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Abstract

Microtubule (MT) assembly and dynamics are essential for the correct
maintenance of a proper neuronal functionality. These processes are regulated by
several proteins including (MT)-associated protein tau, whose aberrant
hyperphosphorylation promotes its dissociation from MTs and its abnormal
intraneuronal deposition into neurofibrillary tangles (NFTs), a common neurotoxic
hallmarks of neurodegenerative tauopathies. To date, no disease-modifying drugs have
been approved by the regulatory bodies to combat central nervous system (CNS) tau-
related diseases. The multifactorial etiology of these conditions represents one of the
major limits in the discovery of effective therapeutic options. In addition, tau protein
functions in the CNS are orchestrated by diverse post-translational modifications
(PTMs) among which phosphorylation mediated by protein kinases (PKs) plays a
leading role. In this context, conventional single-target therapies are often inadequate
in restoring perturbed networks and fraught with adverse side-effects. Therefore, the
urgent need to achieve the desired therapeutic effect by simultaneous modulation of
key targets and checkpoints, encouraged scientists to apply well-concerned
polypharmacology strategies. This thesis reports two distinct approaches to hijack MT
defects in neurons. The first is focused on the rational design and synthesis of first-in-
class triple inhibitors of GSK-3f, FYN, and DYRKI1A, three close-related PKs, which
act as master regulators of aberrant tau hyperphosphorylation. Attracted by the
potential of multi-target directed ligands (MTDLs), a merged multi-target
pharmacophore strategy was applied to simultaneously modulate all three targets and
achieve a disease-modifying effect. ARN25068 (72), bearing a thieno[3,2-



d]pyrimidine core, was selected and deeply characterized as a promising starting point
endowed with a well-balanced in vitro inhibitory potency against GSK-3f and FYN in
the low nanomolar range and low micromolar potency against DYRK1A. A
computationally and crystallographic driven Structure-Activity Relationship (SAR)
exploration around 72 allowed to rationalize the key structural modifications conducive
to the improvement of binding affinity towards DYRK1A, while maintaining a
balanced potency against all three targets. To achieve this, a new generation of quite
well-balanced triple GSK-3B/FYN/DYRK1A analogs exhibiting improved
physicochemical properties, a good in vitro ADME profile, and promising cell-based
anti-tau phosphorylation activity have been developed.

In Part IlI, MT-stabilizing compounds featuring the 1,2,4-triazolo[1,5-
a]pyrimidine (TPD) scaffold have been developed, within Prof. Carlo Ballatore’s Lab
at the University of California San Diego (UCSD), to compensate MT defects in tau-
related pathologies. Intensive chemical effort has been devoted to scale up BL-0884
(184), identified as a promising MT-normalizing TPD, which exhibited favorable
ADME-PK, including brain penetration and oral bioavailability, as well as brain
pharmacodynamic activity. A suitable functionalization of the exposed hydroxyl
moiety of BL-0884 (184) with properly selected amino acids was carried out to
generate corresponding esters and amides possessing a wide range of applications as

prodrugs and active targeting for cancer chemotherapy.
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Chapter 1

1. Introduction

1.1 Microtubules (MTs) structure and functionality

MTs represent one of the major cytoskeletal components of most eukaryotic
cells, including neurons. They serve as “railways” for intracellular transport, interact
with accessory proteins to assemble into larger structures, which give rise to an
organizational framework essential for orchestrating several intra and extra-cellular
developmental processes such as proliferation, migration, and differentiation of
neurons!, vesicles transport within the cell unit, mitotic spindle formation during
mitosis?, maintenance of cell morphology and cell motility.>* These multitasking
protein polymers possess a highly complex structure, which vary widely among
different cell types, and undergo diverse evolutionarily conserved post-translational
modifications (PTMs). Methods such as X-ray crystallography and cryo-electron
microscopy (cryo-EM) have enabled a reconstruction of the 3D structure of MTs
gaining insights into their dynamic mechanisms and interactions with binding
partners.>’ MTs structure generally comprises of 13 chains of head to tail arrangement
of a—PB heterodimers subunits mainly known as tubulin, stacked together in
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protofilaments (PFs), which assemble forming hollow tubules of ~25 nM (Figure 1.1).
The resulting highly dynamic polarized structure is characterized by a fast growing
plus end with exposed B-tubulin, and a slow growing minus end with exposed a-
tubulin. Although both a- and B-tubulin bind to one molecule of GTP (guanosine-5'-
triphosphate) at the N-site and E-site, respectively, only the nucleotide on B-tubulin is

hydrolyzed and exchangeable.

bound to GTP

Tubulin dimer
bound to GDP

GTP é}po
A z o0
6P “oges®
% 8 Depolymerization
SN
Catastrophe &
B-Tubulin- © P e %
a-Tubulin @ Rescue o0, ) -
T &F SR A &,
Tubulin dimer R o, 5

y-Tubulin Shrinking MT

Capping +
proteins

Growing MT

Paused MT
(neither polymerizing nor
depolymerizing)

Figure 1.1 (A) Schematic representation of MTs structure; (B) growing and shrinking
phases.®

GTP phosphorylation and hydrolysis drive the so-called dynamic instability of
MTs, described as the alternation of “rescue” and “catastrophes” phases. This behavior
is well explained by the GTP-cap model developed by Mitchison and Kirschner.®
During their studies, the existence of MTs in two distinct phases of elongation and
shortening, which do not interconvert frequently, was distinguished by the presence or
absence of a GTP-liganded cap. The ends without the cap were observed to be unstable
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going through a rapid depolymerization, while the GTP-capped lattice showed stability
as a result of a slightly delayed GTP hydrolysis in respect to GTP-cap formation.
Therefore, upon stochastic loss of the GTP-cap, MT ends undergo a rapid
depolymerization, and collapse into tubulin— guanosine-5'-diphosphate (GDP) dimers
(catastrophe). On the other hand, the GTP-capped B-tubulin interacts with a-tubulin
subunits to allow the reverse process of polymerization (rescue).

The mechanisms at the base of the transitions between growth and shrinkage
are poorly understood and have not yet been elucidated. Different in vitro
investigations have suggested an “ageing” behavior as catastrophe-promoting event
likely involving the accumulation of MT-lattice defects in old MTs.1® MT rescues are
understood even less than catastrophes. Structurally this happens because only dimers
with GTP in their E-site can polymerize, but, after polymerization, the nucleotide is
hydrolyzed and becomes nonexchangeable.!!

Each o and B tubulin protomer is made up a compact folded "body" that
participates in MT interactions (a and B tubulin intra and interdimer) and two C-
terminal tails (two per dimer), which represent an essential part of the binding sites of
cargo molecules and MT associated proteins (MAPs). To expand further, the N-
terminal nucleotide-binding domain (residues 1-206) is formed by the alternation of
parallel B-strands (S1-S6) and helices (H1-H6). The nucleotide-binding pocket is
formed by each of the loops which connects each strand and helix (loops T1-T6) to the
N-terminal end of the core helix (H7). After the core helix there is a smaller, second
domain formed by three helices (H8—-H10) and a mixed B-sheet (S7-S10). The
intrinsically disordered, negatively charged C-terminal region is formed by two
antiparallel helices (H11 and H12) that cross over the previous two domains.!! 12

Multicellular organisms contain multiple tubulin genes which express cell-type
specific tubulin isoforms.’®* Among these, y-tubulin is of note as the driving force for

the so-called nucleation process. This protein possess high homology to o and B-
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tubulins and localizes at the MT-organizing centers (MTOCs).* y-tubulin interacts
with the minus ends of MTs forming ring structures that serve as templates for MT
growth through interaction with a-tubulin subunits. The other isotypes mainly differ in
the terminal highly acidic 15 residues in the C-terminal region exposed on the outside
surface of the MT. This latter surface not only interacts with motor and MT stabilizing
proteins, but it is also prone to several PTMs such as glutamylation, glycylation,

tyrosination, detyrosination and removal of glutamate residues.

1.1.1 PTMs upregulate MT activity

Acetylation and phosphorylation are frequent and highly conserved PTMs in
living cells and contribute to generate on—off signals switches by adding or removing
acetyl and phosphate groups on specific MT sites; others PTMs, namely polyamination,
polyglutamylation and polyglycylation, gradually modulates MTs activity by adding
different units of residues (Figure 1.2).1> 16
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Tubulin isotypes Tubulin post-translational modifications
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In microtubule
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Figure 1.2 From Janke, C. et al.®® Schematic representation of tubulin PTMs. Tubulin
(light grey and pink) PTMs are catalyzed by a range of enzymes located either at the globular,
highly structured tubulin bodies (acetylation (Ac), phosphorylation (P) and polyamination
(Am)), or at the unstructured C- terminal tails of tubulin (glutamylation, glycylation,
tyrosination, detyrosination and removal of glutamate residues to produce A2- tubulin and A3-
tubulin).

Some of these biochemical transformations assist in the regulation of the
mechanical properties of MTs by promoting their growth or shrinkage. For example,
tubulin polyamination causes MTs to become resistant to depolymerization by adding
positive charges.!” Acetylation of a-tubulin at Lys 40 is also a marker of stable MTs
and provokes a conformational change in their structure, which results in loss of
interaction between Lys 60 and His 283 from a-tubulin molecules of the adjacent PFs.
This lattice rearrangement reduces the flexural rigidity of MTs making them more

resistant to mechanical breakage and disassembly.!® Conversely, Lys 252 acetylation
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or phosphorylation at Ser 172 of B-tubulin subunits by either cyclin-dependent kinase
1 (CDK1)¥ and dual specificity tyrosine-phosphorylation regulated kinase 1A
(DYRK1A)%, induces an opposite effect by hampering the incorporation of tubulin

dimers into MTSs.

1.1.2 MT-binding proteins (MTBPS)

Despite the intense contribution of different enzymes involved in stabilizing
PTMs, naked MTs are unstable structures at the edge of catastrophe. To maintain the
correct MT structure dynamic, it is therefore crucial the activity of a large group of
MTBPs properly categorized by Goodson and Jonasson according to their function,
activity and localization within the MTs environment.* MT-stabilizers (MTSs) and
destabilizers (MTDs) together with capping proteins and bundlers/cross-linkers denote
those proteins involved in MT-assembly, while MT-motors such as kinesin and
dynein?® 22 and motors modulators allow cargo processes onto the MT railways.
Cytoskeletal integrators instead, coordinate interactions between MTs and at least one

cytoskeletal entity.?

1.1.3 MT-associated proteins (MAPS)

While the acronym MTBPs broadly describes any protein that experimentally
binds MTs, the term MAPs, is often used to describe a subfamily of MTBPs that
contribute to maintain MTs function.

MAPs represent a variety of structural proteins that modulate the dynamic
turnover of MTs across the binding to the MT-lattice through phosphorylation and
dephosphorylation processes. Generally, they are filamentous and flexible positively
charged proteins with a disordered tertiary structure. It has been proposed that they aid
tubulin subunits to come together in the polymer by shielding the negatively charged

C-terminal end of the a- B-subunits.!
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This subgroup includes MAP4 (expressed in most tissues) and axonal and
dendritic proteins as MAP2 and tau.® Tau, MAP2, and MAP4 share a conserved C-
terminal containing the MT-binding domain, and contribute to MT stability as well as
MT dynamics downregulation. For instance, MAP2 and tau compete with kinesin and
dynein for binding to MTs, blocking these motor proteins to transport vesicle or
organelle cargos.?*

1.2 Protein tau as a master regulator in MT-stabilization

Tau was first discovered by Weingarten et al.® in 1785. They isolated a novel,
heat stable protein in association with tubulin purified from porcine brain, which was
essential for MT assembly.

Since then, extensive investigations have been performed to define tau structure
and the related mechanisms underlining its activity and regulation. This protein is
located in neuronal cells where it contributes, together with MAP2, to regulate the
dynamic assembly and spatial organization of the neuronal cytoskeleton by supporting
neurite differentiation and growth, as well as transporting motor proteins along the
axons, which use MTs as support tracks.?®

Tau function is mainly up and down regulated by phosphorylation from a wide
range of proteins (primarily kinases, PKs, and phosphatases, PPs), which dysregulation
is often linked to tau pathological behavior in several multifactorial neurodegenerative
disorders (NDDs).?” Thus, it represents one of the most studied MAPs due to its
implication in tauopathies such as Alzheimer’s disease (AD) and frontotemporal
dementia (FTD), diseases that to date, have no cure and are in dire need of new
treatment options.
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1.2.1 Expression, structure and phosphorylation sites of tau

Tau is an intrinsically disordered protein encoded by the MT-associated protein
tau (MAPT) gene, which comprises of 16 exons on chromosome 17921 (Figure 1.3).
Exon 1 (E1), E4, E5, E7, E9, E11, E12 and E13 are constitutive, while the others (E2,
E3 and E10) undergo alternative splicing, which generates six different tau isoforms.?®
The alternative splicing of E10 has a lot of influence on the pathophysiology of
different tauopathies since it may contribute to the differential vulnerability of brain

regions to tau-associated disorders.

Exons
{1213 {4 {5 {7 HEH 9| fi0} 1} 12}{13}{14]

Number of Clone Splicing
amino acids name  name

NI N2z | - CRi| Rz [ R3 ["Ra | | aa htaud0 2N4R
[CNL} CRIT[ Rz [CR3["Ra] | 412 htau34 1N4R
[CRiT Rz [R3I T R4 | | 383 htau24 ON4R

[CNT] Nz | R CRECRa | 410 htau39 2N3R
N1 LR} CRERA] | 381 htau37 1N3R
[R1} L R3 [ R4 | | 352 htau?3 ON3R

Figure 1.3 Schematic representation of the human MAPT gene and the splice isoforms
of tau in the human brain.?®

Tau structure is divided into four major functional domains: a N-terminal
projection domain (NTPD), which modulates MT bundles formation by influencing
specific processes such as MT nucleation,*® 3 a proline-rich region (PRR), which aids
MT binding; a MT binding region (MTBR) with 3 or 4 repeat sequences (R1-R4)
essential for MT binding and assembly; a C-terminal domain (CTD) as MT-binding
enhancer together with the abovementioned PRR.32 33

Isoforms differ by the presence or lack of one or two inserts in the NTPD (N1
and/or N2), encoded by E2 and E3, and by three repeat sequences at the MTBR (R2

presence or not), encoded by E10.2° A further classification distinguishes forms
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containing 0, 1 or 2 inserts at the NTPD (ON, 1N and 2N, respectively) from others
containing 3 or 4 repeat (R) sequences known as 3R or 4R.3* The subcellular
distribution of tau seems to be isoform-specific. Fetal human brain expresses only 3R
tau, while adult brain expresses approximately equal amounts of both R-tau isoforms.3"
35

The highly disordered character of tau protein impedes the accurate
determination of its interaction with MTs. However, thanks to several structural studies
conducted by X-ray cristallography, cryo-EM and docking simulations, significant
progress has been made over the course of the years.3¢ %’

Globally, tau is randomly distributed on the MTs outer surface (both MT tips
and lattice®®) and forms a “fuzzy coat™®® with tubulin adopting a hairpin conformation
through interaction with R2 and R3 repeats.*® 4

The correct functionality, folding and interaction of tau protein with MTs are
complex physiological processes ensured by PTMs?” where phosphorylation (Figure
1.4) represents one of the earliest and most prevalent modifications associated to the
formation of pathological inclusions and aggregates in NDDs.

A total of 85 putative Ser, Thr and Tyr phosphorylation sites are exposed to the
insertion or the removal of negatively charged phosphate groups by an extensive
variety of PKs and PPs, respectively. Nowadays, more than 40 phosphorylation sites
have been identified (a summarizing table can be found at

“https://www.kcl.ac.uk/people/diane-hanger”, accessed on January 30™, 2023), with

the highest concentration of modifications in the MT interaction aiding regions such as
the PRR and C-terminal tail adjacent the MTBR.*
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Figure 1.4 Schematic representation of the longest isoform of tau protein expressed in
human brain (2N4R tau, 441 amino acids) containing some of the position of identified
phosphorylation sites found in AD brains.*®

Although phosphorylation of tau protein by tau-associated PKs will be better
discussed in the following sections, it is relevant to briefly mention the biologically
equivalent dephosphorylation processes performed by PPs.

PPs carry out the removal of phosphate groups balancing the activity of PKs.
Protein phosphatase 2A (PP2A) is recognized as the major enzyme in the brain, which
accounts for ~ 71% of tau phosphatase activity; the remaining 29% activity is carried
out by PP1, PP5, and PP2B.* %

1.3 MT dysfunction in complex disorders

Neurons are particularly vulnerable to MTs cytoskeleton defects. Catastrophic
depolymerization of MTs is associated to the development of neurotoxic events, which
lead to synaptic loss and consequent neuronal death. One of the major causes of this
phenomenon is the aberrant hyperphosphorylation of tau protein, which promotes its
dissociation from MTs, formation of its insoluble aggregates (paired helical filaments

or PHF-tau) and consequent intracellular accumulation into neurofibrillary tangles
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(NFTs), which constitutes one of the recurrent neuropathological hallmarks of

disorders related to tau protein known as tauopathies.*648

1.3.1 Tauopathies

Tauopathy is an umbrella term used to describe a group of adult-onset
dementias, in turn, characterized by a phenotypic loss of memory. According to the
World Health Organization (WHO), every three seconds someone in the world is
diagnosed with dementia.*®

The WHO Global status report of 2021 stated that 55 million people were
affected by dementia in 2019 and the alarming estimates of 78 million of people living
with these diseases in 2030, increasing to 139 million in 2050, with projections for
increases in global costs of the disorder up to 2.8 trillion US dollars by 2030.

Along with the aforementioned aberrant tau hyperphosphorylation, different
modifications provoke tau dissociation from MTs including altered regulatory
mutations, which cause an unbalancing in tau isoform expression profile associated to
different clinical features.3 °% 5! On the basis of the isoforms that constitute NFTs,
tauopathies can be divided into three groups. Aggregates featuring a high amount of
3R tau are defined as 3R tauopathies, 4R tau isoforms as 4R tauopathies and 3R/4R
tauopathies show approximately an equal ratio of both isoforms. The same diseases
have also been more recently described based on their fold similarity, broadening the
knowledge in the field.>2

Although tauopathies share the same common disease-relevant process, another
medically significant classification distinguishes between primary and secondary
disorders.

Primary tauopathies are characterized by having tau as a predominant

component of the pathology (such as frontotemporal lobar degeneration (FTLD)-tau
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subtype), while tau aggregation in secondary ones is a response to other pathological
proteins or events (such as amyloid beta (AB) in AD).

An overview of tauopathies with their schematic description (classification,
hallmarks symtoms and current treatments) is reported in Table 1. In the following
sections one example of 3R and 4R tauopathies (Pick’s disease (PiD) and progressive
supranuclear palsy (PSP), respectively) will be briefly discussed, together with two
major representatives of 3R/4R tauopathies (AD and FTLD-tau); a more detailed

description is reviewed by Zhang et al.>

Table 1.1 Overview of different types of tauopathies according to their tau isoform
classification

tau

Tauopathy . Hallmarks Symptoms Current treatments Ref.
isoform
Primary tauopathies
Pick bodies  Behavior change, . No FDA gp_proved
inclusions social disease-modifing drugs.
PiD 3R ' o AChE inhibitors and 54,55
ballooned disinhibition, .
. . other symptom-reducing
neurons parkinsonism
agents
Vertical . No FDA a}p_proved
subranuclear disease-modifing drugs.
Pretangles, zfze als AChE inhibitors and
PSP 4R globose NFTs g po;tzraly’ other symptom-reducing 6.7
instability with agents
falls Non-pharmacological
management
No FDA approved
Pretangles, Asymmetric limb disease-modifing d_rugs.
ballooned apraxia and Symptom-reducing
CBD 4R neurons, figi dFi)t executive agents 58
coiled bodies OO (including botulinum

dysfunction Lo
4 toxin injections)
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AGD

GGT

FTDL-tau

AD

CTE

Anti-
IgLONS5-
related
tauopathy

4R

3R + 4R

3R + 4R

3R+4R

3R + 4R

Grains,
ballooned
neurons and
coiled bodies

Pretangles,
globular glial
inclusions

NFTs

Personality
change,
emotional
dysregulation,
memory
impairment

Highly variable:
may include
behavior change,
parkinsonism,
cognitive
impairment

Personality
change, cognitive
impairment

Secondary tauopathies

AP plaques,
NFTs

NFTs

NFTs

Memory loss,
other
cognitive
dysfunction

Memory loss,
personality
change, motor
decline

Sleep apnea, non-
REM,
sleep
parasomnias,
bulbar
dysfunction

No FDA approved
disease-modifing drugs.
Symptom-reducing 59
agents

No FDA approved
disease-modifing drugs.
Symptom-reducing 60
agents

No FDA approved drugs.
Symptom- reducing
agents
(AChE inhibitors)

61-64

AChE inhibitors,

AP monoclonal 65,66
antibodies

No available treatments 67, 68

69, 70

No available treatments
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1.3.1.1 PiD

PiD is arare NND, which was described by Arnold Pick as a focal degeneration
syndrome phenotypically associated with frontal and temporal lobes.” First linked to
AD and other types of dementia, it was then defined as FTD to include other
manifestations, which did not exhibit Pick-type histological changes.”> "

Nowadays, PiD is defined as an unique primary tauopathy characterized by
“Pick bodies”, which are round shaped accumulated filaments possessing mainly 3R
tau isoforms.> ™ It belongs to the 3R subgroup of tauopathies and has been reported
to account for between 0.4 to 2.0% of all the dementia types, 3 up to 5 times less
common than AD.»® It is phenotypically characterized by circumscribed
frontotemporal atrophy, which primary involves the left hemisphere rather than the
right in 60% of cases.

The onset is generally between those aged of 35 to 75 years and is equally
distributed between both male and females with appearance of an early change in social
and personal behavior often associated with a lack of inhibition and a progressive

change in language function.”

1.3.1.2 PSP

In 1964, Steele J.C. and collaborators analyzed nine cases of males affected by
a progressive brain disorder, which they named PSP.”®

For the majority of those cases the symptoms onset in the sixth decade with a
steady progression, a mean survival rate of 5-7 years, and evidence of NFTs upon
postmortem evaluation were seen.

PSP shows the common clinical features of dementia, summarized as (1)
forgetfulness, (2) slowing of thought processes, (3) emotional or personality changes
(apathy or depression with occasional outbursts of irritability), and (4) impaired ability

to manipulate acquired knowledge.’’
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Peculiar histopathological hallmarks of this primary tauopathy is represented
by star-shaped astrocytic clumps and NFTs with accumulation of a high percentage of
4R tau isoforms in the pallidum, subthalamic nucleus, red nucleus, substantia nigra,

pontine tegmentum, striatum, oculomotor nucleus, medulla, and dentate nucleus.>®

1.3.1.3AD

Described for the first time in 1907 by Alois Alzheimer 8, who reported the
case of a 51-year-old woman possessing a seriously impaired memory, with a post-
mortem atrophic brain without macroscopic focal degeneration’, AD represents a
public health priority worldwide and it has been recognized as the most costly, deadly,
and burdening disease of this century.&

This complex neurologic disorder is the most common cause of dementia*® and
thus subject to intense investigations. It has been defined as a secondary tauopathy
histopathologically characterized by two main hallmark lesions: senile plaques (SP),
made of AB and NFTs including both 3R and 4R tau isoforms.8! 82

Familial inheritance is associated with rare forms of AD, namely early onset
AD (EOAD) and familial AD (fAD) characterized by symptoms that appear between
30-50 years of age. The primary factors of these sporadic forms of the disorder are
mutations in three genes which encode: the amyloid precursor protein (APP), presenilin
1 (PSENL1), and presenilin 2 (PSENZ2). On the other hand, aging and environment, along
with a growing number of genetic factors have been reported as the major risk factors
associated with the late onset AD (LOAD)®® which clinical manifestations are observed
after the age 65.8* 8 Mixed pathologies often occur specifically in older individuals
where along with SP and NFTs appear aggregates of a-sinuclein, known as Lewy’s
bodies (LBs), typical lesions of Parkinson’s diseases (PD), suggesting common

molecular pathogenic mechanisms between these NDDs.%
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Affirmation of the amyloid hypothesis has placed the AP cascade at the center
of AD pathophysiology®” 8 | despite it poorly explaining the sporadic AD forms.5®

According with this theory, flaws in the production, accumulation or disposal
of AP are the primary cause of the disease. The cleavage of the APP protein by B and
y-secretase enzymes in the brain produces two primary forms consisting of 40 or 42
amino acids of Ap (Ap40 and AB42). Failure in the clearance mechanisms of those two
APP-cleaved forms and their consequent misfolding contribute to the formation of A
oligomers with a prevalence of AP42, these are less soluble and more prone to
aggregation in comparison to AB40.

