aryl-5(4)-heteroarylimidazoles and 1-alkyl-2-atkylsul-
fanyl-4{5)-aryl-5(4)-heteroarylimidazoles and offers a glance at the biological activities of this dlass of
compounds.
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Introduction

The imidazole ring represents one of the most widely spread
heterocydic cores, being expressed in many natural products
as well as in synthetic molecules. Due to favorable features
like watar solubility and the potential to act both as donor
and acceptor of hydrogen bonds, such a scaffold has found
many applications in the field of medicinal chemistry and is
Incorporated In a multitude of compounds exhibiting
blofogical activities. The multiplicity of synthetic strategies
for their preparation, allowing a high vessatility in the
functionalization of the different positions around the five-
membered ring, represents an additional advantage of the
Iimidazole-based derivatives’ design. A recent extensive
overview of imidazole-based medicnal chemistry was pub-
lished by Zhang et al. in 2014 [1]. The synthesis of vicinal diaryl
imidazoles as well as their biological activity was reviewed by
Bellina et al. in 2007 |2). The pharmacophore design of tri- and
tetra-substituted imidazoles as inhibitors of p38a mitogen-
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activated protein (MAP) kinase was listed by Scior et al, in
2011 (3],

The current review surnmarizes different synthetic methods
for the preparation of 2-alkylsulfanyl-a{5)-aryl-S(4)-hetero-
arylimidazoles published until June 2017, Additionally, the
biological activity of selected 2-alkylsulfanylimidazoles will be
discussed, In fact, most of the herein presented compounds
are inhibiting different protein kinases, e.qg., p38s MAP
kinase, c-Jun N-terminal kinase (JNK) 3, protein kinase CX15,
and CX1¢, as well as epidermal growth factor receptor kinase
{EGFR).

2-Alkylsulfanyl-4(S)-aryl-5{4)-hetercarylimidazoles can be
considered as open analogs of the early lead p3Ba MAP kinase
inhibitor SKFBE002 (4] developed by Smith Kline & French
Laboratories (Scheme 1). Their kinase inhibitory activity s
attributed to the imidazole ring distributing the substituents
on positions 1, 2, 4, and § in optimal orientations in order to
get multiple interaction possibilities within the ATP-binding
site of the enzyme (Fig. 1). In detail, the imidazole-N3 atom &
accepting either a direct or a water-mediated hydrogen bond
from a highly conserved Lys side chain amino function [5] and
a second hydrogen bond interaction involves the pyridine
hetercatom and the backbone of the hinge region. The
A-flucrophenyl molety occupies the hydrophobic region |, an
additional pocket not targeted by ATP, while the residues at
the imidazole-N! and the Imidazole-C2-5 pasitions are
interacting with the sugar pocket and/or with the phosphate

www archpharm.com {1 ot 17) 1700258
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Figure 1, 8inding mode of SKF86002-derived Zalkylsurfanyu
(5)-aryl-5{&)-heteroarylimidazoles within the A

of protein kinases (modified from Ref, [7]), HR |, hydrophoblc
region §; HR I, hydrophobic region il

binding site, Optimized kinase inhibitors have an amino or
amide function at the pyridine-C2 position, permitting the
formation of an additional hydrogen bond interaction to the
hinge region as well as introducing a sultable moiety R®
pointing toward the less conserved solvent-exposed hydro-
phobic region I, Different combinations in the substitution
pattern of the imidazole ring and of the substituent at the
pyridine-C2 position all d the achi t of potency and
selectivity within the kinome.

Among numerous 2-alkylsufanylimidazoles, which have
been synthesized within the last few decades, only two co-
crystal structures of these derivatives complexed with protein
kinases have been reported so far (6]

Synthesis of 2,4,5-tri-substituted
imidazoles

The first synthetic methods of vicinal 4,5-diaryl-substituted 2-

mercaptoimidazoles were filed in a European patent applica-
tion from researchers of Ciba-Geigy AG in 1979 [8]. The

£ 2017 Deutsche Phacmazeutische Gewdlschaft

Scheme 1. Derivation of 1,24 5tetrasubsti-
tuted and 2,4,5-tri-substituted Imidazoles from
SKF86002.

nuarchcn claimed these 2-alkylimidazoles, as well as their
corresp g sulfoxides and sulfones, to exhibit anti-
mﬂammatory andlor anti-nociceptive and/or anti-thrombotic
acthvty.

For their preparation, a short two-step synthetic sequence,
wehich is illustrated for 2-methylsulfanyl-4(5)-phenyl-5(4)-(3-
pyridyllimidazole (4) in Scheme 2, starting from benzyl-
{pyridin-3-yl)ketone (1} was used. This sequence involved
bromination of ketone 1 In a-position followed by ring closing
reaction of 2 with S-methylisothiuronium bromide (3) in
presence of N, N-diisopropylethylamine (DIPEA) to yield
2-methylsulfanylimidazole 4. Oxidation of the sulfur atom
of 4 was also reported, Treatment of 4 with 84%
m-<hloroperbenzoic acid (m-CPBA) resulted in 2-methylsulfi-
nylimidazole 5, which was further oxidized to methylsulfonyl
derivative 6 using 30% hydrogen peroxide,

In order to diversify the substitution at the imidazole-C2-S
position, another synthetic sequence was reported from the
same researchers also using ketone 1 as starting material
(Scheme 3). The building block 10, 4(5)-aryl-5{4)-hetercar-
ylimidazole-2-thione, was synthesized in an adaption of the
Marckwald imidazole synthesis. This structural class repre-
sents a common Intérmediate in many of the described
synthetic routes listed in this review. The c-aminoketone 9
was obtained from a Neber rearrangement reaction of the
O-tosy! oxime 8 with potassium terr-butoxide in absolute
ethanol, and immediately converted into the imidazole-2-
thione 10 by cyclization with sodium thiocyanate. The
introduction of substituents (methyl and 2-hydroxyethyl) on
the imidazole-C2-5 position occurred by treatment of 10 with
the corresponding alkyl halides in presence of a base,

During the optimization and identification of novel
SKF86002-like p3Ba MAP kinase inhibitors, Sisko and co-
workers reported In 2000 an unexpected reactivity of
imidazo{2,1-b]thiazolines with organolithium and Grignard
reagents leading to 2-alkylsutfanylimidazoles [9). For exam-
ple, treatment of SKFBS0D2 with n-butyliithium under low

perature pr ded smoothly to f ion of 2-butyl-
sulfanylimidazole 12 (Scheme 4). The release of the ring strain
Is supposed to represent the key driver for this reaction and
the formation of 12 might arise from addition of the butyl
group at the sulfur atom followed by elimination of ethylene,

The aforementioned synthetic routes to 2.4,5-tri-substi-
tuted imidazoles allow modifications of the residue on the
sulfur atom, but none of these take into count the option of
introducing substituents at the six-membered heterocycle at
the imidazole-C4(5) position,
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Scheme 2, Synthesis of 2-methylsulfanyl-4{S}-phenyl-5(4){3-pyridyl)imidazole (4) and its oxidation products 5 and 6. Reagents and
conditions: (i) 8r,, acetic acid; (i) DIPEA, acetonitrile; (iii) 84% m-CPEA, chloroform; (iv) 30% hydrogen peroxide, acetic acid, 70°C,

QS

u“°ﬂ

Schemae 3. Synthesis of 2-alkylsulfanyl-4(5)-phenyl-5{4)-(pyridin-3-yllimidazoles 4 and 11, Reagents and conditions; (i) H;N-OH - HC),
pyridine, 100°C; (ii) p-toluenesulfonyl chioride, pyridine, ~10°C (i} ¢-BuOK, ethanal, 0°C; {iv) NaSCN, aq. HCl, ethanol, reflux
temperature; (v) HyC-4, methanoli2M ag. NaOH 5:0 (wv), room temperature (1) In case of preparation of 4 or EtONa,

N (j Wt

2-chioroethanol, ethanal, reflux p

F
H.
N | i _/"C h
S T [ >
| A !
N~
SKFBIC02 2
Scheme 4, Unemected nunon of Imidazof2,1-bithlazotines
to  2-alkylsutfanylimi and conditi

(i) n-butyliithium, tetrahydrofuran, ~78°C.

In 2003, Laufer and co-workers reported a six-step synthetic
protocel to 2-methylsulfanyl- and 2-benzylsulfanyl-substi-
tuted imidazoles 19 starting from 2-halogeno-d-methylpye-
idines 13a-c (Stheme 5), which was further optimized In
2006 [10, 11]. Analogously to the route depicted in Scheme 3,
the formation of the imidazole ring takes place by cyclization
of an «aminoketone with thiocyanate salt, although the
preparation of the a-aminok 16 was carried out in a
different way. Ethanones 14, synthesized starting from the
corresponding 2-halogeno-a-methylpyridines, were first con-
verted into the corresponding n-oximino derivatives 15 and
then regioselectively r d to w-aminoketones 16, This
reduction step was performed using hydrogen at sph

in case of preparation of 11

a solvent, e.g., methanol or ethanol, these were able to react
in an acid-catalyzed nucleophilic aromatic substitution reac-
tion displacing the fluorine substituent at the pyridine ring. In
detail, the use of methanolic hydrogen chloride solution in
this reaction resulted in methoxy derivative 16¢. By employing
a more sterically demanding alcohol such as isopropyl alcohol
this coflateral reaction could be avolded and compounds 16a
and 16b could be obtained smoothly. Worth to mention, the
reduction of oxime derivative 15¢ was accompanied by a
hydrogenolytic deavage of the bromo atom yielding unsub-
stituted pyridine compound 16d. The latter observation was
used in another study to synthesize 4(5)-(4-fluorophenyl)-5(4)-
({pyridin-4.y1)-1,3-dihydroimidazol-2-one from bromo-substi-
tuted oxime 15¢ via a-aminoketone 16d [12).

The imidazole-2-thiones 17 were synthesized by cyclization
reaction of a-aminoketones 16a and 16b with potassium
thiocyanate. Subsequently, the exocyclic sulfur atom was
alkylated (methyl or (substituted) banzyl) via a nucleophilic
substitution reaction, Finally, the pyridine-C2-amino function
wias introduced through a nudeophilic aromatic substitution
reaction of Imidazoles 18a and 18c and different primary
amines.

As already mentioned, this synthetic strategy was further
optimized by Laufer and Liedtke [11), Ethanones 14 were
synthesized according to a protocol of Thompson et al, which

pressure, palladium on charcoal as catalyst, and z-ptopanoﬁc
hydrogen chloride solution as solvent. The choice of the
solvent during this step was described to be essential for its
success. Most important, under these acdic conditions, the
primary amino function of 16 resulting from the reduction is
being protonated, thus preventing the possible | lecu-

consisted in reacting the 2-halogeno-&-methylpyridines with
ethyl 4-fluorobenzoate Instead of the Welnreb amide and In
using sodium bisitrimethyksilyl)amide (NaHMDS) instead of
lithium diisopropylamide (LDA) as a base, These modifications
aliowed the performance of this reaction at moderate

lar condensation reaction of two a-aminoketone molecules to
a 2,3.56-tetra-substituted pyrazine derivative. However,
when using hydrogen chloride solution of linear alcohols as

£ 2017 Deutsche Phacmazeutische Gewdlschaft

temp and reduced the reaction time. Moreover, the
reaction of c-aminoketones 16a and 16b with alky! or benzy|
thiocyanates directly ylelded the corresponding 2-alkylsul-
fanyl- or 2-benzyksulfanylsubstituted imidazoles 18, thus
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sdmm 5. Synthetic routes toward 2- alkyl-s-(z-ammowtdln-l-yl)-d-(l-ﬂuovopheomnmldazoles 19 and 2-methyisulfanylimidazoles

and conditions: () LDA, 4-fluoro-

tetrahydrofuran, -85°C then 0°C (ii) NaNO,, acetic

add lO'C, (i) H;. PAIC 10%, 1atm, 2-propanolic HCI, n. (iv)KSCN N,N-dimethylformamide (DMF), reflux temperature, (v} R'-hal
(hal =1, Br, CI; R" = CH, or benzyl), ethanol-tetratydrofuran (8:2), reflux temperature; (i) excess R*-NH,, neat, 160-180°C; (vil) Hy, Pd/
C 10%, 1atm, methanolic MCL rt; (vii) methylvbenzylthiocyanate, DMF, 160°C, (o} NaMMDS, ethyl 4-fluorobenzoate,
tetrahydrofuran, 0°C then rt; (x) R’-SH or R*-OH, NaH, DMF, 155-160"C

shortening the synthetic sequence by one step. The presented
route Is characterized by a good flexbility in the function-
alization of the imidazole-C2-S position and in the substitu-
tion of the pyridine-C2 position, taking place in the last two
synthetic steps. On the other side, the aryl and the heteroary!
modeties at the imidazole-C4 and -C5 positions need to be
defined in the first step of the route.

In 2008, Laufer and co-workers took on the optimized
synthetic strategy extending the number of examples of
imidazoles 19 [7]. Within this series, 2-methylsulfanylimida-
zales having a meta-triflucrophenyl ring as aromatic substit-
uent or a quinoline ring as heteroaromatic substituent on the
imidazole-C4 and -C5 positions, were also synthesized. In
addition, the substitution pattern at the pyridine-C2 amino
group was extensively modified by introduction of alkyl,
cycloatkyl, aromatic as well as hetercaromatic moieties, and

the 2-methylsulfanyl maoiety at the imidazole-C2 position into
a 2-methybsulfingl being the predaminant biotransformation
reaction (17, 18]. Cytochrome P450 (CYP450)-3A4 was
identified to be the key isoform for this sulfoxidation
reaction. In a mouse arthritis model, ML3403 reduced the
production of the proinflammatory cytokine IL-6 in the paw
tissue, whereas |t increased the levels of the anti-inflamma-
tory cytokine 1L-10 [14],

By comparing ML3403 with its precursor 18a (Fig. 2), it could
be observed that substitution of the fluorine atom at the
pyridine-C2 position with a phenylalkylamino group proved
to be beneficial for the inhibitory activity on the p3Ba MAP
kinase. As already mentioned, this is mainly due to the
formation of an additional hydrogen bond with the backbone
carbonyl group of Met10% and, as an additional factor, to the

the amino linker was replaced by an ether and a thioether
function.

Examples of trisubstituted 2-alkylsulfanylimidazoles as
potent p38a MAP kinase inhibitors, which were synthesized
following the synthetic routes depicted in Scheme §, are
displayed in Fig. 2. The most prominent example is repre-
sented by ML3403, which inhibits the target kinase in the
double-digit nanomolar range and the release of TNF-a from
human whole blood (HWB) in the low-micromolar range.
ML3403 served both as lead compound for further optimi-
zation studies and as reference compound in in vitro and in
vivo studies [7, 13-17]. The pharmacokinetic profile of
ML3403 was extensively investigated by Kammerer
et al, [18, 19]. in vitro (animal and human liver microsomes)
as woll as in vivo (Wistar rats) studies revealed the oxidation of

£ 2017 Deutsche Phacmazeutische Gewdlschaft

po ial inter, with the enzyme's hydrophobic region
Il. As proof of this, the replacement of the nitrogen with a
linker atom unable to donate a hydrogen bond {such as
oxygen In compound 20a) resulted in a dramatic drop In
activity, Laufer and co-workers also showed compounds
having branched alkyl (19a) or (polar) cycloalkyl groups
{19b, 19¢) at the pyridine-C2 amino function to exhibit &
markedly increased p38a MAP kinase inhibition profile with
Csp values down to the low single-digit nanomolar range
(Fig. 2). Nevertheless, at a test concentration of 10uM,
ML3403 a5 well as 19a display more than 50% inhibition of
four CYP450 isoenzymes |7).

Recently, our group reported tri-substituted imidazole 19d
as a balanced dual p38a MAP kinase/JNK3 Inhibitor together
with its fluorescent labeling by reaction with fluorescein
sothiocyanate isomar 5 giving 19e (Fig. 3) [20], The latter
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serves as a roporter molecule in fluorescence polarization- ¢
based competition binding assays to determine the affinity of

|

potential Inhibitars for p38a MAP kinase as well as for all INK f"}.s'c th "Q)__sﬂ*a
isoforms [20-22). f ‘n :1

The route depicted In Scheme 5 is limited by the nature of N N
the moiety at the imidazoleC2 position. Attempts to A HN —;\]'o"
synthesize a series of pyridinylimidazoles 22 having by- ﬁ Q 1
droxy-containing groups like hydroxyethyl or 2,3-dihydrox- gy i u' %
ypropyl at the imidazole-C2-5 position starting from
imidazole-2-thione 17a (Scheme 6) falled [12). The intended ““"‘_ A c‘w:' 2
synthetic strategy included the introduction of the pofar
alkylsulfanyl moiety at the imidazole-C2 position by nucleo- Kl Iacn 4N K =0

philic substitution of imidazole-2-thione 17a and the appro- Figure 3. Dual p38a MAP kinase/INK3 inhibitor 19d and
priate alkyl halide followed by displac t of the fluorine  reporter molecule 1%e [20).

‘Y\:]\f.n?" "": \QW{}-:A: o Wy
(;( N

o

) 1Ts 1 2kt

218 74 = OHOn
%
Cla
=5 e
m.‘,

A o, anase

Scheme 6. Unexpected reaction of 2-alkylimi-
dazoles 21a and 21b into imidazol-2-ones 23,
Reagents and conditions: (i) EtONa, methanol,
2-bromoethanol, rt (for synthesis of 21a) or
EtONa, methanol, 3-bromopropane-1,2-diol, rt
(for synthesis of 21b); (i) excess amine, 160°C,
237wl sealed tube.
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atom in 21a and 21b by heating with an excess of primary
amine. However, the latter step was accompanied by an
unexpected transformation of 2-alkylsulfanylimidazoles 22a
and 22b Into the Imidazol-2-one derivatives 23 {12]. The
prograss of this reaction to the 2-alkyisulfanylimidazole and
imidazole-2-one derivatives 22 and 23 is temperature-
dependent. Reaction monitoring also indicated that imida-
zoles 21 first reacted with the primary amine in a nucleophilic
aromatic substitution reaction to 2-alkylsulfanylimidazoles 22
followed by the conversion of 22 into imidazol-2-ones 23 as
the predominant reaction.

Due 1o the fact that the introduction of the amino function
at the pyridine-C2 position via a nucleophific substitution
reaction is not feasible without simultaneous conversion of 2-
alkylsuifanylimidazoles 22 Into imidazole-2-ones 23, the
reaction sequence was modified. The first attempt consisted
in performing the nucleophilic aromatic substitution reaction
on the imidazole-2-thione Intermediate 17a In order to
functionalize the suffur atom of thiones 24 in the last
synthetic step, Hawwet, this approach was not successful due
to a probl i ion of the imidazole-2-thiones 24,
along with a scarce reproducibility of this reaction (23],

An alternative strategy succeeding in the preparation of
compounds 22 was suggested by some of us Iin 2008
(Scheme 7) [24]. In the first step of this synthetic route,
the substituent at the pyridine-C2 position was introduced
either via a nucleophilic substitution reaction of Boc-
protected 2-amino-d-picoline (25a) with alkyl halides or via
Buchwald-Hartwig cross-coupling reaction of 2-bromo-4-
picoline (13c) with primary amines followed by Boc-protec-
tion, Starting from 2. ammo-t-mﬁhytwndmﬂ 1!, tho
ethanone formation-nitrosati tion-cycli
guence was applied to generate |midazole-2-thiones u
Alkylation of the exocydlic sulfur atom In buliding block 24
with different polar alkyl halide residues furnished target
compounds 22,

£ 2017 Deutsche Pharmazeutische Gewdlschaft

Scheme 7. Preparation of 4(5)-(4-fluorophenyl)-
S(a)-{2-(atkytamine) pyridin-d-yl-1,3-diydroimi-
duol&) thiones 24 as well as their funmonal

=y ica at the imidazole-C2-S positicn.
by and conditions: (i) NaH, RP-8r, DMF, 0°C (in case
of starting from 25a) or a} R’-NN, Pd {dba),,

Nge -BuONa, BINAP, toluene, b) Boc0, dichloro-
n methane (in case of starting from 13¢) (i)
NaHMDS, ethyl 4-fluorobenzoate, tetrahydro-
furan, 0°C, then rt; (i) NaNO,, acetic acid, 10°C
to rt; (iv) PAC 10%, methanolic HC, H,
atmospheric pressure, rt; (v) KSCN, DMF, reflux
temperature; (vi) R'-X (X~ CI, 8r, 1}, t-B8uOK or
EtONa, methanol, 50°C to reflux temperature,

In contrast to the route depicted in Scheme 5, methanolic
hydrogen chloride was applicable as a solvent in the reduction
reaction of oximes 27 to the corresponding amine hydro-
chlorides 28, determining at the same time the deavage of the
8oc protecting group.

Most patent p3Ba MAP kinase inhibitors emerging from this
series are presented in Fig. 4. As a general trend, bigger, polar
moleties at the imidazole-C2 position, which may interact with
the ribose and the phosphate binding site, are well tolerated by
tha target kinase. Whereas the compounds of this series have a
similar inhibition profile of p38« MAP kinase like their S-methyl
counterparts (Fig. 2), they are all showing an increased potency
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Figure 4. Optimized p38u MAP kinase inhibitors synthesized
through the route depicted in Scheme 7 [24]
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Schame 9. Optimized synthesis of 22b wsing acetal as the 1,2-dihydroxyl protecting group. Reagents and conditions: (i) -BuONa,
methanol, 3-bromopropane-1,2-diol, 70°C; (i) acetone, p-toluenesulfonic acid, reflux temperature; {iil) R-NH,, 160°C, sealed tube:

(iv} 2M aq. HCl, rt.

in the ex vivo HWB assay, For example, imidazoles 22¢ and
LN950 are 3- and 5times more active inhibitors of the LPS-
stimulated TNF-a release compared to their parent compounds
ML3403 and 19a (Fig. 2), respectively.

The introduction of the amino molety at the pyridine-C2
position in the first step of the synthesis (Scheme 7) limits the
use of this synthetic strategy for both optimization and scale-
up. For example, the overall yield in case of the synthesis of
LN950 is 4%.

Therefore, our group reported an optimized, more versa-
tile, and diverse protocol to prepare 2-hydroxyethylsulfanyl
and 2,3 dihydroxypropy! imidazoles (Schemes 8 and 9) {25].
Differently from the aforementioned strategy, the introduc-
tion of the imidazole-C2-5 moiety as well as the pyridine-C2-
amine function are performed In the last steps of the
sequence, thus easing the access to a broad variety of
derivatives.

In order to avoid the aforementioned conversion of 2-
alkylsulfanylimidazoles 22a and 22b into the corresponding

is of 22a using tetrahydropyranyl as the hydroxy! protecting group. Reag and di [0
t-BuONa, rnelhnno(. Z-Q-bfunoﬂ’nxy)-tmahydto-mwau 50°C; (i) excess R*-NH;, 160°C, sealed tube; (ili) I 25 M HClethanol, rt.

Ty 0

m.',

imidazoles 19f and 19g was introduced via nucleophilic
aromatic substitution. Finally, the acid-labile protecting
groups were cdeaved off to liberate the 2-alkylimidazoles
22a and 22b, respectively.

This cptimized strategy resulted in a remarkable increase in
the overall yield of derivatives 22a and 22b, e.g., the overall
yield for the synthesis of LN950 (Schemne 8) is 29.4%, thus gight
times higher than the route illustrated in Scheme 7. Further-
more, the higher flexibility in introducing (phenyl)alkylamino
substituents at the pyridine-C2 position enabled a broader
exploration of this area. As an example, the use of

enantiomerically pure alkylamino substi d to
assess that, in case of LN950, the eutomer is represented by
the (S)-enantiomer.

In 2016, GUnther et al. reported a route to 2,4,5-tri-
substituted imidazoles as covalent inhibitors of EGFR, in which
the heteroaromatic ring at the imidazole-CA(S) position was
ntrodu:ed via palladium-catalyzed cross-coupling reaction

pounds 36, R* = 4-fluorophenyl, Scheme 10) [26). With the

imidazol-2-one derlvatives 23 (Scheme 6), the hydroxyl groups
of 21a and 21b were protected as acetals, Then the amino
function at the pyridine-C2 position of the O-protected

£ 2017 Deutsche Pharmazeutische Gewdlschaft

aim to extend SAR insights in EGFR inhibition, Gunther et al,
took recently over the same route and broadened the range of
the aryl substituents at the imidazole-C4(5) position by
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Scheme 10. Synthesis of covalent EGFR inhibitors 36. Reagents and conditions: (i) S-methylisothi ium sulfate, hydrofuran/

H,0, refiux temperature; (i} a) Nah, SEM-CI, tetrahydrofuran, —15°C; b) SEM-CI (cat.), xetonlmle. 80°C; (Ili) NBS, acetonitrile, 85°C;

(v} (2-acatamidopyridin-4 40l

acid ester, Pd(OAC)/XPhos or Bdyldba)/(t8Bu)P HBF, K.PO, dioxana™ 0, roflux

temperature; (v) 5M NaOH/methanol, 60°C (vi) subst. bromoanifines, Brettphos Pd G1, C5,CO,, dioxane/t-BuOH, 130°C, (vii)

trifluoroacetic acid, dichloromethane, rt

Introducing an unsubstituted phenyl ring, as well as 2-naphthyl
and 2-thienyl moseties [27]. 2-Methylsulfanylimidazole 30 was
built upinanalogy totheroute depicted in Scheme 2 by reaction
of an u-bromoketone and an S-methylisothiuronium salt, Price
to the Suzuki cross-coupling reaction, the NH of the imidazole
was protected by the SEM group and the imidazole-CS position
was brominated using N-bromosuccinimide (NBS) In acetoni-
trile. Suzuki cross-coupling of 32 and (2-acetamidopyridin-4.y1)
boronic acid ester yielded 1,2,4,5tetra-substituted imidazole
33, Removal of the acetyl group under basic conditions
liberated primary amine 38, which was functionalized vis

palladium-catalyzed Buchwald-Hartwig arylamination with
predecorated bromoanilines carrying the electrophilic war-
head. Finally, removal of the SEM group undct mikd acidic
conditions Jib d 2-methylsulfanylimid, 36
Computational studies :howed thn these pyridinylimida-
zole-based inhibitors bind to the ATP cleft of the target
enzyme in an analogous manner as for the p38a MAP kinase,
The 2-aminopyridine moiety forms a bidentate hydrogen
bond to the Met793 of the hinge region while the 4.
fluoropheny! moiety is located in the hydrophobic region 1.
Additionally, the substituent on the pyridine-C2 position
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Figure 5. 2-Alkylsulfanyl-5(8)-pyridin-a-ylimida-
zoles as wt and mutants EGFR inhibitors [26, 27],
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imidazoles 39, 42, and 39a featuring a diverse
Kees. ‘:"" " l- LI substitution pattern at the imidazoleC2.S posi-
e F & tion. Reagents and conditions: (i) aniline, N-
’ " . Mo mathylpyrrolidinone, conc, aq. HCI, reflux tem-
Foalliher perature; (ii) alkyl hafide, K;CO;, tetrahydrofu-
'l ran, reflux temperature; (IlI) N-(2-bromoethyl)
Neor phthalimide or N-(3-iodopropyl)phthalimide,
“I R K;COy tetrahydrofuran, reflux temperature;
‘f"] (iv) hydrazine hydrate, ethanol, 70°C; (v) car-
S boxyhic acid, TETU, DIPEA, tetrahydeofuran, rt.

carries an electrophilic warhead able to covalently target the
non-catalytic Cys797, thus increasing potency and residence
time of the inhibitor. The most promising covalent inhibitor
36a (Figure 5) revealed to efficently inhibit not only the wild
type (wt) and both the single (L858R) and double (L858R/
T790M) mutants of the EGFR, but also the one carrying a triple
LB5SR/TTIOM/ICTI7S mutation. Although the latter mutant is
missing the Cys797 residue and can therefore not be targeted
by the acrylamide molety, the strong reversible binding of
these derivatives is reported to be the determinant for the still
satisfying inhibitory activity against this variant. In
addition, inhibitor 36a proved to be effective in profiferation
assays on tumor-relevant cancer cell lines carrying different
EGFR mutations and showed additionally a high selectivity
over the wt cell line. When tested at a concentration of
200nM in a panel of 410 ki 3 pound 36a inhibited 27
kinases including EGFR wt, 10 dsease-relevant EGFR mutants
and all three JNK isoforms [26). Replacement of the 4-
fluorophenyl ring with other aryl and heteroaryl moieties
seemed not to produce a remarkable effect on the inhibition
of wt and mutant forms of EGFR, as compounds 36b and 36¢,
bearing, respectively, s 2-naphthyl and a 2-thienyl moiety still
displayed Iy, values in the picomolar range [27].

In addition, In order to diversify the substitution on the
sulfur atom at the imidazole-C2 position, the same authors
suggested a strategy analogous to the one outlined in
Scheme 5, starting from 2-fluoro-4-picoline (13a, Scheme 11).
The major difference from the previously reported synthetic
pathway was the possibility to Introduce the molety at the
pyndine-C2 position directly on the Imidazole-2-thione
derivatives 17a and 37, thus shifting the functionalizati

£ 2017 Deutsche Phacmazeutische Gewdlschaft

of the sulfur atom to the last step of the route. Nevertheless,
only an aniline was introduced In this position and, as
reported from the authors, the same reaction could not be
reproduced using differently substituted aromatic amines.
After functionalization of the pyridine ring. different
aliphatic moieties were installed on the sulfur atom hy
nucleophilic substitution of compounds 28a and 38 with the
appropriate alkyl halide. Among these, alkyl amines pro-
tected as phthalimides could be introduced {compounds 40},
After deprotection by hydrazinolysis, primary amines 41 were
coupled with different carboxylic acids resulting either in
amides 82 having different electrophilic warheads or in
saturated counterpart 39a.

As previously mentioned, the preparation of analogs of
compounds 39, bearing substituted anilines at the pyridine-C2
pasition, required a different strategy. This route, in analogy
to the one reported in Scheme 10, is based on the construction
and functionalization of the imidazole core followed by
introduction of the pyridine moiety at a late stage
(Scheme 12} [27]. The a-aminoketone 43, obtained by
Delépine reaction from the «-bromoketone 29a, was cydized
with potassium thiocyanate and the imidazole-2-thione
intermediate 44 was then substituted on the sulfur atom by
reaction with N-{2-bromoethyl)phthalimide. After SEM pro-
tection of the imidazole-N atom, the aliphatic amino group
weas liberated by hydrazinolysis, Subsequently, compound 46
was coupled with propionic acid and, anslogously to the
previously reported route, the imidazole-CS position was
brominated using NBS. The Z-aminopyridin-4-yl moiety could
be introduced by a one-pot (two-step) tandem borylation/
Suzuki cross-coupling reaction affording compound 49,

www.archpharm.com {9 ot 17) 01700258




APPENDIX

151

Arch. Pharm. Chem. Life So. 2017, 350, «1700258
P. Koch and F. Ansideri

ARCH PHARM

Archiv der Pharmazie

B

Scheme 12. Synthess of compound 52. Reagents and condim (} umtropme. r.h\otoform 50°C, then conc. ag. HC, ethanol, rt; (i)

KSCN, acatic acid, reflux temparature; (ill) N4{2-bromoethyliph

furan, refluxtemperature; {iv) NaH, SEM-CI,

DMF, rt; (v} hydrazine hydrate, ethanol, 50°C () propionic acid, TBTU, DIPEA. letnhydrolurm. rt; (vii) NBS, DMF, rt; (viii)4-bromo-242,5-
dimethyl-1H-pyrrol-1-yl)pyridine, bis(pinacolato)diboron, KOAC, PHOAC),, XPhos, 0.5M aq. K370y, dioxane, 130°C; {ix) HyN-OH - HCL,

DIPEA, ethanollH,0, 45°C, sealed reaction vessel; () N-(3-b

trifluoroacetic acid, dchloromethane, rt.

Diff ly from the pathway depicted in Scheme 10, 2 2,5-
dimethylpyrrole protecting group was employed for the 2-
amino molety, allowing a controlled deprotection step
without the simultaneous dleavage of the amide functional-
ity, Derivative 50 was reacted in a palladium-catalyzed
arylamination reaction with an aryl bromide group carrying
the electrophilic Michsel acceptor. Finally, the SEM protecting
aroup was cleaved off to obtain the desired compound 52.
Targeting the phosphate binding cleft by introducing
diversely functionalized alky! chains at the imidazole-C2-5
position produced good results in case of amine or amide
moseties with an ethylene spacer. Compounds 3% and 42a
(Fig. 5) proved to inhibit the different forms of EGFR more
efficiently than their S-methylated precursor, presumably due
to the formation of an additional hydrogen bond interaction
with the Asp855. Nevertheless, placing the welectrophilic

© 2017 D he Phas Gesadlschaf

+ 1" 1
yljacry

Cs,CO,, Brettphos Pd G1, dioxane/t-BuOH; (xi)

warhead on the flexible chain at the imidazole-C2-S position
(compound 42a) did not result in the same high potency of
compounds 36a-¢ although an Irreversible mechanism of
action was confirmed by mass experiments. Also compound
52, bearing both the covalent tag at the pyridine-C2 pesition
and the amide y at the imidazole-C2-S atom did not
overcomne the potency of the lent inhibitors 36a-¢ on the
EGFR LB58R/T790M mutant {27].

In 2010, Laufer and co-workers reported a synthetic
strategy toward 2,4,5-tri-substituted imidazoles having an
acyl group at the pyridine-C2-amino position that starts from
building block 18a (Scheme 13) [28]. After substitution of the
fluorine atom by ammonium hydroxide, target compounds 53
were obtained by coupling of 19h with the correspanding
carboxylic acids after N,N-carbonyldiimidazole {CDY) activa-
tion. The most potent p38a MAP kinase inhibitor out of this

<ch 13. Syntheti pry

y to 2,4,5-tri-
substituted imidazoles havlng an acyl group
at the pyridine-C2-amino position. Reagents
and conditions: (1} NH,OH, 180°C; (i) R'-COOR,
CDI, N-methylpyrrolidinone, rt then 120°C.
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Figure 6. Tri-substituted imidazoles featuring an acyl group at
the pyridine-C2 amino position, synthesized through the route
outlined in Scheme 13 |6, 28, 29].

series is imidazole 53a displaying ICy, values in the low single-
digit nanomolar range {Fig. 6). Despite the presence of an o, fi-
unsaturated carbonyl group, & potential covalent inhibition
mechanism was not commented.

Peifer et al, showed that an analogous compound of 53a (2-
mathybsulfanylimidazole $3b), which was originally designed
as a p38a MAP kinase inhibitor, is also inhibiting two isoforms
of protein kinase CK1, formerly known as casein kinase 1 {29].
Although Inhibitor 53b also possesses @ Michael acceptor
system, in this case a possible Irreversible mode of action was
exciuded by the authors. Recently, Peifer and co-workers
reported an optimization study of 53b resulting in balanced
dual CK18/CK1c inhibitor 53¢ [6]. A selectivity screening of 53¢
against a panel of 321 kinases revealed that six other protein
kinases, including CK i, p38x MAP kinase and related kinases
INK2 and JNK3, were inhibited higher than 50% at a test
concantration of 100 nM, Compounds 53b and 53c are the first
2-alkylsulfanylimidazole-based ki inhibitors for which a
co-crystal structure with the target kinase was solved.
Inhibitors 53b and S3¢ were co-crystallized with p38a MAP
kinase (PDB code: 5MLS) and CK1& (PDB code: 5MQV),
respectively. In case of 53b.p38a MAP kinase complex, the
crystaliographic data confirmed the general binding mode
discussed in the intreduction with the addition of & potential
interaction of Phe169 with the imidazole core and with the
Lys53 through =—w and w<ation-stacking, respectively,

£ 2017 Deutsche Phacmazeutische Gewdlschaft

Synthesis of 1,2 4,5-tetra-substituted
imidazoles

The alkylation of 2,4,5-tri-substituted 1M-imidazoles repre-
wents one possible strategy to obtain 1,2,4,5tetra-substituted
imidazoles which can, however, result in two different
regioisomers, The substituents on position (2), 4, and 5 may
influence this reaction by directing the substitution on one of
the two imidazole nitrogen atoms, therefore favoring the
formation of one regioisomer over the other.

In the patent application described In Scheme 2 [8), the
researchers reported the alkytation reaction of imidazole-2-
thione 10 with methyl lodide to tri-substituted imidazole 4 to
also result in methylation of the imidazole-N atom, As
displayed in Scheme 14, this led to two different regioisomers
54 and 55, which could be separated by chromatography on
silica gel. However, the authors did not comment on the
analytical techniques to define the position of the methyl-
ation and neither a yield nor the ratio of the two isomers was
reported for this reaction.

In 2003, Wagner et al. studied the methylation of the
Iimidazote ring of different tri-substituted 1H-imidazoles, e.g.,
18a, and reported analytical methods to distinguish both
Nsubstituted regioisomers (Scheme 15) [30]. Alkylation under
basic conditions occurred with a remarkable selectivity
yielding somer 57 as major product (57/56a - 93:7, use of
Na;CO, or Cs,C0, as base) or sole product (use of NaH as base)
of this reaction.

The authors also demonstrated that the alkylation of the
correct imidazole nitrogen i critical for the inhibitors'

[ $
O\ﬁn}:a | Q\f’ipgb“, . %T”‘}-s
» =N o
yr QTR
LG - L
Scheme 14. Synthesis of 1-methyl-2-methylsulfanyl-4(5)-phe-

nyl-S{8)-{pyridin-3.ylfimidazoles $4 and S5 Reagents and
conditions: (i) H,C-1, methanol2M aq. NaOH 2.5:1 (w\), rt

Fe ¥ F.
14 N i g S
_ IOy —t 1 +s . 1 s
Bl B TN Ty P
. ]
N L » L
J v f
i e Cl

Scheme 1S5, Alkylation of Nunsubstituted imidazole 18a,
Reagents and conditions: (i) H,C-4, different basefsolvent
mixtures,
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0 Figure 7. Infl on regioi ism for p28a
_1?" MAP kinase Inhibition [10] (modified from
Rl W\ ess  Ref. [31]; HR, hydrophobic region

potency. Tetra-substituted imidazole 58a bearing the methyl
group at the imidazole nitrogen adjacent to the pyridine ring
shows a more than 100-fold higher inhibition of p38« MAP
kinase In comparson to compound 59 having the same
substituent at the N atom adjacent to the 4-fluorophenyl ring,
due to the impossibility of the latter to accept a hydrogen
bond from Lys53 (Fig. 7).

A six-step reaction sequence for synthesizing 1-alkyl-2-
alkylsulfanyl-4-(4-fluorophenyl)-5-(pynidin-d-yl)imidazoles 67
starting from ethyl sonicotinate (60) (Scheme 16) was
reported by Laufer and co-workers in a patent application
in 2002 [32]. Key steps of this pathway are the assembling of
the imidazole ring by reaction of a-oximinoketone 63 with
different  N-substituted 1,3,5-trialkylhexahydro-1,3,5-tria-
zinas 64 resulting regioselectivaly in 1-alkylimidazole-3-oxides

suitable for the introduction of aryl or heteroaryl moieties at
the imidazole-N1 position,

Compound 67a, the open analog of prototype p38a MAP
kinase inhibitor SKF86002, shows a two- to fourfold decrease
in kinaso inhibition compared to its parent compound
(Fig. 8) [33].

F F.
|
|'§“s %::}*3%
f :: |
N CHy
P00 W

65, followed by treatment with 22,4 4-tetramethyl-3-thio- Gy (538 » 4001000 s Kog (p38) » 2,200 M
cydobutan-1-one  or 2244 ethylcyclobutane-1,3- g (THF4) = 5,600 2
KCog (L-17) = 1,500 M

dithiane to yleld imidazole-2-thiones 66. In the last step,
the molety at the imidazole-C2-$ position was introduced, as
in previous examples, by nucleophilic substitution reaction
with appropriate alkyl halides, However, this route & not

Figure 8. Biclogical activity of 1,2,4,5-tetra-substituted imid
ole 67a [33] In comparison with its cyclic analogue SKF86002
134, 35),

F F
[+]
ggvma : T::' o £ o -
],, Q/\"' 'E::[/\L o 0 Scheme 16, Synthetic pathway toward 1-alkyl-2-
™ N a N & methytsulfanyl-4-(4-fluorophenyl) S-(pyridin-4-

yhimidazcles 67. Reagents and conditions: (i) 4-
fluorophenylacetonitrile, sodium, ethanol, reflux

F. o\r o F e temperature; (i) 48% ag. HEr, reflux tempera-

. k w ' i " \Q/L'N g’ ture; (Il) NaNO, H;0, acet acid, rt; (iv) ethanol,

Ytg — | =8 — S-g refiux temperature; () 2,2.4,4-tetramethyl-3-

?‘ =N 1 " f 1 thiogyclobutan-1-one, chloraform, 0°C then rt

Now o N R N ® " R or 2,24,4-tetramothyicyclobutane-1,3<ithione,

£ dichloromethane, 0'C then rt. {vi) R'-X (X = |, B),
U™ - Lol o Na;CO,, ethanol, reflux temp e,
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Scheme 17. Synthetic pathway toward 1,2,4,5-tetra-substituted Imidazoles 74 bearing an acyl moiety at the pyridine-C2 position,
Reagents and conditions: (i) acetic anhydride, 4-dimethylaminopyridine (OMAP), reflux temperature; {ii) KMnO,, H,0; iii) a) COL,
DMF, rt; b} +-BuOK, 4-fluaraphenylacetonitrile, DMF, 120°C; (iv) 48% aq. HBr, reflux temperature; (v) acetic anhydride, DMAP, reflux
temperature; (vi) isoamyl nitrite, MeONa, methanol, rt; {vii} ethanol, reflux temperature; (vil) 2,2,4,4-tetramethylcyclobutane-1,3-
dithione, dichloromethane, rt; (ix) R'-X, Na,COy, ethanol, rt; (x) 10% aq. HCl, reflux temperature; {xi) R~COCI, triethylamine,

tetrahydrofuran, 0°C or R*-COOH, CDI, N-methyipyrrolidinone, rt then 120°C.

In order to Improve the Inhibitory potency of tetra-
substituted imidazoles 67, two modifications of this synthetic
strategy were reported by the same group, enabling the
introduction of acyl or amino moieties at the pyridine-C2
postion (Schemes 17-19) (10, 36). Both multi-step reaction
sequences encompass ethanone 69 as a common synthetic
intermediate. Prior to the formation of the corresponding «-
oximincketone, the amino function of 69 has to be protected
due to the possible interference in the cyclization step with
triazinanes 64. The two alternative strategies applied con-
sisted either in protecting the amino function of 69 as N-acety!
(Scheme 17), or in transferring It into a fluorine group using
Olah’s reagent (Scheme 139), In the penultimate step of both
sequences, the N-pratecting group was removed under acidic
conditions {Scheme 17) or the F-atom was displaced via &
nucleophilic substitution reaction with ammonia in a reactor,
both resulting in a primary amine (Scheme 19). Finally, the
modeties at the pyridine-C2 amino function were installed. For
the introduction of acyl moieties at the pyridine-C2 amino
function, a pling with activated carboxylic acids (acid
chlorides or CDI method) was carried out in both synthetic
routes. In case of the strategy depicted in Scheme 17, the
authors also reported the possibility to introduce alkyl
moieties at this position by reducing the amide function of
74a to secondary amines 58b or by nucleophilic substitution of
primary amines 75 with appropeiate alkyl halides (Scheme 18).
Alternatively, the exocyclic amino group of 75 can also be
functionalized by palladium-catalyzed Buchwald-Hartwig
coupling reaction with predecorated aryl halides
(Scherne 18) [37]. Furthermore, by following the same route
displayed in Scheme 19, Laufer #1 al. reported the introduc-
tion of (aryl)alkylamino groups at the pyridine-C2 position by
directly reacting intermediate 56 in a nucleophilic aromatic
substitution reaction with primary amines [38].

£ 2017 Deutsche Phacmazeutische Gewdlschaft

A broad range of tetra-substituted imidazoles 74 were
reported by Laufer and co-workers varying the substituents
at the imidazole-N1, at the imidazole-C2-5 as well as at the
pyridine-C2-amino position (Fig. 9) (10, 28, 36-41). The
active metabolite (CBS-3595) of 2-methylsulfanylimidazole
74c is the first out of this series being tested in pre-clinical
studies [42]. CBS-3595 Is a dual p3Bx MAP kinase/phospho-
diesterase (PDE)-4 inhibitor exhibiting good TNF-a inhibi-
tion in the HWE2 assay. One of the adnntagcs of
substituting the imidazole-N1 position is repr d by

s :
w0
9 ege = | T
W, N ——— K
) =N
Sctwrrm 17 r T
» g "
WM
‘g ' HY._Cr,
Tea b
(2PN
W ueen -N R
W —=, Na
soemet? § o N
N ”
Wi 78

Scheme 18, Synthetic pathway toward 1,2,4,5tetra-substituted
imidazoles S8 bearing an amino function at the pyridine-C2
position. Reagents and <ond6ﬁons {) LiAIH, tetrahydrofuran,
reflux temperature; {ii} R%-Br; NaH, DME, reflux temperature;
(i) aryl bromide, Brettphos Pd G1, C5,CO,, dioxane/t-BuOH 4:1
(wv), 110°C,
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Scheme 19. Synthetic pathway toward 1,2,4,5 tetrasubstituted imidazoles 58¢ and 74b. Reagents and conditions: (i) NaNQO,, 70%
HF-pyridine, —15 to -10°C then rt (i) NaNO, glacial acetic acd, rt, (ill) ethanol, reflux temperature; {iv) 2,2.4,4-
tetramathylcyclobutane-1,3-dithione, dichloramathana, rt; (v) HyC-, K,€O0. maethanal, rt; (vi) NHy, reactor; (vii) R*-COOH, €Y,

N-methylpyrrolidinone, 120°C; {viii) excess R7-NH;, neat, 170"C.

the possibility of reducing the CYP450 inhibition, particu-
larly when introducing bulky moieties. This is exemplified
by pound 74d, pr ing a clean CYP450 inhibition
profile (at a test concentration of 10uM, no or only slight
inhibition (<15%) of CYPA50 isoenzymes 1A2, 2C9, 2C19,
206, and 79% Inhibition of CYP450 isoenzyme 3A4) [10].
The introduction of a methoxysubstituted phenyl ring with
two methyl spacers from the acyl function combined with
2-methoxyethyl moiety at the [midazole-N1 position
resulted in the potent p38a MAP kinase Inhibitor 74e with
IC5p value down to the low double-digit nanomolar
range (40},

(PP

followed by nudeophilic substitution reaction of 81 with
primary amines to yield a-amincketones 83 and 84 as their
hydrochloride salts. 2-Methylsulfanyfimidazoles 56 were then
obtained elther by direct cyclization of 83 with methyl
thiocyanate or wia imidazole-2-thiones 79 followed by
methylation of the sulfur atom. In the last step, the F-atom
vaas substituted with different amines,

A series of derivatives was generated by transferring to the
pyridine-C2 position of tetra-substituted Imidazoles 58¢
(S5Be-g, Fig. 10} the same moieties, which had been resulting
in tri-substituted imidazotes with a high inhibitory activity on
P38 MAP kinase [7]. In case of the tetrahydropyranyl-

In 2015, Muth et al. reported a series of tetrasub
imidazoles displaying balanced p38« MAP kinass/INX3
Inhibition [37]. Imidazole 74f bearing an (E}-acrylic add
substituent at the imidazole-C2-5 position represents the most
potent derivative of this series, Docking studies performed on
an analogous derivative assumed that this particular moiety is
able to establish hydrogen bond interactions with a conserved
Lys (Lys53 in p3Ba MAP kinase and Lys93 in JNK3) as well as
with Arg107 {JNK3) in the phosphate binding site,

Recently, the potent covalent JNK3 inhibitor 58d showing
an excellent selectivity profile was reported [41] The
acrylamide moiety targets the non-catalytic Cys154 located

bstituted imidazole 58f, a one order of magnitude reduced
p38x MAP kinase inhibition was measured compared to 19b.
However, In case of hydroxycyclohexyl-substituted imidazole
589 no loss in kinase activity was observed compared to Its tri-
substituted counterpart 19¢. Nevertheless, in comparison to
their trisubstituted analogs, tetra-substituted imidazoles S8f
and 58g showed a markedly reduced inhibition of LPS-
stimulated TNF-u release in HWB assay.

In the same publication [38], the authors reported an
alternative strategy towards 1,2.4,5-tetra-substituted imid-
azole S6a whaerein the heteroaromatic ring was introduced

in the hydrophobic region I, which is only conserved among
all three JINK isoforms but not in the rest of the kinome [43].
Both, the irreversible mode of action and the specific amino
acid targeted from the electrophilic warhead were confirmed
by mass shift experiments.

In 2008, Laufer et al, reported a shorter route to 1,2,4,5-
tetra-substituted imidazoles 58¢ (Scheme 20) [38]. The
regioselective  alkyfation of the desired imidazole-N |Is
achieved through «-halogenation of ethanones 14a and 80

£ 2017 Deutsche Phacmazeutische Gewdlschaft

palladium-catalyzed cross-coupling reaction (Scheme 21).
The 2-methylsulfanylimidazole ring was built up in analogy
1o Scheme 20 starting from an «-bromoketone via nucleo-
philic substitution reaction with primary amines, thione
formation, and alkylation of the exocyclic sulfur atom,
1,2,4-tri-substituted imidazole 88 was brominated in posi-
tion 5 using NBS and finally the pyridine ring was installed via
Suzukl cross-coupling reaction to obtain tetra-substituted
imidazole 56a. This route, together with the ones depicted in
Schemes 10 and 12, represent the sole strategies permitting

www.archpharm.com (14 ot 17) 02700258
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Figure 9. Diverse 1,24, 5-tetra-substituted imidazoles synthesized by following the routes described in Schemes 17-19
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Scheme 20. Alternative synthetic pathway toward 1,2,4,5-tetra-substituted imidazoles 58¢. Reagents and conditions: (i) Bry, glaclal
acetic acd, rt; (i) R*-NH,, dichloromethane, -5 to 0°C, then 1.25 M HCliethanok; (i) KSCN, DMF, reflux temperature; {iv) H:C-1,
K3C0;, methanol, rt (starting from 79); (v) methylthiocyanate, DMF, reflux temperature (starting from 83); (vi) excess R*-NH,,
140-155°C (in caso of aliphatic amines) or aniline, NaH, diglyme, 70°C,
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Figure 10, Selected examples of tetra-substituted
imidazoles 58 hesized via the route depicted in

Scheme 20 [7).'

Scheme 21. Alternative synthetic pathway to-
ward 1,245 tetra-substituted imidazole 56a,
Reagents and conditions: (i) ethanolic HC-NH,,
dichloromethane, -5 to 0°C, then 1.25M HCV
ethanol; (i) KSCN, DMF, reflux temperature; (iii)
HC-, K;C0;, methanol, ry; (iv) NBS, tetrachloro-

the introduction of the hetercaromatic moiety in the last
steps of the synthetic pathway, thus offering a higher
flexibility in the investigation of the substitution at the
imidazole-C5 position,

Conclusions

2-Alkykulfanyl-4(S)-aryl-5(4)-hetercarylimidazole has emerged
a5 a privileged scaffold in the field of kinase inhibition due to its
capability of mimicking the basic interactions of ATP while
exploiting additional areas of the protein not addressed by the
endogenous cofactor, The high flexibility In the substitution of
the central imidazole ring permitted to switch the selectivity
towards several target onzymes (p38« MAP kinase, EGFR, CK14%,
and INX3), yielding highly potent inhibitors in each case. The
pyridinylimidazole structure also proved to be advantageous for
the labeling with fluorophores In the development of assay
probes as well as for the introduction of reactive electrophilic

ioties, thus obtaining lent inhibition of the desired
kinase. Diverse synthetic strategies, developed during the last
feww decades, have achieved a wide versatility in the substitution
pattern of this important dass of molecules. In particular,
functionalization of key positions in a fate stage of the
synthetic pathway allowed the preparation of a broad range

£ 2017 Deutsche Pharmazeutische Gewdlschaft

methane, 0°C to rt; () (2-fluoropyridin-4-yf}-
baoronic acid, Pd{PPh;)e, Na,COy, toluene, 120°C.

of derwatives, resulting in a fast assessment of SAR. Nevertheless,
astrategy leading to the introduction of the aromatic ring at the
imidazole-C4 position inthe last steps is still missing and extensive
westigation in this area might be beneficial.

The authars have declared no conflicts of interest.

References

[1] L. Zhang, X, M. Peng, G. L. V. Damu, R X. Geng,
C. H. Zhou, Med. Res. Rev. 2014, 34, 340-437,

(2] F.Bellina, 5. Cauteruccio, R. Rossi, Tetrahedron 2007, 63,
45714624,

[3] T. Scior, D. M. Domeyer, K. Cuanalo-Contreras,
S. A, Laufer, Curr. Med. Chem. 2011, 18, 1526-1539.

[4] D. E. Griswold, P. J. Marshall, E. F. Webb, R. Godfrey,
1. Newton, Jr, M. 1. DiMartino, H. M. Sarau, ). G. Gleason,
G. Poste, N. Hanna, Biochem. Pharmacol. 1987, 36,
3463-3470,

[S] 8. Abu Thahar, P. Koch, V. Schattel, S, Laufar, J. Med.
Chem. 2009, 52, 2613-2617.

[6] ). Halekotte, L Witt, C. lanes, M. Kriger, M. Buhrmann,
D. Raub, C Pichlo, E. Brunstein, A. Luxenburger,
U. Baumann, U. Knippschild, ). Bischof, C Peifer,
Molecules 2017, 22, 522.

www.archpharm.com {16 of 17) 01700258




158

APPENDIX

fuch. Pharm. Chem. Life S. 2017, 350, 1700258
2. Alkylsulfanyl-4(S)-aryl-5(4) heteroarylimidazoles

ARCH PHARM

Archwv der Pharmazie

|7) S. A. Laufer, D. R, J. Hauser, D. M. Domeyer, K. Kinkel,
A_ L Liedtke, J. Med. Chem, 2008, 57, 4122-4149.

[8] P, G. Ferrini, R. Goeschke, Mercaptoimidazole deriva-
tives, 1979, Switz. 79-100962{4648], 43, EP. 30-3-1979.

19] 1. Sisko, A. ). Kassick, 5. 8. Shetzline, Org. Lert. 2000, 2,
2B77-2880.

[10] 5. A Laufer, G. K. Wagner, D. A, Kotschenreuther,
W. Albrecht, /. Med. Chem. 2003, 46, 3230-3244,

[11] 5. A. Laufer, A, J. Liedtke, Tetrahedron Lett. 2006, 47,
7199-7203.

[12] P. Koch, S. Laufer, J. Med. Chem. 2010, 53, 4798-4802.

[13] L Graziosi, A. Mencarelll, C. Santorelll, B. Renga,
S. Cipriany, E. Cavazzonl, G. Palladino, S, Laufer,
M. Burnet, A, Donini, S. Fioruccl, €ur. J. Pharmacol.
2012, 674, 143152,

[14] D. A. Koch, R. B. M, Silva, A. M, de Souza, C. E Leite,
N. F. Nicoletti, M. M. Campos, S. Laufer, F. B. Morrone,
Rheumatology 2014, 53, 425-432.

[15] L Munoz, £ £ Ramsay, M. Manetsch, Q. Ge, C. Peifer,
S. Laufer, A, ). Ammit, fur, J. Pharmacal. 2010, 635,
212-218.

[16] N. V. Ryazantseva, V. V. Novitsky, N. Y. Chasovskih,
E V. Kaygorodova, E. G. Starikova, Y. V. Starikov,
T. T. Radzivil, 8. Exp. Biol. Med, 2008, 145, 569-572.

[17] F. Heider, U. Haun, £ Doring, M, Kudalo, C. Sessler,
W. Albrecht, S. Laufer, P. Koch, Molecules 2017,
22, 1729.

[18] B. Kammerer, H. Scheible, W. Albrecht, C. H. Gleiter,
S. Laufer, Drug Metab. Dispos. 2007, 35, 8758383,

[19]) B. Kammerer, H. Scheible, G. Zurek, M. Godejohann,
K. P. Zeller, C. H. Gleiter, W. Albrecht, S. Laufer,
Xenobiotica 2007, 37, 280-297.

[20] F. Ansider], A. Lange, A. El-Gokha, F. M. Boedkler,
P. Koch, Anal. Biochem. 2016, 503, 28-40,

[21] A.Lange, M. Gunther, F. M. Bittner, M, 0. Zimmermann,
1. Heidrich, S, Hennig, S. Zahn, C Schall, A Sievers-
Engler, F, Ansideri, P, Koch, M. Laesmmerhofer, T. Stehie,
S. A. Laufer, F. M. Boeckler, J. Am. Chem. Soc, 2015, 137,
1464014652,

[22] F. Ansideri, M. Dammann, F. M, Boeckler, P. Koch, Anal,
8iochem, 2017, 532, 26-28.

[23] S. Laufer, P. Kach, Org. Biomol. Chemn. 2008, 6, 437-439.

[24] P. Kodh, C. Bauerlein, H. Jank, S. Laufer, J. Med. Chem.
2008, 57, 5630-5640.

[25] A. El-Gokha, S. A, Laufer, P. Koch, Org. Slomol. Chem.
2015, 13, 1069910704,

[26] M. Gunther, M. Juchum, G. Kelter, H. Fiebig, S. Laufer,
Angew. Chem. Int. Ed. 2016, 55, 1089010894,

£ 2017 Deutsche Phacmazeutische Gewdlschaft

127] M. Gunther, J. Lategahn, M. Juchum, E. Déring, M. Keul,
J.Engel, H.L. Tumbrink, D. Rauh, 5. Laufer, J. Med. Chem.
2017, 60, 5673-5637,

{28] S. Laufer, D. Hauser, T, Stagmillar, C. Bracht, K, Ruff,
V. Schattel, W. Albrecht, P. Koch, 8ioorg. Med. Chem.
Lert. 2010, 20, 6671-6675.

129] C. Peifer, M. Abadleh, J. Bischof, D. Hauser, V. Schattel,
H. Hirner, U. Knippschild, S. Laufer, J. Med. Chem. 2009,
52, 7618-7630.

130] G. K. Wagner, D. Kotschenreuther, W. Zimmermann,
S. A. Laufer, J. Org. Chem. 2003, 68, 4527-4530.

131] P. Xoch, H. Jahns, V. Schattel, M. Goettert, S. Laufer, J
Med. Chem. 2010, 53, 1128-1137.

132] S. Laufer, D. Kotschenreuther, P, Merckle, K. Tollmann,
H.-G. Striegel, 2-Thiosubstituted imidazole derivatives
and the use thereof in the pharmaceutical industry,
2002, WO 02066458 A2.

[33] 5. Laufer, G. Wagner, D. Kotschenreuther, Angew.
Chem., Int. Ed. 2002, 47, 2290-2293.

134] S. Laufer, C. Greim, T, Bertscha, Ostecarthr, Cartil, 2002,
10, 961-967.

I35] A. Trejo, H. Arzeno, M, Browner, S. Chanda, S. Cheng,
D. D. Comer, S. A. Dalrymple, P. Dunten, J. Lafargue,
8. Lovejoy, J. Freire-Moar, J. Lim, J, Mcintosh, J. Miller,
E. Papp, D. Reuter, R, Roberts, F. Sanpablo, J. Saundars,
K. Song, A Villasenor, S. D. Warren, M. Welch, P. Weller,
P._E. Whiteley, L Zeng, D. M. Goldstein, J. Med. Chem.
2003, 46, A702-4713,

[36] R. Selig, V. Schattel, M. Goettert, D. Schollmeyer,
W, Albrecht, $. Laufer, MedChemComm 2011, 2,
261-269,

[37] F. Muth, M. Gunther, S. M. Bauer, E. Doring, S. Fischer,
1. Maler, P Druckes, ). Koppler, J. Trappe, U. Rothbauer,
P.Koch, 5. A, Laufer, /. Med, Chem. 2015, 58, 2567-2567,

138] S. A. Laufer, D. R J, Hauser, A | Liedtke, Synthesis-
Stuttgart 2008, 253-266.

139] S. A. Laufer, W. Zimmermann, K. ). Rutf, J. Med. Chem.
2004, 47, 6311-6325.

[40] K. Ziegler, D. R. ). Hauser, A. Unger, W, Albrecht,
S, A Laufer, ChemMedChem 2009, 4, 1939-1948,

{41] F. Muth, A, El-Gokha, F, Ansideri, M, Eitel, E. Doring,
A Sievers-Engler, A_Lange, F. M. Boeckler, M. Limmerhofer,
P. Koth, S. A. Laufer, L Med. Chem. 2017, 60, 594-607.

[42] W. Albrecht, A. Unger, S. M, Bauer, 5. A, Laufer, /. Med.
Chem, 2017, 60, 5290-5305.

143] A. Chaikuad, P. Koch, S, A, Laufer, S. Knapp, Angew.
Chem. Int. Ed., in press, httpsi/doiorg/10.1002/anie.
201707875,

www archpharm.com (17 ot 17) 01700258




APPENDIX 159

Publication IV

Muth, F.; EI-Gokha, A.; Ansideri, F.; Eitel, M.; Doring, E.; Sievers-Engler, A.; Lange, A,;
Boeckler, F. M.; Lammerhofer, M.; Koch, P.; Laufer, S. A. Tri- and Tetrasubstituted
Pyridinylimidazoles as Covalent Inhibitors of c-Jun N-Terminal Kinase 3. ]. Med. Chem.
2017, 60, 594-607.

Reprinted with permission from Muth et al. J. Med. Chem. 2017, 60, 594-607.
Copyright 2016 American Chemical Society

Link to the published version:
https://pubs.acs.org/doi/10.1021/acs.jmedchem.6b01180



https://pubs.acs.org/doi/10.1021/acs.jmedchem.6b01180

160 APPENDIX
Journal of
. -
Medicinal (e |
pubisacLogime

Chemistry

Tri- and Tetrasubstituted Pyridinylimidazoles as Covalent Inhibitors

of c-Jun N-Terminal Kinase 3

Felix Muth, " Ahmed Fl-Gokha, ™" Francesco Ansideri, Michael Eitel,” Eva Dérin
Adrian Sievers-Engler,' Andreas Lange,” Frank M. Boeckler, Michacl anmcrhofcr, Pierre Koch,*"

and Stefan A. Laufer®'©

'L‘ of Ph xal Chemistry, Insti of Ph sal Sciences, Eberhard Karls Universitit Tiibingen, Auf der
Mocw:mulle 8, 72076 Tibmgen, Germany
*Chemustry Department, Faculty of Scence, Menofia U y, Menofia, Egypt
© Supporting Information
4« 578 Da
" o
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 Cywtta ?
2 1oy (IMKD) = 03 M
==

s

o 00 ama0 Hom
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mzl(mﬂ)wnmﬂym&tndmmnd

of cjun N
vilidated

pyridinylimidazole
Jolm wgulng of the hy&ophobi: region 1 and methylation of

scaffold varying several structural features in ordes to dedu

crucial

darole-N1 position ‘mommdnducodll\c

of off target covalent inhibitor, the tetrasubstituted imidazole 3-acrtamido N-(4+-((4-(4-(4-
fluorophenyl)- 1+ mahyl L(mahyhlno) L imidazol 5. ¥ )pyridin-2 yl Jamino jpbenyl)benzamade (7) inbibsts the JNK3 i the
subnanomolar range (1C, = 0.3 aM), shows high metabolic stability In human liver microsomes, and displays excellent selectivity
in & screening against a panel of 410 kinases. Covalent bond formation to Cys-154 was confirmed by mcubation of the inhibitors

with wild type JNK3 and JNK3.C154A mutant followed by mass

x

Y-

B INTRODUCTION

The ¢Jun N-terminal kinase 3 (JNK3) belongs to the mitogen-
activated protein (MAP) kinase family, which comprises 10
members: pA8 MAP hlum (p38a. -ﬂ, t -6) JNKs (INKI, -2,
-3), and three ! The three

kI, o2, k3 encode for a a total of 10 alternatively spliced
ijuofomuvmhanwlenﬂarwh:behm“ud 55
kD2 ™" Although structurally highly conserved, INKs differ in
kmu: dulnbuuon fundamentally. JNK1 and JNK2 are
d, wh JNK3 ey s pomarily

restricted to the heart, testis, and brain,"
Onthehm:ofrmxhﬁnmmenlknockoul experi-
ments'™ and due to its specific tissae distribution, INK3 has
been anfxd uapmmmlgmget‘wpmemulmmnlof
o ders such as Hunnnglons discase,

p ki " ;. a‘h‘ Alshei " i

covalent mhibitor of the epidermal growth factor receptor
afatinb In 2013, the design of imeversible imhibitors raised the
attention of the protein kinase research community.

