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Abstract

Synthetic kinase inhibitors are chemical tools to investigate cellular roles of kinase enzymes
and, potentially, find new treatments for various diseases that are connected with their
dysregulated expressions and activities. This thesis focuses on two projects that were devoted
to design, synthesize and evaluate novel compounds as kinase inhibitors.

In a first project, employing structure-based docking methods, novel 7-aryl- or 7-heteroaryl-
substituted 4-aminoquinazoline-6-carboxamide compounds were developed as inhibitors of
class II phosphatidylinositol 4-kinases (PI4K2A/2B). A simple synthetic approach enabled
the preparation and the functionalization of the 4-aminoquinazoline scaffold in six steps.
Enzymatic evaluation for activity and selectivity against PI4Ks (i.e., PI4K2A and class III
PI4Ks) highlighted several compounds with low micromolar potency and good selectivity
against PI4K2A. Moreover, the binding mode of the new compounds in the conserved ATP-
binding sites of class Il PI4Ks was corroborated by X-ray crystallography. This suggests the
applied rationale of the design can be a strategical option to obtain more potent and selective
PI4K class II inhibitors, to conduct additional investigations on these kinases.

In a second project, novel 4,6- and 4,6,7-substituted quinazoline compounds were developed
and evaluated as inhibitors of receptor-interacting protein kinases 2 and 3 (RIPK2/3). The
design of the molecules was guided by structural analyses of documented RIPK inhibitors.
These precedents and new docking studies led to installation of an aminobenzothiazole
moiety at position 4 of the quinazoline. In the meantime, multiple diversifications were
introduced at positions 6 and 7 of the central scaffold, providing three series of structurally
correlated compounds. These were synthesized employing a convergent cyclization
methodology and palladium-catalyzed reactions. Enzymatic analyses of the molecules
against the RIPK1-4 isoenzymes led to identification of various inhibitors selective for
RIPK2, or for both RIPK2/3 kinases. In cell-based assays against RIPK2, most of the
compounds exerted nanomolar inhibition of the NOD1/2 pro-inflammatory pathways.
Surprisingly, for selected dual RIPK2/3 inhibitors, evaluation against RIPK3-mediated
necroptosis showed only a limited cellular efficacy. For several lead compounds, assessments
in human and mouse liver microsomes and plasma showed high metabolic stability in both
species. Lastly, some of the best compounds also exhibited outstanding RIPK selectivity
profiles in evaluations against other 58 human enzymes of the kinome. Thus, diversifying
substitutions at positions 6 and 7 of the developed quinazoline derivatives enabled to explore
significant differences in potency and specificity against RIPK2 and RIPK3. These
discoveries could aid further development of new compounds with increased efficiency

against these isoenzymes.



Abstrakt

Syntetické inhibitory kindz jsou chemickymi ndstroji pro zkoumani bunéénych roli téchto
kinaz a hledani novych zpisobi 1écby lidskych onemocnéni, ktera souviseji s poruchami
regulace jejich exprese a aktivity. Tato prace se zaméfuje na dva projekty, které byly
vénovany navrhu, syntéze a hodnoceni novych sloucenin jako inhibitort kinaz.

V prvnim projektu byly, s vyuzitim strukturnich dokovacich metod, vyvinuty nové 7-aryl
nebo 7-heteroaryl-substituované 4-aminochinazolin-6-karboxamidové slouceniny jako
inhibitory fosfatidylinositol 4-kinaz ttidy II (PI4K2A/2B). Pomoci jednoduchého
syntetického pfistupu a nasledné funkcionalizace byl v Sesti syntetickych krocich ptipraven
zadany 4-aminochinazolinovy skelet. Vyhodnoceni biologické aktivity a selektivity viici
PI4K (tj. PI4K2A a PI4K tfidy III) odhalilo né¢kolik slou€enin s nizkou mikromolarni
aktivitou a dobrou selektivitou vii¢i PI4K2A. Zptsob vazby novych sloucenin ve vazebném
misté pro ATP PI4K tiidy II byl potvrzen rentgenovou krystalografii a naznacuje, ze pouZzity
postup muze vést k jest¢ ucinnéjsim a selektivnéjsim inhibitorim PI4K tfidy II pro dalsi
vyzkum téchto kinaz.

Ve druhém projektu byly vyvinuty nové 4,6- a 4,6,7-substituované chinazolinové slouceniny
jako inhibitory receptor-interagujicich proteinkinaz 2 a 3 (RIPK2/3). Navrh molekul byl
veden strukturni analyzou zdokumentovanych inhibitord RIPK. Tyto precedenty a nové
dokovaci studie vedly k zavedeni aminobenzothiazolové skupiny na pozici 4 chinazolinu.
Nasledné bylo zavedeno nékolik substituci v polohach 6 a 7 centralniho skeletu, ¢imz vznikly
ti fady strukturné€ ptibuznych sloucenin. Ty byly pfipraveny pomoci konvergentni metodiky
cyklizace a palladiem katalyzovanych reakci. Vyhodnoceni biologické aktivity v
enzymatickych esejich proti izoenzymim RIPKI1-4 vedly k identifikaci inhibitorQ
selektivnich pro RIPK2, nebo pro ob& RIPK2/3 kindzy. V bunénych esejich zamétenych
proti RIPK2 vét§ina slouCenin pusobila inhibici prozanétlivych drah NODI1/2 uz
v nanomolarnich koncentracich. U vybranych dudlnich inhibitord RIPK2/3, ptekvapive,
hodnoceni aktivity proti nekroptoze zprostfedkované RIPK3 v buné¢nych esejich odhalilo
pouze omezenou ucinnost. Byla zméfena stabilita n¢kolika hlavnich sloucenin v lidskych a
mysSich jaternich mikrosomech a plazmé. Mé&feni ukazalo vysokou metabolickou stabilitu
v obou piipadech. Tti nejlepsi inhibitory vykazovaly vynikajici profily selektivity, kdyz byly
hodnoceny proti 58 dal§im enzymtm z lidského kinomu. Diverzifikace substituci v polohach
6 a 7 vyvinutych chinazolinovych derivati tak umoziuje zkoumat vyznamné rozdily v
ucinnosti a specifité¢ vi¢i RIPK2 a RIPK3. Tato zjisténi by mohla napomoci dal§imu vyvoji

novych sloucenin se zvySenou ucinnosti proti témto isoenzymuim.
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AcOH acetic acid

ADP adenosine diphosphate

ALK anaplastic lymphoma kinase

AMP adenosine monophosphate

AMPKa AMP-activated protein kinase alpha
AP-1 adaptor protein-1

ASK1 activator of S-phase kinase 1

ATP adenosine triphosphate

ATP Kn enzyme constant of affinity for ATP
Aurora-A Aurora kinase-A
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C14-Tri-LAN-Gly myristic-alanine-D-iso-glutamine-g-meso-lanthionine-glycine

CARD caspase activation and recruitment domain
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CDK1/2/6/7/9 cyclin dependent kinase 1/2/6/7/9
CHK1 checkpoint kinase 1

CKl1yl casein kinase 1 gamma 1
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cryo-EM cryo-electron microscopy
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DAMP damage-associated molecular pattern
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DMF N,N-dimethylformamide
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DMSO dimethyl sulfoxide
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6



Et,O
EtOAc
EtOH
FDA
Fyn
GSK3p
h

Her-2
hERG
HRMS
IAP
ICso
IGF-1R
IKKa
1P,
IRAK4
JAK2
KDR
LC-MS
LOK
Lyn
LUBAC
LPS
MAPK
MAPKAP-K2
MATI1
MDP
MEK1
MeOH
min
MLK1
MLKL
Mnk2
MS
MSK2
MSTI
mTOR

diethyl ether

ethyl acetate

ethanol

Food and Drug Administration

tyrosyne kinase Fyn

glycogen synthase kinase-3 beta

hour

human epidermal growth factor receptor-2
human ether-a-go-go-related gene

high resolution mass spectrometry
inhibitor of apoptosis

half-maximal inhibitory concentration
insulin-like growth factor 1 receptor
inhibitory kappa B kinase alfa

inositol 1,3,4,5-tetrakisphosphate
interleukin-1 receptor-associated kinase 4
Janus kinase 2

kinase insert domain receptor

liquid chromatography-mass spectrometry
serine/threonine kinase 10

tyrosine kinase Lyn

linear ubiquitin chain assembly complex
lipopolysaccharide

mitogen-activated protein kinase
MAPK-activated protein kinase 2
methionine adenosyl transferase’1
muramyl dipeptide

MAPK/extracellular signal-regulated kinase 1
methanol

minute

mixed lineage kinase 1

mixed lineage kinase domain-like pseudokinase
MAPK interacting kinase 2

mass spectrometry

mitogen and stress-activated kinase 2
macrophage stimulating 1

mammalian target of rapamycin

7



MW
NEK2
NIS
NF-«B
NOD1/2
NMR
p70S6K
PAK2
PDB
PDA
PDGFRB
PH

PI

PI3K
PI4K2A/2B/A/B
PI4P
Pim-1
PKA
PKB
PKCa/6
PKGla
PIk3
PRAK
RHIM

RIPK1/2/3/4/5/6/7

ROCK-I
Rse
Rskl

rt

Rt
SAPK2A
SAR
SPhos
SRPK1
TAK1
TCEP
TEV

molecular weight

never-in-mitosis-A related kinase 2

N-iodosuccinimide

nuclear factor kappa-light-chain-enhancer of activated B cells
nucleotide-binding-oligomerization-domain-containing protein 1/2
nuclear magnetic resonance

ribosomal protein S6 kinase

p21-activated kinase 2
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CHAPTER 1

1.1. Introduction to human Kinases

Human kinases represent a network of hundreds of cytosolic and transmembrane enzymes
expressed from the genome (kinome), which are interrelated by their encoded genetic
sequences, phenotypes and bioactivities.! Typically, most kinases can function as highly
selective catalysts in phosphoryl group transfer reactions from donor molecules (i.e.,
nucleoside triphosphates) to other definite molecular substrates. For this reason, these
enzymes are also referred to as nucleoside triphosphate-dependent phosphotransferases.>?
Nevertheless, kinases can also serve as allosteric modulators (e.g., scaffolding proteins) of
biomolecules in fashions that do not depend on their phosphorylating action.*?

Known enzymes of the human kinome can be divided in protein kinases (serine/threonine,
tyrosine, tyrosine-kinase-like and dual-specificity kinases), lipid kinases, sugar kinases, and
nucleoside kinases, depending on their functional specificities.!*® Collectively, kinase
functions play relevant roles in the regulation of signaling, remodeling of the membranes and
molecular trafficking in and out of the cellular environment.*” In addition, kinases control
essential steps of the synthesis and metabolism of elaborated carbohydrates and genes.”®
Dysregulations of these physiological processes can be detrimental to the cells and can lead
towards states that are pathological.®

As dysregulated kinase activities have often been correlated with human disorders, these
enzymes have been incrementally proposed and explored as attractive therapeutic targets by
scientists.>!? These research investigations have led to the identification and development of
synthetic compounds as kinase inhibitors. These demonstrated to be targeted chemical tools

highly valuable to conduct biological and clinical studies on kinases.'"!2

The synthesis of novel compounds inhibiting kinases has been the central focus of my PhD

thesis.

1.2. Synthetic kinase inhibitors as tools for chemical biology and therapeutics
Typical synthetic kinase inhibitors could be described as heterocyclic, lipophilic, low
molecular weight (i.e., MW < 900 Daltons) organic molecules of artificial origin.'*'* These
present structures with the specific capability of inducing downregulations of kinase’
activities. Inhibitory effects are usually elicited by occupying binding sites (pockets) of their
protein targets, interacting with amino acids that are essential for the regulation of their

functionality and/or stability.'?
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Up to the year 2022, the drug regulatory agencies worldwide (e.g., the American Food and
Drug Administration, FDA) have approved about a hundred inhibitors of kinases for the
treatment of specific human disorders, including cancers, autoimmune, infectious,
inflammatory, metabolic and cardiovascular diseases.'®!” Recently, hundreds of small
molecules have been reported as being under investigation in various clinical trials against
kinases as potential therapeutic treatments. '8

Kinase inhibitors useful for biological and clinical research often require structural
optimization due to similarities in the kinases’ constructs that can lead towards poor enzyme
selectivity.'® A lack of adequate specificity, in turn, can hinder a reliable understanding of
biological enzymes’ functions and regulatory mechanisms. Furthermore, it can lead towards

relevant cytotoxic effects.’ Besides bearing points of similarities, kinase enzymes can also

undergo frequent structural mutations, which can have severe impact on their functional
protein folds and ligand binding affinities.?’ To overcome selectivity and affinity limitations
of compounds, the rational development of targeted kinase inhibitors is usually based on
thorough characterization and analysis of structures and conformations of kinases, as these

have appeared to be essential determinants of their specific functions and regulations.?%2!

1.3. Structural and regulatory features of kinases

Currently, tridimensional structural/conformational analyses of kinases as well as their
interactions with ligands can be conducted employing various experimental spectroscopy
techniques (i.e., X-ray crystallography; nuclear magnetic resonance, NMR; cryo-electron
microscopy, cryo-EM).?>* In addition, theoretical investigations of enzyme/ligand binding
modalities can be conducted employing predictive computational methodologies, as, for
instance, molecular docking.”® Over extensive research studies, a vast majority of kinases
exhibited conserved structural features, which are localized predominantly in their kinase

domains, also referred to as their catalytic modules.?**’

1.3.1. Catalytic domain of kinases

Typical kinase domain constructs contain an N-lobe rich in beta-strands and a C-lobe rich in
a-helices, which are interspaced with a flexible connection, known as the hinge. The hinge
region of the enzymes interacts physiologically with the scaffold of nucleoside triphosphates,
as, for instance, the adenine heterocycle of adenosine triphosphate (ATP 1, Figure 1).2° The
N-lobe also features an aC-helix, which is involved in conformational changes of the kinase

domains from states of activity to inactivity.?”*
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N-lobe

Gatekeeper
amino acid

Activation

loop
C-lobe

Figure 1. Structure of ATP 1 in complex with the protein kinase A (PKA) catalytic domain (PDB
1ATP?). Various conserved structural elements across kinases are highlighted in distinct colors.

Between the N- and C-lobes are centered structural elements that are essential for execution
of the phosphorylating function of the enzymes. For example, a specific amino acid, known

as the “gatekeeper”*

, establishes an access for the ligand ATP 1 to its binding site. In
addition, an exposed peptide chain (activation loop) plays a pivotal role in regulating the
phosphoryl group transfer from ATP 1 to other molecular targets of the enzymes.** Notably,
selective phosphorylations and/or autophosphorylations of amino acids localized in the
activation loop can modulate the catalytic activities of kinases.*'** Additionally, towards the
N-terminal region, this regulatory loop contains a highly conserved sequence of three amino
acids (the DFG motif), usually consisting of aspartic acid (Asp, D), phenylalanine (Phe, F)
and glycine (Gly, G).** The DFG motif can rearrange between two main opposite structural
orientations (known as “DFG-in” and “DFG-out”).***

Functionally active kinase domains share a tendency to adopt similar “DFG-in” structural
orientations, where the essential Asp (D) residue is oriented towards the inside of the ATP-
binding sites, allowing the enzymes to exert ATP-mediated phosphorylations.>* By contrast,
functionally inactive kinase domains can structurally reorganize into less conserved “DFG-
out” conformations, bearing generally the Asp (D) residue of the DFG sequence oriented
towards the outside of the ATP-binding site. Importantly, in these inactive DFG
14



conformations the adjacent Phe (F) residue can rotate towards the hinge cleft and open access
to allosteric pockets localized beneath the aC-helix of the N-lobe of the kinase domains.****
Statistically, a large majority of synthetic kinase inhibitors have been identified and
developed to interact specifically with either the “DFG-in” or the “DFG-out” conformations
of the kinase domains to disrupt enzyme activities.’**® Representative are the breakpoint
cluster region-Abelson tyrosine protein kinase (Bcr-Abl kinase) inhibitors dasatinib 2 and

imatinib 3 (Figure 2), respectively.’”®

aC-Helix aC-Helix

DFG-in conformation DFG-out conformation

ATP Pocket

)
N
N%LN Cl /Nl H H
H
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Figure 2. Representation of the DFG-in/active (A) and DFG-out/inactive (B) conformations of
the Ber-Abl kinase domain in complex with inhibitors dasatinib 2 and imatinib 3, respectively.*®

1.3.2. Allosteric sites and domains of kinases

Characterizations of the full-length structures of kinases also have led to identification of
regulatory allosteric binding sites that are localized out of their ATP-binding pockets, or even
out of their phosphorylating modules.* Structural/conformational rearrangements of
allosteric regions appear to regulate various protein-protein interactions and other
functionalities of kinases, including their phosphorylating action.”* An example of an
allosteric kinase module is the N-terminal pleckstrin homology (PH) domain of protein kinase

B (PKB), which, on binding to the endogenous phospholipid inositol 1,3,4,5-
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tetrakisphosphate (IP4 4), displays the ability to rearrange its conformation and to negatively

modulate the activity of the PKB kinase domain (Figure 3).%°
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Figure 3. Model of the PKBa PH domain (yellow) and kinase domain (green) in complex with
IP44.% In the model, the phospholipid is represented as CPK (Corey-Pauling-Koltun) orange-red
spheres.

Importantly, extending the investigations of structural and regulatory features of allosteric
regions inside or outside of the kinase domains of kinases has led to the development of small
molecule inhibitors which exhibited a remarkable affinity and specificity for their enzyme
targets.>”*! An illustrative example is the selective PKB allosteric inhibitor borussertib 5,
which can disrupt the PKB activity by interacting simultaneously with both the PH and the

kinase domains of this protein kinase (Figure 4).*
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Figure 4. Structure of inhibitor borussertib 5 in complex with PKB (PDB: 6HHF*?). The kinase
domain and PH domain are colored as in the model in Figure 3.

1.4. Mechanistic classification of kinase inhibitors

Kinase inhibitors can display distinct molecular structures and binding regions within their
kinase targets, which in turn can enable diverse mechanisms of functional inhibition. Based
on a mechanistic classification, compounds inhibiting kinases may belong to six main types

(type I-VI, Figure 5)."°
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Typel Type ll Type lll
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(active) (inactive) ATP Binding Pocket

%

Type IV Type V Type VI
Allosteric Bivalent Covalent

Figure 5. Representation of the summary classification of small molecule kinase inhibitors. Small
molecules are depicted as red ovals. Enzyme targets are colored in blue.*

1.4.1. Type I inhibitors

Type I inhibitors mainly function by interacting with the ATP-binding sites of kinase domains
that are catalytically active (“DFG-in” conformations), precluding ATP 1 from binding to its
specific site.’® Illustrative examples are the epidermal growth factor receptor (EGFR)

inhibitors gefitinib 6 and erlotinib 7 (Figure 6).***
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Figure 6. Structures of inhibitors gefitinib 6 and erlotinib 7 in complex with the EGFR kinase
domain (PDB: 2ITY* and 1M17%, respectively).

As a conserved structural feature, type I inhibitors share usually heterocyclic central scaffolds
(i.e., quinazoline) emulating or strengthening the hydrogen bonding interactions that are
formed by the purine scaffold of ATP 1 in the hinge of the kinase domains.*® The main
scaffolds of these molecules are usually decorated with additional functional groups, serving
to interact with specific cavities and amino acids of the enzymes that are situated
topologically adjacent to the sites getting in contact with the ATP-adenine heterocycle.*
Exploiting essential structural dissimilarities presented in the catalytic sites of kinases with
appropriate decorations of the main scaffolds has been providing highly efficient kinase

inhibitors thus far.*¢

1.4.2. Type II inhibitors

Type I ligands also inhibit kinases by competing with physiological ATP 1. However, these
molecules mainly interact with enzymes that are catalytically inactive, stabilizing “DGF-out”
conformations of the kinase domains.*® Illustrative examples are the Ber-Abl kinase inhibitor

nilotinib 8 and the multi-kinase inhibitor sorafenib 9 (Figure 7).4"4%
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Figure 7. Structures of nilotinib 8 and sorafenib 9 in complex with the Ber-Abl kinase domain
(PDB: 3CS9)* and the kinase insert domain receptor (KDR) catalytic domain (PDB: 3WZE)*,
respectively.

Although structurally they may resemble the type I, type Il molecules share a tendency not to
interact as productively in the hinge site of their enzyme targets, primarily because of a steric
bulk generated by the inactive orientations of the DFG amino acids.>>* This binding
limitation of compounds can be commonly circumvented by introducing additional
decorative substituents, serving to fit and interact with lipophilic allosteric pockets that are
scarcely conserved across kinases. Notably, these binding sites can be accessed mainly in the

inactive DFG-out conformations of the proteins.>>*

1.4.3. Type III inhibitors

Type III inhibitors interact with kinases’ allosteric binding sites localized in the close vicinity
of their ATP-binding regions, usually avoiding contacts with the hinge of the enzymes.*
Generally, these compounds can obstruct the binding of molecular substrates that are
physiologically phosphorylated by kinases and, simultaneously, can stabilize inactive enzyme
conformations.*' The mitogen-activated protein kinase/extracellular signal-regulated kinase
(MEK) inhibitors trametinib 10 and cobimetinib 11 (Figure 8) are representative

examples.’!*?
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Figure 8. Structures of trametinib 10 and cobimetinib 11 in complex with the MEK1 kinase
domain (PDB: 7MO0Y>!' and 4AN2%, respectively).

Notably, type III molecules exhibited high specificities for their targets, since their binding

pockets are less conserved than ATP-binding regions across kinase enzymes.*!-*

1.4.4. Type IV inhibitors

Type IV inhibitors bind into kinases’ allosteric regions localized far from the ATP-binding
pockets.*® Thus, intrinsically, these compounds do not compete with ATP 1 for its binding
site. On the other hand, type IV ligands can prevent the binding of other regulatory substrates
of kinases. In this fashion, they can stabilize inactive enzyme conformations.’° Representative
examples of type IV ligands are the kinase inhibitors asciminib 12 and GNF-2 13 (Figure 9),
which both fit the myristoyl pocket that is situated within the C-lobe of the Ber-Abl kinase

domain. >~
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Figure 9. Structures of asciminib 12 and GNF-2 13 in complex with the Bcr-Abl kinase domain
(PDB: 5MO4% and 3K5V™, respectively).

Type IV inhibitors exhibit high selectivity, analogously to the type III, since they interact
with allosteric regions commonly presenting structural elements that are peculiar to defined

kinases.’ %>

1.4.5. Type V inhibitors

Type V inhibitors are referred to as bifunctional inhibitors, since these can extend
concurrently their interactions with two distinct regions of kinases as, for instance, their ATP-
binding sites and other regulatory regions.'>*® In these cases, type V molecules can bind to
the hinge via typical ATP-mimetic heterocyclic scaffolds, which are further decorated with
peculiar peptide-mimetic fragments. The latter decorations can enable interaction specificity
of the molecules also with allosteric regions of the enzymes.’” A typical example is the
adenosine oligo-(D-arginine) conjugate-based molecule ARC-1034 14, which selectively
inhibits PKA (Figure 10).%
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Figure 10. Structure of ARC-1034 14 in complex with the PKA kinase domain (PDB: 3BWJ*®).

Bifunctional compounds display high affinity and specificity because of their enhanced
ability to form multiple contacts with their enzyme targets. Nevertheless, intrinsic high
molecular weights and low stability can often limit both cell permeability and bioavailability

of this type of molecules.*®>’

1.4.6. Type VI covalent inhibitors

Lastly, type VI inhibitors present a capability to interact covalently with kinases to suppress
their activities.!” Representative molecules function by interacting in the hinge region of
kinases through heterocyclic scaffolds, preventing ATP 1 from binding to its site. The main
scaffolds are commonly linked to o,B-unsaturated carbonyl functionalities (i.e. acrylamides),
serving as electrophiles in hetero-conjugate additions with reactive amino acids of the
enzymes (e.g., cysteine residues, nucleophiles).'”® The covalent interactions between
kinases and ligands can lead to the formation of irreversible adducts, as in the cases of the
EGFR inhibitor afatinib 15 and the Bruton's tyrosine kinase (BTK) inhibitor ibrutinib 16
(Figure 13).61:62
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Figure 11. Structures of afatinib 15 and ibrutinib 16 in complex with the EGFR kinase domain
(PDB: 4G5))! and BTK kinase domain (PDB: 5P9J)®?, respectively.

Since irreversible ligands have shown relevant limitations, such as off-target cytotoxicity®,
safer covalent inhibitors that can form reversible adducts with enzymes were later
developed.®*** Typically, reversible covalent inhibitors are characterized by electron
withdrawing groups (EWG, e.g., a nitrile group) present at the alpha-position with respect to
the acrylamides, enabling the retro-conjugate addition and dissociation of kinase/inhibitor
adducts.** The BTK inhibitor rilzabrutinib 17 is a representative example of a reversible

covalent ligand (Figure 14).°
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Figure 12. Structure of rilzabrutinib 17 in complex with the BTK kinase domain (PDB: 7L5P%).

1.5. General overview of following chapters

The research investigations included in this thesis have focused independently on the design,
synthesis and evaluation of novel potential type I inhibitors targeted towards either class 11
phosphatidylinositol 4-kinases (PI4K2A and PI4K2B), or receptor-interacting protein kinases
2 and 3 (RIPK2 and RIPK3). Being these two distinct subsets of kinases, the projects will be
described in two separate chapters (Chapters 2 and 3, respectively). In each chapter, concise
introductions to the selected kinase targets and to some of their known inhibitors will first be
given. Subsequently, for each project, the rationale of the design of the new compounds, the
synthetic and biological results and conclusions will be discussed. Following Chapters 4 and
5 will detail preparative procedures and characterizations of the compounds that are related

to Chapters 2 and 3, respectively.
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CHAPTER 2

2.1. Introduction to PI4Ks

According to observed similarities in their encoded genetic sequences and phenotypes, human
PI4Ks can be clustered into a class II (PI4K2A, PI4K2B) and a class III (PI4KA, PI4KB).
The two enzyme classes display reciprocal diversities in their sensitivities to substances.**%’
In addition, while PI4KA and PI4KB share features in their genes and their tridimensional
structures with other characterized phosphoinositide lipid kinases, for example
phosphatidylinositol 3-kinases (PI3Ks)®®®, the enzymes PI4K2A and PI4K2B present
atypical structural elements, which are exhibited only by a few other known kinases.”®’!
Nevertheless, all the four PI4Ks are identified as lipid kinases that act as selective catalysts
in the conversion of phosphatidylinositol (PI 18) into phosphatidylinositol 4-monophosphate

(PI4P 19, Figure 13).%®
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Figure 13. PI4K catalytic transfer reaction of a phosphoryl group onto PI 18 leading to PI4P 19.

PI4P 19 may serve as an essential lipid substrate for the further elaboration of other
phosphoinositides involved in PI3K and receptor-activated phospholipase C (PLC) signaling
cascades.”” Additionally, PI4P 19 may function as a signaling lipid in the regulation of
sphingolipid metabolism, reorganization of the cellular framework and trafficking of

molecules through the cell membranes.”

Biological roles of individual PI4Ks exhibit little redundancy and strong dependency on

differences in the enzyme distributions at a subcellular level (Figure 14).”>"
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Figure 14. Subcellular compartmentation of PI4Ks.”> EFR3B, TTC7B, Orail and STIMI1
represent known protein partners involved in the biosynthesis of PI4P in the membranes.”

Class II PI4Ks have been localized primarily in membrane compartments. PI4K2A is mainly
detected as active in lysosomes, endosomes and in the trans-Golgi network (TGN), whereas
PI4K2B is found as active in trafficking vesicles, or as inactive in the cytosol.®*’® Class III
PI4Ks are instead expressed and functionally active both in the cytosol and in membrane
compartments. PI4KA often associates to the plasma membrane and the endoplasmic

reticulum, while PI4KB is consistently accumulated in the Golgi apparatus.®”">

2.2. Class II PI4Ks and human diseases
PI4K2A and PI4K2B display similar recruiting mechanisms via palmitoylation, but

uncorrelated cellular expressions, compartmentations, and rates of activity.””»”® Therefore,
their pathophysiological roles and therapeutic potential have been elucidated to diverse
extents.