AD is a multifactorial disorder, which pathogenesis is better explained by the
idea that a complex network of events, namely neuroinflammation, oxidative stress,
and mitochondrial disfunctions, interact in a feed-forward loop. In further detail, a
complex cross-talk of different pathogenic events lead to SP formations, which drive
the formation of NFTs through a cascade mechanism. This sequence of complex events
can cause neuronal loss of function and progressive cognitive impairment, affecting

activities of daily living.82 8

1.3.1.4 FTLD-tau

FTD is the third most prevalent form of mental deterioration after AD and
Lewis body dementia and the second before the age of 65.82 %

Generally, FTD denotes a cluster of syndromes (often including some
abovementioned primary tauopathies such as PiD and PSP)®! characterized by
circumscribed degeneration of the prefrontal and anterior temporal lobes, which is
better represented by FTLD pathology.” % It clinically presents three subtypes:
behavioral FTD (bvFTD), semantic dementia (SD), and progressive non-fluent aphasia
(PNFA), each bearing different phenotypes such as gradually arising executive,
behavioral, or language dysfunction.®!
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The heterogeneity of this disorder is underlined by numerous sub classifications
such as the nature of lesions causing neuronal defects. Thus, a neuropathological
characterization divides FTLD into three molecular subgroups: FTLD-tau presenting a
mutation in the MAPT gene, FTLD-TDP which attributes its name to alteration of the
TPD-43 protein and FTLD-FET possessing aberrant inclusions of FUS and its
phylogenetically associated proteins (EWS and TAF15).%

The first two are the most recurrent variants of FTLD accounting for ~ 40%
(tau subtype) and 50% (TPD-43), while the latter is less frequent with ~ 5-10% of
FTLD cases.

In this thesis, particular attention will be devoted to the possible therapeutic
targeting of FTLD-tau subtype which etiology is largely suspected to be associated

with MAPT mutations and the related alternative splicing surrounding E10.%

1.3.2 Early diagnosis of tauopathies

The multifactorial nature of AD and related tauopathies have hindered the
discovery of effective interventions and diagnostic tools that could prevent or delay the
onset of symptoms and support their early detection, respectively. The main issue is
strictly related to the lack of a common biologically-based definition of these diseases.

Recently, AD in living people has been characterized based on the
developmental biomarkers (imaging and biofluids), which are divided into three main
categories (A/T/N) of neuropathologic change. In this A/T/N system “A” refers to the
value of AP biomarkers, “T” the value of tau biomarkers and “N” to biomarkers of
neurodegeneration.® % On the contrary, there are no clinically validated fluid
biomarkers for FTLD-tau early detection or prediction of underlying pathologic
change.®’ Structural and functional neuroimaging (Magnetic Resonance Imaging, MRI

and positron emission tomography, PET) might help identify brain atrophy only
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partially supporting the diagnosis of FTLD especially in the early course of the
iliness.%®

The core AD cerebrospinal fluid (CSF) biomarkers AB42, total tau (T-tau), and
phosphorylated tau (P-tau) reflect key elements of AD pathophysiology. For instance ,
increased levels of T-tau and P-tau together with decreased AP42 extent, stand for the
typical AD biomarker pattern often called the ‘Alzheimer’s CSF profile’.%
Furthermore, some tau phosphorylation state changes such as an increase in pThr 217
and pThr181 levels occur simultaneously to AP aggregation about 20 years before the
onset of AD.1%

Despite both CSF and PET scan are essential procedures to detect the main
pathological biomarkers of AD, they represent costly and risky procedures possessing
limited availability. For these reasons novel approaches in retinal imaging as an easy
method to study NDDs!®, together with the evaluation of inflammation-related
molecules!®?, have been recently investigated. This is because, compared with CSF
biomarkers and PET imaging scans, blood-based biomarkers are attractive as
affordable alternatives for the diagnosis of AD.1% The blood levels of AB peptides, tau
protein and enzymes related to its phosphorylation including glycogen synthase kinase
3B (GSK-3pB), DYRKI1A are strictly related to both early onset and development of

tauopathies and therefore represent potential biomarkers in dementia assessment.%

1.3.3 Current treatments for AD and related neurodegenerative
tauopathies

To date, only six drugs (Figure 1.5) are available in the market for the treatment
of AD®®, while no current U.S. Food and Drug Administration (FDA)-approved
disease-modifying agents are available in the clinic for FTD.%
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Figure 1.5 FDA approved drugs for the treatment of AD.

Despite advancements in the understanding of FTLD pathophysiology,
genetics, neuropathology, and recent breakthroughs in neurodegenerative biomarkers,
available treatments are directed into the modulation of behavioral, cognitive and
motor symptoms management, providing a limited benefit.*%4

The outlook for AD therapy seems to be recently slightly improved, with the
FDA approval of the monoclonal AP aggregates antibody Aducanumab (5)
(Aduhelm™, Biogen, Figure 1.6).1%° Although still an object of debate, this drug
demonstrated efficacy in the clearance of brain AP plaques, becoming the first disease-
modifying therapy approved, 18 years since the last drug approved in 2021
(memantine, 4, Figure 1.5). Notably, molecular dynamic simulations have been carried
out to better understand 5 interactions with aggregated AB-forms compared to AB
monomers (Figure 1.6). On January 6M,1% 2023, Lecanemab (lecanemab-irmb;
LEQEMBI™, Eisai and BioArctic), a more selective® humanized immunoglobulin
gamma 1 (IgG1) anti-Ap protofibril monoclonal antibody, was approved in in the USA
via an Accelerated Approval Pathway. This immunotherapy agent demostrated
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promising benefits in significantly decreasing loss of cognition versus the placebo in
adults aged 50-90 years with early AD in a randomized, double-blind, phase 111 study
[Clarity AD (NCT03887455)]. To full evaluate safety and efficacy of Lecanemab in

AD, further trials are required.'%’

+ Dimer

Figure 1.6 Modeling the interaction between AduFab (5) and AB1 — 40 amyloid from
Frost et al 1®A) Crystal structure of AP peptide fragment (red) bound to AduFab (light and
dark blue)(PDB ID. 6C03).B-D) The bound AP fragment is completed to a full-length
AP1 —40 monomer, dimer and hexamer based on the disease-relevant AP fibril structure PDB
2M4J. The AP peptides are shown in cartoon representation colored in gray and red, with red
corresponding to monomers closer to the AduFab crystal-binding site. E) The bound Af
hexamer is elongated by an additional monomer (hexamer+ 1), dimer (hexamer+ 2), and
pentamer (hexamer + 5), respectively, in order to study growth of an already bound AP
protofilament. F) The AP undecameric protofilament (hexamer + 5 model) is extended to an
entire fibril bound to AduFab, consisting of three parallel, undecameric PFs.

126 agents are currently in clinical trials for AD with the 82.5% mainly devoted
to address the underlying biology of this complex multifactorial disorder (Figure
1.7)1%°, showing the intense effort of both academia and industry to treat this unmet

need. Moreover, the approval of novel disease-modifying agents for both AD and
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related tauopathies represents a first step towards the advent of novel generation

therapeutics.
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Figure 1.7 Graph showing agents in clinical trials for treatment of AD in 2021 (from
Cumming et al).’® The inner ring shows Phase 3 agents; themiddle ring comprises Phase 2
agents; the outer ring presents Phase 1 therapies; agents in green areas are biologics; agents in
purple are disease-modifying small molecules; agents in orange are symptomatic agents
addressing cognitive enhancement or behavioral and neuropsychiatric symptoms; the shape of
the icon shows the population of the trial; the icon color shows the common AD
ResearchOntology (CADRO)-based class of the agent. Agents underlined are new to the

pipeline since 2020.
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1.4 Challenges in central nervous system (CNS) drug
discovery

CNS drug discovery presents unique challenges when compared with other
research areas. The limited knowledge of the processes underlying diseases combined
with the complexity of blood-brain barrier (BBB) and the lack of translational animal
models to test new drug candidates (Figure 1.8) represent the bottleneck for the

approval of novel therapeutics.*? 11

* Over-simplified understanding of
multifaceted diseases

* History of flawed target prediction

Disease
understanding

* Recent focus on single-target efforts
for multi-phenotypic diseases
Hit/lead + |dentification of representative

identification phenotypic screens for CNS disorders

* Penetration of the blood-brain barrier
SRR AL | Mitigation of toxic side-effects

+ Systemic lack of animal models which
accurately represent complex
Testing in animal diseases

mu_dgls am_i pre * Poor translation between models and
clinical trials humans

* Objective endpoints for social and
cognitive conditions

* Lower threshold for side-effects for
CNS drugs

Figure 1.8 Examples of challenges in the drug development process for CNS agents,
from Danon et al.!!

1.4.1 BBB as dynamic and selective gatekeeper of the CNS

The BBB has been extensively investigated as a dynamic and selectively
protective membrane responding to changes in its environment and as part of a more
complex neurovascular unit in which endothelial cells, astrocytes, pericytes, and
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neurons interact to restrict the flow of internal and external agents between the blood
and the CNS. Furthermore, the BBB acts as a structural/physical barrier composed of
endothelial cells and tight intercellular junctions that regulate diffusion of solutes
between blood and brain (Figure 1.9). It also acts as biochemical selective barrier due
to the presence of specific CNS-gatekeeper transport proteins expressed on the luminal
(blood-facing) and abluminal (brain-facing) plasma membranes of the endothelial
cells, which selectively increase brain permeability to essential nutrients or effectively
prevent permeation of foreign compounds.*'® Moreover, a key element of this barrier
is P-glycoprotein (P-gp), which is an ATP-driven efflux pump localized to the luminal
plasma membrane, which handles a vast variety of substrates endowed with molecular
weight (MW) ranging between 300 and 4000 Da. It limits penetration of drugs into the
brain, greatly influencing CNS pharmacotherapy, contributing to cross-resistance to

commonly prescribed drugs, including multiple classes of chemotherapeutics.'? 113

(Ge'Pg-p
\H: /

Figure 1.9 Schematic representation of the BBB and its dynamic selectivity. BBB is
composed of endothelial cells and tight intercellular junctions that regulate diffusion of solutes
between blood and brain. P-gp is expressed on the blood-luminal and brain-abluminal plasma
membranes of the endothelial cells, contributing to selectively increase brain permeability to
essential nutrients or effectively prevent permeation of foreign compounds (blue circles).

Particular attention in the CNS drug discovery is thus devoted to the design of

ligands featuring chemical properties, which possibly allow passive BBB penetration,
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including large size, high polar surface area and hydrogen-bonding ability. Size and
lipophilicity are two crucial properties influencing the brain exposure and efficacy of
a CNS drug candidate. Often, a balance must be found between decreasing size and
increasing lipophilicity to make a drug more brain-penetrable, while simultaneously
avoiding both efflux mechanisms (e.g., P-gp-mediated efflux) and drug sequestration
elsewhere in the body (e.g., plasma proteins, fatty tissue).'!

As a rule of thumb, BBB crossing molecules possess: a polar surface area
between 25-60 A?, at least one nitrogen, fewer than seven linear chains outside of rings,
zero or one polar hydrogen atoms, the volume of 740-970 A3, the solvent accessible
surface area of 460-580 A?, and a positive QikProp (QP) CNS parameter

(https://www.schrodinger.com/products/gikprop, accessed on 13 January 2023). %4

Another useful tool to prioritize CNS lead candidates consists in the Pfizer’s CNS
multiparameter optimization,'*® which takes into account calculated partition
coefficient (ClogP), calculated distribution coefficient at pH 7.4 (ClogD), MW, acid
dissociation constant (pKa) of ionizable groups, together with total polar surface area

and the number of hydrogen bond (HB) donors.

1.5 Drug discovery strategies to combat neurodegenerative
tauopathies

Tauopathies are NDDs characterized by neuronal tau inclusions, which
contribute to the alteration of the cytoskeletal structure and function, a mechanism that
offers a broad range of targets for disease-modifying therapeutics. Rosler et al. divided
therapeutic agents into four main classes according to their targets: PTMs and
aggregation of tau, proteostasis, disease propagation, and tau genetics (Figure 1.10).11¢

In this section, I will describe agents able to modulate PTMs and aggregation

of tau protein focusing on MT-stabilizing agents and protein kinase inhibitors.
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Figure 1.10 Circuit of disease-modifying therapeutics for primary tau-related
pathologies from Rosler et al.1*® During the disease process, tau is abnormally modified and
forms aggregates that trigger neurodegeneration. This process is accompanied by other events,
such as neuroinflammation, spreading to other cells and a destabilization of microtubules. The
yellow boxes represent key events in the disease process, whereas the round-shaped teal boxes
show possible disease-modifying interventions; blue boxes represent the two chemical
approaches described in this thesis.

1.5.1 MT-Targeting Agents (MTAS) in tauopathies

MTAs are a group of chemically diverse molecules able to interact with o and
B-tubulin dimers via a stabilizing or a destabilizing activity. They have been widely
employed in cancer therapy for their MT destabilizing properties and are now arising
particular interest in NDDs thanks to the tau loss-of-function hypothesis, which
attributes MT destabilization as consequence of tau loss of function.

Tubulin binders possess wide chemical scaffolds mainly originating from
plants, marine sponges, bacteria, and their synthetic derivatives.!*® Structural analysis

of their interactions with MTs have enabled their extensive characterization and
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allowed a classification based on their specific binding domain within tubulin, the
building block of MTs.!1®

Six distinct MTA-binding sites on tubulin, referred to as the taxane site, the
colchicine site, the vinca site, the maytansine site, the laulimalide/peloruside site, and
the pironetin site have been structurally characterized in high resolution (Figure 1.11
A). Two of these are associated with MT stabilization (taxane and
laulimalide/peloruside), while the other four binding sites causes MT destabilization
(vinca, maytansine, colchicine, and pironetin sites). More recently, researchers from
the University of Florida, identified a novel chemical cyclodepsipeptide entity isolated
from marine cyanobacteria blooms, named gatorbulin-1 (6)!?° (Figure 1.11 B), able to
interact with a seventh site of tubulin and possessing anticancer activity.

A critical challenge encountered by these natural products such as the taxanes
paclitaxel (7) and docetaxel (8) (Figure 1.11 A) is to cross the BBB at nontoxic doses,
crucial prerequisite that a CNS directed therapies need to address.?

Despite a tau transgenic mouse model treated with paclitaxel showing increased
spinal nerve MT density and improved motor function, 7 was revealed to be a P-gp
substrate in addition to its poor BBB permeability, making it unsuitable for the
treatment of human tauopathies.'??

Epothilone D (9) (Figure 1.11 B) instead, share the same binding site on -
tubulin of paclitaxel, but possesses favorable properties and brain penetration

compared to its competing binders.
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Figure 1.11 Binding sites and structures of MTAs. (A) Tubulin heterodimer (a-tubulin
in gray and B-tubulin in white) in ribbon representation, where six known binding sites have

43



been highlighted showing representative ligands in sphere representation: Gatorbulin (6) (PDB
ID 7ALR, teal), epothilone (9) (PDB ID 4041, orange), vinblastine (11) (PDB ID 4EBS, light
blue), peloruside (12) (PBD ID 404J, red), maytansine (13) (PDB ID 4TVS8, violet), colchicine
(15) (PDB ID 402B, dark blue); pironetin (16) (PDB ID 5FNV, cyan); B) Representative
compounds targeting tubulin binding sites.?

Recently, the anti-cancer class of MT-active triazolopyrimidines (TPDs),
phenylpyrimidines and related structures (17-23, Figure 1.12), have shown high
potential for the development of novel CNS MT-stabilizing tools generally showing

more favorable drug-like absorption than natural products.

CF3
CF,
5 W
(N;’\]‘\N: . N> cl
17 18
)\NHF F

H
F O~N
NP SN el NNSN el
o 21

20

Figure 1.12 Chemical representation of small molecules characterized by MT-
stabilizing and destabilizing activity

A better discussion on TPDs will be presented in the chapter 3 of this thesis
where | will focus my attention on the development of brain-penetrant TPDs as disease-

modifying therapies for AD and related disorders.
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1.5.2 The Neurokinome in drug discovery

The human kinome, composed of 538 different PKs,?

offers a wide range of
new CNS-disease-relevant targets thanks to the master regulatory role of these enzymes
in a myriad of signal transduction cascades.!?412°

PKs dysregulation has been associated with a large portion of multifactorial
disorders, including cancer and neurodegeneration, with a dramatic impact on the aging
population. For this reason, PKs constitute very attractive and challenging targets for
both industry and academia to tackle complex unmet medical needs.?® 12" There are
several small molecule kinase inhibitors in clinical trials for neurodegenerative
indications.%® However, the development of PK-targeted therapies in neuroscience has
not been yet investigated heavily due to the several issues met within the CNS-related
disorders research and development. These include the multifactorial nature of CNS
diseases, the failure of many advanced CNS clinical trials, and the lengthy approval

process of a novel CNS drug by the regulatory bodies.*?8 129

1.6 PKSs structure and functionality

PKs are dynamically and highly regulated signaling switches with the main
function of carrying out phosphorylation of specific target proteins in cells, primarily
on Ser, Thr, and Tyr residues.

PKs catalyze the following reaction:
MgATP = + protein-O : H — protein O : PO3 %+ MgADP + H *

They are able to perform over a myriad of different substrates possessing a wide
versatility in terms of regulation and function maintaining high degree of structural and

sequence similarity among the family members.13
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The conserved PK core includes a small N-lobe and a larger C-lobe (Figure 1.13
A and B). The first consists of five-stranded antiparallel f-sheet (31-5) and an aC-
helix and encompasses a conserved glycine-rich (G-rich) binding loop essential to
maintain active conformation and to consent the catalytic function of the enzyme. The
C-lobe consists of a-helices with six conserved segments (aD - al) and contains the
catalytic loop K/E/D/D (Lys, Glu, Asp, Asp). The first aspartate (D, Asp) serves as a
base that removes a proton from the OH function of the protein substrate facilitating
the nucleophilic attack onto the y-phosphorous atom of ATP. The second D instead, is
a component of the well-known so-called activation segment, which for the majority
of PKs begins with DFG (Asp-Phe-Gly), a key sequence to define active and inactive
state of the enzyme.*® The N- and C-lobes are connected by an ordered short linker
sequence, called the hinge region, that recognizes the adenine base of an ATP molecule
through two HBs (Figure 1.13 B). Furthermore, local spatial pattern (LSP) alignment
of PK structures led to the discovery of two hydrophobic “spines”, namely regulatory
(R) and catalytic (C), which act as a bridge between the two N-lobe and C-lobe (Figure
1.13 C). The R-spine represents a hallmark of signature of an active PK and contain
the regulatory residue to access to the back cleft mainly known as gatekeeper, while
the C-spine binds the adenine ring of ATP and enables catalysis.'3> 133 The ATP-
binding site is, therefore, located between the two catalytic domain lobes forming a

deep binding cavity, which is rigid and highly conserved in its active state.!34
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Figure 1.13 A) Key structural features of a kinase domain; B) magnified view of the
interface between the lobes, showing the critical interactions®**; C) Community map of Protein
kinase A (PKA), for the closed conformation with ATP and two Mg bound. The size of each
node represents the number of members (residue backbones and side-chains) of each
community, and the edge weights are proportional to the thickness of the lines. The full kinase
is shown in white, the communities are highlighted in red, and ligands are shown in black. The
legend annotates each community by its function. %

To date, there are more than 90 clinically approved therapeutic agents that

inhibit about two dozen different PKs (https://www.ppu.mrc.ac.uk/list-clinically-

approved-kinase-inhibitors, accessed on January 30", 2023).1%5 136

Inhibition of PKs activity occurs through three different mechanisms of action:
ATP-competitive, non-ATP competitive, and allosteric modulation. Furthermore, PK
inhibitors have been categorized on the base of their binding mode.®** For instance,
Arter C. et al. classified PKs inhibitors as several different types, including type I, 112
and Il primarily interacting with the ATP pocket; Ill, IV as allosteric modulators
adjacent or distant to the ATP binding regions and VI type mainly known as covalent
inhibitors, which establish covalent interaction with specific Cys and/or Lys residues
in the ATP binding pocket (Table 1.2).13% 137
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Table 1.2 Examples of FDA approved PKs inhibitors (24-28) according to their
interaction with the enzymes

Inhibitor type Examples PKs binding site
F
ATP /@[
. O\, o " “ active conformation
competitive ~TN SN DFG-in and C-i
| ~o \ ( -inand C-in)

gefitinib (24)

ATP
o inactive conformation
competitive (DFG-in, C-out)
112 '
sunitinib (25)
(0] NS
ATP N \/©)LN A A~ inactive DFG-out
. H H | .
competitive 11 NG X (C-in or C-out)
imatinib (26)
F. |
nel
) AN Z N7 ] .
Allosteric 111 O//J\N Ao adjacent to the ATP site
OH
A
H trametinib (27)
CIKO o _
- H
. N Z N’ . . .
Allosteric IV HJ\EI(\ Ny distant sites of the ATP site
N N

o

asciminib (2g)
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In recent years, the proteolysis targeting chimeras (PROTACS) technology is
receiving a great degree of attention from both academia and industry, emerging as a
promising ubiquitination based protein-degradation strategy to achieve a disease-
modifying effect. Widely directed to cancer therapy, PROTACS are starting to arise
interest in the neuroscience field.**

One great example is the design and synthesis of PROTAC degraders of GSK-
3B from Jiang X. and collaborators, which are the first reported protein degraders
against a crucial PK in NDDs pathophysiology. Notably, they described PROTAC
PG21 (30) (Figure 1.14), which showed GSK-3p degradation activity with 65.8%
reduction in GSK-3f levels at 10 uM and neuroprotective effects in BV2 and HT-22
cells and paved the way towards rationalization of GSK-3p role in various disease

states.3?

<$7NH N
d '%
PG21 (30) Nz

ICso = 83.1NM

Figure 1.14 Chemical structure of GSK-3p degrader PROTAC PG21: the warhead
(GSK-3B binder) is reported in blue, thalidomide (the anchor which recuits cereblon, CRBN)
is depicted in in pink and the linker bearing a triazole moiety is depicted in black.
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1.7 GSK-3p, FYN, and DYRKI1A, emerging targets in the
neurokinome

GSK-3B, FYN, and DYRKI1A represent three closely related PKs broadly
investigated in the neurokinome context due to their pivotal role in both the onset and
development of neurodegenerative tauopathies such as AD, PiD, and FTLD.!%
Although characterized by different clinal manifestations, the discovery of common
pathogenic mechanisms, including oxidative stress, abnormal protein deposition,
mitochondrial deficit, glutamate excitotoxicity, and neuroinflammation, pointed to
converging pathways in neurodegeneration.'*: 142 In this multifaceted pathological
context, dysregulation of GSK-3, FYN, and DYRK1A has been associated to in vivo
tau-hyperphosphorylation*’ suggesting the great potential of the inhibition of these PKs

to reverse aberrant tau phosphorylation.

1.7.1 GSK-3p

GSK-3 (Figure 1.15) is a multitasking Ser/Thr kinase primarily expressed in
CNS and involved in regulating several cellular processes, including cellular division,
proliferation, differentiation, and adhesion. Moreover, it is heavily implicated in the
control of apoptosis, synaptic plasticity, axon formation, and neurogenesis. GSK-3
phosphorylates over a hundred different substrates, with several homologs having been
identified in different organisms such as fungi, microorganisms, etc.'43 144

GSK-3 was isolated for the first time in 1980, from rabbit skeletal muscle and
recognized as one of the five enzymes involved in glycogen synthase phosphorylation.
Two different isoforms of this PK exist in mammalian cells, GSK-3a (51 kDa) and
GSK-3p (47 kDa), both of which are widely expressed in the brain. High levels of
expression of both proteins are seen in the hippocampus, cerebral cortex, and the
Purkinje cells of the cerebellum, with high expression ratio towards GSK-3f isoform.