The recently highlighted high quality kinase ptobe JNKIN.
&' {1, Figure 1) was discovered by Zhang et al."* and provided
the first highly selective covalent pan-JNK inhibitor, The
reported aminopyrimidine-based pan-INK inhibitors passess an
electrophilic moiety and target a cysteine (Cyv-lSG. INK3
numbering) conserved among all jNK: (m hinge 7
pasition) that is not p in other p ’

1n the search for new covalent mln‘bum. researchers mostly
follow two differvnt pathe: ether & ific weak ibl
bender is used as a ludmmnorammnlmt. relatively
potent inhibi lmdy i for the target kinase is
chasen to be refined,’ In mnunulng efforts to enhance both
sel«tmty and activity of pyridinylimidazole-based JNK3

Within the past years, coval hibitson of enxy has
experienced a resurgence.” Carefully designed isreversible
inhdbitors have been to be even more selective than
their reversibly bindiog counterparts,” " With approval of the

v' ACS Publications #3016 Anescn Chmick sociaty 594

we applied the latter approach of coval geting
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fyiepnotye regen | lm egeen |

Bls_nok b
{t Bl @ Bi- 'u'"ﬁ
\ NH \ W,
3
;:::“' LML Ky = 1T
m\g‘%ﬁu" INKC. Ty = 24 NM*
|
Cyuine
Pigure L. Pan INK inhdwtors 1 aad 2 and dual [NK3/p38a inhibitor
3.'“!“, : l' s 'b" idest and ol "

P d inkibi

the active site {Figure 2),
Herein, we report the synthesis of tr- and tetrasubstitoted
p)'ndmyllmuhxoiu (compounds 4-23) as well as their
JNK3 inhsbi (Figure 3). The effects

d 7, computationally docked into

Figwre 3. Structaral modifications of mmidazole scafold and deprction
of the terminology used throughout this article.

to our previously reparted potent dual INK3/p38a inhibitor 3
(Figure 1) This scaffold was designed to align all maieties for
optimal interaction with the active site of the enzymes
Computational docking studies with mhibitor 3 as well as
comparison of known crystal stractures of similar pyrieiding-
limidazole inhibatars'” (PDB codes IPMN and 4Z9L) bound
to INK3 suggest that the 4-fuorophenyl ring of 3 is located in
the hydrophobic regson 1 of JNK3 and two hydrogen bond
Interactions are formsed with Met-149 pmmon«l in the hinge
region. Therefore, it provides a sui g point to
wMty 1 hips (SARs),

Due to the fact llul the hinge bln-!ing mom's present In 1 and

in our 2-ami ffold are g two

of the 4-fluocophenyl ring at the imid. "..'A,. as well
“MafmA (" | 1s N alked 1, 3 A\
the influence of the substitution pmtm o‘ bo'h rlnnyl rlqg; A
and B on the biologscal activity An
acrylamide-type cleamphllh vmhud was chasen for the
design of the herein presented compounds, since the af-
unsaturated carbonyl group rep a soft el hile, which
mnlgufnmml!ymd\&:mﬁdnolprmmn:yxnmn&
chains.” " Pusth the p ¢ of this Michasd
several Iamdud lent kinase inhibitors (afatinih bmlinib,
m:mumit}"’ as well as in drug candidates (neratinib,

bydrogen
bonds to Met- 149 (anm« 1 and 2), d ives of 3 b ;,an
appropriate side chain at the pyridmne-C2 p
an electrophilic warhead should be able to target the umquc
cysteine (Cys'lM)
This design hypothes d by the comparing of
the binding mode oijK-lN -7 (1. Figure 1) in the crystal
structure with JNK3 (PDB code 3V6S) and one of our

Figure 2. Superamposition of 2 (gray) in cryetal structure with INK3
(VDB code: VES, cyan) and 7 (ssbmon) covalently docked mto INK3

Ib)*" allows the assessment of 3 general safety
profile for compounds bearing this moiety. However, n
cantrast to the NN-dimethylaminomethyl acrylamide present
in afatindh or neratinkdy as well as in compoands I and 2, the
unsubstituted acrylamide was preferred as electrophilic warhead
for var series of inhibitors, In fact, although the testiary amine
has to improve properties as solubility and ceflular half:
life,” #t also significantly ncreases the reactivity of the
acrylamide by catalyzing the Michael addition”’ and therefore
could be potentially responsible for off target side effects.

W RESULTS AND DISCUSSION

Chemistry. The synthesis of trisubstituted tmidazol
derivatives 4 md s l‘mﬂng a #flearopbenyl moiety at the
tinidazole-C wplished in three steps starting
trom repcntd inhibitor 3“ (ﬁdwme 1). First, the pamary
amine was mcwd \mh the rfapc\:uw mtmbtnmk md using
benzotriazol-1-yl-oxytripy phosp
phosphate (PyBOP) as a coupling to yield amides 24
and 28. Second, tbcnmcm\ymnﬁunnd“mmdnced
to the corresponding amines 26 and 27 using tin(11) chloride.
Finally, the Michael acceptor system was introduced by
reaction of the andlines 26 and 27 with acryloyl chloride
the presence of N,N-dissopropylethylamine (DIPEA) as 2 base.
Manmmmhmndmmmmm&g

¥ wpound 6 (the analog of 4) was

(PDB code 1'MN, gray) wsing Scheadinger Glide.!” Mol
2 and JNK3 are depicted as orange dashws. The image was generated
with PyMOL."" Amiso acld sequence was partially hidden for clarity.

th d ction of 3 with 3-proplonamidobenzos
wid and PyBOP as coupling reagent {Scheme S1, Supporting
Information ).

D08 SO faca pmvech hwed 400 | THD
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Scheme 1. Synthesis of Trisubstituted Pyridinylimidazoles 4 and 5 Bearing a 4-Fluorophenyl Ring at the Imidazole-C4

g&». 2} %\" "+

T "Ooe O '"ﬂnl@m

Position"

3 U = mats
6= poa

2 = ol 4= mala
7 = pacn 6= pova

“Reagents and conditions: (1) w- oc postrobenzose acid, PyBOP, DIPEA in dichloromethioe, § b, ot; (1) SaCl,2H,0, FtOH, reflux, 6 by (1)

acrylayl chloride, DIPEA, DMF, 0 °C t0 .

Scheme 2. Synthesis of Final Compounds 7, 8, and 10-20 Exemplified by Synthesis of 7"

"Oytm - Ogn =

“Reagents and conditions: (i) SoCl, 2H,0, FtOH, 75 "C, 2.5 by (il) acryioyl chiceide, DIPEA, 14-d)

peecatalyst, | 4-dicwane{ahs)/tert-butanol 4:1, 125 °C, 5 b

Ilal@,nr

"
T Mo
u
7
t, 2 hy (iii} 31, C5,€0,, BeettPhos

Scheme 3. Synthesis of Trisubstituted Pyridinylimidazoles 21 and 22 Bearing a Methyl Moiety at the Imidazole-C4 Position”

(;['%—s QI s

(g;r QIH

ux‘(}m O

36 » moda 2 = metn
38« parw 2. puen

I 1 il
7

de, pyndine, rt; () SoC1,-2H,0, E(OH, reflux, & by

33 = mota
34 = pwvn
nts and conditicas: (1) m-eatrobenzoic aod, SOCI, pyridine, it or p-ni
(m scryloyl chlorde, DIVEA, DME, —20 °C to 16, 3 h.
The b 4 imidizoles 7, 8, and 10-20 were
prey ‘uﬂnga gent synthetic strategy starting from the
itrob acid and b ndline (Scheme 2).

Comwmdsm-hm:yn&umdmpndy\d&hyadbg
O (benzotriazol 1-yl) NN N' N’ tetramethyluronium  tetra:
fluoroborate (TBTU) and the corresponding bromoaniline to
a son of nitrobenzoic acid in dichk ethane at mild
cooobhommlnngPFAubau In onder to reduce the nitro

group to a primary amine, compounds 2Ba<h were treated
with tin(Il) chlodde in ethanol at 75 °C, The acrylamide

head and its d part were doced using
the ponding acwd chlorides. Compounds 29a~h were
peaded In dry L4.di and treated with the activated

carboxylic acd at mild conditions wsing DIPEA as base. In the
last step of this synthetic route, 3 Buchwald—Hartwig cross.
coupling reaction was applied. Optimzed conditions for the

du of sub d aryl ties at the pynidine-C2
amino position have been previously descnbed ™' The scaffold
4-(4-(4-fluorophenyl }- 1-methyl-2-(methylthio )- | H-amidaxol-$-
yl)pyrdin 2amine (31)" and the side chains 30a—m were
coupled using BrettPhos Pd G1 precatalyst as the catalyst/
ligand sytem nnd cesium carh as base.” Compound 9
was by £ I:be Rachwald. “m“ Il'y‘
amination reaction with 282 and 31 followed by a reduction
step (Scheme 52, Supporting Information).

Thb syathetic strategy allows the introduction of the side
chain using optimized Buchwald=Hartwig cross-coupliog
reaction conditions in the kst step, thus providing a high
degree of flexibility (0 terms of varylng the scaffald or the side
chain.

As further modifications, compounds 21 and 22 bearing a
small methyl moicty at the imidazole-C4 position were

D08 MO TOI] faca gmvech hwmd 4001 T8O
J et Cowo. 2007, 4, SR4-407
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Table 1. Biological Activity of Trisubstituted Imidazoles 4-6

F

-
u’\

Ol

G i
Cap R o
ICa (oM SEM  ICa[aM]  SEM
4 mew /‘T\ 06 a0t ax o~
5 pwa "X\ 3 oot 3 ] |
6 mew Ay 2 007 4 027 2

“Incubation timse, 0 nue. “Incubation tuse, 60 min. ‘1C,, values are the mean of three expermments. “Ratio: 1€ pdfer) /1C, (JNKA).

synthesized in three steps (Scheme 1) starting from N'-(4-(4-
methyd-2-(methylthio ). | H-imsdazol-5-yl Jpyridin-2 i benzene.
1 A-diamine (32; for synthesss of imidazole 32, see Scheme 53,
Supporting Information), The buddup of the linker buﬂng Iht
electrophilic warhead at the aniline function was ¢

imidazode-N1 position with the utmost simple substituent as
pror investigations of our group correlate the N-alkylation with
a reduced p3Bar inhibiton.

It is crucial for the linker between the scaffold and the

rhead 10 ise the optimal length and angle in order to

mululywthemlegy“‘“for!ht““ d
2 4k henyl ring at the imidazole
cove, The oondlﬂnna used tn :ynlhsm coenpoand 13, the

nmudumhﬂdlbﬂyfmﬂmmdeoyhmcmadddw
thiol to occur and simultaneously retain the orlgmlblming
mode af the scaffold. Therefore, we synthesized 2 broad vanety

saturated amalog of 21, g with p 32 are identical of linkers, dlcmg the meta and pm substitution patterns
to thase used for the tymhuh of 6 (Scheme S4, Supporting we introduced methyl groups at
Information ), diferent puuhom of the A and B rivgs to slightly increase the

Blological Evaluation. All synthesized inhsbitors were
evaluated in enzyme-linked immunosorbent assays
(ELISAY™™™ to determine the 1C,, values for [NK3 and
p38a. Compounds 7 and 21 were ived for their bok
stahility and further screened in a panel against 410 kinases to
determine their selectivity within the kinome. Results are
presented in Tables 1—4 as well as in Tables SI and §4
(Supptnmg Information ).

ples of the trisub d pyridinytimidazoles series
beanng a 4-flucrophenyl ring at the imidsrole-C4 position
(compounds 4 and §) are very potent dual JNK3/p3sa
inlabitors displaying 1€, values down to the picomolar range
(Table 1), While no preference for either tested kinase was
detectable, compounds 4 and S deduced from compound 3
(Figure 1) revealed that the balky side chain not only was well
lerated by both enzy but also caused an mcrease in
Inhdbitory activity that s distinct in compound 4 having the
Michael in meta position. H . within the series
of 4-fluorophenyl-substituted imsdazoles; the tofluence of the
Michael acceptor system m terms of JNK3 inhibition is rather
low, since the saturated analog of 4, compoand 6, shows no
significant decrease in terms of INK3 affinity.
We couldd not observe any beneficial effect of introds

torsson angle.

In arder to elucidate the contribution of each moiety on nng
B of 7 and &, we synthesized compound 9 (IC,;- INK3, 30 nM;
p3Ba, 149 nM). The para/meta substitution pattern (where-
upon para refers to Ang A and meta to nng B) with the
unsubstituted anifing, ing 2 S-fokd preval for INK3
over p38a, was rather encouraging since the covalent tag was
yet to be introduced, The para/meta substituted compound 7
(ICy: JNK& 03 nM p3ﬂa. 36 nM), bearing an acrylamide
rh inhibitory effect for INK3 and
120-fold pte‘cnmce cunwed to the 1C,, value of pida,
emerging as the most potent inhibitor synthesized in this series.
Sarpresingly, we observed a lower 1C,, value for p38a alongside
the JNK3 inhibition compared to compound 9, The initial
\p that the carbonyl oxygen of the acrylamide forms
an additional hydrogen bond to p38a and thereby increases its
inhibitory effect was validlated by <ompmmd 8. It shows 4 4
fold decreased inh'bmnn for p3sa d to its |
d 7. More i Ingly, INK3 inlubition
of mmpunnd 8 i significantly decreased compared to
campound 7. This can be considered as & strong indication

for the formation of a covalent bond of 7 to the INK3.
Compound 10 ([Cyy: JNK3, 2 nM; pi&a, 2 aM), which

:l:cuoplﬂxnrbndsmtrmncfnd«nvitymprdmgdn
trisubstituted  Imidazoles bearing a 4-fluorophenyl moiety.
Therefore, as 3 parallel concept, we chose to alkylite the

features the para/meta substitution pattern and a methyl group
In ortho pasition at the B ring, inhibits both kinases in the Jow

single digit lar range. The methyl group at that pasition

D08 MO faca gmvech bwed 4001 T8O
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Table 2. Biological Activities of Tetrasubstitated Imidazoles 7-20
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“Iacubation time, $0 min. “Incubation teme, 60 min. ‘1C,, values are the mean of three expertments. “Ratio: 1€, (p3ta)/1C,, (INK3 ).

seems 1o | the y on pisa dastically, The wnd p3sa inhibition are alike. The inversioa of the para/meta
saturated analog 11 (lC,..jNKs, 17 nM; p3sa, 38 nM) lacking substitution pattem led to compound 18 (IC., INK3, 4 nM;
the electrophilic warhead supports this assumption since INX3 p38a, 26 nM) exhibiting 2 low preference for JNK3. The
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Table 3. Biological Activity of Trisubstituted Imidazoles 21-23

"
lug

HN.
INKY s
ICw (M SEM 0w [nM]' SEM
T 2 an 1942 & @
n oo Fys W 1 s920 107 0
b J— .4-:5-- 253 7 10000 - 30

“Incubation tizwe, 30 min. "Incubation time, 60 min, “IC,; values are the mean of taree experimsents. “Ratior € p38ar)/IC(INK3).

introduction of an ortho methyl group at the A ring, which was
dtombcd by Zhang et al"' 1o be the key determinant for
d 20 {IC,; JNK3, 2 nM; piSa, 3
nM). Sisce we could pot: observe a selectivity increase with
respect to JNK3 and p38ar inhibition, we introduced the ortho
methyl groap to the para/para substituted compound 16 (IC.
INKS3, 8 nM; p38a, 35 oM) and its propionamide analog 17.
However, this dd not yield the desired effect.

Judged by the small difference in inhibition between
compoands 14 (IC,: INK3, 10 oM; p3sa, 47 nM) and 18
(ICq JNK3, 27 nM; p38a, 17 nM) it appeans that

meta-pasition. Compound 23 lacks the Michael acceptor
system andd shows a tremendous drop (>125460kd) in INK3
inhibition compared to 21. SARs of the trisubstituted
pyodinylimidazales series, which carry a small mcthyl momy
a the imsdazale-C4 position, indicate the fi of

bond between INK3 and the nhibstor 21, Cnmpound 22,
presenting a para/para substs fy does not
Mlﬁawﬂembmdmtbemmj!ll(%mm
inhibitory effect was smilar to the saturated compound 23,
unable to form a covalent bond.

14 does not establish a covalent bond with INK3. Rtnuxhbly,
compound 1S bearing the proplonamide matety s better

Inhdbitoes 7 and 21, displiying the best Inlibition profile
within the series, were further investigated. In order to confirm
the formation of a covalent band te Cys-154, the enzyme—

! | by p38a compared to 14, which stands in to
the prior observation. The meta/meta substituted 12 (IC,,:
JNKS, 3 nM; p3sa, 217 nM) fi a 72-fold prefy for
INK3 compared to the IC,, value of p3Saz. Additionally, the
almost 70 times lower INK3 inbibition of 13 (ICy;: INK3, 175
nM; p38a, 241 oM} and the almost constant p38a inhibition
suggest the successful formation of a covalent bond between
compound 12 and Cys-154. The unfavorable ortho methydati
at the B ring seen with compounds l')mdlo(mammg pisa
inhibition) is in agreement with a similar observation in
compounds 16 and 17,

Since owr efforts of optimizing the linker dd oot resalt in 4
INK3 inhibitor exceeding 120-fold preference over pa&a, we
chase to replace the 4-fluorophenyd ring of compouansds 4-6 by
a small methyl group leading to compounds 21-23.

The rationale behind this modification is the fact that
sumerous examphes of known INK selective inhibitors are not
targeting dxehdngk I (for recent reviews on JNK
Inhdbitors, see Koch et al.™ and Gehringer et al ™). The most
selective JNK3 inhibitor in this series (Table 3), compoand 21,
shows an 1Cy, vadue in the low nanomolar range and &s §76-fold
selective against p38a (IC,: INK3, 2 oM; p3se, 1,952 nM}.
Comparison of 21 and 22 d that the pasition of the
electrophilic warhead on ring B is crucial for improving both
INK3 activity and selectivity. Compoand 22 (IC,,: JNK3, 200
nM), having the acrylamide n para-position, is 100-fold less
active than its ssomer 21, which has the same substituent in

inhibi I ly bquid chromatography—
mass spectromﬂry (l.C-MS) Both compounds were

mhud with INK3, and subsequently subjected 1o LC~MS
s Unbound and reversibly bound ligand were removed
bolh by chromatography and by application of a high
declustering potential in the counse of ionization (for further
details, see \uppmmg lniunn.mon) Theae two passapes are
aimed at discupting re
allowing only the detection of covalently bound ligand, The
expected mass shift of ~578 Da and ~484 Da in the case of
incubation with inhibitor 7 and 21, respectively, could be
measured on the intact protein level wsing LCuESEQTOF
mass spectrometry (for further details, see Table 82 and Figures
S1-83abd, Supporing Information). Mareover, performing
the same with ds 8 and 23, the saturated
analogs of 7 and 21, no mass shift could be observed, since the
noncovalent inhibitors do not sustain the binding to INK3
duning the LC-MS expenment (Figures S3c and Sie,
Supporting Information), Interestingly, MS analysis carried
out on compound 14 {Figure S4a, Supportmg Information),
which bears the washead in para position and had
beens assumed not capable of binding covalently, displayed the
mass shift of ~378 Da relative to the irreversible boad with the
target. However, the shifted peak had a significantly decreased
intensity compared to the mass shift of the aforementioned
pounds 7 and 21, Bing that the para/para substitution
pattern of the linker can still permit the formation of the
D08 ST faca gmvech hwrd 4001 T8O
1 S Qoo 007, 4, S54-407




166 APPENDIX
Journal of Medicinal Chemistry -
and can therefore be idered to be bobcally stable

malembmd,ahhwﬁnmﬂlnnon&mhkcﬁamcy As
[ wpound 15, the
mmrpmof“&dnugwmtoanyomymcmu
increase (Figure S4b, pronmg lnburmaboo) Finally, the
J MS exp d by incubating
eompcunds 7, 14 and 21 w\!h a _]NKJ wutant, where the
reactive Cys-154 was replaced by alanine (Figure 55,
Supporting Information). Results for the three oompmmd:
tested showed absence of mass shift, g our hypoth

(Tabde S4 andd Flgum S6 and 57, | Supporting lu‘omu!lm\) In
t with prior findings,” the metabolic degradation
leads moss Ikely to the axidation of the imidsrole-C2 sulfur,

W CONCLUSION
We full ferred the pt of covalently inhibating
the JNKs to our pydinylimidazole - scaffiold, which was

both on the formation of the covalent bond and on the specific
aming acid (Cys-154) targeted,

Covalent inhibitors 7 and 21 were furthes tested in a pancl of
410 Kimases, nclding 70 dsease-relevant  protein  kinase
mutants and 13 lipid kinases (Table 51, Supporting
Informution) to evaluate their selectivity within the kinome
At a testing concentration of 1| uM, which represents 500 times
its 1C, value, imidazale 21 inhibited oaly 15 ki Cinchud

clab d for INK interaction, Compounds 7 and 21 with
their para/meta substitution pattern comprise the optimal
linktrlm\glhmdmgle&t&udemuphihcwadmadlufmm‘

covalent bond to the Cys-154. Incubation of INK3 with

mpomu!s 7 and 21 followed by mass uyenmenu
1 the ption of 2 bond

Both s b are bolically relatively stable when

mwdtoHLMTmmglhehydmphob&nymlwnhn+

all JNK iseforms) out of the tested kinase panel, resulting in 3
low S (50) score of (L037. This parameter is defined as the
poction of kinases that are inhibited to more than 50%, in
relation to all tested kinases.”' Notably, the tetrasubstituted
imidazole 7 reveals a remarkable sefectivity profile. Besides the
JNKs, 7 inhibits only theee other protein kinases (Table 4) 4t 2

ring d with a methylation of the
lmldndeNl position reduced the number of off targets,
resulting 0 compound 7 with a remarkable selectivity profile,

B EXPERIMENTAL SECTION

Chemistry. General. The purity of all tesed compounds » 295%
mdmdecmmdmmybmlﬂ'l.c

Table 4. Off Target Activity of Compounds 21 and 7 in a
Panel of 410 Kinases

2 7
atluM 0S5 uM

I Procedure for the Reduction of Nitro Group of
Compounds 24, 25, 33, Mullshg‘lﬂ{lla\brldﬂﬁcmnl
Procedure Al [n 100 mL roond-bottom flask, the mitro compound
was dissoleed n ethanol. Tn([1) chioetde was added, and the reaction
misture was reflused for 6 b Adter cooling to o, 4 vaturated soluten of
sodium bicarbonate (20 mL) was added, The aqueous layer was
d with ethyl acetate {3 % 10 mL), and the combmed organic

CK-1-6 | CIK4 MKK7._| TAOK2 | TIEZ-wi |
CR-142 | MAPIKIO | PKC-tie | MAPKAPY |
_CK-1y3 | MAPIKIL | SGKL ZAK CK-1-8

1029 %° 30 - 50%"
"Residual actrvity

screening concentration of 0.5 wM (repeesenting more than
1500-fold s IC,, value) and possesses an excellent S {50)
umufoms.mll#nlydimgdsdumuyummiy
' { to the 1, '; d idarol ”l

specific interactions within d\n hydmphbk wpon I, dlc so-
called selectivity pocket, which is not targeted by compound 21.
As expected, no selectivity was seen within the INK family,
since the tasgeted cystesne is conserved among all ssoforms,

All final compounds were checked for being potential pan-
assay mmﬁrau:e compounds (PAINS) using the ZINC
Pattems tool,” which led o no hits. Since acrylamides might
interfere \mh inteacellular proteins In 4 noodscnaminatory
manner, the most promising covalent inhibitor 7 (10 yM]
was incubated with the afic thiol glutathione (g
almost all cells, 5 mM) under similar conditions used in lht
kinase activity assay (muimum concentration |0 uM, 54 mln,
37 °C). Sub liquid chr
(HPLC) amlyu ded onlylnw deph of 7 ('hhlc \t,
Supporting Information). This obsesvation together with the
rather clean profile of acrylamide compounds 7 and 21 in the
selectivity screening shows no evidence of unpredictable
interactions with other cysteine side chaing,

Inhibitors 7 and 21 were fucther tested for their bob

layer was dried oves anhydrous Na, SO, The solvent was evapocated
under reduced pressure, and the crade peodiuct was purifd by flash
cheomatography (Si0y, Echloromethane/ ethanol, 95:05 to H: 10}

General Procedure for mmmamc
4, 5, 21, and 22 (General P B The o
anviee 26,27, ss.nv!ﬁmthmmdeMF(lmL)ndphndma
round-bottom flask under argon atmosphere, DIPEA was added in one
portion followed by dropwise addithon of acryloyl chlorde diloted in
dry dichlocomethane (E mL) at 0 °C (i the cases of prepacation of 4
and §) oc in dry DMF (02 ml.) a1 <20 “C (in the cavex of proparation
of 21 and 22). The reaction mixtwre was further stimed for 2 h at r,
then poured over ke and stirred for 30 min. If the cude product
precpitated, the peecipitare wis filtered off and purified by column
chromatography lnlbvr-uv ofpwpanhwl af 21, the crude peoduct
did mot p Th q phase was extracted with
ullylomxt(sxwml.] Thcmdlndapuhmmdmd
over Na,SO,, the sdvent was evay ¥ and
the residue was punfed with flash ¢hmnmnya|-h

General Procedure forSymﬁeB Amldes:la—h GGeneul
Procedure C). To a stired suspernsis
acad (L1 wquiv) in dchlaromethane (0 mL/mmol adnl. TRIV
(1.1 equrv}, the corresponding bromoandine (1 equiv), and DIPEA (2
egatv) were added at © "C. The yellowtsh suspension cleared op s 1t
wis allowed 1o warm to room temperature and was subseguently
stirred for 3 b smtil | of the resp
bmmonhtmdmaulbyTLCThun:mmmunmponud
on a pad of sfica and eluted with a mixture of ethyl acetate and petrol
ether 50750

General Procedure for Synthesis of 29a—h by Reduction of
Nitrobenzene Analogs 28a-h [General Procedure D) To &

P of tin{l1) chloride (5 equiv) in ethanol (100 ml/mmol
nitrobenzene) was alded the comepanding nitrobenzene (1 equiv),
and the reaction maxture was heated to 75 “°C for 2.5 h until complete

mbﬁty m male human fiver microsomes (HLMs). Both

inhibi dergo & partial bi sformation. Never:
theless, both tested mmpomds ate exhibiting 13% and 31%
degradation over a time span of 130 and 190 min, respectively,

was d d by TLC The solvent was evaporated under
reduced prewase The white rewidoe was treated with saturated
NaHCO, solution and brine. The aqueows liyer way vxtracted with
ethyl acetate (3 % 60 mL). The combined crganic phases were dried
over Na,SO, wnd evap d under redoced § to yeeld the

L R R et bed
J S Cowe. 2017, 40, SR4 -7
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desred mele compound is a white sokd which was used without
furthwr

Amide Coupling (General Pr E). To a

ing andine 29 (1 equiv) in LA-dioxane (12 mL’mmol
aniioe ), DIPEA (2.5 equiv) was added foll d by the p
acid chlveide (1.1 equiv) at 0 °C, Tl:rmmwnnsdlo\mhowmnup
to room temperature and was stered for L untd complete conversion
was detected by TLC. After | of all volatiles under redaced
pressure, methanol was added anel the misture was evapocated agam
Thes process was repeated three tees, and the solid obtamed was used

without ferther purification,
General Procedure for Synthesis of Final Compounds 7, 8,
10--20 via Buchwald -~ Cross-Coupling Reaction (Gen-

eral Procedure F), BirettPhos precatalyst (2.5 mol %) was added to »
dry mixture of terr butanol and | 4 &oxane (1:4; 54 mL/mmol 31)
ae argom fushed gl tube. Compound 38 {1 equiv} was addad 1o the
reaction maxture followed by ceswam carbonate (2.5 equiv) and the
teve anyl beomade 30 (1.0 equiv). The resction mistere wis
heated to 125 "C s sticved for 2 h after sealing the ghass tube tightly
Ancther 25 mol % BrettPhos precatalyst was added, aed the reaction
macture was heated to IlS *C and stered S an additional 3 b und
HPLC confirmed The reaction mixture was
Mdmmlinmmmwm&ﬂmmlmdwwwn eehyl
scetate (20 m1), All volail d under
nd!hzludwmpﬂﬁedhyﬂbﬂﬂddﬂm
m do-NH[&(#“-ﬁumphmyl)-Z-(MyllMo)-
lH-l ol-s-yﬂipyvldh-z-ylhmwhmmmm ).
d 4 was tzed sccoeding to general peocedy B,
uung ua-pmnu! 2% (HO my, Q16 mmol ), DIPEA (‘ID'AL 0,17 mmed ),
nd acrykoyl d\lmd: (16 sl alo menol). Purification by flash
by (510, dichl fethamol, 92-08) afforded 35
g (40%) of 3 light yellow sobd product 'H NMR (250 MHz,
DMSOL) 5 1267 (bes, 1H), 1038 {o, LH), 10014 (s, 1H), 897 (br s,
1H), R21=796 (m, 2H), 7.96=757 (m, 1H), 7.73~7.40 {m, 3H),
738-715 (m, 2H), 712677 (m, 1), 668 {d, [ = 46 Hz, 1H), 648
(8d, [ = 99, 170 Hy, 1H), 6,30 (dd | « 2.3, 170 Ha, IH), $858-572
(m 1H), 262 (y, 3H), "'C NMR (101 MHz, DMSO-#,) 4 1649,
1653, 1619 (d, [ = 2470 Ha), 1565, 147.2, 1428, 1419, 139.1, 1379,
1359, 1347, 1320, 1317, 1307 (d, = 89 Hz), 1295 (d, | = 3.5 Ha),
1287, 1270, 1228, 1220, 12140, 1185, 1I8.2, 1157 (d, / = 230 Hx),
1124, LLLE, 1070, 180; HPLC 8, « 6.25 min. ESILHRMS: caloslated,
5651817 (M « HI'; fosmd, 5651812
:'mo Ido-N-«-((‘-M—«—ﬂuowphenyl)—!-{Mﬁlhlo)-
IHI - Hlpyridhz-ylhm)phmyﬂhmm b
d & wm general h B,
unngm-yound 27 (78 my, 015 mumol), DII'EA(IO"L.D 17 mmeld),
a-d acrykeryd M (15 g, ﬂlﬂ mmol), Partfication by Had
(510, dichl Jethamol, 92.08) afforded 22

¥

purnfcation,
General Procedure for Symhesls ol(ompom m—m v:_

™ phy (Si0,, dich hame /ech

o & 97:03 10 80:20)
ywelding 6 (30 mg, 21%). "H NMR (300 MHz, DMSO-,) #
1267 (brs, 1H), 10,01 (b s, YH), 1006 (3, 1H), 9.08=887 (m, 1H),
BA7-794 (m, 2H), 7.84 (d, [ = 8.0 Hy, 1H), 767-7.15 (o, 10H),
700676 (m, 1H), 6.73-6,64 (m, 1H), 2.63 (s, 3H), 236 {q, /=75
Hz, 2H), 111 {1, J = 75 He, 3H); C NMR (101 MH, DMSO-4,) §
1722, 165.1, 163.1, 161,4 (4, ] = 244.9 Haz), 1563, 1480, 1472, 1429,
1420, 1394, 1389, 1379, 1374, 1359, 1347, 1038, 1325 132,
1307 (d, [ = 80 Ha), 129.5 (d, | = 0.0 Hz), 1256, 1268, 1262, 1217,
1210, 1186, 11835, 1082, 1158 {d, [ = 22.0 Ha), 1153 (d | = 220
Hlz), 1124, 1118, 1114, 1073, 1070, 29.5, 15.1, 9.6, The peaks of the
cabon are double due to the amide tutomerivm, HPLC 1y = 547
min. ESIHRMS: calculated, $67.1973 [M + H]'; found, $67.1957.
3-Acrylamido-N-(4-[{4-{4-(4-fluorophenyl)-1-methyl-2-
(mnmmquH-ImIdmi-s-ylmtldlwz'yllamkwlphonm-
benzamide (7). According to genesd procedure ¥, 7 was sy
from 31 and 30a Eksent ethyl acetate/n-hesane 4555 1o 7525
Ancther flah chromatography was performed to punfy the producy
duent dichlocomethane/ methunol 100:0 to 92:8 afforded 31% yickd
"H NMR (200 MHz, DMSOL,) & 1034 (s, LFD, 1005 (5, [H), 952
(s, 1H), 826 (4 [ = 54 Hx, t1H), £15 (s, 1H), 792 (4, / = 78 Hx,
1H), 7.70~7.59 (m, SH), 7.55-740 (m, 3H), 7.04 {1, | « 8.9 Hy, 2H),
6.78-669 (m, 2H), 655-6.17 (m, 2H), 584572 (m, 1H), 343 (s,
3H), 265 {5 3H). "C NMR (101 MHz, DMSO-J,} 6 165, 163.5
161.0 (d, [ = 2437 He), 1565, 148.3, 143.5, 139.1, 1389, 1373, 1368
1389, 1325 1317, 1306 (4, F = 29 Hz), 128.7, 1283 (dl, ] = 80 Hz},
1283, 127.1, 1223, 1220, 1210, 128.8, 1184, 1151 {d, [ = 21.5 Hz),
1148, 1111, 313, 153 ESI-HRMS: cakulated, 5781900 (M = H]
found, $7K.1876, HPLC 4, = 3,87 min,

N-(a- ((l~(4-(4-ﬂuorophmyl) -1-methyl-2-(methylthio}-1H-
Imidazol-5-yljpyridi n-zoymmlno)phmn Woplommldo-
benzamide (8). A g 1o general p
from 31 and 304 E)utm nlM wzullwhmm 45\5 to 7518
Another flash ch was perfi to punfy the product;
duent &Hmmd’unn’wlhnnl J0G:0 10 92:8 afforded 62% yiekl
'H NMR (200 MHz, CDC3,) § 835-815 (m, 2H), 798 (d | = 106
Hz, 2H), 772 (d, ] = &6 Hx, 1H), 7.55-7.28 (m, 6K), 723-7.12 (m,
2H]), 7.04 (s, 1H), 693 (&, | = 8.6 Hz, 2H), 667-6.58 (m, 2H), 344
(s, SH), 265 {s, 3H), 235 (g /= 7.7 Ha, 2H), 117 (¢, [ = 7.5 Hx,
3H) YC NMR (100 MHz, DMSOW) 8 1722, 1681, 1610 (d | «
2434 Hz), 1564, 1482, 14346, 1395, 138.9, 137.2, 1363, 1359, 1324,
13058 {d, [ = 29 Ha), 1286, 1283 {d, ] = 7.9 Hla), 12835, 1218, 1217,
1210, 1185, 1152 (d, [ = 254 Hx), 1148, [11.1, 31.6,29.5. 153, 94
ESI-HRMS; calenlated, 5802037 [M + H]') found, 3802054, HILC
Iy = 755 min

3. Amino-N-(4-({4-{4-{4 fluoraphenyl)-1-mathyl-2-{methyl-
wonmmmww!nm-zwmmmmnwmm
(9} Comy ¥ §1, zine dust (6 equiv), and

my (27%) of 4 wu yellow solid product 'H NMR (300 MHz
DMSO-d,) 5 12,68 (be v, 1H), 1044 {5, [H), 1003 (s, 1H), 399 (br s,
1H), 812 (be s, 1H), 802789 (m, 2H), 7.85-7.74 (m, 2H), 7.62 {d.
1= 8.3 Ha, 2H), 757 (d, | = 86 Ha, 2H), 7.51 (be &, 2H), 7.31 {br s,
1H}, 7.23 (be s, 1H), 702674 (m, M), 674—4660 (m, 1H), 649
(dd, ) = 10.1, 17.0 Hs, 1H), 631 (&, ) = 17.2 Hz, 1H), 5.81 (d, [ = 102
Ha, 1H), 263 (x, 3H). ""C NMR (101 MHz, DMSO-d,) 4 1643,
1634, 1613 (d, | = 246.2 Hz), 1565, 147.7, 147.1, 1429, 1427, 1417,
1376, 1316 1306 (4, [ = 5.5 Ha), 1297, 1284, 127.4, 1268, 12140,
1185, 1184, 1183, 1337 (d J = 267 Hz), 1118, 107.1, 999, 154,
HPLC ¢, = 610 min. ESTHHEMS: alalated, 5651817 [M + H]Y

found, 5651804,
IHH(HH!-F!uoro -I-MM)-"Hmldml-S-
idin-2-yljamino| -3 ionamidobenzamide (6).

Under argon nmnqku. mupmmd 3 (100 myg, 023 mmol) was
ded In eth (lOmL)mlePEA(“,uLﬂ)l

2 (6 equ) in ahmnl (62 mL/mmeol $1). The
mixturs wis beated undes redhax for 4 b antl complete seduction of the
nitr group was detected by TLC, The mistare was Stered through 3
pad of Lﬁe. vlndx was washed with ethanol. All volatdies were

d undes 1y and the revidue was purified sy
flash chromatography. Eluent ethyl acetate/n-hexane 4555 to 75:25
affanded 7% yield. 'H NMR (200 MHz, CDCL) 6824 {d. | = 7 Hz,
1H), 783 (s, 1H), 7.57<7.37 (m, SH), 724710 (m, 6H), 7.05-674
(m, 4H), 6.69-6.59 (m, 2H), 346 (s, 3H), 268 (s, 4H). "C NMR
(50 MH, CDCL) & 1688, 1618 (d, | = 2459 Hz), 1567, 1499.1,
1469, 1445, 1401, 1386, 1362, 136 1334, 1301 (4 J = 32 Hz),
1295, 1259 (4, [ = 7.9 Hz), 1288, 1214, 1203, 1181, 1162, 1156,
1S3 (] = 214 He), 1137, 109, 318 16, ESI-HRMS: calodated,
S2A0795 [M + H]'| found, 5241761 HPLC 1, = 4.13 min.
3-Acrylamido-N-(4-[{4-{4-(4-fluorophenyl)-1-methyl-2-
(!Mlh |- 1H-Imidazol-5-yllpyridin-2-yllamino)phenyl)-2-
mide (10). According to general procedure F, 10 was

nml)\n-addnl Finally, a of 3

achd (84 mg, 026 mmal) and PyBOl' {161 mg. ast mmol] = dry
M(lom]mnld‘dmdthummmew-
shiered at ot foe 18 b, The mixture was § at redaced
pressure and the crede was panfied twice by flash column

yoth 4 from 31 and 300 Eluent: ethyl acetate/n-Sexane 45:55 to
75:25 Another flash ok graphy was pesf d to ponfy the
product; cloent dichl cth hasal 1004 to 92:8 afforded
1% ynu. 'H NMR (400 MHz, DMSO-4,) 4 1025 (s, 1H), 965 (s
1H), 913 (s, 1H), 825 {d, J = S.1 Hz, 1H), 767-752 {m, $H), 7.51—
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TAL (m, 2H), 7.33~724 {m, 2H), 715 (¢, [ « 89 Hz 2H), 6477671
(m, 2H), 661 =651 (m, 1H), 635 <622 (m, 1H}, 581574 (m, LH),
343 (s, 3H), 265 (s, IH), 2.24 (5, 3H). "C NMR (10] MHz, DMSO-
) 6 1672, 1634, 1610 (d [ = 2435 Hlx), 1565, 1485, 1435, 1389,
1389, 1372, 1368, 1366, 1327, 1316, 1306 {(d, ] « 3.0 Hz), 1294,
12826 (d, J = 8.0 Hx), 1283, 1267, 1264, 1255, 124.1, 1202, 1145,
1152 (d ) = 205 Ha), 1145 1111, 305, 155 144 ESI-HRMS:
calculated, $922087 [M + H}"; found, $92.2049. HPLC ¢, = 6,80 mim.
N-[4-((4-(4-(4-Fluorophenyl)-1-methyl-2-(methylthio}-14-
imidazol- s‘yllpyudln -y )amlno)phmyﬂ -2-methyl-3-
propionamidobenzami Ac g tv general procedure F
11 was synthesieed from )l unl 30h. Elent ethyd m.‘nkum
45155 to 75125 afforded 63% yaeld. 'H NMR (200 MHz, DMSO-4,) 6
1028 (s, 1), 9.36 (x, 1H), 912 (s, 1), 825 (d, ] = 85 Hx, 1H),
771-752 (m, 4H), 7.52~7.3% (m, 3H), 730-7.06 (m, 4H), 6,80~
6.66 (m, 2H), 343 {4, 3H), 265 (s, IH), 237 (¢, / = 7.3 Hy, 2H), 222
(% 3H), LI (] = 7.5 Hy, 3H). "'C NMR (50 MHz, DMSO-4,) &
1720, 1673, 1600 (& ) = 2437 Hx), 1545, 1483, 1434, 1389 (4, ) =
29 Hi), 137.1, 1370, 13676, 1328, 1304 1305, 129.5, 128.3, 1282
(4 ) = 80 Hu), 1264, 1254, 1238, 1202, 1185, 1IS1 (4 ] = 215
Hx), 1148, 1110, 31§, 288, 153, 14.5 95, ESILMRMS: caloulated,
5942213 (M + HJ"; found, §942231 HPLC t, = 727 min.
3-Acrylamido-N-(3-((4-{4-{4-fluorophenyl)-1-methyl-2-
(mnhykhlo)-lu-lmidnol-s yl)wvldln-:-ylhmholﬂnnm-
{12). A o to general proecedure F, 12 win
synthesteed froen 31 and 30¢. Eluent ethyl acetste/n-hexane 45:55
to 75 25 Ancther tlash chromal was performed to punfy the
ehoent dichl thane/methancl [00:0 to 92/8 afforded
30% yield. "H NMR (400 MHz, DMSOuL) § 1037 (s, TH), 1024 (&
1H), 926 (s, 1H), 826 (4, ] = 52 Hy, 1H), R15 (& IH), R10 (s, tH),
792 (U, )= 80 Ha, 1H), 765 (d | =74 Hy, 1H), 754-741 (m, 4H),
729-7.10 (m, 4H), 6.81 (s, 1H), 677 (d, ] = $2 Haz, I1H), 652-6.41
(en, TH), 630 (d, [ » 169 He 1H), $79 (d, J « 106 He, 1H), 344 (&,
3H), 2465 (s, 3H), V'C NMR (101 MHx, DMSO-4,) 3 165.5, 163.3,
1610 (4 [ = 24356 Hx), 1563 48, 1437, 1414, 1394, 13901, 1368,
1359, 1307, 1304 (d, | = 26 Hx), 12875, 12862, 12833 (d | = 80
Hx), 1282, 1272, 1225 1222, 1189, 1152 (4 ) = 21.5 Hx), 115.2,
1140, I35 1106, 1108, 314 15\ ESI-HRMS: calculated, 3781900
[M + HJ'; found, $78.1888 HPLC 1, = 6,38 min.
N-[3-((4-(4-(4-Fluoro ;bmyl)-i-nnlhyl-z-(mn ol-1M-
Imidazol-5-y| p{r‘dh- yllamino)phenyl)-3-pro mido-
benzamide {13). According to general procedure F, 13 was
synthesteed ﬁ'm 31 anid 30h Ehsent ethyl acetate/n-hexane 45:55
to 75:25 afforded 62% yield. 'H NMR {400 MHz, DMSO-J,) 4 1021
(% LH), 1007 {s, 1H),9.21 (5, 1H), 827 {d, ] = 52 Hz, 1H), 8.09 (.}
=92 Hy, 2H), 7.85-7.80 (mv 1H), 7.65-758 (m, 1H), 7.56~750 (m,
1H}, 7.49-7.40 (e, 3H), 727718 (m, 2HJ, 7,14 (1, ] = 8.9 Hz 2H),
681 (s, 1H), 678673 (m, 1H), 344 (s, 3H), 265 (x, 3H), 235 (g, ]
=75 M, 2H), 110 (1, ) = 7.5 Hx, 3H). ""C NMR (101 MHz, DMSO-
) 8 1720, 1655, 161 (d, [ = 2438 Hax), 1584, 1482, 1435, 1418,
1394, 13934 1389, 1365, 1354 1305 (4 ) = 3.0 Ha), 1285, 1282
(d J =78 Ha), 1208, LI8& 1151, 1150 (4, 7 = 214 Ha), 1139,

N-[4-((4-(4-(4-Fluoro| 1)-1-methyl-2-{methyithiol-1H-
Imidazol-5- mpynd M alph
mg to genecal pmad-ve F, 15 was

benzamide (15}
syutheswed from 31 and 30k Eluent ethyl acetste/n-bexane 45:55
10 75:25, A ver flash chy araphy wax performed to punfy the
eheot dichl thane//meth 'loonmo:.sm
8% yield. "H NMHR (400 MHz, DMSO-) & 10.15 (s, 1H), 1001 (s,
1H), 913 {s, 1H), 826 {d, ] » 52 Ha, TH), 792 (& [ = &7 Hy, 2H),
73 {d, ] = 87 Ha, 218), TAT=7.57 (m, 4H), 7.51-7.43 (m, 2H), 7.15
(t, ) = %9 Hy, 2H), 6.77-671 (m, 2H), 345 (s, 3H), 245 (s, 3H),
237 (g, f = 7.5 Hy, 2H), L10 (¢, | = 7.5 Hy, 3H). "C NMR (201
MHz DMSO-A) 8 1703, 1644, 1610 {d, [ = 2455 Hz), 1565, 148,84
1455, 1401, 1359, 137, 1368, 1527, 1506 (4, [ = X1 Hx), 1291,
1284, 1283, 1282 (d, ) = 7.9 Hx), 12140 1184, 1181, 1151 (d, [ =
215 Ha), 1148, 1110, 315, 295, 152, 94, ESLHRMS; caloulated,
5802057 [M + H'j found, 802084, HPLC 4, = 704 min.
N-[4-({4-[4-(4-Fluorophenyl)-1-methyl-2-{ Ithio}-1H-
imidazol-5-yljpyridin-2-yllamino)phenyl)-3-propionamido-
benzamide (16). Accocding to general prucedwre F, 16 was
sywthesaed from 31 aad 30L P.lnan ethyl acetate/n-hexane 45:55
to 75:25, Another flsh o wraplty rhormed to purify the
di cluent  dichl ethane/meth 'IOD-OhO!lankd
f‘\s yreld. 'H NMR {200 MHz, CDCly/methancd d,) § 846 (s, 1H},
830~8.17 (m, 2H), 7.83~7.69 (s, 2H), 7.66-749 {m, 3H), 745~
727 (m, 3H), 704706 {m, 1H), 692 {1, | = RS Hx, 2H), 662 (d | =
81 Hz, 1H), 651619 (m, 4H), $79-567 (e 1H), 345 (s 3H),
263 (5, IH), 216 (s, IH). “C NMR (50 MHz, CDCH/ methanol d,)
81664, 1645 162 (d ] = 2463 Ha), 1579, 1484, 1445, 141 5, 1400,
1387, 1358, 1335 1355, 13008, 130, 1295 (d, /= 32 Ha), 1292 (d, |
= K1 He), 1284, 1282, 1278, 1250, 123.2, 119.4, 1192, 1150 (d, ] =
215 Hx), 1147, 1084, 32, 17.7, 162, ESI-HRMS: cakulated, 5922057
[M + HY') found, 5922068, HPLC ¢, = 6.90 min.
N-(4-([4-[4-(4-Fluorophenyl)-1-methyl-2-(methylthio)-1H-
Imidazol-5- yl)pyddln <2y nmlno -methylphenyl)-4-
propionamidobenzamide (1 ). Ac g to general
17 was synthesiied froms 31 and 306 Eluest cdbyl x«lk.v’nhane
45:55 to 75:25 afforded T2% viehl. 'H NMR (200 MHs, DMSO-(,) &
1023 (s, 1H), 9.36 (s, 1H), 9.11 (s, 1H), 825 (d ] = 32 Ha, IH),
TA4-783 (my 4H), 7.52-7.39 (m, IH), 733-703 (m, 4H), 6,79~
665 {m, 2H), 343 ( 3H), 265 (5, 3H), 237 (q, ] = 75 He, 2H), 220
(o 3H) LI1 (1, ] = 75 Hx 3H), 'C NMR (50 MHe, CDCl/
methanold,) & 1743, 169, 1621 (d ] = 2464 Hi), 1369, 1484,
1447, 140, 1365, 1386 1362, 1359, 1339, 1309, 1297 (4 [ =~ 32
Ha), 1293 (d, ] = 80 Hz), 1284 (i, ] = 0.7 Ha), 1274 1242, 125,
1204 1200, LIS 1182 (d, =215 H), 1094, 311, 296 163, 144,
98 ESLHRMS: caloulated, $94.2213 [M + H]'; found §94.2213
HPLC 1y = 668 min,
4-Acrylamido-N-(3-1{4-{4-(4-fluorophenyl)-1-methyl-2-
[methyithio)-1H-imidazol-5-yllpyridin-2-yl aminolphenyl}-
benzamide (18). Aucording to general procedsre F, 18 wis
syothesed from 31 and 30g, Eloent: ethyi mmu/m—hmu 4558
to 75:25. Another flash due graply wis peri d to pursfy the

1134, 1118, 1104 315 295 153 95 ESEHRMS. caloulated
5802057 (M » H]"; fovnd, 5502056 HPLC 1y = 7.19 min,
4.Acrylamido-N-(4:((4-{4-{4-flucrophenyl)- 1-methyl-2-
(m«hynhlo)-m-unldnol-s-ylmndln-z -ytlaminolphenyl}-
ling 1o geaenal procedure F, 14 wis
synthesieed fn:n ll and 30v, Eluent ethyl acetate/n-hexane 45:55
20757.5 Amkb«ﬂuh:hmw“pdmmnlwpudyu"
eluent dich hanol 100:0 to 92:8 afforded
2% peld "H NMR {400 MHz, COCLmethanol-d,) & 813 {d. | «
52 Hz, 1H), 786 (d, ] = 86 Ha, 2H), 772 {d, | = &6 Hy, 2H), 754
(d J = &6 Hz, 2H), 740=7354 (m, 2H), 7.20 (d, J = &7 Hx, 2H), 697
(e ] = 8.7 Ha, 2H), 6,66 (5, 1H), 660 (d ] = 3 Hz, 1H), 643036
(e, 2H), 575 (dd, | = 7.5, 42 Hy, TH), 3.53 (s, 3H), 280 (&, 3H). ''C
NMR (101 MHz, COCl/methanol-d,) & 1669, 1654, 1626 {4, | =
2664 Ha), 1574, 14839, 1451, 1420, 1403, 1392, 1369, 1341, 1313,
1306, 1301 (d, J = 32 He), 1298 (d, ) « 80 Hz), 129, 1287, 125.1,
1224, 1215, 120, 15,6, 1156 (4, [ = 216 Hz), 1103, 324, 167, ESI-
HRMS: calculated, $781900 [M + HI'j found, 7% [894. HPLC 15 =
S0 man.

§ choent dichl thane L-‘lm:olouﬂ:‘mdul
m yuld 'H NMR (200 MHx, CDCI/methanol-d,) & 793 (d, ] =
3 Hx, 1H), 7.90-743 (m, SH), 721=7100 (m, 2H), 7.07—629 (m,
2H), 689679 (m, 1H), €72 (1, [ = 85 Hsz, 2H), 654 {s, I1H), 619
(d, ] = 32 Hz, 1H), 617 {d, ] = 56 Hz, IH), 5.55-3.47 (m, 1H), 333
(s, 3H), 238 (s 3H). "C NMR (50 MMz CDCl/methanol d,)
166.4, 1645 1619 [, ] = 2463 Hz), 1565, 1451, 1444, 1415, 140.5,
1396, 1389, 1385, 1307, 1295 1294 (d, [ = 32 Hz), 1291 (d, | =
KO Hz), 1200, 1283 1280, 1278, 1192 1387, 1055, 115 1149 (d, |
« 216 He), 1125, 1104, 318, 16.3. ESILHRMS: calculated, 578.1900
[M & H]"; found, $78.1900. HPLC & = 5.95 min.

3- Acvylamldo-N -(3-1{4-{4-(4-fluorophenyl}-1-methyl-2-
1-1H-imidazol-S-yljpyridin-2-yllaminojphenyi]-2-

mat! mide (19). A ng to general o F, 19 wan
synthesed from 31 and 304 &zm ethyl mun-ba:m 4535 1o
75:25. Another flash ok wraphy was performed to punfy the
product; whwent dichloromethang /methanol 1000 to 92:8 atforded
30% yield. "H NMR (400 MEHx, DMSO-4,) & 1035 (s, 1H), 945 (s
1H), 921 (s, 1H), 825 (d, ] = $2 He, 1H), 807 (s, 1H), 762750
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(en, 2H), 750~742 (m, 2H), 733-7.25 (m, 2H}, 7.24-7.18 (m 2H),
718=709 (m, IH), 6.80 (y, IH), 675 (i, ] = 52 Hz, IH), 662650
(e, 1H), 6.26 (d, ] = 17.0 Hx, 1H), $77 (d, 1= 103 Hz 1), 343 (s,
3H), 269-260 (m, 3H), 223 (5, 3H). "C NMR (101 MHz, DMSO-
A & 1677, 1635, 1610 (& ] = 2436 Hz), 1565, 1482, 1436, 1416,
1394, 1389, 1368, 1346, 1306 (d, J = 30 Ha), 1305, 1294, 1287,
1283 (d, ) = 7.8 Ha), 1282, 1267, 1265, 1254 1241, 1152, 1151
(d ] = 204 Hz), 1137, 1124 1113, 1098, 116, 153, 146, The
mssing shgnal is most probably overkud by another signal. ESEHRMS:
ukulahd. 5922057 (M + HI"j found, 592.2045. HPLC & = 632 mm.
amido-N-(4-((4-14-14-flyor )-1-methyt-2-
lmelh thio)- Il'Hmlduol-S-yl)pyr din-2-yllamino)-3-
mmwnmymum 120). Accarding to general procedure T,
mWMMJIMm&mIm‘QMMS
m?S:l&' her Hash ok o by was purformed to purify the
i eloent dichh eth hanol 100:0 to 9218 afforded
33% yield. "H NMR (400 MHz, DMSO-L) & 10,3 (5, TH), 1086 {5,
1H), 831 (s, 1H), 818812 (m, 2H), 7.92 (d, ] = 8.0 Ha, 1H), 7.67—
758 (m, 2H), 7.52-7.57 {m, SH), 7.18=7.10 (m, 2H), 669 (dd, | =
5.2, 1.2 Hy, 1H), 655~642 (m, 2H), 630 (dd, | = 170, 19 Hy, 1H),
583-574 (m, 1H), 342 (s, SH), 263 (s, 3H), 217 (s, 3H). "'C NMR
(100 MMz, DMSOWT) § 1651, 1653, 1610 (d. [ = 2436 He), 1578
1485, 1434, 1391, 1391, 1368, 1359, 1350, 1343, 1319, 1317,
1306 (d, 7= 20 Hz), 1287, 1284, 1283 (d, J = 80O Hz), 127.), 124.2,
1225, 1223, 1221, 1188, 1184, 11510 (d, ) = 214 H), 1143, 1094,
315, 182, 154, 151 ESI-HRMS: caloulated, 592.2057 IM + H]Y
found, $92.2064. HPLC 1, = 660 min
io)-1M-imida-

Acrylamido-N-(4-((4-(4-methyl-2-{met
ms—mmm-zmmmuw (21}, Comnpound

21 was peepared accordug peocedure B staeting from 38
(87.5 my, 020 nennl), DIPF.A (46 ﬂL 026 mmol), snd aayln)l
chioride (22 pl, 024 mmol), Parfications flash columa

raphy (SO, dickloromethane /ethanol, 92:08). Yiekd: 40 myg (41%)
# light yellione solish product. 'H NMR (250 MHz, DMSO-(,) 8 1228
(5, tH), 1038 (s, 1H), 1013 {5, 1H), £99 (s, 1H), §.14 (s, 1H), K08
(4 J = $4 He, 1H), 792 (d, | = 83 He, 1H), 7.71=7.59 (1, SH),
T52-738 (m, 1H), 7.5 (s, TH), 698 (d, / = 56 Hy, 1H), 656—618
(e, 1H), 636—6.20 (m, 1H), 5.86—5.70 (m, 1H), 2.55 {5 3H), 242
(%, 3H); C NMR (101 MHe, DMSO-,) § 1649, 163.3, 156.3, 147.2,
1433, 13900, 1382, 137.0, 1359, 1340, 1318, 1317, 1287, 1270,
12221220, 1211, 1188, 1153, 1179, 111.0, 1089, 155, 1L4 HPLC
fp = 529 min, ESEHRMS: calculated, 4851754 [M 4+ HIY found,

485 1738,

Acrylamido-N-{4-{(4-(4-methyl-2-{met iol-lH-lmHo-
Mmmh-l-yimnl Ownpwnd

g to general proced B using
36 uoo g, 023 ramol), DIPEA (53 pL, Q.3 mmel), and acrylayt
chloride (25 wl, 028 mmol). Purification by fash chromatography
(m il vh Jath “9&“)“‘10::-‘(1205)0{5
light yellow salidd product. 'H NMR (250 MHz, DMSO-d,) 4 1229
(be s, LH), 1042 (s, 1H), 1001 (s, 1H), 898 (s, 1H), 808 (d, ] = §4
Hx, IH), 799792 (m, | = 8.8 Hy, 2H), T84-776 (m, ) = 90 He,
2H), 7.70-7.59 (m, 4H), 7.15 (s, 1H), 698 (d, [ = 5.1 Hz, [H), 648
(44, [ = 99, 170 Hy, LH), 6.20 (dd, ) = 22, 170 Mz, IH), $76-$58
(e, TH), 2.55 (3, 3H), 242 (s, IH) HPLC 1y, = 2.66 min. ESI-HRMS:
cakulated, 4851754 [M + H]'| found, 4851752
IHH(H‘W 2-(methylthio)-1H-imidazol-5-ylipyridin-

2yllamino)p P (23)% Under
agon amqhue,mnwmnln (30 mg, 026 mmel) was suspended
in a mtsture of dry dichlocometbane (10 mL) wd DII’!-‘A (DOH ml.
031 mmol) was added. Fanally, a sol of 3 i
acid (54 mg, 0128 mumol) and PyBOP (162 mg, Y menol) in (5:1)
mixture of dchloromethane/DMF (6 ml) was added The reaction
was stirred at rt for 6 b The reaction mixture was poured i water, and
the squeous layer was extracted 3 tines with ethyl acetate. The ceganic
layers were waskwed with saturated NaCl mluhnn. dried over
sohydrous NSO, and d at reds The
ndlﬁn-‘ﬁu“rp-lﬁullmhy“«ﬂumnsh

y, dichloromethane,/ethancl, 9208 to 85:15) yidding 27 mg of
pmdua (21%). "H NMR (300 MHx DMSO.J,) & 1008 (x, 1H),

1006 (& 1H), 917 (br 5 1H), 8.10 {br 5, 1H), 8.07 (d, [ = S6 Hx,
1H), 783 (L | = 79 He, I1H), 773-738 (m, SH), TA9-740 (m,
1H), 718 (s, 1H), 701 (d, [ = 5,4 Hx, 1H), 257 (s, 35, 243 (s, 381,
236 (g, [ = 7.5 He, 2H), L1 (g | = 74 He, 3H); 'C NMR (101
MHz DMSO-d) & 1722, 165.1, 1554 1460, 1412, 1429, 1398
1594, 1573, 1380, 1326, 1284, 1217, 1201, Lis8, LI8S 1158
1134, 11RO, 1059, 295, 154, 96, 86 HPLC 1, = 412 mis ESI
HRMS: calculated, 4870911 [M = H]'j fowmd, 487.1596.
HH(G-[HC—Fluorthenxﬂ-l-(muhmH H-imidazol-5-
yhpyridin-2-y {24). tn 100
ml.mundbvmuhi. mmnohmmand(“limg.l@mmnl),
PyBOP (128 g 240 samol), and DIPEA (463 ul. 2.60 mmol) were
mised together in 30 mL. of dichl hane, The mistsre was stirned
for 1 b at rt. Then, amine 3 {800 mg, 2,00 mmol)} was added to the
reaction msixture in ooe portion ansd the reaction stired for 5 hoat
The solvent was evaparated under vacuum, then ethyl acetate (50 mlL)
wis added and washed with water (3 X 15 mL). The combined water
layers were extracted with ethyl acetate one time The combined
organic bayers were dried over anhydrous Na, 50, The solvent was
evaporated and the crude prodoct was purified by flash chromatog:
raphy (510 dichlorumwthane/vthanol, 9305 1o 910} to aford 462
(42%) of an oramge sobid . 'H NMR (400 MHz, DMSO-
JS & 1249 (be s, 1H), 1048 (be 5, IH) 9.08 (b s, 1H), S50 (be <
1H), 8.50-8.30 (m, 2H), 801 (be o, 1H), 789775 (m, 1H), 764 (b
5, 4H), 752 {br 5, 2H), 7.30 (br 5, 2H), 713675 {m, 1H), 6.70 (brs,
1H), 263 (s, 3H). "C NMR {101 MHz, DMSO-J, ) 5 162.7, 162.2 (4,
1= 2495 Ha), 1562, 147.7, 1471, 1429, 1420, 1394, 1382, 1365,
1340, 1316 (d, /= 4.6 Hx), 1306 {d, [ = 7.3 Hz), 13001, 1296, 1282,
1259, 1223, 1205, 168.3, LISH (d, | = 248 H), 1120, 1073, 1540
HPLC 1g = 687 mim. FAB-MS: (mw/z) calculated, $41.15 [M + H]
found: 54352,
N-{4-{(4-(4-(4-Fluoro| 2-(meth )-1H-imidazol-5-
yhpyridin-2-yllamino me‘ m’”i:lidl {25), Com-
25 was wynthesized sinsdarly to 24 using poetrobenvoic aad
(310 myg, 185 mmol), PYBOP (1.1 g 202 mmol) and DIPEA (353
L, 200 mmol) and smwme 3 (660 myg, L83 mmol ) affording 637 mg
(70%) of an orange solid peoduct. "H NMR (400 MHz, DMSO-4,) &
1269 (br &, 1H), 1046 (be 5, 1H), 906 {br 5 1H), BA6-8.129 (m,
2H), 8.26-8.13 (m, 261}, 8,03 (br s, IH), 7.95=757 (m, 4H), 7.52 (br
5, 2H), 7.28 (be s, 2H), 707 (be s, 1H), 676—662 (m, 1H), 265 (d.)
=23 Hx, 3H). "C NMR (101 MHz, DMSO-4,) § 163.2, 1617 (4, | =
2489 Mz), 1562, 1490, 1422, 10K, 1382, 1517 (d, J = 18 Hz),
129.1 (& ] = 2.4 Ha), 1290, 1236, 1234, 1225, 1214, 121.2, 1205,
1190, LISA, 1187 (d, [ = 222 Hz), 1120, 107.3, 180, HPLC 1, =
640 min. PABMS: {(w/z) cloddated, $41.15 [M + H]*; found: $41.2.
3-Amino- !No)-lu-hi-
amthwln-z-ymmu':a (26), Com-
pmumquhudmm;wpmnlpmm&m
compound 24 (160 mg, 0130 mmol), BIOH (20 mL), and tin{11)
chlocide (167 mg, 0.74 mmal), Yoeld: 88 mg (S§%) of a light yellow
solid peoduct. 'H NMR (400 MHz, DMSO.d,) & 12.67 (be 5, 1H},
1003~9.83 (m, 1H), 908~8.84 (ns, 1H), £23<7.90 (m, 1H), 761 (4,
| = &1 Ha, 2H), 758744 (m, 4H), 247-717 (m, 2H), 7.17-699
(m, 4H), 684-6.72 (ea, 1H), 6.72~6.63 (m, 1H), 529 (be 5, 2H),
263 (bey, 3H). C NMR {101 MHz, DMS0-d,) 4 1653, 1619 {d, |
= 247.4 Hx), 1605 (4 ) = 2418 Hx), 1864, 1486, 1480, 1472 1425,
1420, 1389, 137.9, 1374, 1372, 1361, 1347, 1328, 1324 1310,
1307 (d, J = 8.1 Hx), 1294 (4 J = 103 Hx), 1286 1268, 1268,
1262, 1209, 1187, 1143, 1166 1189 (4, [ =223 He), 1181 (d, =
212 He), 1347, 130, §123, JILR, §07.2, 1074, 151, 150, The
peaks of the carbon are double doe to the amide tutcenesiom. HPLC
fy = $32 mnin. FAB-MS: (m/z) calculated 3112 (M + H]%) found:

511.A

MMIWRHMMI)- )-1H-heni-
dazol-S-ylypyridin-2- Jbenzamide (27). Com-
pound 27 wax synthesxed according to geowral procedue A, weng
compound 28 {352 mg, 0.65 mmol), EXOH {70 mL}, tin(11) chlaride
(368 mg, 16 mmol). Yield: 183 og (55%) of a light yellow solid
product. 'H NMR {400 MHz, DMSO-4,) & 1267 (be s, 1H), 9.65 (br
& IH), 902888 {m, 1H), £20-733 (m, I1H), 772 {d, ) = 73 Hx,
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2H), 7.56-7.55 (m, 1H), 7.64~7.41 (m, 6H), 739-7.11 {m, 2H),
731673 (i, TH), 667 (br &, 1H), 660 (d, [ = 7.3 Hy, 2H), 572 (v
8, 2H), 162 (s, JH). "C NMR (101 MHz, DMSO-4) & 1648, 1619
(d /= 2410 Hz), 1564, 1SLR, 1450, 147.1, J42.8, 1419, 137.2,
1325, 1306 (& ] = 7.0 He), 129.1, 1268 (4, ) = 38 He), 1214, 1208,
LIRT, 1183, 1058 {d, ] = 20.3 He), 1125, 1117, 1069, 150, HPLC
fy = 486 min. PAB-MS; {(m/z) calculated $612 (M + H]'; foond
LIRS
N4a phenyl)-3-nitrobenzamide (28a). According to
geoenal procedure C, 2%2 was synthesized from 4 b iline and
J-amrobenzaic acid, All volatlles were eva) wader reduced
pressure to #ard 56% yiekl as an ofl-white solid, 'H NMR (200 MHz,
DMSO-L) & 1068 (s, 1H), 8.78 (s 1H), 851-8.3% {m, 2H), 791~
270 (m, 3H), 7.56 (4, } = 88 Hz, 2H). Bxact anss: 3200 ESTMS
(m/2): 3194, 3214 [M = H]™ (peaks were measuned #t hall-intensicy
due to isotopic pattern of bromio ).
N-{4-Bromophenyl)-2-methyl-3-nitrobenzamide (28b). Ac
ing 10 genesal procedure €, 28b was synthesived from 4
bmmomilmc anid 2-methd- Lnitrobenzoic add. Al volatiles were
d under redoced to afford 85% yieki as an off whste
solid. 'H NMI (znomm,nm)a 1071 (s, 1M}, 801 (d, [ =75
Ha, TH), 789745 (m, 6H), 241 (x 3H). Exact mass: 1340, ESI-MS
(me/z)) 3328, 3348 [M — H1™ (peaks were measaned at half-intensety

dueiohompcpmmnfkume)

NA3-8 P ide (28c). According to
general proced C.n:vm,“ ized from 3 ilme and
Jarrobenzolc scid. All volatiles were d woder reduced

pressure to M%pﬂdunoﬁ-ﬂh&lzmlh‘. 'H NMER (200 MHz,
DMSO-4) & 1070 (s 1H), 879 (, J = 19 Ha, 1H), £50-823 (m,
2H), S14-808 (oo, 1H), 791-770 (m, 2H), 742-7.28 {m, 2H)
Exact s 3200, ESI-MS (w/2): 3188, 3208 (M ~ H] ™ (peaks were
measured #t hall-intensity due 1o ssotopic pattern of bromine),
N43-Bromophenyll-2-methyl-3-nitrobenzamide (28d). Ac
log!nadpmrdm(. udwuvymhenmdim!
lamnu:uulhutmcllnvthyl add, All volatiles were
d under dp m.ﬁwdonmauano&m
solid. "H NMR (200 Midz, DMSO-d,) 6 1073 (s, IH), 811797 (m,
M), 735775 (m, 1H), 7.70-7.50 (m, 2H), 740-7.26 (m, 2H),
244 (5, 3H), Exact mass: 3340 ESEMS (w/z)i 1334, 3384 (M -
M| (peaks were measured at balf intensty due to lsotopic pattem of
bramine).
N-14-8 henyl)-4-nitrob nmkhﬂlll. As:wdmg o
prmnl d C, “28e was ynthestzed from 4
danrobeszoic acid. All volatiles were P d wader “'

B47-8.33 (m, 2H), 789-773 (m 2H), 7.64-7.49 (m, 2H), 235 {x.
3H), Exsct mooec 3340, ESIMS {m/f2): 3333, 3353 [M = H]™ (peska
were measured at half-mtensity doe to isotopic pattern of bromine).
3-Amino-N-(4-b henylibenzamide (29a). According 10
procedure D, 292 was syntbesicad froen 28a. Yiekl: 96%. 'H
NMR (200 MHz, DMSO-A) & 1018 (s, IH), 7.75 (d, [ = &9 Hs,
2H), 7.51 (d, ] = &8 Hx, 2H), 723697 (m, 3H), 675 (d, | = 7.1 Hx,
1H], 533 (5 TH). Exact wsans: 2000. ESEMS (m/2): 2693, 2013 (M
= HI" (pesks were d at halfs v due 1o tsotopic pattern
of bromine).
3-Amino-N-(4-bromophenyl}-2-methylbenzamide (29b). Ac-
conling to general procedure D, 29b was synthesiced from 28h, Yaeld:
ELUS 'H NMR (ZMM.H; DMSO) 61033 {s, 1H),7.72(d, ) = &7
Ha, 1H), 7.50 (4, | = 8.6 Ha, 1H), 698 (1, ) = 7.7 Ha, 1H), 673 (4, ) =
79 Hx, 1H), 663 (A, [ = 7.3 He, TH), 507 (8, TH), 205 (s, 2H). Exact
mass: J0. ESEMS (we/z): 3033, 3053 (M — H]  (peaks were
measured & half-istensity doe to sotopic pattern of bromine),
3-Amino-N-(3-bromophenylibenzamide (29¢c). Accomling 1o
general procedure D, 29¢ was synthesized from 28¢. Yield: 91% 'H
NMR (200 MHz, DMSO-d,) 3 1021 (s, LH), £10 (s, IH), 782-765
(m, 1H), 7.37<700 (m, SH), 676 (d, | = 80 Hy, 1H), §32 {s, 2H).
Exact mass: 2900, ESI-MS {m/z) 2893, 291.3 [M = H]™ {praks were
measured # halfdatensity due to sotopic pattern of bromine).
3-Amino-N-(3-bromophenyl)-2- (25d). Ac-
wording to general procedure D, 29d was synth d from 28d. Yaeld:

S™. "M NMR (m MUz, DMSO.d,) & 1038 (s, 1H), 811 {5, 1H},
768 {d, | » 64 Hz, 1H), 735=7.18 (s, 2H), 699 (1, | = 7.7 Hy, IH),
675 (& J = 7.7 Hz, 1H), 663 {d, | = 73 Ha, IH), 512 (s, 26}, 208
(s, 3H). Exact mass: Jow m»m (m/z}: 3034, 3043 [M - H|"
(peaks were d st ha y due to betopic pattesn of
bramine),

4-Amino-N-(4-bromophenylibenzamide (29e). According to
peneral procedure D, 29¢ was synthesized from 28e. Yiek): 33%. 'H
NMR (200 MHz, DMSO-4,) 4 938 (s, 1H), 779-7485 (m, 4H), 748
(d, /=89 Hx, 2H), 6.60 (4, ) = 86 Hx, 2H), 579 (5, 2H). xact mass:
2000, ESIMS (me/2): 2894, 2'" S (M- H|" (peahwen measured

10 general peocedure D, 29f was syweh d from 28€ Yeeld:

8% “H NMIL (200 MHz, DMSO-4) 4 981 {x, 1H), 785-7465 (m,

m). 7.63-739 (m, 2H), 661 (& | = £6 Hz, 2H), 578 (5, 2H), 112

(5, 3H). Bxact mass: 304.0. ESIMS {m/z): 3033, 3054 [M - H|~

(poaks were measuned at half-intesaity due to sotopic patters of
1

pressure to afford £9% yiekd 2y yellow solid. 'H NMR (200 MHz,
DMSO-L) 6 1066 (5, 1H), 837 (d, ] = 89 Hz, IH), 817 {d, | = §3
He, 2H), 797 (d | « K9 He, 2H), 756 (d, [ « 89 Hz, 2H) Eaaa
mans; 2200, ESEMS (m/z)r 3194, 3214 [M = H]™ {peaks were
messured #t halt-mtensity doo to sotopic pattern of bromine),
N-{4-Bromo-3-methylphenyl)-4-nitrobenzamide (281), Ac
cooding to general p C, 286 was synthesbed froms 4-hramo-
J-methylamibne and 4-nitrobeneoic acid. All volatiles were evapocated
under reduced pressure to afford $9% yield as an off-white solid. 'H
NMH (200 MHz. DMSO4,) § 1059 (s, 1H), 836 (d, | = &8 H,
2H), %17 (4, ] = &8 He, 2H), 778 {8, TH), 756 {x 2H), 235 (3, IH}.
Exact mass: 33440, ESI-MS (m/z]: 3344, 3384 [M — H] ™ (peaks were

4-Aminc-N-(3-bromophenyljbenzamide (299). According 1o
general procedare D, 29g was synthesizad from 28g, Yield: 50%. 'H
NMR (200 MHz, DMSO-4.) 4 989 (s, IH), £10 (s, IH), 778764
(m, 3H), 735714 (m, 2H), 661 (d, | = 86 Hz, 2H), 881 {5, 2H).
Exact masse 290.0. ESIMS (m/2): 289.3, 2903 [M = H] ™ (pesks were
measured #t half-mtensity due to sosopic pm'm of bromine)

3-Amino-N-(4-bromo-3-met Iibenzamide 29h). Ac
conding to general procedure 1, 29h was synthesized from 28h. Yield:
TR 'H NMIL{200 MHz, CDCL) 8 BOO (s, TH), 7.54 (4, ] = 20 Hx,
IH}, 7.44 (d | = 86 He, 1H), 735-707 (m, 4H), 684673 (m,
1H), 378 (5, 2H), 135 (5, 3H). Exact mas: 3040 ESEMS (w/2):
33, W05.3 IM « HI™ (peaks were measured 4t halfintensity due to

d at halr: y due to pic pattern of bromine), isotopec pattern of beonvewe ).
NA{3-8 phenyl)-4-nitrob (28g). Acconding 1o 3-Acrylamido-N-{4-bromophenyllbenzamide (30a). Accord
general dure C, 28g was synth | from 3-bromoanitine and ing to general procediere E, 30a way synthesteed from 2% and acryloyd
lnlmbumk acid, All volatiles were d wader reduced chionide. Yield: $1% "H NMR (200 MHx, CDCI) & 806-7.96 (m,

to aord 70% yield s i off-white salid. 'H NMR (200 MHz,
DMSO-4) & 1068 (s, 1H), 837 (d, ] = RS Hz, 2H), 824808 (m,
3H), 782-767 (m, IH), 741726 (m, 2H). Exact mass: 320,0. ESI-
MS (m/z): 3194, 3204 [M — H]~ (peaks were measured at balf.
intenity due to isotopic pattern of beomine ),
N-44-Bromo-3-methylphenyl)-3-nitrobenzamide (28h]. Ac-
mdmgmgmenlpmmdmc.mm synthesized fromn #-bramo.
thylaniline and Initrobemmic acid. All volatiles were evaporated
under reduced pressure to afford 72% yield 35 an off-white solid. 'H
NMR (200 MHe, DMSOE,) § 1000 (s, IH), 882-874 (m, IH),

1H), 790 (d, | = 7.4 Hz, 1H), 771-781 (my, 4H), 751740 (m,
2H), 667644 (m, 2H), 639598 (m, 2H), 5.80 {4, J = 103, 1.6
Hz, 1H). Exact mase: M44.0. ESEMS (w/z): 3435, 3455 [M - H]~
(puhv;enmmmlnhltmyduewmap‘:pmd
Iromine

N-I&Bvomophmyl)-z-mnhyt-! mplunmmhnumia

to general
29b and pmpn-ry{ chloride. Yiehd: 7% ‘H NM!. (mu MHs, DMM)
) & 1051 (s, 1H), 939 (s, IH), 7.74 (4, ] = 85 He, 2H), 763-738
(m, 3H), 726 (d, [ = 44 Hx, 2H), 237 (g [ = 7.1 Hz, 2H), 221 {s,

D08 ST faca gmvech hwrd 4001 T8O
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3H), 111 (1 ] = 7.5 Hz, 3H), Exact mass: 3600, ESLMS {m/2): 158.8,
3608 [M = H]™ (peaks were messared at halfintensity doe to
isotopic pattem of bronvime ).
3-Acrylamido-N-{3-bromophenyllbenzamide {30c). Accoal
ing to general procedure E. 30¢ was synthesieed from 2% snd acryloyd
chloride. Yield: 46% 'H NMR (200 MHz, DMSO-d,) § 1040 (d, ] =
10.5 Hz, 2H), 820808 (m, 2H), 7.99-7.90 (m, 1H), 7.81-7.61 (m,
2H), 7.50 (t, J = 73 Hs, 1H), 739725 (m, 2H), 6.56~6.22 (m, 2H),
579 (dd [ = 94, 25 Hx, 1H). Exact mass: 3440, ESEMS (m/z):
3434, M54 (M ~ H]™ (peaks were measured at hal intensiry due 1o
inotopic pattom of bromme )
3-Acrytamido-N-(3-bromophenyl}-2-methylbenzamide
Acconding to ptoudnu E, 304 was synthesizod from
29d and acryloyt chlonde, Yiekd 7% 'H NMR (200 MHz, DMSO-
dy) 6 1057 (s, 1H), 967 (s IH), 8 11 (s, LML), 779=747 (m, 2H),
TAO=T21 (m, 4H), 668644 (e, TH), 627 (d | = 169 Hx, IH),
378 (d, [ = 98 Hx, 1H), 223 (s, SH). Exact mass: 3580 ESEMS {m/
2): 3875, 3895 [M — H|" (peaks were measured at half intensity due
to sotopic pattern af bramine),

4 Acrylamido-¥-4{4-bromophenyllbenzamide (30e). Accord-
Ing to general procedase E, 30e wis synthesized from 2% and acryloyl
chloeide. Yiekl: 60%. 'H NMR (200 MHx, DMSO-d,) 6 1044 (&, TH),
1026 (s, 1H), 796 (4, J = 8.7 Hz, 2H), 787748 (m, 4H), 753 {d, |
= 885 He, 2H), 6.59-6.18 (m, 2H), £81 (dd | « 97, 2.5 Hz, 1H)
Exact mass: 340, ESI-MS (m/z]: 3434, 3454 [M < H] ™ (praks were
measured at half-intensity due to sotopic pattern of bromine),

4-Acrylamido-N-(4-bromo-3-methylphenyilbenzamide
(30f). Accurding to general procedun: E, 300 was symt o from 290
amil acryloyl chloride. Yield: 65%. "H NMR (200 MHz, DMSO-() &
1044 (5, TH), 10,19 (s, 1H), 7.95 {d, [ = &8 He, 2H), 781 (4, ) = 87
Ha, 3H), 764-746 (m, 2H), 657-6.21 {m, 2H), 531 (dd, ] = 97,
23 Hy, 1H), 234 (s, 3H), Exact mass: 3380, ESIMS (w/z): 356.8,
3SH3 (M = H]™ (pesks were mewred at halfintensity doe to

Imtq'k pattern of bromime )
Mﬁmﬂbenumue (30g). Accord:
lngmgmu-d e F, I0g was sysith d from 29y and acryloyl

chioride. Trituration with cold methanol afforsled 74% yield, 'H NMR
(200 MHz, DMSO} 5 1048 (s 1H), 1028 {5, 1H), 8.11 (s LH),
$01=789 (m, 2H), 788~7.69 (m, 3H), 738~7.21 (m, 2H), 6.58~
6.2 (m, 2H), SA1 (i, [ = 94 1.9 Hz, 1H), Exact mass: 3440 ESI-
MS (m/z): 3428, 3848 (M - H] (pubmu:mm!nhlf
due t isotopes pattem of |
m;mmmwmlmmmmm (30h1, Ac
coading to general procedure E, 30h was synthestzed from 29¢ and
propionyl chluride, Yield: 65%, 'H NMR (400 MHz, DMSO-d,) &
1040 (s, 1H), 1008 (s, 1H), 10 (s, 2H), 784 (4, | = 80 Hz, TH),
TT7=751 (m M), 740 (d, ] « 78 He, 1H), 748 (6, [« 79 Hx, LH),
737726 (m, 2H), 235 (4, ] = 75 Hz, 2H), L10 (1, [ = 7.5 Hz, 3H).
Exact mass: MO0, ESI-MS (m/z): H4.8, 3468 [M — H] ™ (peaks were
measwred a1 halfintensity dmwmnph.lmmu o(bwmulc)

N-(4-Bromo-3-methylphenyl)-4-prop
(304). According to procedare E, 300 was sthesized from 29f
s propianyl chloeide. Yield: 64%. "H NMR {200 MHz, DMSO-4) &
10,15 (s, 2H), 798-7.84 (m, 2H), 783767 (m, 3H), 7.65~747 (m,
2H), 2.44-2.26 (m, SH) (CH, and methyl overlay), 109 {1, ) =
7.5 Hz, 3H). Bxact muss: 300 ESLMS (m/z): 3588, 3608 (M -
H]™ (peaks were muasured at kall intensity due to motopic patter of
bromine).

N{MMM& (30§). Ac
conding to general p dure E, 30 wan h 1 from 292 and
peoploayl chlonde. Yiekd: 6¥%. 'H NMR (21)0 MHz, DMSO.,) §
10.37 (s, 1H), 1007 (s, 1H), uo (% IH), 794=749 (m, 3H), 766~
7.38 (m, 4H), 235 (q,J = 7.5 Hx, 2H), 110 (1, ] = 75 Hz, 3H). Exact
mass. ME0. ESIMS (m/z): 3448 3468 [M — H] (peaks were

& st hallantensity due to wotopic pattern of | ).
N44-Bromophe! {30K), Ac-
coeding 1o general procedure E 30k was synthesteed from 29¢ and

peopioayl chloride. Yiekl: 0% 'H NMR (200 MHz, DMSO-d,) 4
1019 (d, | = 135 Hz, 2H), 792 (4 [ = K6 Hz, 2H), 782768 (m,
AH), 752 (d, | = 88 He, 2H), 237 (g, [ = 76 e, 2H), L9 (¢, f = 7.8

Hz, 3H), Exact masse 3460, ESEMS (m/z): 3845 38638 (M - H|™
(peaks were mensared #t balf-intensty due to motopic pattern of
bmmm:)

ylamido-N-{4-b henyf)-2-methylb ide (301).
va&glngm'nl 2 F.)(lwu yuthesized from 29b and
aaryloyl chlonde. \’ldd. S5% "H NMR (200 MHz, DMSO.,) 6 1058
(5 TH), 773 (, ] = &5 Hz, 2H), 752 {d, [ = 8.5 Hz, 3H), 7.28 (d, | =
45 Ha, ZH). 676—6.51 (m, IH), 623 (d, | = 160 Hz, 1H), 375 (. ]
w 102 He, LH), 222 (5, 3H). Bxact mass: 358.0. ESEMS (w/z): 3589,
3609 (M + H]™ (peaks were d at half- y due to
pattern of bromine)

3-Acrylamido-N-[4-bromo-3-methylphenyl|benzamide
m Mmrdmg to goneral procedure E, 30m was symtheseed from
chlloride. Yldd S1% "H NMR (200 MHz, DMSO:
.l,)& 1033 {d, [ = 7.0 Hz, 1H), K15 (s, 1H), 798 (d, | = 7.5 Ha, 1H),
777 (s LH), T68-7.39 (m, 4H), 655-618 (m, 2H), 877 (34 | =
98 17 Hy 1H), 232 (s, 3H). Exact mass: 3580 ESIMS (m/z):
3575, 3595 (M -~ H)™ (pulu were meavured at halfintensity due 10
mtnp: pattern of beomise »

N-{4-(14-{8-Methyl-2 (lnﬂhy o} 1 H-imidazol-5-yljpyridin-
2-yhaminclphenyl}-3-nitrobenzamide (33), In 3 round-bottam
flask under dry comditions, m nitrobenzow anltmlmg. 1.33 mmal)
winy dissolved i 3 el of thionyl chloeide. The reaction mistsre wis
tefluxed for 2 h, The solvent was removed under bogh vacoum and
compound 32 {230 mg, 074 mumol) dissolved in § mL pyidioe was
addedd 20 the resction mature and the resction was stired # ot foe 60
h The reaction masture was poured in water (10 mL) finding the

hon of a p pitat The precipitate was Sltered off and purified
by fash ch StO dichk eth. thanol, 95:05 to
80:20) to afford I'M mg (M] of a red solid. "H NMRK (400 MHx,
DMSO-4.) 51229 (br s, 1H), 1048 (5, TH), 905 (s, 1H), 280 (b 5,
1H), 849-834 {m, 2H), 810 (d, / = 5.0 Ha, IH), 791778 (m,
1H), 7.72 (d, | = 8.6 Hyx, 2H), 7.66 (d [« &9 He, 2H), 718 (4, 1H),
699 (d, ] = 5.3 Hx, TH), 2.56 (s, 3H), 246-232 (m, 3H); 'C NMR
(101 MHz, DMSO-d,) & 1627, 1563, 147.7, 1472, 1431, 159,
1384, 1365, 134.0, 1302, 130.0, 1272, 1259, 1223, 1203, 1183,
1179, 1111, 1081, 155, 114, HPLC 45 = 735 min, ESI-MS. (m/z)
caliculated, 461.14 [M + H)'; found: 461.1.
N4 ((4-{8-Methyl-2- (nnthyhhlob-!"-lmw
2-yhaminolphenylj-4-nitrobenzamide

Ipyridin-
(34), In a round bottom
flask under dry conditsons, componnd 34 (100 mg, 0.32 memal) and p-
nitrobenzoyl chloeide (71.5 mg 0,39 mmol ) were stireedd in pyridioe (3
ml) at rt for 48 h. The reaction mixture was poured in water (10 mlL)
linding the f of 4 precip The paecipitate was Altered off
and purified by fadh chromatograpty two times (SO, dihloro-
methane/ethanol. 95:05 to $020) to afford 70 mg (47%) of a red
solkl "H NMR {250 MHz, DMSO-d,) & 1231 (br 5, 1H), 1044 (s
1H), 9.04 {3, 1H), 847-831 {m, 2H), R27-8.14 (m, 2H), 8,10 (d |
« 54 Hz, 1H), 7.77-768 (m, 2H), 7.68-7.55 (m, IH), 715 (br &
1H), 698 (& ] = 39 Ha, 1H), 2.56 (s, 3H), 242 (& 3H); "C NMR
(101 MHz, DMSO-Z,) & 1632, 1565, 1490, 1472, 1608, 1384,
1340, 1313, 1290, 1275, 127.1, 1234, 1212, 1179, 1165, L1L1,
1060, 154, 1L HILC 1, = 573 min. ESI-MS; (m/z2) caloulated,
#6114 [M + M) found, 461.1.
3-Amino-N-(4-{(4-(4-methyl-2-(methylthio})-1H-imidazol-5-
mid H-ﬁ Jphenylibenzamide (35). Compound 35
e A

smnl sing

33 (us g, 0.29 -ml). FIOH (20 mL,), tin(1l) chioride (6615 mge
29 mmol}. Yield: 110 mg (§™%) of a light yellow solid product. 'H
NMR (250 MHz, DMSO-d,) 4 1236 (br s, 1H), 993 {5, 1H), 900 (s,
IH), 808 (d | = 56 He, 1H), 7.73-735 (m, 4H), 7.20-702 (m,
4H), 697 {d, | = 49 Hx, 1H), 6.79-663 {m, LH), 329 (5. 2H), 235
(%, 3H), 242 (&, IH); “C NMR (101 MHe, DMSO-d,) § 1657, 1564,
1486, 147.1, 1430, 1350, 1379, 1561, 1340, 1AL1, 1286, 1270,
1209, 117.9, L16.S, 1146, 1129, 1100, 1089, 155, 114. HPLC 4, «
399 min ESI-MS: (m/z) cakeulated, 43117 [M + H]'; fond, 4312

MM&MH[#(‘-mml-I-(mmmMondnol-s-
yhpyridin-2-yllamino| (36). empmuld 6
A, using

— 3
34 (lls ny, 029 n-ml] ElOIl (20 ml.) un(1l) cﬂmde (66!.5 mg
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29 mmol), Yield: 120 mg {95%) of & Eght yeBow solid product, '~ @ REFERENCES
NABR (250 MHz, DMSO-4,) 6 1227 (b s, 1H), 962 (5, 1H), 892 (s,
39 > i do.M. MPPanmndfunalondthAPb
1H), 807 (d,] = 34 Ha, 1H), 791 (4.1 = 83 Hx 21), 761 (s 410), ()] €on Casgnello, M rosesin

T4 (5, 1H), 696 {d. [ = $.6 Hx, 1H), 659 (d, ) = £3 Hz, 2H), $70
(5, 2H), 2.55 {5, 3H), 242 (5, 3H); 'C NMR (101 MHz, DMSO-4,)
A 1644, 1564, 1515, 1472, 1430, 1390, 1375, 1341, 1324, 129.1,
1270, 1214, 1208, LIZ0, 1125 1109, 1058, 155, 114 HPLC 1, =
1469 min. ESI-MS: (m/2) calculated, 43117 [M + H]', foand, 4314,
Biochemistry. INKI™ Y was expressed and purified a deseribed
pnvlmuly INKRCIS4A wm pnpund wsing the NEB Q5 site-
bt Exp of the C154A

mutant wese performed aady as for mlnkype]NKJ

W ASSOCIATED CONTENT

ilable free of charge on the

ACS Puhlu.mom website at DOL: 10,1021 /acs jmed-
chem, 6b01 180,

Details for the synthesis and ch i of

3 32; str of mt: di 28-30; kinase

ymﬁh descraption of the EusAu'tMlymny mmm

Meal. Diol. Rev. 2001, 75, S0-83.
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General information

All reagents and (anhydrous) solvents are commerciaily avallable and were used without further purification.
4-{4-{4-Fluorophenyl}-1-methyl-2-{methylthio)-1H-imidazol-5-yl)pyridin-2-amine  (31) was synthesized
according to literature.' N'-(4-(4-{4-Fluorophenyl)-2-(methylthio)-1H-imidazol-5-yl)pyridin-2-yl)benzene-1,4-
diamine {3) was synthesized according to literature.”

NMR:

'H- and "C-NMR spectra were obtained with Bruker 200 Avance, Bruker ARX 250, Bruker Avance Il HD 300
NanoBay or with Bruker 400 Avance. The spectra were obtained in the indicated solvent and calibrated against
the residual proton peak of the deuterated selvent, Chemical shifts {§) are reported in parts per million (ppm).

Mass Spectrometry:

Mass spectra were recorded on Advion Expression S ESI-MS coupled with a TLC interface, High-resolution
mass spectra {FT-ICR-MS} were obtained from the Institute of Pharmaceutical Sciences, Department of
Pharmaceutical Analytics and Bioanalytics, Eberhard Karls Universitit Tubingen. GC/MS analyses were carried
out on a Hewlett Packard HP 6890 series GC-system equipped with a HP-5MS capillary column (0,25 pum film
thickness, 30 m x 250 um) and a HP 5973 mass selective detector (El ionization). Helium was used as carrier
gas in the following temperature program: start at 100 "C and hold for 1 min, then increase to 270 "Cin 27.3
min, then increase to 300 "C in 9 min and hold for 2 min.

TLC:
Analyses were performed on fluorescent silica gel 60 Fiq plates {Merck) and visualized under UV illumination
at 254 nm and 366 nm.

Column chromatography:

Column chromatography was performed on Davisil LC60A 20-45 micron silica from Grace Davison and
Geduran $i60 63-200 micron silica from Merck for the pre-column using an Interchim PuriFlash 430 automated
flash chromatography system.

HPLC:

The purity of all tested compounds was determined via reverse phase high performance liquid
chromatography. The purity of all tested compounds is 2 95 %.

In case of compounds 4,5 and 7-22; Hewlett Packard HP 1090 Series Il LC equipped with a UV diode array
detector (DAD, detection at 230 nm and 254 nm}; Phenomenex Luna 5u C8 column (150 mm x 4.6 mm, 5 pm);
35 *C oven temperature; injection volume: 5 uL; gradient (flow: 1.5 mL/min): 0.01 M KH,PO., pH 2.3 (solvent
A), methanol (solvent B): 40 % B to 85 % B in 8 min, 85 % 8 for 5 min, 85% to 40 % B in 1 min, 40 % B for 2 min,
stop time 16 min,

In case of compounds 6 and 23: Agilent 1100; XBridge™ C18 (150mm x 4.6 mm, 5pum); 30 "C oven
temperature; injection volume: 10 pL; gradient {flow: 1.5 mi/min): 0.01 M KH:PO,, 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,

Docking:

The docking studies were carried out using Schroedinger Glide Docking Tool.’ The presented docking results
were the best ranked ones. For visualization and generation of pharmacophore models, PyMOL Molecular
Graphics System, Version 0.92 Schrédinger, LLC® was used,
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Schemes $1-54

Scheme S1. Synthesis of tri-substituted pyridinylimidazole 6.°

N Py
k\&,u R
| H-g | Y—s
N e e s
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'\)*Nﬂ, # ”Jﬁ 10(\
3 6

*Reagents and conditions: (i) 3-propionamidobenzoic acid, PyBOP, DIPEA, DMF, DCM, rt, 18 h.

Scheme S2. Synthesis of tetra-substituted pyridinylimidazole 9.°

F F.
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*Reagents and conditions: (i) Cs:COs, BrettPhos precatalyst, 1,4-dioxane(abs|/tert-butanol 4:1, 125 *C, 5 h; (i} Zn,

ammonium formate, £tOH, reflux temperature, 4 h.

Scheme S3. Synthesis of N1-(4-(4-Methyl-2-{methyithio)-1H-imidazol-5-yl}pyridin-2-yl)benzene-1,4-

diamine (32).7
I'°" oTs
CH
J . ’_'. ~ 2R i S ACHy i
2 N = - -
ci o o
82 s3
HC N HC N
. B cox: V. X | s
= ” CHy = H oH,
Nz '
N_#

“Reagents and conditions: (i) NH20H HCI, NaOH, CH:OH, 0 "C, 2 h; (i) p-toluenesulfonyichloride, pyridine, 24 h; (iii} a) K,
EtOH, 0 °C to rt, ELO, 16h; b) HCI, 50 °C, 4 h; ¢} KSCN, MeOM, reflux temperature, & b; (iv) NaOrBu, Mel, MeOM, 0 °C to
55 °C; (v) p-phenylenediamine, n-butanol, 1.25 M HCl In ethanol, 160 °C, 18 h,

s3




APPENDIX

177

Scheme 54, Synthesis of tri-substituted pyridinylimidazole 23.”
e N MyC
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{ H f H
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*Reagents and conditions: (i) 3-propionamidobenzoic acid, PyBOP, DIPEA, DMF, DCM, rt, 18 h.
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Experimental procedures

N-(4-{{4-(4-(4-Fluorophenyl)-1-methyl-2-{methylthio)-1H-imidazol-5-yl)pyridin-2-yl}amino)phenyl)-3-
nitrobenzamide (51)

F
\'.c:,
O

_\-N,.‘ oM
|./°‘“-ﬁ W
N, = é‘)‘i

.

HN ‘ﬁ 2 »)
|
N )\ =, NGy
=

N

According to general procedure F, S1 was synthesized from 31 and 28a. Eluent: ethyl acetate/n-hexane 30/70
=> ethyl acetate/n-hexane 60/40. The product containing fractions were unified and all volatiles were
evaporated under reduced pressure. Yield: 28 %. "H NMR (200 MHz, DMSO-d;) 6 10.49 (s, 1H), 9.18 (s, 1H),
8.82-8.75(m, 1H),8.47-8.36{m, 2H), 8.27 (d, /= 5.6 Hz, 1H}, 7.83 (t, /= 8.0 Hz, 1H), 7.66 (s, 4H), 7.53 - 7.41
{m, 2H), 7.21 = 7.08 (m, 2H), 6.79 = 6.71 (m, 2H), 3.43 (s, 3H), 2.65 (s, 3H). Exact Mass: 554.2; ESI-MS (m/z):
353.2 [M-H]

1-{2-Chloropyridin-4-yl)propan-1-one oxime (S2).

A solution of sodium hydroxide {20%; 10 mL) and hydroxylamine hydrochloride (1.79 g, 25.69 mmol) in water
{10 mL) was added to a solution of 2-chloro-4-propionyipyridine {3.96 g, 23.25 mmol) in methanal {20 ml) at
0 °C, After the reaction was stirred for 2 h at 0 °C, the product was extracted by ethyl acetate and the solvent
was evaporated under reduced pressure to obtain the product as a white-yellowish solid (90 %; 3.56 g). ‘H
NMR {400 MHz, DMSO-ds) § 11.88 (s, 1H), 8.42 (d, J=5.1 Hz, 1H), 7.65(dd, /= 4.4, 59 Hz, 2H), 2.72{q, /=73
Hz, 2H), 1.02 {t, J = 7.5 Hz, 3H); **C NMR (101 MHz, DMSO-d} & 155.5, 151.0, 150.2, 146.6, 120.2, 119.5, 17.6,
10.4. GC-MS (m/z) calculated: 184.04 [M]’; found: 184.0.

1-(2-Chloropyridin-4-yl)propan-1-one O-tosyl oxime (S3)

HiC N o

p-Toluenesulfonylchloride (10.58 g, 55.50 mmol) was added to a solution of 2-chloro-4-propionyipyridine
oxime ($2) (6.81 g, 37.00 mmol) in dry pyridine {40 mL) under argon atmosphere. After the reaction was stirred
for 24 h at rt, the solution was diluted with ice water (300 mL) and stirred for further 3 h. The water layer was
extracted with ethyl acetate, washed with water and purified by flash chromatography (SiO;, n-hexane/ethyl
acetate, 100:00 to 90:10) to get a viscous yellow oil (yield: 83 %; 10.47 g). *H NMR (400 MHz, DMSO-d;} & 8.50
(d,)=5.1Hz, 1H), 791 (d, ) = 7.8 Hz, 2H), 7.64 (s, 1H), 7.56 (d, J = 5.1 Hz, 1H}, 7.49 {d, J = 7.8 Hz, 2H), 2.81 (d,
4= 7.5 Hz, 2H), 2.41 (s, 3H), 0.99 {s, 3H); "C NMR (101 MHz, DMSO-d;) & 166.6, 151.2, 150.8, 145.8, 143.0,
131.4,130.1,128.5, 121.7,120.5, 21.1, 20.6, 10.4. FABMS: {m/z) calculated: 339.06 [M+H]*; found: 339.1.
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4-(2-Chloropyridin-4-yl)-5-methyl-1,3-dihydro-2H-imidazole-2-thione (54)

H,cn

=s

{

= N
\I\H H
N~
ol]

The preparation of $4 was performed in three steps:

1) Solid potassium (1.21 g, 30.92 mmal) was added in pieces to absolute ethanol (50 mL). After the potassium
was totally dissclved the reaction mixture was cooled to 0 °C and 1-(2-chloropyridin-4-yl)propan-1-one O-tosyl
oxime (S3) (10.47 g, 30.92 mmol} in absclute ethanol (350 mL) was added dropwise to the solution. After
completion of the addition the reaction was warmed to rt and stirred for 1 h. The solution was diluted with
diethyl ether (100 mL) and stirred for 16 h. The precipitate was removed by filtration and washed with diethyl
ether and the filtrate was concentrated at reduced pressure to obtain a yellow viscous liquld {7.80 g).

2) Concentrated hydrochloric acid (60 mL) was added to the crude product {7.80 g) obtained in step 1 and
stirred for 4 h at 50 °C. Then, the solvent was evaporated under reduced pressure and a yellow solid (8.15 g)
was obtained.

3) Potassium thiocyanate (15.02 g; 154.60 mmol) was added to the crude product (8.15 g) obtained in step 2
in methanol (160 ml) and stirred for 4 h at 90 °C. The formed yellow precipitate was filtered, washed with
water and dried under vacuum to get the product as a yellow solid (4.56 g; 65 % over 3 steps). '"H NMR {400
MHz, DMS0-ds) 6 12.50 (br, s, 1H), 12.43 (br. s, 1H), 8.43 - 8.27 (m, 1H), 7.59 (s, 1H), 7.51 - 7.40 (m, 1H), 2.27
{s, 3H); ¥C NMR (101 MHz, DMSO-d.) & 161.5, 151.1, 150.1, 139.1, 126.9, 120.1, 118.8, 118.3, 10.8. HPLC tR
= 2.67 min, purity: 100% (A = 254 nm). FABMS: [m/z) calculated: 226.02 [M+H]*; found: 226.1.

2-Chloro-4-(4-methyl-2-(methylthio)-14-imidazol-5-yl)pyridine (S5)

HiC._ N
et
.
| = u 3
N._#
Cl

Sodium tert-butoxide (427 mg, 4.44 mmol) was added to a solution of 40 (500 mg, 2.22 mmol) in absolute
methanal (20 mL). The reaction mixture was cooled to 0 *C and methyl iodide (147.5 pL, 2.22 mmol) was
added slowly under argon atmosphere. The reaction mixture was stirred for 30 minat 0 "Cand 3 h at 55 °C.
After cooling to rt, the solvent was removed under vacuum, the residue was dissolved in water, extracted with
ethyl acetate and dried over Na;50s. The solvent was evaporated under reduced pressure and the residue
was purified by flash chromatography (SiO;, dichloromethane/ethanol, 100:0 to 90:10) to obtain the product
as a yellowish solid (76 %; 404 mg). '"H NMR (400 MHz, DMSO-ds) § 12.46 {br. s, 1H}, 8.32 (d, J = 4.8 Hz, 1H),
7.62 (br. s, 1H), 7.59 (d, J = 4.8 Hz, 1H), 2.57 (s, 3H), 2.44 {5, 3H); *C NMR (101 MHz, DMSO-d,} & 150.8, 149.8,
145.6, 140.2, 132.2, 129.3, 1189, 118.6, 15,2, 11.4. HPLC: tR = 4.6 min. ESIMS: {m/z) calculated: 240.04
[M=H]"; found: 240.0.
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N1-{3-(4-Methyl-2-(methylthio)-1H-imidazol-5-yl)pyridin-2-yl)benzene-1,4-dlamine (32)

HiC N
R
= u CHy
\
N\/
&
~NH,

In a pressure glass tube, compound 41 (100 mg, 0.42 mmol) and p-phenylenediamine (67.7 mg, 0.63 mmol)}
were suspended in p-butanel (5 mL), 1.25 M HCl in ethanol (345 ul, 0.42 mmol) was added and the reaction
was heated overnight at 160 “C. After cooling to rt, the solvent was removed and the residue was purified
twice by flash chromatography (5i0;, dichloromethane/ethanol, 20:10) to afford 80 mg (62%) as a brown solid.
'H NMR (250 MHz, DMS0-ds) § 12.23 (br. s, 1H), 8.36 (s, 1H}, 7.97 {d, J = 5.4 Hz, 1H), 7.33 - 7.13 (m, 2H), 6.97
(s, 1H), 6.91 - 6.64 (m, 1H), 6.59 - 6.43 (m, 2H), 5.01 - 4.26 (m, 2H), 2.53 (s, 3H), 2.37 (5, 3H); *C NMR {101
MHz, DMSO-ds) 6 157.4, 147,3, 143.1,142.8, 138,8, 134.3,131.1, 126.8,121.2, 114.2, 110.0, 1044, 15.5,11.3.
HPLC tR = 1.89 min. ESIMS: (m/z) calculated; 312.42 [M+H]"; found: 312.2.
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Structure of intermediates 28-30

N-(4-Bromophenyl)-3-nitrobenzamide (28a)
Br
W
= NVJ\/\T NO,
LR &
N-(4-Bromophenyl)-2-methyl-3-nitrobenzamide (28b)

Br
ﬁluf\%’rm
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N-(4-Bromo-3-methylphenyl)-3-nitrobenzamide (28h)
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4-Amino-N-{3-bromophenyl)benzamide (29g)
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4-Acrylamido-N-(4-bromo-3-methylphenyl)benzamide (30f)
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3-Acrylamido-N-(4-bromo-3-methylphenyl)benzamide (30m)
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Selectivity Screen

Compounds 7 and 21 were tested at ProQinase GmbH (Freiburg, Germany) against 410 kinases at
concentrations of 1 uM, 5 uM and 0.1 uM, 0.5 uM respectively. Activities are specified as residual activities
(% of control) and values under 50 % are highlighted in orange.

Table S1
o Kinase Kinase 7 ? 2 21
Name Family* c= 0.1 uM c=05uM c=1puM c=5uM

1 ABLY E255K ™ 106 114 as 88
2 ABLI F3171 ™® 102 102 102 82
El ABL1 G250€ ™ 56 75 84 89
a ABL1 H396P ™ 59 91 93 7
5 ABL1 M351T ™ 101 80 & 61
6 ABL1 Q252H ™ 101 93 9% 65
7 ABL1 T3151 ™ 94 93 a1 82
8 ABL1 wt ™ 108 109 a5 71
9 ABL1 Y253F ™® 105 108 85 64
10 ABL2 ™ 134 13 74 84
1 ACK1 ™ 130 128 100 95
12 ACV-R1 ™ 107 a3 85 54
13 ACV-R1B ™ 92 91 94 94
14 ACV-R2A ™ 97 a2 81 g0
15 ACV-A28 TH 88 82 28 63
16 ACV-RLL T 93 86 74 52
17 AKT1 3a106-480 AGC 104 87 84 9
18 AKT2 33107-481 AGC 108 105 a2 78
19 AXT3 83106-479 AGC 108 122 95 90
20 ALK C1156Y [GST-HIS-tag) ™ 122 17 86 69
2 ALX F1174L (GST-HIS-tag) ™® 113 106 84 74
2 ALK F1174S (GST-HIS-tag) ™ 132 19 a2 72
23 ALK L1196M (GST-HIS-tag) ™® 114 102 72 55
24 ALK R1275Q (GST-HIS-tag) ™ 119 122 &5 73
25 ALK wt (GST-HIS-tag) ™ 111 105 a8 7
26 AMPK-alphal aal-550 CAMK 70 62 100 93
27 ARKS CAMK 85 a1 a7 88
28 ASK1 STE 108 104 92 95
29 Aurora-A OTHER 97 ag 74 34
30 Aurora-8 OTHER 102 103 73 |
1n Aurora-C OTHER 4 81 86

32 AXL ™® 105 102 ]

33 BLK ™ 101 a7 b7

34 BMPRIA T 9% 84 83

35 BMX ™ 108 m 106

36 B-RAF VB00E ™ 91 103 110

37 B-RAF wt ™ 107 107 9

38 BRK ™ 109 125 101

39 BRSK1 CAMK 101 109 107

a0 BRSK2 cAMK 58 a5 103

a1 BTK ™ 107 107 101

a2 BUB1S OTHER 129 12 a5 80

a3 CAMKID CAMK 99 a7 % 75

4 CAMK2A CAMK 88 81 %0 %0
a5 CAMK28B CAMK 103 80 a7 79

46 cAMK2D CAMK 101 106 a5 92
a7 CAMK2G CAML 68 58 81 54
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338 RPSGKAS AGC 103 115 88 8
339 6K AGC 124 119 105 87
310 S6K-beta AGC 116 102 &7 79
301 SAK OTHER 103 79 77 57
302 sGK1 AGC 92 108 M
343 SGK2 AGC 85 34 a3 7
344 sGK3 AGC 122 102 & 76
345 SIK1 CAMK 107 107 107 102
348 siK2 CAMK 98 95 108 50
347 SIK3 CAMK 109 107 65
348 s sTE 112 133 102 7
349 SNARK camK 98 99 o 87
350 SNK OTHER 100 103 86 81
351 SRC (GST-HIS-tag) ™ 123 123 a8 86
352 SRMS ™ 107 104 95 92
353 SRPK1 emaGe 2 106 o 86
354 SRPK2 cMGC 104 87 2 75
355 STKA7A camK 84 78 7 ﬁ
356 sTK23 CAMK 115 107 97 101
357 sTH2S sTE % 8 88 9
358 sTK33 CAMK 99 a8 76 7
359 $TK39 sTE 105 7 100 73
360 SYK 201-635 ™ 114 110 a 86
361 TAOK2 se 107 2 (IS
362 TADK3 STE 95 102 a5 72
363 TBK1 OTHER 88 95 54 9
364 TEC ™ 58 a6 @ 81
365 TGFB-R1 ™ 9% e 106 52
386 TGFB-R2 ™ 11 128 53 it S|
367 TIE2 RBAIW ™ 87 9 92 107
368 TIE2 wt ™® 13  EE 85 81
369 TIE2 Y1108F ™ 128 128 95 9%
370 TIE2 Y897S ™ 118 110 85 85
n iK1 AGC 105 12 @7 %0
n TiK2 AGC 52 a1 a2 83
m TNKL ™ 103 1 at 61
374 TRK-A ™ 115 m 51 58
s TRK-8 ™® 9% 105 29 81
376 TRK-C ™ 116 110 % 79
37 TSF1 OTHER 96 a3
37 TSK2 CAMK 9 87 % 97
79 TSSK1 cAMK 8 77 76 7
380 TTBKI o™ 9% 102 102 106
3m TTBK2 o1 %6 24 as 93
382 ™ OTHER 107 m 72
383 K ™ 98 98 & 77
384 K2 ™ 97 as 7
385 TYRO3 ™ 114 104 100 86
386 VEGF-RL ™ 106 a3 84 66
387 VEGF-R2 ™ 121 10 73 m
388 VEGF-R3 ™ 122 a1 7 68
389 VRK1 o 72 70 95 97
390 VRK2 o1 101 7 ) 83
m WEEL OTHER 113 120 7 79
392 WNK1 OTHER 127 106 a5 8
393 WNK2 OTHER 74 85 g 78
304 WNK3 OTHER 120 a9 74 67
395 Yis ™ 113 100 89 75
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*Classification of protein kinase families:*
AGC: containing PKA, PKG and PKC families

CAMK: Calcium/Calmoduline-dependent protein kinases

CX1: Casein kinase 1-1ike

CMGC: containing CDK, MAPK, GSK3 and CLK families

TK: Tyrosine Kinase
TKL: Tyrosine Kinase-like

STE: Homologs of Yeast Sterlle 7, Stenle 11, Sterile 20 Kinases

520

396 ZAK KL 98 as 48 e
397 P70 ™ 127 14 8 93
398 PIAK2A Lipid Kinase 113 u3 17 133
399 PUIK2B Lipid Kinase 113 12 128 120
400 PIaXB Lipid Kinase 9 92 101 7
401 PIK3C2A Lipid Kinase 138 152 189 183
402 PIXIC2B Lipid Kinase 109 139 132 133
403 PIKIC2G Lipid Kinase 145 155 129 108
a04 PIK3C3 Lipid Kinase 98 99 108 103
408 PIK3CA/PIKIR1 Lipid Kinase 108 108 118 106
408 PIK3CB/PIK3R1 Lipid Kinase 132 131 138 166
a07 PIKICD/PIKIRL Lipid Kinase 110 108 19 113
408 PIX3CG Lipid Kinase 109 15 176 156
409 PIPSK1A Lipid Kinase 94 100 102 " T
a10 PIPSKIC Lipid Kinase 114 111 107 102
Selectivity Score (<50 % residual activity): 0.007 0.015 0.037 0.146
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Direct enzyme- linked immunosorbent assay (ELISA) for routine screening of p38a MAPK
and JNK3 inhibitors

Being 2 natural substrate of both p38a MAP kinase and JNK3, activation transcription factor 2 (ATF-2)
purchased from ProQinase, Freiburg, Germany {# 0594-0000-2) as full-length protein Is adsorbed to the 96
well assay plates (Nunc Maxisorp®) yielding a concentration of 10 pg/mL.

Dilution rows of candidate inhibitor are prepared in a kinase buffer containing active p38a MAP kinase or
activate JNK3 enzyme. The active p38a MAP kinase was obtained from Prof. Dr. ). Schultz (University of
Tubingen, Germany), whereas the active JNK3 enzyme was purchased from ProQinase, Freiburg, Germany
{#0500-0000-1). The ATP concentrations used in the respective kinase buffers are adjusted to twice the K,
value, depending on the kinase.

The activity of p38a MAP kinase or JNK3 kinase after one hour of incubation at 37°C with the candidate
inhibitars is measured by the phosphorylation degree of ATF-2, which is directly detected by @ monoclonal
peroxidase-conjugated antibody purchased from Sigma Aldrich (#A6228). The phosphorylation degree
achieved with the respective kinase in absence of inhibitor Is taken as positive control (STIM). Pure kinase
buffer without kinase serves for detection of non-specific binding (NSB). After staining with 3,3°,5,5'-
tetramethylbenzidine reagent (BD Biosciences Europe) and termination of colour development using 1M
sulphuric acid, the optical density is read out in an ELISA reader at 450 nm. As phosphorylation is inversely
correlated with the inhibitor potency, the calculation of inhibition is carried out according to the formula 57

0Dys50Sample — 0Dy5,NSB
OD,50STIM ~ 0Dy5oNSB

Inhibition[%] = 100 — ( ) X 100
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Investigation of the covalent bond formation using LC-pESI-QTOF mass spectrometry

Covalent bonding has been verified by LC-uESI-QTOF mass spectrometry of intact JNK3. Potential noncovalent
interactions have been eliminated by chromatography prior to ESl-ionisation and the employment of a high
declustering potential (DP) of 230V, This is substantiated by the charge series of intact INK3 consisting only of
[M«nH]™ ions, i.e. only H® -adduct series has been found. Further evidence is provided by 15, an analogue of

7 with inactive, non-Michael-reactive warhead

. Presumably noncovalent bonding to the ATP-binding site is

disrupted during chromatography and/or the ESl-process due to application of high declustering potential.
Results show (s. Figures S3a, S3c and S3e), that inactive species produce the same spectrum like the control
{unmaodified INK3), confirming that only active ligands result in a mass shift corresponding to the mass of the
inhibitor (Figures S3b and $3d) by covalent modification of JNK3.
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to +25 have been used for intact protein mass deconvolution. Charge series deconvolutes to M = 42281,9073
{1xBME-INK3). Calculated M for 1xBME-JNK3 is 42281.8941, mass accuracy 0.3ppm; b} Triplet structure of
charge series is caused by 1-3 times 8-mercaptoethanaylation.
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Figure 52, Chromatogram of JNK3. First 4 minutes have been switched to waste via valve, effectively

preventing the reaction buffer from entering the ESI-source. INK3 eluting at t = 5.2 min,
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Figures 53, Charge series after 1 h of incubation of JNK3 wt with 5 molar excess of inhibitor. a) Control, only
INK3; b} 7, reactive warhead (para/meta substituent), mass shift according to mass of ligand. Small residual
of unmodified JNK3 present; c) 8, no reactive warhead (saturated counterpart of 7), spectrum identical to
control, no covalent bonding to JNK3; d) 21, reactive warhead, mass shift according to mass of ligand; e) 23,
no reactive warhead (saturated counterpart of 21), spectrum identical to control, no covalent bonding to
INK3,
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al
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15165396
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Figures 54, Charge series after 1 h of incubation of JNK3 wt with 5 molar excess of inhibitor. 2) Binding assay
with 14, For 14, that exhibits some activity in ICsp-Assay, binding to some extend was observed, as minor
charge series denoted by (*). For identification, most intense charge series of [JNK3-3xBME-1x410] was
chosen, with m/z-series of 1434.8416; 1484.2622; 1537.2659; 1594,1314; 1655.3635; 1721.6486; 1793.2949;
for deconvolution. Binding ratio was calculated comparing area in 50mDa corridor around target mass after
baseline subtraction to 29% bound and 71 unbound, Unmedified [INK3+3xBME] charge series: 1415.4822;
1464.2572; 1516.5161; 1572.6461; 1633.0937; 1698.3772; 1769.1009; b) 15, no reactive warhead (saturated

counterpart of 14), spectrum identical to control, no covalent bonding to JNK3.
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Figure S5. Charge series after 1h of incubation of with Cys154 - Alal54-mutant of JNK3 with 5 molar excess
of inhibitor. a) control; b) 7; ¢) 21; d) 14; No covalent modification by inhibitors could be cbserved, precluding
reactivity with other than target Cys154. Protein was visible as B-ME-adduct-series ranging from 0 to 4
mercaptoethanaylations. For mass accuracy, the intense 1x B-mercaptoethanol-adduct was chosen (left one
of each peak doublets) for evaluation. Theoretical charge series of unmodified [Cys—>Ala-INK3-1xB-ME]:
1409.3247; 1457 .8874; 1505.9188; 1565.8044; 1625,9889; 1690.9882; 1761.4041.

526




200

APPENDIX

Table 52. Calculations of ligand masses from charge series deconvolution.

Cmp Protein Mass Ligand Mass shift
Calculated Measured | error ppm | Expected Found
7 427845576 | 42784.2239 -7.8 578.3280 578.6617
8 42205.8959 | 42205.51046 91 0 )
15 42205.8959 | 42205.9047 0.2 0 0
21 426904710 | 42690.1030 8.6 484.2071 484.2071
23 42205.8959 42206.342 105 0 0

All calculations show the covalent binding of the inhibitors could be proved by sub Dalton mass accuracy.
Inhibitor models without reactive warhead do not show any binding to JNK3,

Note: Ligand masses are denoted as average masses, as protein mass spectrometry in the mass range of the
target is performed on average rather than monoisotopic peaks. For easy comparison the deconvoluted
masses of the protein-ligand adducts have been corrected for mercaptoethanoylation.

Materials and Methods

LC-QTOF-HESI-MS of intact INK3-Ligand adducts

Analysis was performed on a Sciex (Concord, Ontario, Canada) 5600+ TripleTOF mass spectrometer equipped
with an Agllent (Waldbronn, Germany) 1290 Series UHPLC and a PAL-xts (CTC, Zwingen, Switzerland)
autosampier for injection. Chromatographic separation was conducted using a ProsWIFT (Thermo Scientific,
Waltham, USA) 100 x 0.5 mm menolithic polystyrene-dinvinylbenzene copolymer capillary column. Mobile
phases consisted of A: H,0, 0.1 % formic acid and B: acetonitrile, 0.1 % formic acid. Gradient profile was 0 -
1.5 min 20 % B, 1.5 - 4.5 min: 20 — 80 % B, 4.5 - 6 min 95 % B. Flow rate: 50 ul/min. First 4 minutes were
switched to waste to prevent buffer components from entering the ESl-source. Column temperature was kept
at 22 "C. Injection volume was 5 pl, corresponding to 5 pmol JNK3 absolute per injection. Acetonitrile and
formic acid were of Ultra-MS-grade, purchased from Carl Roth (Karlsruhe, Germany), Ultra-MS-grade water
was produced using an Elga (Veolia Water Technologles, Germany) Purelab Ultra system,

For uflow-electrospray ionization (MESI) the Sciex Duospray lonsource was outfitted with a 50 um |.D. PEEKsil-
stainles steel tip hybrid micro-electrode. Mass spectrometry was done using SCIEX “Intact Protein Mode”-
Script with a detector voltage (CEM) lowered by 100V. MS parameters were as follows: gasl {nebulizer) 50
psi, gas2 (drying gas) 40 psi, curtain gas 30 psi, source temperature 400 °C, ion source floating voltage (ISFV)
5200V, Collision energy {CE) was set to protein mode typical 30V facilitating clearance of Q2 (collision cell),
Declustering potential (DP) was set to 230V for removal of non-covalent species. Q1 transmission: 100 % at
1250 m/z. time bins: 100. Positive-TOF-mode mass scan: 500-4000 m/z,

Sequence of recombinant JNK3 (average mass was 42205.8959 Da)
GGSMSKSKVDNQFYSVEVGDSTFTVLKRYQNLKPIGSGAQGIVCAAYDAVLDRNVAIKKLSRPFONQTHAKRAYRELVLMK
CVNHKNIISLLNVFTPOXTLEEFQDVYLVMELMDANLCQVIOMELDHERMSYLLYQMLCGIKHLHSAGIIHRDLKPSNIVVKS
DCTLKILDFGLARTAGTSFMMTPYVVTRYYRAPEVILGMGYKENVDIWSVGCIMGEMVRHKILFPGRDYIDOQWNKVIEQLG
TPCPEFMKKLOQPTVRNYVENRPKYAGLTFPKLFPDSLFPADSEHNKLKASQARDLLSKMLVIDPAKRISVDDALQHPYINVWY
DPAEVEAPPPQIYDKQLDEREHTIEEWKELIYKEVMNSE

Sequence of mutant JNK3 (average mass 42173.8359 Da)
GGSMSKSKVDNQFYSVEVGDSTFTVLKRYQNLKPIGSGAQGIVCAAYDAVLDRNVAIKKLSRPFONQTHAKRAYRELVLMK
CVNHKNIISLLNVFTPQKTLEEFQDVYLVMELMDANL(A)QVIOMELDHERMSYLLYQMLCGIKHLHSAGIIHRDLKPSNIVY
KSOCTLXILDFGLARTAGTSFMMTPYVVTRYYRAPEVILGMGYKENVDIWSYGCIMGEMVRHKILFPGRDYIDQWNKVIEQ
LGTPCPEFMKKLOPTVRNYVENRPKYAGLTFPKLFPDSLFPADSEHNKLKASQARDLLSKMLVIDPAKRISVDDALQHPYINV
WYDPAEVEAPPPQIYDKQLDEREHTIEEWKELIYKEVMNSE

s27
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Binding assay

Binding assay was performed in 60 mM ammonium acetate, Reaction volume was 200 pl, containing 200 pmol
of INK3 and 1 nmol of inhibitor and 0.5 % (v/v) DMSO. Binding reaction was performed at 37 *C for 1h. Samples
were analyzed immediately afterwards, stored at 4 *C in the autosampler during analysis.
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In vitro reactivity study of inhibitor 7 with glutathione

The in vitro reactivity of covalent inhibitor 7 was determined similar to a protocol published by Schmidt et al®
This protocal was adapted by using the conditions of our in house kinase assay (buffer, reaction time and
temperature). N-Phenylacrylamide (PAA) served as a positive control since it is known that PAA forms adducts

with glutathione under physiological conditions.?

Buffer: 50 mM Tris [pH 7.5], 10 mM MgCly, 10mM B-glycerolphosphate, 100 ug/mi BSA, 1 mM dithiothreitel,
0.1 mM NasVO.

Table $3. Incubation of compound 7 (10 pM) and PAA (10 pM) with 5 mM glutathione

time [min] cpd 7 (%] PAA [%]
0 99.9 100
9 99.2 91.6
18 98.5 86.1
27 97.6 810
36 96.8 76.7
45 96.1 705
54 93.7 66.5
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In Vitro Metabolism Studies

Pooled human male liver microsomes (HLM) were purchased from Sigma-Aldrich {Steinheim, Germany). These
microsomes were characterized in protein and cytochrome P-450 content, All incubations were made in the
presence of an NADPH-regenerating system, consisting of 5 mM Glucose-6-phasphate, 5 U/mL Glucose-6-
phosphate dehydrogenase and 1 mM NADP', The substrate (100 uM), the NADPH regenerating system and
3.8 mM MgQl; x 6 H,0in 0.1 M Tris-buffer (pH = 7.4 at 37 °C) were preincubated for 5 min in a shaking heating
block at 37 "C and 550 rpm.*® The incubation mix was split into 75 ul 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, 45, 60, 130/135
and 180/190 min; analyte 7/21) by adding 225 uL icecooled internal standard at a concentration of 100 uM
for 7 and 20 uM for 21 in acetonitrile (ACN). The samples were vortexed for 30 s and centrifuged (19800
relative centrifugal force/4°C/20 min). The supernatant was directly used for LC-MS analysis. All incubations
were conducted in triplicates and incubations with heat-inactivated HLM were used to proof that analyte
reduction results from metabolic degradation only. In all incubations a limit of 1 % organic sclvent was not
exceeded, '

Screening of Metabolites by LC-MS Analysis

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 of analyte 7 was performed on a Waters Symmetry®*C18 (150 x 4.6 mm; 5
um); 21 on a Phenomenex Synergl Max RP column {150 x 4.6 mm; 5 um) with a precolumn of the same
material, respectively. An isocratic elution of 11.0 min for 7 and 8.0 min for 21 with 63 % solvent A (90 % H.0,
10 % ACN, 0.1 % formic acid) and 37 % solvent B (ACN, 0.1 % formic acid) at a flow rate of 400 pL/min was
used. The detection was performed on a Micromass Quattro micro triple quadrupole mass spectrometer
{Waters GmbH, Eschborn) using the electrospray lonization in the positive-mode. Correspondent to the
analyte the spray voltage was set to 3.5 - 4.25 kV. The heated capillary operated at 250 *C and the desolvation
gas flow worked at 500 L/h.

Substrate Degradation and Metabolite Formation
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Figure S6. Degradation scheme of compound 21 while incubating in HLM for 190 min.
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Figure $7. Degradation scheme of compound 7 while incubating in HLM for 180 min.

Table $4. Metzbolic stability
1Cyo [nM]
cmp NG 2380 OxMets
n 2 1952 [
7 =1 36 e

“Porcent remaining after incubation with HLM; incubation time: 190 min; incubation time: 180 min.
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Abstract: An alternative strategy for the synthesis of l-aryl- and l-alkyl-2-methylsulfanyl-4-(4-
fluorophenyl)-5-(pyridin-d-yllimidazoles as potential p38a mitogen-activated protein kinase inhibitors
is reported.  The regioselective N-substitution of the imidazole ring was achieved by treatment of
c-aminoketones with different aryl or alkyl isothiocyanates, In contrast to previously published
synthesis routes starting from 2-amino-d-methylpyridine, the presented route is characterized
by a higher flexibility and a lower number of steps.  This strategy was also applied to
access l-alkyl-2-methylsulfanyl-5-(4-fluorophenylj4-(pyridin-4-yl}imidazoles in six steps starting
from 2-chloro4-methylpyridine,

Keywords: regiospecific synthesis; tetrasubstituted imidazoles; p38Sx MAP kinase

1. Introduction

The p38a mitogen-activated protein (MAP) kinase is a serine/ threonine kinase, which plays a
role in signal transduction pathways, modulating the cellular response to external stress stimuli like
infection, heat or osmotic shock, UV light, and inflammatory cytokines [1]. Through phosphorylation
of multiple downstream targets, this kinase triggers a wide range of cellular processes mostly resulting
in the stimulation of the inflammatory reaction (e.g,., release of pro-inflammatory cytokines like
tumor necrosis factor-, interfeukin-14, and interleukin-6 and induction of COX-2 transcription) [1,2].
The function of the p38x MAP kinase has therefore been regarded as crucial in those cytokine-driven
chronical inflammatory conditions like rheumatoid arthnitis, Crohn’s disease, psoriasis, and chronic
asthma [3,4]. Additionally, several studies suggested that the p38a MAP kinase may also play a role
as a major character in the pathogenesis of neurodegenerative diseases such as Alzheimer's disease,
Parkinson’s dise¢ase and multiple sclerosis [5-5]. Due to this well-documented physiopathologscal
role, inhibition of the p38x MAP kinase has been widely pursued in many medicinal chemistry
programs [9,10].

Pyridinylimidazoles represent a privileged scaffold in the field of kinase inhibition, especially
concerning the targeting of the p38a MAP kinase, as very recently reviewed by some of us [11]
In particular, tetrasubstituted pyridinylimidazoles like compounds 2, 3a, 4a and 4b [12-15] represent
adenosine triphosphate (ATP)-competitive inhibitors of p38a MAP kinase, which might be considered
as open analogues of the imidazolthiazolidine-based early lead compound SKFS6002 (1) from
SmithKline & French [10] (Figure 1)

Maolecudes 2008, 23, 221; doi 105390/ molecubes 23010221 wwwmdpt com /journal /mokcules
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Figure 1. Early lead compound SKFS&002 (1) and 1,2,4,5-tetrasubstituted imidazoles 2, 3a, 4a and 4b as
p38a MAT kinase inhibitors. * unpublished data from our h group; compounds tested in assay
conditions described by Goettert et al. [17]; * data taken from [14]; © data taken from [15].

Figure 2 shows the well-described binding mode of tetrasubstituted pyridinylimidazoles like
compounds 2, 3a, 4a and 4b within the ATP cleft of the p38a MAF kinase. Worth to mention
are the occupation of two hydrophobic pockets named hydrophobic region (HR) [ and HR 1T as
well as the formation of a hydrogen bond with the conserved Lys53 side chain. Tetrasubstituted
pyridinylimidazoles were initially reported to display a lower inhibitory activity in comparison
to the analogous trisubstituted derivatives lacking the substituent on the imidazole-N1 atom [15].
Nevertheless, it was observed that by inserting opportune substituents at this position, a high
potency could still be maintained, probably thanks to additional interactions, Furthermore, some
tetrasubstituted pyridinylimidazoles showed a markedly reduced inhibition of the CYP450 enzvmes,
considered one of the major drawbacks of their trisubstituted counterparts [13].