Being mostly an enzyme associated with membranes in an active state, PI4K2A regulates
multiple cell signaling pathways that are implicated in the development of carcinomas,
including the Wnt, the EGFR and the Her-2 pathways.””®! Recent oncological studies have
led scientists to associate the imbalance of the PI4K2A activity to angiogenesis and
oncogenesis, suggesting that the inhibition of this lipid kinase may be a potential therapeutic
strategy against the onset and development of cancer.’’™ In addition, recent research
evaluations have showed that the dysregulated expression and activity of PI4K2A might be
linked to encephalopathies and metabolic disorders, including lysosomal storage diseases

(i.e., Gaucher’s disease) and neurological diseases.?* 3¢
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The PI4K2B functions and potential as a therapeutic target are currently less thoroughly
documented, as this enzyme is poorly expressed in cells with respect to the PI4K2A
isoenzyme. Furthermore, PI4K2B is often set as inactive in the cytosol.®*”> Recently, the
PI4K2B enzyme was proposed to be a major contributor to the regulation of the
TGN/endosomal trafficking as well as the Wnt signaling pathway.’” Specifically, this
PI4K2B activity has been attributed to protein-protein interactions with the adaptor protein-
1 (AP-1).% For this reason, the targeted inhibition of PI4K2B has been suggested as a
promising strategy for the treatment of oncological disorders.®®

In addition, it should be mentioned that both PI4K2A and PI4K2B have also been recently
identified as implicated in toll-like receptor (TLR) signaling cascades, correlating with the
productions of pro-inflammatory cytokines, such as tumor necrosis factor alpha (TNF-a).%
Thus, further investigations might reveal these enzymes as potential targets for the treatment

of inflammatory diseases.>*"°
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2.3. PI4K class II small-molecule inhibitors known in the literature

Reliable insights in the biology and therapeutic potential of class II PI4Ks are challenged by
a scarce number of selective inhibitors reported in the literature.”®!

Some known natural products exhibited inhibitory activity against class II PI4Ks.
Representative examples are the polyphenols epigallocatechin gallate 20°> and resveratrol

21% (Figure 15).
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Figure 15. Structures of epigallocatechin gallate 20 and resveratrol 21.

These molecules displayed additional off-target effects on other enzymes.”*> Thus, they did
not possess adequate specificity profiles to explore cellular roles of class II PI4Ks.

Endogenous, adenine-based substrates, such as ADP 22, AMP 23, and adenosine 24 (Figure
16), also are known to exert inhibitory effects on class II PI4Ks.”® Even so, these compounds

are intrinsically devoid of relevant selectivity across kinases.
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Figure 16. Structures of ADP 22, AMP 23 and adenosine 24.

Recent research studies led to the identification of synthetic PI4K class II inhibitors as MD59
257" and NCO02 26”7 (Figure 17), bearing a purine- and a coumarin-based structures,
respectively, which, in biochemical evaluations, showed good affinity and selectivity for

PI4K2A over class III PI4Ks.”""7
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Figure 17. Structure of MD59 25 and NCO02 26.

Both MD59 25 and NCO02 26 displayed a type I mechanism of binding within the kinase
domain of PI4K2A, which could suggest a potential inhibitory efficacy also against the
homologous PI4K2B isoform.”"*’

With an alternative design approach, explorations of the PI-binding site of PI4K2A led to
development of the allosteric thiourea-based inhibitor PI-273 27°® (Figure 18), functioning

as a PI-competitive substrate against this PI4K.*

Figure 18. Structure of PI-273 27.

Interestingly, due to less conserved structural features present in the PI-binding sites of PI4Ks
with respect to their ATP-binding sites, PI-273 27 showed a marked selectivity for PI4K2A

over other PI4Ks, even with respect to the closely related PI4K2B isoenzyme.”®

As for PI4K2B, no isoform-specific inhibitors have yet been reported in the literature.

29



2.4. Aim of the PI4K class II inhibitors project
The overall goal of this project was to further previous efforts of Dr. Nencka’s team that
aimed at the development of novel type I inhibitors of class II PI4Ks (PI4K2A and PI4K2B)

bearing selectivity over the class III isoforms.
The key objectives of the project were to:

e Design novel PI4K class II inhibitors based on structural analyses.

e Devise the synthesis of the designed compounds.

e Evaluate the molecules for activity and selectivity against PI4Ks.

e Investigate the binding mode of the molecules in complex with class II PI4Ks.

e Interpret structure/activity trends of the compounds that could enable their

optimization.

All these research efforts were conducted in cooperation with various scientists, who I would

like to acknowledge:

Dr. H. Mertlikova-Kaiserova’s team (Biochemical Pharmacology, Institute of Organic
Chemistry and Biochemistry, Czech Academy of Sciences, Prague, Czech Republic)

conducted the enzymatic activity assays.

Dr. E. Boura’s team (Structural biology, Institute of Organic Chemistry and Biochemistry,
Czech Academy of Sciences, Prague, Czech Republic) provided the enzymes for the

enzymatic activity assays and conducted the crystallography experiments.

2.5. Rational design of novel 4-aminoquinazoline PI4K class II inhibitors
This work was inspired by earlier structural biology studies that first led to significant insights
into the tridimensional structure of PI4K2A in complex with the physiological substrate ATP
1.7° Further research endeavors led to confirm several structural/conformational points of
similarities present in the class II PI4K isoforms’ catalytic domains.”' In addition, these
research investigations led to identify MD59 25 as a PI4K2A inhibitor featuring an ATP-
competitive, type I binding mode and exhibiting good inhibition and selectivity against
PI4K2A over the class III isoenzymes (i.e., PI4KB).”! These insights overall could suggest
that employing an adenine-mimicking central scaffold might lead to new inhibitors with
appropriate affinity for PI4K2A and PI4K2B, and with good specificity over other PI4Ks.”!

The rational approach employed to design new molecules began with structural analyses of

analogous features of various known adenine-based ligands and their co-crystal structures in
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complex with class II PI4Ks. Specifically, two structures of PI4K2A in complex with either

the ligand ATP 1 (PDB: 4PLA), or inhibitor MD59 25 (PDB: 4YC4), were selected and
).7071

overlaid for comparative analyses (Figure 19

Polar pocket

Lypophilic cavity

Figure 19. Structure overlay of ATP 1 and MD59 25 in complex with PI4K2A (protein and ATP
are from structure PDB: 4PLA, MD59 and water atoms are from structure PDB: 4YC47! —
protein not shown). Blue circle depicts the region accommodating the norbornane system in
MD59 25, or the ribose ring in ATP 1. The red circle depicts an adjacent region that is free of any
target/ligand contacts for both the substrates.

According to these evaluations, in the cases of both these adenine substrates, the imidazole
of the scaffold lacks in any productive interactions with the ATP-binding site of PI4K2A,
although several amino acids are localized near and around the nitrogen at position 7 of the
purine (circled in red in Figure 19). Contrastingly, the nitrogens at positions 1 and 3 of the
adenine, as well as the amino group at position 6, are all fundamental to engage in interactions
with key amino acid residues in the hinge region, either through direct contacts, or through
molecules of the solvent.”' In addition, replacing a ribose moiety (in ATP 1) with a
norbornane system (in MD59 25) (circled in blue Figure 19) does not appear to interfere with
the binding of the common adenine scaffold. In fact, the norbornane moiety of MD59 25
seems to fit the sugar cavity of class II PI4Ks well and, possibly, might even contribute to the
selectivity with respect to class III PI4Ks (PI4KA and PI4KB).”' This may imply that the
regions accommodating the ribose of ATP 1 might be intrinsically more lipophilic in class 11
PI4Ks, than in the class III isoenzymes. Nevertheless, considering the inhibitor MD59 285, a
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decorative hydroxymethyl group on the norbornane system seems essential, as this might
enable to get in contact with hydrophilic amino acid residues of these enzymes (e.g., Asp346
of PI4K2A) that, under physiological conditions, would interact with the triphosphate portion
of ATP 1 (Figure 20).7%"!

Figure 20. Models of ATP 1 (A) and MDS59 25 (B) in complex with PI4K2A, according to their
respective co-crystal structures (PDB: 4PLA and PDB: 4YC4, respectively).””" The authors
highlighted three regions (yellow 1, green 2 and blue 3) within the ATP-binding site that could

lead to inhibitor optimizations.”®’!

All these structural observations enabled the elaboration of new molecular modelling
experiments, which were conducted by Dr. Nencka employing principally a PI4K2A structure
(PDB: 4PLA”, Figure 21).

In the design of novel inhibitors of class II PI4Ks, it was first decided to implement a scaffold
hopping strategy from an adenine to a 4-aminoquinazoline bicycle, considering this
heterocycle could allow to retain the important interactions that both compounds ATP 1 and
MD59 25 can engage in the hinge region of the PI4K2A enzyme. Subsequently, a primary
amide group was introduced at position 6 of the quinazoline, with the intent to extend the
hydrogen bond interactions of the new compounds to hydrophilic amino acid residues that
are localized proximally to the adenine-binding site of the enzyme, as, for instance, Asp346.”!
In addition, with the goal to find efficient bioisosteric replacements for the norbornane part

of MD59 25, or the ribose of ATP 1, extensive structure-activity relationship (SAR)
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investigations were pursued to explore the sugar pocket of the PI4K2A ATP-binding site. To
this end, modifications of various sizes and polarities were introduced at position 7 of the

quinazoline, including monocyclic and bicyclic aryl, or heteroaryl moieties.

o} NH,
6 4
:: H,N N )N
1 —
SAR R'77 N
INVESTIGATION

R! = aryl or heteroaryl moieties

1. SCAFFOLD HOPPING TO 4-AMINOQUINAZOLINE
2. CARBOXAMIDE GROUP AT POSITION 6

3. ARYL OR HETEROARYL MOIETIES AT POSITION 7

Figure 21. Example of a compound designed by docking in complex with PI4K2A (PDB:
4PLA)™ and general structure of the new 7-substituted 4-aminoquinazoline-6-carboxamide
series.

2.6. Rationale behind the synthesis of the compounds — literature precedents

of one-pot cyclization approaches to 4-aminopyrimidine-fused heterocycles
The research program proceeded with a literary exploration of approaches useful for the

synthesis of the compounds.

Due to a vast range of biological properties and activities, molecules bearing a 4-

aminoquinazoline scaffold have been broadly explored by the scientific community.”®!%°

Thus, various synthetic approaches are available in the literature for their preparation.'%%!!
Particularly inspirational to this project was the synthetic methodology devised by Rad-
Moghadam and Samavi'%?, which is among the first ones to report an efficient, one-pot three-
component synthesis of quinazoline compounds bearing a primary amino group at position 4
of the scaffold. Specifically, 2-aminobenzonitrile 28, various triethyl orthoesters and
ammonium acetate were combined under microwave-assisted, solventless conditions,

affording the intended 2-substituted 4-aminoquinazoline products (general structure 29) in

82-89 % yields (Scheme 1).'%?
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Scheme 1. Synthetic strategy leading to quinazolines bearing a primary amino group at position
4, devised by Rad-Moghadam and Samavi.!”? Reagents and conditions: (i) R-C(OEt);, ammonium
acetate, microwave, 5-7 min.

This study showed for the first time that ammonium acetate can serve as a supplying synthon
for the synthesis of 4-aminoquinazolines.'” According to the mechanism proposed by Rad-
Moghadam and Samavi (Scheme 2), ammonia, which is produced by decomposition of
ammonium acetate under microwave irradiation, might react with 2-aminobenzonitrile 28 and
a trialkyl orthoester, yielding amidine intermediate 30. At this point, an intramolecular
nucleophilic attack by the amidine amino group to the nitrile group might allow cyclization
and formation of quinazolin-4(3H)-imine intermediate 31. Lastly, the aromatic 4-
aminoquinazoline products (general structure 29) would be formed by favored

tautomerization/aromatization. '

_N HCOONH, I (NH NHz
= —
NH, microwave N//k R mMmicrowave N/)\ R h N/)\ R
28 30 31 29
R = H or alkyl substituent R = H or alkyl substituent

Scheme 2. Cyclization of 2-aminobenzonitrile to primary 4-aminoquinazolines, according to the
mechanism proposed by the Rad-Moghadam and Samavi.!”

Interestingly, in a more recent work, Lacbay et al.'® demonstrated that the convergent
approach employing ammonium acetate and substituted amidine may be pursued also for the
synthesis of a 4-aminopyrimidine-fused bicyclic scaffolds other than 4-aminoquinazolines as,
for instance, a pyrido[2,3-d]pyrimidin-4-amine heterocycle.'”® In this specific case, the
cyclization of the fused-aminopyrimidine core appears to work well under heating and acidic

conditions, without a need of microwave assistance. (Scheme 3).!%
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Scheme 3. Example of the Lacbay et al. strategy leading to a substituted pyrido[2,3-d]pyrimidin-
4-amine core.'” Reagents and conditions: (i) DMF-DMA, DMF, rt, 8 h; (ii) ammonium acetate,
AcOH, 100 °C, 2 h.

The authors employed 2-aminonicotinonitrile 32 as a starting material, which yielded amidine
derivative 33. Preferentially, in alternative to an orthoester, N,N-dimethylformamide
dimethyl acetal (DMF-DMA) was combined as a synthon in this first step. In the following
cyclization step, the amidine intermediate was reacted in a solution of ammonium acetate in
acetic acid under heating, which liberated the ammonia required for the formation of the

intended product 34.!%
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2.7. Synthesis of novel 4-aminoquinazoline PI4K class II inhibitors

Taking advantage of the knowledge in the available literature, I devised a modular sequence
including six synthetic steps (Scheme 4) to prepare the selected 4-aminoquinazoline skeleton,
obtaining a broad set of functionalized derivatives. Of note, the employed synthetic strategy
offered a versatile opportunity to allow inversion of the order of the two final steps, which
turned out to be useful to extend the series of final compounds. The general outline of the
approach is depicted in Scheme 4 and described below (see Chapter 4, Section 4.1. for the

experimental procedures).
CN . | CN . NC CN i NC CN
- X O
cl NH, 96% Cl NH;  93% NH, quant. C| NN
35 36 37 38 |
88%| iv

NH, 0 NH, NH,
H,N SN v H,N SN ) NC SN
J " J 7 2
R’ N 56-83 % cl N 92% cl N
41-59 40 39

R! = aryl or heteroaryl moieties

T v, vi ‘

40-70 %

Scheme 4. Preparation of substituted primary 4-aminoquinazoline-6-carboxamide compounds
41-59. Reagents and conditions: (i) NIS, DMF, rt, 48 h; (ii) CuCN, Pd»(dba);, XantPhos, dioxane,
85 °C, 3 h; (iii)) DMF-DMA, 95 °C, 1 h; (iv) NH40Ac, AcOH, 95 °C, 2.5 h; (v) IN NaOH, H;0,,
EtOH:DMSO, rt, 1 h; (vi) R!-B(OH),, K5PO4, Pdy(dba);, SPhos, dioxane:H,0, 95 °C, 24 h. For
compounds 58 and 59, NaBH., EtOH, rt, 55 min were included as the reagents and conditions
employed in between the steps vi and v.

I selected aryl chloride 35 as a commercially available precursor to begin the synthesis of all
the final compounds. In the first synthetic step, an electrophilic regioselective iodination at
position 5 of 35 provided aryl halide 36 in 96 % yield. N-iodosuccinimide (NIS) in
combination with a polar aprotic solvent (i.e., N,N-dimethylformamide, DMF) worked well
as an iodinating system. Importantly, although NIS was used in excess, the iodine was
installed suitably at the para-position with respect to the primary amino group of 35, with
only negligible introduction of the iodine at the ortho-position. In the second step, taking

1.1 aryl halide intermediate 36 was

inspiration from a method developed by Sakamoto et a
subjected to a selective palladium-catalyzed cyanation to replace the iodine by a nitrile group,
which provided isophthalonitrile 37 in 93 % yield. With respect to the approach by Sakamoto
et al., including tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)s) as a Pd(0) catalyst and
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1,1"-bis(diphenylphosphino)ferrocene (DPPF) as a stabilizing ligand'®, in this reaction,
Pd>(dba); was preferably combined with the ligand 4,5-bis(diphenylphosphino)-9,9-
dimethylxanthene (XantPhos). In comparison with DPPF, employing XantPhos provided a
significant improvement of the yield of the product. Copper(I) cyanide served as a cyanating
agent. The synthesis proceeded by reacting isophtalonitrile 37 in neat DMF-DMA, which
gave N,N-dimethylformimidamide 38 in quantitative yield. DMF-DMA was removed by
rotary evaporation and no further purification was needed to continue with the next step.
Intermediate 38 was treated with ammonium acetate in acetic acid under reflux, leading to
cyclization and providing 4-aminoquinazoline 39. At completion, a solid precipitated from
the reaction mixture. The mixture was diluted with water and the product was collected in 88
% yield. I next chose to hydrolyze the carbonitrile of 39 employing common base-catalyzed
conditions of sodium hydroxide and hydrogen peroxide, which led to rapid conversion into
primary carboxamide 40 in 92 % yield. In the nitrile hydrolysis reaction, a combination of
ethanol (EtOH) and dimethyl sulfoxide (DMSO) served to maximize the solubility of the
reagents. This process was followed by rapid precipitation of a solid, which was collected

and further purified by recrystallization from EtOH.

2.7.1. Synthesis of final compounds 41-50

Carboxamide 40 was reacted in a Suzuki coupling with multiple boronic acids and boronate
ester substrates, which provided 4-aminoquinazoline compounds 41-50 (Scheme 5). In
agreement with procedures suggested in the literature'®, various coupling substrates reacted
well using a catalytic system of Pda(dba)s and the supporting ligand dicyclohexylphosphino-
2',6'-dimethoxybiphenyl (SPhos), affording the products in 56-83 % yields after purification.

HO_ _R!
O NH2 6H 5 K3PO49 O NH2
H2N N N sz(dbﬂ):;, SPhOS N H2N AN N
g J
cl N/) dioxane:H,0 R! N/
95°C,24h
40 41-50
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Scheme 5. Suzuki coupling leading to quinazoline compounds 41-50.

Nevertheless, in the attempt to extend the series of compounds, some boronic acids and
boronate esters appeared to react rather negligibly in the Suzuki coupling with carboxamide

40.

2.7.2. Synthesis of final compounds 51-59

In alternative, the substrates that were unreactive in the Suzuki coupling with 40, were
satisfactorily coupled with carbonitrile 39 utilizing the same reaction conditions. Without a
need for any purification, the carbonitrile group of each reaction intermediate was
subsequently hydrolyzed to primary carboxamide under basic conditions by sodium
hydroxide and hydrogen peroxide, giving 4-aminoquinazoline analogues 51-57 in 40-70 %
overall yields (Scheme 6). A similar strategy was employed to prepare 4-aminoquinazoline
analogues 58 and 59. For these latter compounds, formylated substrates were employed in
the Suzuki couplings; thus, requiring the additional reduction reactions of the formyl groups
to hydroxymethyl groups. The reductions were performed before the hydrolysis of the nitrile
intermediates, to prevent the oxidation of the formyl groups to carboxylic acids by hydrogen
peroxide. Sodium borohydride in ethanol proved to be an efficient reducing system. The
subsequent base-catalyzed hydrolysis of the nitrile intermediates led to the products, which

were obtained in overall 40 and 52 % yields, respectively.
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Scheme 6. Suzuki coupling (1) and hydrolysis of the carbonitrile group (2) leading to quinazoline
compounds 51-59. For 58 and 59, NaBH4, EtOH, rt, 55 min, were included as the reagents and
conditions and employed in between the Suzuki coupling and the carbonitrile hydrolysis.

2.8. Biological results on activity and selectivity against the PI4K family

The prepared compounds were examined for activity and selectivity against PI4Ks (i.e.,
PI4K2A, PI4KA and PI4KB) in enzymatic ADP-Glo™ (Promega) assays, which were
previously standardized.”"!% The enzymes used in these analyses were recombinant human
PI4Ks, which were expressed in Sf9 cells. Phosphatidylinositol and phosphatidylserine were
used as lipid substrates, whereas known PI4K inhibitors (MD59 25, NC02 26 and
wortmannin) served as positive controls.”""’

Percentage values of PI4K2A residual activity were first determined at a fixed concentration
of the substrates (50 uM, data not shown). Exact half-maximal inhibitory values (ICso) were
later measured for compounds that inhibited PI4K2A below 50 %, at 50 uM concentration.
The selectivity profiles of the compounds were subsequently investigated by measuring and
comparing their ICso values against PI4KA and PI4KB. The overall data are reported in Table
1. Of note, in this primary evaluation, the activity against the isoenzyme PI4K2B was
estimated to be reasonably comparable to the activity observed against PI4K2A,

hypothesizing that the prepared molecules could bind to the homologous ATP-binding sites
of class II PI4Ks with a traditional type I binding mode.”!

Table 1. ICs values of selected compounds against PI4K2A, PI4KA and PI4KB in vitro.

(@] NH,
HNT \LN R! PI4K2A PI4KA 1Csy PI4KB ICsg
CRu Nd/ ICso (uM)*  ICso (uM)*  ICso (uM)?
ompoun

M w 28.4 5.1 >50 >50
N
H
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42 20.8+4.5 >50 >50

47

<O
(@)
H
\ﬂ/N
(@)
N
48 w 45.4 + 6.4 >50 >50

49 HO@ 2479478 >50 >50
50 (\/©)\ 442 +82 >50 >50
O
N
56 ¢ 122+2.3 >50 38.6+0.5
N

409+5.6 >50 >50

H
MD59 25 - 37.7+7.6 >50 >50
NCO02 26 - 1.46 +0.33 >50 >50
Wortmannin - >30 0.28 £ 0.06 0.44 £0.03

*Values are the mean of three experiments (+ standard deviations).

Collectively, seven derivatives (41, 42, 47-50 and 56) exhibited ICso values lower than 50
uM. Among these, compound 56 (ICso= 12 uM) was identified as the lead inhibitor, exerting
a threefold higher activity than inhibitor MD59 25 (ICso = 38 uM), which was previously
selected as a structural model. Importantly, all the prepared molecules displayed a reasonable
specificity for PI4K2A with respect to both PI4KA and PI4KB.

The empirical results might indicate that installing appropriate lipophilic moieties at position
7 (R") of the quinazoline core can positively modulate the potency and selectivity of the
designed PI4K class II inhibitors. Interpreting the SAR of the molecules, those bearing fused
bicyclic substituents at R' displayed higher potency than others of the series. Specifically, the
presence of two heteroatoms in the decorative moieties conferred the highest affinities against
PI4K2A. For instance, the derivative bearing a benzo[d][1,3]dioxol-5-yl (42) was found to
be more active than its respective analogue bearing a 2,3-dihydrobenzofuran-5-yl substituent
(50). Similarly, the compound bearing a 1 H-benzo[d]imidazol-6-yl substituent (56) displayed
higher activity than both the 1H-indolyl substituted derivatives (41 and 48). Presumably, the
presence of two heteroatoms in the moieties of compounds 42 and 56 could enable to engage
in more efficient contacts with amino acids that are localized in the sugar cavity of the
PI4K2A ATP-binding site. In addition, replacing oxygen heteroatoms with nitrogens (NH) in
the substituents at R' appeared to improve the potency of the molecules. For instance,

compounds 42 and 50 were found to be weaker inhibitors than their analogues 56 and 41,
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respectively. This may indicate that amino groups may lead the molecules towards stronger
binding affinities for PI4K2A, with respect to ethers. Furthermore, an appropriate distance of
the amine nitrogen in the moieties at R' from the quinazoline scaffold seems to be relevant
for activity, since the derivative 41 exhibited twofold higher potency than its constitutional
isomer 48, bearing only a distinct orientation of the indole substituent at R'.

Interestingly, the SAR investigations also showed that, among compounds bearing at R!
monocyclic aryl or heteroaryl moieties, only the 3-acetamidophenyl and the 3-
hydroxymethylphenyl derivatives (47 and 49, respectively) were able to exert ICso lower than
50 uM against PI4K2A. Compared with compound 49 (ICso = 25 uM), direct analogues as
58 and 59, bearing at R' decorated heterocyclic moieties that are more polar, both exerted a
considerably weaker PI4K2A inhibition (ICso > 50 uM). This could further indicate that the
class II PI4K cavities interacting physiologically with the ribose of ATP 1 might inherently
favor the binding of hydrophobic moieties that are appropriately decorated, as it can be

observed in the case of the norbornane system of inhibitor MD59 25."!

2.9. Experimental validation of the binding mode of the novel PI4K class II
inhibitors

The binding modality adopted by the molecules within the selected PI4K targets was
investigated by X-ray crystallography employing some of the lead compounds (56, 42 and
49). Co-crystallization experiments were conducted with both the human PI4K2A and
PI4K2B isoenzymes, providing a structure of the target/ligand complex PI4K2B/49 (see
Chapter 4, Section 4.2. for the experimental procedures).

The structure of the complex enabled to empirically verify the binding mode of 49 within the
ATP pocket of PI4K2B. Importantly, this highly resembles the pose of its docking model,
which was designed through calculations employing a PI4K2A structure (Figure 22).

Figure 22. Docking model (A) and co-crystal structure (B) of 49 in complex with PI4K2A and
PI4K2B, respectively. PI4K2A is from PDB: 4PLA."°

41



The structural elements shared between the kinase domains of class II PI4Ks are put well in
evidence by superposition of the PI4K2B/49 complex and the PI4K2A structure utilized for
the docking (Figure 23). In a focused view of the superposed ATP-binding sites of the two

proteins, a great majority of the key amino acid residues are appropriately aligned.
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Figure 23. Structural superposition of the PI4K2B/49 complex and PI4K2A (PDB: 4PLA™). (A)
Full view of the kinase domains of the proteins (PI4K2B is colored in yellow and orange while
PI4K2A is colored in light blue); (B) Focused view of the ATP binding sites of the proteins
depicted with the previous color assignment.

This analysis therefore demonstrated that 49 can interact with class II PI4Ks by adopting the
expected ATP-competitive, type I binding mode. In line with the docking predictions, the
aminopyrimidine moiety of the quinazoline core mimics the interactions of the adenine

scaffold of ATP 1 and MDS59 25 with the enzyme targets. Specifically, the 4-
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aminoquinazoline scaffold forms at least three hydrogen bonds in the ATP-binding site of

PI4K2B (Figure 24).
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Figure 24. Focused view of 49 in complex with the PI4K2B kinase domain. The target/ligand
hydrogen bond contacts are highlighted as black dashed lines.

The nitrogen at position 3 of the quinazoline interacts with the backbone amino group of
Val260, while the primary amino group at position 4 can engage in two interactions with the
backbone oxygen of Leu258 and the oxygen of the sidechain amide group of GIn257. In
addition, the primary carboxamide group at position 6 of the quinazoline enables to engage
in hydrogen bonds with the carboxylate and the primary amino groups on the side chains of
the residues Asp344 and Lys148, respectively. Lastly, the decorated aryl moiety at position
7 of the quinazoline is projected towards the sugar cavity of the ATP-binding site of PI4K2B,
which, in the case of ATP 1 and MD59 25, might be similarly occupied by either the ribose

or the norbornane moiety, respectively.