The first crystal structures of GSK-33 showed the typical two-domain kinase fold
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pattern composed of a B-strand domain (residues 25-138) and a a-helical domain
(residues 139-343) at the N- and C-terminal ends. The ATP-binding site is located
between the a-helical and B-strand domains and is surrounded by the glycine-rich loop
and the hinge region. The activation loop (residues 200-226) progresses to the surface
of the substrate binding groove, and the -strand domain contains a highly conserved
short helix (residue 96-102), containing two residues, Arg 96 and Glu 97, which are
mainly involved in the catalytic activity of the protein. Moreover, Cys199 located at
the entrance of the GSK-3B ATP binding site, has been recognized to play a key role
in the irreversible or pseudo-irreversible inactivation of the enzyme by covalent
interaction. 14

staurosporine (31)

Figure 1.15 Chemical structure of staurosporine (31) and stereo pair secondary
structure cartoon of human GSK-3pB in complex with 31 (purple) PDB ID: 1Q3D.%* The B-
strand domain at the N-terminal end is depicted in light green, the a-helical domain at the C-
terminal end is depicted in pink, and the activation loop is depicted in blue.

1.7.1.1 GSK-3p ATP-competitive modulation for NDDs

The increasing interest in the modulation of GSK-38 led to the discovery of
many novel inhibitors of chemically diverse molecular scaffolds.’*” Most reported
inhibitors are ATP competitive agents of both synthetic and natural origin (e.g.,

paullones, maleimides, indirubins, arylindolemaleimides, thiazoles). As GSK-3p
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inhibitory activity was widely investigated in the last decade, several of these GSK-
inhibitors have been evaluated in preclinical studies (e.g., 6-bromoindirubin-3’-oxime
(6-B10, 32)18 hymenialdisine (33)°, kenpaullone (34), alsterpaullone (35),
cazpaullone (36)'*°, and arylindolemaleimide (37)*%, Figure 1.16), with some of them
reporting promising CNS-related preclinical data. Among them, the highly selective
nanomolar GSK-3 inhibitor developed by GlaxoSmithKline, arylindolemaleimide 37,
showed neuroprotective effects against a variety of pro-apoptotic conditions with
reduction of AP neurotoxic effects and tau phosphorylation in an AD model of mice
injected with AP peptide. However, the same inhibitor produced neurodegenerative-
like effects and behavior deficits in healthy mice, suggesting that a mild inhibition of
GSK-3B able to restore the homeostasis on the enzyme activity would be sufficient to

produce a therapeutic effect.% %2

6-BIO (32) hymenialdisine (33) arylindolemaleimide (37)
ICso 1.5 uM ICs0 10 NM ICs 34.3 M
O/\\
7
N
//N
HO—7
H
kenpaullone (34): R=Br; X=CH; IC54 0.23 pm AZD1080 (38)
alsterpaullone (35): R= NO,; X= CH; IC5y 4 NM Ki 31 nM

cazpaullone (36): R= CN; X= N; IC5o 8 "M
Figure 1.16 GSK-33 ATP-competitive inhibitors characterized by CNS activity.

AZD1080 (38, Figure 1.16) has been also reported by AstraZeneca as a potent,

orally active and brain permeable GSK-3 inhibitor, with proven in vitro inhibition of
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both recombinant human GSK-3a and GSK-3f in the nanomolar range (Ki= 6.9 nM
and 31 nM, respectively). 38 possesses also high selectivity toward CDK2 (K;= 1150
nM; 37-fold), CDKS5 (K= 429 nM; 14-fold), CDK1 (Ki= 1980 nM; 64-fold), and Erk2
(Ki > 10 pM; >323-fold), as well as 23 different kinases and 65 diverse receptors,
enzymes, and ion channels. Notably, 38 was able to reduce tau phosphorylation at Ser
396 in 3T3 fibroblasts engineered to stably express 4-repeat human tau protein (ICso =
324 nM).?>2 Moreover, the high permeability (8 x 10 cm min™") of 38 predicted using
an in vitro bovine endothelial cell assay suggested significant in vivo brain exposure.
The same inhibitor was advanced in phase I clinical trials for the treatment of AD,;
however, further development was halted due to the observed nephrotoxicity.>

1.72FYN

The 59 kDa non-receptor Tyr kinase (TK) FYN, was first identified and
characterized by Kypta R. M. and collaborators in 1988.1% It belongs to the Src family
kinases (SFKs) as part of the subfamily SrcA, together with Yes and Src enzymes. It is
encoded by a gene located on chromosome 6921 and consists of 537 amino acids.as
part of the subfamily SrcA, together with Yes and Src enzymes and consists of 537
amino acids, with it being encoded by a gene located on chromosome 6g21. FYN
mediates various cellular processes, including the T-cell receptor signaling pathway,
regulation of brain function, adhesion-mediated signaling, and cell survival.**®® It
prevails in many regions of the brain and is involved in both development and adult
brain physiology. Moreover, FYN plays a unique role in CNS myelination by coupling
with cell surface proteins, including myelin-associated glycoprotein. In agreement with
these functions, it has been found that FYN-knockout mice show significantly reduced
brain myelination, disrupting hippocampal architecture and impaired spatial

learning.t®’
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Three different FYN isoforms have been identified: FYN-B is mainly expressed
in the CNS, FYN-T in hematopoietic cells (T-cells), and FYN-Delta7 in peripheral
blood mononuclear cells. %8 As for all the SFK members, the FYN structure consist of
six different domains: the Src homology (SH) domains SH1 (catalytic domain), SH2,
SH3, SH4, the so-called unique domain, and a C-terminal regulatory region (Figure
1.17).15%181 All FYN isoforms share the catalytic domain SH1; however, FYN-B and
FYN-T differ in the linker sequence between SH1 and SH2, while FYN-Delta7
presents a deletion of residues 233-287 when compared to FYN-B. 18162 SH3 interacts
with proline-rich sequences on target substrates and is involved in the autoinhibition
regulatory mechanism. At the same time, the unique domain is specific for each SFK
member and is responsible for specific proteins interactions.

Target protein

Tyr420/417 Tyr531/528

r Q@ O

N-terminus C-terminus

Figure 1.17 Schematic representation of FYN isoforms FYN-B and FYN-T.

FYN activity is regulated through Tyr residues phosphorylation and
dephosphorylation processes. The phosphorylation of a specific CTD Tyr residue (Tyr
531 for FYN-B and Tyr 528 for FYN-T) induces a global close protein conformation
due to the SH2 domain engagement, leading to the non-accessibility of the catalytic
domain. Conversely, the phosphorylation of a distinct Tyr residue in the catalytic
domain (Tyr 420 for FYN-B and Tyr 417 for FYN-T) improves the enzyme activity
(Figure 1.17).

FYN overexpression has been widely correlated with cancer onset due to the
enzyme pivotal role in the morphogenetic transformation and cell growth; nevertheless,
recent studies and preclinical evidence have reported the same PK involvement in
different NDDs, including AD and PD. 1% 163
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1.7.2.1 FYN ATP-competitive inhibitors and their application in NDDs

As for GSK-3 enzyme, the majority of FYN inhibitors are ATP-competitive
agents able to interact with crucial residues of the enzyme catalytic site.*>®
Unfortunately, due to the close similarity of most SFKs in their catalytic domains, to
date, no selective inhibitors have been reported in literature. Although several FYN
inhibitors are primarily intended for cancer therapy, the crucial role of this protein in
the CNS has directed the development of FYN-targeted agents to achieve a therapeutic
effect in NDDs. For this reason and due to the high degree of similarity of the FYN-B
and FYN-T isoforms' catalytic domain,*%* some FYN inhibitors initially developed as
non-CNS agents, such as AZD0530 (commonly known as saracatinib, 39) and
masitinib 40 (Figure 1.18), have been repurposed for CNS-related disorders.

39 is a SFK inhibitor based on a quinazoline heterocycle and able to inhibit Src,
FYN, Yes, and Lyn with in vitro 1Cso values ranging from 2 to 10 nM.*®® Although
possessing limited clinical benefit as an anti-cancer agent, the excellent oral
bioavailability (> 90%) and half-life of approximately 40 h,'®® combined with good
BBB permeability, and its ability to reduce tau hyperphosphorylation encouraged its
repurposing.*’ Tang S. J. et al. studied the compound efficacy in PS19 transgenic mice
and traumatic tauopathy models underlying its ability to cross the BBB, inhibit FYN
and reduce tau phosphorylation without altering both proteins expression.®’

Despite 39 proved to be generally safe and well-tolerated in a phase Ib
(NCT01864655), no beneficial effect was observed on measures of cognitive and
neuropsychiatric function,'®® as also confirmed in a further phase Ila study conducted
in 2018. 16°

The phenylaminothiazole derivative 40 (Figure 1.18) was first developed as a
selective C-Kit receptor inhibitor, and is currently under evaluation to treat several
human malignancies (gastro-intestinal stromal tumors, acute myeloid leukemia,

systemic mastocytosis, pancreatic cancer, multiple myeloma, non-small cell lung
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cancer, melanoma, ovarian and prostate cancer).}’® Furthermore, it has also been
repurposed as a promising anti-AD agent able to reduce tau hyperphosphorylation and
prevent NFTs formation, due to its nanomolar inhibitory potency against FYN (ICso =
240 nM)."* This compound caused a reduction in the cognitive decline in patients
compared with the placebo group providing evidence for its great potential as an AD-
modifying agent (NCT00976118).172

Furthermore, pyrazolo[3,4-d]pyrimidine core containing ATP-competitive
FYN inhibitors with possible application for both tauopathies and cancer treatment are
a great example of the current stage of FYN inhibitors development. The hit-to-lead
optimization campaign conducted by Tintori C. and collaborators, culminated with the
identification of the racemic analogs 41 and 42 (Figure 1.18) as potent FYN inhibitors
with the ability to reduce tau phosphorylation on Tyr 18 mediated by FYN in an AD

model cell line.1"
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Figure 1.18 Chemical representation of FYN kinase inhibitors at various development
stages
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Compound 43 (Figure 1.18) is one of the diverse potent inhibitors of FYN
reported by Lau W. C. et al. endowed with potential therapeutic application within the
CNS space, including AD. ™ Likewise, Paraselli B. R. et al. presented new small
molecules based on a 4-amine-imidazo[1,2-a]Jquinoxalin scaffold and bearing different
substituents as FYN inhibitors for PD treatment. Among all the derivatives described,
44 (Figure 1.18) has been selected as the most promising hit, compound showing high

nanomolar activity against FYN kinase (ICso = 0.20 uM). 1"

1.7.3 DYRK1A

DYRKZ1A (Figure 1.19) belongs to a family of dual-specificity protein kinases
(DYRK kinases) that possess Ser and Thr phosphorylation activity, as well as
autophosphorylation activity on Tyr residues.?’® " DYRK family is part of the CMGC
group of Ser/Thr kinases, which also includes cyclin-dependent kinases (CDKSs),
mitogen-activated protein kinases (MAPKSs), glycogen synthase kinases (GSKSs), and
CDC2-like kinases (CLKs). DYRK members participate in critical signaling pathways
that control postembryonic neurogenesis, developmental processes, cell survival,
differentiation, and death.1’

DYRKZ1A plays a key role in the neural proliferation and neurogenesis of the
developing brain, and its gene is located on chromosome 21 (21g22.2), which is a
region known as the Down syndrome critical region (DSCR). Due to its location,
triplication of the DYRK1A locus in Down syndrome (DS) results in a 1.5-fold
increase of DYRK1A mRNA and protein levels in the fetal and adult brain. Under-
/over-expression in mammals of DYRKZ1A gene or mutations in the orthologous gene
minibrain (mnb) of Drosophila have been associated with severe retardation of CNS
development and maturation.*’® 1”® Moreover, the upregulation of DYRK1A has been
reported to contribute to altered neuronal proliferation in DS through the specific
phosphorylation of p53 at Ser15.18
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harmine (45)

Figure 1.19 Chemical structure of harmine (45) and stereo pair secondary structure
cartoon of human DYRKZ1A in complex with 45 (purple) PDB ID: 3ANR 8, Five antiparallel
[-strands at the N-terminal lobe are depicted in light green; the DH box is depicted in red; Phe
238 is depicted in orange; the DFG pocket is depicted in magenta.

As all DYRKSs, the DYRKZ1A isoenzyme contains a conserved catalytic kinase
domain, which is centrally located in its primary structure, preceded by the N-terminal
motif DYRK-characteristic known as DYRK homology (DH) box. It rapidly
autoactivates during folding by phosphorylation on Tyr 321, the second Tyr residue of
the conserved activation loop YxY motif 1’8, The kinase domain comprises a N-lobe
with five antiparallel -strands and a conserved regulatory a C-helix and a larger C-
lobe consisting of a-helices.”” Interestingly, DYRK1A possesses Phe 238 as a
gatekeeper residue at the narrow channel, bridging the ATP binding pocket and the
DFG-pocket!®? significant for its allosteric modulation. 3

DYRKI1A has attracted interest in cancer therapy given its crucial role in
several pathways, including cell proliferation, apoptosis, malignant cells survival'®,
and the regulation of cell cycling and differentiation.'® Since the late nineties!®, its
dysregulation has gained ever-increasing attention in a wide range of different human
NDDs and impaired neurogenesis, making it an attractive target for further

investigation, 8’ 188
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1.7.3.1 DYRK1A Inhibitors

Natural products such as harmine (45)'®°, meridianins!®

derivatives like leucettine L41 (46)!°' and INDY (47)'®! have been widely explored
within the DYRKZ1A inhibition field (Figure 1.20).17" 192
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Figure 1.20 Chemical structures of ATP-competitive DYRKZ1A inhibitors.

Several optimization campaigns have been carried out starting from these
representative inhibitors aiming at developing novel agents possessing improved
inhibitory potency and selectivity for DYRK1A.1%

The B-carboline alkaloid 45 (Figure 1.20, 1Cso = 33 nM), represents one of the

most potent and selective ATP-competitive DYRKZ1A inhibitors currently available,
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194-1% able to significantly interfere with tau phosphorylation by interacting with
DYRKZ1A on Ser 396.1%°

Despite the compelling evidence of 45 and some derivative efficacy as anti-tau
hyperphosphorylation agents, their employment as CNS tools has been hampered by
promiscuity associated to their high affinity for 5-hydroxytryptamine receptor subtypes
5-HT2 and 5-HT1A, the N-methyl-D-aspartate (NMDA) receptor, monoamine oxidase
(MAO-A) 18197 ‘and dopamine receptors. Therefore, different analogs of 45 have been
developed to improve the selectivity over off-targets. Among them, AnnH75 (47,
Figure 1.20), maintaining an in vitro nanomolar potency against DYRK1A (I1Cso = 181
nM), displayed a low affinity for MAO-A (ICso > 10,000 nM). Moreover, the same
derivative inhibited Tyr autophosphorylation of DYRKZ1A during translation at >1 uM
and inhibited DYRK1A activity with an ICso of 1 uM in cellular assays.%

The benzothiazole containing 48 (Figure 1.20) was discovered as a novel ATP-
competitive inhibitor of DYRK1A able to effectively reverse the aberrant tau
phosphorylation at Thr 212 in COS7 cells, suggesting it could be of use in investigating
DYRKZ1A implication in tau aggregates formation.*8!

The marine alkaloid derivative 49 (Figure 1.20) was identified a potent dual-
inhibitor of DYRKZ1A and CDC Like Kinase 1 (CLK1) (ICso = 0.034 uM and 0.032
UM, respectively),199-201

CX-4945 (50, Figure 1.20) is an ATP-competitive DYRKZ1A inhibitor (ICso =
6.8 nM) with an in vitro potency about 20-fold higher than that of 45 and 48.
Remarkably, 50 effectively reversed the aberrant phosphorylation of tau at Thr 212 in
DYRKZ1A-overexpressing mice and inhibited DYRK1A-mediated APP and PS1
phosphorylation in 293T cells with estimated ICsp values of ~80 and 100 nM for APP
and PS1, respectively. This compound was also able to significantly restore the
neurological and phenotypic defects in an AD-like Drosophila model, demonstrating

the great potential of this inhibitor as a disease-modifying agent for AD.2%?
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EHT1610 and EHT5372 (51 and 52, respectively, Figure 1.20), two methyl 9-
anilinothiazolo[5,4-flquinazoline-2-carbimidates derivatives identified by Chaikuad A.
et al., showed subnanomolar and selective DYRK1A/B inhibitory activity with a
noncanonical binding mode at the ATP pocket of both enzymes.?®®> Among them,
derivative 52 with an 1Cso value of 0.22 nM was able to inhibit DYRK1A-induced tau
phosphorylation at multiple AD-relevant sites, including Ser 396, Thr 212, and Thr 231
in biochemical assays, cell lines (e.g., HEK293 cells), and primary cortical neurons
without affecting cell viability. Furthermore, it normalized Ap-induced tau
phosphorylation in neuronal cells at 5 and 10 puM and DYRK1A-induced AP
production in APP over-expressing cells (ICso = 1.06 uM), emerging as a promising
tau and amyloid-directed agent to alter the onset or progression of AD and other

tauopathies.?%

1.8 Involvement of GSK-38, FYN, and DYRKI1A in aberrant
tau phosphorylation

As previously mentioned, abnormal phosphorylation of MAPT at different
sites, including Ser/Thr residues in Ser/Thr-Pro sequences, is one of the main
pathological events in AD and other related tauopathies.?% 2%

In vitro studies have suggested that phosphorylation of tau at Ser 202/396 and
Thr 205 represents a critical event and one of the leading causes of the sequestration of
hyperphosphorylated tau from MTs and its self-aggregation into NFTs.2%’

While GSK-3p induces human tau phosphorylation mainly at Ser 199, Ser 396,
and Ser 413 28, DYRK1A phosphorylates 11 different Ser/Thr sites of this protein,
including Thr 212 as the predominant one.?%® Protein FYN instead, is physically linked
to the amino-terminal projection domain of tau and it is responsible for its

phosphorylation at Tyr 18 (Figure 1.21).2%0
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In vitro studies focused on the evaluation of the general role of DYRK1A as a
priming Kinase, highlighted that phosphorylation at Thr 212 by DYRKZ1A primes tau
for phosphorylation by GSK at Ser 208, suggesting DYRKZ1A pivotal role in both
physiological and aberrant tau processes.?’' Additionally, DYRKI1A, by
phosphorylation of the alternative splicing factor (ASF) at Ser 227, Ser 234, and Ser
238, causes dysregulation of alternative splicing of tau, leading to NFTs formation.?'?
In contrast, tau overexpression has been reported to promote GSK-3f activation and
mediate GSK-3f toxicity, whereas absence of tau in the neurodegenerative and
cognitive phenotype observed in GSK-3f overexpressing mice resulted in an
improvement. 213

Recent advances in the elucidation of regulatory crosstalks by these three PKs
on different pathological signaling pathways conducive to tau hyperphosphorylation,
have suggested the great potential of multi-target strategies to modulate different nodes
of the neurodegeneration network and achieve a disease-modifying effect.?%
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Figure 1.21 Simplified graphic representation of GSK-3B, FYN, and DYRK1A
interconnected pathways linked to tau phosphorylation.

1.9 Multi-target directed ligands (MTDLs) approach, a
superior polypharmacological approach to tackle NDDs

The multifactorial nature of AD and related tauopathies requires innovative
strategies to overcome some limits of single-target drugs, nowadays proposed as
inadequate tools to achieve a therapeutic effect.?!® 215 In this context,
polypharmacology-based strategies, mainly the MTDLs approach, have become

increasingly feasible and attractive options.?16-28
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It is widely accepted that drug combinations are often the only therapeutic
options for these intricate pathologies; however, the outcome of these regimes is often
limited by drug-drug interactions as well as patients' compliance. To overcome these
limitations, new single chemical entities with multi-target properties and a safer profile
compared to single-target ones have been sought.?t% 220

Rationally designing multi-target agents requires particular attention to balance
the activity of each target of interest while simultaneously achieving a wider selectivity
and a suitable pharmacokinetic (PK) profile together with adequate targets
engagement.?%

Multi-target ligands are classified based on the pharmacophore distribution
within the molecular framework (Figure 1.22).222:223

Multi-target agents containing the pharmacophore elements for each target
connected by a distinct linker that is not found in either of the one-target ligands are
defined as conjugates and are characterized by high MWs. The majority of these agents
contain a metabolically stable linker and are, therefore, called non-cleavable
conjugates.?t’ Conversely, cleavable conjugates represent multi-target molecules,
which possess a rationally designed linker that, once in the body, is metabolized to
release two different drug entities, which interact independently with each target. When
different one-target pharmacophores are essentially touching in multi-target
compounds, they become fused ligands. In the majority of cases and especially in the
field of PKs, the merged frameworks represent a good option to overcome the high
MW typical of conjugates while designing multi-target ligands for highly related

targets in the same superfamily, giving rise to smaller and simpler molecules.
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Figure 1.22 A) Multitarget drug design strategy based of pharmacophore examples. In
the linked MTDLs, the pharmacophores are connected by stable or degradable linkers. In fused
MTDLs, the pharmacophores are attached directly. In merged MTDLs, the pharmacophores
are merged together; B) Examples (1,3,61-63) of MTDLs based on their drug design strategies,
for further details see 2

1.9.1 Importance of selectivity in the rational design of PKs MTDLSs
agents

When designing multi-target compounds, it is of crucial importance acquiring
knowledge of how the selected targets interact one another and the various pathways
involved. Additionally, analoguos to mono-target agents, the elimination of secondary
targets and the obtainment of a “cleaner’ profile is likewise required in the design of
multi-target compounds and top priority to advance drugs into the clinic.?2*

More than 500 PKs are encoded by the human genome effecting different roles
in their physiological processes. Moreover, the majority of PKs exist within the same
superfamily making the development of highly selective inhibitors a major challenge
in mono-target kinase drug discovery.

The pursuit of multi-target agents is complicated further where certain
pharmacophores are used to exploit structural similarities between the proposed targets,

which can induce an inherient degree of promiscuity.8% 22°

9.1.2 Multi-target inhibitors of GSK-3 and DYRKI1A and their
potetial CNS application

Although few examples of multi-target FYN Kkinase inhibitors have been
reported in literature so far??®, a discrete number of GSK-3B and DYRK1A-directed
MTDLs have been developed as disease-modifying agents to tackle NDDs. Some
examples of MTDLs against GSK-3p and DYRK1A are given in this paragraph.

Holzer M. et al. report one of the few examples of rationally designed triple PK
inhibitors of GSK-3B, CDK1, and CDKS5 bearing a benzofuropyridine-based scaffold
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to combat AD.?® Among these PKs, CDK-5 has been found to be abnormally activated
in AD. In contrast to the majority of CDKSs, which promote cell cycle progression in
proliferating cells, CDKS5 is activated in post-mitotic neurons via the neuron-specific
activator p35 to form the complex CDK5-p35, which plays a critical role in brain
development and physiological synaptic activity.

Furthermore, the N-terminal truncated form of p35 (p25) generated by cleavage
with calpain, is responsible for CDK5 over activation in AD brains, thus contributing
to aberrant tau phosphorylation.? Also, evidence has demonstrated the crucial role of
hyperactivated CDK5 in promoting aberrant CDK1 activation, which in turn induces
neuronal death and potentiates the AD pathology. Amongst the triple GSK-
3p/CDK1/CDK5 ATP-competitive inhibitors synthesized, the 3-ethoxy derivative 63
displayed submicromolar affinities for CDK1 and CDK5 and nanomolar affinity for
GSK-3f (Figure 1.23). The 3-hydroxy analog 64 emerged as the most interesting triple
inhibitor, reaching affinities in the nanomolar range for CDK1 and GSK-3f and in the
submicromolar range for CDKS5. The best nanomolar affinities toward CDK5 and
GSK-3f were obtained with compound 65, which also showed submicromolar affinity
for CDK1.
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Figure 1.23 Chemical structures of some examples of multi-target GSK-3p inhibitors.