Figure 2. Binding mode of tetrasubstituted imidazoles bearing an acyl
the pyridine-C2 position. Figure modified from ref. [19]

or alkyk group at

Due to the binding mode of this class of inhibitors, a compulsory structural requisite is that the
substituted imidazole-N atom is the one adjacent to the pyridine ring. Substitution on the imidazole-N
atom proximal to the 4-fluorophenyl ring would instead prevent the formation of the hydrogen bond
with Lys53 and has been reported to cause a tremendous drop in inhibitory activity [20]. For this
reason, in order to preserve their binding affinity to the p38x MAFP kinase, these inhibitors need to be
accessed through a regiospecific synthetic route.
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The first synthetic route toward tetrasubstituted 2-alkylsulfanylimidazoles was reported in
2002 and 2003 (Scheme 1) [21,22] and was subsequently employed in several studies on kinase
inhibitors [13-15,23-25]. This route, comprising eleven steps, starts from 2-amino-4-methylpyridine (5)
which was first protected as an acetamide and successively oxidized to a carboxylic acid. Ethanone 9
was then obtained by coupling with 4-fluorophenylacetonitrile followed by hydrolysis-decarboxylation
reaction of the resulting cyanoketone 8, causing the simultaneous cleavage of the N-acetyl protecting

group. After repeating the protection step, ethanone 10 was converted into the a-oximinoketone 11,

and then cyclized with an opportunely substituted 1,3 5-tnalkyltriazinane to regioselectively
afford imidazole-N-oxides 12, Intermediates 12 were then transformed into the corresponding
imidazole-2-thiones 13 and then methylated on the exocyclic sulphur. Finally, the amino group
of compounds 14 was deprotected and then coupled with different carboxylic acids to produce
final compounds 3. From intermediates 15 it is also possible to obtain alkylamino derivatives 4 by
nucleophilic substitution reaction with alkyl halides [13].
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Scheme 1. Synthetic pathway toward 1245 tetrasubstituted imidazoles 3 and 4. Reagents and

conditions: (i) AcyO, DMAL reflux temperature; (i) KMnQy, HyO, 50-40 °C; (1) COI, DME, -BuOK,
120°C; (iv) HBr, reflux temperature; (v) AcaO, DMAF, reflux temperature; (vi) isoamyl nitrite, MeONa,
MeOH, rt; {vii) EfOH, reflux temperature; (viii) 224, d-tetramethykeyelobutane-1 3-dithione, DCM, rt;
(ix) lodomethane, NayCOy, EtOH, rt; (x) 10% HCI.M,, reflux temperature; (xi) R2-COC, NE1;, THF,
0°C or R2COOH, CDI, N-methylpyrrolidinone, rt, then 120 'C; (xii) R™-Br, NaH, DMF, rt.

This reported route noticeably entails a large number of steps and the preparation of intermediate
10 is particularly inconvenient due to the repeated introduction and cleavage of the N-acetyl
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protecting group.  An additional drawback of the reported route is the flexibility of application.
As reported from the authors, this route is indeed not suitable for the introduction of aryl or heteroaryl
moieties at the imidazole-N1 position {22]. Moreover, the functionalization of the pyridine-C2 position
by nucleophilic substitution reaction of 2-aminopyridine derivatives 15 and alkyl halides represents a
limitation when introducing alky! groups featuring a stereocenter adjacent to the amino moiety. The use
of chiral alkyl halides can indeed result in inversion of configuration or racemization, thus hampering
the sterecselective synthesis of some derivatives (e.g., compound 4a, wherein the hypothetical use of
the corresponding benzyl halide would favor an Sy 1 mechanism with the consequent loss of chirality).
For this reason, preparation of derivatives 4a and 4b could only be achieved by converting the 2-amino
group into a fluorine atom and introducing the chiral amine by nucleophilic aromatic substitution, as
reported in 2008 |12].

In 2011, Selig et al. published an alternative synthetic route to tetrasubstituted imidazoles 3
(Scheme 2) [15]. This route is overall similar to the previously reported one and only differs in the
replacement of the amino group of intermediate 9 with a fluorine, allowing the realization of the
following steps without the necessity of the protecting group. The amino group was then reintroduced
at the penultimitte step, before its functionalization with different acyl denivatives yielding compounds 3.
Nevertheless, because of the replacement of the amino group only after the preparation of ethanone 9,
this route does not bypass the issues relative to the installation and cleavage of the N-acetyl protecting
group and encompasses the same number of steps as the one presented in Scheme 1,
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Scheme 2. Synthetic pathway toward 1,2,4.5-tetrasubstituted imidazoles 3, Reagents and conditions:
(1) NaNOy, 70 HF-pyridine; 15 to ~10"C, then r1; (i) NaNOy, glacial AcOH, rt; (3ii) EtOH, reflux
temperature; (iv) 224, 4-tet hyleyclobut 1,3-dithione, DCM, rt; (v) iodomethane, K;CO5,
MeOH, rt; (vi) NHy, reactor, (vil) R:-COOH, CDI, N-methylpyrrolidinone, rt, then 120 °C.

2, Results and Discussion

2.1. Chemistry

QOur retrosynthetically-planned synthetic strategy towards 1,24, 5-tetrasubstituted imidazoles 3 and
4 is depicted in Scheme 3. In contrast to the aforementioned routes, we sought to introduce the whole
alkyl- oracylamino group at the pyridine-C2 position starting from 2-chloropyridine derivatives 21 since
the higher stability of the 2-halopyridine molety avolds the need for protection/deprotection steps.
However, in contrast to the route reported by Selig et al, chlorine was preferred over fluorine, as it
can be displaced through both nucleophilic aromatic substitution reaction and Buchwald-Hartwig
arylamination/amidation. Moreover, this choice would allow the introduction of chiral amines
having the stereocenter adjacent to the amino group without leading to racemization or inversion
of configuration, as the reaction mechanism does not involve the chiral center.  Key passage
of the synthesis is then the cyclization reaction of a-aminoketone 23 and alkyl/aryl-substituted
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isothiocyanates 24, allowing the regioselective introduction of the imidazole-N-substituent, followed
by methylation of resulting intermediates 22, Finally, a suitable precursor for the preparation of
c-aminoketone 23 could be represented by ethanone derivative 25, which in turn can arise from the
commercially available 2-chloroisonicotinic acid (26).
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Scheme 3. Retrosynthetic strategy for the preparation of 1,24, 5-etrasubstituted imidazoles 3 and 4.

The initial step of our alternative route consisted in the preparation of the 1-(2-chloropyridin-4-y1)
-2-(4-fluorophenyljethan-1-one (25). This compound represents the 2-chloropyridine-substituted
analogue of derivative 9, a common intermediate of both published synthetic pathways toward
tetrasubstituted pyridinylimidazoles (Schemes | and 2). As already mentioned, the preparation of
ethanone 9 constituted one of the major bottienecks of both previously reported routes and as a
consequence, the new synthetic strategy would benefit from a more efficient method to achieve its
analogue 25. Several attempts were carried out in order to yield compound 25, which are displayed in
Scheme &

Despite their similarity, it was not possible to prepare compound 25 in an analogous
fashion as ethanone 9, namely by condensation of the 2-chloroisonicotinic acid with
4-fluorophenylacetonitrile followed by hydrolysis of the resulting cyanoketone. A convenient
method for the synthesis of ketones is generally represented by the addition of Grignard reagents
to Weinreb amides. Unfortunately, Grignard reaction of 4-fluorobenzyl magnesium chloride with
2-chloro-N-methoxy-N-methylisonicotinamide (27) afforded ethanone 25 in a non-satisfactory yield
of 49%. A reason for the reduced vield is probably a well-described E; elimination reaction starting
with the extraction of a proton from the N-methoxy group and resulting in the formation of the
corresponding N-methylamide and formaldehyde [26]. In order to avoid this undesired side reaction
a previously described approach was followed [27], consisting in the use of a modified Weinreb
amide wherein the methoxy group was replaced by a fert-butoxy moiety. Such group has no H
atoms adjacent to the oxygen atom and is therefore not prone to deprotonation by the Grignard
reagent. N-(tert-butoxy)-2-chloro-N-methylisonicotinamide (29) could be prepared in good yield
via a two-step procedure starting from the corresponding carboxylic acid 26. In detail, coupling
of 26 with N-methylhydroxylamine afforded the corresponding hydroxamic acid 28, which was
then converted into the Weinreb amide 29 by acid-catalyzed esterification with ferf-butyl acetate.
The use of amide 29 in the Grignard reaction with 4-fluorobenzyl magnesium chloride permitted a
significantly increased yield of up to 81%, with an overall yvield of 62% over 3 steps for the preparation of
intermediate 25, It is worth mentioning that the ethanone derivative 25 could also be prepared by direct
Grignard reaction of 2-chloroisanicotinic acid (26) with 4-fluorobenzyl magnesium chloride, adapting
a procedure previously reported by Reeves et al. [25], The latter method allows the preparation of key
intermediate 25 in a single step and consists in reacting the carboxylic acid with two equivalents of
organomagnesium reactant in order to achieve nucleophilic addition on the carboxylate derivative. This
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approach afforded derivative 25 in a low yield (35%) and the formation of 1,2-bis(4-fluorophenylethane
as a by-product was observed.
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4. Diverse strategies for the synthesis of ethanone derivative 25. Reagents and conditions:
(i) SOCI;, reflux temperature; (i) N,O-dimethylhydroxylamine hydrochloride, NEt;, DCM, rt;
(iii) 4-Auorobenzyl magnesium chlonde, dry THE, —10 °C, then t; (iv) N-methylhydroxylamine
hydrochloride, NE&;, dry DOM, rt; (v) t-BuOAc, 700 HCIOy,,, LA-dioxane, 60 °C, sealed vial.

Qb

After obtaining a convenient method for the preparation of ethanone intermediate 25, a strategy
for its conversion into a-aminoketone 23 was pursued, As shown in Scheme 5, reduction of the
a-ketoxime 30 did not succeed in producing the desired c-aminoketone 23 starting from ethanone 25.
Such transformation was instead successfully achieved through a three-step procedure involving a
base-mediated Neber rearrangement of an O-tosyl-oxime derivative (Scheme 6). In detail, ethanone 25
was first reacted in a nucleophilic addition with hydroxylamine and the resulting oxime 31
was tosylated, Following the tosylation protocol of Lantos and coworkers for a related ketoxime [29],
a significantly slower conversion was observed, accompanied by the formation of by-products, which
deteriorated under increased thermal conditions. Carrying out the reaction at room temperature
afforded a sufficiently clean tosylation, yet requiring a high excess of p-toluenesulfonylchloride to
compensate for the resultant low conversion rate. Intermediate 32 was then reacted in a Neber
rearrangement with potassium ethoxide, affording an aziridine derivative, which was immediately
hydrolyzed in acidic conditions, vielding c-aminoketone 23 as a hydrochloride salt.
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Scheme 5. Attemped short strategy for the preg of a-aminoket
(1) NaNOy, glacial AcOH, rt; (i) Pd/C 10, Hy, isopropanolic HCI, rt.

23. Reagents and conditions:

Construction of the imidazole ring was performed by reaction of the a-aminoketone 23 and
alkyl or aryl isothiocyanates 24 in a single two-step procedure. First, the nucleophilic addition
of the amino group to the isothiocyanate took place using triethylamine as both base and solvent.
The cyclization was then promoted by evaporating the triethylamine and by heating the reaction
mixture in glacial acetic acid, succeeding in the regioselective preparation of N-alkyl and -aryl
substituted imidazole-2-thiones 22 in moderate yields. Tetrasubstituted imidazole derivatives 21
were then easily accessible through nucleophilic substitution of compounds 22 with iodomethane in
the presence of 4 base. The last step of our alternative route consisted in the introduction of the alkyl-
or acylamino functions at the pyridine-C2 position. In case of aliphatic amines this was obtained by




214 APPENDIX

Mulecules 2018, 23, 221 Tof19

nucleophilic aromatic substitution of synthones 21 with large excess of amine in solvent-free conditions.
Amide moieties could instead be introduced starting from the same derivative via palladium-catalyzed
Buchwald-Hartwig reaction.
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8 i {
i n
o 2 c

v L L'?"
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Scheme 6. Optimized synthesis of tetrasubstituted imidazoles 3 and 4. Reagents and conditions:
(i) hydroxylamine hydrochlonide, NaOH,,,,, MeOH, rt; (ii) tosyl chlonde, pyridine, rt; (iii) (2) EtOK,
EtOHpy. 0 7C, then 1t (b) cone. HClg,, 50 °C (iv) (a) NEty, 50 °C; (b) glacial AcOH, 80 °C;
(v) iodomethane, t-BuONa, MeOH, 50 “C; (vi) 3-(4-mothoxyphenyl)propanamide, Pdy{dba);, Xanthos,
CoaCOs, DMF, 100 °C; (vii) (S)-phenylethan-1-amine, 180 °C, sealed tube.

As already mentioned, derivatization of the imidazole-N atom adjacent to the 4-fluorophenyl ring
is detrimental for inhibitory activity on the p38a MAPK, as the introduced alkyl or aryl substituent
prevents the formation of a hydrogen bond interaction with the Lys53 of the enzyme, Nevertheless,
in order to broaden the applicability of our alternative synthetic pathway, we tested its suitability for the
regioselective synthesis of 1,24, 5-tetrasubstituted pyndinylimidazoles bearing the substituent on the
imidazoke-N atom distal from the pyridine ring (Scheme 7). In this series, derivatives 38 and 39, bearing
a methyl group on the imidazole-N atom, were prepared as an example to prove the applicability
of the presented synthetic route, In order to invert the substitution pattern on the imidazole ring,
the cyclization step clearly needs to be performed starting from a-aminoketone 36, a regloisomer of
compound 23, This derivative could be obtained via a previously described procedure consisting in
the condensation of 2-chloro-4-picoline (33) with ethyl 4-fluorobenzoate followed by a-nitrosylation
of the ethanone intermediate 34 and reduction of the resulting o-ketoxime 34. Differently from the
attempt depicted in Scheme 4, the a-ketoxime 34, presenting the opposite arrangement of the two
aryl substituents, could be smoothly reduced affording aminoketone 35 in very good yields. Starting
from the a-aminoketone 35, the cydlization-methylation steps were carried out in an analogous fashion
as the ones described in Scheme 6. Finally, using the same conditions as for compounds 3 and 4,
compounds 38 and 39 could be obtained by Buchwald-Hartwig amidation and by nucleophilic aromatic
substitution, respectively.
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Scheme 7. Synthests of tetrasubstituted imidazoles 38 and 39, * Procedure reported by Laufer etal, [10)
Reagents and conditions: (i} 'd/C 10%, Hy, sopropanclic HCL, rt: (i) (a) NEty, 60 7C; (b) glacial AcOH,
80 °C; (i) lodomethane, t-BuONa, MeQH, 50 “C; (iv) 3-(4-methoxyphenyllpropanamide, Pdy(dbals,
Xantl'hos, CszC05, DME 100 °C; (v) (5)-1-phenylethan-T-amine, 180 C, sealed tube.

2.2, Biological Evaluation and SAR Insights

Compounds 3b—¢, 4¢, 38 and 39 were tested in an enzyme-linked immunosorbent assay (ELISA)
in order to evaluate their capability to inhibit the p38a MAP kinase and the results were compared
to the ones of compounds 3a and 4a-b, which were previously tested in the same assay [17]
(Table 1). Although the scant number of evaluated compounds does not allow an exhaustive analysis
of structure-activity relationships, tetrasubstituted pyridinylimidazoles were confirmed as potent
inhibitors of the p38x MAP kinase, reaching ICs; values down to the low double-digit nanomolar
range {compound 3b), As expected, substitution of the N atom adjacent to the 4-fluoropheny| ring
(compounds 38 and 39) was detrimental for the inhibitory activity, due to the suppression of the
hydrogen bond with the Lys53. When comparing the two compound series 3a—c and da-c it appears
evident that substitution of the imidazole-N atom with a phenyl ring (compounds 3¢ and 4¢) has
a negative effect on the inhibitory activity, even reaching an 1Cs) value in the micromolar range in
case of compound de. This can be either due to unfavorable interactions with the phosphate /sugar
pocket or to a sterical hindrance with the 2-alkylamino- or 2-acylaminopyridine moiety, which does
not allow a correct positioning of the molecule in the binding pocket of the enzyme. Finally, whereas
the acylamino substituent appears to be overall preferable to the alkylamino group at the pyridine-C2
position, no clear indication could be obtained regarding the superiornity of either the methyl or the
methoxyethyl substituent at the imidazole-N atom.
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Table 1. Biological activity of tetrasubstituted pyridinylimidazoles 3a-c, 4a-c, 38, and 39.
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To sum up, the herein reported route represents a valid alternative for the synthesis of
tetrasubstituted pyridinylimidazoles, a class of molecules counting several examples in the field
of kinase inhibition due to the capability of reaching high inhibitory potency together with reduced
interaction with the CYP450 enzymes. This route comprises a lower number of synthetic steps in
companson with previously reported strategies along with an increased versatility. Both aliphatic and
aromatic moicties can be introduced at the imidazole-N1 atom without modifying the synthetic path.
Furthermore, the range of possible substituents is extremely broad thanks to both the commercial
availability of diversely substituted isothiocyanates and to reported procedures describing facile
preparastion methods for these intermediates [11-33]. The presence of a Cl atom at the pyndine-C2
position eliminates the necessity of protection /deprotection steps and permits the functionalization
with both amines and amides in the last step of the route. Furthermore, chiral amines featuring
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the stereocenter in the a-position can be introduced without the risk of inversion of configurabion
or racemization,

The introduction of an aromatic ring on the imidazole-N atom, constituting one of the advantages
of the presented route with respect to published ones, did not emerge as a beneficial substitution to
increase the inhibitory activity on the p38a MAP kinase; likewise, functionalization of the imidazole-N
atom distal to the pyridine ring results in a significantly reduced potency on the same target.
Nevertheless, since pyridinylimidazoles represent a privileged scaffold in the realm of kinase inhibition,
these synthetic improvements can still result helpful in the targeting of different kinases having
dissimilar structural features compared to the p38a MAY kinase

3. Materials and Methods

3.1, General Information

All reagents and solvents were of commerdial quality and utilized without further purification.
Thin layer chromatography (TLC) reaction controls were performed for all reactions using fluorescent
silica gel 60 Fasy plates (Merck, Darmstadt, Germany) and visualized under natural light and UV
illumination at 254 and 366 nm. The purity of all tested compounds are >95% a4 determined via
reverse phase high performance hiquid chromatography (HPLC) on a 1100 Series HPLC system
(Agilent, Santa Clara, CA, USA) equipped with a UV diode array detector (detection at 218 nm,
254 nm and 280 nm). The chromatographic separation was performed on a XBridge™ C18 column
(150 mm = 4.6 mm, 5 pm) at 24 “C oven temperature, The injection volume was 10 pl and the
tflow was 1.5 mL/min using the following gradient: 0.01 M KH; POy, pH 2.3 (solvent A), MeOH
(solvent B), 45% B to 85% B in 10 min; 85% B for 6 min; stop time 16 min. Column chromatography
was performed on Davisil LCA0A 2045 pm silica from Grace Davison (Columbia, MD, USA) and
Ceduran Si60 63-200 pm silica from Merck for the pres<column using an PuriFlash 430 automated
tlash chromatography system (Interchim, Montlugon, France), Nuclear magnetic resonance (NMR)
spectra were measured at 300/75 MHz on an Avance III HD NMR spectrometer (Bruker, Billerica,
MA, USA) at the Organic Chemistry Institute, Eberhard Karls Universitat Tiibingen, 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 Expression S electrospray lonization mass spectrometer (ESI-MS, Advion, Tthaca, NY, USA)
with TLC interface in the Institute of Pharmaceutical Sciences, Eberhard Karls Universitit Tabingen.
High-resolution mass spectra (HRMS) were measured on a Bruker maXis 4G ESI time of flight mass
spectrometer (ESI-TOF-MS) in the positive mode in the Organic Chemistry Institute, Eberhard Karls
Universitat Tabingen.

3.2. Experimental Procedurss

3.2.1. General Procedure for the Preparation of Imidazole-2-Thione Derivatives 22a—c and 36 (General
Procedure A)

In a pressure vial the corresponding alkyl or aryl sothiocyanate 24 (3-5 equiv.) was dissolved
in NEt; (2 mL) and then the appropriate a-aminoketone derivative 35 or 23 (1 equiv,) was added.
The closed vial was heated at 50 “C and stirred until the starting compound resulted completely
consumed as detected by HPLC analysis (1.5-4 h). The NEt; was then evaporated at reduced pressure
and the residue was taken up in glacial AcOH and stirred at 80 °C for 2 to 16 h, After concentrating
the mixture at reduced pressure, a NaHCO; saturated solution was added until reaching pH =~ 8 and
the aqueous layer was then extracted with EtOAc. The combined organic layers were then washed
with NaCl saturated solution, dried over anhydrous Na;SO,, and concentrated at reduced pressure.
The residue was finally purified by flash column chromatography,
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3.2.2. General Procedure for the Preparation of 2-Methylsulfanylimidazole Denvatives 21a-c and 37
(General Procedure B)

In a pressure vial the appropriate imidazole-2-thione derivative (22a-c or 36, 1 equiv) was
suspended in MeOH (4-10 mL}) and after that t-BuONa (1.2 equiv.) was added. After cooling the
mixture at 0 °C, iodomethane (5 equiv.) was added and the tightly closed vial was heated to 50 °C
and stirred for 45 min to 2 h, After removing the solvent at reduced pressure HaO was added and the
aqueous phase was extracted with DCM. The combined organic layers were then washed with NaCl
saturated solution, dried over anhydrous NayS0,, and concentrated at reduced pressure. The residue
was finally purified by flash column chromatography or directly used for the following step.

3.2.3. General Pracedure for the Preparation of Amides 3a— and 38 {General Procedure C)

Under argon atmosphere the corresponding imidazole derivative 21a-¢ or 37 (1 equiv.),
3«(4-methoxyphenyl)propanamide (1.5 equiv.), Pda{dba)s (0.05 equiv.), XantPhas (0.1 equiv.), and
Cs,C0; (3 equiv) were suspended in dry DMF and after that the reaction mixture was heated at
100 °C and stirred overnight (18 h). The reaction mixture was poured in HyO and the aqueous phase
was extracted with EtOAc, The combined organic layers were then washed with NaCl saturated
solution, dried over anhydrous Na; SOy, and concentrated at reduced pressure, The residue was finally
purified by flash column chromatography.

3.24 General Procedure for the Preparation of Amines 4a-c and 39 (General Procedure 1)

In a pressure vial, the corresponding imidazole derivative 21a-c or 37 {1 equiv.) was suspended in
(S)-1-phenylethan-1-amine (1.5 mL) and the closed vial was stirred at 180 “C for 1840 h. The reaction
mixture was poured in H;O and the aqueous phase was extracted with EtOAc. The combined
organic layers were then washed with NaCl saturated solution, dried over anhydrous Na;SOy, and
concentrated at reduced pressure. The residue was finally purified by flash column chromatography.

3.25. Detailed Procedures for the Preparation of Synthesized Compounds

2-Clidoro-N-methoxy-N-methylisonicotinamide (27). 2-Chloroisonicotinic acid (26, 21.0 g, 133.3 mmol) was
suspended in SOCl; (60 mL) and the mixture was stirred at reflux temperature for 5 h. After removing
the excess of solvent, the residue was taken up in dry DCM and added dropwise to an ice-cooled
previously prepared suspension of N,0-dimethylhydroxylamine hydrochloride (15.6 g, 160 mmol) and
NEt; (45.0 mL, 320 mmaol) in dry DCM (50 mL). After completion of the addition the mixture was let
heating at rt and stirred overnight, After evaporating the solvent at reduced pressure HyO was added
and the aqueous phase was extracted with DCM. The combined organic layers were then washed with
NaCl saturated solution, dried over anhydrous Na;SOy, and concentrated at reduced pressure giving
26.0 g of product as a light brown solid, which was directly used for the following step without further
purification (7% yield); "H-NMR (300 MHz, CDClz) & 335 (s, 3H), 353 (s, 3H), 743 (dd, | =5.0,1.2 Hz,
1H), 7.54 (s, 1H), 845 (d, [ = 5.1 Hz, 1H); PC-NMR (75 MHz, CDCls} § 32.9, 61,5, 120.7, 122.8, 14455,
149.8, 1516, 166.0; ESI-MS: (m/2) 2011 [M + H]*, HPLC: t, = 2.051 min.

2-Chlero-N-lIdroxy-N-netiylisiiicotinannde (28), 2-Chloroisonicotinic acid (26, 5.0 g, 31.7 mmol) was
suspended in SOCI; (25 mL) and the mixture was stirred at reflux temperature for 6 h. After removing
the excess of solvent, the residue was taken up in dry DCM and added dropwise to an ice-cooled
previously prepared suspension of N-methylhydroxylamine hydrochloride (3.2 g, 38.0 mmol} and
NEt; (9.7 mL, 76,1 mmol} in dry DCM (15 mL). After completion of the addition the mixture was
let heating at rt and stirred overnight. After evaporating the solvent at reduced pressure H;O was
added and the aqueous phase was extracted with EtOAc. The combined organic layers were then
washed with NaCl saturated solution, dried over anhydrous Na2SO;, and concentrated at reduced
pressure giving 5.6 g of product as a white-pink solid, which was directly used for the following step
without further purification (95% vield); 'H-NMR (300 MHz, DMSO-d,) 8 3.27 {s, 3H), 7.53 (dd. | = 5.0,
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12 Hz, 1H), 761 (dd, [ = 1.2, 05 Hz, 1H), .49 (dd, | = 5.0, 0.5 Hz, 1H), 10.40 (br. s, 1H); BC-NMR
(75 MHz, DMSO-dg) 36,9, 1221, 123.1, 1465, 150,50, 150.56, 165.7; ESI-MS: (mr/2) 187.2 [M + H]',
185,1 [M — H]~; HPLC: t, = 1.568 min.

N-(tert-butoxy)-2-chioro-N-methylisonicotinamide (29). In a pressure vial 2-chloro-N-hydroxy-N-
methylisonicotinamide (27, 500 mg, 2.68 mmol) was suspended in dry 1 4-dioxane (5 mL) and -BuOAc
(20 mL). After adding 70% HC1Oy,) (27 mg, 0.27 mmol) the vial was tightly closed and the mixture
was stirred at 60 “C for 48 h. After cooling down, the mixture was poured in a K;COy saturated
solution and the aqueous phase was extracted with EtOAc. The combined organic layers were then
dried over anhydrous Na;SOy and the solvent was evaporated at reduced pressure giving 402 myg of
the desired compound, which was used for the following step without further purification; "H-NMR
(300 MHz, CDCls) § 1.10 (s, 9H), 343 (s, 3H), 748 (dd, | = 5.1, 1.2 Hz, 1H), 7.60 (br. s, 1H), 8.43 (dd,
| =5.0,0.5 Hz, 1H); ESI-MS: (m/2) 243.1 [M + H]*; HPLC: t; = 4.733 mun.

142-Chloropyridin-4-yl)- 2-A4-Auorophensdethan-1-one (25), The title compound could be obtained
alternatively through the following three procedures:

{1) Under argon atmosphere Mg tumings (1.2 g, 50.0 mmol) were suspended in dry THF
{120 mL) and after that d-fluorobenzyl chloride (6.0 g, 41.5 mmol) was added in one portion.
After the reaction was initiated, the mixture warmed up and was stirred until it cooled down to
rt. The residual Mg was let decanting and the supernatant was added dropwise to a solution of
2-chloro-N-methoxy-N-methylisonicotinamide (27, 3.2 g, 16.0 mmol) in dry THF (35 mL) under
argon atmosphere. The mixture was then stirred for 2 h at a temperature of 30-35 “C. The reaction
was quenched with NHCl saturated solution (100 mL) and stirred overnight at rt.  The two
formed phases were separated and the aqueous phase was then further extracted by EtOAc
The combined organic lavers were then washed with NaCl saturated solution, dried over anhydrous
NazS0y, and concentrated at reduced pressure. Finally, the residue was purified by flash column
chromatography (SiOy, petroleum ether 40/60: EtOAc 4:1) giving 1.96 g of pure product as a yvellow
oil, which solidifies after cooling (49% yield).

{2) Under argon atmosphere Mg turnings (1.22 g, 50.1 mmol) were suspended in dry THF
(15 mL) and then 4-fluorobenzyl chloride (1.07 g, 7.4 mmol)} was added in one portion. When the
mixture started to become warm it was immediately cooled with an ice bath and then stirred
for 2 b, After letting the residual Mg decanting, the supernatant was added dropwise to a
solution of N-{tert-butoxy)-2-chloro-N-methylisonicotinamide (29, 900 mg, 3.7 mmol) in dry THF
(10 mL), previously cooled at - 10 "C. After completion of the addition the mixture was let slowly
heating at rt and stirred for 3 h. NHCl saturated solution (80 mL) was added and the two
formed phases were separated. The aqueous phase was then further extracted 3 times with EtOAc
The combined organic layers were then washed with NaCl saturated solution, dried over anhydrous
Na,50y, and concentrated at reduced pressure. Finally, the residue was purified by flash column
chromatography (Si0, n-hexane: EtOAc gradient elution from 4:1 to 3:2) giving 747 mg of pure
product as a vellow oil, which solidifies after cooling (81% yield).

{3) Under argon atmosphere Mg turnings (6.94 g, 285.6 mmol) were suspended in dry THF
(35 mL). After that 4-fluorobenzyl chloride (13.6 g, 92.5 mmol) was added in portions: after adding
1 ml and starting the reaction, the mixture was cooled at () “C with an ice bath and the addition
continued by 1.5 mL/min at the same temperature, After the addition was competed the mixture
was let stirring until warming up to rt. After letting the Mg decanting the supernatant was added
slowly dropwise to a suspension of 2~hloreisonicotinic acld (26, 6.0 g, 38.1 mmol) in dry THF (24 mL),
previously cooled at —30 “C. During the addition the temperature was maintained between —25 and
~30 “C. After complete addition the mixture was let heating to rt and stirred overnight. The mixture
was poured on NHyCl saturated solution (100 mL}. The aqueous phase was extracted twice with
EtOA¢ and the combined arganic layers were dried over anhydrous NaxSO;, and concentrated at
reduced pressure. Finally, the residue was punfied by flash column chromatography (SiO;, petroleumn
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ether 40/60:EtOAC gradient elution from 3:1 to 1:1) giving 3.37 g of pure compound as a yellow
oil, which solidifies after cooling (35% vield); 'H-NMR (300 MHz, CDCly) & 4.24 (s, 2H), 6.99-7.10
(m, 2H), 7.15-7.23 (m, 2H), 7.67 (dd, ] = 5.1, 1.5 Hz, 1H), 7.79 (dd, | = 1.4, 0.7 Hz, 1H), 856 (dd, ] = 5.1,
0.5 Hz, 1H); BC-NMR (75 MHz, CDCl) 8 44.9, 1159 (d, | = 21.6 Hz), 120.2, 122.7, 128.4 (d, | = 3.3 H2),
1311 (d, | = 8.3 Hz), 145.2, 151.0, 1530, 162.2 (d, | = 246.6 Hz); ESI-MS: (m/2) 2499 [M + H]"; HPLC:
ty = 5.555 min.

142-Chioropyridin-4-yi)-2-(4-flvorophenyl - 2-(hudroxyiminoethan-T-one (30). Ethanone derivative 25
(1.96 g, 7.85 mmol) was dissolved in glacial AcOH (15 mL) and after that NaNO; (1.67 g, 24.2 mmol),
previously dissolved in HyO (7 mL), was added dropwise and the reaction mixture was stirred
overnight at rt. Afterwards 50 mL HyO were added and the voluminous precipitate formed was
filtered off and washed with H;O. The residue was then suspended in HyO and the suspension was
extracted with EtOAc. The combined organic layers were dried over anhydrous Na; 50, and the
solvent was then removed at reduced pressure, affording 1.8 g of the desired product, which was
used for the following step without further purification (82% vield); "H-NMR (300 MHz, DMSO-d,) §
7.23-7.37 (m, 2H), 7.51-7.62 (m, 2H), 7.73 (dd, ] = 5.0, 1.4 Hz, 1H), 789 (dd, | = 1.2, 0.7 Hz, 1H), 858
(dd, | = 5.0,0.7 Hz, 1H), 13.14 (s, TH); PC-NMR (75 MHz, DMSO-d5) § 1153 (d, | = 21.6 Hz), 122.8,
1243,1256(d, | = 3.9 Hz), 1325 (d, ] = 83 Hz), 149.2,150.5, 150.6, 154.3, 162.8 (d. | = 246.6 Hz), 190.4;
ESI-MS: (m1/2) 2769 [M — H]~; HPLC: t, = 7.405 min.

1-2-Chloropyridin-4-yl)-2-(4-Auorophenylietian-T-vne axime (31). Hydroxylamine hydrochloride (1.52 g,
21.93 mmol) was dissolved in HoO (3.5 mL) and then 200, N:lOH.,,v (0.7 mL) and a solution of cthanone
derivative 25 (3.65 g, 14.62 mmol) in MeOH (17.5 mL) were added. The reaction mixture was stirred at
rt for 48 h while a precipitate formed. Saturated NH,CI selution (50 mL} was added and the precipitate
was filtered off, rinsed with HyO and dried in tacuo over PrO: affording 3.71 g of the desired product
as an off-awhite solid, which was used for the following step without further purification (%6% yield).
Extraction with EtOAc represents an alternative work-up procedure giving similar yields; 'H-NMR
(300 MHz, DMSO-d,) & 4.16 (s, 2H), 7.12-7.02 (m, 2H), 7.28-7.20 (m, 2H), 7.64 (dd, | =5.2, 1.5 Hz, IH),
7.71-7.68 (m, 1H), 8.37 (d, | = 5.2 Hz, 1H), 12.27 (s, 1H); BC-NMR (75 MHz, DMSO-d;) 6 29.0, 115.4
(d, [ = 213 Hz), 119.7,120.5, 1302 (d, | = 8.0 Hz), 1325 (d, ] = 3.1 Hz), 1465, 150.2, 151.0, 152.7, 1609
(d, | = 242.4 Hz); ESI-MS: 265.0 [M + HJ*, 263.0 [M — H]"; HPLC: 1, = 6.934 min.

1-2-Cliloropyridin-4-yl)-2-(d-Muoraphesyl lethan-1-one O-fosyl axvine (32), A solution of ketoxime 31 (1.20 g,
4.53 mmol) and p-toluenesuifonyl chloride (3.46 g, 18.14 mmol) in dry pyridine (6 mL) was stirred
at rt under N, atmosphere for 50 h. The mixture was poured into a NaCl saturated solation (30
mL) and extracted three times with EIOAc. The combined organic layers were then washed 3 times
with a NaCl saturated solution, dried over anhydrous Na:50; and concentrated at reduced pressure.
Finally, the residue was purified by flash column chromatography (Si0;, petroleum ether 40/ 60:EtOAc
2:3) giving 1.68 g of the desired product as a yellow oil (88%, yield); TH-NMR (300 MHz, CDCls) &
2.48 (s, 3H), 4.12 (s, 2H), 6.89-7.06 (m, 4H), 733 (dd, | = 5.2, 1.5 Hz, 1H), 7.39 (4, | = 8.2 Hz, 2H),
7.42-7.46 (m, 1H), 789 (d, | = .3 Hz, 2H), 839 (d, | = 5.2 Hz, TH); “C-NMR (75 MHz, CDCly) §
21.8,32.6, 1161 (d, | = 21.6 Hz), 120.0, 1221, 128.8 (d, [ = 3.3 Hz), 129.0, 1299 (d, | = 7.7 Hz), 1299,
1319, 143.4, 145.9, 150.3, 1524, 1625 (d. | = 246.6 Hz), 161.5; ESI-MS: (m /) 473.2 [M + Na + MeOH]*;
HPLC: t, = 9.342 mun.

2-Amino-1-(2-chloropyridin-4-yi)-2-(4-Auorophenyl ethan-1-one hadrochloride (23),  In a three-necks
round bottom flask under argon atmosphere K chunks (175 mg, 44 mmol} were added
portionswise to EXOH, .., (20 mL). After complete dissolution the mixture was cooled at 0 “C and
1-(2-chloropynidin-4-y1)-2-(4-fluorophenyliethan-T-one O-tosyl oxime (31, 1.70 g, 4.0 mmol), previously
dissolved in EtOH ., (50 mL) was added slowly dropwise. The mixture was then stirred at 0 'C for
3 hoand after that dry Et;0 (250 mL) was added and the mixture was stirred for 30 min at rt. The white
precipitate formed was removed by filtration and the filtrate was concentrated at reduced pressure.
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The residue was taken up in cone. HCl,; and the mixture was stirred at 60 °C for 2 h. The residual
solvent was removed at reduced pressure and the residue was treated with a mixture of THF:EtO
1:2. The white precipitate obtained was filtered off and dried affording 725 mg of the desired product,
which was used for the following step without further purification (60" yield); ESI-MS: (nr/z) 264.9
IM +HJ", 263.0 [M — H]"; HPLC: t; = 2.329 min.

Se(2<Chloropyridin-g-yl )-4-(4-flaorophienyl)-1-(2-methoxyethyl -1 3-dilondro-2H-iniidazole-2-Hhione - (22a).
The title compound was prepared following general procedure A starting from compound 23
(500 mg, 1.65 mmol) and 2-methoxyethyl sothiocyanate (24a, 965 mg, 8.25 mmol); The residue was
treated with Et;O obtaining a precipitate, which was filtered off and dried. The filtrate was then
concentrated at reduced pressure and the residue was purified by flash column chromatography (S0,
n-hexane:EtOAc gradient elution from 7:3 to 1:1). 293 mg of the desired product were obtained in
total (49% yield); 'H-NMR (300 MHz, DMSO-d;) § 3.06 (s, 3H), 3.52-3.60 (m, 2H), 3.99-4.14 {m, 2H),
708732 (m, 4H), 742 (d, ) = 4.6 Hz, 1H), 764 (s, 1H), 849 (d, [ = 4.9 Hz, 1H), 13.07 (br s, 1H); ESI-MS;
(m/z)364.2 [M + H|*, 3622 [M — H}~; HPLC: t, = 5321 min.

5-12-Chloropyridin-4-yl}-4-(4-Ruorophenyl-1-methyl-1,3-dilwgdro-2 H-imtdazole-2-thione {22b). The title
compound was prepared following general procedure A starting from compound 23 (400 myg,
132 mmol) and methyl isothiccyanate (24b, 643 mg, 6,62 mmol); After the addition of NaHCO;
saturated solution, a precipitate was formed, which was filtered off and purified twice by flash column
chromatography (S10;, DCM:EXOH gradient elution from 100:0 to 97:03) and (S10;, DCM:EOH 9:01).
The obtained solid was treated with a mixture of E&Ou-hexane 1:2 and the yellow precipitate obtained
was then filtered off and dried, affording 255 mg of the desired compound (60% yield); '"H-NMR
(300 MHz, DMSO-dy) & 343 (s, 3H), 7.16-7.25 (m, 2H), 7.26-7.35 (m, 2H), 742 (dd, | = 5.1, 1.3 Hz,
1H), 7.6 (s, 1H), 849 (d, | = 5.0 Hz, 1H), 13.01 (br. s, TH); "C-NMR (75 MHz, DMSO-dy} § 32.1, 115.9
(d, [ =221 Hz), 123.1, 1239 (d, | = 28 Hz), 1243, 125.1, 1256, 129.7 (d, | = 8.3 Hz), 139.9,150.7, 151.0,
161.9 (d, | = 246.6 Hz), 162.7; ESI-MS; (m/2) 3183 [M — H]; HPLC: t, = 4.389 min.

5-12-Chloropyridin-d-yl)-4-(4-fuorophenyl-1-phenyl-1, 3-dilwiro-2H-inudazole-2-thione (22¢). The title
compound was prepared following general procedure A starting from compound 23 (400 mg,
1.32 mmol) and phenyl isothiocyanate (24¢, 535 mg, 3.96 mmol); The residue was purified by flash
column chromatography (Si0,, DOM:EtOH gradient elution from 1000 to 98:02). The solid obtained
was treated with a mixture of EOr-bexane 1:2 and the white precipitate formed was then filtened
off and dried, affording 260 mg of the desired compound (51% yield);' H-NMR (300 MHz, CDCl3) §
6.691(d, | = 4.7 Hz, 1H), 6.81 (s, 1H), 6.89-7.03 (m, 2H), 7.11-7.21 (m, 2H), 7.21-7.30 (m, 2H), 7.32-7.46
(m, 3H), 8.11{d, | =52 Hz, 1H), 1263 (br. 5, IH); ESI-MS: (m/2) 3805 [M — H|; HPLC: t, = 5,867 min.

2-Clilaro-4-{4-(4-fuproplienyl -1 2-methoxyethyl-2-Omethyltiio)- 1 H-inidazol-5-ylpyridinge (21a). The title
compound was prepared following general procedure B starting from compound 22a (263 myg,
0.72 mmol), t-BuONa (83 mg, 0.86 mmol), and iodomethane (511 mg, 3.6 mmol) obtaining 270 mg of
the desired product, which was used for the following step without further purification (99% yield);
'H-NMR (300 MHz, CDCl3) 8 2.73 (s, 3H), 3.25 (s, 3H), 3.55 (1, | = 5.5 Hz, 2H), 4.00 (¢, | = 5.5 Hz, 2H),
687-698 (m, 2H), 7.21 (dd, | = 5.1, 1.4 Hz, 1H), 7.33-7 41 (m, 2H), 7.42 (dd, | = 1.3, (.6 Hz, TH), 8.40 (dd,
| =5.1,0.6 Hz, 1H); PC-NMR (75 MHz, CDCly) § 16,0, 44.4, 58.9, 705, 1153 (d, | = 21.6 Hz), 124.1, 125.7,
126.3,1289 (d, | =83 Hz), 1295 (d, | = 3.3 Hz), 139.5, 141.9, 145.4, 150.1, 152.1, 162.0 (d, | = 246.6 Hz);
ESIMS: (me/2) 3783 [M + H]*; HPLC: ty = 7.524 min,

2-Chloro4-{4 (& Auorophenyl)- 1-methyl-2-(nrethyltiio)- 1 Hanndazol-5-wljpyridine (21b). The title compound
was prepared following general procedure B starting from compound 22b (225 mg, 0.70 mmol),
-BuONa (81 mg, 0.84 mmol), and iodomethane (497 myg, 3.5 mmol). The crude product was purified by
flash column chromatography (Si0;, DCM:EtOH gradient elution from 100:0 to 99:01) giving 189 mg of
the desired compound (80% yield); "H-NMR (300 MHz, CDCls) 8 2.73 (s, 3H), 3.49 (s, 3H), 6.90-7.02 (m,
2H),7.13(dd, | = 5.1, 1.4 Hz, 1H), 7.34-7.45 (m, 2H), 8.42 (d, | = 5.1 Hz, 1H); "C-NMR (75 MHz, CDClh)
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§15.8,32.0, 1154 (d, ] = 21.6 Hz), 123.4, 124.8,126.1,129.1 (d, | = 7.7 Hz), 1295 (d, | = 33 Hz), 1398,
141.6, 146.1, 150.4, 152.4, 1622 (d, | = 246.6 Hz); ESI-MS: (m/z) 3343 [M + H]*; HPLC: t, = 6,695 min.

2-Chiloro-4-{4-{4-fliorophenyl)-2-(methoylthio)-1-phenyl-1H-intidazol-5-yl)pyridine (21c). The title compound
was prepared fellowing general procedure B starting from compound 22¢ (219 mg, 0.57 mmol),
1-BuONa (55 mg, 0.57 mmol), and iodomethane (404 mg, 285 mmol), After adding HaO a precipitate
was formed, which was filtered off and dried, giving 185 mg of the desired product that was used
for the following step without further purification (82% yield); "H-NMR (300 MHz, CDCly) 5 2,68 (s,
3H), 682 (d, | = 4.7 Hz, 1H), 6.93 (s, 1H), 6.96-7.09 (m, 2H), 7.11-7.25 (m, 2H), 7.37-7.58 (m, 5H), 8.15
(d, | = 4.9 Hz, 1H); "C-NMR (75 MHz, CDCl3) 8 15.1, 1155 (d, | = 21.6 Hz), 122.6, 124.2, 126.2, 127.6,
1295 (d, | = 3.3 Hz), 129.6,129.7, 135.1, 1408 (d, | = 7.7 Hz), 147.6, 149.6, 151.7, 1624 (d, | = 247.1 Hz);
ESI-MS: (m/2) 396.6 [M + HJ*; HPLC: t, = 9.718 min.

N-fd-{4-(3-Fluorophenyl-1-(2-methoxyethyl}-2-(methyltio)-1H-imidazol-5-ypyridin-2-yl)-3-(3-
methoxyphenylipropanamide (3a) [14].  The title compound was prepared according to general
procedure C starting from imidazole 21a (100 mg, 0.26 mmol), 3-(4-methoxyphenyl)propanamide
(72 mg, 0.40 mmal), Pda(dba)s (12 mg, 0.013 mmol), XantPhos (15 mg, 0.026 mmol), and Cs;CO4
(254 mg, 0.78 mmol). The residue was purified twice by flash column chromatography (Si0;,
DCM:EtOH gradient elution from 100:0 to 95:05) and (SiO;, DCM:EtOH gradient elution from 100:0
to 97:03) giving 50 mg of the desired product (37% yield); TH-NMR (300 MHz, CDCls) § 2.64-2.77
(m, 5H), 3.00 (t, ] = 7.6 Hz, 2H), 3.24 (5, 3H), 3.51 (t, | = 6.0 Hz, 2H), 3.79 (s, 3H), 4.10 (t, | = 6.0 Hz,
2H), 6.79-6.88 (m, 2H), 6.88-6.99 (m, 3H), 7.11-7.20 (m, 2H), 7.36~747 (m, 2H), 8.16 (br. 5, 1TH), 8.24
(d, [ =51 Hz, 1H), 8.29 (s, 1H); ESI-MS: (n/z) 521.5 [M « H]*, 543.4 [M + Na]*, 519.5 [M — H] ; HPLC:
I, = 8.476 min.

N-(d-{4-(4-Fluorophenyl}-1-methyl-2-(methylthio}-1 H-imidazol-5-ylpyridin-2-yl)-3-{(4-methoxyphenyl)-
propamantide (3b). The title compound was prepared according to general procedure C starting from
imidazole 21b (70 mg, (.21 mmol), 3-(4-methoxyphenyljpropanamide (75 mg, 0.41 mmol), P'd;(dba)y
(10 my, 0.01 mmol), XantPhos (12 mg, 0,021 mmol), and Cs,CO5 (205 myg, (.63 mmaol). The residue was
purified twice by flash column chromatography (Si0;, DCM:EtOH gradient elution from 99:01 to
95:405) and (5103, n-hexane: EtOAc gradient elution from 4:1 to 1:1) giving 44 mg of the desired product
(45% yield); "H-NMR (300 MHz, CDCly) 5 2.62-2.81 (m, 5H), 3.00 (1, ] = 7.5 Hz, 2H), 354 (s, 3H), 3.79
(s, 3H), 684 (d, | = 8.6 Hz, 2H), 688-7.00 {m, 3H), 7.14 (d, ] = 8.6 Hz, 2H), 7.36-7.50 (m, 2H), 821 (d, | =
51 Hz, 1H), 8.27 (s, 1H), 8.36 (br. s, 1H); "C-NMR (75 MHz, CDCl3) § 16.1, 30.3, 32.1, 39.6, 55.3, 114.0,
1146, 115.3(d, | = 21.6 Mz), 121.1, 127.6, 129.1 (d, | = 7.7 Hz), 129.3, 130.0 (d, | = 3.3 Hz), 132.3, 139.3,
1411, 1453, 148.1, 151.9, 158.2, 1621 (d, | = 246.6 Hz), 171.0; ESI-TOF-HRMS: (m/2) [M + H]" caled. for
CaHsFN3O:5 4771755, found 477.1762; HPLC: t, = 8.855 min.

N-(4-{4-(4-Fluorophenyl)-2-(methylthio)-1-phenyl-TH-imidazol-5-ylpyridin-2-yl)-3-(4-methoxyphenyl -
propanamide (3¢). The title compound was prepared according to general procedure C starting from
imidazole 21¢ (70 mg, 0.18 mmol), 3-(4-methoxyphenyl)propanamide (64 mg, 0.36 mmol), Pds(dba)s
(8 mg, 0.009 mmol), XantPhos (10 mg, 0.018 mmol), and Cs;CO;4 (173 mg, 0.53 mmol). The residue
was purified twice by flash column chromatography (SiO;, DCM:EtOH gradient elution from 99:01
to 95:05) and {510;, n-hexane:EtOAc gradient elution from 4:1 to 1:1) giving 24 mg of the desired
product (25% yield); 'H-NMR (300 MHz, DMSO-g) 5 2.54-2.68 (m, 5H), 2.70-2.84 (m, 2H), 3.71 (3, 3H),
6.77-6.90 (m, 3H), 7.05-7.22 (m, 4H), 7.25-7.36 (m, 2H), 7.39-7,60 (m, 5H), 7.93 (s, 1H), 8.16 (dd, | = 5.1,
0.7 Hz, 1H), 10.44 (s, 1H); “"C-NMR (75 MHz, CDCly) § 15.3, 30.3, 39.7, 552, 113.9, 1145, 1153 (d,
| =216 Hz), 1205, 127.9, 129.1, 129.2, 1294, 1295 (d, | = 7.7 Hz), 129.8 (d, | = 2.8 Hz), 132.3, 1354,
140.0, 140.8, 1468, 147.2, 151.4, 158.1, 162.2 (d, | = 246.6 Hz), 170.4; ESI-TOF-HRMS: (m/2) [M + H]”
caled, for Gy HzzFINGO,$ 539.1911, found 539.1915; HPLC: t; = 10,160 min.

(S)-4-(4-(4-Fluoraphenyl}-142-methoxyethyl)-2-(metinyithio)-1H-imidazol-5-yl)-N-(1-phenylethyDpyridin-2-
amine (4a) [15]. The title compound was prepared according to general procedure D starting from
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compound 21a (100 mg, 0,26 mmol), The reaction was stopped after 24 h, The residue was then
purified twice by flash column chromatography (5i0;, DCM:EtOH gradient elution from 100:0
to 95:05) and (Si0;, DCM:EtOH gradient elution from 99:01 to 97:03) giving 50 mg of the desired
product (41% yield); "H-NMR (300 MHz, DMSO-dy) § 1.42 (d, | = 6.8 Hz, 3H), 2.63 (s, 3H), 3.06 (s,
3H), 3.22-3.32 (m, 2H, partially overlapping with HyO signal), 3.78-3.95 (m, 2H), 4.90-5.09 (m, 1H),
6.35-6.52 (m, 2ZH), 7.01-7.13 (m, 2H), 7.13-7.24 {m, 2H), 7.24-7.46 (m, 6H), 8.03 (d, | = 5.1 Hz, 1H);
ESI-MS: (n1/2) 463.5 [M + HJ*, 461.5 [M — H]~; HPLC: t, = 6.398 min.

(S )-4-(4-{4-Fluorophenyl)-1-nethyl-2-(methylthio)-1H-imidazol-5-yl -N-( 1-plhenylethyl)pyridin-2-amine
(4b) [15]. The title compound was prepared according to general procedure D starting from compound
21b (35 mg, 0.105 mmol). The reaction was stopped after 32 h although not completed, The residue
was then purified by preparative TLC (SiO;, DOM:EtOH 95:05) and by flash column chromatography
(5:0;, n-hexane:EtOAc gradient elution from 7:3 to 1:1) giving 17 mg of the desired product (39%
yield); "H-NMR (300 MHz, CDCl3) 8 1,54 (d, | = 6.7 Hz, 3H), 2.64 (s, 3H), 3.08 (5, 3H), 4.47-4.69 (m, 1H),
551 (br. s, 1H), 6.05 (s, 1H), 642 (d, | = 47 Hz, 1 H), 6.76-6.95 (m, 2H), 7.14-7 53 (m, 7H, overlapping
with the solvent peak), 8.05 (d, | =5.1 Hz, 1 H); ESI-MS: (m/2) 4193 [M « H]", 4172 [M — H]"; HPLC:
ty = 7.063 min,

(S)-4-(4-(4-Fluoropheryl -2 mretind thie)-1-phenyl- TH-imidazol-5-yl)-N-( 1-phemylethyl pyridin-2-amine (4c).
The title compound was prepared according to general procedure D starting from compound 21b
(42 mg, 0,106 mmol). The reaction was stopped after 26 h, The residue was purified by flash column
chromatography (5i0;, n-hexane:EtOAc gradient elution from 9:1 to 1:1) giving 42 mg of the desired
product (82% yield); "H-NMR (300 MHz, CDCl3) § 1.41 (d, | = 6.8 Hz, 3H), 2.63 (s, 3H), 4.16-4.34 (m,
1H), 5.18-5.36 (m, 1H), 5.90 (s, 1H), 6.21 (dd, | =53, 1.2 Hz, 1H), 6.86-6.98 (m, 2H), 7.00-7.10 (m, 2H),
7.11-7.31 (m, 5H, overlapping with the solvent peak), 7.31-7.41 (m, 3H), 741-7.51 (m, 2H), 7.83 (d,
| = 5.2 Hz, TH); *C-NMR (75 MHz, CDCl3) 5 15.3, 244,522, 1074, 114.1, 1152 (d, | = 21.6 Hz), 125.6,
127.1, 127.6, 1284, 1287, 1289, 1292 (d, | = 7.7 Hz), 129.3, 1299 (d, | = 3.3 Hz), 1355, 139.2, 13958, 144.0,
146.0, 1474, 157.8, 162.0 (d, | = 246.0 Hz), ESI-TOF-HRMS: (m/z) [M + H]" caled. for CauH2eFNyS
481 1857, found 481.1865; HPLC: t, = 9,148 min.

2-Amino-2-2-chloropyridin-4-yl)- 14 fluorophenyl dethan-1-one Jrydrockloride (35) [13,30]. Oxime 34 [13,30]
(500 mg, 1.8 mmol) and 10% Pd on charcoal (100 mg, 0.095 mmal) were placed in a Schlenk reaction
tube, which was then evacuated and filled with a Ha atmosphere. Isopropanolic HCL (10 mL) was then
added and the mixture was vigorously stirred at rt under a constant supply of H; for 1 b, The solvent
was evaporated at reduced pressure and then MeOH was added, The Pd catalyst was removed by
filtration and the filtrate was concentrated at reduced pressure, Finally, the residue was treated with
EtOA¢ and the white solid obtained was filtered off and dried, affording 520 my; of the desired product,
which were used for the following step without further purification (92% vield); ESI-MS: (in/z) 264.9
M+ H|*, 2629 [M — H]; HPLC: t, = 2486 min.

4-12-Chlaropyridin-4-yl)-5-{4-fluorophenyl)-1-methyl-1,3-difydro-2H-imidazole-2-thione (36). The title
compound was prepared following general procedure A starting from compound 35 (550 mg,
1.82 mmol) and methyl isothiocyanate (24b, 665 mg, 9.1 mmol); the residue was then purified by
flash column chromatography (5i0;, DCM:EtOH gradient elution from 100:0 to 95:05) obtaining
267 mg of the desired product (46% yield); "H-NMR (300 MHz, DMSO-dg) 5 3.27 (3, 3H), 7.03 (dd,
| =53, 16 Hz, 1H), 732 (d, | = 1,1 Hz, 1H), 7.37-7.48 (m, 2H), 7.51-7.63 (m, 2H), 8.22 (d, | = 5.3 Hz,
1H), 13.09 (br. s, 1H); ESI-MS: (m/z) 318.0 [M — H| ; HPLC: t. = 5.864 min.

2-Cirloro-4-(5-(4-fluorophenyl)-1-methyl-2-{methylthio)-1H-imidazol-4-yl)pyridine (37). The title compound
was prepared following general procedure B starting from compound 36 (267 myg, (.83 mmol), -BuONa
(96.1 mg, 1.0 mmaol), and iodomethane (639 mg, 4.15 mmol) obtaining 255 mg of the desired product,
which was used for the following step without further purification (92% yield); 'F-NMR (300 MFHz,
CDCly) § 2.65 (s, 3H), 3.28 (s, 3H), 703 (d, | = 5.0 Hz, 1H), 7.08-7.31 (m, 4H), 7.44 (s, 1H), 8.02 (d,
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| = 5.2 Hz, 1H); *C-NMR (75 MHz, CDCls} § 15.6,31.3, 116.7 (d, | = 21.6 Hz), 118.7, 1204, 125.6 (d,
| =33 Hz), 132.3(d, | = 8.3 Hz), 13255, 134.3, 144.7, 1449, 149.2, 151.7, 163.3 (d, [ = 251.0 Hz); ESI-MS:
(m/2) 334.0 [M + H]*; HPLC: t, = 8,065 min.

N-(445-(4-Fluorophenyl}-1-methyl-2-(methyithio}-1H-imidazol-4-yl)pyridin-2-yl )-3-{4-methoxyphenyl)-
propunamide (38). The title compound was prepared according to general procedure C starting from
imidazole 37 (90 mg, 0.27 mmol), 3-(4-methoxyphenyljpropanamide (73 mg, 0.41 mmol), Pd;(dba)s
(12 mg, 0.013 mmol), XantPhos (16 mg, 0.027 mmol), and Cs,CO; (264 mg, 0.81 mmol). The residue
was purified by flash column chromatography (Si0;, DOM:EIOH gradient elution from 100:0 to 95:05)
affording 82 mg of the desired product (64% vield); "H-NMR (300 MHz, CDXC13) § 2.59 (t, | = 7.7 Hz,
2H), 2.76 (s, 3H), 294 (t, | = 7.6 Hz, 2H), 3.37 (s, 3H), 3.78 (s, 3H), 6.82 (d, | = 8.6 Hz, 2H), 7.05-7.15 (m,
3H), 7.18-7.27 (m, 2H), 7.29-7.38 {m, 2H), 8.00(d, | = 5.4 Hz, 1H), 8.21-8.42 (m, 2H); "*C-NMR (75 MHz,
CDCly) § 157, 303, 313, 39.6, 55.2, 110.8, 113.9, 1165 (d, | = 21.6 Hz), 1168, 1259 (d, [ =3.3 Hz),
129.3,132.2, 1324 (d, | = 83 Hz), 132.6, 1357, 1444, 144.5, 1469, 151.5, 158.0, 163.3 (d, | = 246.6 Hz),
170.4; ESI-TOE-HRMS: (m/2) [M + H]* caled, for CayHysFN4OS 477.1755, found 477.1763; HPLC:
tr = 7.745 min.

(S)-d-{5-(4-Flvorophenyl)-T-methyl-2-(methylthio)-1 H-imidazol-4-y1)-N-(1-phenylethyl pyridin-2-amine (39).
The title compound was prepared according to general procedure D starting from compound 21a
(55 mg, 0.16 mmol). The reaction was stopped after 40 h although not fully completed, The residue
was then purified by flash column chromatography (Si0;, n-hexane:EtOA¢ gradient elution from
4:1 to 1:1) obtaining 3% mg of the desired product (58% yield); "H-NMR (300 MHz, CDCl3) & 1.39 (d,
| = 6.8 Hz, 3H), 260 (s, 3H), 3.22 (s, 3H), 437450 (m, 1 H), 491 (d, | = 6.4 Hz, 1H), 6,30 (s, 1H), 6.57
(dd, ] =55, 1.4 Hz, 1H), 6.98-7.31 (m, 9H overlapping with the solvent peak), 7.80 (d, | = 5.4 Hz, 1H);
5C-NMR (75 MHz, CDCls) § 15.8, 24.2, 31.2, 51.7, 103.4, 1109, 1163 (d, ] = 21.6 Hz), 125.8, 126.3 (d,
| =39 Hz), 1268, 1284, 131.3, 1324 (d, | = 8.3 Hz), 136.1, 143.1, 143.8, 144.6, 147.6, 158.0, 1630 (d,
| = 249.9 Hz); ESI-TOF-HRMS: (n1/2) [M + H]* caled. for CagHayFN,S 419.1700, found 419.1706; HPLC:
t; = 6.899 min.
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1-(3',6'-Dihydroxy-3-oxo-3H-spirolisobenzofuran-
1,9’-xanthen]-5-yl)-3-[4-({4-[1-(4-fluorophenyl)-1H-
imidazol-5-yl]pyridin-2-ylJamino)phenyl]thiourea
methanol monosolvate

PAN 28240000

Francesca Ansideri,* Dieter Schollmeyer™ and Pierre Koch**

Receves? 10 May 2016
Actwgten 25 May JO14 “henttite of Fharrracetitical Sthiences, Department ol Phummacssticod snd Modiomal Chemmtry, [herband Kars Usovonves
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Cay Wt Y Mabr, Diesberzweg 1054, 55009 Maing, Cemany, *Comespandece smal)
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EMeyd by W T A Hanbsan, University ol

Abwrthoen, Scotdand
The tite compound. which crystallized as o methanol  monosolvate,
Keyword: cnyvinl wruoum: Sunesconn; thio- CuHuFNOS-CHOH, was synthesized as a probe for a fuorescence
M pyridipylimidabode. polarization-based competition binding assay. The sobenzofuran fused-ring
system is close to planar and onentated almost perpendicular 1o the central ring
st o et k) of the xanthene system. The dihedral angle between the benzene rings of the

xanthene system o 100 (2)°, indicating a butterfly-dike orientation. A short
intramolecular C—F-.r contact [Fooor = 3,100 (4) A and C—F -7 =
1399 (3) | 1 the six-membered ring of the sobenzofuran system may influence
the molecular conformation. The methanol solvent molecule is disordered over
two otientations in a 0.6:0.4 ratio. In the crysial, the components are linked by
numerous hydrogen bonds, generating a three-dimensional network.

Strmctursd data Ul v toral st are avalabile
from kecrekata, (et oy

FOMN .
d“’ e

* O

Structure description
The title compound was synthesized by reaction of N1-{4-|1-(4-fluorophenyl}-1 -
imudazol-5-vl|pyrichn-2-vl|benzene-1 A-diamine and 5(6)-Nuorescein-isothiocyanate as o
probe for a fluorcscence polarization-based competition binding assay. The design and
pplecation of similar probes was tecently published by our group (Ansiders et al, 2016).
As a commercially available isomeric mixture of the 5'- and §-isomers of fluorescein-
sothiocyanate had been used as o staring matersal, single-crystal analysis was performed
A 10 confirm the isolated isomer, X-ray data confirmed that solely the 5-isomer was

OPEN &) ACCESS wsolated. The tithe molecule i shown in Fg. 1,
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Figure 1
The mwalecular structure of the titke comp
ellepsulds driown at the S0% prohahility level.

1 with dispk

L

The isobenzofuran fused-ring system is almost planar {rm.s
deviation = 0038 A) and slmost pespendicular to the central
ring of the xanthene system [dihedral angle « 86.44 (17)], The
dihedral angle between the benzence rings of the xanthene
system is 100 (2) . The thiourea unit of the molecule makes
dihedral angles of 3364 (17) and 3563(2)° with the
isobenzoluran ring s) and the phenyl ring at the pyridine-
€2 position, respectively. The imidazole ring makes a dihedral
angle of 148 (3) with the 4-fluorophenyl ring, The pyridine

Table 1

Hydrogen-bond geometry (A, ),

0D—H--.A HD-H Ho-A 0.-A OD-H---A
O1S =113 Néo' s (R3] 187 (%) 168
Ole—H16 - 021" asd P LHM {5) 153
22 015 s p X 331549 1%
Cla—HN-- 829" s 2w 1AM (5) 145
N26—H26 018" 1% n 3081 (%) 128
N28&~H2S - NN 117 LM RXCUR(N] &
CM—HM - O1L" aes 146 L3 154
N3 HEs S Qxs 16 3474 152
CH0— M - oaL™ nes pA] 03¢ 1%
C4S—H4S. o1 aus 24 3370 () 155
CA5. M5 nus P2 1) I M3(n) 143
CHL—H2M- - 028 aus PR AN 129
OlL-HIL 820 asd L 3202 (%) 147

Symoecry sodoe A vy =L ) ~s+ Loyt b=zl gl a=Ly+hn o

“rdhy-rek V)

ring is almost perpendicular to the imidazole core, ding
a dihedral angle of 84.9 (3)'. A short intramodecular C—F. - x
contact [Fooor = 3100 (4) A and C—F .+ r = 1399 (3)° | to the

six-membered ring of the isobenzofuran system may infl
the motecular conformation.

The crystal packing features numerous hydrogen bonds
(Table 1), generating a three-dimensional network, and
incorporates one disordered molecule of methanol.

Synthesis and crystallization

A solution of NI-|4|1-{4-fluorophenyl)- 1 H-imidazol-5-v1}-
pyndin-2-yijbenzene-) -diamine (200 mg, 0.58 mmol) and
5(6)-1 in-isothiocy (248 mg. D77 mmol) in
acetone (30 ml) was stirred at 298K for 48 h with light
excluded. The mixture was evaporated to dryness and the
residue was porified by fash chromatography (dichloro-
methane-ethanol  95:05-90:10) obtaining 160 mg of the
desired product (yickd 37%). Crystals of the title compound
suitable for Xeray diffraction were obtained by slow
evaporation of a solution of the solid in methanol at 298 K.
'H NMR (250 MHz, DMSO-d,): 8 6.45 (def, 1, « 5.3 He, S, =
1.4 Hz, TH), 6.53-6.63 (m, SH), 6.67 (o, J = 2.0 Hz, 2H), T.18 (d.
J =84 Hz, 1H), 727 (d, £ = 8.9 Hz, 2H), 7.35-745 (m, SH),
747 (d, J =90 Hz, 2H), 782 (dd, J, = 8.4 Hz, J; = L0 Hz), $.00
(d.J = 1.0 Hz, 1H), 805 (d, /= 5.4 Hz, IH). 817 (4, /= 1.9 Hz.
TH), 906 (br s, TH), 994 (br s, LTH), 1000 (5, TH), 1017 (5, 2H):
PCONMR (100 MHz, DMSO-d,) § 83,6, 1029, 1083, 111.4,

2 ()f 3 Avsadonr o2 al = CH NS CHIO

“adly=f-rsk M

cadlaxsb-zal (v

T e S U LT R o A o TR [ B W I NSy 1

L I T |

Table 2

Experimental detash

Crystal dma

Chemical lormuln CuHAFNSOLSTHO

u, 0™

Crvstal systom, space group Monoclinic. €2

Temperature (K) 13

a, 00 {A) 151825 (8), 127557 (7),

262236 (13)

e K $22K1 (4)

VIAY T8I (6)

z X

Rt 1ype Mo K

o (mm ') 016

Crystal size {mn) OUH x D4 x 0u

Dt coli

Difiractomeses Swoe (DS 2T

No of mussrod, sl 1 and 23005, S0, 10244
observed |/ > 20(1)) refiectivne

(™ 0085

ol 0020 (A1) 0474

Refmement

R = 20(F)) wRIF) 8 07, 02400, 092

No.of reflections BuN)

No. of parametens Sie

N of yestraises
H-atam treatment
At Ahan (¢ A7)

3

Heasom paswmeters constrmined
035, ~L38

Compunr programs X-AREA and X-RED (Sioe & Che. 211, STRISN (Ferts of W,

2008y cemad SHELXT NG Shebdnck, 2015)

1133, 1134, 117.3 (d, J = 229 Hz), 1184, 1191, 1246, 1257,
127.2, 1287 (d. J = 8.8 Hz), 129.8, 1308, 131.3,132.7,133.3 (d./
=24 Hz), 1384, 1396, 1418, 1423, 1485, 148.7, 152.8, 1569,
1605, 1626 (d, J = 2456 Hz), 1696, 1808 HPLC =
1154 min, purity: 98% (A = 254 nm).