These structural data fully support the logic behind designing the new compounds.
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2.10. Summary and conclusions

The study detailed above was aimed to discover novel potential inhibitors of class II PI4Ks
(PI4K2A and PI4K2B), evaluating their inhibitory efficiency with respect to class I1I PI4Ks
(PI4KA and PI4KB). The structure-based approach applied to obtain new compounds,
initially focused on structural analyses of the conserved binding modes of known adenine-
based ligands (i.e., ATP 1, or inhibitor MD59 25) in complex with PI4K2A. Secondly,
docking and modelling experiments were performed with a PI4K2A crystal structure in
complex with a 4-aminoquinazoline scaffold. This was intended as a suitable bioisosteric
replacement for the adenine core of the above mentioned PI4K substrates. Subsequently, a
primary carboxamide group was installed at position 6 of the quinazoline, while a broad SAR
exploration of aryl and heteroaryl moieties of variable sizes and polarities was conducted at
position 7. A devised six-step modular synthetic methodology enabled an easy access to the
4-aminoquinazoline skeleton and its diversifications. The new molecules were evaluated for
inhibitory activity and selectivity across human PI4Ks (i.e., PI4K2A, PI4KA and PI4KB).
Several compounds (41, 42, 47-50 and 56) exhibited good potency against PI4K2A. These
also showed the desired selectivity profiles over class III PI4Ks. The lead compound 56
markedly outperformed the inhibitor MD59 25 (ICso= 12 vs 38 pM). Ultimately, 49, selected
among the best compounds, was successfully co-crystallized in complex with PI4K2B,
showing that the functional binding mode of the molecules within the highly conserved kinase
domains of class II PI4Ks fits well with the pose that was envisioned by docking experiments.
Thus, the results of this work show that modifying position 7 of the designed 4-
aminoquinazoline-6-carboxamide scaffold can result in an efficient starting strategy to obtain
inhibitors of class II PI4Ks. Future optimizations and investigations of such chemical tools

might be helpful to get detailed insight on the roles of these lipid kinases in cellular systems.
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CHAPTER 3

3.1. Introduction to RIPKs
Based on analogies in their sequence, constructs, and functional target-specificities, human
RIPKs have been classified as a subset of seven interrelated enzymes (RIPK1-7) acting as

serine/threonine and/or tyrosine kinase-like kinases (Figure 25).!97-1%

@) 0)

§_ RIPKs 5_
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ATP ADP
L-serine phosphorylated L-serine

Figure 25. RIPK catalytic transfer of a phosphoryl group on the side chain of the amino acid L-
serine. The same reaction may be performed with the amino acids L-threonine and L-tyrosine.

RIPKs are widely expressed and distributed at a subcellular level, where they function
primarily as key protein regulators of innate immunity, programmed death and pro-

inflammatory ~ signaling processes.'® !

According to genetic and structural
characterizations, these kinases are known to share conserved elements in their catalytic
domains. Nevertheless, their C- and N-terminal parts can bear dissimilar allosteric regions,
enabling individual mechanisms of activation and functionalities that can be isoform-specific

(Figure 26).!07112
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Figure 26. Structure organization (A) and signaling pathways (B) of human RIPKs.!!2

RIPK1 is featured by both a death domain and a receptor homotypic interaction motif
(RHIM). These protein regions enable the modulation of cell death pathways, as apoptosis

and necroptosis, as well as mitogen-activated protein kinase (MAPK) and nuclear factor

kappa-light-chain-enhancer of activated B cells (NF-kB) pro-inflammatory cascades.''*''*
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RIPK2 bears a distinctive caspase activation and recruitment domain (CARD), which allows
contacts with, and transduction of signals from, the upstream nucleotide-binding
oligomerization domain-containing proteins 1/2 (NOD1 and NOD2, NOD1/2). In this way,
RIPK2 can contribute to the regulation of the downstream MAPK and NF-kB pathways.!!®
Recent studies have showed that RIPK2 is also implicated in apoptosis, whereas a direct
correlation with necroptosis was not reported for this enzyme.''®

RIPK3 contains a RHIM, as RIPK 1, which links it primarily to necroptosis and apoptosis.'!’”
RIPK4 and RIPKS are featured specifically by ankyrin-rich repeats in their encoded genes
and seem to be implicated mainly in the NF-kB, MAPK and correlated apoptotic
pathways. 1811

Lastly, RIPK6 and RIPK7, which share specific leucine-rich repeats and Ras of complex
proteins/C-terminus of Roc domains, also appear to be involved in inflammation and host-

immunity.'?® Both these latter enzymes exhibit some degree of dissimilarity from RIPK1-5

and their mechanisms of function have been less investigated thus far.'!?

3.2. RIPK2 and RIPK3 as potential therapeutic targets

In recent research studies, dysregulated expressions and activities of RIPK2 and RIPK3 have

been proposed to be implicated in infectious, neurological, inflammatory, oncological, and

immunological disorders.!%%121:122

RIPK2 is prominently involved in host-immunity and inflammatory events correlated with

infections by bacteria as well as by other pathogens (Figure 27).!'>!%3
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Its recruitment is known to be primarily mediated by formation of complexes with CARD-
containing proteins, such as NOD1/2, which are cytosolic receptors responsible for the
recognition of the invading microbes.'!%1237125

Upon stimulation by NOD1/2, RIPK2 can perform auto-phosphorylation, which is followed
by ubiquitination by E3 ubiquitin-conjugating enzymes, including X-linked inhibitor of
apoptosis protein (XIAP), c-IAPs and the linear ubiquitin chain assembly complex
(LUBAC)."?*!2% In turn, RIPK2 can mediate the downstream bioactivities of transcription
factors and protein kinases (i.e., NF-kB and MAPKs, respectively), which are involved in
enzymatic processes contributing to production of pro-inflammatory agents (i.e., chemokines

and cytokines).!?*12

The RIPK3 activity has been predominantly associated to cell death events as necroptosis and
apoptosis, which ultimately link it to inflammation and cancer.!'”"'?” RIPK3 is involved in the
response to inflammatory stimuli elicited by cellular stress, pathogen infections, and tissue
damage.251%9
Notably, in the process of necroptosis, RIPK3 can be recruited by its interrelated kinase
RIPK 1 through homotypic RHIM-RHIM interactions."*° Under stimulation of tumor necrosis
factor receptors (TNFRs) by TNF-a, RIPK1 and RIPK3 can reciprocally phosphorylate one
another to form a death-promoting adduct. The RIPKI/RIPK3 adduct can induce the

activation by phosphorylation of the molecular substrate - mixed lineage kinase domain-like

pseudokinase (MLKL, Figure 28).'3"132
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Figure 28. Schematic representation of the RIPK1/RIPK3-mediated molecular mechanisms of
apoptosis and necroptosis.!*
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The following oligomerization of MLKL can lead towards the decomposition of the plasma
membrane; therefore, cell death.!*?> Necroptotic cells can finally spread pro-inflammatory
signals over healthy cells by releasing toxic species, including chemokines, cytokines, and

damage-associated molecular patterns (DAMPs).!?
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3.3. RIPK?2 and RIPK3 inhibitors known in the literature

Exploring RIPK2 and RIPK3 as potential kinase targets for the treatment of human diseases
has led to a discovery of an increasing variety of compounds as potent inhibitors of these

RIPKs, both in enzymatic and in cellular assays.'**!*

3.3.1. RIPK?2 inhibitors
Small macrocyclic compounds such as OD36 60 and OD38 61'*® (Figure 29), bearing a
functionalized pyrazolo[1,5-a]pyrimidine or a imidazo[l,2-b]pyridazine heterocyclic

structure, respectively, were identified among the pioneering RIPK2 selective inhibitors.
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Figure 29. Structures of OD36 60 and OD38 61.

Subsequently, inhibitor WEHI-345 62'*" was developed employing an adenine mimetic
pyrazolo[3.,4-d]pyrimidine central core (Figure 30). This molecule exhibited good cellular
activity but poor pharmacokinetic properties, which disfavored a thorough evaluation for its

safety profile.'*’

Figure 30. Structure of WEHI-345 62.

Quinoline-based inhibitor GSK583 63'*® and quinazoline-based inhibitor GSK2983559 64'%
(Figure 31), both designed and later developed by the GlaxoSmithKline company, displayed

higher stability, as well as activity and kinome-wide specificity against RIPK2, compared to

WEHI-345 62134138139
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As for GSK583 63, in preclinical evaluations for its safety, this compound exerted off-target
inhibition of the potassium channel encoded by human ether-a-go-go-related gene (hERG),
which disfavored it in further progressing as a drug candidate.'*® In contrast, GSK2983559
64 reached a phase 1 clinical trial in humans (NCT03358407) for the treatment of
inflammatory bowel disease (IBD).!*° Lastly, non-clinical results in toxicology studies
showed a potential lack of safety required to proceed with this trial (NCT03358407).

Over the years, other potent and selective RIPK2 inhibitors were developed'*’!4;

nevertheless, investigations on their clinical safety have not yet been reported in the literature.

3.3.2. RIPK3 inhibitors
Among the RIPK3 selective inhibitors discovered, illustrative examples are the inhibitors
GSK843 65, GSK872 66 and GSK840 67'4% (Figure 32), bearing a benzimidazole, a

quinoline and a thieno[3,2-c]pyridine scaffold, respectively.
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Figure 32. Structures of GSK843 65, GSK872 66 and GSK840 67.

Inhibitor GSK872 66 displayed striking potency against RIPK3 as well as selectivity over
other kinases.'*> However, poor cell viability was exhibited over an exposure to increasing
concentrations of this compound. These findings hindered its clinical evaluations against

necroptosis related pathologies.'*® RIPK3 inhibitors as GW’39B 68'*" and HS-1371 69'*®
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(Figure 33), which are also based on a quinoline central scaffold, were later identified.

Nevertheless, evaluations of the safety of these molecules were not disclosed.
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Figure 33. Structures of GW’39B 68 and HS-1371 69.

In more recent studies, several other RIPK3 inhibitors based on a tricyclic thieno[2,3-
glquinoline 1,1-dioxide scaffold, as represented by Zharp-99 70'*° (Figure 34) and other

150 were reported. However, these molecules were not subjected to

interrelated compounds
any clinical evaluation.

Currently, no RIPK3 inhibitors have been fully assessed for their safety in the clinics.
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Figure 34. Structure of Zharp-99 70.
3.3.3. Multi-RIPK inhibitors
Employing drug repurposing approaches, some FDA approved kinase inhibitors, for instance

the Ber-Abl kinase inhibitor ponatinib 71'°! (Figure 35), were also identified to exert
inhibitory effects against RIPKs (i.e., RIPK1-3).
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Figure 35. Structure of ponatinib 71.
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These findings led to the identification and development of new inhibitors and potential
therapeutic strategies in targeting RIPKs. Recently, compound GSK074 72'% (Figure 36)
was developed as a selective dual-target inhibitor against both RIPK1 and RIPK3. This
compound exhibited a limited cytotoxicity and was proposed as a potential treatment for

necroptosis related diseases.'>
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Figure 36. Structure of GSK074 72.

Similarly, the development of dual target RIPK2/3 specific inhibitors could provide
promising therapeutic strategies against pathologies that are linked with both programmed
cell death and NOD-dependent inflammation.'>* Nevertheless, these compounds have yet to

be identified and explored for their efficiency and safety.
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3.4. Aim of the RIPK?2/3 kinase inhibitors project

The primary goal of this project was to design and prepare novel compounds employing a
quinazoline scaffold, to explore their inhibitory activity and selectivity towards RIPK2/3
kinases over other interrelated RIPKs (i.e., RIPK1 and RIPK4). The plan included the
introduction of extensive diversifications of positions 6 and 7 of the scaffold, assessing any

potential modulations in the bioactivity of the new molecules against individual RIPKSs.
The key objectives of the project were to:

e Design novel inhibitors of RIPK2/3 kinases based on structural analyses.

e Devise the synthesis of the designed compounds.

e Evaluate the molecules for activity and selectivity against a subset of selected RIPKs.
e Evaluate the metabolic stability of the molecules in various environments.

e Evaluate the selectivity of the lead compounds in a broad panel of kinases.

e Understand structure/activity trends of the new compounds that could enable their

further optimization.

All these research efforts were conducted in cooperation with various scientists, who I would

like to acknowledge:

Dr. H. Mertlikova-Kaiserova’s team (Biochemical Pharmacology, Institute of Organic
Chemistry and Biochemistry, Czech Academy of Sciences, Prague, Czech Republic)
conducted the enzymatic and cellular activity assays, as well as the assessments of

cytotoxicity and metabolic stability.

Dr. E. Boura’s team (Structural biology, Institute of Organic Chemistry and Biochemistry,
Czech Academy of Sciences, Prague, Czech Republic) conducted the expressions and

purifications of the enzymes that were employed in the above-mentioned activity assays.

Eurofins lab scientists (CEREP SA laboratories, Celle-Lévescault, France) conducted the

selectivity assays in a diversified kinase panel.
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3.5. Rational design of novel quinazoline-based inhibitors of RIPK2/3 kinases
The rational strategy to design novel compounds began by analyzing structural similarities
among previously investigated RIPK2 and RIPK3 inhibitors (i.e., GSK583 63, GSK2983559
64 and GSK872 66).!3%13%1%5 These molecules all bear analogous quinoline and quinazoline
scaffolds that enable a common ATP-competitive binding mode in complex with the kinase
domains of RIPK2 and RIPK3.

On this basis, new docking experiments were conducted selecting a quinazoline scaffold and
crystal structures of these two RIPKs (RIPK2 PDB: 6RNA"® and RIPK3 PDB: 7MX3'3).
To ensure data consistency, the modelling analyses were conducted in parallel by both K.
Skach (colleague from Dr. Nencka’s team) and Dr. Nencka, employing distinct software
packages (see Chapter 5, Section 5.2. for the experimental procedures).

Taking inspiration from previous studies on RIPK inhibitors (i.e., GSK2983559 64, or
GSK872 66)"*% an aminobenzothiazole substituent was first installed at position 4 of the
quinazoline scaffold. According to the theoretical experiments that were conducted, this
moiety could enable optimal interactions of the new molecules with amino acids of the ATP-
binding pockets of both RIPK2 and RIPK3. This can partly suggest its contribution to the
efficiency of the above-mentioned inhibitors and other related molecules against these RIPK
isoenzymes.!3%143143:199 A5 for position 6 of the quinazoline (R'), various aryl or heteroaryl
moieties were introduced as promising replacements for the alkyl sulfones of GSK2983559
64 and GSK872 66. The docking suggested this specific position of the scaffold can be
projected towards wide solvent-exposed cavities, enabling potential contacts of the new
molecules with a variety of amino acids that can be situated within both RIPK2 and RIPK3.
In parallel, position 7 of the quinazoline heterocycle was also diversified, considering that
this might similarly provide further contacts with amino acids in the cavities of the enzymes.
Specifically, a series of compounds that are chlorinated at this latter position of the scaffold
(General structure A) was first devised, to probe their ability to interact with non-polar amino
acids likely present in the ATP binding sites of the RIPKs examined. Subsequently, a
reductive hydrodechlorination was planned to yield simplified molecules that do not display
substitution at position 7 (General structure B). Alternatively, installing substituents of
varying steric bulks and polarities at this position could provide an opportunity to explore
other, more complex compounds (General structure C). To this end, aromatic, heteroaromatic
and partially saturated heterocyclic moieties were further selected as diversifications of
position 7 of the quinazoline (R?), since, according to the docking analyses, both RIPK2 and
RIPK3 seemed to tolerate wide changes in the size of the substituents that are added at this

site of the compounds.
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The three compound series that were designed are illustrated in Figure 37.

PO IS v NG

R 6 4 R R

R'! = aryl or heteroaryl moieties

Figure 37. General structures of the series of quinazoline compounds designed in this study.

3.6. Rationale behind the synthesis of the compounds — literature precedents

of one-pot convergent cyclization towards 4-/N-substituted aminoquinazolines
The research program proceeded with a literary exploration of approaches useful for the

synthesis of the compounds.

Historically, small molecules bearing 4-N-substituted aminoquinazoline scaffolds have
displayed remarkable efficacy as inhibitors of the transmembrane kinase EGFR as well as
other kinases; thus, they have been extensively synthesized.!*!>> My attention was drawn by

the research work of Tsou et al.'>®

, who were among the first to report an efficient one-pot,
two-step construction of 4-N-anilinoquinazoline derivatives. Their synthesis began with
nitro-substituted 2-aminobenzonitrile 73, which was initially reacted with DMF-DMA,
giving substituted N, N-dimethyl formamidine 74 in 98 % yield. Intermediate 74, in turn, was
reacted with a substituted aniline under reflux in acidic conditions, leading to cyclization and

providing the intended 4-N-anilinoquinazoline product 75 in 89 % yield (Scheme 7).'*

O5N CN i O,N CN ii O,N N
_— —_—
@ENH2 98 % NN 89 % | N/)
73 74 75

Scheme 7. Synthetic strategy leading to N-aryl substituted quinazoline by Tsou et al.!*® Reagents
and conditions: (i) DMF-DMA, 100 °C, 1.5 h; (ii) 3-bromoaniline, AcOH, reflux, 1 h.

Yoon et al."*" later employed an analogous convergent methodology to obtain diverse 4-N-

substituted aminoquinazolines. The authors employed N,N-dimethyl formamidine 76 as a

starting material. This was reacted with substituted amine substrates under microwave-

assisted conditions obtaining products such as 77-79 in 92-94 % yields (Scheme 8).'*’
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Considering that the starting N, N-dimethyl formamidine 76 was combined with various aryl-

and alkyl-substituted amines, the Yoon et al. research work showed a wider scope of the

cyclization reactions leading to 4-N-substituted aminoquinazolines.'’

Scheme 8. Synthetic strategy leading to 4-N-substituted aminoquinazolines by Yoon et al.

HN: : 0~

— \N
92 % N/)
77 Cl
HN
94 % =
0 \ P
78
HN/\/O\
L >N
94 % N/)
79

157

Reagents and conditions: (i) aryl or alkyl substituted amines, acetonitrile: AcOH, microwave, 160

°C, 10 min.

Cyclization reactions from substituted amidines (general structure 80) to 4-N-substituted

aminoquinazolines were later employed also by Chandregowda et al.'™® to devise a cost-

effective, multigram-scale approach for the preparation of the EGFR inhibitors gefitinib 6

and erlotinib 7 (Scheme 9).

SN
70 %
—
6 @
6
o) HNQ\Q
L . o SN
66 % O~ N/)
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Scheme 9. Synthetic strategy leading to gefitinib 6 and erlotinib 7 by Chandregowda et al.'*®

Reagents and conditions: (i) substituted aryl amines, AcOH, 130 °C, 3 h.

According to Chandregowda et al., who proposed a general mechanism of the cyclization
reaction, the formation of the 4-N-substituted aminoquinazoline scaffold could involve a
Dimroth rearrangement, with a relocation of endocyclic and exocyclic nitrogen heteroatoms
of the fused pyrimidine ring, achieved by its opening and reclosure.””®!** The overall

proposed mechanism of the cyclization reactions is schematically illustrated in Scheme 10.

N HN-R /fﬁ‘ { \H NH,
. 7 L R 4. 3+R
in AcOH cyclization - N
NN ~) R P
N ’Tj - Me,NH N H N/ lN 3
81 82 83 84
R = aryl substituent
{ +mo
anR NR N-R imidamide
C | | rotation NH,
N in AcOH N condensation NH, 180° \N R
J e ‘o= B
N N -H,0 N \O NV
0’ 2 N NS0
87 86 85 -

R = aryl substituent

Scheme 10. Cyclization of N,N-dimethyl formamidine to quinazoline via the Dimroth

rearrangement, according to the mechanism proposed by Chandregowda et al.'*®

Under acidic conditions, the tertiary dimethelylamino group of a N,N-dimethyl formamidine
precursor, such as 81, is likely replaced for a secondary amino group in an initial addition-
elimination reaction with a primary amine substrate, giving amidine intermediate 82. In turn,
amidine intermediate 82 can undergo a favored, intramolecular ring closure into substituted
quinazolin-4(3H)-imine intermediate 83, which can be protonated and converted into 84. A
subsequent nucleophilic attack by water, generally added during the reaction work-up, may
hydrolyze intermediate 84 in between the carbon at position 2 and the nitrogen at position 3
of the scaffold, giving intermediate 85 after ring opening. The rotation of the resulting
imidamide group by 180° can enable the condensation with the unsubstituted nitrogen,
providing intermediate 86. Lastly, tautomerization/aromatization would lead to the more

stable quinazoline product 87.'%

57



3.7. Synthesis of quinazoline-based inhibitors of RIPK2/3 kinases

Encouraged by the simplicity and efficiency of the synthetic approaches illustrated above, I
devised a similar convergent synthetic strategy, via a Dimroth rearrangement, to construct
quinazoline analogues bearing a 5-aminobenzothiazole moiety at position 4 of the scaffold.
Diversifications of positions 6 and 7 of the quinazoline core were performed employing

160 the Suzuki coupling'® and the

palladium-catalyzed methods, including the Stille coupling
reductive hydrodechlorination reactions.'®!

The overall approaches employed to obtain the molecules are depicted in Scheme 11 and
Scheme 12, which are discussed below in detail (see Chapter 5, Section 5.1. for the
experimental procedures). Of note, following a synthetic method established during the
preparation of the previously described quinazoline PI4K class II inhibitors, I decided to

begin the synthesis of all the compounds by reacting commercially available aryl halide 35

with NIS, obtaining intermediate aryl halide 36 in high yield.

I CN R! CN
CN ! CN i
AN AN
cl NH, 96 % | NH, quant. Cl N lil 70-96 % CI N N
35 36

88 89a-89m
75-92 % l iv
S
?
HN N
.
R S
45-76 % l vi 70-90 % l v cl N/)
Ly Ly
V 7
HN N HN N
1 1
R ~N C R NN B
N/) N/)

92an; 92a0; 92ap; 92cn; 92mn

91a-91i; 91k; 91m

El s

N N
N N .
/ h; / L

N N /=N S N=
R'= @y ”«]y {jy é\& /N\%S/ /4\/)\/ /N\;y
S a; S b; ;\l < ;\‘ d; e N f; g
F3C
4 N 4 S
N | j\ N?L g
/P\/j; S)yk; ;\l L Q\/m

n;

0; p

Scheme 11. Synthesis of the series of compounds with the general structures A, B and C. Reagents
and conditions: (i) NIS, DMF, rt, 48 h; (ii)) DMF-DMA, 95 °C, 1 h; (iii) R'-Sn(Bu)s, PdCl,(PPhs),,
LiCl, anhydrous dioxane, 95 °C, 24 h; (iv) S-aminobentzothiazole, AcOH, 95 °C, 1 h; (v)

58



HCOONH,, Pdy(dba)s, SPhos, dioxane:H,0, 95 °C, 24 h; (vi) * B(OH),, KsPOu, Pdy(dbas,

SPhos, dioxane:H,0, 95 °C, 24 h.
S S
LI LI
HN HN
o | SN . R SN
cl NN 91 % y 65-83 % oA
| Cl N
93

Cl N

88 942a-94d

78-86 % l iii

HN-pN = S
Ri= (| WY @[ >
a; @) N b; HN N
S ~N B
\ P
©v Y g
c; d

95a-95d

Scheme 12. Alternative synthesis of the series of compounds with the general structures A and
B. Reagents and conditions: (i) 5-aminobentzothiazole, AcOH, 95 °C, 1 h; (ii) R'-B(OH),, K,CO:s,
Pd(dppf)Cl, - DCM, dioxane:H,0, 95 °C, 20 h; (iii) HCOONH4, Pd»(dba)s, SPhos, dioxane:H,O,
95 °C, 24 h.

In the second step, aryl halide 36 was reacted in neat DMF-DMA under heating, providing
N,N-dimethylformimidamide (amidine) 88 in a quantitative yield. DMF-DMA was later
removed by rotary evaporation and further purification was not necessary to proceed with the
next synthetic step. A regioselective palladium-catalyzed Stille coupling was then employed
to install various tributylstannyl substrates at position 4 of amidine 88, which gave 4-
heteroaryl-substituted = amidine  analogues 89a-89m in 70-96 % yields.
Bis(triphenylphosphine)palladium(II) dichloride served as a catalyst for the required
oxidative addition, while excess lithium chloride (LiCl) was used as an additive serving to
facilitate the transmetalation process.'®® Of note, the Stille coupling reaction was also
attempted at a later synthetic stage; however, surprisingly, providing unsatisfactory

conversion into the products.

3.7.1. Synthesis of final compounds 90a—-90m

Amidine intermediates 89a—89m were combined with 5-aminobenzothiazole in refluxing
acetic acid, affording 4-N-heteroaryl aminoquinazoline analogues 90a—90m in 75-92 %
yields (Scheme 13). The products were generally precipitating from the mixture, collected

and further purified by column chromatography and/or recrystallization.
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1 —ami i 1
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Scheme 13. Cyclization leading to quinazoline compounds 90a—90m.

3.7.2. Synthesis of final compounds 91a-91i, 91k and 91m

Quinazoline compounds 90a—90i, 90k and 90m were further reacted in a palladium-catalyzed
reductive hydrodechlorination, obtaining analogues 91a-91i, 91k, and 91m in 70-90 %
yields (Scheme 14). Of note, in the first attempts at this reaction, I combined ammonium
formate with 10 % palladium adsorbed on a carbon powder, which turned out to be a rather
inefficient catalyst. In alternative, inspired by methodologies described in the literature'®!,
ammonium formate was combined with a homogeneous catalytic system of Pdz(dba); and the

Buchwald ligand SPhos, which provided excellent conversion into the products.

S S
oW I
HN N HCOONH, HN N

1 1
R SN Pd,(dba);, SPhos _ R SN
/) A dioxane-H,0O /) B
Cl N 95°C, 24 h N
90a-90i; 90k; 90m 91a-91i; 91k; 91m
N N /=N S
QL QL O W3 4
S a; S b; ;\' 3 ;\‘ d; € N f;
85 % 80 % 83 % 78 % 86 % 79 %
N— N N N S
N ¢, ] ,% \ (
N N . S
g5 / h; / i; k; m
83 % 74 % 70 % 85 % 90 %
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Scheme 14. Palladium-catalyzed reductive hydrodechlorination leading to quinazoline

compounds 91a-91i, 91k and 91m.

3.7.3. Synthesis of final compounds 92an, 92a0, 92ap, 92cn and 92mn

Homogeneous Pdx(dba)s/SPhos catalytic conditions were also employed in Suzuki coupling
reactions of 90a, 90c and 90m with commercially available boronic acids and boronate esters,
providing quinazoline analogues 92an, 92a0, 92ap, 92cn and 92mn (Scheme 16). These

were obtained in 45-76 % after purifications.

S
LI o
HN N '

oH K;PO,,
R’ R
SN Pd,(dba);, SPhos N
Cl N/) A dioxane-H,O N/) ¢
95°C,24h
90a; 90c; 90m 92an; 92a0; 92ap; 92¢cn; 92mn
S
7\ 7\ / /| /|
S N = S S
/
92an; 92¢n; 92mn; 92a0; 92ap
70 % 60 % 68 % 45 % 76 %

Scheme 16. Suzuki coupling leading to quinazoline compounds 92an, 92ao0, 92ap, 92cn and

92mn.

3.7.4. Synthesis of final compounds 94a-94d

As previously illustrated in Scheme 12, the Suzuki coupling reaction served also as an
alternative method to regioselectively introduce heteroaryl and aryl moieties at position 6 of
the quinazoline scaffold. In this approach, N,N-dimethylformimidamide derivative 88 was
employed as a starting precursor and reacted with 5-aminobenzothiazole in acetic acid under
reflux, which provided quinazoline intermediate 93 in 91 % yield. In contrast with the Stille
coupling with tributylstannyl substrates, generally not satisfactory, the Suzuki coupling of
quinazoline intermediate 93 with various boronic acids and boronate ester substrates worked
well, providing 6-aryl and 6-heteroayl substituted quinazoline analogues 94a—94d in 65-83
% yields (Scheme 17). Bis(diphenylphosphino)ferrocene]dichloropalladium(Il) complex
with DCM (Pd(dppf)Cl, - DCM) was employed as a catalyst in this methodology.
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Scheme 17. Suzuki coupling leading to quinazoline compounds 94a—94d.