Compound 64 showed selectivity versus several PKs, since no activity was
observed against members of the PKA family (PKC-a, -y, -¢, -iota), the receptor TK
family (VEGFR2, ErBB2 and TIE2), WEEI, and CK1a. Meanwhile, high micromolar
values of activities ranging from 230 to 829 uM were shown against CDK6, EGFR of
the receptor TK, and Src of the SRC family. Notably, 63 was shown to reduce tau
phosphorylation by 61% at 8 M concentration in a tau protein phosphorylation assay,
in which AT180 monoclonal antibody was used to detect phosphorylated Thr 231 and
Ser 235 sites in tau transfected COS-7 cells. In a split-luciferase assay, developed to
study the effect of the novel triple inhibitors on the tau self-interaction in a human liver
cell line (HuH-7), 64 and 65 showed a significant reduction of luminescence and
therefore of tau interaction (38% and 29% inhibition at 1 uM, respectively; 71% and
84% inhibition at 10 pM, respectively). 63 caused only a mild inhibition of tau
interaction at 1 uM (22%) and a higher inhibition up 65% at 10 pM.2%

Redenti S. et al. developed triazolotriazine-based dual GSK-3p/CK-16 ligands
as potential neuroprotective agents to treat PD, due the involvement of GSK-3f in
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microglial-mediated inflammation and of the delta isoform of CK1 family of Ser/Thr
kinases (CK-19) in the neuroinflammatory process, along with the crucial role of both
PKs in the hyperphosphorylation of tau, a-syn, and parkin.

2-Cyanoacrylamide compound 66 (Figure 1.23) showed a submicromolar
inhibitory activity against both selected targets (ICso = 0.17 uM for GSK-38; ICso =
0.68 uM for CK-19).

While a classical ATP competition was observed against CK-15, a covalent
interaction between the cyanoacrylamide warhead of 66 and Cys 199 of GSK-3f3 was
confirmed by X-ray crystallography. In a PAMPA-BBB test, 66, showed a
permeability close to the limit of passively BBB-permeating compounds (Pe = 1.34 %
10® cm s due to its highly polar moieties. Remarkably, 66 did not display
cytotoxicity up to 10 pM and prevented neurotoxin-induced cell death in a
concentration-dependent manner using in vitro models of PD (rat PC12
pheochromocytoma cells in the presence of neurotoxins 4-phenyl-1-methyl-1,2,3,6-
tetrahydropyridine or 6-hydroxydopamine). In additional in vitro studies, 66 prevented
6-OHDA-induced cell death by inhibiting GSK-3B, and promoted [-catenin
stabilization, thus restoring its neuroprotective potential 2%’

Similarly, to GSK-3, the multi-target approach has been recently exploited to
rationally design and synthetize multifunctional DYRKZ1A inhibitors.
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Figure 1.24 Chemical structures of multi-target DYRKZ1A inhibitors.

Lechner C. et al. starting from KuFal194 (68, Figure 1.24), a potent DYRK1A
inhibitor (ICso = 6 nM) with reasonable selectivity versus DYRK1B (ICso = 600 nM)
and CLK1 (ICso =500 nM), carried out an optimization campaign to identify improved
DYRKIA inhibitors. The best results were achieved with b-annulated indole 70, which
demonstrated well balanced dual CLK1/DYRK1A submicromolar inhibitor (ICso =
0.17 uM for CLKZ; ICso = 0.20 uM for DYRK1A).?%®

Moreover, Melchior B. et al. identified SM07883 (70, Figure 1.24) as an
interesting brain-penetrant dual DYRK1A/GSK-3p inhibitor (ICso = 1.6 nM for
DYRKZ1A and 10.8 nM for GSK-3p) in a kinase panel screen. Notably, this multi-target
compound showed a reduction of phosphorylation of multiple tau epitopes, especially
the Thr 12 site (ECso = 16 nM) in cell-based assays, and in an anesthesia-induced
transient tau hyperphosphorylation mouse hypothermia model, it showed reduced tau
phosphorylation by 47% with the lowest dose of 1.25 mg/kg. Moreover, compared to
the vehicle, a significant reduction of tau phosphorylation and aggregation was
observed with an alternative dose regimen of 70 leading to significantly lower numbers

of tau-positive inclusions in brain stem and spinal cord samples.??® The safety and
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tolerability of increasing doses of 70 have been also evaluated in a phase I clinical trial
(ACTRN12619000327189) in healthy volunteers.?*°

Lastly, Mariano M. et al. reported the application of a focused multi-target
approach to develop a novel class of selective dual inhibitors of DYRKI1A and AB
aggregation based on the bis(hydroxiphenyl)thiophene scaffold. Compound 71 (Figure
1.24) exhibited the best biological profile with a well-balanced inhibitory potency
toward DYRK1A (ICs0 =5 puM) and AB4o inhibition (AP % inhibition at 100 pM =
91%; I1Cs0 = 11 uM in a cell-free assay). The same compound was shown to inhibit
DYRK1A-catalyzed tau phosphorylation in stably transfected HEK293 cells and
thanks to its favorable physicochemical properties deserved attention for further

efficacy studies in vivo AD models.?*!
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Chapter 2

2. Towards triple GSK-
3p/FYN/DYRKUI1A inhibitors to
combat neurodegenerative
tauopathies

2.1 Rationale

The great potential of MTDLs and, in particular, of multikinase PKs inhibitors
to tackle CNS-related disorders inspired us to rationally develop the first-in-class GSK-
3B/FYN/DYRKUI1A inhibitors to reverse the aberrant phosphorylation of tau protein
related to tauopathies. In this chapter, 1 will begin with compound ARN25068 (72), the
initial driving force of the project and optimal starting point to design and synthesize
improved tools to combat yet unsolved NDDs. This compound was also the subject of

232

a publication in the European Journal of Medicinal Chemistry=>< which I report and

readapt. | will then present the extensive medicinal chemistry effort to access novel
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derivatives of compound 72 characterized by a potent and well-balanced inhibitory
activity towards all of the three targets and good in vitro ADME properties.

2.2 ARN25068, a versatile starting point

Considering the crucial role of GSK-3p and FYN in tau phosphorylation,
ARN25068 (72, Figure 2.1), featuring a 2,4-di-substituted pyrimidine thiophene core,
was discovered as a well-balanced dual GSK-3B/FYN inhibitor among a large set of
compounds tested against 172 different PKs,?3 and was selected as a versatile starting
point thanks to its chemical feasibility and low promiscuity.?*6: 22

First, docking simulations were performed to predict the bound conformations
of 72 at both GSK-3p and FYN ATP binding pockets (Figure 2.1). Flexible receptor
models were generated for both proteins, and 72 was docked using the latest version of
ICM pro software. Desirable docking scores of -39.3 and -39.5 were observed against
GSK-3B and FYN, respectively. The binding poses of 72 in each receptor model
resembled those of typical Type I or Il inhibitors, with hydrophobic and H-bonding
contacts between the compound and key residues in the ATP binding sites of both
enzymes (Figure 2.1).2%* When binding to GSK-3p, compound 72 was predicted to
form three total HBs between its aminopyrazole moiety and residues Val 135 and Asp
133 at the hinge region (Figure 2.1 Aand B). Hydrophobic contacts were also predicted
between the pyrimidine group of 72 and residues lle 62, Thr 138, Arg 141, Glu 137,
and Pro 136, between the aminopyrazole of 72 and residues Tyr 134, Leu 188, and Ala
83, between cyclopropyl group of 72 and residues Leu 132 and Cys 199, and between
the benzylamine moiety of 72 and residues Val 70, Asp 200, Asn 186, Asn 64, and Gly
63 (Figure 2.1 B). When binding to FYN, compound 72 was predicted to form two total
HBs with hinge region residues Met 85 and Glu 83 (Figure 2.1 C and D).

Additionally, several hydrophobic contacts were predicted between

aminopyrazole of 72 and Leu 137, between cyclopropyl group of 72 and residues Thr

73



82, Ala 37, Val 67, and Ala 147, between the benzylamine moiety of 72 and residues
Asp 148, Asn 135, Ala 134, Val 25, and Gly 18, and between the pyrimidine moiety of
72 and residues Leu 17, Gly 88, Asn 86, and Tyr 84 (Figure 2.1 D).

Figure 2.1 Graphical representations of the binding mode of 72 to GSK-3p and FYN. (A, C)
Structural models of the binding sites of GSK-38 (A) and FYN (C), respectively, showing the binding
poses resulting from in silico docking simulations. Flexible receptor model for GSK-3p constructed from
the following PDB entries: 41Q6, 4DIT, 4J1R, 4J71, 20W3, 3GB2, 4PTC, 3M1S, 4PTE, 4PTG, 3SAY,
3SDO, 314B, 1PY X, 3DUS, 1Q3D, 1Q3W, 1Q41, 1Q4L, 1Q5K, 2JLD, 1ROE, 3F7Z, 3F88, 1J1B, 1J1C,
205K, 3PUP, 5F94, 5F95, 3Q3B, 4ACH, 4ACG, 4ACD, 4ACC, 3L1S. Receptor model for FYN
constructed from PDB entry 2DQ7. (B, D) Schematics showing the binding pocket interactions predicted
between 72 and GSK-3p (B) and FYN (D), respectively. Hydrophobic interactions are depicted by dark
grey lines, and green dotted lines represent HBs.

Compound 72 was synthesized by applying an easily scalable two-step
synthetic procedure (Scheme 2.1) based on two sequential nucleophilic aromatic
substitution (SNar) reactions on 2,4-dichlorothieno[3,2-d]pyrimidine (73). Taking
advantage of the higher reactivity of 4-heterocycle position, a solvent-free substitution

of 73 with 3-cyclopropyl-1H-pyrazol-5-amine (74), in the presence of triethylamine as
base, yielded intermediate 75 chemoselectively in very good yields.
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Remarkably, 74 was used without performing a preliminary protection of the
endocyclic NH of the pyrazole moiety. The regiochemistry of intermediate 75 was
corroborated through 1D- and 2D-NMR studies (Figure A4. A5, A6 of Appendix A),
confirming the different reactivity of the two chlorine atoms at 2 and 4 positions of 72.
Further SNar of intermediate 75 using an excess of benzylamine (76) in n-butanol at
110 °C afforded the target compound 72.

Scheme 2.1 Synthesis of compound 72
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Reagents and conditions: a) EtsN (2.2 equiv.), rt, 16 h; b) benzylamine (76) (5 equiv.), n-BuOH,
110 °C, 72 h.

The inhibitory potency of compound 72 was first evaluated in a human CMGC
Kinase enzymatic radiometric assay and then in HEK293 cells transiently transfected
with GSK-3B and FYN NanoLuc fusion vector. In the enzymatic assay, 72 showed
single-digit nanomolar inhibition of both GSK-3p and FYN (ICso = 5 and 3 nM,
respectively; Table 2.1), in excellent agreement with the data reported in the
literature.?*

The NanoBRET binding assay (Table 2.1) was performed to evaluate the
apparent binding affinity and permeability of compound 72 by competitive
displacement of a NanoBRET tracer reversibly bound to a NanoLuc fusion protein. In
this assay, CHIR-99021 (77) and Dasatinib (78) were selected as reference compounds
for GSK-3p and FYN inhibition respectively. Remarkably, the compound displayed a
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kinase-inhibitor-like occupancy in the nanomolar range for both enzymes (ICso = 9.7
nM for GSK-3pB and 91.1 nM for FYN; Table 2.1). In both cases, primarily against
FYN, lower binding affinities were observed in comparison with the inhibition potency
observed in the enzymatic assay, suggesting an influence of the cellular environment

on the potency profile of 72.

Table 2.1 GSK-3p and FYN ICso values and binding affinity data of compound 72 in
enzymatic radiometric and NanoBRET assays, respectively.

Enzymatic Radiometric NanoBRET Target Engagement

Cmpd 1D Assay Cellular Kinase Assay
I1Cs0 (NM) 1Cs0 (M)
GSK-3p2 FYN? GSK-3p° FYN¢
72 5 3 9.7 91.1
77 4.8
78 2.6

ICso values were reported as a mean value of two different determinations; "GSK-3p tracer K8 (0.25
UM); SFyn tracer K4 (0.33 pM).

Crystallographic studies were also performed to confirm the computational
poses and identify the essential structural features for binding to GSK-3p and FYN.
GSK3B-73 crystals were diffracted to a resolution of approximately 2.6 A (PDB ID:
70Y5, Figure 2.2). Molecular replacement analysis located two protein molecules in
the asymmetric unit. Unambiguous positive electron density, corresponding to our
compound 72, was observed in the ATP binding site of GSK-3p (Figure 2.2 A and B).
In the refined structure, 72 displays H-bonding interactions with backbone atoms of the
hinge region residues of Asp 133 and Val 135 (Figure 2.2 C) in agreement with the
initial docking simulations (Figure 2.2 A and B). Moreover, compound 72 occupies the
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ATP pocket in “DFG-in” conformation making it consistent with type-I inhibition of

the enzyme.

Figure 2.2 Crystal structure of GSK-3p with compound 72. A. Compound 72 (yellow) in the
ATP binding pocket of GSK-3p (grey). B. Electron density map (2Fo - Fc) corresponding to 72 is
contoured at 1.2 level (black mesh). C. Compound 72 (yellow) displays H-bonding interactions (black
dashes) with the hinge region backbone atoms of residues Asp 133 and Val 135 of GSK-3 (grey).

Despite several efforts, all attempts to crystallize 72 with human FYN-T protein
proved unsuccessful due to poor sample homogeneity. Different patterns of
phosphorylation of the protein most likely induced sample heterogeneity, thus
preventing the formation of acceptable diffracting crystals.

Therefore, the available X-ray structure of FYN (PDB ID: 2DQ7) was
overlapped with the in-house generated GSK3pB-72 crystal structure taking advantage
of their high homology (Figure 2.3). According to the overlapped structure, compound
72 may be lodged in the hinge region of FYN adopting a bound conformation very
similar to that observed at the GSK-3p ATP binding pocket (Figure 2.3 A) and able to
establish H-bonding interactions with Glu 83 and Met 85 backbone residues (Figure
2.3 B). The binding arrangement of 72 inside the FYN ATP binding pocket, deduced
from 3D structures superposition, was in agreement with the structural information
obtained from the docking model (FYN-72). In a similar fashion to GSK3f, compound
72 is likely to adopt type-I inhibition of FYN.
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Figure 2.3 Overlapping of GSK3B-72 complex with FYN structure. A. Overlapping of FYN
(pink) structure (PDB ID: 2DQ7) with the structure of GSK-3f (grey) in complex with 72 (RMSD
2.717). Compound 72 at the ATP binding pocket of FYN. B. Potential HB interactions (grey dashes)
between 72 and FYN backbone atoms (Glu 83 and Met 85), based on the structures overlapping.

In addition to the well-balanced and potent dual inhibitory activity against both
GSK-3B and FYN, compound 72’s ability to reduce tau hyperphosphorylation was
investigated in a fluorescence bundle formation assay in a human recombinant U20S
cell line, which stably expresses triple mutant (TM) tau ON4R (TauON4R-TM-tGFP
line).

The binding of tau protein to MTs and consequent bundle-formation are two
processes dependent on the phosphorylation of tau protein. High phosphorylation
levels lead to tau dissociation from MTs and their aggregation into tangles of PHF. In
contrast, tau kinase inhibitors or phosphatase activators promote tau binding to MTs
and the formation of MT bundles.

In this cell-based assay Medium (OptiMem) and Vehicle (DMSO) were used as
negative controls, and the well-known GSK-3p inhibitor LiCl was employed as a
positive control at 30 mM concentration. The bundle increase was monitored and
quantified by fluorescence using automated image analysis (Figure 2.4 B).

72 showed a dose-dependent effect in the range of 0.5-10 UM concentrations,
and, at 10 uM concentration, an approximetly 10-fold increase in bundle formation was
observed (compared to the negative control). Moreover, at 2.5 pM compound 72

proved to be 1.4-fold more active than LiCl in reducing tau phosphorylation. At higher
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concentrations (25-100 uM), cytotoxicity effects started to appear, likely because of an
excessive reduction of tau phosphorylation, which can lead to cell death for MT
destabilization (Figure 2.4 A and B).
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Figure 2.4 A. Dose-response relationship for compound 72 (0.5-100 uM), medium (control),
vehicle and LiCl (30 mM). Cells were treated with the indicated concentrations for 6 h. Data points
represent the mean + SD for each condition for a single experiment performed in triplicate. Results are
expressed as the total area average of bundles per cell. Images were obtained with an objective of 20X.
B. Representative images of the assay. The pictures represent DMSO (vehicle control), LiCl 30 mM
(positive control), and test compound at 10 uM and 100 pM.

Bundles Average Area

Given these encouraging results and considering the high degree of homology
of PKs catalytic sites, a preliminary assessment of compound 72’s selectivity at 0.1 and
10 uM concentrations versus a small panel of 20 different PKs was performed (reported
in the kinome tree, Figure 2.5). These kinases were selected according to their
phylogenetic similarity to GSK-3 and FYN, and the involvement in tau
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hyperphosphorylation. In the radiometric kinase activity assay, 72 showed a good
selectivity at 0.1 uM as it effectively inhibited GSK-3p and FYN by decreasing 94%
and 100% kinase activities, respectively (Table 2.2), compared to only marginal or
weak inhibition against about half of the kinases in the test panel at the same
concentration. However, low selectivity was observed relative to some PKs
phylogenetically correlated to GSK-3p and FYN, such as GSK-3a and Yes (Table 2.2).

An unexpected, yet beneficial activity against DYRK1A and CDK5)/p25, two
additional PKs related to tau hyperphosphorylation, was observed at 10 uM (92% and
97% inhibition, respectively). All PKs from the selectivity panel were also ranked to
find the most suitable one to tackle tauopathy-related diseases. Each PK was assigned
a score between 0 and 1, representing an informed estimation of the strength of
association between each target and the disease. | particularly focused on CNS-related
disorders such as NDDs, brain development, and neuromuscular disorders by using the
data reported in Open Targets Platform,?® an open access tool that supports systematic
identification and prioritization of potential drug targets.

As depicted in Table 2.2, DYRK1A and CDK5/p25, belonging to the same
CMGC group of Ser/Thr kinases (Figure 2.5), were identified along with GSK-3p and
FYN as the top four most relevant PKs.*": 23
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Figure 2.5 A) Kinase tree representation of compound 72 selectivity profile toward 20
different PKs. Protein circles denote % of inhibition at 10 uM (values reported in Table 2.2).
GSK-3p and FYN are illustrated as green circles. DYRK1A and CDK5/p25 as orange circles.
All the other crossover off-target kinases, including GSK-3a, SAPK2a, MAPK1, MAP4K4,
JNK1al, PKA, cSRC, CDKl1/cyclinB, Yes, Lck activated, CK15, DYRK1B, CKle, CK2,
DYRK3, DYRK2 are depicted as red circles. Illustration reproduced courtesy of Cell Signaling
Technology, Inc. (www.cellsignal.com)?7 ; B) Bar chart representation of 72 selectivity profile.
Percentage of inhibition tested at 10 uM is illustrated in lavender violet and at 0.1 uM in violet.

Table 2.2 Percentage (%) of inhibition of compound 72 at 0.1 and 10 pM against a
panel of 20 different PKs and open targets platform-based scores.

Kinase Inhibition %02 Overall Nervous System

Rank Kinase tauopathy like diseases
0.1 pM 10 pM score
1 DYRK1A(h) 14 92 0.89
2 CDK5/p25(h) 86 97 0.84
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3 FYN(h) 0.60
4 GSK-3p(h) 0.59
5 GSK-3a(h) 0.45
6 SAPK2a(h) 0.42
7 MAPK1(h) 0.38
8 MAP4K4(h) 0.36
9 INKZal(h) 0.32
10 PKA(h) 0.31
11 cSRC(h) 0.30
12 CDK1/cyclinB(h) 0.16
13 Yes(h) 0.05
14 Lck(h) activated 0.04
15 CK15(h) 0.03
16 DYRKZ1B(h) 0.02
17 CK1g(h) 0.02
18 CK2(h) 0.01
19 DYRK3(h) 0

20 DYRK2(h) 0

Kinases are ranked according to the reported overall strength of a given target—disease
association from the Open target Platform (https://platform.opentargets.org).?®® Panel of selectivity data
are shown according to the following color scale: green color is associated with a high % of inhibition
values; orange is associate with a modest % of inhibition; red color corresponds to a low % of inhibition.
@Data reported as the mean of two independent experiments.

CDKS5 is a proline-directed Ser/Thr kinase, which belongs to the CDK family.
It is predominantly located in postmitotic neurons, where it plays a vital role in brain
development, neuronal survival, synaptic plasticity, MT regulation, and pain signaling.
Under neurotoxic conditions, p25, the N-terminal truncated isoform of p35, promotes
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CDK5 hyperactivation leading to tau hyperphosphorylation and consequent
aggregation to form NFTs in AD.238. 2%9

Considering the high values of percentage inhibition at 0.1 uM concentration,
first the ICso values of compound 72 were determined for both DYRK1A and
CDK5/p25. Then, docking and X-ray studies were performed to identify the structural
features of our compound responsible for the reductions in both enzymes’ activities. In
the enzymatic radiometric assay, compound 72 proved to be a nanomolar inhibitor of
both PKs displaying an ICso value of 887 nM on DYRK1A and 40 nM on CDK5/p25
(Table 2.3). Compound 72 was then docked against flexible receptor models of
DYRK1A and CDK5 and binding scores of -26.5 and -21.1 were calculated for
DRYK1A and CDKS5, respectively. Moreover, crucial contacts between 72 and key
residues in the ATP-binding sites of both proteins (Figure 2.6) were observed,
resembling those typical of type I or Il inhibitors.?** In detail, the aminopyrazole of 72
was predicted to form three HBs with hinge region residues Leu 241 and Glu 239 when
binding to DYRK1A (Figure 2.6 A) and three total HBs with hinge region residues Cys
83 and Glu 81 when binding to CDKS5 (Figure 2.6 C). When binding to DYRKI1A,
compound 72 was predicted to form hydrophobic interactions between its pyrimidine
moiety and residues Glu 291, Asn 244, Asp 247, Tyr 243, and Ser 242, its
aminopyrazole heterocycle and residues Met 240, Phe 239, and Ala 186, its cyclopropyl
group and residues Phe 238, Val 222, and Val 173, and between its benzylamine moiety
and residues Val 173, Gly 166, Phe 170, and Val 306 (Figure 2.6 B). When binding to
CDKS5, compound 72 was predicted to form hydrophobic contacts between its
pyrimidine moiety and residues lle 10, GIn 85, Leu 133, and Asp 84, between its
aminopyrzole heterocycle and residues Phe 82 and Ala 31, its cyclopropyl group and
residues Phe 80, Val 64, and Lys 33, and between its benzylamine moiety and residues
Glu 12, Gly 13, Asp 144, Asn 131, GIn 130, and Asp 86 (Figure 2.6 D).
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Figure 2.6 Graphical representations of the binding mode of 72 to DYRK1A and
CDKS5. (A, C) Structural models of DYRK1A (A) and CDKS5 (C) from docking simulations.
Flexible receptor model for DYRK1A constructed from the following PDB entries: 5AIK,
4YLJ, 4YLK, 4YLL, 4YU2, 4AZE, 3ANQ, 3ANR, 4MQ1, 4MQ2, 4NCT. Flexible receptor
model for CDK5 constructed from the following PDB entries: 4AU8, 1H4L, 300G, 1UNG,
1UNH, 1UNL. (B, D) Schematics showing the binding pocket interactions predicted between
compound 72 and DYRK1A (B) and CDK5 (D), respectively. Dark grey lines indicate
hydrophobic interactions; green dotted lines are used for HBs.

To corroborate the docking results, DYRK1A crystals were soaked with 72
(Figure 2.7, PDB ID: 70Y6). The crystals diffracted at 2.4 A resolution, and, according
to molecular replacement analysis, a single protein molecule was found located in the
asymmetric unit. A clear electron density corresponding to compound 72 was observed
in the ATP binding pocket (Figure 2.7 Aand B), as reported above for GSK-3p. Similar
to GSK-3B in complex with compound 72, and in good agreement with docking
simulations, 72-DYRKZ1A complex displayed H-bonding interactions with backbone
atoms of the hinge region residues Glu 239 and Leu 241 (Figure 2.7 C). In a similar
fashion to GSK-3p, also compound 72 demonstrates type-I type inhibition in the ATP

binding pocket of DYRK1A.
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Figure 2.7 Crystal structure of DYRK1A in complex with 72. A. Compound 72 (yellow) in
the ATP binding pocket of DYRKZ1A (green). B. Electron density map (2Fo - FC) corresponding to 72
is contoured at 1.2c level (black mesh). C. H-bonding interactions (black dashes) of 72 with the
backbone atoms of hinge region residues Glu 239 and Leu 241 of DYRKZ1A (green).