Refinement

Crystal data, data collection and structure refinement details
are summarized in Table 2. The methanol solvent molecule is
disordered over two onentations in a 0604 ratio,

MICDw 120160 ¥, x160B40
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Burla, M. C.. Caliandro, R., Camalti, M. Carrozzini, B, Cascarano.
References G 1, De Caro, L. Giscovazzo. C. Pobidori, G. & Spagna, R
M (2005). 4. Appd Crvr. 38, 381-388.
Ansideri, F.. Lange. A B} Gokha. A Bocckler. F M. & Koch. B Qpedrick, G M. (2015) Aca Crvee CTH, 3.3,
(2016}, Anal. Siochen. SU3, 2540, Stoe & Cie (2011). X-RED and X AREA. Stoe & Cle, Darmstadi.
Darmstadt. Germany.
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full crystallographic data

TUCrData (2016), 1, x 160840 [doi:10.1107/524143 14616008403 |

1-(3",6'-Dihydroxy-3-0x0-3H-spiro[isobenzofuran-1,9"-xanthen]-5-
y)-3-[4-({4-[1-(4-fluorophenyl)-1 H-imidazol-5-yl]pyridin-2-ylJamino) phenyl]-
thiourea methanol monosolvate

Francesco Ansideri, Dieter Schollmeyer and Pierre Koch

1-(3",6%Dihydroxy- 3-ox0-3H-spirolisobenzofuran-1,9"xanthen -5yl 3-[4-((4-[ 1. (d-Muorophenyl 1< 1 H-

imidazol-5.yl|pyridin. 2.yl Jamino)phenyl|thiourea; methanol

Crystal data
CoHuFNOS CHO
M, = 766,79
Monoclmie, (/e
= 150825 () A
h=177557(D A
¢= 262236 (13} A
J=92283 (4
F=T7063.616) A'
Z=8

Data collection

Stoe [PDS 2T
diffractometer
Radintion source: sealed X-ray tube, 12 x 0.4
mm long-fine focus
Detector resolution: 6,67 pixels mm'!
rotation method scans
23065 measured reflections

Refinement

Refinement on #°
Least-squares matnx: full
RIF = 26(F7)] = 0,070
wR(F) = 0.240

§-092

8960 reflections

516 parameters

2 restraints

Hydrogen site location: mixed

FIODD) = 3184

D= 1442 Mg m*

Mo Ko rudhation, 4 = 0,71073 A

Cell parameters from 7245 reflections
0=23-279°

=006 mm '

T=193K

Block. colourless

0.09 * 0,08 * 0.07 mm

8960 independent retlections
3244 reflections with / > 2at/)
R = 0085

O = 28.6%, 6,5, = 2.3°

b= =20-+20

k=-21-23

1=-35-35

Heatom parameters constrained

wo= LI (F5) 4 (0.110P°F)
where P=(F,7 « 2F°)3

(N < 0,001

A =035 AT

M= -038c A’

Extinction cormection: SHELXL2074 (Sheldrick,
2015), Fc'=kFe[ 1+0.00 1 xFc'2 /sini2a)] '

Extinction coefficient: 0.00101 (19)

FLCH b (20000 1. s heaanat

data-1
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Special details
Geometry. All esds (except the esd in the dibedral angle between two Ls. planes) are estimated using the full covariance
matrix. The cell esds are taken mto sccount individually in the estimation of esds i distances, angles and tossion angles;
correlations between esds in cell parameters are only used when they are defined by crystal symmetry, An approximate

{isotropic) treatment of cell esds 15 used for estimating esds involving Ls. plaes,

Fractional atomic coordinates and isotropic or equivalent isotropie displacement parameters (A°)

x ¥ H U Uy Oce, (<1)
Cl 0.7146 (3) 0.0416 (2) 045826 (18) 0,0456 (10)
C2 0.7446(3) -0.0387(2) 043473(17) 00438 (9)
3 0.6854 (3) 00980 (2) 045158 (19) 00491 (11)
H3 0.6242 -0.0874 04326 0,059+
(&) 0.7120(3) -01717(2) 044691 (I18) 00485 (10)
H4 0.6698 -0.2113 04457 0,058*
Ccs 08021 (3) 01878 (2) 044396 (18) 0.0466 (10)
C6 0.8623 (3) ~0.1298 (2) 0.44R888 (19) 00503 (11)
H6 0.9237 -0.1402 044584 0.060*
7 0.8333 (3) 00563 (2) 045445 (18) 0,046% (10)
o8 0839947 (18) 000298 ( 16) 0435973 (14) 0.0535 (8)
(& 0.8766 (3) 0.0723(2) 045771 (19) 0.0467 (10)
Clo 0.9461 (3) 01221 (3) DASRTIID) DO519(11)
HI0 1.0050 01041 04617 0,062
CIt 0.9296 (3) 01988 (3) 04553(2) 00525 (11)
Cl2 0.8432 (3) 02243 (3) 04504 (2) 00578 (12)
Hiz 08314 02767 04469 0.069*
Cl13 07748 (3) 0.1734(2) 045061 (19) 0.0523 (11)
Hi3 0.7158 01915 0.4481 0063
Cl4 0.7897 (3) 0.0962 (2) 045448 (18) 00454 (10
018 083304 (19) 0.25782(16) 0.43631(13) 0.0548 (%)
His 0.7917 ~0).2856 04254 0.082*
016 0.99968 (19) 0.2460D0 (18) 045616 (15) 0.0636 (9)
Hi6 09845 0.2883 04672 0.095*
017 0.67852 (18) 005307 (17 051047 (12) 0.0470.(7)
Cl8 0.5937 (3) 0.0830(2) 0.50544 (18) 0.0453 (10)
Cl9 0.5674 (3) 0.0866 (2} 045147 (18) 0.0453 (10)
C20 0.6358 (3) 0.0599 (2) 042341 (18) 00441 (10)
021 0.5529(2) 010267 (18) 0.54287(13) 00341 (8)
c22 04891 (1) 0112742y 042833 (18) 0.0462 (10)
H2 04471 0.1305 04479 0,055
€23 0.4827 (3) 0.11161(2) 0.37583(18) 00470 (10)
C24 0.5513 (3) 0.0831 (2} 0.34715(19) 00488 (11)
H24 0.5447 00814 03110 0.039*
25 0.6285 (3) 00575 (3) 037110 (19) 00487 (11)
H25 0.6733 0.0387 03518 0.058*
N26 0.4075 (2) 0.1462(2) 0.35115(15) 0.0497 (9)
H26 0.3989 0.2001 03703 0.060*
27 0.3620 (3) 01219 (3) 030850 (18) 00491 (11)
LAk 20001 1. w1 G084 data-2
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N2§ 0.3064 (2) (1.1732(2) 028696 (16) 0.0525 (9)

H28 0.2590 01411 0.2583 0.063*

S29 036945 (8) 0.03475(7) 028470 (5) 0.0582 (4)

C30 03108 (3) 02532(2) 029427 (19) DOSITCIT)

€3l 0.3902 (3) 0.2019(3) 0.2939(2) 0.0391 (12)

H» 00,4438 0.2645 0.2924 0071+

C32 03928 (3) 0.3699 (3) 0.2956(2) 0.0376 (12)

H32 0.4477 (1.3955 0.2953 0.069*

C33 03145 (3) 0.4108 (3} 0.29767 (19) 00513 (11)

34 0.2351 (3) 03715 (5) 0.29846 (19) 0.0527 (11)

H34 01812 0.3986 0.2995 0.063*

C3s 0.2338(3) 0.2942 (3) 029771 (19) 0.0826(11)

H35 01792 02684 0.299% 0.063*

N6 03091 (2) 0.4896 (2) 029414 (17) 0.0370 (10)

Hi6 0.2562 0,5064 02850 0,068

37 0.3706 (3) 0.5452 (3) 0.30223 (19) 0.0332(11)

N3 0.3436 (3) 0.6124 (3) 0.2834(2) 00799 (15)

39 03977 (5) 0.6696 (4) 0.2922(4) 0126 (4)

HY 03783 0.7182 0.2K18 0151+

C40 01,4795 (3) 0.6642 (4) 03158(3) 0.7115(3)

H40 05173 07068 03n 0.138*

41 0.5070 (3) 0.5962 (3) 0.3369(2) 0.0607 (13)

C42 0.4508 (3) 0.5361 (3) 032982 (19) 00328 (11)

H42 00,4663 0.4882 0.3437 0.063*

43 0.5906 (3) 0.5970 (3) 0.36659 (19) 0.0534 (11)

Ndd4 0.6417(2) 0.5368 (2) 0.38405 (15) 0.0509 (9)

45 07124 (3) 0.5661 (3) 041022) 0.0361 (12)

H4as 0.7584 0.5368 04257 0.067*

Né6 07097 (2) 0.6401 (2} 041169 (16) 0,0534(9)

47 0.6335 (3) 0.6593 (3) 028449 (19) D048 (11)

H47 0.6168 0.7097 03785 0.066*

C48 0.634% (3) 0.4580 (3) 0.37468 (19) 0.0323 (11)

4y 01,5598 (4) 0.4127(3) 0.4064 (2) 00721 (16)

H49 0.5584 0.4341 04335 0.087+

50 0.5%95 (4) 0.3352(3) 0.3992(3) D079 (18)

H30 0,5583 0.3020 04211 0.096*

(8] 0.6341 (4) 03071 (3) 0.3607 (2) 0.0675(15)

C52 0.6814 (5) 03505 (3) 03291 (3) 0.091(2)

HS2 0.7139 0.3286 0.3027 0.109*

53 0.6807 (5) 04272 (3) 0,3365(2) 0,084 (2)

H33 07127 0.4590 03147 0.101*

Fs4 0.6336 (1) 023112(17) 0.35271(16) 00939 (11)

CIL 0.5122 (6) 0.1316 (5) 0.6625 (3) 0.123(3)

HIM 0.4629 0.1554 0.6435 0.185* 0.6
H2M 0.5428 00971 06401 0.185¢ 0.6
H3M 0.5534 0.170% 0.6752 0185 0.6
H4M 0.5767 0,1337 0.6620 0,185* 04
H5M 0.4867 0.1573 0.6323 0.183* 04
LAk 20001 1. w1 G084 data-3
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HeM 0.4930 (1L.0789 0.6625 0.185* 04
0I1L 0.4303 (5) 0.0914 (5) 07038 (3) 0111 (3) 0.6
HIL 0.5221 0LO6K] 0.7188 0.166% 0.6
02L 04841 (7) 0.1673 (5} 07067 {(3) 0,081 (3) 04
H2L 0.4341 0. 1864 0.7008 0.122* 04
Atomic displacement parameters (A7)

Lﬂl bu U’ll Lﬂl Lﬂ.‘ Lﬂ.‘
Cl 0.0352(1% 0044 (2) 00857 (3) 00036 (17) 00048 (18) 0006 (2)
for. 00364 (19) 0.042(2) 0,052 (3) 0.0047 (17) ~0.0059(17) ~0.002 (2)
C3 0.0342(19) 0043 (2) 0.070 (3) 0.0017¢17) 0.0030(19) =-0.002 (2)
4 0.039(2) 0.038(2) 0.068 (3) 00018(17) 00038 (19) 0003 (2)
Cs 0.04442) 0.034(2) 0061 (3) GO0 (LT -0.003 (2) -0.0023 (19)
6 0.035(2) 0043 (2) 0.072(3) 007 (17) ~0.003 (2) 0.003 (2)
c7 0.036(2) 0.4M45(2) 0.059 (3) =0.0005 (17) =0.0040 (19) 0006 (2)
08 0.0363(14) 00361 (15) 0LO8T (2) 0.0002¢12) ~0.0070 (15) ~0.0041 (15)
9 0.043(2) 0.035(2) 0,062 (3) =0,0002 (17) -0.005(2) =0.005 (2)
Clo 0.035(2) 0.047(2) 0.073 (3) (.0026 (18) ~0.004 (2) =0.009 (2)
cn 0.04342) 0.045(2) 0,069 (3} ~0.0048 (19) ~0.002(2) ~0.006 (2)
cl12 0.045(2) 0.042(2) 0.085 (4) 0.0045 (19) -0.003 (2) =0.004 (2)
CI3 0.041(2) 0.040(2) 0,075 (3) 00040 (18) ~0.008 (2) “0.005 (2)
Cl4 0.038(2) 0441 (2) 0,036 (3} 0026 (17) ~0.0028 (1%) =0.010(2)
015 0.0430 (15) 0.0361 (15) 0088 (2) 00058 ¢13) ~0.0048 (15) “0.0086 (16)
016 0.0409 (15) 00425 (17) 0,107 (3) ~0,0043 (13) 0.0025¢17) =0.0120(18)
m7 0.0389 (14) 0M75(17) 00841 (19) 0.0063 (12) 00050 (13) ~0.0021 (14)
CI8 0.037(2) 0.043(2) 0055 (3) G.0050¢17) ~0.0051 (19) ~0.006 (2)
Clo 0.037(2) 0.041(2) 0.038 (3) Q0024 ¢17) 0.0013(19) =0.001 (2)
C20 0.03842) 0.040 (2) 0,054 (3) 0.0023{17) 0.0015(18) ~0.0023 (19}
021 00514417 0.0521 ¢19) 0.039(2) 0.0047(15) 00018 (15) ~0.0044 (16)
Cn 0037 0.046 (2) 0,055 (3) 0.0064 (17) 0.0010 (18) 0.002 (2)
C23 0.0340 (19) 04M5(2) 0061 (3) 0.0011(17) ~0.0045 (18) -0.002 (2)
24 0.044 (2) 0.086(2) 0.056 (3) 00010 (18) ~0.003 (2) 0005 (2)
C25 0.038(2) 0.051(3) 0.057 (3) Q0035 (18) 0.0034 (19) 0,006 (2)
N26 0.0429 (18) 0046 (2) 0.060(2) 0.0064 (16) ~0.0094 (17) 00054 (18)
c? 0.042(2) 0048 (2) 0,056 (3) ~0,0002 (18) ~0.0078 (19) 0,002 (2)
N28§ 0.046(2) 0.041(2) 0.069 (3) 00028 (16) “0.0160(17) =0L000% (1¥)
$29 00543 (6) 0.0454 (6) 00736 (9) 0.0011 (5) 0.0144 (6) -0.0027 (6)
C30 0.0501(2) 0.039(2) 0L063 (3) 0.0015¢19) ~0.010(2) 0.001 (2)
Il 00442 0.051 (3) 0,082 (4) 0.004 (2) -0.007 2) 0.000 (3)
32 0.044(2) 0.034(2) 0,084 (4) 0012 (1% -0.005 (2) -0.003(2)
i3 0049 () 001 ¢2) 0.063 (3) Q0012 (19 ~0.006(2) ~0.005 (2)
C34 0.044(2) 0.044(2) 0,070 (3) ~0,0028 (18) -0.006 (2) 0,004 (2)
Cis 0.045 (2) 0.AM8(3) 0,064 (3) ~0.000% (19) ~0.005(2) 0.009(2)
N36 0.043(2) 0.044(2) 0,083 (3) 0.0023 (16) ~0.0078 (19) ~0.006 (2)
ek ) 0.050 (2) 0.046 (3) 0.063 (3) ~0.002(2) =0.009 (2) =0.010(2)
N38 0079 (3 0.051(3) 0,107 (4) ~0.006(2) ~0.039(3) D014(3)
C39 0.119(6) 0058 (4) 0.192(9) ~0.034 (4) -0.103 (6) 0.041 (5)
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Ca0 0108 (%) 0062 (4) 0.170 (%) ~0.029 (4) 0081 (5) 0,039 (4)
41 0.063(3) 0.650(3) 0,068 (3) ~0.006(2) -0.022(2) 0.001 (2)
C42 0.056 (1) 0.040 (2) 0.062 (3) 0.00112) -0.007(2) “0.004 (2)
C43 0.055(3) 0.047 (2) 0,057 (3) ~0.004 (2) -0.007(2) 0,009 (2}
N44 0.054(2) 0.0402 (19) 0.058(2) ~0.0027 (17 ~0.0079 (17 0.0009 (18)
45 0.048(2) 0.4M7 (3) 0,073 (3) ~0.004 (2) ~0.0124¢2) ~0.001 (2)
N4a6 0.049 (2) 0.045(2) 0.065 (3) ~0.0013 (17) ~0.0819(18) =0.0027 (19)
47 0.056 (3) 047 (3) 0,061 (3) ~0,006 (2) 0007 (2) “0.002 (2)
C48 0.051(2) 0.043(2) 0.062 (3) -0.007 (2) -0.003 (2) 0.004 (2)
C49 00773 0.9 (3) 0,092 (4) 0.005 (3) 0.027 (3) 0.010(3)
Cs50 0.080 (4) 0046 (3) 0116(5) ~0.005 (3) 0,029 (4) 0,011 (3)
C51 00743 0.036(2) 0.092 (4) ~0.005 (2) ~0.004 (3) ~0.007 (3)
C52 0.13816) 0.053(3) 0,085 (5) -0,015(4) 0.036 (4) 0016 (3)
C33 0133 (6) 0.053(3) 0.069 (4) ~0.027(3) 0.033 (4) =0.011 (1)
1’54 0110(3) 016 (17) 0.130(3) ~0.0085 (17) 0,003 (2) (L0046 (18)
CIL 0.151(8) 0.113 (6) 0108 (7} 0.029 {6) 0.026 (6) 0.039 (5)
O1L 0,094 (6) 0.122(7) 011 (T 0.036(5) 0006 (5) 0.026 (6)
02L 0,108 (8) 0.052 (6) 0,086 (7) 0018 (5) 0.027 (6) 0.007 (5)
Geomeiric parameters (A, °)

Cl—2 1.501 (6) C31—H31 0.9500)
Cl—Cl4 1.501 (6) C32-C33 1,395 (6)
Cl1—-C20 1511 (6) C32-H32 0.9500
Cl—o17 1.527(5) C33—C34 1394 (6)
c2-—-C7 1.383(5) C33--N36 1404 (6)
C2—-C3 1.385(6) C34-(3% 1374 (6)
C3--C4 1,376 (6) 34 H34 0,9500
C3—-H3 0.9500 C35-—H33 0.9500)
C4.-C5 1,403 (6) N36--C37 1.371 (6)
C4—H4 0.9500 Ni6—H36 08800
C5—015 1,347 (5) C37—N38 134K (6)
C5—C6 1.380(6) C37--C42 1400 (6)
Co—C7 1386 (6) NIR—C39 1.322(7)
Co—H6 0.9500 C39--C4a0 1368 (9)
CT—0OK 1.383 (5) C39-—-H39 09304
08¢y 1382 (5) C40--Ca) 1,385 (8)
Co-—-Clo 1.377 (6) C40—H40 0.9504)
Co-Cl4a 1,385 (6) Cal—Ca2 1,375 (6)
clo—Cil 1,387 (6) C41—-C43 1462 (7)
Cl—HI10 0.9500 C42—H42 0.9500
Cl1—016 1,354 (5) C45-—-C47 1,373 (6)
Cl1—C12 1.389 (6) C43—-N4 L3RR (6)
Cl2--C13 1.378(6) Nd44.C45 1,354 (6)
Cl12—HI12 0.9500 N4 C48 1423 (6)
Cl3-Cl4 1.393 (6) 45 N46 1314 (6)
C13—HI13 0.9500 C45—H45 0.9504)
015-H15 0.8400 Nab— €47 1.383 (6)

(UCH Ak 20000 1w 1GGH4 data-5
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O16—H16 08400 C47—H47 0.9500
017—-CI8 1354(5) C48--C53 1.358(T)
Cl18—021 1.223(5) Cas—Ca9 L1360 (7)
CI8-C19 1.456(T) C49.-C30 1.389(7)
Cle—C20 1.381 (6) C49-—H49 0.9300
Cl19--C22 1,392 (6) C50--C5) 1,333 (8)
C20—-C25 1.372(T) C50-—HS50 0.9500
C22-C23 1,376 (6) C51—C52 135K (8)
C22—H22 0.9500 C51—F54 1.365 (6)
C23—-C24 1,402 (6) C52—C53 1376 (8)
C23—-N26 1.429(5) C52—H52 0.9500)
C24--C28 1.384 (6) C53-—HS3 0.9500
C4-HHM 0.9500 CIL—OIL 1.3998 (10)
C25—H25 0.9500 ClL—02L L4009 (10)
N26--C27 1,362 (6) CIL-—HIM 0,980
N26—H26 1.0913 CIL—H2M 0.9800
C27-N2R 1.350 (6) CIL—H3M 0.9800
C27—S29 1675 (5) CIL—H4M 09804
N28—C30 1,434 (6) ClL—HSM 0,980
N28-—-H28 1.1665 ClL—HO6M 0,98(x)
CIG—C35 1.383 (6) OIL—HIL 0.8400
C30--C31 1.389 (6) 021 H2L 0,840
C31—C32 1386 (7)

C2—-C1—-Cl4 12.1(3) C32-C31—C30 121.3(4)
C2—-C1—C20 1138 (4) C32-C31—H3 194
Cl4—-C1—C20 1139 (4) C30—C31—H31 1194
C2-C1—017 108.1 (4) C31-C32—C13 Y84
Cl4-C1—-017 107.2(3) C31—-C32—-H32 120.1
C26--C1—017 100.8 (3) C33-—-C32—-H32 120.1
CTC2-C3 1173 (4) C34..033--C32 118.6¢4)
c1—2—-ClI 120.9 (4) C34-—C33—N36 116.8(4)
C3—C2-C1 121.8(3) C32-C33-N36 124.3 (4)
C4-C3—C2 1224 (4) C35-C34—C13 1207 (4)
C4—C3—H3 1158 C35—C34—H34 1196
C2—C3—H3 1188 C33—C34—-H34 119.6
C3—C4-C5 1H92(4) C34-C35—Cx0 1211 (4)
C3—C4-H4e 1204 C34-C35-H35 119.5
C5—C4—H4 1204 C30—C35—H38 1195
M5-C5-06 11504) C37--N36--C33 132.1 (4)
O15-C5—C4 122.8(4) C37—N36—H36 114.0
Co—C5—Ca 119.2 (4) C33—-N36—H3I6 140
C5—C6—C7 120.0(4) N3I8—-C37—N3I6 1127 (4)
CS5—Co6—Hb 1200 NiR-—-C371—Ca2 122.5(4)
C7—C6—H6 1200 N3H—-C37-C42 1247 (4)
08—C7—2 1233 (4) C39--N38—C37 116.0(35)
O8-—LC7-L6 115.0(3) NIK-(39-C40 124 K(6)
C2—-CT—-Co 121.8(4) NIE—C39—H39 7.6
LAk 20001 1. w1 G084 data-6
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Co—O8—C7T 118.5(3) CA0—C39—H39 176
Cl10—C9—08 1154 (4) C39-Ca0—41 119.7(6)
Clo—-C9—C14 1222(4) C39—C40—H40 1201
O08-Co9-Cl4 1225(4) C41--C3a0-—-H4a0 120.1
Co—-Clo—Cil 119.5 (4) C42—-C41—Cw 116.5(%)
COC10-—H10 120.2 C42..C41--C43 1269 (4)
ClLI—CI10—H10 1202 C40—-C41—L43 165 (4)
O16—-Cl1—Cn2 122.6(4) Ca1—Ca2-C37 1201 (4)
016—C11—Cl0 117.8(4) C41—C42—-H42 1199
CR2—C1—Cio 119.6(4) C37—C42—Ha2 1199
Cl13—-C12—Cn 119.7(4) C47 -C43 -Na4 1041 (4)
CI3—CI12—HI12 120.2 CAT—C43—Cal 126.7 (4)
CI—Ci2—H12 120.2 N4 1291 (4)
CI12—-CI13—-C¥4 121.7(4) C45—-N44—C43 107.0(4)
CI12-- C13 - HI13 1191 C45 N44 (48 121.2 (4)
Cl14—-CI13—HI3 191 C43-N44—C438 131.5(4)
CO—Cla—C13 173 (4) N6 45— N4d 112.0(4)
C9—Cls—-C1 1214 4) N46—C45—H45 1240
Cl13—-Cle—1 121.2(4) N#d—C45—H45 124.0
C5—015—HI5 1095 C45-N46—C47 1052 (4)
Cl1—016—H16 1095 Né6—C47—C4a3 1HL6(4)
CI8-0I17-C1 10.7(3) Ndbh-C47 - H4T 1242
021—-CI8-0I17 120.9 (4) C43-C47—H4? 1242
0211819 130.0 (4) CS3--Cas—-C49 119.9(5)
017—-CI18—C19 1091 (4) C53-C48—N44 1H9.1¢4H
C2—C19-22 122.0(4) C49—Cas—N4a4 120.8 (5)
C20—-C19-CIR 108.7 (4) C48—Ca9—-C50 1202 (5)
C2—C19-—CI8 120.4¢4) CAa8—C49—Ha 1199
C25—-C20-C19 120.7 (4) C50—-C49—Ha9 1199
C25—C20—C1 126.0 (4) CS51—C50—C49 1183(3)
Cl19--C20--C1 1102 (4) C51--C50--H50 1209
C13—-C22—-C1Y A REY] C49—C30—H350 120.9
C23--C22-H22 1214 CSO--C51--¢52 123.1 (5)
Cl9—C22—H22 1214 C50—C51—F34 119.1(5)
C2—-C23—C24 121.2(4) C52—C51—Fs4 117.8(5)
C22—C23—N26 118.0(4) C51—C352—C53 H18.0(6)
C24—C23—N26 1206 (4) C51—C52—HS2 1210
C25—C24—C23 120.5(5) C53—-C52—H52 1210
C25—C24—H24 119.7 CA8—C53—C32 120.6(5)
C23--024--H24 19.7 C48..C53--H53 1197
C20—-C25—C24 1R5(4) C52—C53—HS3 119.7
C20---C25--H25 120.7 OIL—CIL—HIM 1095
C24—-C25—H25 120.7 OIL—CIL—H2M 1095
C27—-N26—C23 1273 (4) HIM—C1L—H2M 1095
C27—N26—H26 126.1 OIL—CIL—H3M 109.5
C23—-N26—H26 106.1 HIM—CIL—H3M 195
N28-—L27-N26 1148 (4) H2ZM—C1L—H3M 1095
N28—C27—S29 121.2(4) O2L—C1L—H4M 109.5

ACH ks 20060 1. wHGOH4L data-7
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N26—C27—829 124.0(3) O2L—CIL—H5M s
C27T—N2I8—C30 1259(4) HAM —CIL—H5M 1095
C27—N2R-—H28 1074 O2L—CIL—H6M 1045
C30—N2§—H28 1264 HIM - CIL—H6M 1095
C35—C30—-C31 1184 (4) HSM—CIL—H6M 1095
C35-C30-N28 119.6 (4) CIL-OIL-HIL 1095
C31—C30--N28 121.8(4) ClL—02L—H2L 1093
Cl4-C1—C2—C7 7.2(6) C22—C23—C24—C25 =20(7)
C20—-C1—C2—C7 138.2(49) N26—C23—C24—C25 172.5(4)
017 -CI—C2—-C7 =110.7 (%) Cl19—-C20—C25—-C24 07¢(7)
Cl4-—-Cl1—C2—-C3 =172.6(4) Cl—C20—L25-C24 ~174.6 (4)
C20-C1—C2--C3 ~41.6(6) C23-24-C25-C2 0.7¢7)
017—-C1—C2—-C3 69.5(5) C22—C23—N26—C27 -142.2(3)
C7-C2--C3-C4 “1.7(7) C24- C23--N26--C27 4317
Cl—C2—-C3—C4 1781 (5) C23-—N26—C27—N28 -166.0 (4)
C2-C3—-Ca-C5 “1.6(8) C23-—-N26—C27—529 16.3(7)
C3—C4—-C5—0I15 -175.9(5) N26—C27—N28—C30) 20.6(T)
C3—Ca—C5—Co 8 S20-—C27—N28—CHW ~161.7 (4)
015 C5-C6-C7 177.1 (%) C27—-N28—C30—-C35 ~141.9(5)
C4—C5—Co—C7 =2.7(7) C27—N28—C30—C31 4357
C3-C2--C7T-08 ~177.0(4) C35--C30--C31--C32 ~1.6(8)
Cl—C2—-C1—08 32(M N2E—-C30—C31—C32 173.1 (3)
C3--C2--C7—Co 2947 C30-C31-32-C33 AN
Cl—C2—-C7—C6 ~-176.9(%) C31—C32—-C33-C34 0.6(8)
C5—Co—CT—08 179.2 (4) C31—C32-C33-Nis =173.1 (%)
C5—Co—C7—C2 0.7 (8) C32—C33-C34-C35 0.6(8)
C2—C1—08—(9 K7 N335 C34—C25 1147 (%)
C6-CT—-O8—C9 170.3 (4) C33-C34C35-C30 -24(8)
CT—OR—Co9—Cl10 ~174.6 (4) C31—C30—C35—C34 2.8(R)
CT--08-(9-Cl4 497 N28B-C30--C35-CM ~172.0(5)
08—C9—-Cl0—-Cl1 17TR.0(5) C34—C33—N36—C37 1654 (5)
Cla-Co-C1o-Cn ~1.5 (8} C32-C33 N6 €37 =209 (9)
CO—Cl0—C11—016 =179.7 () C33-—N36—C37—N38 1655 (5)
CO-Clo—C11—C12 0.6 (8) C33—N36—C37—C42 ~18.5{9)
016—C11—C12—C13 ~1789(5) N36—C37—N3E—-C39 1764 (7)
Cl—C11—C12—C13 204R) C42—C37—N38—C39 0.3¢9
CH—-CIR-C13-C14 ~1:5 (8} C37--N38—-C39-C40 44019
ClO—C9—Cl4—C13 204{N NIE—C39—C40—C41 “6.7(16)
O08-C9-Cl14-C13 “1775¢4) C39-.C40--C41--Ca2 4.0¢12)
ClO—C9—Cl14—CI ~1743(5) C39—C40—C41—C43 -173.0(8)
O8-—C9-L14—-C1 a.2(7 CA—-C4) —Ca2—-C37 0.3¢9)
C12—C13—-C14—C9 ~0.5 (8} C43—C41—C42-C37 176.9(5)
ClR2—C13--Cu-—-<1 175.8(5) NIB--C37—C42—C41 ~25(8)
C2—C1—-C14—C9 =1L.7(6) N36—C37—C42—C41 -178.2(5)
C20—C1—C14—C9 ~142.7 (4) C42—Ca1—Ca3—Cca7 -162.3(5)
017-C1—C14—-C9 106.7 (5) C30--C41- 04347 1439
C2—C1—C14—C13 172.1 (4) C42—C41—C43—N44 16.3(9)
PCHOAL 20V00 1. x Ve84 data-8
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C20—C1—C14—C13 41.2(6) CA—CAL—CA3—N4d ~167.1(6)
017—C1—C14—C13 694 (5) C47—-C43—N44—C45 -04(3)
C2-C1—017—C18 ~127.2 (4) Ca1—C43—Ndd—CAs -179.2(5)
Cl4-C1—017-C18 1184 C47—C43—N44—C48 -1739(5)
C20-C1—017—C18 -7.6(4) C41—C43—N44—C48 7.3(9)
Cl-017-C18-021 “173.6(4) €43 N44-C45--Ndb 1.1(6)
Cl—01T—CI8—C19 6.0(3) C48—N44—C45—N46 175.4 (4)
021 —Cl18—C19—C20 1780 (5) Ndd—C45—Nd6—Ca7 “1346)
O17—C1R—C19—C20 -1.5(5) C45—N46—C47—C43 1.1(6)
021—CI8—C19—C22 0.8 (8) Ndd— 43— CA7—N46 ~0.4 (6)
017—C18—C19—C22 1796 (4) 41 —C43—C47—N46 1785 (5)
C22—-C19—C20—C28 -0.7 (7 CAS—N44—C48—C53 ~29.047)
C18—-C19-C20-C25 ~179.6 (4) C43--N44C48—C53 93,6 (7)
C22--C19—C20-—CI 1754 (4) C45—N44—C48—C49 94.7 (6)
Cls €19 €20 CI “3.6(5) €43 N44 48 C49 92.6(7)
C2—C1—C20—C25 ~62.3 (6) 53— C48—L49—C50 ~11(9)
Cl4—C1—C20—C25 678 (6) Ned—C48—Ca9—C30 “174.8(5)
M7—C1—C20—C25 —177.8(4) C48—C49—C50—C5) 0.0(10)
C1—C1—C20-C19 122.1 (4) C49—CS0—51—C52 La(in)
Cl4--C1—C20-C19 -1078 (4 C49.-C50C51—F54 ~179.2 (6)
O17—C1—C20—C19 6.6(4) C50—C51—C32—C53 -20(11)
C20--C19-C22--C23 -0.6(6) F54-C51-€52-C53 178.8 (6)
CI8—C19—C22—C23 178.1 (4) C49—CA8—C33—C52 0.7 (10)
C19--(22--C23-C24 1.9(6) N4 485352 174.5 (6)
C19—C22—C23—N26 -172.8{4) €51—C32—C353—C48 0.7(11)

Hydrogen-bond geometry (4, )

D H-A D-H Hed DA DH-A
015—H15-Nd6' 084 184 2,667 (5) 168
O16—H16-021" 0.84 204 280K () 153
€22--H22--015" 095 259 3315(5) 133
C24—H24--820" 0.95 299 3,404 (5) 145
N26- 1126-015% 109 217 1061 (5) 138
N2§&— H28-N3§' 117 1.94 1069 (6) 162
C3—HM- 01" 0,95 2.46 1,334 (9) 154
N36—H36-529° 0.58 2.64 3.437(4) 152
Ca—H40--02L™ 0,95 232 3,103 (12) 139
C45—H45--01 7" 0.95 249 3379 (6) 155
€33 HS3 529 0.95 247 3,743 (6) 153
ClL-—-H20-021 0.98 256 3.267(7) 129
Ol1L—HIL-829° 0.84 246 3.202 (%) 147

Symmeary codes: (1) X, v 15 (1) ~xe 32, 0o 12, 2=t o= 12, v+ D2 Z vy =t L, =2+ VL () =t 1V = L2, 24 D20y =+ 2, = LV -2+ ),
Ovah et 2wt 12, -2 2 i) e b v by s i e B2, e 1 3 i) e L e L

P AL (20000 1. w1 EH4 data-9
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ABSTRACT: Staming from known p3Sa mitogen-sctivated protein  kinase “,_,"‘
{MAPK) inhibitors, a series of inhibitors of the c-Jun N-terminal kinase (JNK) ’)'

3 was obained. Altening thse substitution patern of the pyndinylimidazole scaffold

proved to be effective in shifting the inhibitory activity from the original target Q:L
P38 MAPK to the dosely rebated JNK3, In particular, a significant improvement
for INK3 selectivity could be achieved by addressing the hydrophobic region I with
| modifications permitted w0
explore stracture~activity relationships, The most potent inhﬂmw 4-(4-mﬂb71 z- e ]

4 small methyl group. Fusth additsonal

{ 1 odehi )'l:u <1 ‘SyI)-N-(‘ il

-

uIC,.,v.:lne&r&cﬂﬂh&uhwﬁpbmmhrungcwdlubmdbgmkmwnﬁmdbeny

crystallography,

B INTRODUCTION

The mitogen-activated protein kinases (MAPKs) represent a

family of enzymes mvolved in several signal transduction
b whose s part of a phmphor)hnon

c&cadetn“cmdbydnam extracellular stimul:, A

members of this family, the ¢ jun N-terminal kinases (jNKs)

ribute to the develop and diffusion of some forms of
cancer,  thus emerging as particularly attractive drog targets.
Despite the mtense endeavor in the research of INK mhibitors,
only 3 scarce number of candidates bave reached clinical trial
phases and to date, none of them have been approved.'" "
Until early 2000%, a major challenge in the development of

mostly respond 1o a variety of stress stimull such as radiat)
olmou: or hm sbodt. oxidative insult, and proinflammatory
oy i p such as cell survival and
to ijK bfamily is encoded by the three genss
f.u fak, and k3, uhtchmmm;tvenumlodx&mm
isoforms through alternative splicing,” Despite their structunl
homology and the partially functional redundancy, these
isoforms follow 2 different tissue distnbution pattem, JNK3
being mm:ttd to the central nervous systemn, heart, and testis
y to the ubiqui expression of [NK1 and 2% In
addition to thix, a different substrate specificity of the INKI, 2,
and 3 suggests the existence of isofonn-specific roles of these
enzymas, which were partially disclosed through gene knock-
out studies.” There Is well<locumented evidence for the critical
role of the JNK subfamily members In several neuro-
degenerative ‘diseases such as Pak ‘s and Alzhelmer’s
dimue.nwdlummmldwhdaimdbym&md
ischemia/reperfusion injury.’ Fun.hcmo« some members
of the JNKs are ako involved in and i
diseases, and several studies suggest that these kinases mighi

“v ACS Publications  « %8 Aswicn themcat sodmy

JNK inhib has been the achievement of selectivity over the
dosely nelated p3sa MAPK,'' & member of the same family
whikh, analogously to the INKs, participates in regulating the
celludar response to stress stimuli. This proten kinase was ako
shown to assume a key function in different nflammatory and
nesrodegenerative diseases’ """ and the simultaneous inhib-
ition of INK and p38a¢ MAPK = assumed to obtain 2
synergstic effect in the treatment of some pathological
conditions. " Nevertheless, obtaining a INK-selective inhibitoe
would be beneficial to fully chdd-u- the r‘«(hv role of this
protein kinase in the ak ial conditions
and thereby assess its therapeutic pneml Flmhemson. most
of the reposted dinical trials on selective pl8az MAPK
inhibitors have been discontinued because of the insurgence
of adverse effects mostly related to liver toxicity,'” leading to

Recevel:  April 6, 2018
Aceepted;  June 26, 2018
Publshed: July 12, 2018

DO8 101000 rm wwmmg 4 Madind
ACK Ovvage 08, 3 Tede- a3t




244 APPENDIX
ACS Omega -
y\
oy Q Q "1}-‘*
JI,}* OL ¢ £ o
’.":& L1 mm "

'C\n'n!-l Wk ::- T\;“ Nilj r

Vo L ® P Coubi-r ::::_;.',’:: c':’::‘.'.‘.:
Figure 1. Tri amd batzuted pyridinylenidasales. Dats are tiken from Ansidess et al'" and Muth et 7'

Scheme 1. Synthesis of Imidazole 5 and Imidazol-2-one 8"
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“Reagents and conditioos (a) foor-step route reported by Lasfer and co-workeny” ' (b) Mel, K;CO, MeOH, 1, 18 by {c) 2-bmmoetind acetate, t
BuONa, MeOH, 55 °C, 3 &; and (d) ¢-enorpholinoaniline, 1.28 M HCl i EtOH, o BuOH, 180 °C, 16 b

the asumption the activity on the pl8a MAPK to be

desired for an improved safety profile of INK inhibitors.

Regarding the selectivity within the JNK sobfamdy, the
achievement of INK boform-selective inhibitors would  be
desirable to dissect the bution of the diffe {sofarms in
varous pathological conditions. However, the JNK1, 2, and 3
share more than 80% sequence identity, making the develop-
ment of soform-speciic inhibitors extremey chall

In the list decades, pyrdinylimidazol have eoc d a
remarkalle success in the field of p38a MAPK nhibition, This
class of inhibitors counts a large number of examples starting
from the precursor SB203580 to the optimized compound
LN9SO (Figare 1), until reachiog derivatives with Tow singhe
digt nanomolar 1C, values (2 review on this class of
compounds has recently boen published),’” As can be seen
from Figure |, the reported p38¢ MAPK inhibstors are ;ko
able to inhibit the INK3 with 1C, valuey in the sul

i

instead |n the of a potent and selective INK
inhibitor by structural modification of the pyddinylemidazole
scaffold following the canonical concept of reversible
inhibition.

B RESULTS AND DISCUSSION

Chemistry. Dapmlbeovmll ilarity of their es,
the herein rep p were hesized foll
conssderably diverse routes, especally with regand to the
construction of the fve-membered heterocyclic central core.
The synthesis of compounds § and 8 was achieved as displayed
in Scheme L The route leading to t|w common intermediate 3,
starting from 2-fluoro-4-meth (2), is based on the
Marckwald nmdamle synthesss  and was previously reported
by Laafer et al™’ The substitution on the wdnole-(‘.IS
position was obtained by reacting imidazole-2-thione 3 with

range, thus offering a suitable starting pomt for optimi

niyl halide. Finally, the introduction of the 4-

Lt
ool

whmaunnsxo this engyme. In 2016, we published
laaa ‘duﬂlelLVpJ&l MAPK' hibi

wag carred out through nucleo.
phllu aromatic substitution In actdic conditions, this

which servod 4 2 precunor for the of a fl

P ting final step for most of the herein presented

probe used in fluorescence pohﬂuuon -based binding
nnys""bnnmduu&omd- biological activity of 1a
i .om ctivi v’ dr inhib Md‘,‘m
thﬂd)mmuonpmm d the pyrdinylimidazale scafold
can contribute to a shift in nkmmy toward the JNK3.
Same of w have nmlly reparted the optimization of
d la followi I inhibition approach
(oomponmd 1b), which was M on the introduction of an
electrophilic molety able to target a noncatalytic cysteine of the
JNK3 that is not conserved in the clmrly nln«l pIsa
MAPK."" The alm of the herein |

ds. Applying these conditions to the hydroxyethyl
derlvative 6 unexpectedly yielded mmbdazol-2-one 8, Instead of
umcluolc 7, as & result of a previously described rearrange-
m!nl.

of 24,5 b d imidazale 13 and of
4.$-dinlmuut«! imidazoles 14 and 18a=1 & cutlioed in
Scheme 2, The route providing a-diketone 10 starting from 2-
&umM -methyipyridine (2) was recently described by Ansidesi
ot ab,'" whereas the synthesis of intermediates 16a~1 wax
ndamtd followm; a samilar approach. Ethanones 15a~1 were

iom of the appopriate ethyl ester with 2-

1810

chioro4-methylpyridine (9) and were subsequently oxidized

00 1511 im0 S S0a0t
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Scheme 2. Synthesis of 4,5-Disubstituted Imidazoles 13, 14,
and 18a—1"

-l s
C i, 3 ‘. \11‘\. '
. —
ll Corr " e o
o
gxa) r -'s.‘\
ol " (LT s v ot
L W
-l"'\h 3 A= O
L

s SO, S .
-~ g » g —lgy s
Lf' e 1ﬁ ® vrew :\'z“? PO (/ L}
o, I - 1 sy .,
S
L )
“Reagents and conditions: (1) route reposted by Ansidert ot 2" (b)
HCHO,“,. NH,OAc, AcOH, 180 °C microwave trmdiation, 2-5
mim; (o) propioaildehpde, 7 M NH, in MeOH, 80 °C, 4 & (d) 4-
maepbohnoanilme, 125 M HCl in E!ON. »DBuOH, 180 °C 16k (e)
ethyl arylcarbaylate or etivyl alkylcarboxylase, NaHMDS, diy THE, 0
“C 15 by and (1) SeOy, AOH, 70 °C, 2=3 Ii; {R* = we Table 2).

by SeQ, to the comesponding diketones {16a—1). Microwave.
assssted  cyclization vmh formaldehyde and NH,0Ac
Radeisewski conditions™ then afforded the disubstiuted

methanolic NH, wer! employed to obtain the 2-ethylimidazole
11, Fisally, introduction of the 4-morpholmoaniline molety at
the pyridine-C2 position, giving the final compounds 13, 14,
and 18a-1, was accomplished by the aforementioned
oucleophils aromate substitution.

The synthesis of 4,5 disubsttuted pyridinylimidazoles 38
and 39, featuring 2 &near alkyl group at the imidazole-C4
poduon mqulnd a @fferent strategy than the examples having

och ! alipbatic moieties (14 and 18a<1). This
was mainly due to the fact that alkyl esters of Imear alkanosc
acids did not undergo condensation with 2-chlaro<4-methyl.
pyridne (9) 1o gve the desired ethanone Intermediates,

An alternative approach to compounds 38 and 39 could ako
be employed for the synthesis of the 24(2.5).disubstituted
imidazole 43 as well as for the 2,4,5-trisubstituted Imidazoles
44 and 45 (Scheme 1), This route stated from the
commercially available 1-(2-chloropyridin-44i)ethan-l-one
(21) or from the acylpyridines 22 and 23, which were
syothesized by Grignard reaction of the appropriate
alkyhnamaum bromide with Weinreb amide 20.

F o of the di 24-26 and
following tosylation of the hydmxyl groups fed to inter-
ki 27-29. Tosylated oxi 27-29 were then fint

converted into the araminoketones 30-32 through Neber

* and swbsequently cycized by KSCN, yielding
imidazole-2-thiowe derivatives 33~35. From dmc Inlumdn—

imidazcles 12 and 17a—l, whereas propionaldehyde and atex, it was possible to achieve the disubsts les 36
Scheme 3. Synthesis of Imidazoles 38, 39, 4345, and 47
0
noro g L 'N'!
I‘-j o l’}“'-:g -} :g:{ f ,-.:: r}
» 5 na e un‘ LI
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[ o fuen
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Q7 §Y BT,

e -
M oack ::._:m
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Tohny
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anen
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e,

el drered

“Reagents and conditians: {a) SOC,, reflux temperature, $ b {b} NO-d

hydrochlonide, E4,N, diy DCM, 16 h; (<) ExMghe

oe n-PrMghe, dey THE, =10 °C. 1-3 ; {d) NH,OHHCL 208% NaOH,,,,, MeOH, H,O, 0 °C, 1=2 &; (e) ToCL, pysidine, n, 2472 by {1}
EtOH,, K, 0 °C, 2-16 b (g) comed HOL, 50 *C. 1—4 by (b} KSCN, MeOH, rethux tempecature, 4 hy (i) H0y5, AcOH, st, 15 miny (j) Mel, +-
BuONa, MeOH, 50 °C, 0.5=3 by (k) 4:morphalinosniline, 125 M HCI in EtOH, a-BaOH, 180 *C. 16 h; and (I} cyamamide. EXOM, reflox

tersperature, 2 h
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and 37 by oxdative desulfurization” as well as the 2.
methybulfanylimidazoles 40-42 via monomethylation. Alter-
natively, compound 46 deplaymg a 2-aminommidazole core
could be prepared by cycization of the @-aminoketone 31 with
cyanamide, Intermediates 36, 37, 4042, and 47 were then
d with +-morpholinoaniling, as previowsly mentioned, to
afford the final compounds 38, 39, 43-45, and 47,
respectively.
Several analogues ol’ mmpouml “ featuning a ditferent
substituent at the pynid pounds 48a—h
and 48, Scheme 4) wnld be prepared by nucleophilic

Scheme 4. Synthesis of 4(5)-Methyl-2-methybsulfanyl-5-
(4)pyridin- 4 ylimidazoles 48a—q”

:/T"' % "N 3
“ o+ * g A.cpy ;
L{, I L2 q ]'1‘ o, O N ooe

“R; and coodith {a) cycloalkyl {NEAT o o BuOH),
180 °C, 2472 by (b) ;rfh-nylnhﬁmﬁm, L25 M HCL in BOH, u-
BuOH, 180 “C, 16 h (c) trans-diammocycohexane, »-BuOH, 180
°C, 72 by and {d) acyl chloside or anhydrde, dry pyridise =t 16 b
(R, R? = e Table 6).

b of synth 41 with p lendiamine,

Scheme 5. Synthesis of Tetrasubstituted Imidazoles 50 and
§7-89"

e K_‘ we O
—t S

E 1 m’/‘:«“ b v':“(“"l‘ﬂ""
[ L

3 15

1 B~ u_‘/b

:}:’" =t “’T"’\ . %
"

wan N ", N, mey AN By g Rees,
Lo d I( * '{," n ;R eCaDH,
@ i - e
aaloom, LY {r«u"w_
PR LRI R
Sae 9 wne d

“Reagents and condizons: (a) KSCN, MeOH, reflex temperanire, 4
by (b] Mel, £BeONa, McOH, 30 °C, 3 b; (¢) 4morphalineaniling,
Pd,(dba),, Xantphos, Cs,CO,, dry | 4-dioxane, 100 °C, 18 b (d)
alkyl mothlocyanate, EN, 60 °C, 16 by (e) AcOH, 80 °C, 1 by (f)
Mol 1-BuONa, MeOH, 50 °C, W mins andd (g) 4-morpholinoaniline,
Pd,(dba), XPhos, Cs,CO, dry ),4-haxane, 100 “C. 16 h

Isothlocyanate, 1o achieve the N-ethyl- and the N-cyclopropyt-
ltni.hmlc derivatives 55 and 56, respectively, Unlike the

jority of the reported ds, the introduction of the 4
mmpboinnnnﬂhe mokety, yuidmg cnmpouods &0 and §7-
59, was carried out by g d Buchwald~Harywig
aryl amination,

m ¥ Y o“”l’s Siciih 4 4 J “L g
an i ki on the imidaecle-N1 atom, was

r 1 ‘“"n-.L - " A”"(w)\ﬁ
atwo—iwpm:edmendepmedm&hcm:t\.thamu

v

I phmyhdunawac. or with diverse bunchﬂl or cycloalkyl
amines, In addition, compound 48h and the previously
reported 48m” " were conpled with different acid chlorides or
anhydrides to obtain the comesponding amides 48i-1 and

Sch 6. Synthesis of 1,5-Disubstituted Imidazoles 66 and
67"

p T B o 4

48n-q (Scheme 4). (-‘L. d "-..‘1., :‘{\ L3 ."-’:'
The mmxhxdon ofa m«kyl nbum:m on the imidazale-N - - TN ame {;'-/
stom, praviding 1,24,5 dazoles $0 and $7, i = -

s i ch depending on the dessred N- ogon 2 e A
melhyﬁml npm In fact, double mucleophilic sub- [ T l‘&; W &y LA
stitution of imidazole-2thione 34 using ewess of methyl wnf ~ L Ao an=
lodide almost exclusively afforded the regiolsomer bearing the « - - oo
substituent on the N atoms away from the pyrldm ring (49, i 2
Scheme §). The regioselectivity of the and )+ iling, AcOH, EtOH. reflux

2 By (b) TOSMIC, x.co, MeOH /denethoxyethamne

was confirmed by crystal By of & date 49
(see Figure S1oin the Supporting Information) and was
:mimtrd to the lmt steric hindrance offered by the methyl
pyndine nng. The regioisomer $4,
I\mng\hemnhylyaupuntthnomd)mmmdu
pyridine ring, was imstead achieved by cycliving the a-
aminoketone 31 with methyl isothiocyanate, l’ol.lmved by

methylation of the sulfur of the resulting N1 Mimid
2-thione 51,
This approach, ad:ptmg a procedure pnbl-lu-d by Xi et nl..
an 1 route to
dazoles and wak recently reported by some of s fu the
preparation of bstituted imidaxoles bearing two

aromatic moicties at the 4 and 5 postions.”” The sme
method could also be employed, using the appeopriate alkyl

21, “reflus tempuratare, 3 by (¢) PI(PPY), Cx,CO, HO, DMF, 60
"C, 24 by and (d) 4- we, - BaONa, I, (dha) , BINAP,
todueee, 80 °C, 3 by (e) dmarpholiscaniline, 1.25 M HCL in O,
nBuOH, 180 °C, 16 &,

entails the formation of the imine derivative 61 and its direct
cychization through the Van Leusen reaction™” using toluene
sulfonylmethylisocyanide (TOSMIC) and K,CO,, The analo-
gous route was unfortunately not accessible for the synthesis of
the Nl.methyl sub d denivative 67 b of the
lmubllky of the cor Imime It diate, As an
e, the pref d Nl-mﬁbyl lmdnmh Foup was
introduced through Suraki cross<oupli
S-bromo- 1-methyl-1 Holmidazale (62) and pyrdinyl-boronsc

00 1511 im0 S S0a0t
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acid 63 (Schemo 6). The last step of both routes consisted of 78 was synthesized g from 1.pyridiny
the Introduction of the 4-morpholinoaniline molety. In the 1-one (22). Both lﬂom;‘nnmluwmmomhabymndn
case of the 4-fluorophenyl derivative 64, this was pedformed by the a-position under acidic conditions and theo cyclized via N-
Buchwald—Hartwig amination giving compound 66, wh methykbiourea, affording intermediates 74 and 77, respec-
the acil-catalyzed nudeoplsilic t b was tively, Conclisively, substirul with 4-maorpholl iine

2 a1 h lh ¥ b 0‘
The 1,2-disubstituted imidazole ders 71 was
ting from  2-chloroi (68), which was

imﬁnlly reacted in 2 one-pot pxoudun ckurbed by Voss @t
al.* {Scheme 7). This the won of an

d 67,

1, 'l

Scheme 7. Synthesis of Imidazol-2-yl Pyridine Dertvative
n*

A
g FT {w"‘} = 3 l:‘:} - r;"{l‘\’
sl Al ¥ i
- :.a- 5 " .,:;n g
we

“Reagents ansd conditions: (a) m NiOMe n MeOH, MeOH, 40
°C, 1 b (b)  diehych ethylacetal AcOH, MeOH, reflux
temperature, 30 mis; () 6 M HCY, reflies temperatuee, 18 h; (d) Mel,
NaH, dey DMF, rt, 2 by and () 4-mosphofinoandine, 1,25 M HCl m
EtOH wlOH, 180 °C, 16 h.

Imidate, followed by substitution with acetal-protected amino-

acetaldebyde and final ring dosure by deprotection, affording
2 (pynd:m 4yl)imidazole 69 in good yield At last, N-

4 1 m was e ai ‘by 1, ..'L‘lk ' i
with methyl jodide and mbu-qnendy uxml with -I-
morpholinoaniline as previously di d, y i comp

7.
l'otlhc synthuh of compounsls 75 and 78, presenting a
tral core, an related to
Hmnxhdumlethemumemplayed(&'h:muﬂmd

Scheme 8. Synthesis of l~M-thyhmlnodﬂnok 75"

‘-.rs‘ ‘]f "~.’s'
il Vo gl -
ol ‘. ‘/I Do o \[") w
J‘s/ o \ “w ,\ w0 Be
e " HLTTE
” " ‘ " "1_\‘
LWy
n 9

“Reagents and condetions: (1) By, 30% HIs in ACOH, 75 °C, 2 Iy
{b) N-omethylkhiouren, EXOH, reflux temperatwre, 1 by aodd (¢} 4
marpbolmoaniling, 1.2$ M HCI in BIOH, n-BaOH, 180 "C, 16 h.

9) Thiazole 7§ was cbtained 1441 henyl)
2-(2-fluoropyvidin -4yl )othan-1- -one (71)" whereas com.
Scheme 9. Synthesis of 2-Methylaminothiazale 78"
"o

[ W e,
L} ) L} v | e 5"'0'
O oy et o

o

e 5 (O
gl O

“Reagents and conditions: (1) By, HBr 30% in AcOIL 75 °C 4 Iy
(b) N.emethyihiourea, ExOH, refhax temperature, 1 h; aed (c) 4
mwrphalinoandhing, 1.25 M H( in BIOH, a-BaOH, 180 °C, 16 h

7813

yielded the desired compounds 75 and 78,

Biological Evaluation, All synthesized inhibitors were
evaluated by eneymelinked immunosorbent assays**' to
determine their ability to inhibit JNK3 and p3sa MAPK, and
the results are presented in Tables 14 and 6,

Table 1, Core Modifications on 4-F-Phenyl-Substituted
Derivatives”
EK,

.Ij e |

-
X
2
Lo T 0
[ Cure MK e MAPK
o "
-4 ®-1 7-1
L 4 U
1
H} | ’.- “ IIVESt u-d
. -\
” !;‘—" siey it
-
1 L) a2 TNat
1
" Lo me 10 B
™ RED oA 10
LT -— —_— e
Shmzs - 17 - -

“Data of stamdand inkibitors SB203380 (p3Ra MAPK) and
SPoU012S (INK3) In our inhouse actmdty assay ae incloded
I, values are the mees of theee epedments. = = 16, Ty = 0.

n.fmmmltndlumowdmpmduh
considered to be potentially r ible for ager watio and
therefore might resudt in assay interference, as also p d out
by analyds through the ZINC 1S pattem ool For this
resson, the pphenylendiamine mowty at the pyrdine-C2
position of compoand 1a was modified m a 4-morpholinoani-
Ihepmq!.ihdlhsahudybemrqoncduabm&hl
substituent In thes position. Resulting compoand § (Table 1)
displayed extremely close inhibition values to its analogoue 1a
(13, ICopnyy = 24 B ICummae surny = 17 nM) and this
molety was, therefore, maintained constant during the
investigation of other positions of the waffold.

The first attempt, which was camied out to shift the

fi of i s ! the JNKY, consisted of
modifylag the central imidasole core together with acting on
the substitution ot the imidicole-C2 position (Table 1)
Transf son of the methylsufanyl group at the imidazole-
C2 pasition Into an ethyl group or remaval of the same group,
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Table 2. Effect of Ditferent Aryl and Alkyl Substituents at
the Imidazole C4($) Position

\ J

il T R
"
Ul o
e
Ko +SD [uM[
opl " INKS PN MAPK
1" T ez el
o~
152 L. il T
1%h g [ w2
-
rs |'\," EUES] =2
w.
I » 141113 »_3
e G & 3143 163
181 i 1440 3259~ 181
15y e M2 T%EN
154 o 2189012  LNE:8l
" T T3 226s=1T
18 Fa\ IR TR P T
"% et ST I 10000 (414
1 -, 246 Ve (s
»n g 110 10000 41
» e IR SR D) R TTR RS
"IC,, vakes sre the mean of throe exy "Percent inkisntion at
indicated concentration.
al ds 13 and 14, respectively, did not seem

to nﬂ'nl the lnlnbuofy activity on the two eoaymes.
Replacement of the imidazale core with an imidazol-2-one
ring mstead caused 3 decrease in the INK3 inhibitory activity
while leaving the inlubltion of p3Sa MAPK onchanged (8:
1C gy = 142 0M; TC o e niamecy = 34 nM). The position of
the two nitrogen atoms at the central imidacole core sems to
be ial for the inhibition of both enzymes, as the different
arrangements of substituents around the five-membered rang of
1,5-dsubstituted bmidazole 66 resulted in a drop in activity on
both target kinases. Onrh:oﬂ:erlmd.cxdunpofz
sulfanylimidazole with 2-methylaminothiazole {7$) yselded an
Increase In inhibitory activity of 2.5 and &fold for jNKJ and
p3Ba MAPK, respectively,

To assess the effect of the substituent located in the
bydrophobic region (HR) 1, the 4-luoropheayl groap was

Table 3. Modification of the Core on Methyl-Substituted
Derivatives

-~
At
J
7
L
0
1€+ S M
Opd Cote ANK3 38y MAPK
38 LY A= 110 UKD (41%)
I N A= UKD aENY
' R L ¥
4 l.;'?-*- 1395230 =1KE e
¥
0 "N g 13- 1 10000 {3 ™)
DR
-
o ~ 2S14=312 1000010
N
.
b )
) iR 2000 -10% 10005 21%)"
"
.l.
s 4
e v GIM=1,0% -0 (40)
S
« b TI4=21 =000 2%
n |4 SUO000 14228 10000 11 5% )
-5
™ 2 o 2 a2 S10.000 (90"

“IC,,; vakses are the mean of three exp ¥Percent inhib at

indicated concenteation.

Table 4. Etfect of Small Alkyl Substituents in the HR 1

I}_ on,
ll

ICu=5D | nM)"
Cpad R JINKS plsa MAPK
a3 " Se2 1 21 10,000 (43%)
W . 363+ 04 = 10008 (e
a8 e 1095 4 61 > 10000 (38%)"
"ICs vadues are the mean of three exp "Percent inhibation at
indicated concentratice.

rephiced by different aromatic, alkyl, and cydoalkyl moieties
(Table 2), In terms of both ligand efficiency (LE) as well as
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lipophilic LE (LLE), the 4,5-dssubstituted derhvative 14 is the
most efficient one out of the serses of Table | and serves,

branched aliphatic groups are presumably unable to promote
the Metl46 shift and therefore cannot it In the narrow

therefore, as the optimal starting point for these modificati

Moreover, this scaffold presents a substantially equal activity
compared to is S-methylated analogue S, along with
convenient synthetic strategy, facilitating the preparation of a

hydrophobic back pocket of INK3 A reasonable consequence
of this would therefore consist of the flip of the imidaeole ring,
directing the branched or eyclic alkyl moketes away from the
bydrophobic back pocket of the INK3, thus explaining the
y activity regardless of the substituent

broad rmnge of derivatives. imdarity of the inhibi
Mast of the 4,5-disubstiuted pyﬁdlnyllmldamhs having “ size,
arcenatic mobety at the imidazole-C4 {

18a—1) revealed 10 be potent inhibltors for both enzymes,

In agr with the trend of the series, methyl- and ethyl-

displaying 1C,, values down to the low double digit nanomolar
range. hyuﬂladquﬂnﬂklwﬂhapbmﬁa
monosubstituted phenyl ring resulted in dual inhib

bstituted imidazoles 38 and 39, respectively, displiyed no
inhibition of the p3a MAPK (IC, > 10 yM), however,

ptmﬂng activity on the INK3, In particdar, the methyl
38

displaying o digb( preference toward p3Sa MAPK over
INK3. This trend & most distinct in the case of

= repr :ﬁ:sobwmpoundo‘&lsluks

a activity on JNK3 without any

rkable effect an the p38a MAPK. Moreover, this inhibitce

184 having a 3(tnl ethyl}pheny ¥, which p
a 6-fold higher acuvity for pSa MAPK than for INKA The
only aromatic wbshtumk stepping out of this trend wax the

lpyrazole of ¢ d 18f, podnnn;
monmlldmmnaﬁniyonbo&lmuundﬂ:
a d INK} (186 I,y = 758

nM; lCm,‘., MAN) ™ 3259 nM). These findings indicate that
sulbstitution on the phenyl ring is not beoeficial when pursisng
selectivity on INK3 and instead seems to be counter
productive, increasing the activity on p3Sa MAPK. The reason
bdmld lhh lack of selectivity can be ummvely explained by
g the di ions of the hy pocket known
asHRlluthclvwlnpﬁhmsu Thbde&lsmdefmlht
p38a MAPK than in INK3 mowtly becsuse of a difference in
the “gatekeeper” residue (Thrl06 in p3Sa MAPK w Metl46
in JNK3). Howe\m, K alm«ly mﬂmoncd in some
zation sty cn induce a
shift of the flexible side chain of Met146 (JNK3), thus
essentially abolishing the size differences between the two

pochd-.&npmfo(lﬁutmlhchllylmphllquwpof
18e seems to be dated in the “resh

also the mast efficient selective inhibitoe of this
m:ln!cmdLEdeLEandwatMmdmnuth
starting point for farther Investigations.
Once the methyl sub at the fmid
wan sedected, cur attention was refocused on the central core
(Table 1). Because of the presence of the methyl substituent,
all derivatives presented in this series Jost ther potency on the
p38a MAPK, with cach ope displaying an IC; value higher oc
equal 10 M. Altering the arrangement of the substituents
around the imidazole ring proved beneficial m the case of the
1,5-disubstituted imidazole 67, slightly incressing its potency
compared to the precursor 38, whereas it was dedetenions foo
the 1 2-disubstituted derivative 71, Replacement of the
imidazole core with 3 2aminomethyl thiazole (78) ako

|¢-‘ ot

revealed to be d ! for the inhibttory activity. A
Muutapptodd\ d of the Introduction of an
additional on the imidazole-N atom, together
wnhuuntmdm‘tiono(du smahylgmpnﬂucz position,
yielding the idazole scaffold already

upmod in pmt dnal INK3/p38a MAPK as well as JNK3

hydrophobsc pocket of JNK3, therefore resulting In a l.gh

inhibitory potency, Moreover, attempts of substituting the

ortho and meta positions of the plu-nyl rmg. sul:ng for
did not

Adi t inberacti

“*! In the case of p38a MAPK, the effect
of an additional b on the midazole ring has
been reported to be strictly dependent on the position of the
b d N atom. Several examples have demonstrated

=

outcomes instead (compounds llb-d)

The repl of the ring at the imidazole-C4
position by cycloalkyl moletivs resulted fn & dramatic decrease
in activity for both enzymes, with ICy, values in the low
micromaolar range. The oaly exception was the cyclohexy
derivative 18g that was able to interact with p3Sa MAPK with
an 1Cy, value of 726 nM, 2-4fcld more potent than on INK3.
The inhibitory effect of compounds 18g—j on plSa MAPK,
decreasing alongside the reduction of the ring e, Is
symptomatic of a gradsally diminished capability of the cyclic
group to occupy the spacious cavity of the enxyme. On the
other side, INK3 activity of derivatives 18g~i, beasing o four-
to sivmembered ring at the midazole-C4 position, remained
substantially constant, although significantly decreased com-
pared to the parent compound 14, An analogous scenario
occurred in the case of compounds featuring Inmdmi
aliphatic groups at the same position. The yl dert
181, uulogouly 1o the douly related 18}, |hmd a significant
drop in activity on p38a MAPK, while conserving an 1C,,
value on JNK3 in the low micromolar On the other
hand, mtroduction of a tertbutyl molety (18%) resulted In 2
complete loss of activity on both JNK3 and p3Sa MAPK.
Because of their Seability and low electron density, cyclic and

7815

Ikylation of the imidazcle-N atom away from the pynidine ring
to cause a severe reduction of the activity because of the
impossibility to establish a hyd: bond with the Lys33 of
the p3a MAFK. " Because the same Interaction lus shown
to also occur in the binding to JNK3 (Lys93), an analogous
effect was expected oo this encyme ax well and was confirmed
by the remarkably reduced INK3 inhibition by compound 50,
cartying a methyl group on the dutal imidazole N atom. On
the other hand, because several tetrasubstituted INK3/p38a
MAPK inhibitors have been reported with an alkyl substitoent
on the imidazole N adjacent to the pyridine ring, we assumed
this modification to be suitable with our 4-methyl substituted
scaffold as well. However, derivatives §7 and $§8, featunng 2
methyl and an "W substituent on the N atom proximal to
pyridine, d an even lower
POnCy On jNKJ lhm the tuppomﬁy wrong” reglaisomer 50.
The drop in activity appeared to increase with the sxe of the
alkyl substituent, as N-cyclopeopyl substituted §9 was almost
3-fold less active compared to its No-methyi analogue §7. This
outcome suggests that despite not hampering the formation of
a H bond with the Lys93, alkyl sub at the imidazole N
atom proximal to pyridine reduce the tightness of the binding
to the [NK3 active site.
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To complete this serdes, stating from 4 3. disubstituted

Imidazole 38, the ong 'S-molhylyoq’walrnamlm
substituent was introduced at the imidamole-C2
affording ds 44 and 47, respectively Aldmughdmlf
amino imidazole den h ‘adwpmawmyoompmd
to the parent compound 38, reintroduction of the S-methyl
group at the imidazole-C2 position surprisingly produced a 2-
fold mcrease in the inhibitory potency on JNK3 (44: 1C 5 uns)
= 363 nM; 1C gm0 sy > 10 4M). This outcome prompeed
us to neconsider our previous assumption regarding the role of
the Z-methylsulfanyl moiety. Although the S-methyl group
exerts no indl on the inhibitory actinty when the 4
fuorophenyl mosety &5 installed at the imidazole-C4 position, it
bas a significant impact in the case of 4-methyl mmidazol
derivatives.