3.7.5. Synthesis of final compounds 95a—95d

Lastly, employing the same reaction conditions that were previously established to obtain
91a-91i, 91k, and 91m (Section 3.7.2.), a palladium-catalyzed reductive hydrodechlorination
of quinazoline analogues 94a—94d afforded compounds 95a—95d in 78—86 % yields (Scheme

18).
S S
W QW
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Scheme 18. Palladium-catalyzed reductive hydrodechlorination leading to quinazoline
compounds 95a-95d.
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3.8. Biological results on activity and selectivity

3.8.1. Biochemical assays against RIPK1-4

The efficiency of the new molecules was initially evaluated by in vitro ADP-Glo assays over
the human RIPK1-4 kinases, which were in-house produced and isolated (see Chapter 5,
Sections 5.3. and 5.4. for the experimental procedures).

Collectively, the compounds exhibited remarkable inhibitory efficiency against RIPK2,
showing, for various cases, an extended dual-target selectivity towards both RIPK2 and
RIPK3. The ICso values of the three compound series (general structures A, B and C) against
these RIPK isoenzymes are illustrated in Table 2, Table 3 and Table 4, respectively.
Compounds GSK2983559 64 and GSK872 66 were employed as positive controls.'**!*> Of
note, for all the molecules, the inhibitory values exhibited against RIPK1 and RIPK4 were
higher than 50 uM (data not shown). This selectivity was in agreement with documented
diversities in the kinase domain structures of RIPK1 and RIPK4 that seem to hinder an

appropriate binding of ATP-competitive inhibitors to these two proteins, with respect to

RIPK2 and RIPK3.108.162

Table 2. Activity of the compound series A against RIPK2 and RIPK3 in vitro.

S
o
HN N
4
~N

RIPK2 RIPK3 ICso

R

1
L R ICso (NM)? (nM)?
Compound

90a [ . \ 14+2 NA

N
90b %S]\/ 541 NA

/)
90c \ 8+3 NA

J N
90d {Nﬂ\/ 3404 NA

90e /N\)\/ 1042 NA

S
90f ’Q\/ NA NA
/N\
90g /N\;\/ 4+0.4 NA
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90h

90i

90j

90k

901

90m

94a

94b

94c¢

94d

GSK2983559 64
GSK872 66

T+1

10+3

18 +1

NA

324 £ 15

52+£8

10+0.1

3900

NA

104 £ 21

4+0.9
2+0.1

NA

NA

1600

NA

2600

NA

NA

NA

NA

NA

NA
77+4

*Values are the mean of three experiments + standard deviations; NA: not active up to 10 uM.

The SAR results showed that the 7-chlorinated compounds (general structure A) with

heteroaryl or aryl substitutions at R' of the quinazoline heterocycle were mostly inactive

against RIPK3 (ICso > 10 uM), even though compounds 90j and 901 displayed ICso values of

1.6 and 2.6 uM, respectively. In net contrast, this series of compounds exhibited outstanding

potency and selectivity against RIPK2. Compounds 90a—90e, 90g-90j, 901, 90m, 94a and

94d, bearing thiophene, pyrrole, imidazole, pyrazole, and thiazole moieties at R!, showed

generally outstanding RIPK?2 inhibitory values (ICso = 3-324 nM). For example, compound
90d (ICso = 3 nM), bearing at R' a decorated imidazole-2-yl, or compound 90g (ICso = 4 nM),

bearing a decorated pyrazol-2-yl substituent, were equivalently potent to GSK2983559 64

(ICso = 4 nM). Interestingly, only the analogues substituted at R' with a 4-methylthiazol-2-yl
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(90f), or a 4,5-dimethylthiazol-2-yl (90k), or a 6-methoxypyridin-2-yl (94b), or a phenyl
(94c¢), were inactive against RIPK2 (ICso = 4 or ICso > 10 uM).

Table 3. Activity of the compound series B against RIPK2 and RIPK3 in vitro.

" L Rl RIPK2  RIPK3 ICso
/j‘ B ICso (nM)? (nM)?
N
Compound
91a /S \ 4404  398+67
N
91b /</s]\/ 41 6000
a
91c N 2+3 2900
/
/N
91d Qk/ 1242 NA
/
/=N
91e /N\y\/ 11+1 NA
J S
91f '{N/)y 541 382 + 87
/N\
91g /N\;\/ 4+0.4 1500
N
¢ |
91h N 4+1 NA
/
N
/
91i ’<N]\/ 9+0.2 NA
/
N
91k ,% \ 1442 NA
s/
/ S
91m % 6+ 1 388 + 10
HN-N
95a Q\)\/ 6+ 1 2100
=
95b s | 49 £3.4 NA
Y



95¢ ©\/ 18+ 1 3600
S
95d % 29+ 4 1900

GSK2983559 64 - 4+09 NA
GSK872 66 - 2+0.1 77+ 4
*Values are the mean of three experiments + standard deviations; NA: not active up to 10 pM.

As for the series with the general structure B, these compounds exhibited great 1Cso values
against RIPK2 (ICso = 449 nM). For various molecules, the potency against this enzyme
increased considerably, when compared with reciprocal analogues bearing a chlorine in the
scaffold. Compounds bearing 5-membered rings (91a-91m, 91a and 91d) at R' retained high
potency against RIPK2 (ICso = 4-28.8 nM). In addition, with the reductive
hydrodechlorination of compounds 90f, 90k, 94b and 94c¢, the respective resulting analogues
91f, 91Kk, 95b and 95¢ were remarkably efficient RIPK2 inhibitors (ICso =5, 14, 49 and 18
nM, respectively).

As for the selectivity, various compounds lacking the chlorine (91d, 91e, 91h, 91i, 91k and
95b) were specific for the enzyme RIPK2, while other molecules of this series (91b, 91c,
91g, 95a, 95¢, and 95d) exhibited additional inhibitory effects on the enzyme RIPK3 (ICso=
1.5-6 puM). Interestingly, the dechlorinated thiophen-2-yl (91a), 3-methylthiophen-2-yl
(91m), or 4-methylthiazol-2-yl (91f) compounds even showed an ICso range of 382-397 nM
against RIPK3, which was only five-fold lower than GSK872 66 (ICso 77 nM).

These results appeared to suggest that the absence of a chlorine atom at position 7 of the
quinazoline core can correlate with changes in the efficiency of the molecules against the
examined RIPKs.

The chlorine at position 7 of quinazoline compounds 90a, 90¢ and 90m was later replaced
with moieties bearing dissimilar steric bulks and lipophilic properties, such as a 3-

hydroxymethylphenyl, a 5-hydroxymethylfuranyl, or a 2,5-dihydrofuranyl substituent (R?).

Table 4. Activity of the compound series C against RIPK2 and RIPK3 in vitro.

e

R § ] R! RIPK2 RIPK3
N/)N ¢ 1Cso (nM)a 1Cso (nM)a
Compound
a
92an S 5+ 1 551+ 15
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/
92¢cn N \ 5+£0.1 141 + 38
/
S
92mn = 4+1 122 +£5
a
92a0 34+0.1 117 £ 19
92ap \ 5+0.3 464 + 64
GSK2983559 64 — — 4+0.9 NA
GSK&72 66 — — 24+0.1 77 +4

*Values are the mean of three experiments + standard deviations; NA: not active up to 10 uM.

The compounds bearing the general structure C appeared to be dual-target inhibitors against
both RIPK2 and RIPK3, with low ICs values especially against RIPK2 (ICso= 3—5 nM). The
potency of the molecules against RIPK3 seemed to depend on the substituents at R' and R*.
For instance, a combination of a 3-hydroxymethylphenyl at R? with a simple thiophen-2-yl
at R! (92an) provided ICso of 551 nM against RIPK3. In comparison, combining a 3-
hydroxymethylphenyl at R, with a 3-methylthiophen-2-yl (92mn), or a 1-methyl-1H-pyrrol-
2-yl (92cn) at R', enabled to reach lower ICs values against this enzyme (ICso= 141 and 122
nM, respectively). Compounds 92mn and 92cn were almost as potent as the inhibitor
GSK872 66. In addition, a combination of a thiophen-2-yl at R' with a small 5-
hydroxymethylfuranyl at R? (92a0) provided outstanding dual RIPK2/3 activity (ICso= 3 and
117 nM, respectively). With respect to 92a0, combining the same thiophen-2-yl at R' with a
2,5-dihydrofuranyl at R? (92ap), enabled to achieve comparable potency against RIPK2 (ICsg
=5 nM), although the inhibition of RIPK3 turned out to be about four-fold lower (ICso = 464
nM).

3.8.2. Comparative SAR analysis of enzymatic activity and docking experiments
The docking analyses of some lead compounds (i.e., 90d, 91h and 92ao, Figure 38), which
were selected from the three series developed, can provide theoretical explanations for some

general trends displayed by the new molecules in their RIPK efficacy.
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Figure 38. Docking models of selected compounds in complex with RIPK2 (PDB: 6RNA)'* and
RIPK3 (PDB: 7MX3)"3*. Structures of the selected compounds are shown in Table 2, Table 3
and Table 4, respectively. Panels A, C, and E depict RIPK2 while panels B, D, and F depict
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RIPK3. Hydrogen bond contacts are illustrated by dashed yellow lines. Distances that do not
correspond to hydrogen bond contacts are shown as dashed red lines.

Even though conclusive explanations on the pronounced selectivity of the derivatives of the
series A towards RIPK2 cannot be reliably drawn by the docking analyses, the three
compound series exhibited target/ligand affinities which are greater for this RIPK enzyme
than for RIPK3. This can suggest that the prepared compounds should engage in stronger
hydrogen bond interactions with RIPK2, which is consistent with the observed enzymatic
activity data. Beyond showing the target/ligand interactions of the quinazoline scaffold and
the aminobenzothiazole moiety, the docking showed that heteroaryl substituents at R of the
quinazoline might enable the formation of hydrogen bond contacts between the molecules
and the amino acid Ser25 of RIPK2 (i.e., Figure 38A and C). These interactions are described
as crucial for activity against this RIPK target.'*®!%° Instead, weaker molecular contacts are
likely engaged in the corresponding site with RIPK3, since this enzyme contains the residue
Gly28 (i.e., Figure 38B and D). In addition, as shown for 92ao0, the docking may suggest that
the higher potency against RIPK3 displayed by quinazoline compounds of the series C, with
respect to the other compound series, could be attributed to the hydrogen bond interactions
between polar amino acids of this enzyme, such as Ser101, and the decorated moieties at R
(Figure 38F). In comparison, these substituents seem to enable less productive hydrogen
bonds with the residues present in the corresponding region of RIPK2 (i.e., Ser102 and
Glul05, Figure 38E).

In an interpretation of these overall SAR data, it may be hypothesized that the efficacy against
RIPKs of the prepared molecules might be attributed to appropriate steric bulk, lipophilicity,
and ability to form hydrogen bonds of the substituents at R' and R? of the quinazoline. Indeed,
the activity of the compounds against RIPK3 appeared to be highly dependent on the
substituents at these specified positions. On the other hand, the potent activity against RIPK2

was retained in all the three series that were explored.

3.8.3. NOD/RIPK2/NF-kB cell signaling assays

All the molecules were subsequently evaluated for efficacy against RIPK2 in living cells
employing NF-kB reporter monocytes (THP-1-Lucia™). These experiments served to
explore the ability of the compounds to disrupt the receptors NOD1/2 pro-inflammatory cell
signaling pathways that, through the activity of RIPK2, can contribute to the mediation of
downstream NF-xB activation.'”! Research studies have demonstrated that the NOD1 and

NOD2 signaling can be selectively upregulated by stimulants as myristic-alanine-D-iso-
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glutamine-g-meso-lanthionine-glycine  (C14-Tri-LAN-Gly)'®, or muramyl dipeptide
(MDP)!%, respectively.

The compounds were therefore subjected to incubation with the monocytes and either C14-
Tri-LAN-Gly, or MDP, over 24 hours (see Chapter 5, Section 5.5. for the experimental
procedures). For each NOD signaling pathway, the activity of the examined substrates was
determined as their corresponding ICso values, which are reported in Table 5. In these
experiments, compounds GSK2983559 64 and GSK872 66 were employed as positive

controls.3%!%

Table 5. Cellular activity against NOD/RIPK2/NF-kB signaling. The structures are listed in
Tables 2, 3 and 4.

NOD1 NOD2 NOD1 NOD2

Cpd THP-1 cells  THP-1 cells Cpd THP-1 cells THP-1 cells

ICso (nM)* ICso (nM)* ICso (nM)* ICso (nM)*
90a NA NA 91g 47+4 38+9
90b 156 + 44 103+£0.4 91h 119+19 115+£12
90c NA NA 91i 143 £3 240 + 32
90d 183 +13 58+4 91k NA NA
90e 208 £2 140 + 24 91m 438 +73 362+ 150
90f NA NA 92an 432+ 74 396 + 189
90g 67+11 63 +£22 92cn 119+33 95+8
90h 146 +6 54+£10 92mn 225+15 229 £ 125
90i 189 + 34 96 + 52 92a0 14+4 27+ 10
90j 313 £87 318 £ 150 92ap 51+ 17 36 +4
90k NA NA 94a 155 +25 NA
901 4565 3357 94b NA NA
90m NA NA 9%4c NA NA
91a 106 £27 120 + 46 94d NA 2084
91b 136 £6 108 + 46 95a 114+ 19 68 +13
91c 726 £ 157 523 + 147 95b NA NA
91d 239 + 87 273 £40 95¢ 4358 2129
91e 209 + 34 95+ 44 95d 4426 1533
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91f 2754 NA GSK2983559 64 92 £22 385

GSK872 66 9+ 1 4+0.05

*Values are reported as the mean of three experiments + standard deviations; NA: not active up

to 10 uM.

In this cellular evaluation, some compounds exerted RIPK2 activity that was not consistent
with the high potency showed in the previous ADP-Glo assays. For example, among the
prepared derivatives bearing a chlorine at position 7 of the quinazoline, the analogues 90a,
90c, 901, 90m and 94d displayed a dramatic decrement in efficacy, or a loss of activity, in the
cellular setting (NOD1 ICso =4.5-10 uM and NOD2 ICso=2.1-10 uM). On the other hand,
compounds 90b, 90d, 90e and 90g—90j exhibited striking inhibition against the RIPK2-
mediated NOD1 and NOD?2 signaling pathways (NOD1 ICso=67-313 nM and NOD2 = 54—
118 nM), displaying ICso values equivalent to, or even stronger than, compound
GSK2983559 64 (NODI1 ICso =92 nM and NOD2 ICso = 40 uM). Remarkably, the derivative
94a exerted potent inhibition of the NOD1 pathway (ICso = 155 nM) but displayed no activity
against the NOD2 pathway (ICso> 10 pM).

Considering the analogues that do not bear a chlorine at position 7 of the quinazoline, 91a—
91e, 91g-91i, 91m and 95a displayed excellent potency against both the NOD1/2 pathways
(ICs0 =47-726 nM and ICso = 38-523 nM, respectively). In contrast, 91f, 91k, 95b, 95¢ and
95d were either weak inhibitors, or they showed no activity (NOD1 ICso=4.5-10 uM and
NOD2 ICsp = 2.1-10 uM).

As for compounds with aryl, heteroaryl and partially saturated heterocyclic moieties at both
R' and R? (92an, 92¢n, 92mn, 92a0 and 92ap), these were potent inhibitors of the NOD1/2
pathways (NODI1 ICso = 14-432 nM and NOD2 ICso =27-396 nM), with the analogues 92ao
and 92ap showing efficacy significantly greater than GSK2983559 64. It should be
mentioned that, surprisingly, compound GSK872 66 exhibited the highest RIPK?2 inhibition
in both the enzymatic and cellular activity assays that were conducted, even if it is
documented in the literature as a RIPK3 selective inhibitor.'*>-146

The monocyte-based evaluation also served to determine whether the analyzed compounds
were inhibiting the NF-xB recruitment induced by lipopolysaccharide (LPS), which can
promote the NF-«B inflammatory signaling in fashions that are not mediated by RIPK2.'4%131
Importantly, none of the compounds did inhibit the NF-«B signaling stimulated by LPS above
33 %, even at a concentration of 10 pM (data not shown), indicating their efficiency against

inflammation might depend on the selective inhibitory activity against RIPK2.
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These overall results could suggest majority of the new inhibitors as promising anti-
inflammatory agents, showing their favorable propensity to permeate through cellular

membranes and inactivate RIPK2.

3.8.4. RIPK3-mediated necroptosis cell signaling assays

Compounds 91f, 91m, 92a0, 92¢n and 92mn, which showed potent inhibition of RIPK3 in
the enzymatic evaluation, were also explored for potential cellular efficacy as anti-necroptotic
agents. Following methodologies that were previously documented'*®, the compounds were
subjected to incubation with the human colon cancer HT-29 cells, the IAP inhibitor BV-6,
the pan-caspase inhibitor z-VAD-FMK and TNF-a, to induce a necroptotic type of cell death
(see Chapter 5, Section 5.6. for the experimental procedures). Inhibitor GSK872 66 was
employed as a positive control.'*'*® The data of anti-nectroptotic activity of the compounds
are reported in the graph in Figure 39. In parallel, these analyses included the evaluation of
cell viability after an exposure to incremental concentrations of the molecules (see Chapter
5, Section 5.7. for the experimental procedures), considering the reference compound was
previously reported to exert cytotoxic effects correlating with its functional RIPK3 inhibition,
at concentrations around 10 uM.'¥¢ The data on cell viability were expressed as percentage
values, which are reported in Table 6.

In contrast with the previous ADP-Glo experiments, these assessments shed light on a rather
limited potency of the prepared molecules in suppressing necroptosis, in comparison with
GSK&872 66 (Figure 39). As for the HT29 cell viability, the analyzed compounds did not
exhibit negative effects until reaching concentrations up to 5 pM. However, certain
derivatives (i.e., 92cn and 92mn) seemed to elicit some mild cytotoxicity at concentrations

reaching 10 uM (Table 6).
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Figure 39. Activity against RIPK3-mediated necroptosis in HT-29 cells of selected compounds.
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Table 6. Cytotoxicity of selected compounds in HT-29 cells.

Cell viability (% of untreated ctrl)

Compound
10 (uM)* 5 (uM)* 1 (uM)*
GSK872 66 103+5 103+5 102+5
91f 104+ 4 101 £5 103 +2
91m 95+4 98+5 100+ 5
92a0 88+3 95+5 103+8
92cn 79+4 92+6 104+£5
92mn 77+ 4 86+5 105+3

®Values of cell viability are reported as the mean of three experiments + standard deviations

3.8.5. Metabolic stability assays

Compounds 90d, 90h, 91h, 92a0, 92ap, 92cn and 92mn were further investigated for their
metabolic stability in liver microsomes and plasma, both mouse and human. Depending on
the environment, separate analyses were conducted (see Chapter 5, Section 5.8. for the
experimental procedures).

Initially, employing verapamil as a positive control, stability was determined as the remaining
percentage values (amounts) of the molecules according to their corresponding time-
dependent metabolism by human and mouse liver microsomal enzymes (i.e., CYP450
isoforms, or hydrolases) after 45 minutes of exposure. Secondly, using propantheline as a
reference compound, stability was determined as the percentage values of the molecules
according to their corresponding time-dependent decrement after 2 h of exposure to human
and mouse plasma enzymes (i.e., esterases). The overall results are reported in Table 7.

All the examined compounds showed favorable trends of stability to metabolism either in

plasma, or in microsomes, both in mouse and human.

Table 7. Metabolic stability of selected compounds in human and mouse microsomes and plasma.

Microsomal stability Plasmatic stability
Compound % remaining after 45 min % remaining after 2 h
Human?® Mouse? Human?® Mouse?*
90d 105£16 115+15 141 £ 12 135 +21
90h 94+3 105+24 122 £8 102+£16
91h 108 £23 118+18 121 £2 79+ 6
92a0 124+ 6 114+ 11 108 £2 107 £2
92ap 108 7 94+5 107 £1 111£2
92cn 124 +4 93+9 112+£2 119+£2
92mn 123+9 118+6 113£1 108 £ 1
Verapamil 39+£1 9.0+0.1 - -
Propantheline - - 2+1 11+2
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®Residual percentage of the compounds after the incubation period (+ standard deviations, in
duplicates).

3.8.6. Kinase selectivity assays

The kinase specificities of compounds 90d, 90h, 91a, 91h, 92a0, 92cn and 92mn were further
evaluated by radiometric analyses in a screening panel of 58 enzymes of the human kinome
other than RIPKs. The experiments were conducted at a uniform concentration of the
substrates (1 uM), at ATP K, of each purified kinase, to determine inhibitory effects. These
are reported as percentage values of residual activity of the kinases that were examined

(Table 8).

Table 8. Percentage values of residual activity of human kinases exposed to selected
compounds.

Human kinase 90d* 90h? 91a® 91h? 92a0° 92cn®* 92mn?

Abl
ALK
AMPKal
ASK1
Aurora-A
CaMKI
CDK1
CDK2
CDK6
CDK7
CDK9
CHK1
CKlyl
CK2a2
c-RAF
DRAK1
EEF-2K
EGFR
EphAS
EphB4
Fyn
GSK3pB
IGF-1R
IKKao
IRAK4
JAK2
KDR
LOK
Lyn
MAPKAP-K2
MEK1
MLK1
Mnk?2
MSK?2
MSTI1
mTOR




NEK2

p70S6K

PAK2

PDGFRp

Pim-1

PKA

PKBa

PKCalfa

PKC6

PKGla

P1k3

PRAK

ROCK-I

Rse

Rsk1

SAPK2A

SRPK1

TAK1

PI3K(p110B/p85a)

PI3K(p120y)

PI3K(p1108/p85a)

PI3K(p1100/p85a)
*Percentage values of kinases’ activities at their ATP Kys, at 1 uM concentration of the molecules.

Values in green are higher than 50 %, values in yellow are between 50 and 35 %, and values in
red are below 35 %.

Compounds 90d and 90h, which are both chlorinated at position 7 of the quinazoline
heterocycle, displayed excellent selectivity, given that no enzyme in the panel was inhibited
by more than 25 % by these molecules.

Compound 91a, which is unsubstituted at position 7 of the quinazoline, was less selective,
exerting 54 % inhibition of the enzymes EGFR and Mnk2, as well as 71 % inhibition of Fyn,
69 % inhibition of KDR and 50 % inhibition of LOK. As for its direct analogue 91h, this
inhibited only the enzymes EGFR and KDR (68 % or 66 % inhibition, respectively).
Considering the structurally more complex compounds 92a0, 92¢n and 92mn, these exhibited
dissimilar specificities. The analogues 92¢n and 92mn were found to be remarkably selective,
inhibiting only the enzyme KDR to a significant extent (74 and 85 % inhibition, respectively).
In contrast, 92a0 inhibited considerably six enzymes out of the panel. The enzymes Fyn,
KDR and Lyn were inhibited by 94-96 %, while LOK, EGFR and Abl were inhibited by
83 %, 79 % and 70 %, respectively.

Importantly, these data can indicate that diversifying the substitutions at positions 6 and 7 of
the quinazoline scaffold of the prepared compounds can strongly affect their specificity

among RIPKs as well as other kinases.
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3.9. Summary and conclusions

In this body of research, novel quinazoline compounds were developed and evaluated as
potential inhibitors against RIPK2 and RIPK3.

Analyzing some known quinoline and quinazoline RIPK inhibitors (i.e., GSK2983559 64, or
GSK872 66) in complex with these kinase targets, new molecular modeling experiments were
conducted with documented crystal structures of RIPK2 and RIPK3 and a quinazoline
scaffold, leading to the design of three interrelated series of compounds. An
aminobezothiazole moiety was incorporated at position 4 of the quinazoline scaffold, while
positions 6 and 7 were extensively modified. Several aromatic and heteroaromatic ring
moieties were introduced at position 6. A chlorine, a hydrogen, as well as decorated aryl,
heteroaryl and partially saturated heterocyclic moieties, were explored at position 7. The
synthesis of the final molecules included an efficient convergent cyclization approach,
leading to the installation of the aminobenzothiazole at position 4 of the quinazoline central
core. Appropriate palladium-catalyzed methodologies led to diversifications of positions 6
and 7 of the quinazoline. Primary bioactivity assays against the human RIPK1-4 kinases
highlighted a number of selective and potent RIPK2 and dual-target RIPK2/3 inhibitors.
Various derivatives displayed RIPK2 inhibitory values analogous to the reference inhibitor
GSK2983559 64. Moreover, in cellular assays evaluating activity against the
NOD/RIPK2/NF-KB signaling pathways, several compounds outweighed GSK2983559 64
in potency. Curiously, both in enzymatic and in cellular settings, all the examined compounds
exhibited weaker RIPK2 inhibition than the reference inhibitor GSK872 66, even though this
was previously reported as isoform-selective towards RIPK3.'* Some of the identified dual-
target RIPK2/3 inhibitors were subjected to a cell-based assessment against RIPK3-mediated
necroptosis, where their activity was not as high as GSK872 66. Selected lead compounds
were evaluated for stability to enzymatic degradation in mouse or human liver microsomes
and plasma, exhibiting overall excellent profiles. Lastly, some of the best compounds were
investigated for selectivity over 58 human kinases not belonging to the RIPK family, where
desirable enzyme specificities were observed. The SAR data therefore show that apt
modifications of positions 6 and 7 of the quinazoline scaffold of the developed derivatives
can translate in relevant potency and selectivity shifts towards RIPK2 and RIPK3.
Consequently, structural insights achieved in this work could serve to prepare new molecules,

which might be useful to further research investigations on these protein kinases.
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CHAPTER 4 — Experimental part of the PI4K class II project

4.1. Chemistry — Material, procedures and NMR characterizations

Starting precursors, reagents and anhydrous solvents were purchased and employed as
received from commercial suppliers. The reactions were monitored by thin layer
chromatography (TLC) using Silica gel pre-coated aluminium foils (Merck 60 F254).
Samples were also monitored by liquid chromatography-mass spectrometry (LC-MS) on
Waters UPLC H-Class core system, (column Waters Acquity UPLC BEH C18 1.7 mm, 2.1
x 100 mm), Waters Acquity UPLC PDA detector, Mass spectrometer Waters SQD2 and
MassLynx Mass Spectrometry Software with mass detector range 100—1250 Da, set into both
positive/negative switching mode, cone voltage of 15 V). For all the LC-MS analyses, it was
used a gradient of H>O/acetonitrile (containing 0.1 % formic acid), running from 0 % to 100
% over 7 minutes, with a UV absorption detection at A = 254 nm. The purity was assessed by
UV to be above 95 %. For all the final compounds, high-resolution mass data (HRMS) were
acquired on a LTQ Orbitrap XL (Thermo Fisher Scientific) employing electrospray ionization
(ESI). Purifications by regular column chromatography were conducted on Silica gel 60
(Fluka). C18 HP RediSep Rf columns, which were combined to a Teledyne ISCO Rf + MPLC
automated system, were utilized for purifications by reverse-phase flash column
chromatography. Evaporation of solvents was conducted at 2 kPa, at 30-60 °C (bath
temperature). All the compounds were dried at 13 Pa, at 50 °C. NMR spectra (8, ppm; J, Hz)
were measured on either a Bruker Avance 11-400 or Bruker Avance 11-500 instrument (401
MHz and 500 MHz for 'H, 101 MHz and 126 MHz for '*C) employing hexadeuterated
dimethyl sulfoxide (DMSO-ds) as the solvent of the samples. NMR measurements were
referenced to the solvent signals (5 2.50 and 39.70, respectively for 'H and for '*C).