For CDK5/p25, the available X-ray structure of CDK5 (PDB ID: 1UNL) was
overlapped with the X-ray structure of GSK-3p in complex with 72 (Figure 2.8).
According to the structural overlapping, 72 adopted a binding pose similar to that
observed at the ATP GSK-3p binding site (Figure 2.8 A). Compound 72 is likely to
form key H-bonding interactions with backbone atoms of CDK5 residues (Glu 81 and
Cys 83, Figure 2.8 B) as previously observed for the other kinases (Figures 2.2, 2.3,
and 2.7). Here too, the excellent agreement between this structure and that coming from
docking simulations testify to the high reliability of the in silico studies. Given this, it

is highly likely that compound 72 will be a type-I inhibitor also for CDK5/p25 as well.

Figure 2.8 Overlapping of GSK3B-72 complex with CDKS5 structure. A. Overlapping of
CDKS5 (purple) structure (PDB ID: 1UNL) with the structure of GSK-3B (grey) in complex with 72
(RMSD 1.066). Compound 72 at the ATP binding pocket of CDKS5. B. Potential HB interactions (grey
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dashes) between 72 and CDK-5 backbone atoms (Glu 81 and Cys 83), based on the structures
overlapping.

Despite numerous past efforts to find agents able to modulate aberrant CDK5
activity linked to AD and related tauopathies, several CDKS5 inhibitors have not shown
selectivity relative to other CDKs involved in the cell cycle and mRNA transcription
regulation. Additionally, the development of CDKS5 inhibitors as promising CNS drug
candidates has been hampered by severe off-target adverse effects.?*%2° Conversely,
DYRK1A s a relatively recent and promising PK to explore for the treatment of NDDs
such as AD (including early-onset AD in DS patients) and PD.178 241,242

Based on these considerations, DYRK1A was selected as the third kinase to be
inhibited simultaneously with GSK-38 and FYN to tackle aberrant tau
hyperphosphorylation.

To maintain consistency with FYN and GSK-3p, we employed the NanoBRET
assay to confirm the capability of compound 72 to bind to DYRK1A in HEK293 cells.
As reported in Table 2.3, although with less affinity than observed for FYN and GSK-
3P, 72 was able to bind DYRK1A with an ICsp value in the low micromolar range.
Again, the potency was lower than that observed in the enzymatic biochemical assays,
possibly due to an effect of the cellular environment on 72 apparent binding affinity for

the enzyme.

Table 2.3 Enzymatic radiometric and NanoBRET assays data of compound 72 on
DYRK1A and CDKG5.

Enzymatic Radiometric NanoBRET Target

Cmpd ID Assay Engzligierzgseengscszgular
1Cs0 (M) 1Cs0 (ULM)
DYRK1A? CDK52 DYRK1AP
72 887 40 2.09
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CEP701 (79) 0.02

3Csp values were reported as a mean value of two different measures; PDYRK1A tracer K10 (1
UM).

2.3 Design and synthesis of novel triple kinases analogs

Taking into account the versatility of 72 and the information acquired during
its proof of concept characterization including both computational and X-ray data
together with its promising biological and biophysical results, our group was
encouraged to further optimize this chemical entity. A Structure-Activity Relationship
(SAR) exploration was thus carried out in order to balance the activity profile against
GSK-3pB, FYN, and DYRK1A, which is one of the most important prerequisites while
designing multi-target agents.

Therefore, the improvement of the inhibitory potency against protein DYRK1A
was identified as an initial goal of this project. Computer-assisted drug design (CADD)
protocols and synthetic efforts were combined with the aim to better understand the
pharmacophoric traits of the molecule towards the three PKs and what type of
modifications would have allowed us to gain potency against DYRK1A.

First, some proposed analogs of 72 bearing modifications on the aminopyrazole
moiety, crucial structural element for target engagement and activity, were discarded.
Among them, three ligands (80-82, Figure 2.9) were designed and docked to evaluate
the possible binding mode in order to underline the importance of this heterocycle for
all of the three targets. A decrease in binding affinity was observed for all three PKs as

confirmed by the worsening of the docking scores (higher values, Figure 2.9).

87



Cfg L S B B
\ \ \
N N N N i
72 80 81 82
DYRK1A Dcoro= -25.80 DYRK1A Dggore= -17.06 DYRK1A Dgcore= -22.46 DYRK1A Dgcore= -24.29
GSK3B Dgcore= -39.28 GSK3B Dgcore= -22.04 GSK3p Dgcore= -30.51 GSK3B Dgcore™ -22.20
FYN Dgore= -37.58 FYN Dgcore= -13.46 FYN Dggore= -29.90 FYN Dggore= -27.68

Figure 2.9 Structure and calculated docking scores (Dscore) Of the three discarded
proposed ligands (80-82) in comparison with 72. Aminopyrazole is highlighted in purple,
drastic modifications are highlighted in red.

In further detail, while replacing the pyrazole moiety with an isoxazole and its
corresponding isomer (80, 81) led to unfavorable values in the docking score for
DYRKI1A, with methylation of the exocyclic NH group proving to be better tolerated.
For all three discarded ligands, the loss of crucial H-bonding interactions as a
consequence of the insertion of a HB acceptor in place of an HB donor (Figure 2.10),
led to a loss of crucial H-bonding interactions. This may be responsible for the decrease
in the affinity of the ligands within the ATP pockets of the three PKs.

80 was the compound possessing the most detrimental modifications for
DYRKIA in addition to GSK-3p and FYN, although it retained very similar binding
poses to the parent compound 72.

88



DYRK1A

Figure 2.10 Predicted binding poses of 80-82 in comparison with 72; the DYRK1A
(blue ribbon), GSK-3p (green ribbon) and FYN (pink ribbon) ATP-binding pockets.

Our SAR investigation was driven by the different size and shape of the ATP-
binding cavity of GSK-3B/FYN and DYRKI1A though the high homology of all three
PKs (Figure 2.11). In detail, the DYRKZ1A binding site looks to be larger than those of
the other two enzymes offering higher possibility in terms of a ligand chemical
expansion. Moreover, GSK-3B possesses a slightly more spacious ATP pocket
compared to FYN and they both share a thigh niche where the pyrazole moiety of 72
accommodates in. In addition, both GSK-3p and FYN possess a conserved bulky Tyr
residue in their ATP pockets (Tyr 134 and Tyr 84, respectively) in the same plane as
the aromatic central framework of the starting molecule 72, likely producing n-nt

interaction; while a sulfur-containing residue Met 240 is present in DYRK1A.
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Figure 2.11 Surface representation of DYRK1A (A), GSK-3B (B) and FYN (C)
binding pockets, color code associated to amino acid residues. H-bonding interactions of 72
with the three proteins (D, E, F) with the conserved ATP-binding pocket residues labeled in
red.

These observations therefore initially suggested investigating the substituents
directly attached to the pyrazole and the pyrimidine moiety of 72. Thus, in order to
validate the predictive computational model the chemical space around the 2,4-di-
substituted pyrimidine central core was investigated by placing single-properly
addressed modifications at three different positions. To do so, we designed and
synthetized three different series (I-11-111) of novel derivatives where a modification at

a time was introduced (Figure 2.12).
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Figure 2.12 Schematic representation of the SAR exploration undertaken starting from
compound 72.

2.3.1 Series I, design synthesis and biological evaluation

To explore the amino pyrazole moiety of 72, the cyclopropyl ring was
exchanged with substituents of different steric hindrance and electronic properties (R1,
Figure 2.13). In detail, the substituent on the pyrazole ring (R1) was replaced with a
hydrogen atom (83, Figure 2.13), small lipophilic substituents as the methyl, isopropyl
and cyclobutyl groups (84-86 respectively, Figure 2.13), and aromatic rings as phenyl
(87, Figure 2.13) and 3-pyridine (88, Figure 2.13).

T D

NH N NH

N
HN S HN S
1

Series I. Ry’ cyclopropyl 'ing modifications

o owed H O OH (O
83 84 85 86 87 88

Figure 2.13 Series | modifications (compounds 83-88).
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As the chemical route employed in synthesis of 72 was a mild and simple
strategy, the same protocol consisting of two sequential SNar reactions on 2,4-
dichlorothieno[3,2-d]pyrimidine was performed to prepare the first set of analogues in
good yields and at a low cost (Scheme 2.2).

All synthetized derivatives were subsequently screened in an in-house
LANCE® Ultra time-resolved fluorescence energy transfer (TR-FRET) assay in
triplicate against GSK-3B, FYN and DYRK1A (Table 2.4).

Scheme 2.2 Synthesis of compounds 83-88.

YII) Yp @ p

89: R;=H 95: Ry= H (66%) 83" R;= H (79%)

90: Ry= CH3 96: R;= CH3 (51%) 84: Ry= CH3 (41%)

91: R;= isopropyl 97: Ry= isopropy! (64%) 85: R;= isopropy! (53%)
92: R;= cyclobutyl 98: R;= cyclobutyl (81%) 86: R;1= cyclobutyl (47%)
93: R,=Ph 99: R;= Ph (2506) 87: Ry= Ph (459%)

94: Ry= 3-pyr 100: Ry= 3-pyr (64%) 88: Ry= 3-pyr (47%)

Reagents and conditions: a) EtsN, rt or 50 °C, 24 h; b) 76, n-BuOH, 110 °C, 72 h.

Table 2.4 GSK-3f, FYN and DYRKA inhibition data of Series | derivatives.

GSK-3p ICso FYN-A ICso DYRKIA
Cmpd # M M L
(nM) (nM) nM % inh

72 4.83+0.30 4.13 +0.69 nd.> 53.3 + 2.6%
83 334.00 £ 9.9 249.00 + 4.6 n.d. 12.4 +0.8%
84 26.9+58 13.9+2.9 n.d. 20.1+1.6%
85 26.7+6.4 301422 3187.0 + 248 54.3%
86 10.8 +0.31 3.81+0.19 1680.0 + 132 64.3%
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87 544+1.14 220.0+67.6 n.d. 9.1+1.4%

88 122+11 78.1+19.3 n.d. n.d.

linhibition at 5 xM data reported due to low solubility of the compounds in the buffer; 2not determined.

The removal of the cyclopropyl moiety (83) proved to be detrimental for the
activity against all three PKs particularly towards GSK-3 and DYRK1A according to
the predicted decrease in binding affinity for both targets (GSK-3B Dscore= -36.2;
DYRKI1A Dscore= -21.01). This observation confirmed that, despite the differences of
this niche between GSK-3B, FYN, and DYRKI1A, an appropriate chemical entity
attached to the amino pyrazole moiety is required for establishing hydrophobic
interactions at the targets ATP-binding sites. The importance of this substituent was
confirmed while testing the derivatives featuring alkyl and cycloalkyl groups (84-86),
which were better tolerated than aryl and heteroaryl groups (87 and 88). The
detrimental effect of the phenyl ring (87) for DYRKZ1A binding affinity compared to
the cyclobutyl (86) and cyclopropyl (73) moieties was also predicted by docking
simulations, which suggested an important role of the substituent steric hindrance in
influencing the orientation of the aminopyrazole moiety (Figure 2.14).

The best performing compound of this series possessed the cyclobutyl moiety
instead of the cyclopropyl one (86).

86 retained a well-balanced low nM activity against GSK-3p and FYN (ICso =
10.8 and 3.81 nM, respectively). Furthermore, it demonstrated a slight improvement in
potency against DYRK1A (ICs0 = 1680 nM; % inh @ 5 uM = 64.3%) in comparison to
the parent compound 72 probably due to a wider lipophilic surface of the molecule,
which provided a more stable lipophilic interaction with the enzyme gatekeeper Phe
238 (Figure 2.14).

93



A
%ﬁ — i \.\_‘—:’7;- ”%& ~

el mu‘\s “\ / e 'ZWTS “- L ¥ 7’ Met 240 "\\tT— “\ / |
Glu 239 Ph 238 -~ ~ G2k
Leu 241 > \ Y ] Leu w } \\ 230 2 Leu 241 )‘ > ]7\1
e "‘\ N N A, ﬁ\fx/\ \) [ - ) |
5 . ~ \7 Phe 238 ‘f’““ \ ‘\-4\ N . “'\\ Phe 238
’-\\ \ - ‘\\ ‘\\? _\‘ v 4 - Y\*\ .
B ¥ SN S I
- . N \ =
L = A Z A Ra
b \\ o \;‘:\ g .
4 \ BN - ﬂ: L,
L4 4 4 72 Z a g6 | P ” 87
; r L
DYRK1AD,,. = - 25.80 DYRK1AD,,,, = - 23.01 DYRK1AD,,. = - 16.15

Figure 2.14 Predicted binding mode of 72, 86 and 87 in the DYRKZ1A binding pocket
and calculated docking scores.

2.3.2 Series 11, design synthesis and biological evaluation

In Series Il, the benzylic function of 72 was decorated at para and meta
positions, (R2, Figure 2.15) as the calculated docking scores seemed indicate a
consistent improvement in binding affinity compared to the ortho substitutions. The
aromatic ring was thus enriched with diverse electron withdrawing groups (e.g., -F and
-Cl: 101 and 102; CN: 104; CONH2: 106 and 109; and 3-pyr: 110) and electron-
donating groups of different steric hindrance (OH: 105, OCHs: 103, 111, methandiol:
107 and OBn: 108). The choice of the nature and position of these substituents was
aimed to improve the selectivity and binding affinity of 72 by catching through
additional HBs hydrophilic residues present in the big lipophilic niche.
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Figure 2.15 Series Il modifications (compounds 101-111)

Analogs 101-111 were obtained following the same general procedure
employed to access to the starting point 72 and its series | derivatives.

Initially, an SNar reaction at room temperature, by employing commercially
available aminopyrazole derivatives and triethylamine as base, afforded the
corresponding 2-chloro-N-(5-alkyl/cycloalkyl/aryl/heteroaryl-1H-pyrazol-3-
yl)thieno[3,2-d]pyrimidin-4-amines (Scheme 2.3). A subsequent SNar (Route I) was
performed under conventional heating (110 °C) with a large excess of benzylamines (5
equiv.) yielding compounds 101-103. Optimization of the same chemical protocol
under MW irradiation allowed to shorten the reaction times from 72 to 6-8 h and reduce
the equivalents of the appropriate benzylamines from 5 to 1.5 with a significant
facilitation of the purification process (104-107, 109-111).
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The benzyloxy analog 108 was also accessed via SNar in the presence of
sodium benzyloxide under MW irradiation (Scheme 2.3, Route I1).

Scheme 2.3 Preparation of series Il derivatives.

R,
101: R,= 4-fluorophenyl (7496)
N 102: R,= 4-chlorophenyl (6295)
R | \r/ | \) 103: R,= 4-methoxypheny! (450)
oute NS 104: R»= 4-cyanophenyl (29%)
105: R,= 4-hydroxyphenyl (60%)
cl N bore HN'N\ NH 106: R,= 4-benzamide (65%)
N M cl_ N Ra U NH2 _ 107: Ry= benzo[d][1,3]dioxol (56%)
'\J P \r/ | A 112-121 109: R,= 3-benzamide (24%)
73 a Ny ’ 110: R,= 3-pyridine (9%)
| —>  —— 111: R,= 4-methoxyphenyl (47%)
NH
HN<N HN S
HZNIQJ\v =
74 75 (78%) Route Il N

A
d N
NaO N NH
HN S
122 —
108 (51%)

Reagents and conditions. a) EtsN, rt, 2-5 days; b) n-BuOH, DIPEA, 180 °C, 4-6 h,
MW, Ar; ¢) n-BuOH, 110 °C, 2 days, Ar; d) THF, 150 °C, 7 h, MW, Ar.

Scheme 2.4 Synthesis of trifluoracetic acid salt intermediate 123.

o) 0 CF;,COOH o
a b
(0] I H NH, 5 - NH,
HN Boc” 2
124 125 (479%) 123 (83%)

Reagent and conditions. a) (Boc).O/NH4HCOs, pyridine, 1,4-dioxane dry, 105 °C, 3
h, MW, Ar; b) TFA, CH:Cl, 0 °Ctort, 1.5 h, Ar.

The 4-(aminomethyl)benzamide 123 to prepare derivative 106 was in turn
synthetized by treating the corresponding carboxylic acid 124 with di-tert-butyl
dicarbonate in the presence of NH4sHCO3 followed by cleavage of N-Boc protecting

group under acid conditions with TFA treatment (Scheme 2.4). An in-dept optimization
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of the experimental conditions of the first step reaction improved yield up to 44% (entry
10, Table 2.5).

Table 2.5 Optimization of the experimental conditions for the synthesis of tert-butyl
N-[(4-carbamoylphenyl)methyl]carbamate 125.

o o
(Boc)20, NH,HCOg’
\/©)LOH pyr 5 equiv. H\/@)LNH2
HoN solvent 0.1 m, Ar o Boc’N
124 125
NHsHCO3 o . . o
Entry /(Boc)20 equiv. Solvent T (°C) Time (h) Yield (%)
1 15 1,4-dioxane 252 3 -
2 3 1,4-dioxane 502 12 9
3 15 1,4-dioxane 80?2 20 10¢
4 15 DMF 252 72 4¢
5 15 DMF 1202 12 7¢
6 1.5 1,4-dioxane 105° 3 10¢
7 45 1,4-dioxane 105° 3 20¢
8 95 1,4-dioxane 105° 3 30¢
9 14.5 1,4-dioxane 105° 3 35¢
10 15 1,4-dioxane 105° 3 44

aconventional heating; PMW; ¢ estimated yield (%) from UPLC-MS analysis of the reaction crude.

Since the presence of two nucleophilic functions in the p-hydroxy benzylamine
scaffold did not allow the chemo-selective synthesis of derivative 105 through the
general procedure depicted in Scheme 2.3, a Buchwald cross-coupling reaction was
employed (Scheme 2.5, step b). However, despite the conversion of the starting
materials into the desired product was observed, the title compound was isolated with
a very low yield. Therefore, an alternative strategy was approached starting from the
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p-methoxy analog 103 via demethylation reaction by using either BBrs or BCl3
(Scheme 2.5, steps ¢ and d). Given the formation of side products as no-
chromatographically different molecules to 105, the selective protection of the
hydroxyl function of p-hydroxy benzylamine (126) was carried out starting for the
commercially available 4-hydroxybenzonitrile (128) (Scheme 2.5, step €). Despite the
good feasibility of protection reactions using both TBDMS-CI and TBDPS-ClI, various
conditions of the following nitrile reduction (Scheme 2.5, steps f/g/h) led to
simultaneous deprotection of the hydroxyl moiety making the synthetic strategy not
suitable for the synthesis of the desired product.

To overcome this issue, the direct chemo-selective silyl protection of 126 by
using TBDPS-CI was attempted. The reaction was conducted either in the polar aprotic
solvent THF, where the starting material was not very soluble, and in protic conditions
DMF to aid solubility. The use of DMF resulted in a low product formation due to the
competition of DMF acting as a Lewis base with the imidazole. The corresponding
protected 4-OH-benzylamine (127) was finally obtained in moderate yield (58%) and
was further employed in the sequential SNar with 75. A final cleavage of the TBDPS
group under mild conditions using KHF2 2*® at room temperature yielded the title
derivative 105.
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Scheme 2.5 Different synthetic routes to assess derivative 105.

alb
‘ TBDPS
é HO
o-TBDPS \©\/ N
? ? be Q@ ;@
HN NS
127 (58%) 75 (78%) 116 (73%) 105 (60%)
figih % F

@ @ HN\'JrN/\ A

129:130 HN'
R= Ph, Me

Reagents and conditions. a) n-BuOH, DIPEA, 180 °C, 8 h, MW; b) Pd(Ac).,
Xanthphos, Cs,CQs, 1,4-dioxane, 100 °C Ar; c¢) BBr3;, DCM, -78 °C to rt, on; d) BCls, DCM,
-78 °C to rt, on; e) TBDMSCI or TBDPSCI, imidazole, DMF dry, rt, on; f) Hy, Pd/C, MeOH,
H-cube, 15 bar; g) LiAIH4, THF dry, Ar, reflux, 3 h; h) CuBr;, NaBH4, EtOH, rt, Ar; i) TBDPCI
, imidazole, THF rt, on; j) n-BuOH, 180 °C, Ar, MW, 6 h; k) KHF;, MeOH, rt, on. No-go
crosses indicate the reaction was unsuccessful.

In vitro enzymatic inhibitory activity allowed a comprehensive understanding
of the effect of the small modifications upon the benzyl moiety of 72. All the
replacements and decorations proved to be well tolerated against all the three enzymes.
In further detail, the introduction of a fluorine atom in the para position (101, Table
2.6) demonstrated a 11-fold decrease in the potency against GSK-33 compared to 72,
while the insertion of a larger halogen moiety such as the chlorine atom showed a 23-
fold decrease in the enzyme inhibition (102, Table 2.6). The same modifications were

better tolerated by the other two targets, which retained ICso values in the range
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between 2-30 nM for FYN and 2-6 uM for DYRK1A. The insertion of the bulky p-
methoxy moiety (103) had a similar outcome to 102 for GSK-3p and DYRK1A and

produced a 16-fold decrease in FYN affinity compared to 72.

Table 2.6 GSK-3f3, FYN and DYRK1A inhibition data of Series Il derivatives.

Cmpd # GSK-3p ICso FYN-A ICso DYRKI1A

(nM) (nM) (nM) % inh'
72 4.83+0.30 4,13 +0.69 n.d.? 53.3+2.6%
101 53.7+6.82 2.84 +0.58 2080 + 291.2 57.3%
102 109.00 £+ 11.1 27.2 £6.96 5780 + 796.8 35.9%
103 101.0+22.1 67.0£18.7 7110 £ 1311 34.5%
104 33.3£10.7 39.8 £9.89 3660 £ 496.3 47%
105 3.53£0.42 8.19+2.16 n.d. 55.3+4.2%
106 164+ 1.61 88.1+2.30 n.d. 475+ 1.8%
107 57.1£9.65 4.48 = 0.50 4640 = 587.0 42.3%
108 7.91£0.275 17.6 £ 4.63 n.d. 56.0 + 1.8%
109 1.24+£0.24 1.67£0.25 1020 £ 111 64.4%
110 1.11+£0.04 5.94+£0.73 n.d. 58.4+2.2%
111 8.85+1.8 9.51+1.68 4910 £ 547.6 35.7%

linhibition at 5 uM data reported due to low solubility of the compounds in the buffer; 2not determined

Furthermore, the installation of a carbamoyl function in the same para position
of the benzylamine group (106) slightly reduced the potency against GSK-38 and
DYRKZ1A compared to 72, while a more marked decrease in FYN inhibition albeit in

the two-digit nanomolar range was observed.

100



Interestingly, while shifting the same substituent in meta position (109) the
activity notably improved in the low nM range against both GSK-3p and FYN and a
low uM potency was observed against DYRKI1A, suggesting the key role of this
modifications for GSK-3B/FYN and DYRKIA inhibition. The successful results
obtained with this compound were confirmed by X-ray crystallography, where the
engagement of additional H-bonding interactions was seen within the ATP pocket of
all three targets (Figure 2.16). The X-ray structure of 109 in complex with GSK-3p
shared a similar binding pose with compound 72 characterized by three HBs within the
hinge region and a novel interaction between Lys 85 of the enzyme and the m-
carbamoyl function of the ligand. A similar scenario was observed for DYRK1A, for
which Lys 188 was observed to establish contact with the amide moiety of 1009,
justifying the higher binding affinity also observed for this target.