In a choser evaluation ig the infl of the alkyl
ch:mmpomn-tofthcxmdmlemmbmdwﬂnhez
methylulfanyl moety in C2 positicn, the methyl group (44)
emorged once more as the substituent presenting the opeimal
length to tanget the INK3 HR I, when compared to the 4-
unsubstituted and to the dethyl derivatives 43 and 43,
respectively (Table 4). Comparison of imidazoles § (Table I)
and 44 (Table 4) reveals the repl of the 4. by

thylencadencsine 8" triphasphate (AMP~PCP, Figure S3,
ﬂummmng Infarmation), In both structures, the imidazole-N
mmd-tnlﬁumthepyndmnagupunohmwkofwkr
diated hyd boads, | % the side chain of Lys93
and the main chain of Lew206 Porther water-mediated
bydrogen bonds in the JNK3-3B crystal structure (Figure
24) imclode the side chain of Asn194, whereas in the INK3-44
structure (Frgure 28), the backbone of Gly76 and the side
dnhn of Asp207 are involved. The structure of JNK3 in
with inhibitor 38 also showed that the imidxeoleN

atom proximal to the pyridine ring participates in a woter-
mediated hydrogen bond with the AmISZ side chain and the
same interaction seems to be present in the JNK3-44, thus
explaining the detrimental effect produced by the sabstitution
of this ponmu (mmpolmds 57-59). Multiple bydrophobic
g the gatckeeper Met146 and the side

chaing of Tle70, Val?a Val196, and Leu206 were also observed.
These interactions have been previously descnbed by Scapin et
al."” and confer INK3 selectivity as they cannot be formed in
the langer bmdng pocht af p38rl MAPK. The methyl group
P m both & was d d the HR L, which
mdted I an identical orieatation of the side chain of the
pdue Metl46, The 4-morpholmoaniline molety,

g at the imidazole-C4{8) pasition by a smaller m«byl 3voup
to result in a | order of magnitude boss in JNK3 inlubition and
in 3 complete loss of p3Se MAPK inhibitory activity.

Ta clucsdate the hinding mode of the 4-methyl-substituted-
S-( pyridine-4-yD)imidazole derivatives, as well 43 o gain insight
into the role of the 2-methylsulfanyl group, arystal stroctures of
INK3 in complex with compounds 38 and 44 were determined
(Figure 2),

2. Crptal atrustures of INKD in complex with mshibitors 38
(A) and 44 (B) 2 pyidinlimiducle scaffold. Only the

JNK3 active sie is shown. The prddnhubontlndqh)ﬂ!hguy
The compounds, the side chain of gatekeeper Met 146 and a part of
the Gly-rch bop are hq;hll;hml i stick display. Active site residues
with ticus are sbown ks Jght blue,

h il dmdm’u‘ both leves are boghbghted
mmeumcduumeuspammwun&d:dl-hmd:
madtiple arientations are odwerved (Asn194 i complex with 38 and
AsnlS2 in complex with 44) are shown in both orientations, Water
matecules are represented s red spheres and hypdrogen bonds are
shown as black dashed lames.

The structures teveaded a dmilar binding mode of the
inhibitars within the adenosine 5" triphosphate (ATP) pocket
of INK3 (Figure 2), As expected, both scaffolds interacted with
the hinge negon of the kinase via two hydmgm honds
involving the main chain carbonyl and backbone amine groups
of Met149 and mimicking the interactions of the enzyme with
ATPY a5 well a5 with its ncabydrolyzable analogue fir-

which occapied the sol d HR 11, exhibited bigher
fexibility md no direct Interactions with INK3, that is, this
moiety likely contributes barely or not at all to the blndhg

A majpor structural difference b the two
structures was observed for the Gly-rich loop. lnth]NK&:&a
complex structure, no eloctron density for residues Gly71-
Glﬂé was visthle because of high local fexibility, a
ph also red in other JNK3 crystal
structures.! ™ In lI\e INK3-44 complex, however, the
electron density for this bop was dearly defined, hintmg to
a stractural stabilization of ths region upen interaction with
the 2-methylaulfanyl moiety in compound H.

A superposition of our inhibi with
crystal structuses of INK3 bound to AMP—PCI’ and the dual
JNK3/p3sa MAPK inhibitor by Scapin e Al (PDB coder
II'MN) yleldcd ights into the i basis for the

y of ds 38 and 44 (Figare 3).
As can be seen hom this structunal comparison, no
of the gatckeeper Metl46 sde chain is induced
by compounds 38 ind 44 when compared to the AMP=PCP
complex, contrary to the dual kinase inhibitor studied by
Scapin et 2l In the Laeter crystal structure, an induced fit of side
chaln 146 occurred to accommodate the dichlorophenyl
moiety of the dual knase inhbitor. Conversely, it appears
that the methyl subst of ds 38 and 44 was
unablelooaupythcw\duﬂklo‘lhp&&z)dﬂl(.whlh
possessing the optimal length to tanget dn rop«uvc npon of
JNK3. Thercfore, this moiety d
achieved over p38a MAPK, d ‘lv,llw of
compounds listed in Tables 2—4. In the case of AMP-PCP
and campound 44, another result of the intemaction k a
dovnward postioning of the flexible Gly-rich loop, A similae
compression of the binding pocket caused by a repositioning of
the Gly-rich loop was rtponed for a JNK3 comples crystal
structure by Kamenecka ot al*' and might be a result of
hydrophobic interactions and water-mediated hydrogen bonds
provided by inhibitor 44, which stabilwed this otherwise
flexible section. Overall, as a result of mhibrtor bindmng, the
JNK3 ATP bhdﬁ.ng pocket in our crystal stractures appears
hat parison to the p3sa MAPK binding

00 1511 im0 S S0a0t
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Figure 3. Camparian of the gasek

per Met 146 ariestation and the
Glynch loop posttioning wpon INKS inhibeoc binding with other

A further approach in the pursuit of a tighter binding with
the INK3 consisted of modifying the amino moiety at the
pynidine-C1 position ( Table 6).

An initial attempt was armd out by introducing .
methy ¥ phenyl)alkylamin (compounds 48a~b) as

dl.u;,"“ i ( fs 48¢—¢). The
former moieties have been u-potted in potent p3fa MAPK
inhibitars, for example, LN9SO (Figure 1) and ML3403,"" and
were thus introduced to evaluate their effect on JNK3
inhibitory potency., In detall, these substituents were
hypothesized to yield an increase in the |NK3 inhibitory
activity while conserving selectivity over the p38a MAPK
baauudhcmﬁhmnhdw‘mahylmhﬁnmlon
the imidueolo ring, However, the 3methyl-2-butylmine group
(48a) resulted in a loss of activity compared to the 4
morpholnoandline precursor 44, akthough maintaining some
wl«nvny over the piSa MAPK. Substitution with lh' -

ligand bound INX3 stractares. Oveday of the INK3-44 comgl
structure (Sght green), the INK3-38 complex structure {light red),
the AMP-PCP.bound INK3 structure (light ornge), and the 1PMN
structure reponted by Scapie. ot al” (bue), The seperposition wis
perfarmed wsiog the "aligs™ function m PyMOL The sde chains of
the gatcheeper Metldé and the Glyawch loop are highlighted Only
compounds 38 and 44 are shown for the wke of clanity.

site (where the gatekeeper is Thrl06), an effect that is less
prominent for the dual kinase inhibzor (Figure 3) and
probably responsible for the selectivity of Is 38 and
4. With respect to the 2-fald in the inhib
potency on INK3 of compound 44 over its analogue Jl,tbc
influence of the Smethyl group oo the positioning of the Gly-
rich loop is the most likely structural reason for the significant
gain in affinity.

An additional charactenzation of the two compounds 38 and
4 included the determination of the protein melting

tempenature (T,.) in the p and ab of inhibit
by nano differentol scanning ﬂuonnﬂry (nanoDSE}. This bond, wh
methodology consists of g the 1 e of the binds

giving rise to compound 48b, was i
mnurpxodumwaummly:nzdnmzndumbopm
JNK3 inhibition but also a recovery of the activity on the p38ar
MAPK. (48b: 1Cy 0y = 7610 nM; [Capm, sium) = 60
nM). On the other hand, although not reaching the potency of
the parent compcmd H, Ihc }Nu mhibitory activity of
S beties at the pyridi

€2 positi (4&—«) d alongside the e of the
xllyhau-. fing, a trend suggesting the tmpomm of hydro-
phobic mteractions in this area of the molecule, Nevertheless,
replicement of the cyclobexyl ring of 48e with the similir
tetrahydropyranyl group (48f) yidded unexpectedly, a
remarkable loss of actwity on JNK3.

A possible strategy to gain activity and selectivity oo JNK3
would consist of targeting the side chain of GInl55 as this
residue is repliced by a shorter Asn in the p3Sz MAPK." As
suggested by the structure of the JNK3—44 complex (Hpm
2), this amino acidic residoe is located about 4
the 4-morpholinoanilineN atom but cannot be lud:ed
because of the ngidity of this substitueat, Moreaver, the 4.

morphoknoaniline moiety is only able to accept a hydrogen
the Gin residue has the p ial to act as both

w:nlonthe Mkynfdwmptpm!elnmdhamedouby
g tey cpendent changes in the intr

i as a quence “of unfolding, The
cowv«pomlmg cutves (Figure 82, Supporting Information)
exhibited a significant increase in stabibty of INK3 wpon
inhibitor binding, as can be seen from the associated T, values
(Table 3), The T, value of INK3 alone was determined to be
46.3 "C and increased to $3.8 and $4.8 “C in the presence of
compounds 38 and 4, ctively, which dates well with
the results conceming the inhibitory activity and stabiity of the
Gly-rich foop

Table §. Determined Melting Temperatures (7,,) for JNK3
Alone and in Complex with Inhibitors 38 and 44

ample Ta CY

JLE S 4018 = 050
JNE 38 3387 2 0
INE4 3453 2 004

“Data cepresent mean vakee 2 8D of & single cxpesinent peefornsed o
tripli sanoDSF {Fgure S2, Sepporting Indorma:
bon) were conducted using Prometheus NT.48 (Nasolemper
Techaalogrs, Munich),

proc and donor of hydrogen bonds. For thes reason, frans.
4-aminocyclohexanol and trans- 1 4-diaminocyclobexyl moleties
were selected for compounds 48g and 48h,
because of a higher fexibility and thetr addivonal capability lo
donate hydrogen bond interactions, In particular, the former
moicty is also peesent in the strocture of climical candsdate CC-
930, wherein it is reported 10 interact with the aforementioned
Gin15s" and included in potent p3a MAPK inhibitors,
Unfortunately, despite preserving the selectivity over the p3Sa
MAPK, none of the two inhibitors 48g and 48k succeeded in
overcoming the activity of the purent compound 44 on the
JNK3, with the latter displaying a 3-fold drop in potency. This
vhseevation suggests an inability of the introduced moiety to
form the desired interaction with the Glnl35 side chain or this
Interaction being compensated by ather factoes. Additicaally, it
undedines the necessity of the aromatic moiety at the pyridine-
C2 amino function for the binding to the JNK3. The
significantly lower actmty cfmpmnd 48h could also desive
from the not tol of 55 terminal amino
ﬁmmomhty th thve aim to reach the Gln155S side chain by
of an additional hydrogen bond acceptor, 2
msofamtdﬂofsanponnduhmdnlutunm
part 48m was synthesized, This approach abo permi
to seek additional interactions with the enzyme HR 1L

L bt
ACS Omvags J04R, A, TR0%- M1




252

APPENDIX

ACS Omega

Table 6, Influence of Substitvents at the Pyridine-C2
Position

Table 6. continued

inhibition of the two kinases, the activities of 48m are lized in this
table,

Unfortunately, in neither of the two series, the introduction of
amide moleties permitted to gam an inhibitory activity
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"ICy values are the mean of three exp Prercest inhibition at
Iml-.u!d cnnoamnnn. *According to. l!lt ZINC patterns toal,
d 48m ap ’un‘--y interferonce
oom;-ound Hm. thas W ynth d as the
for the p of inhih nn-q To at

the impact of the .-!nnm-y’rml in componids 480« on the

ble with the precumor 44 [n the series featuring a
q-doa.hphm amine (48i-1), only the small acetamide
dervative 481 extubited an almost similar activity to the
precursor, whereas bulkivr alkyl and aromatic residues
displayed a2 2- to 3—(uld decrease in pounq In an analogous
fashion, when idering the series denved from the ats
Intermedlate 48m, wmpmds bearing o tert-butyl o 2
cycobexyl amide (48p and 48q, respectively) showed 4
significant drop in inhibetory activity, with IC,, values in the
micromolar range. On the other hand, both inhibitars canrying
an acetamido or benzamido molety {48n and 480,
respectively ) were still able to inhibit the JNK3 with a potency
akin to the free amine derivative 48m. The comparison of the
two amide series alo supports the theory of a higher suitabllny
of aromatic substituents at the pyndine-C2 amino position
when targeting the JNK3.

Compound 44 resulted as the best inhibitor of the
synthesived series uu! was, llmdwc. further investigated to
achieve a compreh ion. At a fint i to
evaluate the intra JNK selectivity, compoand 44 was tested on
the three JNK isoforms { Table 7). As expected, compound 44
inhibited the three isoforms with 4 similar potency but showed
a moderate preference for JNKI and JNK3 over INK2.

Table 7. Inhibition Data of Compound 44 on the Three
INK Isoforms

3Cy [mMT*
JNKL 2 INKS
19 wn 184

“Compound 44 was tested by Reacticn Biology coep
(Malvern, PA, USA) using 4 radicometric amay.

Mareover, Inhibitor 44 was further screened against a panel
of 45 diverse kinases o achieve a preliminary evaluation of its
selectivity within the kinome. Out of the kinase panel, 10
kinases (including INK1)} were inhibited more than 30% at a
testing concentration of 10 pM (Table $3, Supporuny
Information ),

Additional studies were aimed at evaluating the Inhibition of
the human-ether-igogo redated gene (BERG) potassum
channels as well as liver cytochromes P430 (CYP43D) to
highlight potential Babibities of the synthesized scaffold, As
displayed in Table ¥, ¢ d 44 showed a reduced
interference with the hERG channebs (ICy > 10 uM).

Regarding interaction with hepatic enzymes, compound 44
displayed low to moderate inhibition of four of the five tested

Table 8, Inhibitory Activity of Compound 44 on hERG
Channels and on the Most Relevant CYP ksoforms

CYPSS0 inkdetion
% mlubtion at 30 p6t]
hERG whibiion 19 X9 IR D6 A
| % inkibgicn at 10 uM)
385 sts s ase wo 751
1818 L e ]
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! a sgaificantly ck profile n was 1S mL/mm wsng the following gradient: 0.01 M
compamon with pnMoudy uyotlml Inhibitoes of this cass,”” KH, PO, pH 13 (solwent A), MeOH (solvent B), 40% B to
Hi , the o § blackage of the most abundant CYP450 B3% B in & miny 83% B for 5 ming B5% to 40% B in 1 min; 40%
mfodemﬂmnmumnmmunmnMnudswbo B for 2 min; stop tme 16 min In the cave of method 2, an
solved by sub ation Agllent 1100 Serkes HPLC system was used, equipped with 4

Fmaly. a&ﬁlmml mt- were pa‘onnd to assess the UV DAD (dcttcuon at 218, 254, and 280 nm). The

y of methylsut ole ch was performed on an XBn

44 upon incub with h Tiver mic One of the CI8 calumn (ISD mm X 46 mm. § um) and the oven

most serfous lmitations of previously uporled lqmylsdfmy-
limidazoles is their severe metaboli 5
Aati d w‘ i e fu 1 .o lh A4
salfoxide.” Newﬂhdﬂs. in vllro assayy pnfotmed on
d 44 d bolic stability,
as wmdmndy m:afﬂkmmodiied compound was still
present after 4 h incubation (Figure S6, Supporting
Informatiom), The major metabolite formed still appears to
be represented by the sulfoxide derivative (8 49%), although

modifications at the 4-marpholmoaniline substituent might
alsa be present.

B CONCLUSIONS

Optimizatian of 4-(4-4 pheayl)-5.( pyridin4-y jimidazole-

based PI8a MAPK ishibitors by modification of the five.
membered beterocydic core, the aryl motety at the imidieole-
C4 pasition, and the pyndine-C2 amino function resulted in a
novel senies of INK) inhibitors exhibiting high selectivity ower
the closely related p38a MAPK. molopal ovalu,ulnu of the
duﬁ-rmt pymlnyl-mbs&ut«! fi b rinp ided
bl nto the ity relath of this
weaffold with respect to INK3 and plsa MAPK Inthloty
potencies. By addressing the HR | with a small methyl group,
selectivity d INK3 was achieved. This feature
is not yet reported for this cass of compounds, which have
beoen generally described as p3se MAPK inhibvors, The
binding mode at the ATP binding site of the enzyme for this
class of compounds was confrmed by Xoray of INK3
crystals incubated with Imidazoles 38 and 44, The most potent
hibitor 4-(4-methyl-2-(methylthio)-1 H-imidaeol-5-y1 }-N-(4-
morpholinophenyl)pyndin. 2-amine (44) inhibits the INK3 in
the low triple digit nanomolar range, is metabolically stable,
ane displays a slight selectivity over the INK2 isoform, Further
characterization of this inhibkor highlighted reduced mter.
actions with the hERG channel a5 well with mast of the tested
CYP450 loforms.

B EXPERIMENTAL SECTION

Chemistry, General. All chemicals were purchased from
commercial sources unless otherwise specified and ued
without further purification. Thin-layer ¢h

temperature was set to 30 “C The inpection volume was 10 ul,
and the flow was 1.5 ml/min using the following gradient:
0.01 M KH,PO, pH 2.3 (solvent A), MeOH (solvent B), 45%
B to 85% B in 9 min; 85% B for 6 min; stop time 16 min. Fash
column chromatography was performed wslog an Interchim
puriFlash 430 automated fash ch graphy system with
Davisil LCSOA 20-45 um silica from Grace Davison and
Geduran $i60 63-200 pm silica from Merck for the
precolumn. Nuckear magnetic resonance (NMR) data were
obaained on a Bruker ARX NMR spectrometer at 230 MHz, on
a Bruker AVANCE 111 HD NMR spectrometer at 300 MHz, oc
on a Beuker AVANCE NMR spectrometer at 400 MHz at
ture. Ch | shifts are d in parts per
million (ppm) relative 1o tetramethylsilane. All spectra were
calibrated against the (residual proton) peak of the deuterated
solvent used. Mass spectra were recorded on an Advion
§ o mass spec (ESE
MS) with TLC interface.

Experimental Procedures, General Procedure for the

Nucieophilic Aromatic Substitution with
fine (General Procedure Al In a pressure vial the Llullde
pyridne intermediate (1 equiv) and 4-morpholinoandine (1%
equiv) were suspended in e-butanal (3 mL) and 1.25 M HCI
in EtOH (1 equiv) was added. After tightly closing the vial, the
reaction mixture was heated i a beating block at 180 “C and
sticred for 18 b, After removing the solvent at reduced
ified by flash coly chronsatog-

raphy.

General Procedure for the Synthesis of Compounds 15a—
I (General Procedure 8. In a three-neck round-bottom fask
under anhydrous conditions, 2-chioro-4-methylpyridine (9) (1
equiv) and the appropriate ethyl ester (1 equiv) were dissolved
in dry wtrahydrofuran (THF) (2 mL). After cooling the
reaction mixture to 0 °C, 2 M sodium bis{trimcthylsdyl) amide
(NaHDMS) In dry THF (22 equiv) was added dropwise and
the mixture was stirred at 0 °C for 1.5-5 h. After adding H,O,
the agueous was extracted three times with dichloro-
methane (DCM) or EtOAC and washed with NaCl saturated

lution. The bined organic layers were dried over
anhiydrous N3,50, and the solvent was evaporated at reduced
pmre. 'l'h residue was finally purified by flash column

p y the was p

(TLC) reaction controls were perdormed for all reactions
using fuorescent siica gel 60 Fyy, plates (Merck) and
visualized wnder vatural lght and UV illumination at 254
and 366 nm, The purties of all tested compounds were
confirmed to be >95% as dﬂcmmzd by revesrse-phase high.
1 ¢ liqud <h y (HPLC) using one of the
two following methods, fn the case of method 1, the
mnmmalt used was 3 Hewlett Packard HP 1090 Series 11
LC equipped with a UV diode armay detector (DAD)
(detection at 230 and 254 am). The chromatographic
separation was performed on 4 Phenomenex Luna 5u C8
column (150 mm X 46 mm, § pm) at 35 “C oven
temperature. The injectson volume was § pl. and the flow

General Pmcedule for the Synthesks of Compounds 16a-
I (General Procedure C). Ethan-1-one intermediates 1541 (1
equiv) and SeO, (1.1 equiv) were suspended in 5—10 mL of
gacial AcOH and the reaction mixture was stirred at 65 °C for
2=3 h. After cooling to room wmperature (rt), the formed
solid resdue of Se wan d by filtration and the filtrate
was diluted with EtOAc and then washed with saturated
NaHCO; solution four times. Finally, the onganic phase was
washed with saturated NaCl w]won. dried over mbydrom
N80, and conc 3 at P The
was purified by flash colamn chramatography.

General Procedure for the Synthesis of Compounds 17a—
| (General Procedure D). In a pressare vial, ethane-12-dlane

DOk 150007 i g o LS00
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derivatives 16a~1 (1 equiv) and NH,0Ac (10 equiv) were
suspended in M mL of gacial AcOH and after that a 37%
aqueous solution of formaldehyde {1 equiv) war added. The
reaction vessel was heated in a CEM microwave reactor at 180
“C, with an Initial power of 200 W, for 2-5 min. The miture
was added dropwise to NH,OH concentrated sohition at 0 °C.
The suspension obtained was extracted three times with
EtOAc and the combined onganic biyers wero dried owr
anhydrous Na, SO, and concentrated at reduced pressure. The
reshdue was purified by flash column chromatography.

General Procedure for the Synthesis of Compounds 48a-
h (General Procedure E). In 3 pressure val 2.choro-.(4
methyl-2.(methylthio) -1 Himadazol- Syl Jpyrdine  (41) was
saspended in =2 mL of cycdloalkylamine (in the case of solid
amine, 20 equv of amine was added and the mixture was
suspended in =2 mL of n-butancl). The dosed vial was then
heated ar 180 “C and stisved for 48120 h, The reaction
mixture was poured in HyO and the aqueous layer was
extracted three times with EtOAc The combined organic
hyrn were dried over anhydrous Na SO, and concentrated at

p e. The residue was finally purified by Hash
column chromatography.

General Procedure for the Synthess of Compounds 48i-/
and 48n-q (General Procedure F). Under an argon
atmospbere, trans N1-(4-(4-methyl-2-(methylthio). LH-imida-
:ol-S-yi)pyddlrr!—yl)qtldwu»em-dnmme (48h) or N1-(+
(4-methyl-2-(methylthio )-1 H-imidazol -5yl }pyridin 2-y1) -
bauuwl,-t-dhm&ne (48m) was dissobved in 1.5 mL of dry
pyridine and after that the appropriate acid chloride o
anhydride was added and the reaction mixture was stieved at ot
for 16 h. The seaction mixture wis poured in H;O and the
agqueous layer was extracted three times with EtOAc. The
combined mgank Llytn were dried over ashydrous Na,S0O,

o was P A U 1 A, A
mnmg from 6 (30) mg, (). 90 mmol) and +mmholnwnﬂhc
(240.6 mg 1.35 mmol), Purification by flash column
chromatography (SHO;, DCM/EOH 97:03 to 85:13) aforded
200 mg of the desired compound (64% yleld); 'H NMR (300
MHz, DMSO-d,): & 281-3.11 (m, 4H), 3.58-385 (m, 4H),
6.42-6.65 (m, 2H), 680 (d, | = 6.6 He, 2H), 7.12-7.36 (m,
4H), 7.36-7.59 (m, 2H), 799 (dd, ] = 4.7, 24 Hz, 1H), 865
(br s, 1H), 1064 (br s, 1H), 1072 ppm (be s, 1H); VC NMR
(101 MHz, DMSO-,): 4 493, 66,2, 1052, 1119, 1156,
1158, 1159 (d, J = 190 Hz), 1197, 1205, 1262 (d, ) = 29
Hz), 1299 (d, ] = 8.0 Hz), 1336, 1382, 1459, 1479, 1339,
156.6, 161.7 ppen (i, J = 248.9 Ha); MS—FAB m/z: [M + H]'
caled for CuHLFNLO, 43118 found, 431,30; HPLC
(method 1): 1, = 4552 min (96.7%).

1-(4-Fluorophenyl)-2-(2-fluoropyridin-4-ylJethane-T,2-
dione (10). The title compound was synthesized acconding to
the literature and the analytical data were in agreement with
the reported ones ™
4-(2-Erhyl-4-(4-fluorophenyl)- TH-imidazol-5-yl)-2-fuoro-
pyridine (11). To a sclution of 10 (250 mg, 1.01 mmol) in
MeOH (§ mL), 7 M ammonia i MeOH (289 ml, 2023
mmol) and propionaldehyde (8811 mg 152 mmol) were
added and the reaction mixture was heated to reflux
temperature and stived for 4 ho After cooling down, the
solvent was evap I at reduced and the residue
was purified by flash column chromatography (5:0, DCM/
EtOH 97:0) to 94:06), obtaining 125 mg of the desired
product (43% yidld); 'H NMR (300 MHz, DMSO-d,): & 1.28
(t, | = 7.6 Haz, 3H), 2.64=2.77 (m, 2H), 709 (x 1H), 717~
740 (m, 3H), 747-7.56 (m, 2H), .06 (d, | = 54 Ha 1H),
1241 ppm (br s, 1H); MSESE m/z: (M + H]" caled for
C, M, F:N,, 286.1; found, 2860; m/z: (M — H]™ caled for
CoHoFN,, 284.1; found, 284.0; HPLC (method 2): £, =
3.680 min,
Hz-frhyl-d—(l-ﬂuorophenyﬂ- 1H-imidazol-5-y))-N-(4-
holinophenyllpyridin-2-amine (13). The utle com-

and cone d at The residue was finally
purified by flash column chromat

2-Fluoro-4-{4-(4-Rucrophenyl) Z{methyimo) m—lmldo-
:oFSyWyMMM)‘"mmk d was synthesized as
described i the literature”" and nmlytkd data were in
agreement with the reported ones.

4-(4-(4-Fluorophenyl)-2-(methylthio)- 1 H-imidazol-5-yl)-
N-(4- morphdlmphtql)pyndhﬂ-am (5). The title com-
poand was synth to | procedure A
starting from compound 4 (100 mg 033 mmal) and 4
morpholinoaniline {88.1 mg, 0.49 mmol). Purification by flash
column chromatography (510, DCM/EtOH 1000 to 9:1)
afforded 61 mg of the desired compound (40% yield); 'H
NMR {400 MHz, DMSO-d,): 8 261 (s, 3H), 3.00 (br 5, 4H),
373 (be 5. 4H), 6.53—6.75 and 6.88-7.00 (m, 2H), 6.82 (d, |
« 7.6 Ha, 2H), 7.09-7.42 (m, 4H), 7.43-7.61 (m, 2H), 782~
812 (m, 1H), 8.55=8.84 (m, 1H), 12,65 ppm (be s, 1H); 'C
NMR (101 MHz, DMSO-d,); 4 150, 15.1, 494, 662, 1061,
1064, 1114, 111.7, 1152 (d, ] = 21.2 Hz), 1187, 1159, 1199,
120.3, 12632, 1269, 1295 (d, | = 8.1 Hz), 130.7 (d, ] = 80
Hz), 1337, 1342, 1348, 1379, 1387, 1419, 142.7, 1456,
1459, 147.3, 148.1, 1567, 1619 ppm (d, | = 2444 Hz); MS~
FAB m/= [M] caled for €, H, FN,08, 461.2; found, 461.3;
HPLC (method 1): 1y = 5.326 min (100%),

2-((4-{4-Fluoropheny!)-5- (Muovopyndm-l yi)- I H-imida-
zol-2-yiithiojethan-1-of (6)."7 The utle compwnd wias
mﬂlemedudesmbdmlheﬂuntuu and analytical
data were b with the neported ones.

4- (4—Huorophenyl}-5 {2-((4-morpholinophenyilamino)-
pyridin-4-yi}- 1, 3-dihydro-2H-imidazol-2-one (8. The utke

pomd wias synthesszed according to ;vmonl procedure A
starting from 4-( 2-cthyl-4-(4- Buorophenryl)-1 H-imidazol-5-yl)-
Lftuaropyridine (11) (83 mg, 0.30 muml) and 4-morphob.
noaniline (80.2 mg 045 mmol). The crode residue was
twice by flash column chromatography (S10,, DCM/
ELOH 96:04 10 94:06) and (RI-CI8, is-propanol/H,0 1:1),
vbtaining 32 mg of the desired compound (24% yicld); 'H
NMR {300 MHz, DMSO-d,): 8 1.27 (¢, | = 7.6 Hz, 3H), 2.69
(q, ] = 76 Hz, 2H) 2.96-306 (m, 4H), 370379 (m, 4H),
6.63-6,92 (m, 3H), 697 (br s, 1H), 7.12=757 (m, 6H),
7.86-8.08 (m, 1H), 8.60-879 (m, IH), 12.20 ppm (br &
1H); UC NMR (101 MHz, DMSO-d.): & 127, 21.2, 494,
66.2, 1062, 1159, 1199, 1202, 127.6, 1296, 130.6, 1344,
143.5, 149.6, 136.7, 162.6 ppm; MS-ESI m/z: [M + H]' caled
for CyHy ENLO, 444.2; found, 44425 mi/z: [M = H] caled
for CoyHyFNLO, 442.2; found, 442.2; HPLC (method 2): 4, =
4,960 min (98.6%),
4-(4-(4-Fluorophenyl)-TH-imidazol-5-yl}-N-{4-
morphalinophenyllipyridin-2-amine (14). The title com-
pound was synthesized according to general procedure A
starting from  2-fuoro-4-{4-(+-fuorophenyl ) | H-imidazol-5-
yDpyridine (12)"" (70 mg, 0.27 mmol) and 4-morpholinoani-
lme (713 mg 040 mmol). Purification by flash column
chromatography (SK0,, DCM/E1QH 95:08 to 90:10) afforded
70 myg of the desired compound (62% yield); ‘'H NMR (250
MHz, DMSO-d,): 6 293-3.07 (m, 4H), 3.66-3.79 (m, 4H),
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6463700 (m, 4H), 712741 (m, 4H), 7.42-760 (m, 2H),
781 (s, 1H), 7.89-8.13 (m, 1H), $.57=880 (m, IH), 1255~
1278 ppm (m, TH); MS-ESI m/z: (M + H}' clcd for
CuH NGO, 415.18; foand, 41625 m/z: [M = H] <aled foe
CoeHyuFN, 0, 414.2; found, 4142; HPLC (method 2): ty =
3,692 min (97.9%).
N-{4-Morphofinophenyl)-4-(4-phenyl- m-tmldmf-s-yl}-
pyrrdlh-)-cmmt (18al. The title compound was
% to general g Sure A starting from wmpo\ml 17a
(100 mg, 0.39 mamol) (foe the synthesis of 17a see Supporting
Information) and 4-morphalinoanisne (1034 mg, 0.58 mmol).
Purfication by flash colamn chromategraphy (SIO;, DM/
EtOH 97:03 to 90:10) afforded 138 mg of the desired
compound (89% yield}; 'H NMR (300 MHz, DMSO-d,): 8
192308 (m, 4H), 3.66-3.80 (m, 4H), 6,68 (dd, | = 5.3, 09
Hiz, 1H), 682 (d, | = 90 He, 2H), 6.93 (br 5, 1H), 7.30-7.53
(m, TH), 7.82 (s, 1H), 797 (d, ] = 5.3 Hx, 1H), 8.70 (s, H),
12.66 ppm (br 3, 1H); “'C NMR (101 MHz, DMSO-d,): 6
494, 66,1, 1065 1118, 1159, 1201, 1276, 1281, 1286,
1320, 134.0, 1360, 1424, 145.7, 147.2 1366 ppm; MS-ESI
m/z: [M + H]' caled for Cy HyN.O, 398.2; found, 398.2; m/
z: (M = H] " caled for Cy H, N O, 3962, found, 396.3; HI'LC
(method 1}: ¢, = 3513 min (99.1%).
4-(4-(2-Chlorophenyl)-1H-imidazole-5-yI)-N-(4-
nwphoﬂmphmyopymm z-amlne (ub}. The mie com:
polmd was sy | A
from compound 17b (100 uq, 0.3 mmol) (lct the
|)'nﬂ'mh of 17b see Supporting Information) and 4-
morpholinoanilive (909 mg, 051 mmol), Punficabon by
fash column chromatography (SO, DCM/EIOH 97:03 to
90:10) afforded 127 mg of the desired compound (87% yweld);
'H NMR (300 MHz, DMSO-d,): 8 285-3.17 (m, 4H), 3,59~
389 (m, 4H), 631 (d, ) = 4.8 Hz, 1H), 681 (d, J = 85 Ha,
2H), 692 (be s, 1H), 728 (. [ = 7.3 Hy, 2H), 737767 (m,
4H), 7.79-8.01 (m, 2H), 8,60 (s, 1H), 1263 ppm (br 5, 1H);
TC NMR (101 Mz, DMSO-4,): 8 494, 662, 104.8, 1104,
1159, 120.1, 1274, 1298, 1305, 130.6, 1325, 133.3, 1340,
1360, 1360, 1428, 145.7, 146.1, 1474, 1367 ppm; MS.ESI
m/z: [M + H]* caled for CyHCINGO, 432.1; found, 432.1;
iz [M = H] caled for Gy My CIN,O, 430.15; found, 429.8;
HPLC (method 2): 1y = 3.671 min (99.4%),
4-(4-(2-Bromophenyl)-1H-imidazol-5-yl}-N-(4-
morphollwphmybpyndln J-amlnc ﬂk} 'l‘he ule con-
pound was sy A
starting from compound 17¢ {100 n’ 030 mmnl) (for the
synthesis of 17c¢ see Supporting Information) and 4-
morpholinoaniline (80.2 mg, 045 mmol). Purification by
Bash column chromatography (Si0; DCM/EtOH 97:03 to
90:10) afforded 100 mg of the desired compound (71% yield);
'H NMR (300 MHz, DMSO-d,): 8 291-3.15 {m, 4H), 362—
395 (m, 4H), 651 (d, J = 4.2 Hy, 1H), 682 (m, ] = 8.0 Ha,
3H), 709-7.60 (m, SH), 767801 (m, 3H), 8.63~897 (m,
1H), 1266 ppm (br s, 1H); “C NMR (101 MHz, DMSO-d,):
§ 493, 66,1, 1047, 110.3, 1159, 1204, 1240, 1279, 1306,
1308, 1325, 132.9, 1336, 1358, 145.9, 1459, 1468, 1469,
1564 ppm; MS-ESI m/2: [M + H}' caled for CoHy BeN O,
476.1; found, 476.0; m/z (M — H1™ caled for €, H, . BeN,O,
474.1; found, 473.9; HPLC (method 2): t, = 3.669 min
(99.3%).
N-{4-Mospholinophenyl)-4-(8-{3-{tri¥luoromethyl)phenyl)-
1 H-imidazol-5-ylipyridin-2-amine (18d). The titke compound
. 4 1 Ay A .

Was by % 10 8 P ]

from compound 17d (100 mg 0.30 mmol) (for the synthesis
of 17d we Supperting laformation). Porfication by flash
column chromatography ($i0,, DCM/EtOH 97:03 to 90:10)
afforded 120 mg of the desired compound (86% yield); 'H
NMR {300 MHz, DMSO-d,): & 296-3.10 (m, 4H), 3.68—
3.80 {m, 4H), 6.73 (d, ] = 5.4 Hz, 1H), 6.80-692 (m, IH),
7.34 (d, ] = 8.8 Hx, H), 761781 (m, 3H), 7.84 (brs, 1H),
7.96 (s, 1H), 7.99-8.09 (m, 1H), 894 (br 5, 1H), 13.01 ppm
(br s, 1H); MS-EST m/z: [M + H]' caled for CyyHoF N0,
466,2; found, 465.9; m/z= (M — H]™ caled for CyHo,F N0,
464.18; found, 463.8; HPLC (method 2): 1y, = 5413 min
(100%).

N-(4-Morpholinophenyi)-4-(4-(naphthalen-2-yl)- 1H-imi-
dazol-S-yljpynidin-2-amine (18e). The title compound was
synthesized acconding to g I fure A ing from
compound 17¢ {100 mg, 0327 mmol) (for the syndu-.m of
17¢ see Supporting Information) and 4-marphalmoaniling
(87.5 my, 049 mmol). Purification by fash column
chromatageaphy (SI0, DCM/EIOH 100:0 1o 90-10) afforded
88 my of the desired compoand (0% yield); '"H NMR (250
Mz, DMSO-d.): 6 279296 (m, 4H), 3.61~380 (m, 4H),
6.53 (d, J = 90 He, 2H), 680 (d, | = 3.1 Hy, 1H), 6.87 (br s,
1H), 718 (4, ] = 88 Ha, 2H), 747~7.65 (m, 3H), 788 (5,
1H), 7.90-8.12 (m, SH), 8.60 (s, IH), 1272 ppm (br 5, 1H);
UC NMR (101 MHe, DMSO-,): 6 493, 66.1, 1060, 1118,
115.7, 120.1, 1262, 1265, 1268, 127.6, 128.0, 1281, 1323,
133.1, 1337, 1364, L45.6, 147.7, 156.6 ppm; MS-ESIm/z: [M
o HJ* caled for CoHyNLO, 448.2; found, 448.3; m/2: [M ~
H]™ aled for CyHuN,O, 4462 found, 4463 HPLC
(method 2): tg = 5.541 min (98.5%),

4-(4-(1-Methyl-1 H-pyrazal-4-yl)- H-imidazol-5-y1)-N-{4-
nmpholimphmmadm-anm nw 'nn mlo com-
poand was h A
starting, from mmpound l7f(l0$.0 m;o«: mmol) (for the
synthesis of 17f see Supporting Information) and 4-
morpholnoaniline (1070 mg 0.60 mmol). Purification by
flash column chromatoy y (S0, DCM/EtOH 100:0 to
70:30) afforded 148 mg of the desired compound (92% yield);
*H NMR (250 MHz, DMSO ., ): 8 2.92-3.09 (m, 4H), 3.65—
379 (m, 4H), 388 (5, IH), 6.83-6.93 (m, 3H), 7.08 (s, 1H),
7.45 (4, ] = 8.8 He, 2H), 760 (5, 1H), 7.79 (s, 1H), 793 (s,
1H), 800 (d, ] = 5.4 He, TH), 8.87 ppm (brs, 1H); 'C NMR
(101 MHz, DMSO-L,); & 386, 494, 66.2, 106.2, 111.3, 1121,
1139, 1202, 1234, 1294, 1311, 1340, 1354, 1377, 1429,
1458, 1467, 156.5 ppm; MS-ES! m/z: (M + H]* caled for
CysHyy NSO, 402.2; found, 402.4; m/= (M — H]~ caled foc
CpHyN-O, 400.2; found, 400,5; HPLC (method 2): 1, =
1.766 min (100%).

4-{4-Cyclohexyl-1H-imidazol-5-yl)-N-(4-

enplpyidin-2-amine uw The tite com-

pound was synth I procedure A
starting from mpound 17 (100 nq; 03k manol) (for the
synthesis of 17g see Supporting Information) and 4
morphoknoaniline (1076 mg 057 mmol), Parfication by
flash column chromatography (SiOy, DCM/EtOH 9703 to
90:10) afforded 120 myg of the desired compound (?8% yield);
H ONMR {300 MHz, DMSO-d,): 4 1.14—186 (m, 10H),
2.85-2.97 (m, 1H), 2.98~3.06 (m, 4H), 3.65-350 (m, 4H),
681-6.97 (m, 4H), 747 {d, | = 8.9 Hy, 1K), 7.64 (s, 1H),
804 (d, ] = 5.3 Hz, tH), 872 (br & 1H), 1225 ppm (br &,
1H); Y'C NMR (101 MHz, DMSO-d,): & 254, 260, 324,
349,494, 66,2 1057, LLLE 1160, 120.5, 126.4, 127.7, 1342,

L bt
ACS Omvags J04R, A, TR0%- M1




256

APPENDIX

ACS Omega

1345, 1432, 1458, 147.3, 1569 ppen; MS-ESI m/z- [M » H]'
calad for C;,H,.,Nﬁo. 404.2; found, 404.4; m/= [h' - H]
caled for Cy HWNLO, #02.2; found, 402.2; HPLC (method 2):
= 4,730 min (100%).
4-(4-Cyclopentyl-1H-Imidazol-5-yl)-N-(4-
morpholinophenylpyridin-2-amine {18h). The titke com.
poand was synthesized according to general procedure A
starting from compound 17h (100 mg 0.40 mmol) (for the
synthesis of 17h see Supporting Information) and 4-
morpbolinoanilioe (1070 mg 0.60 mmol). Purkication by
flash column chromatography (80, DCM/EIOH 97:03 to
9:1) afforded 107 mg of the desired compound (69% ywid);
H NMR (300 MHz, DMSOd,): 4 1.57=1.86 (m, 6H), 1,86~
205 (m, 2H), 296-3.06 (m, 4H), 330-3.50 (m, LH), 369-
377 (m, 4H), 6.85-6.93 (m, 3H), 6.96 (s, 1H), 749 (d, | =
8.8 He, 2H), 7.70 (5, 1H), 8.05 (d, | = 5.4 Hx, 1H), $.78 ppm
(s, 1H); ""C NMR (101 MHz, DMSO.d,): § 25,1, 329, 36.3,
49.5, 66.2, 1061, 1116, 1160, 1203, 1309, 1315, 1343,
1348, 1427, 1487, 1472, 156.8 ppm; MS-EST mi/z: [M « H]'
caled for CyH,-NLO, 390.2; found, 390.0; m/= [M — H]
caled for CiH-N O, 388.2; foemd, 387.9; HPLC (method 2):
fp = 4.071 min (99.6%),
4-({4-Cyclobutyl-1H-imidazol-5-yl)-N-{4-
mrphoﬂnoplmryﬂpyndn 2-amhe uan The title com.
m was y t+h. 1 Ay A
starting from compound 17i (lw ms, 043 mmul] (for the
synthesis of 171 see Supporting Information) and 4
morpholinoaniline (1140 mg 0.64 mmol). Purdication by
flash column chromatography (SiO, DCM/EtOH 97:03 to
90:10) affprded 77 mg of the desired compound (48% yweld);
'H NMR (300 MHz, DMSO-2,): 4 1.77-2.04 (m, 2H), 208~
2.37 (m, 4H), 290-3.11 (m, 4H), 370376 (m, 4H), 378~
393 (m, 1H), 6.67<7.00 (m, 4H), 7.50 (d, | = 8.9 Hy, IH),
7.89=7.73 (m, 1H), 803 (d, | = 80 Hy, 1H), 8.62-879 (m,
1H), 1218<1240 ppm (m, 1H); "C NMR (101 MHz,
DMSO,): & 7.7, 28.6, 311, 49.4, 662, 106.0, 1113, 1160,
1207, 1280, 12908, 1337, 1349, 423, 146.1, 1465, 15365
ppm: MSESI ni/z [M + H]" caled for CoiHo N0, 3762,
found, 376.5; m/z: [M = H]™ caled for CuHNLO, 374.2;
found, 373.9; MPLC (method 2): t, = 3.480 min ( 100%).
4-(4-Cyclopropyl-TH-Imidazol-5-yl)-N-(4-
morpholinophenyllpyndin-2-amine (18f), The tite com-
pound was synthesized accordiog to general procedure A
starting from compound 17) (150 mg, 0.68 mmol) (for the
synthesis of 17 see Supporting lnformation) and ¢
morpholinoaniline (1818 mg 1.02 mmol). Purfication by
flash column chromatography (S0, DCM/EIOH 100:0 to
80:20) afforded 153 mg of the desired compound (62% yield);
"H NMR (250 MHz, DMSO.d,): & 0.70-0.81 (m, 2H), 091
102 (mn, 2H), 2.06 (1, | = &3, 82 He, 1H), 292330 (m,
4H), 3.60-384 (m, 4H), 6,88 (d, ] = 9.0 Hz, 2H), 7,08 (d, ] =
5.0 He, 1H), 7.22 (s, 1H), 751 (d, } = 88 Ha, 2H), 755 (s,
IH), 805 (d, J = 5.6 Hz, 1H), 8.74 (s, 1H), 12.12 ppm (be 5,
TH); C NMR {101 MHz, DMSO-d,): 8 74, 7.5, 49.5, 662,
1054, 1108, 1160, 120.0, 134.1, 1345, 1436, 1472, 1568
ppm; MS-ESt m/z [M + H}* caled for Cy Hy N0, 362.2;
found, 362.6; m/z [M — H|™ caled for C;H, N0, 360.2;
found, 360.5; HPLC (method 2): £, = 2699 min ( 100%),
4-(4-(tert-Butyl)-1H-Iimidazol-y-yl)-N-(4-
morpholinophenylpyridin-2-amine (18k). The titke com.
pound was synthesized according to general procedure A
starting from compound 17k (100 mg, 0.43 mmol) (for the

synthesis of 17k see Supporting Information) and 4.
morpholinoandline (1150 mg 064 mmol), Purfication by
tlash column chromatography (S0, DCM/EtOH 97:03 to
50:10) afforded 158 mgof the desired compouand (96% yield);
"H NMR (300 MHz, DMSO-d,): & 1.20-1.35 (m, 9H), 3.04
(be s, 4H), 374 (be 5, 4H), 6,70-6.94 (m, 4H), 747752 (m,
2H), B.14-8.20 (m, 1H), 9.04 (br & 1H), 210 ppm (be 5
1H); “C NMR (101 MHy, DMSOGL,): 5 299, 31.6, 49.3,
661, 1114, 1149, 1160, 1204, 1256, 1334, 1375, 1387,
147,0, 156,1, 138.3, 158.7 ppmy ESI-MS m/z: [M + H]" calcd
for C,;,H,;-N,O, 378.2; found, 3783; ESEMS m/=: [M — H]~
calod for CyHENO, 376.2; faund, 376.1; HPLC (method 2):
fy = 2.860 min (100%),
4-{4-1sopropyl-T1H-imidazol-5-yl)-N-(4-
morphoknophenyllpyridin-2-amine (181), The ttle com-
pound was synthesized according to general procedure A
starting from compound 171 (100 mg, 045 mmol) (for the
synthests of 171 sce Supporting I[nformation) and 4.
morpholinoaniline (1194 mg 0.67 mmol). Purification by
flash column chromatography (80, DCM/EtOH 97:03 to
50:10) afforded 124 mg of the desired compound (760 yield});
‘H NMR (300 MHz, methanol-d,): 8 131 (d, | = 7.0 Hz, 6H),
307=3.16 (m, 4H), 325345 (m, 1H), 3.80=391 (m, 4H},
6.86—-6.94 (m, 2H), 696703 (m, 2H), 7.30-7.39 (m, 2H),
7.65 {5 1H), 8.03 ppm (d, | = 62 Hz, 1H); C NMR (101
MHz DMSO-d,): 224, 24.6, 49.5, 66,1, 106.2, 1114, 1159,
LIOE, 1319, 1344, 1345 1346, 43K, 1455, 1472, 1568
ppm; MS-ESI m/z [M + H]® caled for Cy HyNLO, 3642;
found, 364.5 m/= [M — H]" clcd for C, Hy N(O, 362.2;
found, 362.3; HPLC {method 2): ¢, = 2492 min (98.6%).
2-Chloro-4- (4 -methyl-1H-imidazol-S-yllpyridine (36),
Compound 34°' (1.0 g 4.43 mmol) was suspended in ghcial
AcOM (10 mL) and subsequently X% H,0, (6027 mg, 17.72
mmol) was added dropwise and the reaction mixture was
stirred ot it for 15 min. After add‘ng H, 0, the pH was adjusted
to 8 wsing K, CO, d sol and the ag phase
was extracted five times with EtOAc, The combined organic
I:ycn were dried over anhydrous Na SO, and concentrated at
ffording 230 mg of the product which was
uadlnﬂ:efolovdngnqw\d\un&rd\er purification (28%
yiehd); 'H NMR (300 MHz, DMSO-d,)- 6 247 (5, 3H), 762
(dd, J = 33, 1.3 He, IH), 765 (br 5 1H), 7.69 (s, IH), 833
ppen (d, ] = 5.2 Hz, 1H); *'C NMR (101 MHz, DMSO.d,): &
L7, 1188, 1190, 1279, 1305 1349, 1459, 149.8, 1508
ppm; MS-EST m/z= [M « H}‘ caled for CHLCINy, 194.0;
found, 194.0; m/z: (M - H|™ aled for CH,CIN,, 192.0;
found, 191.8; HPLC (method 2): ¢, = 1375 min.
2-Chioro-4-{4-ethyl- 1 H-imidaz-5-ylipyridine (37). Com-
pomd 35 (400 ms, 167 mmol) (for lhe syntbc- of
d 38 see 8 ) w d in
g}acnl AcOH (10 mL) and wbwquvmly m H,O1 (2272
mg, 6,68 mmol) was added dropwise and the reaction mixture
was stirred at rt for 40 min. The reaction mixture was
concentrated at reduced pressure and after that 20 mL of
K,CO, saturated sodution was added. The aquecus layer was
extracted five times with EtOAc and the combined organic
layers were dried over anhydrous Na SO, and concentrated at
reduced pressure, affording 230 mg of the product which was
wsed in the following step without further purification (7%
yield}; 'H NMR (300 MHz, DMSO-d.): 51.22 (1, ) = 74 Hy,
3H), 2.85 (g ) = 7.4 Hz, 2H), 758 (4, [ = 5.0 Hz, 1H), 762 (s,
1H), 7.70 (s, 1H), 833 ppm (d, ] = 5.1 Hz, 1H); "C NMR
(101 MHz, DMSO-d,): & 134, 188, 1191, 1194, 1297,
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1338, 1352, 1458, 149.9, 1 50.8 ppen; MS-ESIm/z- [M « H]'
caled for € H JCIN,, 208.0; found, 208.1; m/z: M = H]
caled for C, H , CIN,, 206.0; found, 205.9; HPLC (method 2)-
fy = 1653 min.
4-(4-Methyl-1H-imidazol-5-yl}-N-{4-morpholinophenyl)-
pyrldin Zamhe (38), The uvtle (nmpuund was synthesized
1 procedure A starting from compound 36
(lmmg,o-h mmal). The crade product m;pmﬁtd twice by
flash column chromatography (Si0,, DCM/EtOH 90:10 to

2-Chloro-4-(4-ethyl-2-(methylthio)- 1H-imidazol-5-yl)-
pyridine (42). 1 a pressare vial, compound 35 (400 mg, 167
mmol) (for the synthesis of compound 33 see Supporting
Information) and +BaONa2 (160.3 mg 1.67 mmol) were
dissolved In dry MeOH (15 mL) a0d after cooling the reaction
mixture to 0 “C, methyl jodide (203 aul, 3.26 mmol) was
added. The vial was tightly closed and the mixture was stirred
at 30 °C for | h. The solvent was evaporated at reduced
p -mdt!u esidue was purified by flash column

80:20), (S0, EtOAc), obtaining 38 mg of the desired
compound (25% yield); '"H NMR (300 MHzx, DMSO-d,): 8
2.42 (s, 3H), 294-3.09 (m, 4H), 363-381 (m, 4H), 6.88 (d,
] = 9.0 Hy, 2H), 6.94 (d, [ = 5.1 Hx, 1H), 7.07 (5, 1H), 7.51
{d, | = 9.1 He, 2H), 7.60 (5, 1H), 804 (d, | = 54 Hz, 1H),
869 (s, LH), 1218 ppm (br s, 1H); “C NMR (101 MHa,
DMSO-dL): 8 114, 49.5, 662, 1053, 1108 1160, 1197,
1247, 1330, 1339, 134.6, 1436 1455, 147.2, 1568 ppm,;
MSESE m/z: [M + H]' caled for C,H;, N0, 336.2; found,
336.2; m/z: [M = H]™ cled for C.0HyN.O, 334.% found,
334.1; HILC (method 2): 1 = 1871 mn (100%).

4-{4-Ethyl-TH- Imldazol-S-yU-N-{4-motphoﬂnophcnyf)
pyridin-2-amine (39), The Gtle pound was sy
according 1o general procedure A starting from compound 37
(100 mg, 048 mmal ). The crade product was purified twice by
tlash column chromatography ($10,, DCM/EIOH 90:10 to
80:20), (SiO, EtOAc), obtaining 110 mg of the desired
compound (65% yield); 'H NMR (300 MHz, DMSO-4,): 4
1.22 (1, ) = 7.5 Hz, 3H), 270-2.90 (m, 2H), 292-3.11 (m,
4H), 3.62-3.85 (m, 4H), 6.50~6.98 (m, 3H), 7.07 (br 5, 1H),
751 (d, J = 90 Hz, 2H), 7.61 (5 1H), 804 (d, ] = 5.0 Hz,
LH), 870 (br 5, 1H), 12.03-12.48 ppm (m, 1H); "C NMR
(101 MHx, DMSO-,): 8 139, 18.5, 493, 66.2, 1056, 111.0,
L1160, 119.8, 130.6, 1325, 1342, 136 1437, 1455, 1473,
1569 ppm; MS-ESI m/z: [M + H]' cakd for C,H, N0,
350.4; found, 3304; m/z: [M - H] <led for C,,H:NO,
3482 found, 38.2; HPLC (method 2): ty = L7740 min
(99.4%).

2-Chlore-4-(2-(methylthio)- TH-imidazol-5-yl)pyridine
(40}, Under an argon atmasphere, compound 33 (800 mg,
2.36 mmol) (for the synthesis of compound 33 see Supporting
Information) and 1-BaONa (484 mg 472 mmol) wen
dissolved in dry MeOH (20 mL) and after cooling the
reaction mixture 1o 0 “C, methyl iodide (147.5 pl, 236 mmol)
was added and the reaction mixture was stirred at 0 °C for 30
min, The reaction mixture was then beated to 85 °C and
stimed for 3 h. After cooling to 11, the solvent was evaporated at
reduced pressure and H,O was added. The agueous phase was
then extracted two times with EtOQAc and the combined
organic layers were dried over anhydrous Na,SO, and

conc i at reduced The idue was
purified by fash (oluma d«mmgnphy (8i0y, DCM/EOH
100:0 to 90:10) gr 396 mg of the desired compound (74%

yield) 'H NMR (500 MHz, DMSO-i, ): 6 2.59 (s, 3H), 7.64—
772 (m, 1H), 7.73-7.79 (m, 1H), 8.03 (s, 1H),8.31 (dd, | =
53, 1.8 Hy, 1H), 12.70 ppm (br s, 1H); MS-ESI m/z: (M +
H]" caled for CH,CIN,S, 226.0; found, 1289; m/z [M —
HI™ aled for CH,CGN,S, 2240, found, 2239; HPLC
(method 1}: ¢y « 4.096 min,

2-Chloro-4-(4-methyl-2-{methylthio)- 1H-imidazot-5-yl)-
pyridine (41). The title compound was prepared as previousy
described’’ and analytical data were in agreement with the
reportod ones.

ch graphy {Si0,, Dcwmou 99 o| to 95:08),
affording 378 mg of the pmdna {89% yield); 'H NMR (300
MHz CDCOL): 6 1,32 (1, ) = 7.6 Hy, 3H), 2,63 (s, 3H), 289
(q; ] = 76 Hz, 2H), 7.50 (dd, J = 5.3, 1.5 Ha, 1H), 764 (br x,
1H), 835 ppm (dd, J = 33, 04 He 1H); C NMR (101
MHz, CDCL): & 135, 16.6 194, 119.3, 1207, 1324, 135.1,
LAL7, 145.0, 149.4, 1519 ppmy; MS-ESI m/z2: M ¢+ H]' calcd
for C HCINGS, 284.0; found, 254.0; m/z: [M = H] " caled
for €, H,,CIN,S, 252.0; found, 252.0; HPLC {method 2): 1, =
1575 min.

4-(2-(Methylthio)-1H-imidazol-5-yl)-N-(4-
morpholinophienyDpyridin-2-amine (43), The title com-
pound was synthesized according to general procedure A

Enm«)(lﬂﬂmg,ﬂ“mol)mdd-m

line (1176 mg 0,66 mmol). Purification by flash «-lumn
chromatography (80, DCM/EOH 100:0 to 90:10) afforded
92 mg of the desired compound ($7% yield); 'H NMR (400
MEHz, DMSO-d,): & 254262 (m, 3H), 2.92-309 (m, 4H),
363-3.78 (m. 4H), 687 (4, | = 7.8 He 2H), 696 (4, ] = 45
Hz, IH), 7.17 (br s, 1H), 7.53 (d, J = 7.8 Hy, 2H), 7.76 {br 5,
1H), 800 (d, | = 4.5 Hz, 1H), 8,75 (br 5 1H), 12.34~1262
ppm (m, 1H); “'C NMR (101 MHz, DMSO-d,): & 153, 495,
66.2, 1041, 1095, 1160, 1168, 1197, 1203, 1346, 139.2,

142.0, 1454, 147.3, 1569 ppem; MS=FAB m/z: [M] caled for
C,H, NS, 367.1; found, 367.2) HPLC (method 1) £, =
2,501 min (100%),

4-(4-Methyl-2-(methylthio)- 1H-imidazol-5-yl)-N-(4-
marpholinapheny lpyridin-2-amine (44), The title com-
was syntheszed according to general procedure A
starting from 41 (100 mg, 0,42 mmol) and 4-morpholinoani-
lime (1123 mg 0.63 mmal). Purification by flash column
chromatography ($i0, DCM/EtOH 100:0 to $0:20) afforded
42 mg of the desired compoand (26% yield); 'H NMR (400
MHz, DMSO-A): & 239 (br s, 3H), 252260 (m, 3H),
293309 (m, 4H), 3.61-3.83 (m, 4H), 6.78-694 (m, 3H),
7.06 (be & 114), 7.52 (d, [ = 7.8 Hz, 2H), 8.03 (d, ] = 4.3 Hz,
1H), 874 (br s, 1H), 1227 ppm (br 5, 1H); “'C NMR (101
MHa, DMSO-d,): 5 154, 25.4, 49.8, 66.2, 105.3, 1105, 1160,
1196, 1346, 1454, 1473, 1567 ppoy; MS=FAB ni/z= [M +
HJ" caled for CyH,N,OS, 382.2; found, 3§2.3; HPLC
(method 1): ty = 3024 min (96.4%).
4-(4-Ethyl-2-{methylthio)- I1H-imidazal-5-yl)-N-(4-
nmphounophmyopyridm -2-amine (45). The hﬂe com-
pound was synth according to 1 A
starting from compound 42 {|00 mg, 039 mmol) and 4
morpbolinoaniline (1034 mg 058 mmol), Purification by
flash column chromatography (Si0, DCM/EtOH 9901 to
50:10) afforded $1 my of the desired compound (33% yield);
‘H NMR (300 MHz, DMSO-4,): 8 121 (t | = 7.5 Ha, 3H),
2.55 (s, 3H), 2.78 (q, [ = 74 Hz, 2H), 2.96<3.08 (m, 4H),
3.66-3.81 (m, 4H), 6.69—6.96 (m, 3H), 7.03 (brs, 1H), 7.52
(d, ] = 8.8 Hz, 2H), $.03 (d, | » §3 Ha, 1H), 8.67-881 (m,
1H), 1207-1237 ppm (m, IH), "C NMR (101 MHz,
DMSO,): & 139, 153, 187, 49.5, 66.2, 1085, 1108, 1160,
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198, 1332, 13435, 139.7, 1430, 455, 147.3, 1816, 1568
ppm; MS-ESTm/= [M 4 H]' caled for Cy HyNOS; 396.2;
found, 396.3; m/z: [M — H]™ caled for Cy Hy NOS, 394.2;
found, 394.1; HPLC (method 2): ¢, = 3.499 min (97.0%).
4-(2-Chloropyridin-d-yi)-5-methyl- 1M-imidazoi-2-amine
(46). Cyanamide (652 mg 1552 mmol) was dissolved in
EtOH (30 mL) and after heating at reflux temperature,
compound 31 was added portionwise over | h and the mixture
was stirred at the same temperature funbn for 3 h. After
cooling down, the solvent was evap d at reduced
and the residue was purified by flash column duummgnﬁly
(560, DCM/EIOH/EGN 95:05:0 to $0:18:2), obtaming 900
mg of the desired product (95% yield); '"H NMR (300 MHz,
DMSO-d,): 6 237 (5, 3H), 7.53 (d, | = 4.9 Ha, 1H), 762 (b
s, 3H), 842 (d, J = 5.1 Hy, 1H), 12.86 ppm (b 5, 1H); V'C
NMR (7§ MHz, DMSO-d, ): 6 107, 117.6, 1189, 1194, 1244,
1392, 1470, 150.3, 1511 ppmy; MS-ESI wi/z: {M + H]' caled
for CHLCIN,, 209.0; found, 208.9; mi/z: [M = H]™ caled for
CoHUCING 207.0; found, 206.9; HPLC (method 2): t, = L524
min,

4 (2-Amino-5-methyl- 1H-imidazol-4-yl)-N-(4-
nmphdlnophenyopyndin-z-anlne (47). The mle com-
pound was synth ¢ to 1 A
starting from wmmound 6 (100 mg, "04% mmol) and 4-
morpholinoaniline (1283 mg 072 mmol). Parication by
tlash column chromatography (Si0,, DCM/McOH %9.01 to
S0:10) and (S10, DCM/MeOH 9505 to 80:20) afforded 46
mg of the desired compound (27% yield); 'H NMR (300
MHz, DMSO-d, ): & 2.30 (s, 3H), 2.95-3.07 (m, 4H), 3.67-
379 (m, 4H), 676 (3d, [ = 84, L4 Hz, 1H), 683 (s, 1H), 6.89
(d, ] =9.0 Ha, 2H), 7.25 (brs, 2H), 7.50 (d, ] = 9.0 Hy, 2H),
811 (d, J = 84 Hz, 1H), 891 (5, 1H), 1237 ppm (be s, 1H);
9C NMR (101 MHz, DMSO-4): & 110, 499, 667, 1059,
1106, 1164, 120.1, 1206, 1222, 1344, 1375, 1464, 1474,
1484, 1572 ppe; MS.ESI m/z [M + H]' clcd for
CoHy N, 351.2; found, 38115 m/z: (M Z H] caled foe
C, H,NLOS, 349. found, 349.1; HPLC (method 2): f, =
1.876 min (96%).