2-Amino-4-chloro-5-iodobenzonitrile (36)

[of NH,

A solution of 2-amino-4-chlorobenzonitrile 35 (4 g, 26.2 mmol) in anhydrous DMF (40 ml)
was treated with NIS (8.85 g, 39.3 mmol, 1.5 eq), which was added in a portionwise fashion.
The mixture was stirred at room temperature for 24 h. At this point, NIS (8.85 g, 39.3 mmol,
1.5 eq) was additionally incorporated and the reaction mixture was stirred at room

temperature for other 24 h. The mixture was diluted with DCM (600 ml) and washed with

brine/Na>S>03 saturated aqueous solution (400 ml). The organic portion was dried with
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anhydrous Na>SO4 and evaporated under reduced pressure. Purification by column
chromatography (toluene/DCM, 1:1) gave compound 36 (7 g, 96 % yield) as a yellow solid.
'H NMR (401 MHz, DMSO-ds) & 7.92 (s, 1H), 7.01 (s, 1H), 6.47 (s, 2H). *C NMR (101
MHz, DMSO-dg) 6 152.66, 143.22, 143.07, 116.43, 115.66, 95.32, 79.51. LC-MS m/z: 276.7
(M-H)". Rt =4.46 minutes.

4-Amino-6-chloroisophthalonitrile (37)

NC:©:CN

cl NH,

A solid mixture of compound 36 (6 g, 21.5 mmol), CuCN (3.85 g, 43 mmol, 2 eq), Pd>(dba);
(984 mg, 1.075 mmol, 5 mol%) and XantPhos (1.244 g, 2.15 mmol, 10 mol%) was purged
with argon and suspended in anhydrous 1,4-dioxane (120 ml). The resulting suspension was
heated with stirring at 85 °C for 3 h. The reaction mixture was cooled to room temperature,
diluted with EtOAc, filtered through Celite to remove solid impurities and evaporated to
dryness. Purification of the residue by column chromatography (toluene/DCM/EtOAc, 9:2:1)
provided compound 37 (3.55 g, 93 % yield) as a white solid. "H NMR (401 MHz, DMSO-dj)

§8.17 (s, 1H), 7.35 (s, 2H), 6.97 (s, 1H). 3C NMR (101 MHz, DMSO-ds) & 155.30, 140.85,
140.22, 116.41, 116.03, 115.56, 98.11, 93.48. LC-MS m/z: 175.9 (M-H)". Rt = 3.82 minutes.

(E)-N'-(5-Chloro-2,4-dicyanophenyl)- NV, N-dimethylformimidamide (38)

NC]@iCN

cl N&\T/

A solution of compound 37 (3.55 g, 20 mmol) in DMF-DMA (61 ml) was heated at 95 °C
with stirring for 1 h. The solution was cooled to room temperature. Removal of DMF-DMA
under reduced pressure provided compound 38 (4.65 g, quantitative yield) as a yellow solid.
"H NMR (401 MHz, DMSO-ds) & 8.40 — 8.18 (m, 2H), 7.61 (s, 1H), 3.16 (s, 3H), 3.07 (s,

3H). 3C NMR (101 MHz, DMSO-ds) & 159.70, 157.60, 140.46, 139.84, 119.64, 116.83,
116.17, 106.02, 103.47, 40.86, 34.87. LC-MS m/z: 233.1 (M+H)". Rt = 3.53 minutes.
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4-Amino-7-chloroquinazoline-6-carbonitrile (39)

NH,
NC

~N
Cl N/)
A suspension of compound 38 (4.65 g, 20 mmol) and ammonium acetate (2.78 g, 36 mmol,
1.8 eq) in AcOH (48 ml) was heated at 95 °C with stirring for 2.5 h. The mixture was cooled
to room temperature, leading to a precipitation of a solid. The mixture was diluted with
distilled H>O (200 ml) and the solid was collected on a sintered funnel. Washing of the solid
with distilled H>O (15 ml) provided compound 39 (3.6 g, 88 % yield) as a yellow solid. 'H
NMR (401 MHz, DMSO-ds) 6 8.94 (s, 1H), 8.50 (s, 1H), 8.29 (s, 2H), 7.92 (s, 1H). *C NMR
(101 MHz, DMSO-ds) 6 161.94, 159.70, 153.12, 137.22, 133.47, 128.40, 116.45, 113.35,
108.69. LC-MS m/z: 205.1 (M+H)". Rt = 2.86 minutes.

4-Amino-7-chloroquinazoline-6-carboxamide (40)

0 NH,
H,N SN
cl N/)

A suspension of compound 39 (600 mg, 2.9 mmol) in EtOH (26 ml) and DMSO (6.4 ml) was
treated with 1N aqueous NaOH (6.4 ml) and H,O> (30% aqueous solution, 6.4 ml). The
mixture was stirred at room temperature for 1 h, leading to a precipitation of a solid. The
mixture was diluted with EtOH (5 ml) and the solid was collected on a sintered funnel. Further
recrystallization of the solid from EtOH (5 ml) gave compound 40 (600 mg, 92 % yield) as a
white solid. "H NMR (401 MHz, DMSO-d) & 8.41 (s, 1H), 8.39 (s, 1H), 8.13 — 7.85 (m, 3H),
7.76 — 7.71 (m, 2H). *C NMR (101 MHz, DMSO-ds) & 168.71, 162.13, 157.34, 150.25,
135.07, 134.43,127.39, 124.73, 112.76. LC-MS m/z: 223.1 (M+H)". Rt = 0.58 minutes.

Suzuki coupling leading to 41-50

A solid mixture of compound 40 (95 mg, 0.4 mmol), a boronic acid or a boronate ester (4 eq),
K3PO4 (453 mg, 2.1 mmol, 5 eq), Pdx(dba)s (16 mg, 4 mol%) and SPhos (21 mg, 12 mol%)
was purged with argon and suspended in 1,4-dioxane (5.8 ml) and distilled H>O (2.9 ml). The
resulting suspension was heated with stirring at 95 °C for 24 h. The mixture was cooled to
room temperature, diluted with EtOAc, filtered to remove solid impurities, and evaporated to

dryness. The residue was purified as specified below.
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4-Amino-7-(1H-indol-5-yl)quinazoline-6-carboxamide (41)

Purified by column chromatography (DCM/EtOH, 6:2), followed by recrystallization from
MeOH. Off-white solid, 72 % yield. '"H NMR (401 MHz, DMSO-de) & 11.20 (s, 1H), 8.41 (s,
1H), 8.35 (s, 1H), 7.86 (s, 2H), 7.72 (s, 1H), 7.70 (s, 1H), 7.60 (s, 1H), 7.45 (d, J = 8.4 Hz,
1H), 7.42 (s, 1H), 7.40 (t,J = 2.8 Hz, 1H), 7.28 (dd, J = 8.4, 1.8 Hz, 1H), 6.49 (t, /=2.7 Hz,
1H). ®C NMR (101 MHz, DMSO-ds) § 171.98, 162.14, 156.52, 149.43, 146.15, 135.98,
135.71, 130.56, 128.10, 127.82, 126.61, 123.45, 122.31, 120.43, 112.30, 111.88, 102.21.
HRMS calcd for Ci7H14NsO m/z: 304.11929 (M+H)", found 304.11923.

4-Amino-7-(benzo|d][1,3]dioxol-5-yl)quinazoline-6-carboxamide (42)

Purified by column chromatography (EtOAc/DCM/EtOH, 8:0.5:1.5), followed by
recrystallization from EtOAc. White solid, 81 % yield. "H NMR (401 MHz, DMSO-d) &
8.41 (s, 1H), 8.33 (s, 1H), 7.88 (s, 2H), 7.81 (s, 1H), 7.55 (s, 1H), 7.48 (s, 1H), 7.07 (t, J =
1.1 Hz, 1H), 7.00 (d,J = 1.2 Hz, 2H), 6.08 (s, 2H). *C NMR (101 MHz, DMSO-d;) 6 171.03,
162.13, 156.92, 150.15, 147.65, 147.55, 143.43, 135.70, 133.96, 128.02, 123.47, 122.59,
112.92,109.21, 108.73, 101.68. HRMS calcd for C16H13N403 m/z: 309.09822 (M+H)", found
309.09813.

4-Amino-7-(6-methoxypyridin-2-yl)quinazoline-6-carboxamide (43)

0 NH,

HN SN

e |N\ =
=

Purified by column chromatography (EtOAc/DCM/toluene/EtOH, 8:1:1:2), followed by

recrystallization from EtOAc/EtOH/MeOH. White solid, 56 % yield. '"H NMR (401 MHz,
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DMSO-ds) 6 8.44 (s, 1H), 8.38 (s, 1H), 7.89 (s, 1H), 7.88 (s, 2H), 7.85 (s, 1H), 7.80 (t, J =
7.7 Hz, 1H), 7.44 (s, 1H), 7.40 (d, J = 7.2 Hz, 1H), 6.82 (d, J = 8.2 Hz, 1H), 3.92 (s, 3H). °C
NMR (101 MHz, DMSO-ds) 6 172.08, 163.15, 162.13, 156.72, 154.29, 149.55, 143.20,
140.38, 135.38, 127.53, 123.87, 116.22, 113.41, 110.30, 53.73. HRMS calcd for C15H14N50;
m/z: 296.11420 (M+H)", found 296.11406. Na-HRMS calcd for C;sHi;3NsNaO> m/z:
318.09615 (M+Na)", found 318.09597.

4-mino-7-(2-methoxypyridin-4-yl)quinazoline-6-carboxamide (44)

O NH»>

HoN ~N

/O | AN N/)
N~

Purified by column chromatography (EtOAc/DCM/EtOH, 8:0.5:1.5), followed by
recrystallization from EtOH/MeOH. White solid, 63 % yield. "H NMR (401 MHz, DMSO-
ds) 6 8.44 (s, 1H), 8.42 (s, 1H), 8.22 (dd, /= 5.3, 0.7 Hz, 1H), 7.99 (s, 2H), 7.95 (s, 1H), 7.64
(s, 1H), 7.56 (s, 1H), 7.10 (dd, J = 5.3, 1.5 Hz, 1H), 6.91 (q, J = 1.5, 0.7 Hz, 1H), 3.90 (s,
3H). *C NMR (101 MHz, DMSO-ds) & 170.40, 164.04, 162.18, 157.20, 150.71, 150.21,
147.16, 141.25, 135.05, 128.36, 123.87, 117.53, 113.73, 110.13, 53.69. HRMS calcd for
C1sH1sNsO2 m/z: 296.11420 (M+H)", found 296.11405. Na-HRMS calcd for CisHi3NsNaO»
m/z: 318.09615 (M+Na)", found 318.09594.

4-Amino-7-(6-methoxypyridin-3-yl)quinazoline-6-carboxamide (45)

Purified by column chromatography (EtOAc/DCM/EtOH, 6:0.5:1.5), followed by
recrystallization from MeOH. 88 mg. White solid, 70 % yield. "H NMR (401 MHz, DMSO-
ds) 0 8.42 (s, 1H), 8.39 (s, 1H), 8.30 (d, /=2.0 Hz, 1H), 7.90 (s, 2H), 7.88 (s, 1H), 7.83 (dd,
J=8.5,2.3 Hz, 1H), 7.62 (s, 1H), 7.52 (s, 1H), 6.90 (d, J = 8.5 Hz, 1H), 3.90 (s, 3H). '*C
NMR (101 MHz, DMSO-ds) 6 170.79, 163.60, 162.18, 157.05, 150.26, 146.28, 140.40,
139.59, 135.40, 129.23, 128.21, 123.73, 113.16, 110.44, 53.77. HRMS calcd for C5H14NsO2
m/z: 296.11420 (M+H)", found 296.11407. Na-HRMS calcd for CisHisNsNaO, m/z:
318.09615 (M+Na)", found 318.09590.
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4-Amino-7-(3-morpholinophenyl)quinazoline-6-carboxamide (46)

Purified by column chromatography (EtOAc/DCM/EtOH, 4:1:2), followed by
recrystallization from Et;O. Yellow solid, 75 % yield. 'H NMR (401 MHz, DMSO-ds) 6 8.41
(s, 1H), 8.35 (s, 1H), 7.89 (s, 2H), 7.79 (s, 1H), 7.60 (s, 1H), 7.48 (s, 1H), 7.29 (t,J= 7.9 Hz,
1H), 7.10 (t, J=2.1 Hz, 1H), 7.04 — 6.93 (m, 2H), 3.85 — 3.69 (m, 4H), 3.21 — 3.10 (m, 4H).
BC NMR (101 MHz, DMSO-de) § 171.14, 162.14, 156.88, 151.35, 150.11, 144.31, 140.70,
135.89, 129.39, 128.08, 123.36, 119.72, 115.70, 115.11, 113.02, 66.59, 48.86. HRMS calcd
for CioHzoNsO, m/z: 350.16115 (M+H)", found 350.16103. Na-HRMS calcd for
Ci9H19NsNaO; m/z: 372.14310 (M+Na)*, found 372.14288.

7-(3-Acetamidophenyl)-4-aminoquinazoline-6-carboxamide (47)

Purified by column chromatography (EtOAc/DCM/EtOH, 4.5:0.5:2), followed by
recrystallization from Et,O. Yellow solid, 77 % yield. '"H NMR (400 MHz, DMSO-d) &
10.08 (s, 1H), 8.43 (s, 1H), 8.39 (s, 1H), 7.91 (s, 2H), 7.78 (s, 1H), 7.76 (t, J = 1.9 Hz, 1H),
7.63 (dd, J= 8.0, 1.3 Hz, 2H), 7.53 (s, 1H), 7.43 (s, 1H), 7.34 (t, /= 7.9 Hz, 1H), 7.17 (dt, J
=7.7, 1.3 Hz, 1H), 2.07 (s, 3H). *C NMR (101 MHz, DMSO-ds) & 171.29, 170.16, 162.14,
156.73, 149.47, 144.52, 140.24, 139.16, 135.12, 129.30, 127.80, 123.98, 123.66, 119.64,
119.45, 112.90, 24.15. HRMS caled for Ci7HieNsO> m/z: 322.12985 (M+H)", found
322.12973. Na-HRMS calcd for Ci7H sNsNaO, m/z: 344.11180 (M+Na)", found 344.11163.

4-Amino-7-(1H-indol-6-yl)quinazoline-6-carboxamide (48)
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Purified by column chromatography (EtOAc/DCM/EtOH, 10:1:1), followed by
recrystallization from Et,O/EtOAc. Beige solid, 83 % yield. "H NMR (401 MHz, DMSO-dj)
0 11.26 (s, 1H), 8.42 (s, 1H), 8.37 (s, 1H), 7.89 (s, 2H), 7.73 (s, 1H), 7.60 (s, 1H), 7.59 (d, J
= 8.1 Hz, 1H), 7.58 (s, 1H), 7.42 (s, 1H), 7.41 (t, J=2.7 Hz, 1H), 7.19 (dd, /= 8.3, 1.4 Hz,
1H), 6.47 (t, J = 1.9 Hz, 1H). *C NMR (101 MHz, DMSO-ds) § 171.83, 162.15, 156.57,
149.44, 145.93, 136.20, 135.69, 132.60, 127.87, 127.85, 126.87, 123.51, 120.47, 120.27,
112.41, 111.74, 101.64. HRMS caled for Ci7HiuNsO m/z: 304.11929 (M+H)", found
304.11914.

4-Amino-7-(3-(hydroxymethyl)phenyl)quinazoline-6-carboxamide (49)

Purified by column chromatography (EtOAc/DCM/EtOH, 5:1.5:1.5), followed by
recrystallization from Et,O. White solid, 66 % yield. "H NMR (401 MHz, DMSO-ds) & 8.42
(s, 1H), 8.39 (s, 1H), 7.93 (s, 2H), 7.83 (s, 1H), 7.57 (s, 1H), 7.49 (s, 1H), 7.47 (s, 1H), 7.42
—7.33 (m, 3H), 5.29 (t, J = 5.7 Hz, 1H), 4.57 (d, J = 5.7 Hz, 2H). >*C NMR (101 MHz,
DMSO-ds) 171.48,162.15, 156.69, 149.49, 144.71, 142.56, 139.48, 135.21, 128.75, 127.85,
127.25,126.80, 126.74, 123.62, 112.82, 63.26. HRMS calcd for CisH15N4O2 m/z: 295.11895
(M+H)", found 295.11887. Na-HRMS calcd for CisHisN4NaO, m/z: 317.10090 (M+Na)®,
found 317.10077.

4-Amino-7-(2,3-dihydrobenzofuran-5-yl)quinazoline-6-carboxamide (50)

Purified by column chromatography (DCM/EtOAc/EtOH, 6:1:1), followed by
recrystallization from EtOH/MeOH. Off-white solid, 73 % yield. '"H NMR (401 MHz,
DMSO-ds) 6 8.40 (s, 1H), 8.33 (s, 1H), 7.86 (s, 2H), 7.77 (s, 1H), 7.53 (s, 1H), 7.47 (s, 1H),
7.40 (s, 1H), 7.26 (dd, J=8.2, 1.9 Hz, 1H), 6.83 (d, /= 8.2 Hz, 1H), 4.58 (t,J= 8.7 Hz, 2H),
3.23 (t, J = 8.7 Hz, 2H). *C NMR (101 MHz, DMSO-ds) § 171.72, 162.11, 160.11, 156.60,
149.51, 144.62, 135.31, 131.91, 128.69, 128.16, 127.44, 125.59, 123.51, 112.47, 109.24,
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71.75, 29.33. HRMS calcd for C17H15N4O2 m/z: 307.11895 (M+H)", found 307.11877. Na-
HRMS caled for C17H14N4NaO, m/z: 329.10090 (M+Na)", found 329.10070.

Suzuki coupling and hydrolysis of the carbonitrile leading to 51-57

A solid mixture of compound 39 (104 mg, 0.5 mmol), a suitable boronic acid or a boronate
ester (4 eq), K3sPOs4 (541 mg, 2.6 mmol, 5 eq), Pdz(dba); (19 mg, 4 mol%) and SPhos (25 mg,
12 mol%) was purged with argon and suspended in 1,4-dioxane (7 ml) and distilled H>O (3.5
ml). The suspension was heated with stirring at 95 °C for 24 h. The mixture was cooled to
room temperature, diluted with EtOAc, filtered to remove solid impurities and evaporated
under reduced pressure. The resulting residue was suspended in EtOH (1.2 ml) and DMSO
(0.3 ml) and treated with 1N aqueous NaOH (0.3 ml) and H202 (30% aqueous solution, 0.3
ml). The suspension was stirred at room temperature for 1 h. The mixture was diluted with
EtOAc (150 ml) and washed with brine (70 ml). The organic portion was dried over
anhydrous Na,SOs and evaporated under reduced pressure. The residue was purified as

specified below.

4-Amino-7-(3-carbamoylphenyl)quinazoline-6-carboxamide (51)

Purified by column chromatography (DCM/EtOH, 3:2), followed by recrystallization from
MeOH. White solid, 60 % overall yield. '"H NMR (401 MHz, DMSO-ds) & 8.44 (s, 1H), 8.41
(s, 1H), 8.08 (s, 1H), 8.05 (t, /= 1.8 Hz, 1H), 7.90 (s, 2H), 7.89 (dt,J=7.8, 1.4 Hz, 1H), 7.84
(s, 1H), 7.67 (s, 1H), 7.64 (dt, J= 7.8, 1.4 Hz, 1H), 7.53 (d, J = 7.8 Hz, 1H), 7.50 (s, 1H),
7.42 (s, 1H). ®C NMR (101 MHz, DMSO-de) & 171.10, 169.07, 162.19, 156.88, 149.72,
143.83, 139.92, 135.13, 134.43, 131.79, 128.95, 128.19, 127.86, 127.39, 123.76, 113.06.
HRMS calcd for C16H14NsO2 m/z: 308.11420 (M+H)", found 308.11405.

7-(3-(1H-Tetrazol-5-yl)phenyl)-4-aminoquinazoline-6-carboxamide (52)
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Purified by column chromatography (DCM/EtOH, 2.5:2), followed by recrystallization from
MeOH/acetonitrile. White solid, 54 % overall yield. "H NMR (401 MHz, DMSO-ds) & 8.44
(s, 1H), 8.41 (s, 1H), 8.17 (t, /= 1.8 Hz, 1H), 8.01 (dt, J=7.2, 1.7 Hz, 1H), 7.94 (s, 2H), 7.85
(s, 1H), 7.62 (s, 1H), 7.51 — 7.40 (m, 3H) (peak of NH of tetrazole was not detected). '*C
NMR (101 MHz, DMSO-ds) 6 170.80, 162.20, 160.06, 157.00, 150.21, 144.07, 140.35,
135.62, 131.79, 128.90, 128.25, 128.04, 126.49, 125.80, 123.70, 113.12. HRMS calcd for
C16H13NgO m/z: 333.12068 (M+H)", found 333.12050. Na-HRMS calcd for C¢H;2NgNaO
m/z: 355.10263 (M+Na)", found 355.10245.

4-Amino-7-(3,6-dimethoxypyridazin-4-yl)quinazoline-6-carboxamide (53)

Purified by column chromatography (EtOAc/DCM/EtOH, 6:1:2), followed by
recrystallization from Et;O/MeOH. White solid, 63 % overall yield. '"H NMR (401 MHz,
DMSO-ds) 6 8.54 (s, 1H), 8.45 (s, 1H), 7.97 (s, 2H), 7.74 (s, 1H), 7.62 (s, 1H), 7.42 (s, 1H),
7.19 (s, 1H), 3.99 (s, 3H), 3.86 (s, 3H). 1*C NMR (101 MHz, DMSO-ds) § 169.62, 162.47,
162.34, 159.42, 157.40, 150.63, 137.17, 134.72, 133.94, 129.76, 123.95, 119.60, 113.84,
54.59, 54.42. HRMS calcd for CisHisN¢O3 m/z: 327.12001 (M+H)", found 327.11987. Na-
HRMS calcd for CisH14NgNaO3 m/z: 349.10196 (M+Na)", found 349.10178.

4-Amino-7-(2-(furan-2-yl)phenyl)quinazoline-6-carboxamide (54)

=
O /
Purified by column chromatography (DCM/EtOH, 6:2), followed by recrystallization from
Et;O/MeOH. Off-white solid, 70 % overall yield. '"H NMR (401 MHz, DMSO-ds) & 8.48 (s,
1H), 8.40 (s, 1H), 7.95 (s, 2H), 7.76 (dd, J=7.9, 1.3 Hz, 1H), 7.58 (dd, /= 1.8, 0.7 Hz, 1H),
7.52 —-7.42 (m, 2H), 7.35 (td, J="7.4, 1.3 Hz, 1H), 7.32 — 7.24 (m, 3H), 6.29 (dd, J=3.4, 1.8

Hz, 1H), 5.64 (dd, J = 3.4, 0.8 Hz, 1H). >*C NMR (101 MHz, DMSO-ds) § 169.96, 162.33,
156.57, 152.12, 149.17, 145.36, 142.79, 136.68, 135.18, 130.69, 129.07, 128.73, 128.00,
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127.67, 126.56, 123.58, 112.99, 112.16, 109.48. HRMS calcd for CioHisNsO> m/z:
331.11895 (M+H)", found 331.11877. Na-HRMS calcd for C19H14N4NaO, m/z: 353.10090
(M+Na)", found 353.10072.

4-Amino-7-(1-(tetrahydro-2 H-pyran-4-yl)-1 H-pyrazol-4-yl)quinazoline-6-carboxamide
(35)

Purified by column chromatography (DCM/EtOH, 5:2), followed by recrystallization from
EtOH/MeOH. White solid, 64 % overall yield. "H NMR (401 MHz, DMSO-ds) & 8.38 (s,
1H), 8.23 (s, 2H), 7.96 (s, 1H), 7.88 (s, 1H), 7.81 (s, 2H), 7.79 (s, 1H), 7.64 (s, 1H), 4.45 (tt,
J=10.1, 4.8 Hz, 1H), 4.07 — 3.92 (m, 2H), 3.49 (td, /= 11.4, 2.8 Hz, 2H), 2.10 — 1.87 (m,
4H). *C NMR (101 MHz, DMSO-ds) & 172.30, 161.95, 156.48, 149.53, 138.07, 134.94,
134.36, 127.83, 125.28, 123.12, 119.14, 112.14, 66.32, 57.78, 33.15. HRMS calcd for
C17H19N6O2 m/z: 339.15640 (M+H)". found 339.15629. Na-HRMS calcd for C17H sN6NaO;
m/z: 361.13835 (M+Na)", found 361.13817.

4-Amino-7-(1H-benzo|d]imidazol-5-yl)quinazoline-6-carboxamide (56)

Purified by column chromatography (acetonitrile/EtOH, 3:2), followed by recrystallization
from MeOH. White solid, 44 % overall yield. "H NMR (500 MHz, DMSO-ds, T =330 K) §
8.35 (s, 1H), 8.31 (s, 1H), 8.16 (s, 1H), 7.75 - 7.63 (m, 3H), 7.56 (d, J = 8.6 Hz, 1H), 7.54 (s,
1H), 7.50 (s, 1H), 7.30 (dd, /= 8.3, 1.7 Hz, 1H), 7.20 (s, 1H). (peak of NH on benzimidazole
was not detected). 3C NMR (126 MHz, DMSO-ds, T = 330 K) § 171.03, 162.25, 156.87,
150.25, 144.83, 143.09, 136.04, 128.53, 123.53, 112.89. (carbons on benzimidazole were not
fully detected due to rapid proton exchange). HRMS calcd for CisH13NsO m/z: 305.11454
(M+H)", found 305.11438.
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4-Amino-7-(6-0x0-1,6-dihydropyridin-3-yl)quinazoline-6-carboxamide (57)

Purified by column chromatography (acetonitrile/DCM/EtOH, 2:1:2), followed by
recrystallization from MeOH. White solid, 52 % overall yield. IH NMR (500 MHz, DMSO-
ds) 6 8.41 (s, 1H), 8.36 (s, 1H), 8.01 — 7.80 (m, 3H), 7.63 — 7.56 (m, 3H), 7.54 (d, /=2.7 Hz,
1H), 6.40 (d, J = 9.4 Hz, 1H). (peak of NH on pyridone was not detected). *C NMR (126
MHz, DMSO-ds) 170.90, 166.47, 162.22, 162.13, 157.02, 150.37, 142.06, 139.54, 134.85,
127.28, 123.86, 119.69, 117.56, 112.94. HRMS calcd for Ci4sHi2NsO> m/z: 282.09855
(M+H)", found 282.09838. Na-HRMS calcd for Ci4H;1NsNaO, m/z: 304.08050 (M+Na)",
found 304.08033.

Suzuki coupling, reduction of the formyl group and hydrolysis of the carbonitrile
leading to 58 and 59

A solid mixture of compound 39 (104 mg, 0.5 mmol), a boronic acid or a boronate ester (4
eq), KsPO4 (541 mg, 2.6 mmol, 5 eq), Pd>(dba); (19 mg, 4 mol%) and SPhos (25 mg, 12
mol%) was purged with argon and suspended in 1,4-dioxane (7 ml) and distilled H>O (3.5
ml). The suspension was heated with stirring at 95 °C for 24 h. The mixture was cooled to
room temperature, diluted with EtOAc, filtered to remove solid impurities and evaporated
under reduced pressure. The residue was suspended in EtOH (3.5 ml) and treated with NaBH4
(58 mg, 1.53 mmol, 3 eq) over 10 min at room temperature. The resulting slurry was allowed
to stir for 45 min. The mixture was evaporated to dryness. The residue was suspended in
EtOH (1.6 ml) and DMSO (0.4 ml) and treated with 1N aqueous NaOH (0.4 ml) and H,O»
(30% aqueous solution, 0.4 ml). The suspension was stirred at room temperature for 1 h. The
mixture was diluted with EtOAc (150 ml) and washed with brine (70 ml). The organic portion
was dried over anhydrous Na;SO4 and evaporated under reduced pressure. The residue was

purified as specified below.
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4-Amino-7-(5-(hydroxymethyl)furan-2-yl)quinazoline-6-carboxamide (58)

o) NH,
H,N SN
HO o N/)

Purified by column chromatography (EtOAc/DCM/EtOH, 6:1:3), followed by
recrystallization from MeOH. Off-white solid, 40 % overall yield. "H NMR (401 MHz,
DMSO-ds) 6 8.40 (s, 1H), 8.25 (s, 1H), 8.03 (s, 1H), 7.92 (s, 1H), 7.86 (s, 2H), 7.69 (s, 1H),
6.90 (d, /= 3.3 Hz, 1H), 6.45 (d, J= 3.3 Hz, 1H), 5.37 (t, /= 5.8 Hz, 1H), 449 (d, /= 5.6
Hz, 2H). *C NMR (101 MHz, DMSO-ds) § 171.31, 161.94, 157.05, 156.93, 150.08, 149.58,
133.13, 131.39, 123.44, 123.39, 112.83, 111.51, 109.83, 56.22. HRMS calcd for C14H13N4Os3
m/z: 285.09822 (M+H)", found 285.09806. Na-HRMS caled for Ci4sH;2N4sNaOs m/z:
307.08016 (M+Na)", found 307.07992.