Finally, thanks to the high phylogenetic similarity between the ATP binding
pocket of the selected PKs, superimposition of FYN in complex with staurosporine (31,
PDB 2DQ7) with our in-house generated X-ray structure of GSK-3p in complex with
109 was carried out to investigate the structural elements conducive to FYN
engagement. Compound 109 retained a similar HB pattern as for GSK-3f3 and
DYRKI1A (Figure 2.16 A and B), keeping the hinge region interaction between the
aminopyrazole moiety and the backbone atoms of residues Glu 83, Tyr 84, Met 85 and
Asn 86 of FYN. The carbamoyl function, instead, engaged the corresponding Lys 39
and Asp 148 (Figure 2.16 C).
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© Figure 2.16 A) Compound 109 in complex with GSK-3 (A), DYRK1A (B), and FYN

Similarly to what was observed with compound 109, the 3-picolylamine
derivative (110) showed a slight improvement of DYRKZ1A inhibition up to 58.4% at
5 uM, while retaining the activity against GSK-3p and FYN in the low nanomolar
range. Therefore, in good agreement with the predictive computational model, these
preliminary results confirmed important differences in the size of the three targets
binding pockets involved in the benzyl accommodation, and suggested a higher

preference of the DYRKZ1A pocket for meta substitutions rather than for the para ones.

2.3.3 Series 111, design synthesis and biological evaluation

Considering the high degree of rigidity of the pyrimidine central core and its
not direct but essential role in stabilizing the binding conformations of 72 to the three
targets ATP pockets, a preliminary exploration (Figure 2.17) around the thiophene ring
was performed. In this series, the sulfur atom of the 2,4-substituited-
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pyrimidinthiophene central core was first replaced with an HB accepting oxygen atom
(131) in order to evaluate if additional HB interactions within the DYRKZ1A binding
pocket would have been beneficial for the ligand affinity for the enzyme, while
retaining potent and well-balanced nM activity against GSK-3f and FYN.
Additionally, the corresponding dihydrothiophene derivative 132 was synthetized to
improve the flexibility of the pyrimidin-thiophen ring and assess the importance of the

central core aromaticity for all targets inhibition.

A Y

N NH N NH

HXNIj T
—l 72 —

Series lll. Thiophene ring modifications

é@ i@
131 132

Figure 2.17 Preliminary SAR exploration of the central pyrimidine core.

Table 2.7 GSK-3B, FYN and DYRK 1A inhibition data of Series Il derivatives.

Cmpd # GSK-3B ICs0 (NM)  FYN-AICs ("M)  DYRK1A % inh*

72 4.83+0.30 4.13£0.69 53.3+2.6%
131 13.72+1.81 155+4.04 60.5+2.1%
132 145+ 0.01 15.7+1.66 473+31

linhibition at 5 xM data reported due to low solubility of the compounds in the buffer.
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In this series, the replacement of the thiophene ring of 72 with a furan (131)
was well tolerated at all three targets with improved binding affinity towards DYRK1A
(Table 2.7) probably thanks to the vicinity between the polar furanyl moiety to the
backbone nitrogen atom of Leu 241 (Figure 2.18). However, removal of the aromaticity
in compound 132 provoked a change in the planarity of the molecule, causing a slight
decrease in inhibitory potency (47.3% inhibition at 5 uM) against DYRK1A. The same
modification did not notably decrease GSK-3f and FYN inhibition.

~ N >
N A
\  Vali7s 4 }

-* Asp 307

Glu 291

Figure 2.18 X-ray structure of compound 131 in complex with DYRK1A.

These very preliminary results corroborated the docking and X-ray studies
suggesting the importance of having a planar molecular frame bridging the two
extremities of the molecule and therefore the suitability of an aromatic central core to

confer a rigid conformation for optimal targets interaction.

2.3.3.1 Attempt to expand Series Il through simplification of the
pyrimidinthiophene central core

In line with the just outlined results and to open novel chemical space

possibilities, considerable chemical effort was devoted to prepare derivative 133
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(Scheme 2.6), featuring a benzothiophene central core instead of the usual
pyrimidinthiophene one, which according to the predicted docking poses did not seem
to affect the binding affinity for all the three targets (Figure 2.19). The main reason for
pursuing this compound synthesis was not only to investigate the effect of the two
nitrogen atoms removal from the molecular framework of 72 in all three targets
engagement but also to aid chemical tractability and improve the drug-like properties
of 72.

B -
] S
Met 210“\‘;. ‘\\ / ‘
i W ‘“‘Apﬂ& Y

- Glu 239
Pro m, vl 195" \ ! N " z‘i_r \t}
7 ' ’*\
| kz' : &f‘
) . o~
b -
J 133 g » 133
A

Figure 2.19 Predicted binding pose of 133 (orange) overlapped with 72 (yellow) in
the three PKs binding pockets. A) GSK-3f (green); B) DYRK1A C) FYN (pink).

The employed strategy was focused on the construction of the central core
starting from the commercially available 2-bromo-4-chloro-aniline (134), which
reacted in a Sandmeyer reaction with NaNO> and potassium ethyl xanthate as a sulfur
source to give 135. A further nucleophilic substitution (SN2) reaction of bromine 136
with 2,4-halogenated phenyl thiol 135 afforded 137, which, after the screening of
different experimental conditions, was successful cyclized in the presence of PPA at
140 °C under an Ar atmosphere to give the di-substituted benzothiophene ring 138 in
a good vyield.
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Scheme 2.6 Multi-step chemical procedure for the synthesis of compound 133; no-go
crosses indicate no chemical reaction success, dotted arrow indicates that the reaction was not
performed.

Br
ﬁc ijl
Cl H”SO0
OMe

ﬁj - owe
135 9 c
r

138 (98%)

a Ji

HN

H NH
N\ | \ ,
133 139 (23%)

Reagents and conditions. a) NaNO,, HCI conc, -10 °C, potassium ethyl xanthate, 70
°C, 21 h; b) 2-bromo-1,1-dimethoxyethane 136, K,CO3, DMF dry, 70 °C, 3 h; ¢) HsPOs (4.8
equiv.), chlorobenzene, reflux, on d) PPA (1.8 equiv.), chlorobenzene, reflux, on e) PPA (10
equiv., 140 °C, Ar, 21 h); f) 75 BINAP, Pdz(dba)s, Cs,COgs,toluene dry, 150 °C Ar, MW, 10 h.

A Buchwald cross-coupling reaction, conducted at 150 °C in toluene under Ar
atmosphere and MW irradiation, allowed the substitution of the more reactive bromine
atom of 138 with the 3-amino-5-cyclopropyl-1H-pyrazole (74) to give 139. Despite the
chemical route allowed the isolation of the bromo-substituted intermediate (139), the
desired product 133 was not accessible due to the low reactivity of the chlorine atom

of 138 in both SNar and Buchwald cross-coupling reactions.
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2.3.4 Hybrid derivatives of Series 1V, design synthesis and
characterization

Prior chemical modifications of Series I-11-111 allowed us to gain insights into
the best substitution patterns, which drove the rational design of a novel set of improved
hybrids molecules possessing merged pharmacophoric traits. In detail, six interesting
derivatives (85,86,108-110, 131 Figure 2.20) of the first generation series were selected
as a starting platform for a merging strategy to rationally design new hybrid inhibitors
(141-148) by combining two and three modifications at once on 72 framework (Figure
2.20).
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Figure 2.20 Chemical structures of hybrid derivatives and their forerunner
compounds. Benzyl ring decorations are highlighted in teal, cyclopropyl ring replacements in
beige and central core modifications in pink.
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Compound synthesis was performed following the same general procedure

employed for the first generation analogues, with overall good yields and at a low cost

of the process (Scheme 2.7).

Scheme 2.7 Synthesis of hybrids (Series 1V) derivatives 141-148.
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| — N NH
HN’
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73:Y=S 97: R1= isopropyl; Y= S (64%)

149:Y=0 98: Ry~ cyclobutyl; Y='S (81%)
151: Ry= cyclopropyl; Y= O (47%)
53: R~ cyclobutyl; Y= O (77%)

74:R1= cyclopropil
91 R;= isopropyl
92" Ry= cyclobutyl

A
b N
—»
Ry _NH; N__NH
HN S
119-121 —l 143,144,146-148
1
Bn-0O N
M
Ny

C
NaO N_ _NH
HN S
122 —
. 141,142,145

143 Ry= cyclobutyl; Y= S; Ry= 3-pyr (15%)

144: Ry= cyclobutyl; Y= S; Ry= 3-Ar-C(=0)NH; (18%)
146: R;= cyclopropyl; Y= O; Ro= 3-pyr (14%)

147 R1= cyclobutyl; Y= O; Ry= 3-pyr (25%)

148: R;= cyclobutyl; Y= O; Ry= 3-Ar-C(=O)NH; (13%)

1417 R1= cyclobutyl; Y= S (45%)
1421 Ry1= isopropyl; Y=S (43%)
145! R1= cyclobutyl; Y= O (15%)

Reagents and conditions. a) EtsN, rt, 2-5 days; b) n-BuOH, DIPEA, 180 °C, 4-6 h,

MW, Ar; c) THF, 150 °C, 7 h, MW, Ar

Similarly to the other compounds, the first chemo-selective amination of the 4-

position of the 2,4-dichloropyrimidine ring led to the synthesis of the appropriate 4-
substituted intermediates (97, 98, 151, 153). A sequential SNarallowed installation of
different benzylamines (143, 144, 146-148) or a benzyloxy group (141, 142, 145) at

the less reactive 2-position of the 2,4-dichloropyrimidine core. This was achieved

through harsher experimental conditions, with the use of DIPEA as a non-nucleophilic

base and under MW irradiation, leading to the synthesis of the pyrimidine-fused

heterocycle derivatives.
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Despite solubility issues in the assay buffer did not allow to determinate the
ICso values for DYRK1A of some derivatives for which the percentage of inhibition at
5 UM was reported in vitro biological evaluation through the LANCE® Ultra TR-
FRET assay (Table 2.8) showed very good results. With the only exception for
benzyloxy derivatives 142 and 145 for which a decrease of DYRKZL1A inhibition was
observed (44.5% and 45.1%, respectively) in comparison to 72, combination of two
modifications at a time provoked a significant improvement in DYRKZ1A affinity up to
high nM range (particularly with 143 and 144), while keeping in the low nM range the
activity against the other two targets.

Compounds featuring three merged substitutions (147 and 148) showed great
improvements, maintaining a well-balanced and low nM inhibitory activity against
GSK-3B and FYN and notably increase of potency toward DYRKI1A (ICso = 461 nM
and 242 nM, respectively). Among them, entry 148 (ARN25699), featuring the meta-
carbamoyl benzylamine moiety and the cyclobutyl group on the aminopyrazole as key
replacements, was selected for further investigations due to its nearly 3-fold increase

in potency against DYRKZ1A over compound 72.

Table 2.8 Inhibition data of hybrid derivatives against GSK-38, FYN-A and
DYRKI1A.

Crmpd # GS'?;]?&T)'CSO FY'E:"\A\A)ICSO DYF(QrIf'\}I,)AlICw % inh
72 4.83+0.30 4.13 £0.69 n.d.? 53.3+2.6%
141 23.0+47 19.4+36 n.d. 65.5+ 0.8%
142 255+3.3 69.9+8.2 n.d. 445+1.1%
143 1.27+0.3 3.64+0.8 666.0 + 121 75.2%
144 1.0+£0.1 0.9+0.08 399.1+715 78.8%
145 31.2+1.0 57.8+6.2 706.0 £ 87.3 45.1%
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146 5.33+0.6 31545 n.d. 60.3 +0.3%
147 9.51+19 10.4+3.2 461.0 +62.0 77.1%

148 551+16 21604 242.0 £50.2 82.7%

linhibition at 5 uM data reported due to low solubility of the compounds in the buffer; 2not
determined

2.4 Benzyloxy moiety as privileged modification to obtain
balanced inhibitors

Driven by the successful results obtained with the first set of analogues, a deeper
analysis of the radical modifications installed onto the pyrimidin-fused heterocycle of
compound 72 yielded the observation that hybrids molecules featuring the benzyloxy
moiety in place of the benzylamine (141, 142, 145, Figure 2.20) showed a non-dramatic
but significant decrease (from one-digit to two-digit nM) of the affinity for GSK-3
and FYN, keeping in the sub-micromolar range the activity against DYRK1A (141 and
142). Furthemore, combining benzyloxy moiety insertion with the replacement of the
thiophene[3,2-d]pyrimidine core with the furano[3,2-d]pyrimidine one (145) provoked
a slightly increase of DYRKZ1A affinity compared to 72.

These encouraging results together with the fact that benzyloxy derivatives
possess a better chemical tractability (i.e. easier purification and solvent removal,
improved NMR resolution and overall yields of chemical reactions) guided the design
of novel meta-substituted benzyloxy hybrids featuring a cyclobutyl group linked to the
aminopyrazole ring and a furano[3,2-d]pyrimidine (e.g., 154, 155, Scheme 2.8).
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Scheme 2.8 A) Design of novel meta-substituted benzyloxy hybrids (154,155); B)
chemical attempts to access these derivatives; no-go crosses indicate no chemical reaction
success
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CyBu CyBu
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R
AN HO_ N Py
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\,Jr N A\ c \'\Jr A N\ d \r N A
H Z E— Z — X I\J/
H
N,N NH N__ NH N NH
}J/ N}I Nl\ |
153 157 (65%) 154
CyBu CyBu CyBu

Reagents and conditions. a) 3-(Hydroxymethyl)pyridine (156), NaH, DMF rt on; b)
156 NaH, DMF 8 h,160 °C MW; c) Acetic acid, 118 °C on; d) 3-(bromomethyl)pyridine HBr
(158), KoCOs3, DMF, rt, on.

The synthetic strategy to access to 154 and 155 required small changes from
the general chemical protocol depicted in Scheme 2.1. Initial attempt of SNar between
intermediate 153 and the appropriate meta-substituted benzyl alcohol (156) in the
presence of NaH as a base and the polar aprotic solvent DMF was not successful at
neither room temperature nor heating up to 160 °C under MW irradiation (Scheme 2.8,
a). Thus, an alternative two-step chemical strategy was applied to insert the selected
meta-substituted benzyloxy groups at the less reactive C2 of the pyrimidine. Insertion
of the hydroxy group at the C2 position through an acetic acid catalyzed reaction of
153 yielded 157 (Scheme 2.7, b), which after treatment with 3-(bromomethyl)pyridine
(158) in the presence of KoCOs and DMF at room temperature gave an undesired
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product of pyrazole substitution. Despite the synthesis of derivatives 154 and 155 not
being achieved over the course of my doctoral studies, additional efforts will be
devoted in the near future to increase the versatility of the synthetic protocol in
assessing the effects of more radical structural variations on the original scaffold
towards new triple GSK-33/FYN/DYRKZ1A inhibitors.

2.5 ARN25699 (148) X-ray crystal structure, anti-tau
phosphorylation activity and selectivity profile, a comparison
with ARN25068 (72).

X-ray crystallography studies highlighted the important role of the carbamoyl
function of hybrid compound 148 for establishing an additional H-bonding interaction
with Lys 188, a key residue at the ATP binding pocket of DYRKZ1A, in line with the
boosting of DYRKZ1A inhibition (Figure 2.21). Similarly to 72, this compound showed
a good selectivity over half of the PKs selected when tested at 0.1 uM, and it produced
an increase in tau and MT bundle formation at 10 uM in a tau phosphorylation assay
using the TauON4R-TM-tGFP U20S stable cell line (Figure 2.21).
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Figure 2.21 Structural and biological insights of compound ARN25699 (148). A) 2D
chemical representation of compound 148 and its in vitro calculated 1Cso values (nM) against
GSK-3B/FYN and DYRK1A (TR-FRET assay); B) X-ray crystal structure representation of
144 in complex with DYRK1A protein, black dotted lines indicate HB interactions; C)
Graphical representation of the percentage of inhibition of 148 over a panel of 20 selected
protein kinases (radiometric assay); D) Dose-response relationship for compound 148 (0.5-100
uM) in a tau phosphorylation assay on TauON4R-TM-tGFP U20S cell line. Cells were treated
with the indicated concentrations for 6 h. Data points represent the mean £ SD for each
condition for a single experiment performed in triplicate. Results are expressed as the total area
average of bundles per cell after treatment of cells with the triple inhibitor 148; E)
Representative images with the assays obtained with an objective of 20X. Pictures represent
DMSO (vehicle control), LiCl 30 mM (positive control), and the test compound at 10 uM.

In vitro ADME and BBB penetration studies are still in progress with the

ultimate goal of advancing compound 148 towards pharmacokinetics and brain

permeability studies in mice.

2.6 Rational design and in vitro characterization of the
balanced triple inhibitor ARN26646 (159)

Computational efforts of our collaborators at the Skaggs school of pharmacy in San
Diego, together with an intense literature research to find an ideal prototype possessing
a well-balanced activity against all the three targets, led to the discovery of ARN26646
(159, Figure 2.22).

O .
I ey @ilm

ARN25068 (72) ARN26646 (159) 165

/
\ N L ZT

Figure 2.22 Chemical structures of compounds 72, 159, 165 and 166.
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As with the majority of the approaches pursued throughout this project, the
research of ligands with improved affinity over DYRK1A was the initial driving force.
To achieve this goal by assessing the effects of more radical structural variations on
the original scaffold of compound 72, five ligands illustrated in Figure 2.23 were
manually built and docked into the enzyme binding pocket.

In all designed derivatives, different para-hydroxyphenyl substituents were installed
on the pyrazole moiety with linkers of different length and chemical nature to mainly
promote additional H-bonding interaction with crucial ATP pocket residues of
DYRKZ1A. Despite the high potential of the computational modelling suggestions, the
five proposed molecules were not chemically accessible according to the previously
experienced limited reactivity of the pyrazole ring, and the intense chemical effort

needed to adapt the general synthetic strategies illustrated in Scheme 2.1.
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Figure 2.23 A) Chemical structures of designed ligands (160-164) to improve affinity
against protein DYRK1A and their associated modelling representation within the ATP-
binding pocket of the enzyme. Systematic replacement of position 4 of the pyrimidine core is
highlighted in purple. B) Predicted binding poses of the designed ligands in the DYRK1A
binding pocket.
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For these reasons, the synthesis of the proposed ligands was not pursued and
attention was shifted towards compound 159. This compound, which is an analog of
previously synthetized compounds characterized by an inversion of the chemical
substitution patterns on the pyrazole and at C2 position of the 2,4-dichloropyrimidine
core, emerged from a thorough analysis of previously docked molecules.

The selective inhibitor of DYRK1A 165 (ICso = 4 nM)?*4, and the dual GSK-
3B/DYRKIA inhibitor 166 (GSK-3B ICso = 40 nM; DYRKZ1A ICso = 100 nM)?*°, an
antidiabetic drug candidate with 83% reported inhibitory activity at 10 pM against FYN
(Figure 2.22), were selected as interesting mono- and dual-target DYRKZ1A inhibitors
to computationally study and compare with our initial hit 72, and 159. Thus,
compounds 72, 159, 165 and 166 were docked in the DYRKZ1A binding pocket and
overlapped (Figure 2.24) as ultimate goal to learn how to more drastically modify 72
and identify common pharmacophoric features.

Notably, the Lys 188 interaction within the binding pocket of the enzyme was
confirmed not only for 165 and 166 as reported in literature, but also for 159. This was
in line with what observed from both docking and X-ray crystallographic analysis of
148 aside from that the amide moiety of 159 involved in the HB interaction with Lys
188 residue is directly linked to the phenyl group attached to the position 5 of the

pyrazole ring.

Figure 2.24 Computational modelling of compounds emerged from literature research
and their overlap with ARN25068 (72) and ARN26646 (159) within the DYRK1A binding
pocket. A) Superimposition of 72 (pale green) with 165 (orange) and 166 (purple); B)
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superimposition of 159 (yellow) and 72 (pale green); C) superimposition between 159 (yellow)
and 165 (orange), D) superimposition of 159 (yellow) and 166 (purple).

The synthetic strategy first attempted to afford derivative 159 following the
general procedure described in Scheme 2.1 was unsuccessful due to the low reactivity
of the in-house synthetized 5-substituted pyrazole, side products formation in all the
steps of the process, and several purification issues of the final product. Therefore,
novel strategies reported in Scheme 2.8 have been explored to overcome this lack of
accessibility.

The direct amination of the C4 by substitution of the chlorine atom in presence
of NH4CO3 was first tried in neat conditions and afterwards in presence of isopropanol
to aid solubility. This reaction did not yield the desired product 167 either at room
temperature or with gentle heating at 50 °C (Scheme 2.8, route a). In contrast, despite
obtaining the corresponding isopropyl substituted derivative 170 in a 1:1 ratio with the
desired product 169, the introduction of the 5-bromo aminopyrazole moiety (168) was
in part successful by using isopropanol as solvent and heating at 50 °C (Scheme 2.9,
route b). While trying to optimize this reaction by switching solvent from isopropanol
to DMF, the formation of an undesired pyrazole dimer (171) was observed by UPLC-

MS analysis and therefore this strategy was abandoned.
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Scheme 2.9 Different synthetic strategies for chemo-selective amination of the C4 of
2,4-dichlorothieno[3,2-d]pyrimidine.
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Reagents and conditions. a) NH.COs3 (5 equiv.), isopropanol, TEA (5 equiv.), 50 °C,
on; b) 5-bromo-1H-pyrazol-3-amine (168, 2.5 equiv.), isopropanol, TEA, 50 °C, on; c) 168
(2.5 equiv.), DMF, TEA, 50 °C, on. No-go crosses indicate the reaction was unsuccessful.

Extensive optimization of the synthetic protocol allowed the successful
synthesis of 159 via a four-step synthetic procedure reported in Scheme 2.10. The gram
scale introduction of the hydroxyl moiety to the more reactive C4 of the pyrimidine
core proceeded in a quantitative yield and opened the possibility to direct the first SNar
towards the less reactive C2. The commercially available cyclopropanemethylamine
173 was then reacted with 172 under MW irradiation at 160 °C, in a large milligram
scale, affording 174, which underwent a chlorination reaction in presence of
phosphorus oxychloride. A final SNarof 175 with the polar 5-substituted pyrazole 177,
in turn prepared via Suzuki cross-coupling reaction, between the bromo containing 168
and the boronic acid 176, afforded the desired product as the formic acid salt (178)
after HPLC purification. A final purification of the same compound via exchange

cationic chromatography (SCX) separation gave 159 as the free base.
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Scheme 2.10 Multi-step procedure employed for the synthesis of compound 159.
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Reagents and conditions. a) i) NaOH, THF/water, 60 °C on ii) Acetic acid, 35 °C, 2 h;
b) cyclopropylmethanamine (173), DIPEA, n-BuOH, Ar, 6 h, 160 °C, MW; c) POCls;, DMSO
(cat.), 105 °C, Ar, 3 h; d) Pd(PPhs)4, 1,4-dioxane, Ko.COs aq (2M), MW, 130 °C, Ar, 2 h; e) n-
BuOH, DIPEA, 180 °C, Ar, 8 h; f) SCX separation

Notably, compound 159 showed a quite well-balanced nanomolar activity
against all the three targets (GSK-3 ICso = 126 nM; FYN ICso = 83 nM; DYRK1A
ICs0 = 199 nM) when tested in the in-house enzymatic assay, making this compound
one of the greatest achievements over the course of this project (summary of SAR

exploration reported in Figure 2.25).
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Figure 2.25 Heat map representation of compounds inhibitory activity versus GSK-
3B/FYN and DYRK1A

2.7 In vitro DMPK screening of ARN25068 and selected
derivatives

Preliminary in vitro ADME characterization of hit compound 72 and some
selected analogs was carried out to select the best candidates for further in vitro BBB
penetration studies and in vivo pharmacokinetic properties evaluation. In detail, as
shown in Table 2.9, the compounds stability towards metabolic biotransformation of
phase | (Ph1) in mouse liver microsomes (MLM) was investigated to understand the

effect of properly addressed modifications in analogues’ metabolism. Notably,
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compound 72 was confirmed to be an optimal starting point characterized by a half-
life of more than 60 min in the presence of MLM (Ph1).

Compound 83, 84, 85 and 86 of series | together with 103, 107, 110 of series Il
showed a decrease in metabolic stability compared to 72 as confirmed by half-life
values slightly more than 10 min. Hybrids derivatives 145, 147 and 148 were instead
characterized by a better stability compared to the first generation compounds (20 min
< t12> 30 min) with exception of compounds 143 and 144, which showed a half-life
less than 13 min. Remarkably, derivative 106 of series Il, featuring the p-carbamoyl
moiety, and hybrid 159 displayed a comparable stability in MLM (Phl) with hit
compound 72 greater than 60 min for 106 and of 54 min for 159.

Table 2.9 Stability in MLM (Ph1 and Ph2) and M-plasma of hit compound 72 and
some selected analogs.