4-{d-Methyi-2-(methylthio)- TH-imidazol-5-y))-N-(3-meth-
Man -2 yﬂpyrldln-?-amhe (48a). Thr tithe compouml was

d ac g to general E g from 41
(M mg, D358 mmol) and }muhyibuua 2.amine. The crude
residue was purified by flash column chromatography (510,
DCM/EOH 100:0 to 80:20), affording 35 mg of pure product
(34% yield); 'H NMR (400 MHz, DMSO«i,): 4 0.79-094
(m, 6H), 103 (d, ] = 6,6 Hy, 3H), 1L70-1.86 (m, IH), 236
(brs, 3H), 254 (brs, 3H), 3.72-3.89 (m, IH), 635 (d,/ = 7.1
Ha, 1H), 653~692 (m, 2H), 786 (d, / = 3 Hy, 1H), 12.23
ppm (br s, 1H); "C NMR (101 MHz, DMSO-d,): 4 154,
167, 179, 19.2, 321, 505, 104.1, 1084, 127.0, 134.5, 1390,
NZSs 146.5, 158,6 ppm; HPLC (method 1) 1y = 3,355 min
(95%).

4-(4-Methyl-2-imethyithio)- TH-imidazoi-5-yl)-N-(1-
phenylethylpyridin-2-amine (48b), The tide compound was
synthexized according to general procedure E starting from 41
(100 mg, 417 mmal) and |-phenylethan-1-amine. The crude
residue was pusified by flash column chro by (Si0,,
DCM/EROH 100:0 to 80:20), affording 42 mg of pure product
(31% yield); '"H NMR (400 MHz, CDCL): 6 1.38~1.55 (m,
3H), 1.96-2.13 (m, 3H), 236—2.54 (m, 3H), 4.50—469 (m,
1H), 850 (br s, 1H), 6.33 (br s, 1H), 6.7 (be 5, 1H), 7.08~
734 (m, 6H), 7.84-7.98 ppm (m, 1H); "'C NMR (101 MHz,
CDCL,): & 122, 168, 244, 523, 1035, 1107, 1258, 127.0,

128.7, 140.7, 1425, 144.6, 147.1, 1580 ppm; HPLC (method
1): fg = 2,748 min (100%),

N-Cyclobutyl-4-(4-methyl- 2—(me(hyllh!o) mmws-
ylipyridin-2-amine {48¢). The title comp
according to geoeral procedurne B starting Gmn 41 (lso mg,
0.62 mmol) and cyclobutylimine (48 h), The crude residue
was parified by fash column chromatography (5:0, DCM/
EtOH 97:03 to 90:30), affording 83 mg of pure product (49%
yield); 'H NMR (300 MHz, DMSO-d,): 6 1.55<1.73 (m,
2H), 1.77-195 (m, 2H), 2.19-241 (m, 3H), 2.53 (s 3H),
4,16—4.40 (m, 1H), 6.41-6.77 (m, 3H), 7.84-797 (m, 1H),
12.08-12,34 ppm (m, 1H); “'C NMR (101 MHz DMSO-d,}:
& 113, 147,155, 30.7, 46,1, 103.3, 109.0, 1266, 134.5, 1387,
142.7, 147.5, 1383 ppm; MS-ESH m/e: (M + H)* caled for
C, H, NS, 2751 found, 275.0; m/z: [M — H] ™ caled foo
C,H NS, 273.1; found, 273.0; HPLC (method 2): t, =
2,499 min (99%).

N-Cyclopentyl-4-(4-methyl-2-(methylthio)- 1H-imidazol-5-
yipyridin-2-amine (48d). The title compound was synthe.
shzed ding 1o general dure E starting from 41 (100
mg, 042 mmol) and cy;lqmnrhmine (120 h). The crode
residue was purified by flash column chromatography (8i10,,
DCM/EIOH 9505 to 90:10), affording 51 myg of pure product
(42% yield); "H NMR (400 MHz, DMSO-d,): 6 1.36~1.74
(m, 6H), 1.84—198 {m, 2H), 237 (s, 3H), 254 (s, IH),
399—4.15 (m, 1H), 660-7.02 (m, 3H), 7.88 (d ] = 36 Hz,
1H), 1232 ppm (br 5, 1H); MS-ESI m/2: [M + H]* calcd for
C HNS, 289.1; found, 259.0; m/z: (M ~ H]™ caled for
C, M, NS, 187.1) found, 287.0, HI'LC (method 2): t, =
3.268 min (95%).

N-Cyclohexyl-4-{4-methy!-2-{methyithio)-1H-imidazol-5-
ylpyridin-2-amine (48e}. The tite compound was synthe-
sieed according to g | procedure E starting from 41 (100
mg, 042 mmol} and cyclohexylamine (72 h), The crude
residue was parified twice by flash column chromatography
(SK0,, DCM/ELOH 97-03 10 90;10) and (S10,, DCM/E1OH
93105 to 90:10}, affording 35 mg of pure product (27% yield);
‘H NMR (400 Mz, DMSO.d,): § 1L11-1.32 (m, $H), 1.3§
(brs, 1H), 1.52-1.63 (m, 1H), 1,64-1.76 (m, 2H), 1.80-1.96
(m, 2H), 2,35 (br &, 3H), 2.53 (3, 3H), 3.62~374 (m, I1H},
6.29 (d, J = 7.6 He, 1H), 6.53-6.93 (m, 2H), 7.88 (4, J = 5.3
Ha, LH), 1219 ppm (br 5, 1H); MS-EST m/z: [M + H]' caled
for C HyN.S, 303.2; found, 303.1; m/2: (M = H]~ caled for
CHuNGS, 301.2; found, 301.2) HPLC (method 2} #, =
4.347 min (100%).

4-[4-Methyl-2-{methylthio)- TH-imidazol-5-Wi-N-(tetrahy-
dro-2H-pyran-4-yl)pyridin-2-amine (48f). The utle com.
poand was syathesized acconding to general procedure E
starting from 41 {80 mg 033 mmol) and +aminotetrahy-
dropyran (120 h). The crude residue was punfied by fBash
column chromatography (SIQ, DCM/EtOH 9508 1o 91x 10),
alfording 30 mg of pure product (30% yield); 'H NMR (300
MHz, DMSO-d, ): & 1.33-1.48 (m, 2H), 1.87 (d, | = 10.6 Hz,
2H), 2.36 (br s, 3H), .83 (s, 3H), 3.40-3.45 (m, 2H), 3,76~
399 (m, 3H), 629686 (m, 3H), 790 (d, | = 45 Ha 1H),
1220 ppm (br 5, 1H); 'C NMR (101 MHz, DMSO-4,): 8
L3, 154, 329, 462, 66.0, 104.2, 104.9, 126.6, 1344, 1387,
142.6, 147.2, 1584 ppm; MS-EST m/z: [M + H]* caled foe
CHyuN,08, 305.1; found, 305.0; m/z: [M ~ H]™ cakd for
€, HuNLOS, 300.1; found, 303.1; HPLC (method 2): f =
L570 min (96%).

trans-4-{(4-(4-Methyl-2-{methylthio}-1H-Imidazol-5-yi)-
pyridin-2-yllaminojcyclohexon-1-ol (48g). The ik com-
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pound was synthedzed diog ti 1 dure E
starting from 41 (100 mg, 0.42 ‘mmol) and trsns-4-amino-
cyclobexanal (484 mg, 4.20 mmol) and adding 2 mL of o
butanol (120 h). The crude residue was puriied by Hash
column chromatography (S0, DCM/EIOH 92:08 to 80:20),
atfording 37 mg of pure product (27% yield); ‘H NMR (400
MHz, DMSO-d,): & 110-1.35 (m, 4H), 1.76—2.00 (m, 4H),
222242 (m, 3H), 252 (s, 3H), 541 (br s, 1H), 3.6) (be s,
TH), 447470 (m, 1H), 6.14-6,85 (m. 3H), 7.78=802 (m,
IH), 1206-1236 ppm (m, IH); ""C NMR (101 MHz,
DMSOd,): & 113, 158, 30.6, 34.1, 48,35, 68.5, 104,1, 108.7,
126.5, 1345, 1386, 142.5, 1473, 158.7 ppey; MS-ESTm/e: [M
+ H)* caled for C, H,,N,OS, 319.1; found, 319.1; m/z: [M -
H]" cakd foc CiHuNGOS, 317.0; found, 317.2; HILC
(method 2): t, = 1640 min (98%).
trans-N1-(4-(4-Methyl-2-(methylthio)-1H-imidazel-5-yl)-
pyrldm-)—y!kycb)mnrudamm {48h), Thc tithe com-
pound  was procedure E
starting from 41 (300 mg, 125 mmol) a\d trans-1,4-
diaminocyclohexane (28 g 25 mmol) and adding 2 ml. of
r-butavol (72 h). The crode ressdue was purified by Bash
column chromatograpby (810, DCM/EtOH 95:08 to 90:10),
atfording 172 mg of pure product (43% yield); 'H NMR (300
MHz, methanol-d,): & 1.23-142 (m, 4H), 1.85-2.13 (m,
4H), 241 (s, 3H), 2.35 (s, 3H), 258-2.75 (m, IH), 3.56~
167 (m, 1H), 6.67 (brs, 1H), 673 (dd, | = 5.6, 1.5 He, IH),
749 ppm (dd, J = $.6, 06 Hz, 1H); “'C NMR (7§ MHz,
DMSO ) & 126, 159, 320, 355, 493, 304, 104.4, 1090,
1292, 133.0, 1396, 142.0, 148.0, 159.2 ppmy; MS-ESIm/z: [M
+ H]* caled for C H, NS, 318.2; found, 31K0; m/z: [M -
H]™ caled for C,,H,,N,S, 3162; found, 316.1; HPLC (method
2): ty = 1234 min (100%),
N-{trans-4-{(4-(4-Methy!-2-(methykhio)- 1Himidazol-5-
yIprridm Z-yl)amho)cyddnexyf)acemlde (48). 'The ntle
ynthestred according to general procedare F
ﬂnmn; lrom 48h (180 myg 057 mmol) and acetic anhydride
(116 mg, 1.14 mmol). Purification by flash column
chromatography (S0, DCM/EXOH 90:10 ta $0:20) afforded
74 g of the desized product (36% yield}; 'H NMR {300
MHz, DMSO-d): 6 1.141,35 (m, 4H), 1.74= 1.87 (m, SH),
1.90-2.06 {m, 2H), 226-2.41 (m, 3H), 2.53 (s, 3H), 34—
3.57 (m, 1H), 3.63 (brs, 1H), 621-6.80 (m, 3H), 7.75 (d, ] «
78 He, 1H), 7.84=798 (m, 1H), 12,11=12.32 ppm (m, 1H});
YC NMR (101 MHz, DMSO-d,): 6 11,3, 154, 227, 31.2,
304,475 484, 104.2. 108.7, 126.6, 134.4, 138.7. 1425, 147.1,
1585, 168.1 ppm; MS-ESI m/= [M + H|' clcd for
C, M, N, OS, 360.2; found, 360.1; m/z: [M — H]™ caled foe
CiHNOS, 388.2; found, 358.1; HPLC (method 2): tg =
1.647 min (99%).
N-{trans-4-((4-(4-Methyl-2-(methyithio}- 1H-Imidazol-5-
yl)pyndm-)-yl)ammokyddnxyf)mnﬁdc l‘d). The title
npound was sy TR I procedure F
mmn; from 48h (120 mg, 038 mmol) and benzoyl chlaride
(80 mg, 0.57 mmol). Punfication by flash column chromatog-
raphy (S10, DCM/EtOH 90:10 to 5:20) afforded 22 mg of
the desired product (13% yield); “H NMR (300 MHz, DMSO-
dy): 6120157 (m, 4H), 178211 (m, 4H), 2.28-2.43 (m,
3H), 2,84 (3, 3H), 360350 (m, 2H), 6.26-6.88 (m, 3H),
7.36=7.58 (m, 3H), 7.75-8.01 (m, 3H), 827 (d, | = 79 Ha,
IH), 1204—1244 ppm (m, 1H); “C NMR (101 MHz,
DMSOJ‘): S L3, 184, 310, 306, 480, 48,6, 104.2, 1087,
1266, 127.2, 1281, 1309, 1344, 1348 1387, 1427, 1470,
1S8S, 165.5 ppm; MSESI m/z= [M + H]' alcd for

CyHiN,OS, 422.2; found, 422.0; m/z: [M — H]™ cakd for
CHyoNOS, 420.2; found, 4200 HPLC (method 2): fp =
4076 min (97%).

NA ”003-4—({4—(4-Mﬂhyf 2»{m¢mymrlo)« m-tmidazol-s -
yllpyridin-2-yl)amino)cyc A4
(48Kk). The tile pound wax hestred

i dure F fmm“h(lZDmg,lL\Smol)

and cydohwmo udwmyl chlonde (83 mg .87 mmol).
Purification by flash colamn chromatography (S0, DCM/
EtOH 9505 to $0:20) afforded 29 mg of the desired product
(15% yield); "H NMR (300 MHz, DMSO-d,): 8 105143
(m, 9H), 1.54—1.87 (m, 7H), 1.90-2.10 (m, 3H), 2.23-242
(m, 3H), 2.83 (s, 3H), 345-3.72 (m, 2H), 6.15~684 (m,
IH), 7.36 {d, [ = 76 Hz, 1H), 7.76-803 (m, 1H), 12.20 ppm
(br s, 1H); MS-ESI m/z: [M + H]" caled for C,,HN,OS,
428.2; found, 428.0; m/z: [M — H]™ cakd for Cy,H,N,OS,
426'2; found, 426.1; HPLC (method 2): 13 = $.391 min
(98%).

N-{trans-4-{(4-{8-Methyl-2-(methylthio)-T H-imidazol-5-
yopyridln 2yl}amkycbhetyf}ﬂmfamlde ua) Thr tithe

wpound was sy g to g F
starting from 48h (120 mg, 0.38 mmol) and pmloyl chloride
(69 mg, 0,57 mmal), Purification by flash column chromatog-
raphy ($i05, DCM/EXOH 90:10 to 80:20) afforded 29 mg of
the desired product (19% yiehd}; 'H NMR (400 MHz, DMSO-
d): & 108 (s, 9H), 1.15~1,40 (m, 4H), 1.64=1.77 {m, 2H),
1.92-2.05 (m, 2H), 225-2.41 (m, 3H), 2.53 (s, 3H), 346~
370 (m, 2H), 6.23-6.77 (m, 3H), 7.13 (d, ] = 8.1 Hz, IH),
7.89 (d | = 4.5 Hy, 1H), 12.04=12.35 ppm (m, 1H}; 'C
NMR {101 MHz, DMSO-d.): 4 113, 185, 27.4, 110, 1.6,
378,475,486, 1041, 1086, 1266, 1344, 138.7, 142.6, 147.1,
1585, 1765 ppmi MSESL m/z [M + H]' alcd for
Ca N O, 402.2; found, 402.0; m/z: [M — H]™ cakd for
C;.H;.N,OQ 4002; found, #0005 HPLC: 1y = 4114 min
(99%

N1-(4-(4-Methyl-2-{methylthio)-1H-imidazol-5-yllpyridin-
2-ylbenzens-1,4-diamine (48m) "' The title compound was
prepared as previously described’' and analytical data were in
agreement with the repocted ones.
N-{4-({4-(4- Methyl -2-{methylthio}-1H-imidazal-5-yi)-
pyndm-)-ynaminq)plmvyl}a«ramdc (48n). The title com-
wis 5) i | procedure F
starting from 48m (100 mg, 0.32 mmol) u\d acetic mhydﬂ&
(49 mg, 048 mmol). P flash
raphy (10, DCM/EXOH 97:0 to 90:10) afforded 37 mg of
the desired product (33% yield); 'H NMR (400 MHx, DMSO-
de): & 200 (s, 3H), 228244 (m, 3H), 2.54 (s, IH), 6,75~
7.04 (my, 1H), 7.10 (s, 1H), 743 (&, ] = 8.8 Hz, 2H), 738 (d, ]
= B8 Hz, 2H), $.00-813 (m, 1H), 8.80-898 {m, 1H), 978
(s, 1H), 12,19=1247 ppm (m, 1H); “C NMR (101 MHz,
DMSOd, ) 8 115, 1536, 238, 1059, 1101, 1184, 1199,
127.3, 1323, 134.2, 137.6, 1392, 1431, 1473, 1565, 1679
ppmy MS-EST m/z: (M + H]' caled for € HNLOS, 354.1;
found, 354.1; m/= [M — H] caled for CyuH N, OS, 362.1;
found, 352.2; HPLC (method 2): ty = 2035 min (98%),
N-(4-((4-{4-Methyl-2-(methylthio)-TH-imidazol-5-yl)-
pyridin-2-yllamino}phenyfibenzamide (480). The title com-
pound was synthesized according to general procedure F
starting from 48m (100 mg, 0.32 mmol) and benzoy chloride
(67 mg, 0.48 mmal). Purification by flash column chr
raphy (SI0, DOM/EGOH 98:02 to 90:10) afforded 27 mg of
the desired product (33% yield); 'H NMR (400 Mz, DMSO-
@) 8 241 (s, 3H), 2.56 (s, 3H), 697 (br s, 1H), 7.14 (be s,

DOk 150007 i g o LS00
ACS Omvags J04R, A, TR0%- M1




260

APPENDIX

ACS Omega

LH), 746773 (m, TH), 7.90-800 (m, 2H), 8.10 (d | « §.3
Hz, 1H), 901 (s, 1H), 1012 (s, IH), 1229 ppm (be s, 1H);
OC NMR (101 MHz, DMSO-d, )1 4 142, 159, 106.4, 111.5,
1186, 12016, 1280, 1288, 1292, 1314, 1317, 1325, 135.6,
1386, 1399, 1417, 147.7, 1369, 165.5 ppem; MS-ESTm/z: [M
+ H]" caled for CyHy NoOS, 416.1; found, 415.7; m/z: [M =
H]™ cakd for C,\HyN,OS, 4i4.1; found, 4137, HPLC
(method 2): ¢, = 4357 min (97%).
N-(4-{(4-(4-Methyl-2-[methylthio)- 1 H-imidazol-5-yi}-
pyﬂdh-)-yl)amho)phnyﬂqdohwnmmoxmvlde (“P)

atmasphere, teis{dibenzylidenaceton)dipalladium(0)
(N,(Jba),) (l:s e 002 mmol) and 9.9-dimethyl-4,5-
bis( dipheny {Xantphos) (221 mg, 0.04
mmoi) were dissoh d in dry 1,4-di (5 mL) and stired
for 10 min. After that compound 49 (50 mg 0.21 mmol),
Cs,CO, (1381 mg, 042 mmol), and +mompholmoaniline
(567 mg 0.32 mmol) were added and the reaction mixture
was heated to 100 "C and stired for 15 h. After cooling to rt,
the resction misture was diluted with DCM and the solid
cosidue was removed by fikration. The filtrate was then

The uthke pound was synthesized
procedure B starting from 48m (100 mg 032 mmol) and
cyclohexane carbonyl chloride (70 mg, 048 mmol).
Purification by flash colimn chromatography (SiO; DCM/
EtOH 97:03 to 90:10) afforded 40 my of the desired product
(30% yield); 'H NMR (300 MHz, DMSO-{): 6 1.11-1.50
(m, $H), 1.56—185 (m, SH), 2.22-2.36 (m, 1H), 240 (s,
3H), 2.55 (5, 3H), 6.94 (d ] « 5.0 Hz, tH), 709 (br 5 1H),
TA7T(d, ) =90 Hy, 2H), 758 {d, ) = 9.0 Hs, 2H), 806 (4, | =
54 Hz, TH), 8.91 (s, 1H), 962 (s, 1H), 1228 ppm (br 5, 1H);
UC NMR (101 MHz, DMSO-4,): 8 115, 154, 252, 254,
292, 447, 1057, 1109, 1183, 1197, 1270, 1325, 1342,
1373, 1394, 1428, 147.2, 1564, 173.6 ppon; MS-ESIm/2: [M
+ H]' caled for CyyH, NLOS, 422.2; found, 422.0; m/z: [M -
H]" caled for CpHN,OS, 4202 found, 420.1; HPLC
(method 2): ¢, = 4646 min (%),
N-{4-{(4-{d-Methyl-2-{methylthio}- 1 H-imidazol-5-yl}-
pyridin-2-yllaminolphenylpivalomide (48q). The title com-
pound was synthesized according to general procedure F
starting from 48m {120 mg, 0.39 mmol) and pivaloy chloride
(70 mg, 0,58 mnsol). Purification by flash column chromatog-

raphy (810, DCM/ELOH 97:03 to 9%0:10) afforded 74 mg of

the desired product (458% yield); "H NMR (400 MHz, DMSO-
dy): 6 1.22 (5, 9H), 241 (s, 3H), 2.85 (s, 3H), 6.96 (d, ] « 5.6
Hz, 1H), 7,11 (s, 1H), 7.50 (4, ] = 8.8 Hz, 2H), 7.58 (4, ] =
88 Hz, 2H), 807 (&, / = 33 Hz 1H), 900 (s, 1H), 9.07 (s,
1H), 12.35 ppm (brs, 1H); 'C NMR (101 MHz, DMSO-d,):
8 119, 154, 27.3, 389, 1057, 1109, 1182, 121.1, 1288,
1325, 137.3, 1395, 1426, 1467, 1562, 175.9 ppm; MS-ESI
m/z: [M + HI' caled for C,H, NLOS, 396.2; found, 3957,
m/z: [M = H]™ caled for C; H:N,OS, 394.2; found, 393.7;
HPLC (metbod 2): 1, = 3.999 min (100%),
2-Chloro-4-(1,5-dimethyl-2-{methylthio)-TH-imidazol-4-
ylpyridine (49). Under an asgon atmosphere, compound 34
(250 mg 111 mmol) and +-BuONa (213 mg 222 mmol)
were dissobved in dry MeOH (10 mL), and after cocling the

d at reduced pr and the residue was purified
by flash column chromatography (DCM/EtOH 100:0 to
50:10) giving 61 mg of the deswed product (73% yield); 'H
NMR (400 MHz DMSO-d,): 4 2.36-2.44 (m, 3H), 2.54 (m,
IH), 293-3.05 (m, 4H), 345-3.55 (m, 3H), 3.67-376 (m,
4H), 6.79-696 (m, 3H), 707 (s, 1H), 7.84 (d, | = 7.3 Hz,
IH), 8.00-809 (m, 1H), 8.76 ppm (brs, 1H); "'C NMR (101
MHz, DMSO-d,): 6 105, 158, 30.5, 495, 662, 1060, 111.0,
115.9, 1195, 1284, 1344, 1346, 1409, 1429, 1454, 1472,
136.7 ppm; MS=FAB m/z1 [M) cakd for C3 HiN,OS, 395.2;
found, 395.3; HPLC (method 1): ¢, = 3.156 min (98.7%).

5-{2-Chiorapyridin-d-y))-1.4-dimethyl-1,3-dibydro-2H-imi-
dazole-2-thione (51). In a pressure vial, compound 31 (200
mg, 0.77 mmal) (for the synthesis of compound 31 see
Supporting Information) and methyl iothiocyanate (284 mg,
3,88 mimol) were suspended in tiethylamine (2 mL), and after
closing the vial tightly, the reaction mixture was stirred at 60
“C for 16 h The excess of tricthylamine was evaporated at
reduced p and the residue was ded In glacial
AcOH and stirred at 80 °C for 1,5 h. The reaction mixture was
concentrated at reduced pressure and after that NaHCO,
saturated solution (20 mL) was added and the aqueous
phase was extracted four times with EtOAc. The combined
organic layers were washod with H 0 and NaCl saturated
wolution, dried over anhydrous Na SOy, and concentrated at
reduced pressure. Finally, the resdue was purified by Bash
cobamn chromatography (S0, DCM/EIOH 100:0 10 95:05),
affording 110 mg of the desired product (60% yield}; 'H NMR
(300 MHz, DMSO-d,): & 211 (5, 3H), 345 (s, 3H), 747 (dd,
J= 8.2, L4 He, LH), 7.65-7.63 (m, IH), 847 (d, ] = 8.1 Hz,
1H), 12,51 ppm (br s, 1H); 'C NMR (75 MHz DMSO-d, ): 6
9.6, 324, 1227, 1229, 1233, 1244, 159.5 1502, 1509, 161.8
ppe; MS-ESEm/z [M = H] caled for CgH,CINSS, 238.0;
found, 238.0; HPLC (method 2): ¢, = 2.353 min,

5-(2-Chloropyridin-4-yl}-1-ethyl-4-methyl-1,3-dihydro-
2H-imidazole-2-thi (52}, The title compound was

reaction mixture to 0 “C, methy! lodide (m&;d.,_)ummol)
was added and the reaction mixture was lot to heat to nt, The
reaction mixture was then heated to 80 “C and stirred for 3 b
Alter cooling to 1, the solvent was evaporated at reduced
pressure and HO was added, The aqueous phase was then
extracted two times with EtOAc and the combined organic
layers were dried over anhydrous Na, SO, and concentrated at
reduced pressure. The residue was finally purified by flash
column chromatography (SKOy, DCM/EOH 100:0 to 90:10)
giving 110 mg of the desired compound (39% yield); 'H NMR
(400 MHz, DMSO-d,): & 244 (5, 3H), 2.54-2.62 (m, 3H),
334 (s, 3H), 747-7.77 (m, 2H), 8.34 ppm (d, J = 4.5 Ha,
1H); 7C NMR (101 MHz, DMSO.d,): § 105, 15.4, 306,
1D, 1194, 1305, 1324, 1423, 1456, 1498 1508 ppm;
HILC (method 1): £, = 4.812 min.
4-(1,5-Dimethyl-2-{methyithio)- 1H-imidazol-4-yl}-N-(4-
morpholinophenylpyridin-2-amine (50). Under an argon

prepared following the same procedure of compound 51
starting from 31 (200 mg, 0.77 mmol) (for the synthesis of
compound 31 see Supporting Information) and ethyl
isothiocyanate (3355 mg, 385 mmol), Purification by flash
column chromatography (Si0,, DCM/EtOH 99:01 to 95:05)
afforded 128 mg of the desired compound (63% yield); 'H
NMR (300 MHz, CDC1,): & 115 (¢, | = 69 Hz, 3H), 2.14 (s,
3H), 404 (q, ) = 67 Hz, 2H), 7.1 (& ] = 4.8 Hz, 1H),7.21 (s,
1H), 846 (4 ] = 48 Hy, 1H), 1232 ppm (br 5, 1H); "C
NMR (101 MHz, CDCL): 6 9.6, 141, 403, 1225, 1232,
1242, 1248 139.5, 150.4, 1524, 160.1 ppm; MS-ESEm/z: [M
- H]" caled for C,HLCIN,S, 252.0; found, 2520 HPLC
(method 2)1 1y = 3.168 min.
5-{2-Chioropyridin-4-yl)-1-cyclopropyl-4-methyi-1,3-dhy-
dro-2H-imidorole-2-thione {53). The tide compound was
prepared fi the same procedure of compound 31
starting from 31 (500 myg, 1.94 mmol) (for the synthests of
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compound 31 see Supporting Informanion) and cyclopropyl
isothiocyanate (9624 mg, 2.70 mmol), Purification by flash
column chromatography (510, DCM/EtOH 100:0 to 95:05)
afforded 338 mg of the desined co (60% yield), ‘H
NMR {300 MHz, DMSO-d.): & 033~0.53 (m, 2H), 0.79~
096 (m, 2H), 2.09 (s, 3H), 3.17-3.29 (m, 1H), 749 (dd, | =
5.2, L4 Hx, IH), 7.55-7.64 (m, 1H), 8.45 (d, ] = 3.2 Hz, 1H),
12,42 ppen {br 5, 1H); PC NMR (101 MHz, DMSO-d,): 8 65,
946,270, 1225, 1229, 1233, 1244, 1394, 1496, 1504, 1639
ppm; MS-ESE m/z: [M = H] ™ calad for CoH2CIN,S, 264.0;
found, 264.0; HPLC (method 2)i ¢, = 3057 min,

2-Chloro-4-(1,4-dimethyi-2-{methyithio)-1H-imidazol-5-
ylipyridine (54). 1n a pressure vial, compound $1 (285 mg,
119 mmol) and ¢BaONa (1143 mg 119 mmol) were
dissolved m dry McOH (15 mL), and after cooling the

ixture to 0 "C, methyl indide (217 gL, 3.48 mmol)

was added. The vial was tightly closed and the micure was
stirred at 50 °C for 30 min. After evaporating the solvent at
reduced pressure, H.0 was added and the agueous phase was
extracted four times with EtOAc. The combined organic byers
were washed with H,0 and NaCl saturated solution, dried
over anhydroas Na,SO,, and conce d at reduced
ghving 290 mg of the product which was uudlnlbefollmmlg
step witbout further purification (96% yield); 'H NMR {300
MHz, CDCI,): 8 228 (s, 3H), 2,66 (s, 3H), 3.52 (5, 3H), 7.12
(dd, J = 52, 1.5 Hy, 1H), 7.22=7.24 (m, 1H), 8.44 ppen (d, | =
5.1 Hx, 1H); 'C NMR (101 MHz, CDCL): 6 13.7, 138, 323,
1220, 1235, 1268, 1385, 1411 14585, 1499, 152.0 ppm;
MS-ESE m/z: [M « HI" caled for C, H,ON,S, 254.0; found,
244.0; HPLC (method 2): t = 1.720 min,

2-Chloro-411- ﬂhyH-methW)-{muhyftlqu TH- imida
zol-5-ylipyridine (55). The tide pound was sy

pyibiphenyl (XPhos) (3718 mg, 008 mmol), and Cs,CO,
(770.2 mg, 236 mmol) were Jed in dry 1,4-d
and after closing the vial tightly, dxnuthwnnm«lnlm
“C foc 36 h. The solv was ted at red
and after that NH,Cl saturated  sofution was added to the
residue and the aqueous phase was extracted frve times with
EtOAc. The combined ic layers were washed twice with
H,;0 and NaCl saturated solution, dried owver anhydrous
Na SO, and concentrated at reduced pressure. Finally, the
residue was purified twice by flash column chromatography
(50, DCM/ELOH 95:05 1o 90:10) and (SO, DCM/EOH
97:03) giving 30 mg of the desired product (20% yield}; 'H
NMR (300 MHz, CDCI,): 62.23 (s, 3H), 262 (s, 3H), 307~
323 (m, 4H), 346 (s, 3H), 383~3.94 (i, 4H), 6.52~6.62
(m, 2H), 6.72 (brs, 1H), 692 (d, | =83 Hx, 2H), 724 (d, | =
8.4 Hz, 2H), 819 ppm {d, ] = 5.1 Hz, 1H); “C NMR (101
MHz, CDClL): & 137, 159, 322, 494, 66,8, 1072, 1141,
16,7, 124.2, 1284, 1316, 1375, 1404, 1443, 1467, 1485,
157.1 ppm; MS-ESL m/= [M + H]* calcd for C,H.N,OS,
396.2; found, 396.5; m/= (M = H]™ cakd for CyyHaNOS,
394.2; found, 394.3; HPLC (method 2): t; = 2.116 min
(99.3%).

4-(1-Ethyl-4-methyl-2-(methyithio)- IH-imidazol-5yi}-N-
M-mphd ridin-2-amine (58}, Under an argon

boknoaniling (988 mg 0.85 mmol),

Pd,(dln)l (MN m;. 002 mmol), XPhes (1764 mg, 004
mmol), and Cs,CO, (365 mg 1.12 mmol) were phced and
after that nd $§ (100 mg 037 mmal) previously
dissolved in 5 ml of dry 1 4-dioxane was added and the
reaction mixture was stimed at 100 “C for I8 h. The solvent
wins cquonud at wduced pressune and after that NH,CI

following the same procedure of d $4 starting from
52 (125 mg, 0,49 mmol), +BuONa (47 mg, 0,49 mmol), and
methyl jodide (90 pl, 144 mmol) giving 120 myg of the
product, which was used in the following step without further
purification (95% yield); "H NMR (300 MH;, CDCL): 4 1.13
(t, ] = 7.2 Hy, 3H), 2.15 (s, 3H), 257 (5, 3H), 385 (q, /= 7.2
Hz, 2H), 7.06 {dd, J = 5.1, 1.5 Hy, 1H), 7.13-7.18 (m, 1H),
835 ppm (dd, | = 5.1, 0.5 Hz, 1H); “C NMR (75 MHz,
CDCL): & 133, 158, 156, 397, 1220, 123.5, 1256, 1383,
L4L3, 1444, 149.7, 1518 ppm; MS-ESEm/z [M + H]* caled
for C;H, LIN,S, 2680; found, 268.0; HPLC (method 2); fy =
2250 min,

2-Chloro-4-1-cyclopropyl-4-methyl-2-imethylthio)-TH-
imidazol-5-ylpyridine (56). The tth compound was synthe-
steed following the same procedure of compound 34 starting
from 33 (210 mg 074 mmol), +BaONa (714 mg 0.74
mmol), and methy iodide (138 pl, 2.16 mmal) giving 200 mg
of the product, which was used in the followlng step without
farther purification (95% yield); 'H NMR (300 MHz, CDC1,):
8 059-071 {(m, 2H), 093~ 1,03 (m, 2H), 2.27 (s, 3H), 267
(s, 3H), 3.03-3.14 (m, IH), 7.19 (dd, | = 52, 1.5 Hz, 1H),
7.27-7.31 (m, 1H), 839 ppm (&, | = &1 Hy, 1H); UC NMR
(75 MHy, CDClL): 6 9.6, 139, 146, 261, 121.7, 1231, 1269,
138.1, 141.3, 1483, 1493, 1515 ppm; MS-ESI m/z: [M + H]*
calcd for €M, ON,S, 250.1; found, 280.0, HPLC (method
2): tg = 2,763 min.

4-(1,4-Dimethyl-2-{methyithio)- 1H-Imidazol-5-yl}-N-(4-
morphalinophenylpyridin-2-amine (57). In an a-gon-ﬁubed

tube, pound $4 (100 mg, 039 mmol), 4

moryhnlmamlne {1053 mg, 0.3¢ mmol), Pd,(dba), (36.1
mg, 0.08 mmol), 2-dicyclohexylphosphino-2".4°6" trikopro-

1wy

alution was added to the residue and the aqueous
phase was extracted three tames with EtOAc. The combined
organic layers were washod with H QO and NaCl saturated
wolution, dried over anhydrous Na SO, and concentrated at
reduced pressure. Finally, the resdue was purfied by Bash
column chromatography (S10;, DCM/ELOH 1000 to 25:05)
giving 30 mg of the desired pwdua (20% yield); 'H NMR
(300 MHz, CDCL,): 8 116 {t, J = 7.4 Hz, 3H), 2.20 (s, 3H),
2.63 (5, 3H), 3.08-322 (m, 4EL), 3.73-3.99 (m, 6H), 6.49—
6,64 {m, 2H), 6.81~703 (m, 3H), 724 (d, / = 87 Ha, 2H),
8.19 ppm (d, J = $.0 Hz, tH); "C NMR (101 MHz, CDCI,):
135, 158, 161, 39.8, 498 669, 107.2, 114.6, 1168, 1240,
127.9, 1323, 137.2, 140.3, 143.0, 148.3, 148.4, 1577 ppmy
MS-ESI m/z: [M + H]* caled for C.8,-N,08, 410.2; found,
41005 )z (M = H] caled for CuHN,08, 408.2; found,
408.1; HPLC (method 2); 4, = 2427 min (98.0%).
4-(1-Cyclopropyl-4-methyl-2-{methyithio)-1H-imidazol-5-
yl-N-(4-morpholinophenylipyridin-2-amine (59). The title
compound was synthesized following the same procedure used
for the prepamation of compound §8 ing from 36 (150 mg,
0.53 mmol), +morpholincaniline (141.7 mg 079 mmol),
Pdy(dba}y (247 mg 0.03 mmol), XPhos (232 mg, 0.05
mmol}, and Cs,CO, (324 mg 1.61 mmal), Purfication by
fash column chromatography (SiO, DCM/EIOH 10¢:0 to
95:05) afforded 86 mg of the desired product {40% yield); 'H
NMR (300 MHz, CDCL,): 6 0.63—0.72 (m, 2H), 0.87-0.97
(m, 2H), 222 {5 3H), 2,65 ( 3H), 291-302 (m, H),
3.09<3.19 (m, 4H), 3.80-3.93 (m, 4H), 663 (br s, 1H), 6.66
(d, ] = 5.1 Ha, IH), 681 (brs, 1H), 691 {d, ] = 8.9 Hz, 2H),
7.24 (4, ] » 89 Hz, 2H), 8.16 ppm (d, | « 5,1 Ha, tH); ''C
NMR (101 MHz CDCL,): 8 94, 138, 14.7, 26.1, 49.7, 66.8,
107.0, 114.3, 1167, 1240, 1286, 132.0, 137.0, 1407, 1464,
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147.1, 1483, 1569 ppmi MSES! m/z: [M + H]' caled for
CyaHpNOS, 422.2; foons, 422.0; m/z: [M =~ H] caled for
CoH,NLOS, 4202 found, 420.1; HPLC (method 2): #, =
2989 min (930%).

2 Bmm‘-ﬂ-{l-ﬂuowphm!)v 1H-imidazol-5-ypyridine
(64). 2-B icotinaldebyde (60, 300 mg, 1.61 mmol), 4-
fluoroaniline (179 my, 161 xmnol) and AcOH ( 160 uL.), were
dissolved In EtOH and the reaction mivture win stirred at
reflux temperature for 2 b After cooling to 11, the solvent was
evaporated at reduced pressure and the residue was
ressspended in a mixture 2:1 of MeOH and 1,2.dimethaxy
ethave (8 mL) and transferred into a theee-neck round-bottom
thask under an argon atmosphere. TOSMIC (47135 mg 241
mmol) and K:CO; (445 mg, 322 mmol) were added and the
mixture was stirred at reflux temperature for 3 h. The muxture
was cooled at rt and the solvent was evaponated at reduced

The resedue was saspended in DCM and the organic
Iayrr was washed lhn.-c times with H,0 and one time with
NaCl d The phase was dried over
anhydrous Na SO, and napomed at reduced pressure.
Finally, the residue was purified by fash column chiromatog-
raphy ($i0y, DCM to DCM/EXOH 93:05) peddng 360 mg of
the desired compound (70% yield); 'H NMR (400 MHz,
DMSO-d,): & 7.03 (d, | = 43 Hy, 1H), 730730 (m, SH),
749 (brs, IH), 8.08 (bry, 1H), 8.24 ppm (d, J = 43 Ha, 1H),
“C NMR (101 MHz, DMSOSI): 6 1166 (d, | = 227 Hz),
120.5, 124.6, 1283 (d, ] = 8.8 Haz), 1284, 1319, 1321 (d, ] =
29 Hr), 139.5, 1417, 142.0, 180.3, 1618 ppm (d, | = 2466
Hi); MS-ESI m/2: [M « H]' caled for C, HBrEN, 318.0;
found, 317.8; HPLC (method 1); tg = 5.51 min.

2-Chioro-4-( v-methy!-lH-lmAdazol-S»yl}pyldene (65).
Tetraks l..AL JL \ Hadi (3°~ mg, 0,317
mmol) was dissolved In dlmnhyl'ommud ({DMF) (50
mL) and after that 5-bromo- 1-methyl-1H-imidazole (62) (2.04
127 mmaol), (2-<chloropyridin.4 y1)borenic acid (63} (1.0 g,
635 mmol), Cs,CO; (4,13 g 127 mmal), and H,0 (228 g,
12.7 mmol) wese added and the reaction mixture was stirred at
60 °C for 24 h. The mixture was poured in H.O and the
aqueons phase was extracted five times with FtOAc. The
combined organic layers were wished with NaCl saturated
salution, dried over anhydrous Na SO, and concentrated at
reduced pressure. The residue obtained was pusified by Hash
column chromatography (S0, DCM/EIOH 95:05 10 90:10),
affording 160 mg of the desired product (13% yield); '"H NMR
(250 Mix, CDCI,): & 3.79 (5, 3H), 7.27 (dd, | = 5.2, 1.6 Hz,
2H), 734 (br s, 1H}, 7.38 (dd, J = 1.6, 0.6 Hy, 1H), 7.60 (br s,
tH), 843 ppm (dd, ] = 5.2, 0.6 Hz, 14); MS-ESLm/z: [M +
H]" caled for CoH BN, 194.0; found, 194.0; HPLC (method
2): ty = L162 min.

4-(1-(4-Fluorophenyl)-1H-Imidazol-5-y!)-N-{4-
morpholinophenylpyridin-2-antine (66). Under an argon
atmosphere, compound 64 (200 mg 0.62 mmol), 4
morpholinoaniline (134.5 mg, 0.75 mmol), +BuONa (838
mg, 087 mmaol), Pd;(dba); (20 mg 0.02 mmal), and 2,2
bis{ dfenilfosfing )-1,1 -binaftide { BINAF) (30 mg, 0,02 mnvol)
were dissolved in dry toliene (15 mL) and the reaction
mmmmthmthmdhr!hasn "C. After removing the

ar d the residue was dod  H,O
and the agueous phane was extracted with EtOAc The
combined {ayers were then dried over anhydrous
NI.SO and concentrated at reduced pressure, Finally, the
was pusfied by flash column chromatography (DCM/
McOH 100:0 10 95: os). affording 62 mgollhv product (4%

vield); '"H NMR (400 MHz, DMSO-d,): 4 3,01 (s, 4H), 3.73
(5, 4H), 641044 (m, 2H), 680-6.82 (m, 2H), 7.22-7.24
(m, 2H), 7.37=7.42 (m, SH), 7.99 (5, 2H), 8.70 ppm (s, 1H);
UC NMR (101 MHz, DMSO,): 4 49.3, 662, 106.3, 1118,
1158, 1166 (d, ) = 22.0 Hy), 1274 (d, | = 9.0 Ha), 1299,
132.5, 1335, 137.3, 140.8, 146.0, 1479, 156.6, 161.6 ppm (d, |
= 244.0 Hz)| FAB—MS m/z: [M] caled for C.H..FN,O,
415.2; found, 4153; HPLC (method 1): f;, = S.08 min
(100%).

4-(1-Methyl-1H-imidazol-5- yl)w-(dmpholfnophenyl)-
pyridin-2-amine {67). The title pound was sy
according to general procedure A starting from 65 (140 mg,
0.72 mmol} and 4-morpholinoaniline (192.5 mg, 1.08 mmol ).
Purification by flash column chromatography (8i0;, DCM/
ELOH 100:0 to 90:10) afforded 50 mg of the desired
compound (35% yield); '"H NMR (250 MHz, DMSO-d,): &
2.97-307 (m, 4H), 5.60-3.79 (m, TH), 6,78-685 (m, 2H),
6,89 {m, J = 9.0 Hz,2H), 722 (d, ] = 12 Hy, 1H), 7.52(m, ) =
9.0 Hz, 2H), 776 (br s, 1H), 811 (d, [ = 5.1 Hz, 1H), 885
ppm (br 5, 1H); “C NMR (101 MHz, DMSO-4,): & 329,
494, 662, 1069, 1117, 1159, 1199, 1289, 1307, 1340,
137.8, 1410, 458, 147.8, 156 8 ppm; MS-ESTm/z: [M « H]'
caled for CHy,N,0, 330.2; found, 336.% m/z [M — H]
caled for CygHy NGO, 334.2; found, 334.3; HPLC (mwthod 1);
fy = 2.048 min (100%),

2-Chioro-4-{1H-imidazol-2-y)pyridine (69). To a solution
of 2-chlorosonicotinonitrile (68) (20 g 1444 mmol) in
MeOH (8 mL), a 30% solution of NaOMe in MeOH (260 ulL,
1,44 mmol) was added and the reaction mixture was stirred at
40 “C for | h After that both 2,2-dimethoxyethan-1-amine
(136 ml, 14.44 mmol) and AcOH (136 ml, 27.27 mmol)
were added dropwise and the mixture was stirred at reflux
temperature for 30 min, After cooling to rt, the mixture was
diluted with MeOH (8§ mL) and then 6§ N HO solution (7.2
ml, 432 mmol) was added and the mixture was stired at
reffux temperature for 18 b The solvent was evaporated at
reduced pressure and aftec that a 10% solution of K,CO, was
added to the residue until reaching pH = 10. The precipitate
obtined was filtered off and washed with H,0, affarding 2.01
g of the product which was used for the following step without
further purification (77% yield); 'H NMR (400 MHz, DMSO.
d;): 8 7.30 (br 5, 2H), 7.78-7.91 (m, 1H), 7.95 (br 5, 1H),
836~8.49 (m, 1H), 1303 ppm (be s, 1H); “C NMR (101
MHz, DMSO-d,): 4 1181, 118.6, 124.8, 1407, 141.9, 1505,
151,1 ppmy MS-ESI m/z: [M + H]' caled for C,H,CQN,,
180.0; found, 179.8; m/z: [M = H]™ cakd for C,H,CIN,,
178.0; found, 177.8; HPLC (method 1): £, = 2.346 min.

2-Chioro-4-(1-methyl- 1H-imidazol-2-yllpyridine (70),
Under an argon atmosphere, compound 69 (172 g, 961
mmol) was dissolved in dry DMF (20 mL) and after cooling
the reaction mixture to 0 °C, NaH (231 mg; 9,61 mmol)} was
added and the mixture was stirred at 0 “C for IS min, After
that methyl iodide (1.6F ml, 25.6 mmol) was added dropwise
and the reaction maxture was ket to heat to rt and stirred for 90
min, The mixture was poured in HyO and the agueous phaswe
wan extracted three times with DCM. The combined organic
layers were dried over anhydrous Na, SO, and the solvent was
evaparated at reduced pressure. Finally, the residue was treated
with a misture of n-hexane/ EtOAc 40: 1 and the solid obtained
was filtered off and dried in vacuo, affording 793 mg of the
product which was used for the following step without farther
purification (43% yield); 'H NMR (400 MHz, DMSO.d,): &
3.82-3.93 (m, 3H), 709 (be s, 1H), 740 (br s, H), 7.71=
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7.78 {m, tH), 780 (br 5, 1H), 8.40-8.53 ppen (m, 1H); 'C
NMR (101 MHy, DMSO-d.}: 4 348, 1210, 1216, 1258,
128.7, 140.9, 1423, 1501, 150.8 ppm; MS-ESTm/z: (M + H]*
caed for CH,CIN, 1940; found, 193.8; HPLC {methad 1):
te = 1,161 min,
4-(1-Methyi-1H-imidozoi-2-yl}-N-{4- nwlphdlmphmyl)
pyridin-2-amine (71). The title compound was
according %o general procedure A starting from 70 (150 mg,
077 mmol) and $+morpholincaniine (205 mg 1.15 mmol).
Purification by flah column chromatography (8i0, DCM/
EtOH 95:05) afforded 100 myg of the desired compound (39%
yeid); 'H NMR (400 MHz, DMSO-d): 6 293-3.09 (m,
4H), 3.66-377 (m, 4H), 381 (5, 3H), 6.90 (d, | = 83 Hz,
2H), 695=7.04 (m, 2H), 7.09 {5, 1H), 7.31 (s, 1H), 7.52 (d, |
= 8.1 Hz, 2H), 815 (d, ] = 4.8 Hz, 1H), 8.89 ppm (be s, 1H);
¢ NMR (101 MHz, DMSO.4,): § 346, 49.4, 6.1, 107.8,
ILS, VIS, 1200, 1245, 1279, 1339, 1385, 1445, 1458,
1476, 1567 pproy FAB=MS m/z: [M] caled for € Hy NJO,
3352 found, 333.3; HPLC (method 1): 1, = 2359 min
(100%),
2-Bromo-1-{4- ﬁuomphenyl) <2-(2-Auoropyridin-4-yl)-
ethan-1-one (73)."" Compound 72'" (1.0 g, 4.29 mmol) was
dissolved in 30% HBr in AcOH (6 mL). After cooling the
reaction mixture to 0 °C, Bry (220 ul, 429 mmol) was added
dropwise and the reaction mixture was heated for 6 b at 40 °C.
After evaparating the sofvent at reduced ure, H;0 was
added and the pH was adjusted to § using NH,OH solution.
The water layer was then extracted three times by DCM and
the combined organk Lyerss were dried over anhydrous
NaSO, and concentrated at reduced peessure. Finally, the
residue was pusified by flash column chromatography (SiOy, o
hexane /EtOAC 7:3), affording 1.0 g of the desired compound
(75% yk-ld) Amlﬂkal data were in agreement with the
reported ony
-{liluaophenyl}-S{)-Mmpyrtdh«l—y!}-N—mednylM
20i-2-amine (74). Compound 73 (513 mg 164 mmal) and
N-methylthiourea (148 mg, 1.64 mmol) were dissolved in
EtOH and the reaction mixture was stirred at reflux
temperature for | b, After coollng to 1, the walvent was
d at reduced andd then HyO was added. The
wlnbonwn:lhhdkopﬂ 8§ and then extracted three times
Mmmcnmwhpnwu&ndom
hydrous NaySO,, conc duced , and the
wiikoe wis purified by flash (olumn dlmmatognphy (80,
DCM/EtOH 95:05), obtaining 495 mg of the desired
compound (99% yield): 'H NMR (250 MHz, DMSO-d,): &
289 (d, ] = 46 Mz, 34), 6.77 (br s, 1H), 693-7.02 (m, 1§},
7.104=7.29 (m, 2H), 740-7,52 (m, 2H), 804 (d, | = 54 Hy,
1H), 810 ppm (g [ = 48 Hz, 1H); “C NMR (101 MHz,
DMSO-,): 4 0.8 1068 (d, J = 39.5 Hz), 1142 (d, J = 37
Ha), 1154 (4 ] = 21.2 Ha), 1204 (d,] = 3,7 Hz), 130.9 (d, | =
81 He), 1314 (d, ) = 37 Hz), 1459 (d, ) = 88 Hz), 1476 (d,
J = 160 Hz), 1492, 1620 (d, | = 245.9 Hz), 1634 (d, | =
2342 Hz), 1683 ppm; MS-ESI m/z: [M ¢ H]I" cled for
CioH ) FNGS, 304.3; found, 304.1; m/z (M = H] caked for
C,H, F:N,S, 3023 found, 302.1; HPLC (method 2): f, =
7123 min.
4-(4-Fluorophenyl)-N-methyl-5-(2-((4-
mMNmMmMnWMn*yﬂWml -2-amine (75).
P ized according to general
pmadﬂn A starting fmm 74 (200 mg, 0.66 mmol) and 4
morpholinoaniline (1764 mg 0.99 mmol). Purification by
flash column chromatography (SI0,, DCM/EIOH 97:03 to

50:10) afforded 143 mg of the desired compound (47% yieid);
H NMR (250 MHz, DMSO-d.): 8 287 (d, ) = 49 He, 3H),
2.94-3.07 (m, 4H), 3.64-3.82 (m, 4H), 637 (dd, ) = 5.4, 1.7
Haz, 1H), 6.54 (d, ] = 1.0 H, 1H), 682 (m, | = 9.0 Hz, 2H),
7.12-7.28 (m, 2H), 7.27-7.38 (m, 2H), 742758 (m, 2H),
7.85 (g ) = 46 Hz, 1H), 793 (d, ] = 54 Hz, 1H), 8.69 ppen (s,
1H); 'C NMR (101 MHz, DMSO-d,): & 30.7, 49.3, 661,
107.6, 112.7, 1182 {d, | = 21.2 Ha), 1188, 1163, 1200, 1308
(d, J = 8.1 Ha), 1318 (d, } = 29 Hz), 1337, 1410, 1458,
1467, 147.8, 1567, 161.7 (d, J = 2444 Hz), 167.3 ppm; MS-
ESE m/z: [M + H]" caled for C, H, FNLOS, 4612; found,
462.1; m/z: [M = H]™ caled for CyH, FNLOS, 460.2; found,
460,1; HPLC (method 2): 8 = 8518 min (982%).
2-Bromo-1-{2-chloropyridin-4-yiipropan-1-one (76}, 1-(2-
Chloropyridin-4-4 Jpropan-1-one (22) (30 g, 17.68 mmol)
was dissolved in a 3% solution of HBr in AcOH {20 mL), and
aftee coollag the mixtare o 0 “C, bromine (900 ul, 1768
mmol) was added and the reaction mixture was stirred at 45
“C for 2 h and then heated to 75 “C and stimed for additional
2 b After evaporating the sobvent at reduced pressure, H,Q
was added and the pH was adjusted to 9 using NH,OH
solution. The agueous phase was extracted three times with
DCM and the combined layers were washed with H,0,
dried over anhiydrous Na,S0,, and concentrated at reduced
ptuure. Flmlly, the residue was purified by flash column
y (nhexane /EtOAC 30:10 to 80:20), affor
13 g of the desired product (52% yield); 'H NMR { 300 MHz,
CDCL): 8 185 (d, [ = 6.6 He, 3H), 5.07 (4, | = 66 Hy, 1H),
7,64 (dd, | = 5.1, 1.5 Hy, 1H), 276 (dd, ) = 1.4, 07 Hy, 1H),
#.53 ppm (dd, | = 5.1, 07 Hz, 1H); ©C NMR (75 MHz,
CDCl): 4 19.5, 41.2, 1204, 123.0, 143.2, 1509, 1529, 191.2
ppm; MS-ESE m/= [M + H]" cakd for C,H-BCINO, 247.9;
found, 248.0; m/z: (M 4+ MeOHJ" caled for C:H-BACINO,
279.9; found, 280.0; HPLC {method 2); 4, = 3.761 min,
4-(2-Chioropyridin-4-yl)-N,5-dimethylthiazol-2-amine
(77). Compound 76 (10 g, 40 mmol) and N-methylthoures
(3627 mg, 4.0 mmol) were dissolved in EtOH (20 mL) and
the reaction mixture was stirred at reflux temperature for 1 I
Thve solvent was evaporated at wduced pressure and after that
the residue was suspended in HyO and the pH was adjusted to
8 using NH,OH slution. The resuking suspension was
extracted three times with DCM and the combined organic
layers weee washed with H,O and NaCl saturated solution,
dried over anhydrous Na,SO,, and concentrated at reduced
pressure. Finally, the residue was purified by Hash column
chromatography (810, DCM/EtOH 95:05) giving 310 mg of
the destred product ($3% yield); "H NMR (250 MHz, DMSO-
)-8 243 (v, 3H), 283 (d, | = 49 Hz, 3H), 747 (q, [ = 49
Haz, 1H), 7.61 (&4, ] = 5.1, L5 Hy, m}. 7.64=766 (m, 1H),
840 ppm (dd, | = 5.1, 07 Hz, 1H); "C NMR (101 MHz,
DMSO-,); & 122, 30,5, 1204, 1212, 1218, 1410, 14587,
149.8, 1506, 1655 ppen; MS-ESL m/z: (M + H)' aled, for
CyoH LCINGS, 240.0; found, 239.9; HPLC (method 2): 1y =
9.091 min,
N.5-Dimethyl-4-{2-({3-morphalinophenyljamino)pyridin-
4ylithiazol-2-amine (78 The tale compound was synthe
sized accordmg to general procedure A starting from 77 (150
mg (62 mmol) and 4-morphalincanibne (1658 mg 093
mmol). Purification by flash column chromatography (S0,
DCM/EXOH 93:05) afforded 42 mg of the desired compound
(17% yield); 'H NMR {250 MHz, DMSO-d,): § 240 (s, 3H),
2.82 (d, | = 4.9 Hz, 3H), 2.95-307 (m, 4H), 3.67-3.80 (m,
4H), 6.81-693 (m, 3H), 7.01 (br 5, 1H), 734 (g, ] = 4.6 Hz,
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LH), 7.46-7.58 (m, 2H), 8,07 (d, J » §.4 Hz, 1H), 878 ppm
(s, 1H); "'C NMR (101 MHz, DMSO-d,): & 123, 306, 495,
662, 1082, 1126, 1159, 1173, 1197, 134.4, 1433, 1433,
145.5, 147.2, 156.6, 165.4 ppmy; MS-EST m/z- [M + H]" caled
for CyH:NLOS, 382.2; found, 382.2; m/2: (M = H]™ cled
for CyHyNLOS, 380.2; found, 350.2; HPLC (method 2): t, =
5343 (99.4%).
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Experimental procedures

General procedure for the synthesis of compounds 15a-1 (general procedure B)

In a 3 neck round-bottom flask under anhydrous conditions 2-chloro-4-methylpyndine (9) (1 eqg) and
the appropriate ethyl ester (1 eq) were dissolved indry THF (2 mL). After cooling the reaction mixture
10 0 °C, 2 M Sodium bis(tnmethylsilylamide (NaHDMS) in dry THF (2.2 ¢q) was added dropwise and
the mixture was stirred i 0 °C for 1.5 to 6 h. After adding H:0, the agqueous phase was extracted 3 imes
with DCM or EtOAc¢ and washed with NaCl saturated solution. The combined organic layers were dried
over anhydrous NaxSOsand the solvent was evaporated at reduced pressure. The obtained residue was
employed for the next step without further punification or purified by flash column chromatography.

General procedure for the synthesis of compounds 16a-1 (general procedure C)

Ethan-1-one intermediates 15a-1 (1 eq) und SeO: (1.1 eg) were suspended in 5-10 mL of glacial AcOH
and the reaction mixture was stirred at 65 °C for 2 o 3 h. After cooling 10 11, the formed solid residue
of Se was removed by filtration and the filtrate was diluted with EtOAc and then washed with saturated
NaHCO; solution for 4 times. Finally, the organic phase was wished with saturated NaCl solution, dried
over anhydrous NaxSOy and concentrated at reduced pressure. The residue was purified by flash column
chromuatography.

General procedure for the synthesis of compounds 17a-1 (general procedure D)

In & pressure vial ethane-1.2-dione desivatives 16a-1 (1 og) and NH:OAc (10 eq) were suspended in 3
mL of glacial AcOH and after that & 37% aqueous solution of formaldehyde (1 eq) wis added. The
reaction vessel was heated in a CEM microwave reactor at 180 °C, with initial power of 200 W, for 2 10
5 min. The mixture was added dropwise to NH4OH concentrated solution at 0°C. The suspension
obtained was extracted 3 times with EtOA¢ and the combined organic liuyers were dred over anhydrous
Na:SQu and concentrated at reduced pressure. The residue was purified by flash column
chromatogruphy.

2.(2-Chloropyridin-4-yI)-1-phenylethan-1-one (15a)

0

=
N Ol

The title compound was synthesized according to general procedure B starting from 2-chloropicoline
(9) (1.0 g, 7.84 mmol). ethyl benzoate (1.17 g. 7.84 mmol) and 2 M NaHDMS m dry THF (8.62 mL.,
17.25 mmol) (1.5 h), 1.82 g of product were obtained, which were employed for the following step
without further purification ( 100% yield); '"H NMR (300 MHz, DMSO-d) 6 = 4.56 (s, 2H), 733 (dd, J

S3




APPENDIX

269

= 5.1, 1.4 Hz, [H), 7.46 (br. s, 1H), 7.53 - 7.61 (m. 2H), 7.65 - 7.72 (m. IH), 8.01 - 8,08 (m, 2H). 8.36
ppm (d, J = 5.0 Hz, 1H); "C NMR (101 MHz DMSO-dy) 3 = ppm 43.5, 1249, 1257, 128.2, 128.8,
133.6, 136.1, 148.4, 1494, 150.1, 195.9; MS-ESE: m/z [M+H]" caled. for CuHwCINO: 232.0, found:
232.0; miz [M-H] caled. for CyHuCINO: 230.0, found: 229.8: HPLC (method 2): tg = 5.020 min.

1-(2-Chlorophenyl)-2-{ 2-chloropyridin-4-ylethan- 1-one ( 15h)

¢ o

I =
N o

The title compound was synthesized according to general procedure B starting from 2-chloropicoline
(9) (1.4 g 10.83 mmol), ethyl 2-chlorobenzoate (2,0 g, 10,83 mmol) and 2 M NaHDMS in dry THF
(11.9ml, 23.8 mmol) (5 h), Purification by flash column chromatography (SiO;, n-hexane/EtOA¢ %: 10
to 80:20) afforded 1.96 g of the desired product (65% yield); 'H NMR (300 MHz, CDCl3) 8 = 4.28 (s,
2H), 715 (d, J = 504 Hz, 1H), 7.28 (br, 5, IH, overlapping with the solvent peak), 7.32 - 7.50 (m, 4H),
8.36 ppm (d, J = 5.0 Hz, 1H): "C NMR (101 MHz, CDCh) §=48.0, 123.7, 1254, 127.2, 129.3, 130.7,
131.1, 1326, 1384, 1459, 149.6, 151.8, 198,1 ppm: MS-ESL: m/z [M+H]* caled, for CsHLLNO:
2660, found: 266.0: m/z [M-H] calced. for C,HCLNO: 264.0, found: 263.8; HPLC (method 2): ty =
5.96() min.

1-(2-Bromophenyl)-2-( 2-chloropyridin-4-ylethan-1-one (15¢)

The title compound was synthesized according to general procedure B starting from 2-chloropicoline
(9) (1.1 g, 8.73 mmol), ethyl 2-bromobenzoate (2.0 g, 8.73 mmol ) and 2 M NaHDMS in dry THF (9.5
ml., 19.02 mmol) (1.5 h). Purification by flash column chromatography {SiO5. n-hexane/EtOAc H:10
to 80:20) afforded 2.48 g of the desired product (92% yield): '"H NMR (300 MHz, CDCl3) & = 4.45 (5.
2H), 7.34(d, J =49 Hz, IH), 745 - 7.48 (m, 2H), 7.49 - 7.60 (m, 1H), 7.70 - 7.77 (m, 1H), 7.80 (dd, J
=59, 1.6 Hz, 1H),8.37(d, J = 50 Hz, I1H): ""CNMR (101 MHz, CDCl) § =48.0. 123.7, 1254, 127.2,
129.3, 130.7. 13011, 1326, 1384, 1459, 149.6. 151.8. 198.1 ppm: MS-ESI: m/z [M-H] caled. for
CisHsBrCINO: 308 0, found; 307.8; HPLC (method 2): 1= 6.130 min.
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2-(2-Chloropyridin-4-yh)- 1+ 3-(triflluoromethyhphenyliethan- 1-one (15d)

o

=

“% | N e

The title compound was synthesized sccording to general procedure B starting from 2-chloropicoline
(9) (820 mg, 642 mmol), ethyl 3-(rriflooromethylibenzoate (1.4 g, 642 mmol) and 2 M NaHDMS in
dry THF (7.1 mL., 14.12 mmol) (3 h). 1.82 g of product were obtained, which were employed for the
following step without further purification (81% yield); 'H NMR (300 MHz, CDCl5) 6 = 433 (s, 2H),
7.04 (dd, J = 5.0, 1.5 Hz, 1H), 7.63 - 7.72 (m, 1H), 7.86 - 7.93 (m, IH), 8.18 (d, J = 7.9 Hz, 1H), 8.25
(br. s, 1H), 8.38 ppm (dd, J = 5.0, 0.4 Hz. 1H); "C NMR (101 MHz, CDC1,), 6= 44.4, 1238 (q, / =
2725 Hz). 1240, 1255(q. J = 3.8 Hz), 125.7, 1299, 130.5 (q. J = 3.5 Hz), 131.7, 132.0 (q, J = 32.7
Hz), 1368, 1461, 150.1, 1523, 194.0 ppm; MS-ESL: m/z [M+H]" caled. for CiaHoCIFINO: 3060,
found: 300.0: m/z [M-H] caled. for C:HoCIFNO: 2979, found: 263.8; HPLC (method 2): tg = 7.240

min.
2-(2-Chloropyridin-4-yl)-1-(naphthalen-2-yl)ethan-1-one (15¢)
o
4P
L.
N el

The title compound was synthesized according to gencral procedure B starting from 2-chloropicoline
(9) (7.0 g, 54.8 mmwl ), ethyl 3-naphtoate (11.1 g. 54.8 mmol) and 2 M NaHDMS in dry THF (60 mL.
122 mmol) (1.5 h). After work up, the residue wis washed with Et-O and then filtered off, affording
11.5 g of the desired product {73% yield); '"H NMR (400 MHz, DMSO-d,) 6 = 4,70 (s, 2H), 738 (d, J =
5.1 Hz, TH), 7.51 (5. 1H), 7.62 - 7.74 (m, 2H), 798 - 8.00 (m, 3H). 8.17 (d, J = 8.1 Hz, 1H), 838 (d. J
= 5.1 Hz, 1H), 881 ppm (s, 1H); “C NMR (101 MHz, DMSO-ds) 6 =43.5, 123.6, 124.9, 125.7, 127.0,
127.7, 1284, 1288, 1296, 130.3, 132,1, 133.4, 135,1, 1485, 1494, 150.1, 1959 ppm; MS-ESE m/z
IM-H] caled. for CpyHCINO: 280.1, found: 280.2: HPLC (method 2): ty = 7.814 min.