4-Amino-7-(5-(hydroxymethyl)pyridin-3-yl)quinazoline-6-carboxamide (59)

Purified by column chromatography (DCM/EtOH, 2.5:2), followed by recrystallization from
MeOH. White solid, 52 % overall yield. '"H NMR (401 MHz, DMSO-ds) & 8.56 (d, J = 2.2
Hz, 1H), 8.54 (d, J=2.0 Hz, 1H), 8.44 (s, 2H), 7.97 (s, 2H), 7.93 (s, 1H), 7.85 (t,J=2.2 Hz,
1H), 7.63 (s, 1H), 7.54 (s, 1H), 5.42 (t, /= 5.5 Hz, 1H), 4.61 (d, J= 5.2 Hz, 2H). 13C NMR
(101 MHz, DMSO-ds) 6 170.54, 162.21, 157.18, 150.30, 147.66, 147.51, 140.77, 137.62,
135.31, 135.25, 134.39, 128.76, 123.91, 113.43, 61.02. HRMS calcd for CisH14NsO2 m/z:
296.11420 (M+H)", found 296.11404. Na-HRMS calcd for CisHi3NsNaO> m/z: 318.09615
(M+Na)", found 318.09593.
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4.2. Crystallography experiments - Material and methods

4.2.1. PI4K2B production and isolation

Employing procedures previously standardized’!, the truncated human PI4K2B enzyme
(residues 90-450) was engineered with a T4 lysozyme tag, serving to replace the cysteine rich
loop 165-VHKVCCPCCF-175 and promote the co-crystallization process. The fusion protein
sequence to be expressed contained an additional N-terminal 6x histidine (Hise) purification
tag, followed with a GB1 solubility and folding tags. In addition, the sequence contained a
TEV protease cleavage site. Protein expression was conducted in bacteria E. coli BL21 DE3
NiCo, provided by New England Biolabs, employing the autoinduction ZY-5052 medium.
The bacterial cells were centrifuged and lysed using the Emulsiflex C3 instrument (Avestin)
in the lysis buffer (50 mM trimetamol pH 8, 300 mM NaCl, 20 mM imidazole, 10 % glycerol,
3 mM B-mercaptoethanol). Centrifugation of the lysate for 30 min at 30,000 g was followed
by incubation with the HisPur Ni-NTA Agarose Superflow (Thermo Fisher Scientific) for 30
min. The chromatography matrix beads were subsequently washed with the lysis buffer
previously employed. The enzyme was eluted by supplementing the buffer with 300 mM
imidazole. Removal of the Hiss-GBI1 tag by cleavage with the recombinant TEV protease was
performed overnight. PI4K2B was obtained after purification by size exclusion
chromatography at the HiLoad 16/600 Superdex 200 prep grade column (Cytiva) in the buffer
A (10mM 2-(N-morpholino)ethanesulfonic acid pH 6.5, 100mM NaCl, 3 mM -
mercaptoethanol), followed by cation exchange chromatography at the HiTrap S HP column
(Cytiva) shifting from the buffer A to the buffer B (10 mM 2-(N-morpholino)ethanesulfonic
acid pH 6.5, 500 mM NaCl, 3 mM B-mercaptoethanol). After concentration to 6 mg/ml, as a
standard storage procedure’!, the enzyme preparation was divided into aliquots that were

flash frozen in liquid nitrogen at 193 K.

4.2.2. Co-crystallization procedure and analysis

A soaking methodology was employed to obtain co-crystallization of 49 in complex with
PI4K2B. Crystals of PI4K2B devoid of the ligand were first prepared and selected. The
enzyme was supplemented with 5 mM TCEP. Employing a vapor diffusion technique at
291 K, crystals were obtained over 3-5 days stand in sitting drops containing 400 nl of the
solution of the enzyme and 400 nl of the solution of the well. Crystals were set to grow in a
well solution consisting of 10 % polyethylene glycol 8,000, 20 % ethylene glycol, 3 %
DMSO, 100 mM bicine/Trizma base pH 8.5, and a mixture of alcohols (1,6-hexanediol, 1-
butanol, 1,2-propanediol, 2-propanol, 1,4-butanediol, 1,3-propanediol), each at the

concentration of 20 mM. At this point, the crystals were submitted to soaking in sitting drops
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of the same composition consisting of a saturated solution of the ligand 49 over 24 h. A single
crystal enabled the collection of the crystallographic dataset, which was conducted by
employing in-house equipment, including the Rigaku MicroMax-007 HF rotating anode and
the Dectris Pilatus 200K pixel detector. XDS was employed for integration and scaling of the
data.'®® Molecular replacement of the ligand from the structure of the PI4K2B/ATP 1
complex (PDB: 4WTV)’! enabled to resolve the structure of the PI4K2B/49 complex. The

collected data are summarized in Table 9.

Table 9. Data on the co-crystal structure of the PI4K2B/49 complex. Parentheses define the
highest resolution shell values. R.m.s.d. stands for root-mean-square deviation.

Crystal PI4K2B/49 complex
PDB accession code 8AS5X
Data collection and processing
Space group P12i1 (no.4)
a, b, c(A) 48.487.071.4

Cell dimensions

o, B,y (°)

90.0 107.8 90.0

Resolution range (A)

30.44 - 2.40 (2.49 - 2.40)

No. of unique reflections

20,410 (1,863)

Completeness (%) 92.2 (84.4)
Multiplicity 3.6 (3.8)
Mean I/o(]) 13.38 (2.29)

Wilson B factor (A?) 32.31
R-merge 0.0995 (0.6079)
R-meas 0.1164 (0.7059)

CC1/2 (%) 99.6 (76.4)
CC* (%) 99.9 (93.1)

Structure resolution and refinement

R-work (%)

21.04 (26.82)

R-free (%)

22.93 (28.02)

CC-work (%) 94.6 (82.7)
CC-free (%) 91.7 (84.5)
bonds (A) 0.002
R.m.s.d.
angles (°) 0.47
overall 43.98
Average B factor protein 44.14
(A% ligands 5755
solvent 35.44
Clashscore 0.79
favored 08.48
Ramaz:oigndran allowed 5
outliers 0.00
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CHAPTER 5 — Experimental part of the RIPK2/3 project

5.1. Chemistry — Material, procedures and NMR characterizations

General part on the material, procedures and instrumentation employed was previously

described (see Chapter 4, Section 4.1.).

(E)-N'-(5-Chloro-2-cyano-4-iodophenyl)- N, N-dimethylformimidamide (88)

Intermediate 36 (250 mg, 0.9 mmol) was suspended in DMF-DMA (6.6 ml) and the
suspension was heated at 95 °C with stirring for 1 h. The mixture was cooled to room
temperature and the solvent was removed under reduced pressure, affording the derivative 88
(300 mg, quantitative yield) as a yellow solid. "H NMR (401 MHz, DMSO-ds) & 8.11 (s, 1H),
8.09 (s, 1H), 7.49 (s, 1H), 3.09 (s, 3H), 3.00 (s, 3H). *C NMR (101 MHz, DMSO-ds) &
156.34, 156.32, 143.45, 143.11, 119.56, 116.97, 107.17, 87.58, 40.43, 34.59. LC-MS m/z:
334.0 (M+H)". Rt = 4.1 minutes.

Stille coupling leading to 89a—89m

Intermediate 88 (300 mg, 0.9 mmol) was dissolved in anhydrous 1,4-dioxane (4.2 ml). The
solution was treated with a tributylstannyl substrate (1.5 eq), LiCl (5eq) and PdCl>(PPhs). (4
mol%). After purging with argon, the suspension was set under heating with stirring at 95 °C
for 18 h. The mixture was cooled to room temperature, diluted with EtOAc and filtered to
remove solid impurities. The solvent was removed under reduced pressure and the residue

was purified as specified below.

(E)-N'-(5-Chloro-2-cyano-4-(thiophen-2-yl)phenyl)-V, N-dimethylformimidamide (89a)

/|

S CN

Cl N~ °N

Purified by column chromatography (DCM/EtOAc, 10:1), followed by reverse phase column
chromatography (H.O/MeOH, 30 % to 100 %). White solid, 94 % yield. '"H NMR (401 MHz,
DMSO-ds) 6 8.15 (s, 1H), 7.85 (s, 1H), 7.67 (dd, J= 5.1, 1.2 Hz, 1H), 7.47 (s, 1H), 7.41 (dd,
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J=3.6,1.2Hz, 1H), 7.16 (dd, J= 5.1, 3.6 Hz, 1H), 3.12 (s, 3H), 3.03 (s, 3H). *C NMR (101
MHz, DMSO-ds) § 156.33, 155.29, 138.26, 136.73, 135.33, 128.40, 127.84, 127.68, 125.95,
120.40, 117.92, 106.04, 40.45, 34.61. LC-MS m/z: 290.0 (M+H)". Rt = 4.3 minutes.

(E)-N'-(5-Chloro-2-cyano-4-(2-methylthiazol-5-yl)phenyl)-N, V-
dimethylformimidamide (89b)

N
’< \ CN
S
=
cl N/\'Tl/

Purified by column chromatography (toluene/DCM/EtOAc, 4:1:1), followed by reverse phase
column chromatography (H.O/MeOH, 30 % to 100 %). Yellow solid, 90 % yield. '"H NMR
(401 MHz, DMSO-ds) & 8.15 (s, 1H), 7.91 (s, 1H), 7.90 (s, 1H), 7.49 (s, 1H), 3.12 (s, 3H),
3.03 (s, 3H), 2.69 (s, 3H). *C NMR (101 MHz, DMSO-ds) § 166.73, 156.41, 155.81, 142.30,
136.96, 135.44, 132.80, 123.07, 120.24, 117.83, 106.12, 40.47, 34.62, 19.19. LC-MS m/z:
305.0 (M+H)"*. Rt = 3.8 minutes.

(E)-N'-(5-Chloro-2-cyano-4-(1-methyl-1H-pyrrol-2-yl)phenyl)-N, V-
dimethylformimidamide (89c)

7|
N CN
/

Cl N™ N

Purified by column chromatography (toluene/DCM/EtOAc, 9:1:1), followed by reverse phase
column chromatography (H.O/MeOH, 30 % to 100 %). White solid, 96 % yield. '"H NMR
(401 MHz, DMSO-ds) 6 8.13 (s, 1H), 7.59 (s, 1H), 7.44 (s, 1H), 6.85 (dd, J = 2.6, 1.8 Hz,
1H), 6.10 — 6.02 (m, 2H), 3.42 (s, 3H), 3.11 (s, 3H), 3.03 (s, 3H). *C NMR (101 MHz,
DMSO-ds) 8 156.28, 155.86, 139.68, 136.74, 129.08, 125.33, 123.57,119.79, 118.05, 110.18,
107.57, 105.40, 40.41, 34.58, 34.44. LC-MS m/z: 287.2 (M+H)". Rt = 3.9 minutes.
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(E)-N'-(5-Chloro-2-cyano-4-(1-methyl-1H-imidazol-2-yl)phenyl)-N, V-
dimethylformimidamide (89d)

I e
Y
Cl NAITJ/

Purified by column chromatography (acetone/EtOAc/DCM/EtOH, 5:3:1:1), followed by
reverse phase column chromatography (H2O/MeOH, 30 % to 100 %). White solid, 92 %
yield. '"H NMR (401 MHz, DMSO-ds) § 8.15 (s, 1H), 7.73 (s, 1H), 7.67 (s, 1H), 7.50 (s, 1H),
6.95 (s, 1H), 3.47 (s, 3H), 3.12 (s, 3H), 3.03 (s, 3H). *C NMR (101 MHz, DMSO-ds) &
156.54, 156.45, 139.58, 139.42, 136.90, 129.35, 128.59, 121.76, 119.86, 117.93, 105.58,
40.46, 34.61, 31.95. LC-MS m/z: 287.7 (M+H)". Rt = 2.7 minutes.

(E)-N'-(5-Chloro-2-cyano-4-(1-methyl-1H-imidazol-4-yl)phenyl)-N, V-
dimethylformimidamide (89e)

/=N
—N___ CN
—

cl N” >N

Purified by column chromatography (EtOAc), followed by reverse phase column
chromatography (H.O/MeOH, 30 % to 100 %). White solid, 95 % yield. "H NMR (401 MHz,
DMSO-ds) 6 8.20 (s, 1H), 8.08 (s, 1H), 7.73 (d, J= 1.2 Hz, 1H), 7.71 (dd, J = 1.2, 0.5 Hz,
1H), 7.36 (s, 1H), 3.72 (s, 3H), 3.10 (s, 3H), 3.01 (s, 3H). *C NMR (101 MHz, DMSO-ds) &
155.90, 153.60, 138.44, 135.89, 135.13, 133.00, 126.79, 120.54, 120.28, 118.41, 105.80,
40.34, 34.54, 33.60. LC-MS m/z: 287.9 (M+H)". Rt = 2.7 minutes.

(E)-N'-(5-Chloro-2-cyano-4-(4-methylthiazol-2-yl)phenyl)-N, V-
dimethylformimidamide (89f)

e
—
Cl N“ N7
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Purified by column chromatography (toluene/DCM/EtOAc, 8:3:1), followed by reverse phase
column chromatography (H2O/MeOH, 30 % to 100 %). Yellow solid, 88 % yield. '"H NMR
(401 MHz, DMSO-ds) 6 8.33 (s, 1H), 8.21 (s, 1H), 7.52 (s, 1H), 7.45 (q,J=1.0 Hz, 1H), 3.13
(s, 3H), 3.05 (s, 3H), 2.45 (d, J = 1.0 Hz, 3H). *C NMR (101 MHz, DMSO-ds) & 160.68,
156.62, 156.14, 152.46, 136.10, 134.86, 124.78, 120.37, 117.78, 116.71, 106.23, 40.55,
34.68, 17.22. LC-MS m/z: 305.1 (M+H)". Rt = 4.4 minutes.

(E)-N'-(5-Chloro-2-cyano-4-(1-methyl-1H-pyrazol-4-yl)phenyl)-N, V-
dimethylformimidamide (89g)

N

SNz

—N__ CN

Cl N N

Purified by column chromatography (DCM/toluene/EtOAc, 4:2:1), followed by reverse phase
column chromatography (H.O/MeOH, 30 % to 100 %). White solid, 86 % yield. '"H NMR
(401 MHz, DMSO-ds) 6 8.16 —8.11 (m, 1H), 8.08 (s, 1H), 7.86 — 7.80 (m, 2H), 7.39 (s, 1H),
3.88 (s, 3H), 3.10 (s, 3H), 3.01 (s, 3H). *C NMR (101 MHz, DMSO-ds) & 155.96, 154.02,
138.50, 136.26, 133.83, 130.45, 125.02, 120.30, 118.24, 117.74, 106.01, 40.35, 39.11, 34.54.
LC-MS m/z: 288.1 (M+H)". Rt = 3.0 minutes.

(E)-N'-(5-Chloro-2-cyano-4-(1-methyl-1H-imidazol-5-yl)phenyl)-/V, V-
dimethylformimidamide (89h)

N
¢ | CN
N
/ s
cl N“ N7

Purified by column chromatography (EtOAc/acetone/DCM/EtOH, 5:2:1:1), followed by
reverse phase column chromatography (H.O/MeOH, 30 % to 100 %). White solid, 90 %
yield. 1H NMR (401 MHz, DMSO-d6) 6 8.15 (s, 1H), 7.76 — 7.71 (m, 1H), 7.67 (s, 1H), 7.50
(s, 1H), 6.95 (d, J= 1.1 Hz, 1H), 3.47 (s, 3H), 3.12 (s, 3H), 3.03 (s, 3H). *C NMR (101 MHz,
DMSO-ds) 8 156.54, 156.45, 139.58, 139.42, 136.90, 129.35, 128.59, 121.76, 119.86, 117.93,
105.57, 40.46, 34.61, 31.95. LC-MS m/z: 288.1 (M+H)". Rt = 2.6 minutes.
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(E)-N'-(5-Chloro-2-cyano-4-(1,2-dimethyl-1 H-imidazol-5-yl)phenyl)-/V, V-
dimethylformimidamide (89i)

N
— oN
)
Cl N° 'N

Purified by column chromatography (EtOAc/EtOH, 8:2), followed by reverse phase column
chromatography (H2O/MeOH, 30 % to 100 %). White solid, 80 % yield. '"H NMR (401 MHz,
DMSO-ds) 6 8.15 (s, 1H), 7.61 (s, 1H), 7.49 (s, 1H), 6.79 (s, 1H), 3.32 (s, 3H), 3.12 (s, 3H),
3.03 (s, 3H), 2.34 (s, 3H). *C NMR (101 MHz, DMSO-ds) § 156.40, 156.39, 145.68, 139.67,
136.92, 128.61, 127.22, 122.53, 119.85, 117.96, 105.56, 40.45, 34.61, 31.10, 13.68. LC-MS
m/z: 302.2 (M+H)". Rt = 2.7 minutes.

(E)-N'-(5-Chloro-2-cyano-4-(1-methyl-1H-pyrazol-5-yl)phenyl)-N, V-
dimethylformimidamide (89j))

\

N
‘N CN
/

Cl N~ °N

Purified by column chromatography (DCM/EtOAc, 6:4), followed by reverse phase column
chromatography (H,O/MeOH, 30 % to 100 %). White solid, 93 % yield. "H NMR (401 MHz,
DMSO-ds) 6 8.17 (s, 1H), 7.71 (s, 1H), 7.52 (s, 1H), 7.49 (d,J= 1.8 Hz, 1H), 6.33 (d,J=1.8
Hz, 1H), 3.65 (s, 3H), 3.13 (s, 3H), 3.04 (s, 3H). *C NMR (101 MHz, DMSO-ds) § 156.84,
156.54, 138.88, 138.70, 138.28, 136.44, 122.42, 119.85, 117.85, 107.87, 105.64, 40.48,
37.21, 34.63. LC-MS m/z: 288.2 (M+H)". Rt = 3.4 minutes.

(E)-N'-(5-Chloro-2-cyano-4-(4,5-dimethylthiazol-2-yl)phenyl)-N, V-
dimethylformimidamide (89k)

e
cl NT N
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Purified by column chromatography (toluene/DCM/EtOAc, 8:3:1.5), followed by reverse
phase column chromatography (H2O/MeOH, 30 % to 100 %). Yellow solid, 70 % yield. 'H
NMR (401 MHz, DMSO-ds) 6 8.28 (s, 1H), 8.19 (s, 1H), 7.49 (s, 1H), 3.13 (s, 3H), 3.04 (s,
3H), 2.40 (d, J = 0.7 Hz, 3H), 2.34 (d, J = 0.7 Hz, 3H). '*C NMR (101 MHz, DMSO-ds) §
156.53, 156.41, 155.87, 148.42, 135.78, 134.31, 128.71, 124.98, 120.32, 117.81, 106.23,
40.53, 34.66, 14.92, 11.24. LC-MS m/z: 319.2 (M+H)". Rt = 4.5 minutes.

(E)-N'-(5-Chloro-2-cyano-4-(1-methyl-3-(trifluoromethyl)-1H-pyrazol-5-yl)phenyl)-
N,N-dimethylformimidamide (891)

Purified by column chromatography (toluene/DCM/EtOAc, 8:2:1), followed by reverse phase
column chromatography (H.O/MeOH, 30 % to 100 %). White solid, 80 % yield. '"H NMR
(401 MHz, DMSO-ds) 6 8.20 (s, 1H), 7.84 (s, 1H), 7.56 (s, 1H), 6.87 (s, 1H), 3.74 (s, 3H),
3.13 (s, 3H), 3.05 (s, 3H). *C NMR (101 MHz, DMSO-ds) § 157.44, 156.71, 140.90, 139.92
(q, J =37.5 Hz), 138.85, 136.82, 121.92 (q, J = 268.2 Hz), 120.51, 119.83, 117.74, 106.63
(q,J=2.0 Hz), 105.72, 40.53, 38.06, 34.66. LC-MS m/z: 355.8 (M+H)". Rt = 4.5 minutes.

(E)-N'-(5-Chloro-2-cyano-4-(3-methylthiophen-2-yl)phenyl)-/V, V-
dimethylformimidamide (89m)

7 S
= CN
—
cl N“ >N

Purified by column chromatography (toluene/DCM/EtOAc, 10:2:1), followed by reverse
phase column chromatography (H>O/MeOH, 30 % to 100 %). White solid, 87 % yield. 'H
NMR (401 MHz, DMSO-ds) & 8.15 (s, 1H), 7.63 (s, 1H), 7.54 (d, J = 5.1 Hz, 1H), 7.47 (s,
1H), 7.00 (d, J = 5.1 Hz, 1H), 3.12 (s, 3H), 3.03 (s, 3H), 2.05 (s, 3H). *C NMR (101 MHz,
DMSO-ds) 8 156.42, 156.20, 139.38, 136.79, 136.34, 132.44, 130.30, 125.92, 125.61, 119.91,
117.90, 105.53, 40.48, 34.60, 14.72. LC-MS m/z: 303.7 (M+H)". Rt = 4.5 minutes.
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Cyclization leading to 90a—90m

A starting material (89a-89m, 0.7 mmol) and 5-aminobenzothiazole (1.1 eq) were suspended
in AcOH (3 ml) and heated with stirring at 95 °C for 1 h. The mixture was cooled to room
temperature, leading to a precipitation of a solid. The slurry was diluted with distilled H.O
(15 ml), and the solid was collected on a sintered funnel. Further purification of the solid was

performed as specified below.

N-(7-Chloro-6-(thiophen-2-yl)quinazolin-4-yl)benzo|d] thiazol-5-amine (90a)

e

Cl N

Purified by column chromatography (EtOAc/acetonitrile, 6:1), followed by recrystallization
from EtOAc. White solid, 81 % yield. "H NMR (401 MHz, DMSO-d) & 10.23 (s, 1H), 9.42
(s, 1H), 8.87 (s, 1H), 8.69 (d, J=2.0 Hz, 1H), 8.67 (s, 1H), 8.17 (d, /= 8.7 Hz, 1H), 8.00 (s,
1H), 7.92 (dd, J=8.7, 2.1 Hz, 1H), 7.81 (dd, /= 5.1, 1.2 Hz, 1H), 7.56 (dd, J= 3.6, 1.3 Hz,
1H), 7.28 (dd,J=5.1, 3.6 Hz, 1H). >*C NMR (101 MHz, DMSO-d;) & 158.08, 157.52, 156.35,
153.96, 150.09, 138.74, 137.82, 136.64, 131.36, 129.59, 129.36, 128.82, 128.57, 127.92,
126.52, 122.48, 121.64, 116.86, 114.67. LC-MS m/z: 395.1 (M+H)". Rt = 4.1 minutes.
HRMS calcd for Ci1oH2CIN4S, m/z: 395.01864 (M+H)", found 395.01885.

N-(7-Chloro-6-(2-methylthiazol-5-yl)quinazolin-4-yl)benzo|[d|thiazol-5-amine (90b)

S
o0
N HN N

Purified by column chromatography (EtOAc/acetonitrile, 5:2), followed by recrystallization
from EtOH. Yellow solid, 90 % yield. "H NMR (401 MHz, DMSO-ds) § 10.18 (s, 1H), 9.43
(s, 1H), 8.88 (s, 1H), 8.68 (d, J=2.0 Hz, 1H), 8.67 (s, 1H), 8.17 (d, /= 8.7 Hz, 1H), 8.05 (s,
1H), 7.99 (s, 1H), 7.91 (dd, J= 8.7, 2.1 Hz, 1H), 2.76 (s, 3H). '*C NMR (101 MHz, DMSO-
ds) 0 167.73,158.01, 157.56, 156.54, 153.95, 150.37, 143.26, 137.71, 136.52, 133.34, 129.42,
128.79, 128.49, 126.56, 122.51, 121.57, 116.82, 114.66, 19.28. LC-MS m/z: 410.1 (M+H)".
Rt = 3.7 minutes. HRMS calcd for C19H13CINsS, m/z: 410.02954 (M+H)", found 410.02970.
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N-(7-Chloro-6-(1-methyl-1H-pyrrol-2-yl)quinazolin-4-yl)benzo[d|thiazol-5-amine (90c)

Nes

Purified by column chromatography (EtOAc), followed by recrystallization from EtOH.
Yellow solid, 85 % yield. '"H NMR (401 MHz, DMSO-ds) 6 10.14 (s, 1H), 9.41 (s, 1H), 8.75
(s, 1H), 8.74 (s, 1H), 8.69 (s, 1H), 8.15 (d, J = 8.7 Hz, 1H), 7.98 (s, 1H), 7.94 (dd, J = 8.8,
2.1 Hz, 1H), 6.97 (dd, J=2.7, 1.8 Hz, 1H), 6.25 (dd, /= 3.6, 1.8 Hz, 1H), 6.17 (dd, J = 3.6,
2.7 Hz, 1H), 3.52 (s, 3H). *C NMR (101 MHz, DMSO-ds) 5 158.09, 157.46, 156.29, 153.95,
150.42, 139.09, 137.95, 130.64, 129.79, 129.17, 128.04, 127.92, 123.95, 122.45, 121.39,
116.56, 114.33, 110.85, 107.72, 34.60. LC-MS m/z: 392.2 (M+H)". Rt = 3.9 minutes. HRMS
calcd for C20H;sCINsS m/z: 392.07312 (M+H)", found 392.07343.

N-(7-Chloro-6-(1-methyl-1H-imidazol-2-yl)quinazolin-4-yl)benzo[d] thiazol-S-amine

(90d)
S
oW
HN N
/ o)
=

Purified by column chromatography (EtOAc/acetonitrile, 6:1). White solid, 84 % yield. 'H
NMR (401 MHz, DMSO-ds) 6 10.19 (s, 1H), 9.42 (s, 1H), 8.80 (s, 1H), 8.73 (d, /= 2.0 Hz,
1H), 8.71 (s, 1H), 8.16 (d, J = 8.7 Hz, 1H), 8.03 (s, 1H), 7.93 (dd, J = 8.7, 2.1 Hz, 1H), 7.86
(s, 1H), 7.14 (d, J = 1.1 Hz, 1H), 3.58 (s, 3H). *C NMR (101 MHz, DMSO-ds) & 158.13,
157.53, 156.64, 153.95, 150.92, 139.75, 138.73, 137.83, 129.81, 129.34, 129.29, 128.35,
128.25,127.22, 122.49, 121.44, 116.65, 114.39, 32.12. LC-MS m/z: 393.2 (M+H)". Rt =2.9
minutes. HRMS calcd for C19H14CINgS m/z: 393.06837 (M+H)", found 393.06863.
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N-(7-Chloro-6-(1-methyl-1H-imidazol-4-yl)quinazolin-4-yl)benzo|d] thiazol-5-amine
(90e)

Purified by recrystallization from MeOH/acetone. Yellow solid, 76 % yield. '"H NMR (401
MHz, DMSO-ds) 6 10.41 (s, 1H), 9.42 (s, 1H), 9.19 (s, 1H), 8.69 (d, /= 2.0 Hz, 1H), 8.60 (s,
1H), 8.15 (d, /= 8.7 Hz, 1H), 7.96 (dd, J = 8.7, 2.1 Hz, 1H), 7.92 (s, 1H), 7.90 (s, 1H), 7.86
(s, 1H), 3.79 (s, 3H). '*C NMR (101 MHz, DMSO-ds) & 158.26, 157.32, 155.50, 153.95,
149.09, 138.70, 138.17, 136.75, 135.58, 131.85, 129.11, 128.65, 123.88, 122.29, 121.89,
121.84, 116.96, 114.94, 33.70. LC-MS m/z: 393.2 (M+H)". Rt = 2.9 minutes. HRMS calcd
for C1oH14CIN6S m/z: 393.06837 (M+H)", found 393.06867.