Phase | Phase II M-plasma

Cmpd#  ty(min)? Replicates tw (min)!  Replicates t» (min)?>  Replicates

72 > 60 n=3 >60 n=2 >120 n=3
83 13 n=2 n.d n.d n.d n.d
84 >60 n=2 n.d n.d nd nd
85 12 n=1 n.d n.d n.d n.d
86 11+0 n=2 >60 n=2 >120 n=3
101 24 n=1 n.d n.d n.d n.d
103 12 n=1 n.d n.d n.d n.d
106 >60 n=2 nd n.d nd nd
107 10 n=2 n.d n.d n.d n.d
108 49 n=1 >60 n=1 n.d n.d
109 18+1 n=2 >60 n=2 >120 n=3
110 11+3 n=2 >60 n=2 >120 n=3
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131 >30 n=2 >60 n=1 111+11 n=3

143 13+1 n=2 >60 n=2 >120 n=3
144 131 n=3 n.d n.d >120 n=3
145 412 n=3 nd n.d >120 n=3
147 201 n=3 n.d nd >120 n=3
148 22%1 n=3 n.d n.d >120 n=3
159 54 +3 n=3 n.d n.d >120 n=3

!Final cpd conc.: 4.6uM in Microsomes + 0.1% DMSO; 2Final cpd conc.: 2uM in Plasma + 5% DMSO

Regarding metabolic biotransformations of phase Il (Ph2) in MLM and stability
in mouse plasma (M-plasma), overall, preliminary results of both first and second
generation analogs showed very good stability as confirmed by half-life values above
60 and 120 min, respectively (Table 2.9).

Moreover, good stability data (ti> >60 min) in the presence of human liver
microsomes (HLM, both Ph1 and Ph2, Table 2.10) were observed for all derivates with
the exception of 86, 110 and 143. The stability in human-plasma (H-plasma) was >120
min for the majority of the tested compounds suggesting their potential application into

preclinical development.

Table 2.10 Stability in HLM (Ph1 and Ph2) and H-plasma of hit compound 72 and
some selected analogs.

Phase | Phase I1 H-plasma

Cmpd#  ty(min)? Replicates  t (min)! Replicates  t» (min)>  Replicates

72 > 60 n=2 >60 n=2 >60 n=2
86 391 n=2 404 n=2 >60 n=3
108 > 60 n=1 50 n=1 nd n.d
109 >60 n=2 >60 n=2 >120 n=3
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110 35+3 n=2 36+1 n=2 >60 n=3

131 59 n=1 >60 n=1 111 +12 n=3
143 271 n=3 55+0 n=2 >120 n=3
144 >60 n=3 nd n.d >120 n=3
145 >60 n=3 n.d nd >120 n=3
147 46 £ 4 n=3 n.d n.d >120 n=3
148 >60 n=3 n.d nd >120 n=3
159 457 n=3 n.d nd >120 n=3

IFinal cpd conc.: 4.6uM in Microsomes + 0.1% DMSO; ?Final cpd conc.: 2uM in Plasma + 5% DMSO

Conversely, kinetic solubility (Sk) emerged as one of the major weaknesses of
these classes compounds with the majority of them reporting values below 1 uM as
previously observed with 72 (Table 2.11). While compounds 84, 85, and 144, featuring
the methyl and isopropyl group in place of the cyclopropil moiety, and a combination
of the cyclobutyl and the m-carbamoylbenzyl function, respectively, reported low
solubility values ranging between 4 and 16 uM, a great improvement in solubility was
achieved with derivatives 109 and 148 (Sk = 121 + 13 puM and 185 + 3 uM,

respectively).

Table 2.11 Sk of hit compound 72 and some selected analogs.

Cmpd#  Skinetic UM Replicates

72 <1 n=3
84 6 n=1
85 4 n=1
86 <1 n=3
101 1 n=1
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103 <1 n=1

108 <1 n=3
109 121 n=1
110 <1 n=3
131 0 n=3
143 <1 n=1
144 16 n=1
145 <1 n=1
147 1 n=1
148 185 n=1
159 <1 n=1

2.8 Conclusions and future perspectives

Taking into account all the previously described data, compound ARN25699 (148)
and ARNZ26646 (159) were identified as promising lead compounds to further
investigate, paving the way towards the potent and well-balanced simultaneous
modulation of GSK-38, FYN and DYRK1A to combat tau-related disorders.

A summary of the in vitro solubility, activity and ADME properties of 148 and
159 in comparison with 72 is reported in Table 2.12.

Table 2.12 In vitro activity, solubility, and ADME properties of 72 in comparison with
148 and 159.

ARN25068 (72)  ARN25699 (148)  ARNZ26646 (159)

GSK-3B IC,, [nM] 4.83+0.30 551+2 126.0+5

FYN IC,, [nM] 413+ 0.69 216+0.4 83.0 % 12
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DYRKIAIC,, [nM] >1000 242.0 £ 50 199.0+ 11
S, [uM] <1 185+ 3 <1
MLM (Ph1) [min] tu2> 60 =201 t,=54+3
HLM (Ph1) [min] tuz> 60 tuz> 60 t,=45%7
M-plasma [min] tin> 120 tin> 120 t,>120
H-plasma [min] t12>120 t12>120 t,,>120

ICso evaluated in (LANCE® ultra TR-FRET assay)

Additional pharmacokinetic and brain permeability studies in mouse will be
performed to select the best candidates to advance into lead optimization campaigns.
Furthermore, extensive SAR studies will be devoted to expand the chemical space
around the best compounds, by combining computational and X-ray crystallographic
approaches, with the ultimate goal to discover novel potent and well-balanced GSK-
3B/FYN/DYRKI1A inhibitors possessing drug-like favorable properties to combat

neurodegenerative tauopathies.
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Chapter 3

3. Design, synthesis and evaluation of
novel MT-stabilizing TPDs for NDDs
and other indications

3.1 Introduction

As discussed in the introductory chapter of this thesis, major abnormalities of
AD are exemplified by the deposition of AP plaques in the extracellular space, and
accumulation of PHFs in intraneuronal NFTs and neuropil threads (NTs). Lee V. M.
and collaborators discovered the role of the incorporation of abnormally
phosphorylated protein tau into pathogenic PHFs as triggering factor in disrupting the
MTs network, and compromising the function and viability of neurons. Due to MTs
association with tau and their importance in neurons, MTs can be considered
supplementary therapeutic targets for the treatment of AD.246 247

Several subsequent studies reported compelling evidence of efficacy of

different brain penetrant MT-stabilizing compounds, including natural products like
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epothilone D and dictyostatin, as well as synthetic small molecules belonging to the
TPD class, in animal models of tauopathies, strengthened the idea that MTs stabilizing
drugs can be use as novel therapeutic agents for AD,246:248-252

As discussed previously, BBB penetration is a critical prerequisite while
targeting CNS directed therapies and natural products have known issues in this
regard.'?> 122 |n contrast, MT-stabilizing TPDs and related structures have shown a
generally favorable combination of brain permeability and MTs-stabilizing activity
and, therefore, high potential for the development of novel CNS MT-stabilizing tools?>?
for NDDs. This chapter focus on the research activity conducted during the third year
of my Ph.D. course for 6 months at the Skaggs school of pharmacy and pharmaceutical
sciences (UCSD, San Diego, California) within Prof. Carlo Ballatore’s Lab working
on the rational design and synthesis of MT-stabilizing TDP candidates for future

clinical development.

3.1 TDPs, MTAs with binding affinity for the Vinca site of
tubulin

MTAs are some of the clinically most successful anti-cancer drugs. Among
them, TPDs (Figure 3.1) represent a class of cytotoxic compounds possessing both
stabilizing and destabilizing properties, and able to inexplicably bind to the vinblastine
binding site on tubulin which is mainly targeted by MDAs.2>

Compound 179 was part of a group of five selected TPDs exensively
characterized by Saez-Calvo G. et al whit the aim of better elucidate the molecular
mechanism of action of MTAs on tubulin and MTs.

Crystal structure of 179 in complex with of tubulin dimers at 2.4 A, allowed a
deeply characterization of its binding mode providing the basis to rationalize the

cellular activity of TPDs congeners and to perform further SAR explorations.?%*
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Figure 3.1 Chemical representatives of TPDs with both MT-stabilizing and
destabilizing activity.

Similarly to other TPDs, 179 binds between B1 and o2 tubulin dimers and in
proximity of the bound GDP nucleotide of the f1-tubulin subunit in the vinblastine site
(Figure 3.2). The central pyrimidine core is involved in a © &t stacking interaction with
Tyr 224 of B1 subunit (BTyr224) and the guanine nucleobase of the GDP nucleotide.
The nitrogen atom of the azabicyclo moiety interacts through HBs with both fTyr 224
and GDP, while the chlorine atom of the pyrimidine group interacts with fThr223 and
Thr 357 of o2-tubulin subunit (aThr357). Finally, as for the azabicyclo group, the
trifluorophenyl moiety is involved in H-bonding interactions with aAsp 329, BAsp 206
and BGlu 207.
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Figure 3.2 Crystal structure of 179 in complex with af tubulin dimers?®: (A) Overall
view of the complex structure: a-Tubulin, gray cartoon; B-tubulin, white cartoon; tubulin
tyrosine ligase (TTL), purple cartoon; the stathmin-like protein RB3, green cartoon; 179,
yellow spheres. (B) Close-up view of the binding site of 179. GDP, orange sticks; 179, yellow
sticks. (C and D) Close-up view of 179 complex structure showing interactions of the (C)
azobicyclo and pyrimidine groups and (D) trifluorophenyl group of 179 with tubulin. Tubulin
secondary structural elements are labeled in purple.

3.2 Matched Molecular Pair Analyses, Computational
Studies and SAR evaluation of TPDs

Evaluation of various TPDs in cell (QBI1293)-based assays of MT stabilization
showed diverse cellular phenotypic responses after short-term (4 h) incubation as the
chemical nature of the substituents around the TPD core vary.*® Moreover, matched
molecular pair analyses and computational studies allowed to correlate the markedly

different phenotypic responses of TPDs to their interaction with either one or two
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spatially distinct binding sites within tubulin heterodimers.?® In further detail,
compounds typified by 181, 182 and 183, which produced a dose-dependent increase
in markers of stable MTs - such as acetylated a-tubulin (AcTub) and de-tyrosinated a-
tubulin (GluTub) - with no decrease of tubulin and interacted exclusively within the
vinca binding site on B-tubulin (Figure 3.3), were defined as Class | compounds. While
TPDs as 179 and cevipabulin (180), which caused a bell-shaped-dose-response in
AcTub and GluTub levels with associated proteasome-dependent degradation of o
tubulin, and characterized by similar binding affinity to both the vinca site as well as
the seventh site, were classified as compounds of Class Il (Figure 3.3).

A systematic exploration of the SAR of TPDs also revealed that fragments
linked at C6 and C7 of the TPD core play an important role in determining both the
phenotypic responses and the ADME-pharmacokinetic properties of TPDs.?4% 256 |
detail, analogues featuring electron donating groups at the para position of the phenyl
moiety linked to the TPD core, are generally associated to a significant loss of a-Tub
levels. Chloro substituents, producing opposite mesomeric (+M) and inductive (—I)
effects, cause a comparatively more moderate but still significant loss of a-Tub at 10
uM. However, the presence of fluoro-substituents at the ortho positions of the phenyl
ring at C6, together with an electron-withdrawing group at the para position and a
relatively lipophilic aliphatic amine at C7 are generally required for Class | activity.*®

Although SAR and structural biology data allowed to gain insights into the
mechanism(s) underlying the different cellular phenotypic responses elicited by TPD
congeners, a new class of analogs characterized by an unprecedented cellular activity
between that of Class I and Il compounds and therefore classified as hybrid compounds
was developed (Figure 3.3).2% These TPDs proved to bind to both the vinca site as well
as the seventh site, showing a non-linear dose response with respect to MT AcTub,
without evidence of a significant decrease in total tubulin levels.
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Class|
Dose-dependent increase in markers of stable MTs (AcTub and
GluTub)with no decrease of tubulin levels

Interaction exclusively within the vinca binding site on B-
tubulin.

, Classll
17
Ny~ -7 + Bell-shaped-dose-response  with proteasome-dependent
</ i 6 degradation of tubulin
N, N/ Cl »  Similar binding affinity to both the vinca site as well as the

seventhsite.

Hybrids

Cellular phenotype between Class | and I, non-linear dose
response without evidence of a significant decrease in total
tubulin levels

Interactionwith both vinca site as well as the seventh site.

Figure 3.3 Schematic representation of the three different classes of TPDs based on
their cellular activity in QBI293 cells and their interaction with o and B tubulin.

3.3 Discovery of BL-0884: a potent MT-stabilizer TPDs

Relatively low doses of brain-penetrant MT-stabilizing compounds have been
shown to provide therapeutic benefits in mouse models of tauopathy by normalizing
axonal MTs and, consequently, by restoring axonal transport.?#°-252: 257 Notably, co-
treatment of rodent neurons with Class | or hybrid analogs TPDs, such as derivatives
181 and 182, along with the phosphatase inhibitor Okadaic Acid (OA, 15 nM) prevents
MT collapse with a resulting normalization of MT structure and neuronal processes
(Figure 3.4).
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Figure 3.4 A) TPD derivative 181 and nitrile-containing 182 ability to stabilize
neuronal MTs under conditions of tau loss-of-function, in rat neuronal cultures with OA (15
nM). (B) Primary rat cortical neurons treatment with compound 181 or 182 (1 uM) in the
absence of OA (—OA) showed increased axonal AcTub staining relative to those receiving
vehicle only. Upon treatment with OA (+OA) in the absence of the test compound (vehicle), a
dramatic reduction in axonal AcTub staining with fragmentation of MTs and neuronal
processes was observed. Co-treatment with 181 or 182 (1 uM) along with OA resulted in
normalization of AcTub staining and axonal processes. (C) ELISA determination of AcTub
levels in homogenates from primary mouse cortical neurons treated with 1 and 10 uM of 182,
or vehicle, in the presence of OA. Compound 182 at 10 uM increased AcTub levels in similar
fashion to those in neurons without OA treatment.

In light of these encouraging results, a follow-up SAR exploration®® driven by
a deeper elucidation of the role played by the fragments at C6 and C7 was carried out
leading to the discovery of novel derivatives characterized by the presence of an alkyne
linkage at the side-chain in the para position of the fluorinated ring at the C6 position
of the TPD core.

With this in mind, chemical effort was employed to rationally synthesize BL-
0884 (184, Figure 3.5 A) featuring the bulkier and lipophilic (R)-3,3-dimethylbutan-2-
amine at C7 of the pyrimidine core. This analog was found to produce a reduction in
total tubulin levels at only higher concentrations (10 uM) contrary to the corresponding
alkoxy derivatives such as cevipabulin (180) which were characterized by a more

marked reduction in tubulin levels at the same concentration.
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Additionally, 184 was found to be a potent MT-stabilizer in QBI1293 cells and
proved to prevent the OA-induced MT-collapse in cortical neurons*® emerging as a

promising lead compound, which deserved further attention and investigation.

A B AcTub levels in QBI293 cells after C a-Tub levels in QBI293 cells
4 h treatment with 184
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Figure 3.5 A) Chemical structure of 184; B) ELISA measuring acetylated AcTub
levels and C) total a-Tub levels in response to 4-h treatment with TPD 180 (100 nM, used as
positive control) or 184 at different concentrations.

3.3.1 Multi-gram scale synthesis of BL-0884 (184)

To advance 184 into pharmacokinetic investigations and further preclinical
studies in mice, the seven-step chemical procedure employed to access the rigid alkyne-
containing side-chain TPD 184 was performed in a multi-gram scale as depicted in
Scheme 3.1.

First, the SNar reaction between 1,2 ,3-trifluoro-5-nitrobenzene (185) and
diethylmalonate was scaled up from 2.050 g (7.14 mmol) of the limiting reagent 185
to 5 g (28.24 mmol) obtaining a good tolerance in terms of reactivity. The subsequent
palladium catalyzed reaction used to reduce the nitro group into the corresponding
aniline of 187 was conducted with various amounts of 186 (2.85 g (8.98 mmol), 5.0 g
(20 mmol) and 8.9 g (28 mmol)), showing different yields and reaction times based on
the amount of starting material used. The best results were observed when starting with

5 g scale (40% yield, after two steps, 2 h, rt), while in a smaller scale from 3 up to 6 h
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were needed to obtain complete conversions of the starting material with a similar yield
(37%). Despite the bigger scale (8.9 g) showing reasonable reaction times to complete
conversion, the yield decreased drastically to 12% due to side product formation.

In contrast, when attempting the following Sandmeyer reaction to convert 187
into the corresponding aryl iodide 188 by starting from 1 g (3.36 mmol, 42%), 1.98 g
(6.9 mmol, 45%) and 2.6 g (9.1 mmol, 67%) of 187, higher yields were seen at a greater

scale.

Scheme 3.1 Multi-step procedure to access the MT-stabilizing compound 184.
Optimal reaction scale is reported below the corresponding starting material in italic.

e

186 187 (40%) 188 (67%)
(5.00 g) (5.00 9) (2.60 9) (1.289)

OH dl
NoN~X NN PN
’c{‘é </N’J\N/ cl <’j\N/ cl <’j\'\( cl

192 (950%) 190 (71%)

184 (78%) (0.08 9) (0.209)

Reaction and conditions. a) Diethylmalonate, NaH, THF, 0 °C to rt, 4 h; b) H, Pd/C,

MeOH, 2 h, rt; ¢) i. HCI aq (6 N), NaNOy, ii. KI, water, 3 h, 0 °C to rt ; d) i. 3-Amino-1H-

1,2,4-triazole (189), TBA, 170 °C, 3 h, ii. Toluene, NaOH 50%, 110 °C to 50 °C, iii. POCls,

reflux 6 h ; e) (R)-3,3-dimethylbutan-2-amine hydrochloride (191), DMF, TEA, 1 h, rt; f) but-
3-yn-1-ol (193), Cul, TEA, Pd(PPhs)s, DMF, 8 h, rt.

Condensation of 188 with the 3-Amino-1H-1,2,4-triazole (189), followed by

treatment with neat POCl3, gave the expected TPD dichloride 190 in good yields: 54%

at 0.56 g; 71% at 1.28 g (3.2 mmol); 64% at 2.4 g.
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The more reactive chlorine atom of the TPD dichloride 190 was then
chemoselectively substituted with the (R)-3,3-dimethylbutan-2-amine hydrochloride
(191) to afford 192 in a scale ranging between 0.2 g (0.6 mmol) and 1.64 g (3.84 mmol)
with very good yields between 95.4% and 86%.

Finally, a Sonogashira coupling reaction between but-3-yn-1-ol (193) and 192
showed a dramatic decrease in yield when scaling up to 0.36 g (726 mmol) of the
monochloro substituted TPD 192 (33% yield). Several synthetic attempts led to
identify 80-100 mg as a reasonable starting material loading with a good scale/yield
ratio, which led to obtain the desired product 184 with a 78% yield (80 mg, 0.16 mmol).
This final reaction was repeated several times in situ using a carousel reaction station
to obtain more than 500 mg of final compound, whose structure was also confirmed by

X-ray crystallography (UC San Diego, Crystallography facility).

3.4 Synthesis and MT-stabilizing activity of possible in vivo
metabolites of BL-0884 (184).

Identification of metabolic biotransformations represents a crucial phase in the
drug discovery process. In detail, the recognition of the site of metabolism in a lead
compound could be a significant advance in designing new compounds with a better
pharmacokinetic profile and can assist chemists to decide whether a potential candidate
should be eliminated from the pipeline or modified to improve chemical stability or
safety.2®With this information in our hand and aware of the crucial role of N-
dealkylation and oxidation reaction in Phase | metabolism, 2% 20 we designed and
synthetized derivatives 194 and 195 (Figure 3.6), as two possible in vivo metabolites

of 184 to further investigate.
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Figure 3.6 A) Design of the N-dealkylated derivative 194 and oxidized carboxylic acid
195, possible in vivo metabolites of 184

Synthesis of 194, featuring an aliphatic amine substituent at C7, was carried out
via amination of intermediate 190 in the presence of methanolic ammonia and was
successfully followed by a Sonogashira cross-coupling in relatively good yields

compared to the corresponding analogue 184 (Scheme 3.2).

Scheme 3.2 Synthetic procedure for 194, a possible in vivo metabolite of 184.

OH
=
ot ! NH, ! NH, Z
NN ° . NN b . NN
¢l ¢l Y
FN NPl FN NPl NFNNP ¢l
)

190 196 (quant.) 194 (5294

Reagents and conditions. a) NHs/ MeOH 7 N, 0 °C to rt, 20 min, quant. ; b) 193, Cul, TEA,
Pd(PPhs)s, DMF, 8 h, rt.

Conversely, the synthetic protocol followed for 195 gave a different outcome.
The first attempt of direct oxidation of the exposed alkyl hydroxy group was not
successful neither by employing TEMPO nor the Jones reagent as an oxidizing agent
(Scheme 3.3).
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Scheme 3.3 Unsuccesful direct oxidation of the TPD moiety of 184 to prepare

derivative 195.
\E OH OH
_ Y
WOSNH Z F Z

aorb WSNH
NN —— N.n
</¢J\ <//k\
NESN el 184 NP T 195

Reagents and conditions. a) TEMPO, BIAB, CH:Cl»/H,0 3:2, 2 h rt, b) Na,Cr,07, NalOs,
HNO; water/acetone 1:1, 0 °C, 18 h. No-go crosses indicate the reaction was unsuccessful.

Furthermore, alternative routes such as the direct oxidation of 193 (Scheme 3.4)
and the subsequent cross coupling between iodine derivative 190 and but-3-ynoic acid
(193) did not allow the obtainement of the desired product 195, probably due to the
free carboxylic acid function of the terminal alkyne 197. For this reason, several efforts
were then directed to the preparation of different ester derivatives of the latter by

employing several alcohols and experimental conditions.
Scheme 3.4 Different synthetic routes to assess 195.
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Reagents and conditions. a) Na,Cr,07, NalO., HNO3s, water, 0 °C to rt, on, quant.; b)
192, TEA, Cul, Pd(PPhs)s, DMF, rt, on; c) i) t-BuOH, DMAP, DCC, rt, on; d) ii) MgCl, 10
mol%, Boc,O (1.3 equiv.)/ t-BuOH (2 equiv.); ) TMSCI, MeOH rt, on; f) phenylmethanol,
DCC, DMAP, DCM 0 °C to rt, 1 h; g) phenylmethanol, HCI 36%, rt, on h) 192, K,COs,
Pd(PPhs).Cl,,Cul, DME, 70 °C, on. No-go crosses indicate the reaction was unsuccessful;
dotted arrows indicate that the reaction was not performed.

The difficulty of working with small volatile molecules lacking UV activity as
198 and 199 was observed with no evidence of the desired products after work-up and
purification. Moreover, the formation of unexpected side by-products when a heaver
UV visible alcohol such as the benzylic one was employed in amide-coupling
conditions did not allow isolating the desired ester 201. For example, although
esterification of carboxylic acid 197 with the benzylic alcohol by using DCC as
coupling agent and DMAP as base gave complete consumption of the limiting reagent
after three hours (TLC check: 100% EtOAc), *H NMR in CDCIs of the obtained
product suggested the unexpected isolation of benzyl buta-2,3-dienoate (200, Scheme
3.4, f) as a by-product. The finding of a paper focused on the development of catalytic
enantioselective [2 + 2] cycloadditions?®! between appropriate alkenes and readily
available allenoates, in turn, prepared via coupling reactions of the corresponding
terminal alkynes corroborated our hypothesis.

Finally, a Fischer esterification in the presence of HCI as an acid catalyst
afforded the desired benzylic ester 201, which unfortunately did not give the title
compound 195 under different conditions of Sonogashira cross-coupling.

Remarkable, 194 showed a beneficial effect in MT-stabilization (Class I) even
if it showed low activity in QBI293 cells in accordance to what acquired in previous
SAR explorations. Moreover, it showed a good safe profile (CCso Ave >4000 nM)
when assessed for cytotoxicity in HEK cells (Table 3.1).
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Table 3.1 MT-stabilizing activity of 194 in comparison with representative derivatives
184, cevipabulin 180, and 182. Fold-changes in AcTub and total a-Tub levels in QBI293 cells
after 4 h of incubation with test compounds at either 1 or 10 uM concentration are reported.