2.(2-Chloropyridin-4-yl)-1-{ I-methyl-1 H-pyrazol-4-ylethan- 1-one (150)

©
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The title compound was synthesized according to general procedure B starting from 2-chloropicoline
(9) (165 g, 12.97 mmol), ethyl [-methyl-1H-pyrazole-4-carboxylate (2 g, 12,97 mmol) and 2 M
NaHDMS in dry THF (13 mL, 25.94 mmol) (3 h). After work up, the residue was washed with EcO
and then filtered off, affarding 1.2 g of the desired product (39% yield); '"H NMR (250 MHz DMSO-
do) & = 3.89 (s, 3H), 4.22 (s, 2H), 7.31 (d, J =4.9 Hz. IH), 7.44 (3, 1H), 8.02 (s, IH), 833 (d, J =49
Hz, 1H), 849 ppm (s, LH): "C NMR (101 MHz. DMSO-ds) 8= 44.8, 122.6, 1245, 125.3, 134.2, 1399,
148.1, 149.5, 150.1. 189.4 ppm: MS-ESL m/z [M-H] caled. for Cy HoCINAO: 234, found: 234.2: HPLC
(method 2): tr=1.895 min,

2-(2-Chloropyridin-4-yl)-1-cyclohexylethan-1-one (15g)

The title compound was synthesized according to general procedure B starting from 2-chloropicoline
(9) (1.63 g, 12,8 mmol), ethyl cyclobexanecarboxylate (2.0 g, 12.8 mmol) and 2 M NaHDMS in dry
THF (14,1 mL, 28.2 mmol) (2 h). Punification by flash column chromatography (SiO:, n-hexane/EtOAc
9010 1o 80:20) afforded 2.16 g of the desired product (71% yield); '"H NMR (300 MHz, CDCly) 8 =
1.20 - 1.59 (m. 5H), 1.71 - 2.12 (m, 5H). 2.39 - 2.64 (m, 1H). 3.84 (s, 2H), 7.15(dd. J = 5.0, 13 Hz,
1H), 7.27 (s, 1H), 8.41 ppm(d. J = 5.0 Hz, 1H); “C NMR (101 MHz, CDCl:), 8 = 25.4, 25.6, 28.3,45.9,
509, 123.6,125.2, 146.5, 149.5, 151.7, 208.2 ppm: MS-ESL sm/z IM+H|" caled. for CH«CINO: 238.1,
found: 238.1: m/z [M-H] caled. for C:HsCINO: 236.1, found: 235.9; HPLC (method 2): tg = 6.7(04)

min.

2-(2-Chloropyridin-4-yl)-1-cyclopentylethan- I-one (15h)

o

=
NTT

The title compound was synthesized according to general procedure B starting from 2-chloropicoline
(9) (2.7 g, 21.1 mmol), ethyl cyclopentanecarboxylate (2.0 g, 21, lmmol) and 2 M NaHDMS in dry THF
(23.2 mL, 46.4 mmol) (3 h), Purification by flash column chromatography (SiOz, n-hexane/EtOAe %:10
10 80:20) afforded 1.77 g of the desired product (38% yield); '"H NMR (300 MHz, CDCl4) & = 1.55 -
1.92 (m, 8H), 2.90 - 3.03 (m, 1H), 3.75 (5, 2H), 7,07 (dd, J = 5.0, 1.4 Hz, 1H), 7.19 (br. s, 1H), 8.32 ppm
(d. S =5.0Hz, 1H): "C NMR (101 MHz, CDC1y), 8= 25.9,28.9, 472, 51.6, 123.6, 1252, 146.5, 1495,
151.7, 207.5 ppm: MS-ESL: iz [M+H]' caled. for C:H . CINO: 224.1, found: 224.0; m/z [M-H]| calcd.
for C2HCINO: 2221, found: 222.1; HPLC (method 2); te = 5.530 min.

S6
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2-(2-Chloropyridin-4-yl)-1-cyclobutylethan- I-one (15i)

The title compound was synthesized according to general procedure B starting from 2-chloropicoline
(9) (2.7 g, 2.1 mmol), ethyl eyclobutanecarboxylate (2.9 g, 21,1 mmaol) and 2 M NaHDMS in dry THF
(25,7 mL, 51.5 mmol) (3 h). Purnification by flash column chromatography (Si0;, #-hex/EtOAc¢ 95:05
to 80:20) afforded 1.22 g of the desired product (25% yield): '"H NMR (300 MHz, CDCly) § = 1.78 -
202 (m, 2H), 2,10 - 230 (m, 4H), 3.28 - 3.39 (m, 1H), 3.63 (5, 1H), 704 (dd, J=5.1, 1 4 Hz, 1H), 7.16
- 7.20 (m, TH), 830 ppm (d, J = 5.0 Hz, 1H); "C NMR (100 MHz, CDCl,), 6 = 17.6, 24,3, 45,5, 45,6,
123.6. 125.2. 1463, 149.5. 151.7, 206.1 ppm; MS-ESL m/z [M4H)* caled. for € H:CINO: 210.1.
found: 21045 m/z [M-H] caled. for C H:CINO: 208.1, found: 207.8; HPLC (method 2): tg = 4320

min.

2-(2-Chloropyridin-4-yl)-1-cyclopropylethan-1-one (15§)

o

»
N

The title compound was synthesized according 1o general procedure B starting from 2-chloropicoline
(9) (3.3 g. 26.28 mmol), ethyl cyclopropanecarboxylate (3 g, 26.28 mmol) and 2 M NaHDMS in dry
THF (2% mL, 52.56 mmol) (3 h); Purification by flash column chromatography (SiOz, n-hexane/EtOAc
100:0 1o 6(x40) affoeded 1,62 g of the desired product (32% yield): 'H NMR (250 MHz, DMSO-d,) 8 =
0.84 - 1.01 (m, 4H), 2.02 - 2.21 (m, 1H), 4.05 {5, 2H), 7.24 (dd, J = 5.0, 1.3 Hz, 1H), 7.38 (dd, J = 1.4,
0.7 Hz, 1H), 8.32 ppm (dd, J = 5.1, 0.7 Hz, 1H); “C NMR (101 MHz, DMSO-ds) & = 10.5, 20,4, 47.3,
124.6, 125.3, 147 K, 1494, 150.1, 205.8 ppm; MS-ESE m/z [M-H| caled. for CyHoCING: 194.0, found:
194.2: HPLC (method 2): tg = 2.736 min.

1-(2-Chloropyridin-4-y1)-3 3-dimethylbutan-2-one (15k)

The title compound was synthesized according to general procedure B starting from 2-chloropicoline
(9) (1.96 g. 1536 mmol). cthyl pivalate (2 g, 15.36 mmol) and 2 M NaHDMS in dry THF (16.9 mL.

57
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33.8 mmol ) (6h); Purification by flash column chromatography (SiO-, n-hexane/EtOAc 90: 10 to 80:20)
afforded 2.9 g of the desired product (90% yield); '"H NMR (300 MHz, CDChL) 8= 119 (s, 9H). 2.02 (s,
2H), 7.02 (dd, J = 6.6, 3.8 Hz, 1H), 7.13 - 7.15 (m, 1H), 8.28 ppm (d, J = 5.0 Hz, I1H); "“C NMR (101
MHz CDCl3), 8= 26.1. 419, 44.8, 1237, 125.3, 147.1, 149.3, 1501.5. 210.3 ppm: MS-ESL: m/z [M+H]*
caled, for CHCINO: 2121, found: 212.2; mfz [M-H| calad. for C;HuCINO: 210.1, found: 210,1:
HPLC (method 2): te= 4.870 min.

1-(2-Chloropyridin-4-yI)-3-methylbutan-2-one (151)

The title compound was synthesized according to general procedure B starting from 2-chloropicoline
(9) (1.64 2. 1291 mmol), ethyl isobutyrate (1.5 g, 1291 mmol) and 2 M NaHDMS in dry THF (142
ml., 28.41 mmal) (4h); Purification by flash column chromatography (Si0;, a-hexane/EtOAc 9010 o
80:20) afforded 2.8 g of the desired product ( 1005 yield): "H NMR (300 MHz, CDCl:) & = L15(d. J =
6.9 Hz, 6H), 2.78 (sep, J = 6.9 Hz, 1H), 3.75 (s, 2H), 705 (dd, J = 6.4, 3.8 Hz, 1H), 7.18 - 7.20 (m, 1H),
832 ppm (d, J = 5.1 Hz, 1H); “C NMR (101 MHz. CDC1,), 6 = 17.8,41.0, 45,5, 1234, 125.0, 146.2,
149.3, 151.5. 208.7 ppm: MS-ESE: m/z [M+H |* caled. for CoH,2CINO: 1981, found: 198.1; m/iz [M-H|
caled, for CyHCINO: 196.1, found: 195.9; HPLC (method 2): 1y = 3,620 min.

1-(2-Chloropyridin-4-yl)-2-phenylethane- 1 2-dione (16a)

The title compound was synthesized according to general procedure C starting from 15a (2.0 g, 8.63
mmol) and SeQ: (1 g, 950 mmol) (3h); Purification by flash column chromatography (Si0.. n-
hexane/EtOAc 90:10 to 80:20) afforded 948 mg of the desired product (45% yield); 'H NMR (300 MHz,
DMSO-de) 6 = 7.61 - 7.66 (m, 2H), 7.81 - 787 (m. 1H), 7.94 - 7.96 (m, 1H), 8.01 - 8.04 (m, 2H), 8.71
ppm(dd. /=50 Hz, 0.5 Hz, TH); ""C NMR (100 MHz, DMSO-.) 8= 122.0, 123.3, 129.4, 130.2, 131.8,
135.5, 141.9, 1513, 1515, 190.8, 191.3 ppm: MS-ESE m/z [M4H]* caled. for CsHCINO:: 246.0,
found: 246.1; m/z [M-H] caled. for CuH(CINO:: 244.0, found: 244.0; HPLC (method 2): tr = 5.790
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1-(2-Chlorophenyl)-2+ 2-chloropyridin-4-ylethane-1,2-dione (16b)

G o
o

| =
W a
The title compound was synthesized according to geneml procedure C starting from 15b (1.85 g. 6.95
mmoly and SeOs (848 mg, 7.65 mmol) (3h); Purification by flash column chromatography (SiO:, n-
hexane/EtOAc 90:10 to 80:20} afforded 592 mg of the desired product (30% yield): "H NMR (300 MHz,
CDCly) 8= 744 - 725 (m. 2H), 7.58 - 7.65 (m, 1H). 7.75-7.79 (&d. J = 5.0, 1.4 Hz. 1H), 7.83-7.93
(m, 2H), 8,66 ppm (d. J = 5.0 Hz, 1H); "C NMR (101 MHz, CDCl3) & = 121.3, 1238, 127.7, 130.4,
132.0, 133.2,133.9, 135.2, 141.2, 151.0, 152.9, 188.9, 192.1 ppm: MS-ESL m/z [M+MeOH]" caled. for
CHCeNOs: 312.0, found: 312.0: HPLC (method 2): typ = 6.690 min.

1-(2-Bromophenyl)-2-( 2-chloropyridin-4-vhethane-1,2-dione (16¢)

a O

The title compound was synthesized according to general procedure C starting from 15¢ (2.0 g, 6,44
mmaol) and SeO; (786 mg. 7.08 mmol) (3 h); Purification by flash column chromatography (SiO;, n-
hexune/EtOAe %):10 to 80:20) afforded 643 myg of the desired product (30% vield); "H NMR (300 MHz,
DMSO-dy) 6 =7.64 - 7.74 (m. 2H), 7.80 - 7.92 (m, 2H). 7.97 (dd, J = 3.7, 1.3 Hz, 1H), 8.05 (br. s, 1H),
8,76 ppm (d, J = 5.0 Hz, IH); "C NMR (101 MHz, DMSO-,) 6= 121.4, 122.23, 123.5, 128.4, 132.5,
133.6, 1345, 1355, 1415, 1514, 151.6, 188.3, 1918 ppm; MS-ESL; m/z [M+McOH]* caled. for
CH,BrCINO:: 355.9, found: 356.0; HPLC (method 2): ty = 6.650 min.

1-(2-Chloropyridin-4-y1)-2+ 3-(trifluoromethyl)phenylethane-1.2-dione (16d)

[+]

NN

The title compound was synthesized sccording to gencral procedure C starting from 15d (1.4 g, 4.67
mmol) and Se0: (570 mg. 5.14 mmol) (3h); Purification by flash column chromatography (Si0s, n-
hexane/E1OAc 90:10 10 80:20) afforded 437 mg of the desired product (30% vield); "H NMR (300 MHz,
CDCLY) 8=7.69-7.78 (m, 2H), 7.86 (dd, /= 1 3. 0.8 Hz, 1H), 798 (d, J=T9 Hz, IH). 8.19 (d. /=78
Hz, 1H). 830 (br. s, 1H), 8.68 ppm (dd. J = 5.1, 0.7 Hz, 1H): "C NMR {101 MHz CDCl3), § = 121.0,
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121.2 (q. J = 272.0 Hz), 123.7. 126.8 (q. J = 3.7 Hz), 1299, 131.7 (q. J = 3.4 Hz), 132.0 (g, J = 344
Hz), 1327, 1333 1413, 1512, 1532, 189.7, 1898 ppm: MS-ESE m/z [M#MecOH]* caled. for
CHsCIFINOz: 346.0, found: 346, 1; HPLC (method 2): te = 7.670 min.

1-(2-Chloropyridin-4-y1)-2-(naphthalen-2-yhethane- 1, 2-dione (16¢)

The title compound was synthesized according to general procedure C starting from 15¢ (500 mg, 1.77
mmal) and SeO; (216 mg, 1.95 mmol) (1.5 h); Punfication by flash column chromatography (5102, n-
hexane/EIOAC 75:25) afforded 250 mg of the desired product (48% yield); '"H NMR (300 MHz, CDCl+)
6=754-7.72(m, 2H), 7.75 (dd, J = 5.1, 1.4 Hz, 1H), 7.84 - 8.03 (m, 4H), 8.08 (dd, J = 8.6, 1.7 Hz,
1H). 8.42 (br. s, 1H). 8.63 ppm (dd, J = 5.0, 0.6 Hz, 1H); *'C NMR (75 MHz, CDCL) 8 = 121.0, 1235,
123.6, 1274, 128.0, 1293, 1295, 130.0, 13222, 1340, 136.6. 141.7, 151.1, 153.0. 191.1, 1917 ppm.
HPLC (method 2); tg= 8.316 min.

1-(2-Chloropyridin-4-y1)-2-( I-methyl-1/{-pyrazol-4-yl jethane-1,2-dione (16f)

o}
0
We—N
.
N | =
=
N <l

The title compound was synthesized according to general procedure C sturting from 15 (974 mg. 4.13
mmol) and SeO; (500 mg, 4.54 mmol) (1.5 h): Purification by flash column chromatography (SiOs. n-
hexane/EtOAc 50:50) afforded 362 mg of the desired product {35% yield); "H NMR (300 MHz, CDCl1)
8=3.98 (s, 3H), 7.74-7.81 (m, TH), 7.89 (br. 5, IH), 8.09 (br. s, IH), 8.13 (s, 1H), 8.59 ppm (dd, J =
5.1,0.6 Hz. 1H); C NMR (75 MHz, CDCl:) 5 = 395, 119.0. 121.5, 1241, 1354, 141.7, 142.2, 150.8,
152.7, 182.3, 189.0 ppm.

1-(2-Chloropyridin-4-y1)-2-cyclohexylethane-1,2-dione (16g)

The title compound was synthesized according to general procedure C starting from 15g (2.0 g, 8.41
mmol) and Sc0a (1.2 g. 9.25 mmol) (2 h); Purification by flash column chromatography (SiOa, n-

hexane/EIOAC 90:10 1o 80:20) afforded 820 mg of the desired product (38% yiedd ) "H NMR (300 MHz,
S10
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CDCl) 6= 112 148 (m, SH), 1.68 - 1.95 (m. SH), 3.10-3.23 (m, 1H). 7.68 (dd. ./ = 5.1. 1.4 Hz IH).
7.71 - 7.84 (m, 1H), 8.61 ppm (d. J = 5.1 Hz, IH}: “C NMR (101 MHz, CDCly) 8 =252, 25,6, 27.2,
45.3,121.2, 123.8, 141.5, 150.9, 152.9, 190.1, 203.1 ppm: MS-ESL m/z [M+H]" caled for CisH1CINO::
252.1, found: 252.00 m/z [M-H] caled. for C3H 4CINO:: 250.1. found: 249.9: HPLC (method 2): ty =
7.690 min.

1-(2-Chloropyridin-4-y1)-2-cyclopentylethane-1,2-dione (16h)

The title compound was synthesized according to general procedure C starting from 15h (1.65 g. 7.37
mmol) and Se¢O: (900 mg, 8.11 mmol) (2 h); Purification by flash column chromatography (SiOz, n-
hexane/EtOAC 90:10 1o 80:20) afforded 834 mg of the desired product (48% yieldy; "H NMR (300 MHz,
CDCLy) 8 = 1,59 - 1.9 (m, 8H), 3.57-3.77 (m, 1H), 7.72 (dd, J = 5.1, 1.4 Hz, 1H), 7.83 (s, |H), 8.61
ppm (d. /= 5.0 Hz. 1H): "C NMR (101 MHz. CDCL) § = 26.0. 28.2, 46.3, 121.3, 123.9, 141.6, 1509,
152.8, 189.6, 202.1 ppm: MS-ESI: m/z [M-H] caled, for CizHCINO:: 236.1, found: 236.0; HPLC
(method 2): tg = 6,690 min,

1-(2-Chloropyridin-4-y1)-2-cyclobutylethane- 1 2-dione (16i)

The title compound was synthesized according to gencral procedure C starting from 15i (1.10 g, 5.24
mmol) and SeO: (640 myg, 5.77 mmol) (1.5 h); Purification by flash column chromutography (SiOs, n-
hexane/EtOAc 90: 10 to 80:20) afforded 605 mg of the desired product (52% yield); "H NMR (300 MHz,
CDCL) 8§ = 1.90-2.20 (m, 2H), 2.26 - 243 (m, 4H), 3.92 - 4.04 (m, 1H), 7.76 (dd. J = 5.1, 1.4 Hz. 1H).
7.87 (br. s, 1H), 8.65 ppm (d. J = 5.0 Hz, IH); *C NMR (101 MHz, CDCl3) 6 = 17,9, 23.8, 40.9, 121.1,
123.7, 141.2, 150.5, 1525, 1884, 199.7 ppm; MS-ESL: m/z [M+H]" caled for Cy HiLINO;: 224.0,
found: 224.1; m/z [M-H] caled. for Cy HCINO:: 222.0, found: 222.0: HPLC (method 2): ty = 5560

St
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1-(2-Chloropyridin-4-yl)-2-cyclopropylethane-1,2-dione ( 16§)

0
o

i
N o

The title compound was synthesized according to general procedure C starting from 15§ (1.0 g, 5.11
mmol) and SeO: (620 myg. 5.62 mmol) (1.5 hi: Punfication by flash column chromatogruphy (Si10:. n-
hexune/EtOAc 75:25) af forded 690 mg of the desired product {64% yicld); "H NMR (300 MHz, CDCl:)
6= 1.20- 140 (m. 4H), 2,64 - 2.77 (m. IH). 7.77 (dd. J = 5.1, 1.4 Hz, 1H}. 7.85 - 7.93 (m. 1H), 8.60
ppm (dd. J = 5.1. 0.6 Hz. TH): "C NMR (75 MHz. CDClL) & = 14.2, 17.7. 1217, 1243, 1413, 150.8.
152.7, 187.9, 1993 ppm; HPLC (method 2): te= 3.488 min.

1-(2-Chloropyridin-4-y1)-3 3-dimethylbutane-1,2-dione (16k)

o
HC o

H":CH,

l =
N el

The title compound was synthesized according to general procedure C starting from 15k (2.6 g, 12.28
mmol) and SeO: (1.5 g, 1351 mmol) (5 hy; Punfication by flash column chromatography (SiOy, n-
hexane/EtOAc 90:10 to 80:20) afforded 1.28 g of the desired product (46% yield); 'H NMR (300 MHz,
CDCLy) &= 131 (s, 9H), 755 (dd. J = 5.0, 1.4 Hz, 1H). 7.65 - 7.69 (m. IH), 8.61 ppm (d. J = 5.0 Hz,
1H); “C NMR (101 MHz, CDCl;) 6 = 259, 42.8, 120.7, 123.2, 141.7, 151.1, 153.0, 1919, 207.9 ppm;
MS-ESI: m/z [M+H]" caled. for €, Hy7CINO;: 226, 1, found; 226.1; m/z [M-H] caled. far Cy HCINO::
224.1, found: 223.9; HPLC (method 2): tg = 7.920 mun,

1-(2-Chloropyridin-d4-yl)-3-methylbutane-1,2-dione (161)

o
Hye o

The title compound was synthesized according to general procedure C starting from 151 (2.3 g, 11.64
mmol) and SeO: (1.4 g, 12.80 mmol) (3 h). Purification by flash column chromatography (SiOs, n-
hexune/EtOAc %10 to 80:20) atforded 854 mg of the desired product (35% yield): '"H NMR (300 MHz,
CDCls) 6= 1.21 (d, J = 6.9 Hz, 6H), 343 (sep, /= 6.9 Hz, 1H), 7.70 (dd, J = 5.1, 1.4 Hz, IH), 7.80-
7.83 (dd, J = 1.3 Hz, 0.8 Hz, 1H), 8.62 ppm (dd. / = 5.0 Hz, 0.7 Hz, 1H): ""C NMR (101 MHz, CDCly)
0= 16.8, 359, 121.2, 123.8, 141.5, 1509, 152.9, 189.8, 203.6 ppm: MS-ESL: miz [M+H]' calcd. for

Si12
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CiHyCINOy: 212.0, found: 212,15 m/z [M-H]| caled. for CioHCINO:: 210.0, found: 210.0; HPLC
(method 2): tg = 5.05( min,

2-Chloro-4-(4-phenyl-1H-imidazol -5-y1) pyridine (17a)

N—_-\
S NH

The title compound was synthesized according to general procedure D starting from 16a (840 mg, 3.41
mmol), NHiOAc (2.6 g, 34.1 mmol), and formaldehyde 37% agqueous solution (277 pL. 341 mmol) (2
min); Purificaticn by flash column chromatography (SiO,, DCM/EtOH 90:10) afforded 349 mg of the
desired product (36% yield), 'H NMR (300 MHz, DMSO-d¢) 8 =7.41 (d, J =5.0 Hz, 1H), 745-7.52
(m. 6H). 7.90 (br. s, 1H), 824 (d, /= 5.1 Hz, 1H), 1281 ppm (br. 5, 1H): "C NMR (101 MHz, DMSO-
ds), 6=119.5,120.0, 128.6, 1289, 130.3, 130.4, 131.7, 136.5, 146.0, 149.7, 150.6, 150.6 ppm; MS-ESL:
m/z IM+H | caled. for C i HoCINy: 256. 1, found: 256.0; m/z [M-H| caled. for C4HCINy: 254, 1, found:
253.8: HPLC (method 2): tg = 4.270 min.

2.Chloro-4-(4-( 2-chloropheny -1 H-imidazol-5-yl)pyridine (17b)

=
. NH

=

=
N G

The title compound was synthesized according to general procedure D starting from 16b (500 mg, 1.78
mmol), NHWOA¢ (137 g, 17.8 mmol), and formaldehyde 37% agueous solution (145 pL,1.78 mmol) (3
mun); Punification by flash column chromatography (8102 DCM/EWOH 97:03 to 90:10) afforded 293
my of the desired product (57% yield): '"H NMR (300 MHz, DMSO-d,), & = 7.20 (br. s, 1H), 7.35 (br.
s, 1H), 7.45 - 7,72 (m, 4H), 7.96 (br. s, |H), 8,15 - 828 (m, IH). 12.92 ppm (br. s, |H); MS-ESL /2
IM+HJ* caled. for CHsCoNa: 2900, found: 290.0; m/z [M-H] caled. for CHoCeNi: 288.0, found:
287.8; HPLC (method 2): tg = 4.880 min.

4-(4-(2-Bromophenyl)- 1H-imidazol -3-yl)-2-chloropyridine (17¢)

B N=\

. o NH

=

>
N (+]
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The title compound was synthesized according 1o general procedure D starting from 16¢ (541 mg. 1.67
mmol), NH:OAc (1.28 g, 16,7 mmol), and formaldehyde 37% aqueous solution (136 L, 1.67 mmol)
(3 min); Purification by flash column chromatography (S102, DCM/EIOH 97:03 10 90: 10) afforded 392
mg of the desired product (70% yield): "H NMR (300 MHz, DMSO-dy). 6= 7.10- 7.65 (m. 5H). 7.82 -
7.95 (m, 2H). 8.21 (br, s, 1H), 12.85 ppm (br, 5, I1H): "CNMR (101 MHz, DMSO-d), 6= 118.4, 118.9,
124.0, 128.3, 1289, 131.5, 1319, 132.46, 13253, 133.1, 136.5. 145.5, 149.6, 150.7 ppm; MS-ESE m/z
[M+H}* caled. for CaHuBrCIN;: 334.0, found: 334.0: m/z [M-H] caled. for CyHoBrCIN+: 3320, found:
331.8; HPLC (method 2): tz = 5.070 min.

2-Chloro-4-(4-( 3-(trifluoromethyl)phenyl )- L -imidazol-5-y1) pyridine (17d)

The title compound was synthesized sccording to general procedure D starting from 16d (437 mg. 1.39
mmol), NH:OA¢ (1.07 g, 13.9 mmaol), and formaldehyde 37% aqueous solution (113 pL, 1.39 mmol)
(2 min); Purification by flash column chromatography (Si0:, DCM/EXOH 90:10) afforded 175 mg of
the desired product (39% yield): '"H NMR (300 MHz CDCl) 6 = 7.32 (dd. J = 5.2, 1.5 Hz, 1H), 7.51 -
7.74 (m, 4H), 7.76 (br. 5, TH), 8.08 (br, s, 1H), 8.30 ppm (d. J = 5.2 Hz, |H); “C NMR (101 MHz,
CDCl3), 6=119.9,121.6,123.4 (q, J = 2725 Hz), 1249 (g. J =3.7 Hz), 1255 (q. / = 3.7 Hz), 129.5,
13001, 1300, 1313, 131.4(q. /=329 Hz), 1315, 136.1. 1429, 149.4, 151.8 ppm: MS-ESL: m/z [M4H]*
calad, for CisHoCTFN: 324.0, found: 323.9: m/fz [IM-H| caled. for CisHaCIF:N;: 322.0, found: 321.8;
HPLC (method 2): te= 6.960 min,

2-Chloro-4-(4-(naphthalen-2-y1)- 1H -imidazol-5-yhpyridine (17¢)

=\
. NH

|
N el
The title compound was synthesized according to general procedure D starting from 16e (250 mg, (184
mmol), NHOAc (651 mg, 8,45 mmol), and formaldehyde 37% aqueous solution (69 jiL, (.84 mmol)
(5 min); Purification by flash column chromatography (5102 DOM/ELOH 95:05) afforded 125 mg of
the desired prodduct (48% yieldy, "H NMR (400 MHz DMSO-de) & = 7.41 (d, J = 4.5 Hz, 1H), 7.50 -
7.64 (m, 4H), 7.89 - 8.05 (m. 4H), 8.08 (s. IH), 8.17 - 8.30 (m, 1H), 12.96 ppm (br. 5., |H); MS-ESI:
m/z [IM+H]"caled. for CixHi:CINy: 306, 1, found: 306.4; m/z [M-H| caled. for CiwH,CINy: 304, 1, found:
304.4; HPLC (method 2): ty = 7.144 min.

Si4
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2-Chloro-4(4-( L-methyl-1H-pyrazol-4-yl)- 1 H-imidazol-5-yDpyridine (170)

N-_-.-\
il S S
A
N=

N (=]

The title compound was synthesized according to general procedure D starting from 16f (362 mg., 1.45
mmol), NH:OA¢ (1.12 g, 14.5 mmol), and formaldehyde 37% aqueous solution (118 pL, 1.45 mmol)
(5 min); Purification by flash column chromatography (SiO;, DCM/EXOH 95:05) afforded 140 mg of
the desired product (37% yield): "H NMR (250 MHz DMSO-d.) & = 3.91 (s, 3H), 7.46 - 7.60 (m. 1 H).
7.64 (br. s, 2H), 7.83 (br. s, 1H), 7.99 (br, s, 1H), 827 (d, J = 5.1 Hz, 1H), 12.59 ppm (br. 5., 1H); “C
NMR (101 MHz, DMSO-dq) & = 38.7, 1104, 119.1, 119.6, 122.6, 130.0, 1316, 136.2, 138.1, 146.2,
149.8, 150.7 ppm: MS-ESL: m/z [M+H]" caled. for Cp:HoCINs: 264.1. found: 260.0: m/z [M-H] calcd.
for CoHipCINSs: 258.1, found: 258.0; HPLC (method 2): tg= 1.584 min,

2-Chloro-4-(4-cyclohexyl-1H-imidazol-5-yl )pyridine (17g)

=\
. NH

R

Z
N O

The title compound was synthesized according to general procedure D starting from 16g (700 mg, 2.78
mmol), NHiOAc (2.14 g, 27.8 mmol), and formaldehyde 37% aqueous solution (226 pl., 2.78 mmoi)
(3 min); Purificstion by flash column chromatography (8102, DCM/EIOH 97:03 10 90:10) afforded 269
mg of the desired product (37% yield); "H NMR (300 MHz, DMSO-ds), 8= 1.20 - 1.60 (m, 5H), 1.65 -
1.82 (m, 5H), 2.94 - 3.07 (m, 1H), 754 (d. J=4.5 Hz, 1H), 7.60 (br. 5, 1H), 7.69 {br. s, 1H), 8.34 (d, J
=50 Hz, 1H), 1228 ppm (br. s, 1H); “C NMR (101 MHz, DMSO-d,), 6 =25.4,25.9,32.1,34.7, 119.5,
120.0, 1305, 135.3, 136.1, 146.6, 1499, 150.8 ppm; MS-ESE: m/z [M+H]" caled, for CuHoCIN:: 26201,
found: 262.1; m/z IM-H] caled. for CiHsCINg 260.1, found: 259.9: HPLC (method 2): ty = 5.050 min.

2.Chioro-4-(4-cyclopentyl-1H-imidazol-5-ylpyridine (17h)

P
A NH

=
I =
N c
The title compound was synthesized according to general procedure D starting from 16h (700 mg, 2.94
mmol), NH:OAc (2.24 g, 294 mmol), und formaldehyde 37% aqueous solution (239 pl., 2.94 mmol)

(3 min); Purification by flash column chromatography (S10:, DCM/E(OH 97:03 10 90: 10) afforded 326
S15
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mg of the desired product (45% yield): "H NMR (300 MHz, DMSO-dy), = 1.64 - 1.80 (m, 4H), 1.95 -
2,10 (m, 2H), 340-3.47 (m, 1H), 758 (d. J = 5.0 Hz, 1H), 7.62 (br, 5. IH), 7.70 (s. 1H), 8.33(d. J = 5.1
Hz, 1H), 12.27 ppm (br. s, 1H); ""C NMR (101 MHz, DMSO-ds), 5 = 24.8, 32.6, 35.7, 119.6, 119.9,
131.2, 134.3, 1353, 1463, 149.7. 150.5 ppm: MS-ESE m/z [M+H|*caled. for C3H,CIN+: 248. 1. found:
247.9; m/z IM-H] caled. for CsHCINy: 246, 1, found: 245.8; HPLC (method 2): tr= 3.270 min.

2-Chloro-4(4-cyclobutyl-1H -imidazol-5-yl)pyridine (171)

'
. NH

-~y

=z
N c

The title compound was synthesized according to general procedure D starting from 16§ (500 mg, 2.24
mmol), NH:OAc¢ (1,71 g, 22.4 mmol), and formaldehyde 37% aqueous solution (181 pl., 2.24 mmol)
(3 min); Purification by flash column chromatography (S10:, DCM/EWOH 97:03 to N 10) affarded 255
mg of the desired product (49% yield); "H NMR (300 MHz, DMSO-dy), =098 - 1.17 (m, 2H), 1.35 -
1,70 (m, 4H), 2.95 - 3,10 (m, 1H), 6.50 - 7.00 (m, 3H), 7.40 - 7.60 (m, 1H), 11.35 - 11.85 ppm (m, [H)
PCNMR (101 MHz, DMSO-ds), 6 = 17.4, 28.2.30.8, 119.2, 1195, 130.4, 134.5, 1354, 1456, 149.6,
150.5 ppm; MS-ESE m/z [M+H]' caled. for Ci:HiCINg: 234,01, found: 234.0; m/z IM-H] caled, for
CiaHCINa: 2321, found: 231.8: HPLC (method 2): tg = 2.750) mimn.

2-Chloro-4-(4-cyclopropyl- 1 H-imidazol-5-yhpyridine (17j)

Nz
a NH

=

=
N (o]

The title compound was synthesized according to general procedure D starting from 16J (500 mg, 2.38
mmol), NH:OA¢ (1,83 g, 23.8 mmol), and formaldehyde 37% aqueous solution (194 pul, 2.38 mmol)
(5 min); Purification by flash column chromatogruphy (Si0:, DCM/EXOH 95:05) afforded 350 mg of
the desired product (67% vield). 'H NMR (250 MHz, DMSO-d;) 6 = 0.68 - 0.82 (m. 2H), 0.93 - 111
(m, 2H), 2.03 - 2.20(m, 1H), 7.64 (s, 1H), 7.79 (br. 5., 2H), 8.27 - 8,42 (m, 1H), 12.23 ppm (br. 5., 1H):
HC NMR (101 MHz, DMSO-dq) 5 = 6.8, 7.3, 119.0, 119.3, 1325, 132.7, 134.6, 146.1, 149.8, 150.7
ppm: MS-ESL m/z [M+H]' culed. for CyHwCIN:t 22001, found: 220.2: mf: [M-H] caled. for
CyHuCING 218.2, found: 304.4; HPLC (method 2): tg= 1.760 min,

Si6
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4-(4-(Tert-butyl)-1H-imidazol-5-yl)- 2-chloropyridine (17k)

N:.\
HC S NH
HyC
HC
| N
-
N O

The title compound was synthesized according 1o general procedure D starting from 16k (1.1 g, 4.89
mmol), NHiOAc (3.77 g. 48.9 mmol), and formaldehyde 37% aqueous solution (397 pl., 4.89 mmol)
(5 min); Purification by flash column chromatography (S10:, DCM/EtOH 97:03 to 90: 10) affarded 283
mg of the desired product (24% yield): "H NMR (300 MHz, DMSO-dy) & = 1.26 (s, 9H), 7.44 (dd, J =
5.1, 1.2 Hz, 1H), 747 (br. s, 1H), 7.63 (s. 1H), 8.37 (d, J = 4.9 Hz. 1H), 12.04 ppm (br. s.. 1H); ''C
NMR (101 MHz, DMSO-d) 6 =306, 31.2, 124.2, 1245, 131.7, 1343, 136.6, 149.0, 1493, 149 8 ppm;
MS-ESE m/z [IM+H]" caled. Tor CiaHCINg: 236.1, found: 236.2; m/z [M-H| caled, for C:HuCIN;:
234.1, found: 234.0; HPLC (method 2): tg = 2470 min,

2.Chloro-4-{4-isopropyl- L H-imidazol-5-y1 )pyridine (171)

N=
HiC \—\m
HiC
N
l —
N el

The title compound was synthesized secording o general procedure D starting from 161 (750 mg. 4.89
mmaol), NH:OAc (274 g 35.5 mmaol), and formaldehyde 37% aqueous solution ( 289 pL, 3.55 mmol)
(3 min); Purification by flash column chromatography (Si0:, DCM/EtOH 97:03 to 90: 10) afforded 135
mg of the desired product (17% yield): "H NMR (300 MHz, CDCly) 8 = 1.35 (d, J = 7.0 Hz, 6H). 3.44
(sep,J = 7.0 Hz, 1H), 7.51 (dd, J=5.2. |.5 Hz, IH), 7.56 - 7.65 (m, IH), 7.69 (s, |H), 836 ppm (4. ] =
5.2 Hz, [H); ""C NMR (100 MHz, DMSO-d), 6 =219, 24.6, 1194, 1198, 129.9, 135.1, 1366, 146.3,
149.6, 150.5 ppm.: MS-ESI: m/z [M4H]* caled. for C; H2CINg: 22201, found: 222.2: m/z [M-H] calcd.
for Cy HzCINs: 220,1, found: 220.0; HPLC (method 2): tg = 2.080 min,

2-Chloro-N-methoxy-N-methy lisonicotinamide (20)"

H oL
o

Os N
\CH)

=

=
N cl

The title compound was synthesized as previously reported' and the analytical data were in agreement
with the reported ones.

S17
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1-(2-Chloropyridin-4-yl)propan-1-onc (22)

o
CHy

| =
N el
A solution of Weinreb amide 20 (10 g 49.84 mmol) in dry THF (60 mL) was cooled to -10 °C and after
thit a 2M solution of ethylmagnesium bromide in dry THF (15,6 mL, 64.8 mmol), previously diluted
wit 30 mL of dry THF, was added dropwise. After completion of the addition the reaction mixture was
stirred at the same temperature for 3 h. After letting the mixture heat to rt. 200 mL of NH.C! saturated
solution were added and the mixture was stirred for 10 min, The 2 phases formed were separed and
the aqueous phase was further extracted 3 times with EtOAc. The combined organic Jayers were dried
over anhydrous Na:S$0y and concentrated at reduced pressure. Finally. the residue was purified by flash
column chromatography (Si02, n-hexane/EtOAc 85:15 1o 70:30 affording 582 g of the desired
compound (69% yield); 'H NMR (300 MHz, CDCly) 8= 1.24 (1, J = 7.2 Hz, 3H), 2.99 (q. /= 7.2 Hz,
2H). 7.66 (dd. J = 5.0, 1.5 Hz. | H), 7.76 (dd, J = 1.4.0.7 Hz, 1H), 8.57 ppm (dd. J = 5.1. 0.7 Hz. 1H):
BCNMR (75 MHz, CDCly) 6= 7.6, 324, 119.8, 122.3, 145.5, 150.8. 152.8, 198.5 ppm; HPLC (method
2): te=3.651 min,

1-(2-Chloropyridin-4-yh)butan-1-one (23)

0, CHg

S

=
N

Under Argon atmosphere, Mg tumings (5.5 g, 100 mmol) were suspended in dry THF (40 ml.) and
subsequently I-bromopropane (6.15 g, 50 mmol ) was added and the mixture was stirred ut it for 6() min,
The residual Mg was let decanting and the sumatant was added dropwise 1o a solution of compound 20
(5.0 g, 25 mmol) in dry THF (20 mL) under Argon atmosphere, previously cooled at -10 °C and the
mixture was stirred at the same t for 3 h, After heating to . NH.Cl saturated solution (100 mL) was
added 1o the reaction. The 2 phases formed were separated and the aqueous phase was further extracted
for 2 times with EtOA¢. The combined organic layers were then dried over anhydrous Na;SO, and the
solvent was evaporated at reduced pressure. Finally. the residue was purified by flash column
chromutography (SiO:, n-hexine/EtoAc 8:2 to 7:3) affording 3.4 g of the desired compound (75%): 'H
NMR (300 MHz, CDC13) § = 099 (1, /= 7.4 Hz, 3H), 1.65- 1.88 (m, 2H),2.92 (1, J = 7.2 Hz, 2H), 7.64
(dd, J = 5.1, 1.4 Hz, 1H). 7.68 - 7.79 (m, IH), 8.54 ppm (dd, J = 5.1, 0.5 Hz. 1H); ""C NMR (101 MHz
CDCls) 8= 136, 17.1, 409, 119.8, 1223, 145.8, 150.8, 152.9, 198.1 ppm: MS-ESL m/z [M+H]* caled.
for CoHpCINO: 184.0, found: 184.0; m/z [M-H] caled. for CoHyCINO: 182.0, found: 181.9; HPLC

(method 2): ty = 3.3%) min,
Si18
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1+(2-Chloropyridin-4-yhethan- 1-one oxime (24)

M
HC 2N

To a solution of hydroxylamine hydrochloride (1.61 g 23.14 mmol) in a mixture of H:0/MeOH (50
ml. 1:1), 5 mL of 204% NaOH solution were added. After cooling the reaction mixture at () °C. 4-acetyl-
2-chloropynidine (21, 3.0 g, 19.28 mmol) was added in one portion and the reaction mixture was stimmed
for 2 h at the same temperature. The obtained precipitate was filiered oft, washed with cold H,O and
dricd. affording 2.96 g of the desired compound which was used for the following step without further
purification (90% yield):'H NMR (400 MHz, DMSO-dq) 8 = 2.15 (s, 3H), 7.63 (d, J = 5.1 Hz, 1H), 7.65
(s. IH), 8,40 (d. 7 =35.3 Hz, 1H), 11,93 ppm (s, 1H); "C NMR (101 MHz, DMSO-d,) 6 = 10,9, 119.2,
120.2, 147.6. 150.0. 150.8.150.9: MS-FAB: m/z [M+H|" caled. for CoH i CINO: 1710, found: 171.1:
HPLC (method 1): tg = 3.690 min,

1-(2-Chloropyridin-4-ylethan- 1-one oxime (25)

i
e

|\

o

N (o]

The title compound was synthesized as previously reported and analytical data were in agreement with
the reported ones,”

1-(2-Chloropyridin-4-yl)butan-1-one oxime (26)
g
HiC =N
=
»
NT Tal
Compound 23 (3.38 g, 18.43 mmol) was dissolved in MeOH (20 mL) and, after cooling the reaction to
0°C, a mixture of hydroxylamine hydrochloside (1,41 g, 20.27 mmol) in H:O (10 mL) and 20% NaOH
(10 mL) was added dropwise and the reaction mixture was letting slowly heating to rt and stimred for 1
h, After removing the MeOH at reduced pressure, HA0 was added, and the squeous phase was extracted
3 umes with EtOAc, The combined organic layers were dried over anhydrous NSO and concentrated
at reduced pressure. Finally, the residue was purified by flash column chromatography (Si0. n-
hexane/EtOAc 80:20) affording 3.1 g of the desired product (85% yield): "H NMR (3() MHz, CDCly)
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6 =099 (1.1 =74 He. 3H). 1.50 - 1.67 (m, 2H), 2.66 - 2.82 (m. 2H), 746 (dd. J = 5.3, 1.6 Hz 1H).
7.56 (dd.J = 1.5.0.6 Hz. 1H), 840 (dd, J = 5.3, 0.6 Hz, [H),9.70 ppm (br. 5., 1H); "CNMR (101 MHz,
CDCls) 8= 14.1,19.6,27.2, 119.3, 121.3, 146.8, 149.7, 152.0, 156.5 ppm: MS-ESI: m/z [M+H]" caled,
for CuH (CIN:O: 199.1, found: 199.1: mfz [M-H| caled. for CoHyCIN-O: 197.1, found: 196.9: HPLC
(method 2): tg= 5451 min,

1-(2-Chloropyridin-4-yl)ethan-1-one O-tosyl oxime (27)

To a solution of 1-(2-chloropyridin-4-ylhethan-1-one oxime (24, 2.94 g, 17.23 mmol) in dry pyridine
(15 mL) p-toluenesulfonyl chloride (3.94 g. 48.28 mmol ) was added and the mixture was stirred at ot for
24 h, 100 mL of we-cold HO were added and the mixture was stirred for 3 h, Finally the precipitate
formed was filtered off, washed with cold H:O and dried, obtaining 4.11 g of the desired product (74%
vieldr: 'H NMR (400 MHz, DMSO-d,) 8 = 235 (s, 3H), 241 (s. 3H). 7.50 (d, J = 7.8 Hz, 2H), 7.57 (d,
J =53 Hz 1H), 7.66 (s, 1H), 792 (d, J = 7.8 Hz, 2H), 8.50 (d, J = 5.1 Hz, 1H); "C NMR (400 MHz,
DMSO-de) & = 13.7, 21.1, 1201, 121.7, 1285, 130.1, 131.5), 144,1, 1458, 1506, 1510, 162.1; MS-
FAB: n/z IM+H]* caled. for CuyHCINSS: 325.1, found: 325.1: HPLC (method 1): tp= 6.930 min.

1-(2-Chloropyridin-4-yl)propan-1-one O-tosyl oxime (28)

\\ 20

The title compound was synthesized as previously reported and analytical data were in agreement with

the published ones.*

1-(2-Chloropyridin-4-yhbutan-1-one O-tosyl oxime (29)

CH;
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To a solution of 1+(2-chloropyridin-4-ylbutan-1-one oxime (26, 3.09 g, 15.58 mmol) in dry pyridine
(20 mL) p-toluenesulfonyl chlonide (4.45 g. 23.38 mmol ) was added and the mixture was stirred ut rt for
48 h, 100 mL H:0 were added and the aqueous phase was extracted 3 times with EtOA¢, The combined
organic layers were dried over anhydrous Nu:SOsand the solvent was evaporated at reduced pressure,
affording 4.4 g of the desired product which was used for the following step without further purification
(80% yield); "H NMR (300 MHz, DMSO-ds) 5 = (.80 (t, J = 7.4 Hz, 3H). 1.30- 1.47 (m, 2H), 240 (s,
3H), 2.75 - 2.87 (m. 2H). 7.45 - 753 (m. 2H), 7.56 (dd. J = 5.2, 1.5 Hz 1H). 7.62 - 7.67 (m, 1H). 7.85
-7.95 (m, 2H), 8.50 ppm (dd, J =5.2.0.5 Hz, 1H); "C NMR (75 MHz, DMSO-d,) 6 = 13.4, 19.2, 2.1,
284, 1206, 1218, 128.5, 130.1, 1314, 143.3, 145.8, 150.8, 151.2, 165.3 ppm; HPLC (method 2): tx =
8,430 min.

2-Amino-1-(2-chloropyridin-4-yl)ethan- 1-one hydrochloride (30)

NH Gl
o

=
N/ ci

Under Argon atmosphere potassium (241 mg, 6.16 mmol) was added portionwise to 20 mL of absolute
EtOH. After complete dissolution the reaction mixture was cooled to O °C and a solution of 1+(2-
chloropyridin-4-yljethan- 1 -one O-tosyl oxime (27, 2 g, 6,16 mmol) in absolute EtOH (100 mL) was
slowly added dropwise. After completion of the addition the reaction mixture was stirred for 1 hat nt
and after that 150 mL of dry Etz0 were added and the mixture was stirred wt 1t for 16 h, The white
precipitate formed was filtered and washed twice with 30 mL Et:0, HCI was bubbled in the combined
organic layer and the white precipitate formed was filtered off, washed with Et:O and dried. The solid
obtained was dissolved in concentrated HCI (25 mL) and stirred at 55 °C for 50 h. After concentrating
the mixture at reduced pressure wiarm MeOH was added and the product was then precipitated by adding
EtO. The red solid formed was finally filtered off and dried giving 210 mg which were use in the
following step without further purification { 1 7% yield); “C NMR (101 MHz DMSO-d,) § =454, 120.6,
122.3, 143.1, 1514, 1515, 192.1 ppm: MS-FAB: m/z [M+H]" caled. for C;HCI:NO: 1710, found:
171.1; HPLC {method 2): tg = 1.145 min.

2-Amino-1-2-chloropyridin-4-yl)propan-1-one hydrochloride (31)

NH,CI
o
HyC

=

Z
N (=}
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Under Argon atmosphere potassium (118 g, 30.14 mmol) was added portionwise to 50 mL of absolute
EtOH. Afier complete dissolution the reaction mixture was cooled to ) °C and a solution of 1-(2-
chioropyridin-4-ylpropan- 1-one O-tosyl oxime (28, 10.21 g, 30.14 mmol) in absolute E1OH (200 mL)
was added dropwise. After completion of the addition the reaction mixture was stirred for | h w 0 °C
and after that 100 mL of dry EtzO were added and the mixture was stirred at it for 16 h, The white
precipitate formed was filtered and the filtrate was concentrated at reduced pressure. The oily residue
obtained was dissolved in concentrated HCI (30 mL) and stirred wt 55 °C for | h. Finally, after
evaporating the solvent at reduced pressure, the residue was treated with acetone and the white
precipitate formed was filtered off and washed with cold acetone, giving 3.34 g of the desired compound
as a hydrochloride sult (50% yield): HPLC (method 2): tg = 1.258 min.

2-Amino-1-(2-chloropyridin-4-yl)butan-1-one hydrochloride (32)

N O
HC (o]

x
I o
NT el
The title compound was synthesized following the same procedure as compound 31 starting from
potassium (718 mg, 18.37 mmol) and 1-2-chloropyndin—<-yhbutan-l-one O-tosyl oxime (29, 432 g,
12.25 mmol) affording 1.7 g of the desired product as a hydrochloride salt which was directly used for

the following step (60%% vield),

4-(2-Chloropyridin-4-y1)-1,3-dihydro-2H-imidazole-2-thione (33)

Compound 30 (3.54 g, 17.1 mmol) was dissolved in MeOH (90 mL) and after that KSCN (8.25 g, 84.9
mmol) was added, The reaction mixture was heated to reflux temperature and stirred for 4 h. The yellow
precipitate formed was filtered off, washed with H:O and dried in vacue obtaining 1.51 g of the desired
product which was used for the following step without further purification (43% yield); '"H NMR (400
MHz, DMSO-dy) 8 = 7.66 (4. J = 5.1 Hz, 1H), 7.83 (s, [H), 7.87 (s, 1H) 8.36 (d, 5.3 Hz, 1H), 12.51 (s,
IH). 13.82 ppm (s, 1H): “C NMR (101 MHz, DMSO-d) 6= 117.0. 117.3, 117.7, 125.3, 138.6, 150.3,
151.2, 1635 ppm: MS-FAB: m/z [M+H]" calcd. for CsHeCINsS: 212.0, found: 212.2: HPLC (method
2): tg=2.270 min.
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4-(2-Chloropyridin-4-y1)-S-methyl-13-dihydro-2H-imidazole-2-thione (34)°

S
HN

HiC . NH

b,
b
N [~}
Compound 31 (5.5 g, 21.36 mmol) was dissolved in MeOH (50 mL) and after that KSCN (6.23 g, 97.18
mmol) was added. The reaction mixture was heated to reflux temperature and stirred for 3 h. After
cooling down, the white precipitate formed was filtered off, washed with cold MeOH and cold H-O and
dried, obtaining 3.42 g of the desired compound (71% yield): Analytical data were in agreement with
the previously reported ones

4-(2-Chloropyridin-d-yl)-5-ethyl-1,3-dihydro-2H-imidazole-2-thione (35)

s
- HN—‘(

. L NH

| =
N el
The title compound was synthesized following the same procedure as compound 34 starting from 32
(1.65 g, 6.08 mmol) and KSCN (1.77 g. 18.23 mmol), giving 850 mg of the desired product (60% yield):
'H NMR (300 MHz, DMSO-dy) 8= 1.17 (1, /= 7.5 Hz, 3H), 2.66 (q. J = 7.5 Hz, 2H), 7.44 (dd, J = 5.4,
1.6 Hz, TH), 7.51 - 7.60 (m, 1H), 8.38 (dd, J = 5.4, 0.4 Hz, TH), 12.35 - 12,51 ppm (m, 2H); "'C NMR
(101 MHz, DMSO-ds) 8 = 13.0, 17.9, 118.8, 119.4, 119.7, 132.4, 139.1, 150.2, I151.1. 161.8 ppm; MS-
ESI: m/z [M-H) caled for CioHCINS: 238.0, found: 237.9; HPLC (method 2): 1x=2.698 min.
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Structure determination of compound 49

Figure S1. Crystal structure of compound 49. The structure confirms the substitution of the imidazole-

N atom distal from the pyridine ring. Diffraction data were collected at 193 K with a STOE IPDS-2T
diffractometer with Mo Ka radiation. Data processing was performed using the STOE-software. The
structure was solved using Direct methods (SIR-2004) and refined with SHELXL-2014. Data for atomic
coordinates, thermal parameters and reflections can be obtained from the Cambridge Crystallographic

Data Centre under the CCDC Nr. 1824231,

Table S1. Data collection and refinement statistics

Data collection

Space group P-1 (trictinic Nr.2)

Cell dimensions determinate from 5730 reflections with 2.7°< 8 < 28.2°
ab.e(A) £.2302(8), 8.2302(8), 9.1962(9)

a ") 100.036(7), 98,894(8), 111.423(7)

VA = 586.65(9). 2

Crystal size (mm*) O x 0,16 x0.24 tcolorless plute)

Range of Measurement
No. of reflections:
Measured

Unigue

Observed (|FYe(F) > 4.0)

2°<P<28°,-10<h=10 -11<k=1] -12<i=<12

601
2814 (R = 0,(482)
1976

S24
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Table S1. continued

Refinement

Nr. of parametenx

wR2

R1{observed), Riall)
Goodness of Fit

Max. deviation of parameters
Mix. Pesk firal

&iff. Fourier synthesis (e A7)

148

01069
0.0391, 00612
0971

0.001 * exd.

0.22,.0.25

w
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Thermal shift assay by nanoDSF
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Figure 82, Effects of ligand binding on INK3 thermal stability determined by nznoDSF, a) Intrinsic
fluorescence intensity ratio of tryptophans and tyrosines (3504330 am) plotted as a function of

temperature; b) First derivative analysis used to deduce the melting temperature (T,). The gray curve
corresponds to JINK3, whereas the light red and light green curves correspond to the JINK3-38 and JINK3-

44 complexes, respectively,

Experimental procedure

Samples were prepared using the protein buffer 50 mM HEPES pH 7, 100 mM NaCl, 2 mM MgCl;, 10
mM f-mercaptoethanol. Compounds 38 and 44 (stock concentration of 10 mM in DMSO) were diluted
in protein buffer to 100 uM and then added to the protein sample. The final protein and inhibitor

S26
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concentrations were 5 M und 50 pM., respectively. 10 pL of each sample were loaded into capillary
glass tubes and measured in triplicates in a single nanoDSF experiment using o Prometheus NT.48
instrument (NanoTemper Tecnhologies, Munich). All loaded capillanies were heated from 20 °C 10 70
°C with u rate of | °C/min. Changes in the intrinsic fluorescence of tryptophans and tyrosines were
monitored as the ratio of the emission af the wavelengths of 350 and 330 nm as a function of temperature,
First derivative analysis of the resulting melting curves allowed the determination of the melting

temperature (Ty,).
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Structure determination of JNK3 in complex with compounds 38 and 44

Crystallization of JNK3 and the inhibitor complexes

INK3 crystals were obtained by adapting the experimental procedure described by Lange er al” Pure
protein in 50 mM HEPES pH 7. 100 mM NaCl, 2 mM MgClz, 10 mM f-mercaptoethanol buffer was
initially mixed with | mM AMP-PCP (f,y-Methyleneadenosine 5"triphosphate disodium salt from
Sigmi-Aldrich), 0.4 mM Zwittergent 3-14 (Calbiochem) and 10% ethylene glyeol and incubated on ice
for 30 min, Crystals were grown at 20 °C using the sitting drop vapor diffusion method in a reservoir
solution of .1 M Bis-Tris pH 5.5, 0.2 M NaCl and 29% (v/v) polyethylene glycol 3350, To improve the
crystal quality, & final INK3 concentration of 2.5 mg/mL was used together with microseeding. After
one week, AMP-PCP containing crystals were incubated with the inhibitors over 36 h by gradually
exchanging the crystal drop solution with reservoir solution supplemented with [0 mM of compounds
38 or 44, The crystals were then stepwise cryo-protected by incubation in reservoir solution containing
10 mM of the respective compound and 15% (v/v) glycerol and flash frozen in liquid nitrogen prior to
synchrotron data collection. For structural comparison, crystals containing AMP-PCP were also cryo-
protected with 15% (v/v) glycerol and flash frozen for data collection

Data collection and structure determination

Diffraction data were collected ut 100 K and a wavelength of | A at the Swiss Light Source (PSI,
Villigen, Switzerland) beamline X06DA using the Pilatus 2M-F detector, Data processing was
performed using the XDS-software® and initial phases were obtuined by molecular replacement using
MOLREP* and & search model derived from a reported complex structure (PDB 1D 4X21)°, The
individual INK3 complexes belonged to different space groups, which resulted in a different number of
copies of ligand-bound JNK3 in the individual crystal asymmetric units. For INK3 bound to compound
38 and AMP-PCP, chain A was used for further structural analysis, due to the lower overall B-fuctors
and the high structural similarity 10 the other copies (Figure S4 for INK3-38 superposed copies), All
ligands could be placed unambiguously in the difference clectron density map in all INK3 chains.
Structural refinement was carried out by alternating cycles of model building in Coot® and restrained
reciprocal refinement including transition-libration-screw (TLS) parameterization in REFMACS. After
the final refinement step. ligand molecules were removed from the model and an unbiased difference
omit map was produced in PHENIX" using simulated annealing. Duata collection und refinement
statistics were obtained (Table S2) and the simulated annealing omit difference maps were calculated
(Figure S$5). Structural figures were prepared using PyMOL (The PyMOL Molecular Graphics System,
Version 1.84.1 Schridringer, LLC),
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Table S2. Data collection and refinement statistics,

INKI-AMP-PCP INK3-38 INK3-44
PDB ID 6EQ9 6EMH GEKD
Data collection”
Space group P2;2;2 P2,2,2, 222,
Cell dimensions
a, b, c(A) 156.73, 11049, 43.95 B8.56, 114.26, 1578 8151, 124.82, 68.89
a By 90, 90, 90 90, 90. 90 90, 90, 90
INK3 monomer/ASU 2 4 1
Resolution (A) 47.23-1.83 (1.94-1.83) 48.01-1.76 (1.81-1.76) A8.49-2.10 (2.15-2.10)
Measured reflections TBAR9S (108776) 4164005 (296660) S40357 (39002)
Unique reflections 68590 (10906) 157963 (11494) 20013 (1538)
Completeness (%) 98.81(95.9) 99.9 (98.9) 100 {99.9)
Redundancy 11,4 (9.97) 264(258) 258(254)
CCI2 (%) 999 (66.2) 100 {63.2) 100 {55.6)
Yo(li 18.1 (163} 2298(14) 264 (1.61)
Wilson B-factor (A7) 29.75 30.84 4379
Refinement
Resolution (A} 47.23-1.83 48.01-1.76 48.49.2.10
Ruon/Ruwe 206272518 21.8126.85" 20.56/25.90
Number of atoms
Protein chain a/bve/d 281272606 2R26/2826/2700K2665 2558
Water 391 861 104
Ligand™* 62 100 27
B-factors (A%)
Protein chain a/be/d 34683957 38.5/40.7/44 24464 5255
Water 41.26 43.6 48,46
Ligand™* 4783 7 46.48
R.ms, deviations
Bond lengths (A) 0015 0014 0015
Bond angles () 1.439 1.515 1.513

“Values in parentheses correspond to the highest resolution shell,
" Preudo transkitions] symmetry is present.
“TAMP-PCP and compounds 38 and 44,
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Figure 83. Binding mode of the non-hydrolyzable ATP analogue, AMP-PCP, to INK3. For clarity, only
the chain A present in the crystal asymmetric unit 1s shown. AMP-PCP is shown in stick display with
the adenine and ribose groups highlighted in green and the three phosphate groups in orange, Amino
acids contributing to key interactions are shown as sticks in light bive and are lsbeled. A magnesium
ion interacting with the AMP-PCP molecule is displayed as a green sphere, H:0 molecules are shown
as red spheres, and hydrogen bonds as black dashed lines. The structure of unphasphoryiated INK3 in
complex with an ATP analogue was first reported in 1998, and the structure reported here in complex
with AMP-PCP is substantially identical, with an overall RMSD of (.853 A.
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\

Figure S4. Overday of the four INK3-38 copies present in the crystal asymmetric unit. Superposition of
the copies was performed using the “align™ function i PyYMOL; a) Overview of the four protein chains
shown in nibbon display (A: light gray, B: blue, C: durk gray and D: yellow) and the compound bound
to chain A (light red): b) Close-up view of the binding pocket of chains A (light grey) and C (dark grey)
and superposition of the four compounds bound to each copy in the asymmetric unit. Compounds are
shown in the same colors as the protein chains displayed in a). Orientation and placement of all

compounds is almost identicul.
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Figure S5, Binding of compounds 38 and 44 and AMP-PCP 10 JNK3. Simulated annealing omit
difference electron density maps were countered at 3.0 o and are displayed within a radius of 5 A around
the ligand: a) compound 38 bound to chain A of the crystal asymmetric unit; by Compound 44: ¢) AMP-
PCP bound 1o chain A of the crystal asymmetnic unit,
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In vitro metabolic stability of compound 44

time [minj] __ Sum of Metabolic il ‘
‘metabolites [%] degradation [%] R S
0 0.00 100,00 T :
10 106 o 67 # o4
20 197 448 g i = Datectad
30 270 81.63 § ol metabomes
60 428 8,65
120 571 85.13 201
180 810 B2.50 0 - v - " .
240 am 80.61 0 = 100 150 200 250

Time [min]

Figure S6. Results of metabolic stability assay: A) table reporting percentage of residual compound and
formed metabolites at different time points; Bj plot of obtained results;

Experimental procedure

Pooled adult male and female human lver microsomes (HLMs) were purchased from Merck
(Schnelldorf, Germany). The incubations of HLMs were performed in the presence of an NADPH-
regenerating  system  consisting of § mM  glucose-O-phosphate, 5 U/ml.  glucose-6-phosphate
dehydrogenase, | mM NADP*, and 4 mM MgCla-hexahydrate. All solutions were made in 0,1 M Tris
buffer (pH 7.4 at 37 °C). After addition of the HLMs to the NADPH-regenerating system the mix was
pre-incubated at 37 “C for § min and 750 rpm in a shaker. The final concentration of microsomal protein
content was | mg/mL. Compound 44 was pre-incubated separately under the same conditions.

The reaction was started by adding compound 44 to the NADPH-regenerating system and the incubation
mix was subsequently splitinto 50 pL aliquots. The incubations were stopped at selected time points (0,
10, 20, 30, 60, 120, 180, 240 min) by the addition of 100 pL ice-cold acetonitrile spiked with internal
standard with a concentration of 33 pM. After vortexing, the samples were ceatrifuged ( 19800 rcf at 4
“C, 20 min) and the supernatant was subjected to LC-MS analysis. In order to ensure that the decrease
of compound concentration was exclusively due 10 metabolic degradation heat inactivated HLMs were
used us control. All incubations were conducted in triplicates. None of the incubations exceeded the
limit of 1% organic solvent.
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Kinase selectivity screening of 44,

Compound 44 was tested at Cerep, Eurofins (Celle L'Evescuult, France) in the ExpresS Diversity Kinase
Panel against 45 selected human kinases at a concentration of 10 uM.

Table S3. Inhibition of selected kinases (n=2).

# kinase name Kinase family* | mean inhibition (%)
1 Abl K 19.3
2 Aktl (PKBalpha) AGC 29
3 Aurora-A other 40.6
4 CaMK2alpha CAMK 37
5 CDK1 CAMGC 62.0
6 CDhK2 CAMGC 664
7 CHKI CAMK 124
8 CHK2 CAMK -54
9 c-Raf (Raf-1) TKL 641
10 EGFR K 560.6
11 EPHA2 K 17.1
12 EPHA2 TK 63
13 EphB4 TX 18.2
14 ERK2 (MAPK1) CMGC 53
15 FGFR XK 26.2
16 FGFR2 T 449
17 FGFR3 TK 704
18 GSK3beta CMGC 57
19 HGK (MAP4K4) STE 7.9
20 IKKalpha Other 48.8
21 IR RTK <18
22 IRAK4 TKL 45.8
23 JAK3 TX 65.5
24 INKI CMGC 88.6
25 KDR (VEGFR2) X 95.1
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Table §3. continued.
¥ Kinase Name kinase family® """:‘:’f"""“
% LCK ® 158
27 MAPKAPK2 CAMK -19
38 MARK] CAMK 301
T} Met T %3
30 MNK2 CAMK 949
3l NEKZ Other 300
2 PAKZ STE i
3 PAKA STE 39
3 PDKI AGC TR
35 PV CAMK 38
36 PKA AGC 50
37 PKCbeta AGC 1.3
3 PLK] Other 63
9 ROCKI AGC a2
40 SAPK2A (p3Salpha) OMGC 4
i SGKI AGC ETE
2 SIK CAMK 6
3 SRC ® 123
) TAO? STE 2
% TRKA T3 101

“AGC: 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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