N-(7-Chloro-6-(4-methylthiazol-2-yl)quinazolin-4-yl)benzo|[d] thiazol-5-amine (90f)

W

~N
=

s
N
Cl

Purified by column chromatography (EtOAc), followed by recrystallization from EtOH.
Yellow solid, 86 % yield. '"H NMR (400 MHz, DMSO-ds) § 10.45 (s, 1H), 9.42 (s, 1H), 9.20
(s, 1H), 8.68 (s, 1H), 8.67 (d, J=2.0 Hz, 1H), 8.17 (d, /= 8.7 Hz, 1H), 8.03 (s, 1H), 7.92 (dd,
J=8.7,2.1Hz, 1H), 7.61 (q, J= 1.0 Hz, 1H), 2.54 (d, J= 1.0 Hz, 3H). *C NMR (101 MHz,
DMSO-ds) 6 161.64, 158.53, 157.48, 156.92, 153.94, 153.02, 150.87, 137.78, 135.65, 130.27,
129.50, 129.16, 126.99, 122.44, 121.88, 117.83, 117.13, 114.72, 17.33. LC-MS m/z: 410.1
(M+H)". Rt = 4.1 minutes. HRMS calcd for C9H;3CINsS: m/z: 410.02954 (M+H)", found
410.02967.
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N-(7-Chloro-6-(1-methyl-1H-pyrazol-4-yl)quinazolin-4-yl)benzo[d]| thiazol-5-amine
(90g)

Purified by recrystallization from MeOH/acetone. White solid, 82 % yield. '"H NMR (401
MHz, DMSO-ds) 6 10.09 (s, 1H), 9.43 (s, 1H), 8.78 (s, 1H), 8.69 (d, /= 1.9 Hz, 1H), 8.62 (s,
1H), 8.29 (s, 1H), 8.18 (d, J = 8.7 Hz, 1H), 8.00 (s, 1H), 7.96 — 7.89 (m, 2H), 3.97 (s, 3H).
B3C NMR (101 MHz, DMSO-ds) § 157.90, 157.52, 155.66, 153.99, 149.14, 139.26, 137.88,
136.44, 131.13, 130.25, 129.31, 128.65, 124.03, 122.50, 121.66, 118.48, 116.83, 114.79,
39.20. LC-MS m/z: 393.1 (M+H)". Rt = 3.3 minutes. HRMS caled for Ci9H4N¢CIS m/z:
393.06837 (M+H)", found 393.06883.

N-(7-Chloro-6-(1-methyl-1H-imidazol-5-yl)quinazolin-4-yl)benzo[d] thiazol-S-amine
(90h)

Purified by column chromatography (EtOAc/acetone/DCM/EtOH, 4:4:1:1). Yellow solid, 85
% yield. "H NMR (401 MHz, DMSO-ds) & 10.15 (s, 1H), 9.42 (s, 1H), 8.78 (s, 1H), 8.72 (d,
J=2.1Hz, 1H), 8.71 (s, 1H), 8.16 (d, /= 8.7 Hz, 1H), 8.03 (s, 1H), 7.92 (dd, /= 8.8, 2.1 Hz,
1H), 7.86 (s, 1H), 7.14 (s, 1H), 3.57 (s, 3H). >*C NMR (101 MHz, DMSO-ds) § 158.11,
157.53, 156.64, 153.95, 150.92, 139.75, 138.73, 137.82, 129.80, 129.35, 129.30, 128.31,
128.25,127.23, 122.50, 121.41, 116.62, 114.38, 32.11. LC-MS m/z: 393.0 (M+H)". Rt =2.9
minutes. HRMS calcd for C19H14N6CIS m/z: 393.06837 (M+H)", found 393.06871.
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N-(7-Chloro-6-(1,2-dimethyl-1H-imidazol-5-yl)quinazolin-4-yl)benzo|d] thiazol-5-

amine (90i)

Purified by column chromatography (EtOAc/acetone/DCM/EtOH, 4:4:1:1). Yellow solid, 75
% yield. "H NMR (401 MHz, DMSO-ds) § 10.14 (s, 1H), 9.42 (s, 1H), 8.76 — 8.69 (m, 3H),
8.16 (d, J = 8.7 Hz, 1H), 8.02 (s, 1H), 7.93 (dd, J = 8.8, 2.1 Hz, 1H), 6.98 (s, 1H), 3.42 (s,
3H), 2.41 (s, 3H). *C NMR (101 MHz, DMSO-d) 5 158.12, 157.52, 156.56, 153.96, 150.83,
146.08, 138.88, 137.86, 129.37, 129.27, 128.29, 128.21, 127.94, 127.72, 122.50, 121.40,
116.60, 114.41, 31.30, 13.67. LC-MS m/z: 406.8 (M+H)". Rt = 2.9 minutes. HRMS calcd for
C20H16N6CIS m/z: 407.08402 (M+H)", found 407.08436.

N-(7-Chloro-6-(1-methyl-1H-pyrazol-5-yl)quinazolin-4-yl)benzo[d] thiazol-5-amine
(90))

Purified by recrystallization from MeOH. White solid, 88 % yield. '"H NMR (401 MHz,
DMSO-ds) & 10.15 (s, 1H), 9.42 (s, 1H), 8.81 (s, 1H), 8.74 — 8.71 (m, 2H), 8.16 (d, J = 8.7
Hz, 1H), 8.05 (s, 1H), 7.92 (dd, /= 8.7, 1.9 Hz, 1H), 7.61 (d,J=1.9 Hz, 1H), 6.53 (d,J=1.9
Hz, 1H), 3.74 (s, 3H). >*C NMR (101 MHz, DMSO-ds) & 158.19, 157.55, 156.83, 153.96,
151.12, 139.38, 138.46, 138.00, 137.78, 129.35, 128.35, 127.94, 127.92, 122.53, 121.38,
116.63, 114.37, 108.33, 37.36. LC-MS m/z: 393.2 (M+H)". Rt = 3.7 minutes. HRMS calcd
for Ci1oH14N6CIS m/z: 393.06837 (M+H)", found 393.06861.
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N-(7-Chloro-6-(4,5-dimethylthiazol-2-yl)quinazolin-4-yl)benzo[d]thiazol-5-amine (90k)

’2/\N HN/©:z/>

Purified by recrystallization from MeOH. Yellow solid, 92 % yield. '"H NMR (401 MHz,
DMSO-ds) 6 10.45 (s, 1H), 9.42 (s, 1H), 9.17 (s, 1H), 8.67 (s, 2H), 8.17 (d, /= 8.6 Hz, 1H),
8.01 (s, 1H), 7.92 (dd, J = 8.6, 1.8 Hz, 1H), 2.47 (s, 3H), 2.43 (s, 3H). °C NMR (101 MHz,
DMSO-ds) 6 158.49, 157.48, 157.34, 156.76, 153.93, 150.61, 149.01, 137.79, 135.48, 130.35,
129.94, 129.47, 129.08, 126.43, 122.44, 121.89, 117.12, 114.75, 15.01, 11.34. LC-MS m/z:
423.8 (M+H)". Rt = 4.3 minutes. HRMS calcd for C20HisNsCIS, m/z: 424.04519 (M+H)",
found 424.04541. Na-HRMS calcd for C0H4sNsCINaS; m/z: 446.02714 (M+Na)", found
446.02723.

N-(7-Chloro-6-(1-methyl-3-(trifluoromethyl)-1H-pyrazol-5-yl)quinazolin-4-
yl)benzo|d|thiazol-5-amine (901)

Purified by recrystallization from MeOH. White solid, 87 % yield. 'H NMR (401 MHz,
DMSO-ds) 6 10.14 (s, 1H), 9.43 (s, 1H), 8.86 (s, 1H), 8.75 (s, 1H), 8.72 (d, J= 2.0 Hz, 1H),
8.17 (d, J = 8.7 Hz, 1H), 8.09 (s, 1H), 7.91 (dd, J = 8.6, 2.1 Hz, 1H), 7.08 (s, 1H), 3.84 (s,
3H). *C NMR (101 MHz, DMSO-ds) § 158.20, 157.61, 157.17, 153.96, 151.54, 141.66,
140.23 (q,J=37.5 Hz), 137.69, 137.66, 129.45, 128.55, 128.49, 126.02, 121.92 (q, J = 268.2
Hz), 122.59, 121.33, 116.62, 114.38, 106.98 (q, J = 2.0 Hz), 38.24. LC-MS m/z: 460.8
(M+H)". Rt = 4.3 minutes. HRMS calcd for C20Hi3N¢CIF3S m/z: 461.05575 (M+H)", found
461.05596.

103



N-(7-Chloro-6-(3-methylthiophen-2-yl)quinazolin-4-yl)benzo[d]thiazol-5-amine (90m)

Purified by recrystallization from MeOH. White solid, 91 % yield. 'H NMR (401 MHz,
DMSO-ds) 6 10.16 (s, 1H), 9.42 (s, 1H), 8.80 (s, 1H), 8.72 (d, J = 1.8 Hz, 1H), 8.70 (s, 1H),
8.16 (d,J=8.7 Hz, 1H), 8.02 (s, 1H), 7.93 (dd, /=8.7, 1.9 Hz, 1H), 7.65 (d, /= 5.1 Hz, 1H),
7.10 (d, J = 5.1 Hz, 1H), 2.13 (s, 3H). *C NMR (101 MHz, DMSO-ds) § 158.08, 157.46,
156.50, 153.96, 150.68, 138.79, 137.87, 136.81, 133.00, 131.20, 130.37, 129.27, 128.21,
128.15, 126.20, 122.45, 121.48, 116.70, 114.35, 14.75. LC-MS m/z: 409.2 (M+H)". Rt =4.2
minutes. HRMS calced for C20H14N4CIS; m/z: 409.03429 (M+H)", found 409.03453.

Pd-catalyzed reductive hydrodechlorination leading to 91a-91i, 91k and 91m

To a starting material (90a-90i, 90k and 90m, 0.35 mmol) were added HCOONH4 (12 eq),
Pdx(dba); (4 mol%) and SPhos (12 mol%). The solid mixture was purged with argon and
suspended in 1,4-dioxane (4.2 ml) and distilled H>O (1.7 ml). The resulting suspension was
heated with stirring at 95 °C for 24 h. The mixture was cooled to room temperature, diluted
with EtOAc and filtered to remove solid impurities. The solvent was removed under reduced

pressure, purifying the residue as described below.

N-(6-(Thiophen-2-yl)quinazolin-4-yl)benzo|d]thiazol-5-amine (91a)

Purified by column chromatography (EtOAc). Yellow solid, 85 % yield. "H NMR (401 MHz,
DMSO-ds) 6 10.16 (s, 1H), 9.43 (s, 1H), 8.85 (d, /= 1.8 Hz, 1H), 8.70 (d, /= 1.9 Hz, 1H),
8.63 (s, 1H), 8.19 (d, J= 8.7 Hz, 1H), 8.18 (dd, J = 8.7, 2.0 Hz, 1H), 7.95 (dd, J = 8.7, 2.0
Hz, 1H), 7.84 (d, J = 8.7 Hz, 1H), 7.77 (dd, J = 3.6, 1.1 Hz, 1H), 7.69 (dd, J= 5.1, 1.1 Hz,
1H), 7.26 (dd,J=5.1, 3.6 Hz, 1H). *C NMR (101 MHz, DMSO-ds) & 158.25, 158.23, 157.47,
154.86, 154.02, 149.60, 143.00, 138.10, 132.41, 131.33, 129.19, 129.14, 127.26, 125.48,
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122.46, 121.87, 119.21, 116.95, 116.02. LC-MS m/z: 360.7 (M+H)". Rt = 3.5 minutes.
HRMS calcd for C19Hi3N4S> m/z: 361.05761 (M+H)", found 361.05782.

N-(6-(2-Methylthiazol-5-yl)quinazolin-4-yl)benzo|[d]thiazol-5-amine (91b)

S
W,
N HN N

Purified by column chromatography (EtOAc/EtOH, 10:1). Yellow solid, 80 % yield. '"H NMR
(401 MHz, DMSO-ds) 6 10.13 (s, 1H), 9.43 (s, 1H), 8.79 (s, 1H), 8.69 (d, J= 1.9 Hz, 1H),
8.64 (s, 1H), 8.25 (s, 1H), 8.19 (d, /= 8.7 Hz, 1H), 8.14 (dd, /= 8.7, 1.8 Hz, 1H), 7.94 (dd, J
=8.7,1.9 Hz, 1H), 7.84 (d, J = 8.7 Hz, 1H), 2.74 (s, 3H). '>*C NMR (101 MHz, DMSO-ds) &
166.19, 164.39, 158.18, 157.50, 155.12, 154.01, 149.78, 139.78, 138.00, 137.89, 131.69,
129.67, 129.27, 122.49, 121.82, 120.36, 116.94, 115.98, 19.58. LC-MS m/z: 375.8 (M+H)".
Rt = 3.2 minutes. HRMS calcd for C19H14NsS, m/z: 376.06851 (M+H)", found 376.06856.

N-(6-(1-Methyl-1H-pyrrol-2-yl)quinazolin-4-yl)benzo|d] thiazol-5-amine (91c¢)

4
N SN
/

Purified by column chromatography (EtOAc). Orange solid, 83 % yield. "H NMR (401 MHz,
DMSO-ds) 6 10.02 (s, 1H), 9.42 (s, 1H), 8.75 (d, /= 1.9 Hz, 1H), 8.65 (s, 1H), 8.64 (d, J =
1.6 Hz, 1H), 8.17 (d, J = 8.7 Hz, 1H), 7.98 (dd, J = 3.6, 1.9 Hz, 1H), 7.96 (dd, J=3.7, 1.9
Hz, 1H), 7.84 (d, J = 8.6 Hz, 1H), 6.97 (d, J = 4.4 Hz, 1H), 6.39 (dd, J = 3.6, 1.8 Hz, 1H),
6.17 (dd,J=3.5,2.7 Hz, 1H), 3.77 (s, 3H)."*C NMR (101 MHz, DMSO-d;) 5 158.14, 157.40,
154.67, 154.02, 148.86, 138.28, 133.86, 133.14, 131.64, 128.95, 128.44, 125.47, 122.42,
121.78,121.57, 116.57, 115.70, 110.22, 108.11, 35.47. LC-MS m/z: 357.7 (M+H)". Rt =3.4
minutes. HRMS caled for C0H16NsS m/z: 358.11209 (M+H)", found 358.11232.
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N-(6-(1-Methyl-1H-imidazol-2-yl)quinazolin-4-yl)benzo[d]|thiazol-5-amine (91d)

S

o

HN N
/ N
N/)

Purified by column chromatography (acetone/EtOH/DCM, 6:2:1), followed by
recrystallization from EtOAc. White solid, 78 % yield. '"H NMR (401 MHz, DMSO-ds) &
10.46 (s, 1H), 9.43 (s, 1H), 8.92 (s, 1H), 8.78 (d, /= 1.6 Hz, 1H), 8.65 (s, 1H), 8.16 (d, J =
8.7 Hz, 1H), 8.05 (dd, J = 8.7, 1.7 Hz, 1H), 8.00 (dd, J = 8.6, 1.5 Hz, 1H), 7.86 (d, J = 8.6
Hz, 1H), 7.82 (s, 1H), 7.30 (s, 1H), 3.86 (s, 3H). *C NMR (101 MHz, DMSO-ds) & 158.32,
157.33, 155.06, 153.95, 149.41, 140.69, 138.28, 133.42, 132.49, 129.16, 128.98, 128.70,
128.29, 122.49, 122.26, 121.90, 116.90, 115.88, 33.06. LC-MS m/z: 358.7 (M+H)". Rt = 2.6
minutes. HRMS caled for C19HsNeS m/z: 359.10734 (M+H)", found 359.10759.

N-(6-(1-Methyl-1H-imidazol-4-yl)quinazolin-4-yl)benzo[d]thiazol-5-amine (91e)

S
g
/=N HN N
~N
%
Purified by column chromatography (EtOAc/EtOH/DCM/acetone, 5:2:2:1), followed by
recrystallization from EtOAc. Yellow solid, 86 % yield. 'H NMR (401 MHz, DMSO-ds) &
10.16 (s, 1H), 9.42 (s, 1H), 8.96 (d, J = 1.5 Hz, 1H), 8.74 (d, J = 1.9 Hz, 1H), 8.59 (s, 1H),
8.27 (dd, J=8.7, 1.7 Hz, 1H), 8.16 (d, J = 8.5 Hz, 1H), 8.01 (dd, J = 8.7, 2.0 Hz, 1H), 7.82
(d,J=1.1Hz, 1H), 7.79 (d, J= 8.7 Hz, 1H), 7.77 (d, J = 0.7 Hz, 1H), 3.77 (s, 3H). *C NMR
(101 MHz, DMSO-ds) 6 158.22, 157.31, 154.07, 154.02, 149.09, 140.58, 139.36, 138.48,
133.43, 130.47, 128.78, 128.51, 122.31, 121.68, 118.58, 117.51, 116.60, 116.08, 33.69. LC-

MS m/z: 359.2 (M+H)". Rt = 2.8 minutes. HRMS caled for Ci9HisNgS m/z: 359.10734
(M+H)", found 359.10766.
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N-(6-(4-Methylthiazol-2-yl)quinazolin-4-yl)benzo|[d|thiazol-5-amine (91f)

~N
-

Purified by column chromatography (EtOAc/EtOH/DCM, 10:1:1), followed by
recrystallization from EtOAc. Yellow solid, 79 % yield. 'H NMR (401 MHz, DMSO-ds) &
10.39 (s, 1H), 9.43 (s, 1H), 9.11 (s, 1H), 8.69 (d, J=1.9 Hz, 1H), 8.66 (s, 1H), 8.40 (dd, J =
8.7, 1.8 Hz, 1H), 8.19 (d, /= 8.7 Hz, 1H), 7.95 (dd, /= 8.7, 2.0 Hz, 1H), 7.89 (d, /= 8.7 Hz,
1H), 7.46 (s, 1H), 2.50 (s, 3H). *C NMR (101 MHz, DMSO-d) 5 165.92, 164.32, 158.62,
157.43, 155.69, 154.01, 153.99, 151.10, 138.01, 131.58, 131.17, 129.32, 122.41, 122.04,
121.06, 117.18, 116.16, 115.93, 17.46. LC-MS m/z: 376.1 (M+H)". Rt = 3.4 minutes. HRMS
calcd for C19H14NsS,; m/z: 376.06851 (M+H)", found 376.06873.

N-(6-(1-Methyl-1H-pyrazol-4-yl)quinazolin-4-yl)benzo[d] thiazol-5-amine (91g)

S
/©:/>
N HN N

Purified by column chromatography (EtOAc/acetone/DCM/EtOH, 7:1:1:1), followed by
recrystallization from EtOAc. White solid, 83 % yield. "H NMR (401 MHz, DMSO-d) &
9.93 (s, 1H), 9.43 (s, 1H), 8.75 (d, J = 1.6 Hz, 1H), 8.73 (d, J = 1.9 Hz, 1H), 8.60 (s, 1H),
8.30 (s, 1H), 8.19 (d, J = 8.7 Hz, 1H), 8.12 — 8.08 (m, 2H), 7.96 (dd, J = 8.7, 2.0 Hz, 1H),
7.80 (d, J = 8.6 Hz, 1H), 3.94 (s, 3H). *C NMR (101 MHz, DMSO-ds) & 157.98, 157.48,
154.19, 154.06, 148.71, 138.22, 136.98, 131.39, 131.22, 129.00, 128.87, 128.85, 122.49,
121.88,121.61,117.90, 116.62, 116.03, 39.29. LC-MS m/z: 359.1 (M+H)". Rt = 3.1 minutes.
HRMS caled for C19HisNeS m/z: 359.10734 (M+H)", found 359.10758.
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N-(6-(1-Methyl-1H-imidazol-5-yl)quinazolin-4-yl)benzo[d]|thiazol-5-amine (91h)

Purified by column chromatography (acetone/EtOH/DCM, 4:1.5:1). White solid, 74 % yield.
'H NMR (401 MHz, DMSO-ds) & 10.05 (s, 1H), 9.43 (s, 1H), 8.73 (d, J = 1.7 Hz, 1H), 8.69
(d,J=1.5Hz, 1H), 8.67 (s, 1H), 8.18 (d, J=8.7 Hz, 1H), 8.02 (dd, /= 8.6, 1.5 Hz, 1H), 7.95
(dd, J= 8.7, 1.8 Hz, 1H), 7.89 (d, J = 8.6 Hz, 1H), 7.84 (s, 1H), 7.27 (s, 1H), 3.81 (s, 3H).
B3C NMR (101 MHz, DMSO-de) § 158.21, 157.48, 155.11, 154.01, 149.39, 149.03, 138.11,
133.45, 132.49, 129.13, 128.99, 128.79, 128.32, 122.48, 122.24, 121.66, 116.74, 115.76,
32.96. LC-MS m/z: 358.8 (M+H)". Rt = 2.6 minutes. HRMS calcd for Ci9H;sNe¢S m/z:
359.10734 (M+H)", found 359.10751.

N-(6-(1,2-Dimethyl-1H-imidazol-5-yl)quinazolin-4-yl)benzo|[d] thiazol-5-amine (91i)

Purified by column chromatography (acetone/EtOH/DCM, 4:1.5:1). White solid, 70 % yield.
"H NMR (401 MHz, DMSO-ds) § 10.04 (s, 1H), 9.42 (s, 1H), 8.73 (d, J= 1.9 Hz, 1H), 8.67
(s, 1H), 8.64 (d, /= 1.5 Hz, 1H), 8.17 (d, J=8.7 Hz, 1H), 7.96 (d, /= 1.6 Hz, 1H), 7.94 (d,
J=1.7Hz, 1H), 7.87 (d, J = 8.6 Hz, 1H), 7.08 (s, 1H), 3.65 (s, 3H), 2.42 (s, 3H). *C NMR
(101 MHz, DMSO) & 158.18, 157.43, 155.00, 154.01, 149.27, 146.76, 138.19, 133.55,
132.57, 129.07, 128.99, 128.74, 127.11, 122.45, 122.20, 121.64, 116.69, 115.81, 31.86,
13.89. LC-MS m/z: 372.7 (M+H)". Rt = 2.6 minutes. HRMS calcd for C20Hi7NeS m/z:
373.12299 (M+H)", found 373.12308.
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N-(6-(4,5-Dimethylthiazol-2-yl)quinazolin-4-yl)benzo|d]| thiazol-5-amine (91k)

e pOw

\
S

SN

g

Purified by column chromatography (EtOAc). Yellow solid, 85 % yield. '"H NMR (401 MHz,
DMSO-ds) 6 10.35 (s, 1H), 9.43 (s, 1H), 9.02 (d, /= 1.7 Hz, 1H), 8.68 (d, /= 1.9 Hz, 1H),
8.64 (s, 1H), 8.33 (dd, J=38.7, 1.8 Hz, 1H), 8.18 (d, J = 8.7 Hz, 1H), 7.95 (dd, /= 8.7, 2.0
Hz, 1H), 7.86 (d, J=8.7 Hz, 1H), 2.45 (d, J= 0.9 Hz, 4H), 2.39 (d, /= 0.9 Hz, 3H). *C NMR
(101 MHz, DMSO-ds) 6 161.67, 158.56, 157.39, 155.50, 153.98, 150.89, 149.91, 138.05,
131.69, 130.87, 129.27, 129.23, 128.28, 122.38, 122.00, 120.48, 117.12, 115.93, 15.11,
11.61. LC-MS m/z: 389.8 (M+H)". Rt = 3.6 minutes. HRMS caled for C0H;¢NsS, m/z:

390.08416 (M+H)", found 390.08430. Na-HRMS calcd for C20H;sNsNaS; m/z: 412.06611
(M+Na)", found 412.06634.

N-(6-(3-Methylthiophen-2-yl)quinazolin-4-yl)benzo|d] thiazol-5-amine (91m)

Purified by column chromatography (EtOAc/DCM/EtOH, 6:3:0.5). White solid, 90 % yield.
"H NMR (401 MHz, DMSO-ds) § 10.11 (s, 1H), 9.42 (s, 1H), 8.72 (d, J= 1.9 Hz, 1H), 8.68
(d,J=1.6 Hz, 1H), 8.67 (s, 1H), 8.17 (d, J=8.7 Hz, 1H), 7.96 (dd, J= 8.6, 1.8 Hz, 1H), 7.95
(dd, J=8.6, 2.1 Hz, 2H), 7.88 (d, J = 8.6 Hz, 1H), 7.59 (d, /= 5.1 Hz, 1H), 7.10 (d, J = 5.1
Hz, 1H), 2.37 (s, 3H). *C NMR (101 MHz, DMSO-ds) & 158.26, 157.38, 155.09, 154.00,
149.33, 138.18, 136.50, 134.54, 134.29, 132.79, 131.85, 129.10, 128.74, 125.47, 123.14,
122.41,121.73, 116.80, 115.75, 15.09. LC-MS m/z: 375.0 (M+H)". Rt = 3.5 minutes. HRMS
calecd for CyoHisN4S; m/z: 375.07326 (M+H)*, found 375.07342. Na-HRMS calcd for
C20H14NsNaS, m/z: 397.05521 (M+Na)", found 397.05535.

Suzuki coupling leading to 92an, 92a0, 92ap, 92cn and 92mn
To a starting material (90a, 90c and 90m, 0.16 mmol) were added sequentially a boronic acid

or a boronate ester substrate (4 eq), KsPOas (5 eq), Pdz(dba)s (4 mol%) and SPhos (12 mol%).
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The solid mixture was purged with argon and suspended in 1,4-dioxane (2 ml) and distilled
H>0O (0.8 ml). The suspension was heated with stirring at 95 °C for 24 h. The mixture was
cooled to room temperature, diluted with EtOAc and filtered to remove solid impurities. The

solvent was removed under reduced pressure, purifying the residue as described below.

(3-(4-(Benzo|d]thiazol-5-ylamino)-6-(thiophen-2-yl)quinazolin-7-yl)phenyl)methanol
(92an)

Purified by column chromatography (EtOAc/toluene/EtOH, 6:3:0.5), followed by
recrystallization from EtOAc. Yellow solid, 70 % yield. "H NMR (401 MHz, DMSO-ds) &
10.20 (s, 1H), 9.43 (s, 1H), 8.82 (s, 1H), 8.75 (d, /= 1.9 Hz, 1H), 8.69 (s, 1H), 8.18 (d, J =
8.7 Hz, 1H), 7.97 (dd, J = 8.7, 2.0 Hz, 1H), 7.72 (s, 1H), 7.55 (dd, /= 5.0, 1.3 Hz, 1H), 7.37
—7.27 (m, 3H), 7.14 (dt, J= 6.8, 1.9 Hz, 1H), 7.10 — 7.03 (m, 2H), 5.23 (t, /= 5.7 Hz, 1H),
4.52 (d, J= 5.7 Hz, 2H). *C NMR (101 MHz, DMSO-ds) § 158.08, 157.43, 155.65, 154.01,
149.55, 145.97, 143.19, 141.91, 139.92, 138.17, 132.07, 129.43, 129.09, 128.36, 128.35,
128.12, 127.86, 127.70, 127.57, 126.33, 125.11, 122.44, 121.59, 116.67, 114.92, 63.14. LC-
MS m/z: 466.8 (M+H)". Rt = 3.6 minutes. HRMS calcd for C2sH19ON4S, m/z: 467.09948
(M+H)", found 467.09942. Na-HRMS calcd for C26H1sONsNaS, m/z: 489.08142 (M+Na)*,
found 489.08137.

(5-(4-(Benzo|d]thiazol-5-ylamino)-6-(thiophen-2-yl)quinazolin-7-yl)furan-2-
yDmethanol (92a0)

a
S
0 J
\ |

HO

Purified by column chromatography (DCM/EtOAc/EtOH, 7:1:0.5), followed by
recrystallization from MeOH/Et,0. Yellow solid, 45 % yield. "H NMR (400 MHz, DMSO-
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ds) 0 10.11 (s, 1H), 9.41 (s, 1H), 8.76 — 8.72 (m, 2H), 8.70 (s, 1H), 8.15 (d, /= 8.7 Hz, 1H),
8.12 (s, 1H), 7.95 (dd, J = 8.8, 2.1 Hz, 1H), 7.75 (dd, J=4.2, 2.3 Hz, 1H), 7.26 — 7.21 (m,
2H), 6.33 (d, J=3.4 Hz, 1H), 5.80 (d, /= 3.4 Hz, 1H), 5.36 (t, /= 5.8 Hz, 1H), 4.45 (d, J =
5.7 Hz, 2H). C NMR (101 MHz, DMSO-ds) & 157.94, 157.39, 156.88, 156.08, 153.98,
150.13, 149.74, 141.37, 138.12, 134.76, 129.64, 129.04, 128.31, 127.97, 127.67, 127.01,
124.84, 122.39, 121.44, 116.55, 114.10, 112.34, 109.63, 56.18. LC-MS m/z: 457.2 (M+H)".
Rt = 4.3 minutes. HRMS calcd for C24H1702N4S; m/z: 457.07874 (M+H)", found 457.07852.
Na-HRMS caled for C24H1602NsNaS, m/z: 479.06069 (M+Na)", found 479.06048.

N-(7-(2,5-Dihydrofuran-3-yl)-6-(thiophen-2-yl)quinazolin-4-yl)benzo[d]thiazol-5-
amine (92ap)

Purified by column chromatography (DCM/EtOAc/EtOH, 8:2:0.5), followed by
recrystallization from MeOH/Et,O. White solid, 76 % yield. '"H NMR (400 MHz, DMSO-db)
0 10.12 (s, 1H), 9.41 (s, 1H), 8.73 (d, /= 2.0 Hz, 1H), 8.71 (s, 1H), 8.68 (s, 1H), 8.15 (d, J =
8.7 Hz, 1H), 7.95 (dd, J = 8.7, 2.1 Hz, 1H), 7.75 — 7.72 (m, 2H), 7.31 (dd, J = 3.5, 1.3 Hz,
1H), 7.23 (dd, J= 5.1, 3.4 Hz, 1H), 6.03 (p, J = 2.0 Hz, 1H), 4.67 (td, J = 4.9, 1.9 Hz, 2H),
4.55 (td, J = 4.9, 2.1 Hz, 2H). *C NMR (101 MHz, DMSO-ds) & 157.97, 157.41, 155.75,
153.98, 149.68, 141.49, 138.29, 138.10, 138.05, 131.66, 129.07, 128.26, 128.08, 128.02,
127.98, 127.94, 125.62, 122.41, 121.45, 116.56, 114.81, 76.38, 76.14. LC-MS m/z: 429.2
(M+H)". Rt = 3.7 minutes. HRMS caled for C23H170N4S; m/z: 429.08383 (M+H)", found
429.08360.
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(3-(4-(Benzo|d]thiazol-5-ylamino)-6-(1-methyl-1H-pyrrol-2-yl)quinazolin-7-
y)phenyl)methanol (92¢n)

Purified by column chromatography (DCM/EtOAc/EtOH, 4.5:4:0.5), followed by
recrystallization from MeOH. Yellow solid, 60 % yield. 'H NMR (401 MHz, DMSO-ds) &
10.12 (s, 1H), 9.42 (s, 1H), 8.80 (d, /= 1.9 Hz, 1H), 8.72 (s, 1H), 8.71 (s, 1H), 8.16 (d, J =
8.7 Hz, 1H), 7.99 (dd, J=8.7, 1.9 Hz, 1H), 7.84 (s, 1H), 7.32 — 7.24 (m, 3H), 7.07 (d, J=17.5
Hz, 1H), 6.73 — 6.70 (m, 1H), 6.13 (dd, J=3.5, 1.8 Hz, 1H), 6.09 (dd, J = 3.5, 2.7 Hz, 1H),
5.19 (t, J=5.7 Hz, 1H), 4.48 (d, J = 5.6 Hz, 2H), 3.03 (s, 3H). 1*C NMR (101 MHz, DMSO-
ds) 0 158.03, 155.52, 154.00, 149.96, 148.02, 146.51, 143.19, 139.95, 138.29, 132.00, 130.74,
128.91, 128.65, 128.36, 127.31, 127.28, 126.73, 126.17, 123.10, 122.40, 121.36, 116.38,
114.59, 110.72, 107.84, 63.24, 34.24. LC-MS m/z: 464.3 (M+H)". Rt = 3.5 minutes. HRMS
caled for Cp7H2ONsS m/z: 464.15396 (M+H)", found 464.15391. Na-HRMS calcd for
C27H210NsNaS m/z: 486.13590 (M+Na)", found 486.13596.

(3-(4-(Benzo|d]thiazol-5-ylamino)-6-(3-methylthiophen-2-yl)quinazolin-7-
yl)phenyl)methanol (92mn)

Purified by column chromatography (EtOAc/toluene/EtOH, 6:3:0.5), followed by
recrystallization from EtOAc/Et,O. White solid, 68 % yield. '"H NMR (401 MHz, DMSO-dj)
6 10.15 (s, 1H), 9.42 (s, 1H), 8.77 (d, J = 1.9 Hz, 1H), 8.76 (s, 1H), 8.72 (s, 1H), 8.16 (d, J =
8.7Hz, 1H), 7.98 (dd, J=8.7, 1.9 Hz, 1H), 7.81 (s, 1H), 7.48 (d, /= 5.1 Hz, 1H), 7.34 - 7.23
(m, 3H), 7.08 (dt,J=7.0, 1.6 Hz, 1H), 6.87 (d, J=5.1 Hz, 1H), 5.20 (t,J= 5.7 Hz, 1H), 4.48
(d,J=5.6 Hz, 2H), 1.79 (s, 3H). '*C NMR (101 MHz, DMSO-ds) & 158.04, 157.38, 155.76,
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154.00, 150.02, 147.22, 143.02, 139.82, 138.20, 135.80, 135.29, 131.48, 130.22, 129.01,
128.95, 128.20, 127.53, 127.43, 126.94, 126.08, 125.67, 122.39, 121.47, 116.55, 114.56,
63.16, 14.54. LC-MS m/z: 480.9 (M+H)". Rt = 3.5 minutes. HRMS caled for C27H21ON4S:
m/z: 481.11513 (M+H)", found 481.11518.

N-(7-Chloro-6-iodoquinazolin-4-yl)benzo|[d]thiazol-5-amine (93)

New

~N
Cl N/)
Intermediate 88 (375 mg, 1.12 mmol) and 5-aminobenzothiazole (186 mg, 1.24 mmol, 1.1
eq) were suspended in AcOH (4.7 ml) and heated at 95 °C with stirring for 1 h. The mixture
was cooled to room temperature, leading to a precipitation of a solid. The slurry was diluted
with H>O (13 ml) and the solid was collected on a sintered funnel. Purification by column
chromatography (EtOAc/toluene, 1:1), followed by recrystallization of the residue from
MeOH, afforded 93 (450 mg, 91 % yield) as a white solid. 'H NMR (401 MHz, DMSO-dj) &
10.17 (s, 1H), 9.42 (s, 1H), 9.26 (s, 1H), 8.70 (d, /= 1.9 Hz, 1H), 8.66 (s, 1H), 8.17 (d, J =
8.7 Hz, 1H), 7.98 (s, 1H), 7.92 (dd, /= 8.7, 1.9 Hz, 1H). 13C NMR (101 MHz, DMSO-ds) 6
157.51, 156.94, 156.34, 153.95, 150.61, 141.97, 137.77, 135.33, 129.35, 127.79, 122.49,
121.46, 116.69, 115.82, 96.57. LC-MS m/z: 438.7 (M+H)". Rt = 4.0 minutes.

Suzuki coupling leading to 94a—94d

Intermediate 93 (0.41 mmol) was suspended in 1,4-dioxane (16 ml) and H,O (5.5 ml). The
suspension was treated with a boronic acid or a boronate ester substrate (1.5 eq), KoCOs3 (2
eq) and Pd(dppf)Cl> - DCM (10 mol%). The resulting suspension was purged with argon and
heated with stirring at 95 °C for 20 h. The mixture cooled to room temperature, diluted with
EtOAc and filtered to remove solid impurities. The solvent was evaporated under reduced

pressure, purifying the residue as described below.

N-(7-Chloro-6-(1H-pyrazol-3-yl)quinazolin-4-yl)benzo|d] thiazol-5-amine (94a)
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Purified by column chromatography (EtOAc/EtOH, 9.6:0.4). White solid, 70 % yield. 'H
NMR (401 MHz, DMSO-dg) & 13.25 (s, 1H), 10.31 (s, 1H), 9.42 (s, 1H), 8.96 (s, 1H), 8.71
(d, J=1.7 Hz, 1H), 8.66 (s, 1H), 8.16 (d, /= 8.7 Hz, 1H), 7.98 — 7.90 (m, 3H), 6.80 (t, J =
1.9 Hz, 1H). *C NMR (101 MHz, DMSO-ds) § 158.27, 157.77, 156.02, 153.96, 150.00,
147.87, 138.03, 136.92, 131.79, 129.78, 129.19, 128.57, 125.83, 122.39, 121.67, 116.81,
114.67,106.47. LC-MS m/z: 379.1 (M+H)". Rt = 3.3 minutes. HRMS calcd for C1sH12NsCIS
m/z: 379.05272 (M+H)", found 379.05293.

N-(7-Chloro-6-(6-methoxypyridin-2-yl)quinazolin-4-yl)benzo|[d]thiazol-5-amine (94b)

Purified by column chromatography (EtOAc/toluene/DCM, 5:5:1). White solid, 80 % yield.
"H NMR (401 MHz, DMSO-ds) § 10.21 (s, 1H), 9.42 (s, 1H), 8.87 (s, 1H), 8.71 (d, J = 2.7
Hz, 2H), 8.17 (d, J = 8.7 Hz, 1H), 8.00 (s, 1H), 7.95 - 7.89 (m, 2H), 7.37 (dd, J=7.3, 0.6 Hz,
1H), 6.95 (dd, J = 8.3, 0.6 Hz, 1H), 3.94 (s, 3H). *C NMR (101 MHz, DMSO-d;) § 163.49,
158.33, 157.50, 156.50, 153.97, 153.83, 150.55, 140.10, 137.87, 137.27, 136.77, 129.31,
128.61, 126.76, 122.49, 121.59, 118.34, 116.79, 114.45, 110.45, 53.85. LC-MS m/z: 420.2
(M+H)". Rt = 3.9 minutes. HRMS caled for C21HisONsCIS m/z: 420.06803 (M+H)", found
420.06844. Na-HRMS calcd for C2iHi4ONsCINaS m/z: 442.04998 (M+Na)", found.
442.05040.

N-(7-Chloro-6-phenylquinazolin-4-yl)benzo[d]|thiazol-5-amine (94c¢)

Purified by column chromatography (EtOAc/toluene, 6:4). White solid, 65 % yield. '"H NMR
(401 MHz, DMSO-ds) 6 10.15 (s, 1H), 9.42 (s, 1H), 8.73 (s, 1H), 8.72 (d, J = 2.0 Hz, 1H),
8.69 (s, 1H), 8.16 (d, J= 8.7 Hz, 1H), 8.00 (s, 1H), 7.93 (dd, J=8.7, 2.0 Hz, 1H), 7.61 —7.55
(m, 4H), 7.53 — 7.49 (m, 1H). 3C NMR (101 MHz, DMSO-ds) § 158.17, 157.48, 156.15,
153.97, 150.14, 138.71, 138.55, 137.94, 137.02, 130.20, 129.20, 128.76, 128.62, 128.31,
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126.36, 122.46, 121.45, 116.61, 114.62. LC-MS m/z: 389.2 (M+H)". Rt = 4.0 minutes.
HRMS calcd for C21Hi4N4CIS m/z: 389.06222 (M+H)", found 389.06260.

N-(7-Chloro-6-(4-methylthiophen-3-yl)quinazolin-4-yl)benzo|[d] thiazol-5-amine (94d)

Cl N

Purified by column chromatography (EtOAc/toluene, 6:3). White solid, 83 % yield. '"H NMR
(401 MHz, DMSO-ds) 6 10.12 (s, 1H), 9.42 (s, 1H), 8.73 (d, J = 1.8 Hz, 2H), 8.70 (s, 2H),
8.69 (s, 2H), 8.15 (d, J = 8.7 Hz, 1H), 8.00 (s, 1H), 7.93 (dd, J= 8.9, 1.9 Hz, 1H), 7.61 (d, J
=3.2 Hz, 1H), 7.38 (dd, J=2.9, 1.0 Hz, 1H), 2.11 (d, J = 1.0 Hz, 3H). *C NMR (101 MHz,
DMSO-ds) 6 159.90, 158.08, 156.19, 153.95, 150.39, 139.59, 138.26, 137.93, 137.19, 134.31,
129.19, 127.91, 126.76, 125.98, 122.49, 122.45, 121.42, 116.59, 114.36, 14.95. LC-MS m/z:
409.2 (M+H)". Rt = 4.1 minutes. HRMS calcd for C20H14N4CIS; m/z: 409.03429 (M+H)",
found 409.03467.

Pd-catalyzed reductive hydrodechlorination leading to 95a—95d
The same methodology (reagents and conditions) that was previously described for the
synthesis of compounds 91a-91i, 91k and 91m, was applied to convert compounds 94a—94d

into the products. The products were purified as described below.

N-(6-(1H-Pyrazol-3-yl)quinazolin-4-yl)benzo[d|thiazol-5-amine (95a)

Purified by column chromatography (EtOAc/DCM/EtOH, 9:0.6:0.4), followed by
recrystallization from MeOH. White solid, 80 % yield. 'H NMR (401 MHz, DMSO-ds) §
13.09 (s, 1H), 10.14 (s, 1H), 9.43 (s, 1H), 8.98 (s, 1H), 8.73 (d, /= 2.0 Hz, 1H), 8.63 (s, 1H),
8.39(d,/=8.7Hz, 1H), 8.18 (d, /= 8.7 Hz, 1H), 7.98 (dd, /= 8.7, 2.1 Hz, 1H), 7.91 (s, 1H),
7.85 (d, J = 8.7 Hz, 1H), 6.99 — 6.94 (m, 1H). '*C NMR (101 MHz, DMSO-ds) & 158.34,
157.39, 154.56, 154.03, 150.01, 149.65, 138.28, 132.54, 130.99, 130.72, 129.00, 128.66,
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122.40, 121.75, 119.12, 116.75, 11591, 102.94. LC-MS m/z: 345.1 (M+H)". Rt = 3.0
minutes. CisHisNgS m/z: 345.09169 (M+H)', found 345.09184. Na-HRMS calcd for
CisH12N¢NaS m/z: 367.07364 (M+Na)", found 367.07375.

N-(6-(6-Methoxypyridin-2-yl)quinazolin-4-yl)benzo|d]thiazol-5-amine (95b)

Purified by column chromatography (EtOAc/toluene, 6:3). White solid, 86 % yield. '"H NMR
(401 MHz, DMSO-ds) 6 10.22 (s, 1H), 9.44 (s, 1H), 9.22 (d,J=1.9 Hz, 1H), 8.72 (d,J=1.9
Hz, 1H), 8.71 — 8.63 (m, 2H), 8.20 (d, J = 8.7 Hz, 1H), 8.01 — 7.84 (m, 4H), 6.88 (d, /= 8.1
Hz, 1H), 4.05 (s, 3H). *C NMR (101 MHz, DMSO-ds) & 163.86, 159.13, 158.65, 155.41,
154.04, 153.40, 150.65, 140.62, 138.11, 136.79, 131.74, 129.22, 128.74, 122.51, 121.83,
121.22,116.93, 115.66, 114.21, 110.23, 53.60. LC-MS m/z: 386.2 (M+H)". Rt = 3.5 minutes.
HRMS caled for C21Hi60ONsS m/z: 386.10701 (M+H)", found 386.10714. Na-HRMS calcd
for C21H;sONsNaS m/z: 408.08895 (M+Na)", found 408.08903.

N-(6-Phenylquinazolin-4-yl)benzo|d]thiazol-5-amine (95c)

S
<
O HN N
~N
L)
Purified by column chromatography (EtOAc/toluene/DCM, 6:4:1), followed by
recrystallization from EtOAc. White solid, 83 % yield. "H NMR (401 MHz, DMSO-d) &
10.15 (s, 1H), 9.43 (s, 1H), 8.91 (d, J= 1.8 Hz, 1H), 8.73 (d, /= 1.9 Hz, 1H), 8.67 (s, 1H),
8.23 (dd, J=8.7,2.0 Hz, 1H), 8.19 (d, /= 8.8 Hz, 1H), 7.97 (dd, /= 8.7, 1.9 Hz, 1H), 7.95 —
7.89 (m, 3H), 7.61 — 7.56 (m, 2H), 7.50 — 7.44 (m, 1H). 3C NMR (101 MHz, DMSO-ds) &
158.41, 157.44, 154.95, 154.03, 149.59, 139.66, 138.64, 138.20, 132.34, 129.54, 129.07,

128.95, 128.45,127.68, 122.45, 121.68, 120.97, 116.74, 115.91. LC-MS m/z: 355.2 (M+H)".
Rt = 3.5 minutes. HRMS calcd for C21H;sNsS m/z: 355.10119 (M+H)", found 355.10133.
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N-(6-(4-Methylthiophen-3-yl)quinazolin-4-yl)benzo|d]thiazol-5-amine (95d)

Purified by column chromatography (EtOAc/toluene, 6:3). White solid, 78 % yield. '"H NMR
(401 MHz, DMSO-ds) 6 10.03 (s, 1H), 9.42 (s, 1H), 8.75 (d, /= 1.9 Hz, 1H), 8.68 (s, 1H),
8.67 (d, J=1.6 Hz, 1H), 8.17 (d, J = 8.7 Hz, 1H), 7.96 (ddd, J = 8.4, 6.2, 1.9 Hz, 2H), 7.87
(d, J=8.6 Hz, 1H), 7.67 (d, J=3.1 Hz, 1H), 7.39 (dd, J=3.3, 1.1 Hz, 1H), 2.33 (d, /= 1.0
Hz, 3H). 3C NMR (101 MHz, DMSO-ds) & 158.24, 157.39, 154.87, 154.01, 149.21, 142.16,
138.26, 136.19, 135.22, 134.08, 128.95, 128.34, 125.10, 123.48, 122.73, 122.42, 121.51,
116.53, 115.62, 15.74. LC-MS m/z: 375.2 (M+H)". Rt = 3.5 minutes. HRMS calcd for
C20H15N4S> m/z: 375.07326 (M+H)", found 375.07339.

5.2. Molecular docking analyses

5.2.1. Schrodinger Maestro

Known structures of enzyme/ligand complexes (RIPK2, PDB: 6RNA'*® and RIPK3, PDB:
TMX3"*) were uploaded into the Maestro software (Schrodinger LLC, version 12.9.123,
release 2021-3)'%, using the Protein Preparation Wizard to assign bond orders, add all
hydrogens and remove of all water molecules. The OPLS3e force field was employed to
restrain energy minimization. LigPrep module was utilized for the preparation of the new
ligands to analyze, adjusting bond distances and orders as well as the ionization of compounds
to pH 7+1. Considering that the compounds prepared could likely bind to the ATP-binding
pocket of RIPK2 and RIPK3, appropriate docking grids were generated defining the kinase
domains of the proteins. The Schrdédinger Grid-based Ligand Docking with Energetics
(GLIDE) Suite 2021 application module served for the docking analyses of the ligand in
complex with the kinase domains of the enzyme targets. In the case of Glide, twenty poses
per ligand were set. The Glide redocking was conducted setting the extra precision

parameters.

5.2.2. Autodock Vina

1'%7 docking simulations were

As aforementioned, but employing Autodock Vina 1.
performed with the pre-treated RIPK2 and RIPK3 structures (PDB: 6RNA and PDB: 7TMX3,

respectively). The chain A of RIPK2 was employed during the docking determinations,
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selecting a search space of 20 x 20 x 20 A, which was centered at coordinates -39.1, 40.0,
and -2.5 A. Rotation and flexibility were set for the residue Ser25 of the enzyme RIPK2. In
the case of RIPK 3, the enzyme chain A served to conduct the docking analyses, using a search
space of 20 x 20 x 20 A, which was centered at coordinates 8.2, 19.5, and 25.3 A. During the

docking, comprehensiveness parameter was set at 200 to ensure accurate sampling.

5.3. RIPK1-4 production and expression

The enzymes RIPK1 (residues 1-321), RIPK2 (8-310), RIPK3 (1-307) and RIPK4 (1-340)
were suitably cloned into a pACEBacl vector (Geneva Biotech) bearing a N-terminal
polyhistidine tag, which was followed by a tag for MBP aftinity and a cleavage site for TEV
protease. The sequences were expressed in Sf9 cells, according to manufacturer’s
instructions. Removal of tags and the isolations of the recombinant enzymes were performed

as described earlier by others. '

5.4. RIPK1-4 biochemical assays

ADP-Glo™ kinase reagent (Promega) analyses served to determine the ADP generated
during the kinase reaction. Biochemical reactions were conducted in reaction buffer
including, 20 mM trometamol, pH 7.2, 2.5 mM MnCl;, 100 mM NaCl, 4 mM MgCl,
0.05 mM dithiothreitol, added to 105 nM RIPK1, 12 nM RIPK2, 70 nM RIPK3 or 50 nM
RIPK4, 25 uM (or 50 uM for RIPK4) myelin basic protein and 5 uM ATP concentrations.
The inhibitors were tested at selected concentrations. Pre-seeding of the compound was
carried out onto 384-well white plates (Thermo Fisher Scientific) employing an ECHO®
liquid handler from 10 mM of DMSO solutions as commercially marketed. Subsequently,
myelin basic protein and the enzymes in a reaction buffer were incorporated employing a
Mantis® liquid dispenser (Formulatrix®). After pre-incubation for 15 min at room
temperature, the reactions were induced by adding ATP (ECHO®). The reactions were
allowed to run for 90 min at room temperature. At this point, the reactions were quenched by
adding 5 pL of ADP-Glo™ Reagent and left on an orbital shaker for 40 min, serving to
deplete the residual ATP. Subsequently, 10 uL of Kinase Detection Reagent were added and
the suspension was left to stand on an orbital shaker for further 10 min to convert ADP into
ATP. Quantification of the product was achieved by luciferase reaction. Luminescence was
detected using a TECAN Spark multimode reader and, following background subtraction of
the reactions not including ATP, it was plotted against the compound concentration.
GraphPad Prism software tool v.8.0 was utilized to calculate the ICso values through a non-

linear regression model.
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5.5. Cellular NOD/RIPK2/NF-kB reporter assays

NF-kB reporter monocytes (InvivoGen) were utilized to evaluate cellular responses to the
RIPK2 inhibitors analyzed. The compounds were pre-seeded onto 384-well plates and coated
by 20 uL of cell suspension (1 x 10° cells/mL in RPMI 1640 medium supplemented with
10% endotoxin-free fetal bovine serum). After 30 min of pre-incubation, 5 uL. of meso-
lanthionine tripeptide (C14-Tri-LAN-Gly as a NODI1 stimulant, 1 pg/mL), or muramyl
dipeptide (MDP as a NOD2 stimulant, 10 ug/mL), were added to the monocytes to promote
NOD-related signaling. In parallel experiments, LPS (1 pg/mL) were added to the cells to
activate NF-kB signaling induced by other enzymatic cascades non-correlated to NOD
stimulation. The monocytes were then set for 24 h at 37 °C in 5 % CO». At the end of the
experiments, 5 pL of the cell medium were mixed with 20 uL of QUANTI-Luc™ Gold
reagent, allowing luminescence to be detected by a TECAN Spark multimode reader. After
luminescence of empty media was deducted, ICso values of compounds were calculated
through a non-linear regression model, utilizing the GraphPad Prism software tool v.8.0.
Cytotoxicity exerted by the compounds at 10 uM was evaluated using the CellTiter-Glo® 2.0
(Promega) reagent. Equal volumes of the reagent and the cell suspension were mixed on an

orbital shaker for 20 min, following which luminescence was finally measured.

5.6. Cellular RIPK3-mediated necroptosis assays

Human colon cancer HT-29 cells (ATCC HTB-38) were employed to assess the effects of
the compounds against necroptosis. The HT-29 cells were set in the 384-well white plates at
a concentration of 4,000 cells per well and subjected to a pre-incubation period of 24 h. The
cells were subsequently mixed with variable concentrations of the compounds, 20 uM z-
VAD-FMK, 100 nM BV-6 and 10 ng/mL TNF-a, which were added employing a ECHO-
550® liquid handler. After an incubation period of 24 h in a 5 % CO, atmosphere at 37 °C,
cell viability was measured by means of CellTiter-Glo® 2.0 detection reagent enabling ATP
quantification. The reagent was incorporated to the medium in a 1:1 ratio. Subsequently, the
plate was allowed to stand on an orbital shaker for 3 min at 350 rpm, at room temperature. A
multimode plate reader was employed to measure luminescence. The signal of the cells
treated only by vehicle corresponded to complete viability, whereas the signal of the

necroptotic cells treated with zZVAD-FMK/BV-6/TNF-a corresponded to nil viability.

5.7. Cytotoxicity assays in HT-29 cells and NF-kB reporter monocytes
To evaluate cytotoxicity of the molecules in HT-29 cells or THP1-Lucia™ NF-xB

monocytes, the cells were pre-set in Dulbecco's modified eagle medium high glucose culture
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containing 1 % GlutaMax and 10 % fetal bovine serum devoid of antibiotics. Subsequently,
the cells were seeded in 384-well white plates (Thermo Fisher Scientific, Waltham, USA) at
a concentration range of 4,000 — 20,000 cells per well for both HT-29 and THP-1 cells. After
24 h, selected concentrations of the compounds were added to the cells, which were then set
at 37 °C under a 5 % CO, atmosphere for additional 24 h. At this stage, CellTiter-Glo® 2.0
detection reagent (Promega, Madison, USA) was incorporated to the cell medium and the
plate was left on an orbital shaker at 350 rpm for 3 min, at room temperature. Final
measurement of luminescence was conducted through a multimode plate reader.
Interpretation of signals of the cells treated with the compounds was calibrated according to

the values of the cells that were not treated, setting the latter as 100 % viability.

5.8. Metabolic stability assays in human and mouse liver microsomes and

plasma

Microsomal stability assays were conducted incubating 0.5 mg/ml of human and mouse liver
microsomal preparations (Thermo Fisher Scientific) and 10 uM of compound solutions in
90 mM trometamol hydrochloride buffer (pH 7.4), including 2 mM MgCl; and 2 mM
NADPH, at 37 °C, over 45 min. The reactions were quenched by adding four volumes of ice-
cold MeOH, mixing vigorously the suspension at —20 °C for 1 h. Centrifuging of the samples
and analyses of the supernatant were performed through an ECHO-MS® System (Sciex,
Framingham, MA, USA). Prior to the addition of microsomes, zero time points were
generated by adding ice-cold MeOH to the mixture consisting only of cofactors and the
compounds analyzed.

In the plasma stability assays, 5 UM of compound preparations were subjected to incubation
with human and mouse plasma (Biowest) at 37 °C for 2 and 4 h. The reactions were quenched
as previously described in the microsomal assays. Centrifuging of the samples and analyses
of the supernatant were performed using the above-mentioned ECHO-MS®. Prior to the
addition of plasma, starting time points were generated by adding ice-cold MeOH to the

buffer containing only the compounds.
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