HEK
Structure " AcTub a-Tub Class CCso
Ave
1 pM 10 pM 1 pM 10 pM (nM)
N H 6.98%*  1.06
F o N - -
INH SN 180 +091 +0.38 0"(‘)952 * 0%7; ST 3’8875
NN 092)  (0.14) : : *8.
P
\( F F 214+ 257+ 84.0
N 181 0.15*  0.15* 110+ 090+ | +
ﬁui; u (059  (0.71) 0.17 0.16 0.141
\t . oN 283+ 460+ 29.10
N 182 033 o3z~ 0% 108 +
NN (0.68) (110 0.03 0.03 1.45
<N’J\N/ cl
\k _ oH
[ * z 367+  55% 403
N 184 ios4 oso 0.98410.0 0.981iO.2 | "
NN 057)  (0.81) 10.3
N’]\N/ cl
P OH
F =
NH, Los 0(')8371 1(')15; 0.96 1.06 | 400
TN 0l (014 +0.23 +0.01 0
J\N/ cl ) :

Reported values for AcTub and a-Tub represent the fold-change over control (DMSO)-
treated cells (*p < 0.05 and **p < 0.01 by one-way ANOVA); numbers in parentheses represent
the fold-change of AcTub over positive control-treated cells. Class | compounds are those
producing a concentration-dependent increase in AcTub levels and that do not cause >15%
reduction in a-tubulin at either concentration; Class Il compounds are those that cause >15%
decrease in a-tubulin at either 1 or 10 uM compound concentration.

3.5 In vivo characterization of BL-0884 (184)
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The chemical effort directed towards scaling up the Class | TPD 184 has thus far
allowed its assessment in a preliminary pharmacokinetics evaluation in CD-1 male
mice as a potential candidate for tauopathy treatment.

In detail, determination of its brain-to-plasma (B/P) ratios at 1 h post
administration (i.p. injections of 5 mg/kg) confirmed this TPD as a brain penetrant
compound with a B/P ratio of ~0.5 (data not shown) (Figure 3.7 A).

Moreover, in a further pharmacodynamic investigation to determine
compound-dependent elevations in the stable MT markers (GluTub) in brain
homogenates from compound-treated WT mice, 184 caused significant elevations in
GluTub, when administered at 1 mg/kg (i.p.) once daily for two consecutive days,
showing comparable pharmacodynamics effects to the two analogs 204 and the
previously identified Class | TPD 182 (Figure 3.7 B).

A
IV @ 5 mg/kg in Mice (cpd 184) C
2.5
IV PK Values
10000 Ty, =4.06 h 2.0
Vd=5.78 L/Kg
1000 Cl=16.5 mL/min/Kg 1.5+

100

10

Plasma Concentration (ng/mL) w
GluTub/aTub
(Relative to Vehicle)

0 4 8 12 16 20 24 N > &
. 4&)‘& %\\4& &50
Time (h) o

Figure 3.7 A) Chemical structure of the hybrid compound 203; B) Plasma
concentration of 180 after oral administration (5 mg/kg) and pharmacokinetic data after i.v.
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injection (1 mg/kg). Error bars represent SD; C) Increases in the GluTub-to-total a-Tub ratio
in the brains of WT mice after i.p. dosing of 182, 184 and 203 at 1 mg/kg once daily for two
consecutive days, relative to vehicle-treated mice. The data represent a summary of
independent experiments with each compound in which n=4 CD-1 mice received a test
compound or vehicle. Error bars represent SEM, with *, p<0.05 and **, p<0.01 as determined
by a two-tailed t-test.

3.6 BL-0884 analogues, optimal starting point for pro-drugs
synthesis and active targeting

The incorporation of an acetylene linkage in the aliphatic side-chain at the para
position of the fluorinated ring at C6 can provide potent MT-stabilizing derivatives that
do not cause loss of total tubulin and that exhibit excellent
pharmacokinetic/pharmacodynamic profiles, offering several opportunities for CNS-
directed MT-stabilizing therapies and as a potential cancer therapy.?®2

The previously discussed class Il compound 180 represents a successful
example of TPDs, which have reached phase | (NCT00195325 and NCT00195247) for
use as anticancer agent thanks to its tubulin polymerization properties and therefore its
ability to halt metaphase-anaphase transition.?®

180, a small molecule rather than the natural product taxanes, demonstrated
more favorable parmacokinetic properties and was not susceptible to common tumor
drug resistance mechanisms. Despite this, the compound did not progress through
clinical trials due to drug-related toxicity. It was therefore concluded that this
compound would not offer an improved safety profile compared to the taxes currently
available on the market.

In this respect, the toxicity of 180 could be related to the proteasome dependent
a-tubulin degradation associated with the interaction between the fluorinated amine
moiety at C7 with the deoxyribose of the nonexchangeable GTP2%4, which characterize
Class Il compounds, suggesting that the MT-stabilizing TPDs belonging to Class | and

hybrids could be promising substitutes for a safer chemotherapy.
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This inspired us to select 184, characterized by a privileged scaffold possessing
a hydroxyl moiety suitable for late -stage functionalization, to develop a library of
amino acid esters prodrugs with improved solubility, formulation and oral delivery or

active-targeting agents for a safer and directed-cancer therapy.

3.6.1 Pro-drugs definition and uses in medicinal chemistry

The design and development of active compounds able to successfully interact
with a target and produce a pharmacological effect with limited side effects is a
prerequisite for novel compounds to reach the clinic. However, a wide range of
obstacles including low water solubility,%® poor absorption, distribution, metabolism,
and excretion (known as ADME profile) or the already mentioned reduced BBB

penetration?%®

obstruct a molecule’s journey into the marketplace.

Many examples of drugs currently available have required extensive chemical
efforts in the lead optimization process to address these issues and favor in vivo target
engagement.?®

In this context, pro-drug strategy, consisting in the rational design and synthesis
of precursors of biologically active molecules, which are recovered in the human body
upon bioconversion, is one of the most appealing approaches.

Prodrug bioconversion processes can be grouped into two categories: 1)
prodrug degradation/drug recovery and 2) prodrug activation (Figure 3.8). Within the
first class, bioconversion reactions involve removal of a masking group from a
conjugate of the parent drug; while, the second class encompasses prodrugs, which

undergo a point chemical modification or a conjugation reaction.257: 268
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Figure 3.8. Schematic representation of carrier and bioprecursor prodrug mechanism.

Common chemical transformations of bioprecursor prodrugs consist in
hydrolytic cleavage of an ester function by esterases — one of the most important
enzymes exploited by the prodrug approach in contemporanery drug design and
development?®® — or the removal of a phosphate ester by phosphoesterases. Prodrug
synthesis has been widely applied to taxanes to improve brain penetration and water
solubility and reduce the significant toxicity associated to the high doses required.?”

In this pursuit, Prof. C. Ballatore and collaborators elegantly demonstrated the
C-10 functionalization of the anticancer agent paclitaxel possessing MT-stabilizing
activity (204, Figure 3.9) to construct bifunctional moieties with hydrolytically stable
carbamate linkages.?"*

The versatility of the paclitaxel scaffold was also investigated by Ayalew L. et
al. through esterification of the C2'-OH position with a succinate linker, and further
coupling with an helical peptide obtaining a 400-fold increase in water solubility (205,

Figure 3.9) in comparison with the parent active compound.?’?
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PTX carbamate PTX hybrid collagen-cell
penetrating peptide conjugate

Figure 3.9 Structure of PTX carbamate (204) designed by Prof. Ballatore et al. and
PTX hybrid collagen-cell penetrating peptide conjugate (205).

3.6.2 Active targeting for cancer application

Similarly to the above mentioned prodrugs, also molecules intended for active
targeting as tumor-targeting drug conjugates are composed by two distinct chemical
components consisting in a tumor-targeting module (TTM) connected to an active
cytotoxic chemical warhead directly or through a suitable linker (Figure 3.10).2%°

. monoclonal antibody
tumor-targeting module \

\

linker

/ l / linker
Y
Q9 20
wa:head warrIead

Figure 3.10 Schematic representation of the general structure of tumor-targeting drug
conjugates.

This medicinal chemistry tool attempts to overcome the toxicity and narrow
selectivity showed by the majority of cancer drugs currently applied in the clinic,
including the previously mentioned 180. The intended mechanism consists in

minimizing the systemic toxicity through effective internalization of the cytotoxic
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moiety inside the target tumor cells where the conjugate should efficiently release.
Monoclonal antibody conjugates represent one of the several possibilities to achieve
this goal due to cancer cells overexpressing certain antigen in their surface indicating
that tumor-specific antigens can be used as biomarkers to differentiate tumor tissues
from normal tissues.?®® A great example of targeted prodrugs is KS61-SB-T-12136
(206), an highly cytotoxic C-10 methyldisulfanylpropanoyl taxoid conjugated to
different immunoglobin G class mAbs through a disulfide-containing linker (Figure
3.11), developed by Ojiwa 1. et al. Notably, 206 exhibited remarkable antitumor
activity against human tumor xenografts in severe combined immune deficiency
(SCID) mice.?’

mAb

MAb-SB-T-12136 conjugate (206)

Figure 3.11 Chemical structure of mAb-taxoid conjugate 206, readapted from Ojiwa
. etal. %

The two previous sections give a brief description of both pro drugs and
bifunctional molecule for directed cancer therapy as it pertains to this project. A broad
overview of an expansive medicinal chemistry field has been discussed however an in
depth discussion was beyond the scope of this thesis. Thus for a more extensive survey

please see references 2 267268 for prodrugs and 25 27* for active targeting.
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3.7 BL-0884, privileged scaffold to access amino acids pro-
drugs

Compound 184 is a versatile molecule thanks to its exposed hydroxyl moiety
part of the aliphatic side-chain linked to the acetylene suitable for a chemical
expansion, in order to generate novel analogs possessing a wide range of application
including pro drugs and active targeting for cancer chemotherapy. For this reason, a
focused series of TPDs was synthesized by exploring new chemical spaces via
decoration of 184 hydroxyl group with different amino acid functions.

Eight novel diverse amino acid derivatives of 184 of which six esters and two

amides were prepared by adapting well-known synthetic strategies.*®: 25

3.7.1 Synthesis of amino acid esters of 184

Esterification reaction between 184 and the appropriate commercially available
protected amino acid (207, Boc-Gly, 208, Boc L-Ala or 209, (S)-2-((tert-
butoxycarbonyl)amino)-5-methoxy-5-oxopentanoic acid), in presence of EDCI as a
coupling agent and DMAP as a base in THF at rt afforded intermediates 210-212.
Further cleavage of the Boc protecting group from these latter under acidic condition
yielded 213-215 and a final purification of the isolated HCI salts (214 and 215) via
preparative-HPLC reverse phase chromatography gave the corresponding formic acid

salts in high purity however in low yields (216-217, Scheme 3.5).
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Scheme 3.5 General chemical procedure employed for the synthesis of amino acid
derivatives 210, 211, 213, 216, 217.

O— aa _Boc O— aa

210: aa= Gly (207) (48%) 213: aa= 209 (30%)

211: aa= L-ala (208) (49%) 214: aa= 207

212: aa= methoxy-L-glu (209) (quant.) 215: aa= 208 l
c

P e
@ {X, @ i

aa Aminoacid

216: aa= 208 (329p)
217: aa= 207 (64%)

Reagents and conditions. a) 207 or 208 or 209, EDCI, DMAP, THF, rt, on; b) HCI 4M,
1,4-dioxane, rt, 1-2 h; ¢) HPLC-prep.

The synthesis of analog 218 featuring the L-Ser moiety was instead performed
following prior protection of the the amino acid chain and subsequently the previously
mentioned multi-step procedure depicted in Scheme 3.6.

First, Boc-protection of the amine group of L-Ser (219) afforded 220 in
quantitative yield, which was treated with tert-butyldimethylsilyl chloride yielding
221. Afterwards 221 was employed in a sequential coupling reaction in the same
experimental conditions previously described in Scheme 3.1 to give 222, followed by
a deprotection reaction for HCI treatment and a final preparative-HPLC reverse phase

chromatography yielding the title compound 218.
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Scheme 3.6 Synthesis of the non-commercially available Boc and TBDMS protected L-Ser
and of the formic acid salt of its deprotected ester 218.

TBDMS
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220 (quant.) 221 (quant) g\"j\l\f Cl 222 (4295
HO
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N~ /NH,
\t F 2 o
S It
H” “OH
ANNIEN
Gl
218 (36%)

Reagents and conditions. a) (Boc).O, NaOH ag. (1M), 1,4-dioxane, 3 h, rt; b) imidazole,
TBDMSCI, DMF, rt on; ¢) 184, EDCI, DMAP, THF, rt, on, d) HCI (4M), 1,4-dioxane, 1 h, rt.

3.7.1.1 Towards the synthesis of phosphate ester of 184

Throughout the chemical exploration of the hydroxyl function of compound
184, chemical synthesis of the corresponding phosphate ester was attempted to evaluate
the versatility of the chemical scaffold.

Therefore, 1,3,5-trifluoro-2-iodobenzene (223, Scheme 3.7) an analogous
compound resembling the central tetrasubstituted phenyl moiety of 184, was coupled

in the established Sonogashira cross-coupling conditions obtaining derivative 224.

Scheme 3.7 Chemical strategy for the synthesis of phosphate ester 226.
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Reagents and conditions. a) but-3-yn-1-ol, Cul, TEA, Pd(PPhs)4, anhydrous DMF,8 h,
rt; b) i. dibenzyl N,N-diisopropylphosphoramidite, tetrazole, MeCN, 1 h, 0 °C ii. H,O2 30%
w/w 30 min, rt; ¢) (BnO).P(O)H, CCls, DIEA, DMAP, CHsCN, on, rt.

Synthesis of the desired phosphate ester 226 was attempted through the use of
dibenzyl N,N-diisopropylphosphoramidite as source of phophate,?’® in addition to the
Atherton-Todd reaction.?’® However, neither of these approaches resulted in a positve

outcome.

3.7.2 Ac-Tub and a-Tub Ilevels quantification of amino acids
derivatives

All novel synthetized TPD acetylene derivatives were tested to evaluate their
MT-stabilization capability and cytotoxicity in order to compare activity with the Class
I compounds such as the parent analog 184 and the nitrile containing derivative 182
together with the prior phase 11 anti-cancer candidate 180.2%% In line with previous TPDs
SARs studies conducted by Prof. C. Ballatore and collaborators, the synthetized esters
confirmed their potential as anti-tauopathies tools by showing in some cases, higher
MT-stabilizing activity compared to the parent compound 184 (Table 3.2). However,
this activity might be the result of the amino acid moiety cleavage once entered the

cells. Thus, in order to better understand and justify the intrinsic activity of the
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synthetized esters, the corresponding L-Ala and Gly amide derivatives of 184 were also

prepared.

3.7.3 Synthesis and evaluation of the amino acid amides 232 and 233.

Amide coupling of the commercially available but-3-yn-1-amine HCI salt (227)
and 207 or 208 , in the presence of HATU as a coupling agent and DIPEA as base gave
the corresponding Boc-protected amides intermediates 228 and 229 (Scheme 3.8). A
further Sonogashira cross-coupling of these latter with aryl iodide intermediate 192 and
the final cleavage of the Boc protecting group gave the desired products 232 and 233

as formic acid salts.

Scheme 3.8. Multi-step preparation of amide derivatives 232 and 233.

(0]

Boc H” >OH
Boc H /
/\/NHZ _° - R_(Gaf b NN ¢ N—aa
— — e S —_— B
7 Ha z Z Z
0 g
227 2285 aa= L-ala, 208 (46%) 230: aa= 208 (7995) 232: aa= 208 (5095)
229: aa= Gy, 207 (679%) 231: aa= 207 (599%%) 233: aa= 207 (379)

Reagents and conditions. a) 207 or 208, HATU, DIPEA, DCM, 0 °C to rt, on; b) 192, TEA,
Cul, Pd(PPhs)s, DMF, rt on c¢) HCI 4M, 1,4-dioxane, rt, on.

In-cell evaluation of these last two synthetized amides showed significant MT-
stabilizing activity with a marked effect compared to the starting compound 184 and
the previously synthetized ester analogues and a cytotoxic effect in HEK cells
comparable to that of 180 (Table 3.2).

Table 3.2 MT-stabilizing activity of BL-0884 (184) amino acid esters and amides.
Fold-changes in AcTub and total a-Tub levels in QBI293 cells after 4 h of incubation with test
compounds at either 1 or 10 uM concentration.

152



Structure AcTub o-Tub

\t P HEK
« NHF Z " CCso
® " N Ave
quh; 1pM  10pM  1pM  10pM  Class (nM)
Cl
0 5.07%%t  5.54**
o, I 093+ 091z 40.5
e \g/\H K 210 0.25 004 P 003 I
(0.80)  (0.87)
.o 6.63** £  9.03%*
.’O\g/'\uj\ok 21 034 094 OP0F 09 32
0.84)  (1.14) : 0.
HCI *% *%x
o IL)NiZ/\EO o3 1‘1465 %%193 088+ 092+ | 623
.’ ~N =d1. L Y
000 (Lo 003 002 £83
o *% *%*
s S e AT 020 oges 094r | 315
Oy 083 (s 001 003 £2.8
o * %k *%*
S gy O T 095s  093: | 323
oy 07) @iy 007 ool £56
H9 471%%+  B.72%*
o), Ly, Y 0.84**  0.86+ 40.1
A 28 023 x012 o oo | e
- ©0.74)  (L.06) : =9
o *% *%*
iz Son vy et T 099x  106: | 472
o ﬁ/\NHZ (1:26) 21.5;0) 0.17 0.01 +7.6
(o]
5.85%% £  12.3%*
1 o 233 005  +037 020 098 109
o ﬁ/\NHZ (0.74) (1.55) 0.01 +0.01 +3.9

Reported values for AcTub and a-Tub represent the fold-change over control (DMSO)-
treated cells (*p < 0.05 and **p < 0.01 by one-way ANOVA); numbers in parentheses represent
the fold-change of AcTub over positive control-treated cells. Class I compounds are those
producing a concentration-dependent increase in AcTub levels and that do not cause >15%
reduction in a-Tub at either concentration; Class Il compounds are those that cause >15%
decrease in a-Tub at either 1 or 10 pM compound concentration.

Among them, amide 232, featuring the L-Ala moiety attached to the parent
compound, showed the most important MT-stabilizing phenotypic behavior (Figure
3.12).
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Figure 3.12 A) Chemical structure of 232; B) ELISA measuring AcTub levels and C)
total a-Tub levels in response to 4 h treatment with TPD 180 (100 nM, used as positive control)
or 226 at different concentrations.
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3.8 Conclusions and future perspectives

Certainly, these compounds warrant further investigation. The chemical space
of the amino acid derivatives needs to be expanded to better elucidate the mechanism
underlining their activity in addition to direct chemical and biological investigation
towards the most promising hits.

Further derivatives are currently under development within Prof. C. Ballatore
Lab to better explore the reactivity also of other structurally similar TPDs and to answer
to these open questions.

In the meantime, taking together the obtained preliminary results, it is
noteworthy that these novel amino acid-based acetylene derivatives hold considerable
promise as potential therapeutic candidates for neurodegenerative tauopathies.
Furthermore, compounds 210, 211, 213, 216-218, 232, and 233 bore cytotoxicity
values similar to the anti-cancer agent 180, suggesting their potential application as
possible MT-stabilizing anti-mitotic tools to be employed in a targeted delivery

approach for cancer therapy.
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Chapter 4

4. Concluding remarks

The multifactorial etiology of tau-related disorders still represents a major
hurdle that needs to be overcome for drug discovery. MTDLs purposely designed as
straightforward CNS tools to put into practice the insights of network medicine are
gaining ever-increasing attention.

As discussed in the introductory chapter, in the last decade scientists have taken
a meaningful step forward in the understanding of these diseases, allowing for a
therapeutic jump towards a cause-directed treatment. This has been confirmed by the
approval of the monoclonal antibodies Aducanumab and Lecanemab targeting Ap in
AD, conversely to what observed with previously employed symptomatic cures such
as acetylcolinesterase inhibitors (AChEIs), which have demonstrated very low efficacy
in improving cognition in AD patients. Furthermore, current therapeutic interventions
have not proven adequate to support patients in the late stage of the disease. For this
reason, the development of not invasive and efficient biomarkers together with an
appropriate prevention, in a similar fashion to cancer screening, is crucial to avoid
diagnosis in the late stage of these lethal and burdening neurodegenerative syndromes,

timeframe where it is hard to intervene.
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Attracted by the great potential of multi-target drugs, during my Ph.D. the
rational design and synthesis of multi-target PKs inhibitors together with the
development of brain-penetrant MT-stabilizing agents were carried to combat AD and
related tauopathies.

In chapter 2, the MTDLs paradigm was applied to pursuit the multifactorial
nature of NDDs through the simultaneous modulation of GSK-3B, FYN, and
DYRKI1A, three independent yet interconnected PKs possessing a pivotal role in the
aberrant tau protein hyperphosphorylation. With the aim to develop first-in-class well-
balanced triple inhibitors of these PKs, a computer-assisted SAR exploration starting
from ARN25068 (72) was undertaken. 72 was selected among a large set of small
molecules tested against 172 different PKs, as a promising hit thanks to its well-
balanced in vitro low nanomolar inhibitory potency against GSK-3B and FYN and
micromolar potency against DYRK1A. Notably, this compound showed efficacy in
reducing the extent of tau protein phosphorylation in an in vitro model of AD and
emerged as a promising prototype for further SAR explorations. Three different series
of analogs were rationally designed and synthetized by inserting one single properly
addressed modification on the 2,4-di-substituted pyrimidine thiophene core of 72.

New series of hybrid compounds (series 1V) in which the best modifications of
derivatives of series I-111 were merged were also developed allowing to gain insights
on the pharmacophoric traits useful to either retain well-balanced activity against GSK-
3B and FYN or improved potency of DYRK1A. This intense medicinal chemistry effort
culminated in the discovery of two novel compounds (147, 148) characterized by
improved affinity against DYRK1A (ICso = 461.0 nM and 242.0 nM, respectively),
and low nanomolar potency against the other two PKs, and a quite well-balanced triple
nanomolar inhibitor 159 (GSK-3: ICso = 126.0 nM; FYN: ICso = 83.0 nM; DYRK1A:
ICs0 = 199.0 nM). Both derivatives 148 and 159 showed good in vitro ADME

properties and have been selected for further in vivo pharmacokinetic and BBB
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permeability studies with the final goal of identifying the best candidates to progress
into lead optimization campaigns.

The promising findings obtained represent a proof-of-concept of the feasibility
to exploit triple inhibitors of GSK-3B, FYN, and DYRKI1A as innovative chemical
tools for AD and related tauopathies treatment.

In chapter 3, the direct stabilization of MTs has been pursued by developing
compounds based on the TPD scaffold, which have been shown to provide therapeutic
benefits in mouse models of tauopathy by normalizing axonal MTs and, consequently,
by restoring axonal transport. As part of a follow-up SAR exploration, | reported my
chemical effort for the scaling-up of the seven-steps procedure used to access the brain
penetrant BL-0884 (184), selected for in vivo investigations. In addition, the synthesis
of possible in vivo metabolites of 184 has been carried out to aid in vivo studies.

Remarkably, compound 184 exhibits excellent PK/PD profiles offering several
opportunities for CNS-directed MT-stabilizing therapies.

The suitability of its exposed hydroxyl moiety for late-stage functionalization
inspired the development of a small library of amino acids ester of 184 as prodrugs
with improved solubility, formulation and oral delivery compared to the parent
compound or active-targeting agents for a safer and directed-cancer therapy. The eight
novel amino acid derivatives showed MT-stabilizing activity when tested in cell
(QBI1293)-based assays deserving attention for further studies with the final goal to
develop novel promising therapeutic candidates for tauopathies and other possible
indications such as targeted delivery approaches.

To conclude, the development of PKs inhibitors may be a very successful
strategy to apply at the initial stages of AD and tau-related disease pathologies.
Moreover, MTs stabilizers can be considered supplementary therapeutic targets for the
treatment of AD.?*% 24" The combination of these strategies would pave the way to
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effectively block the pathogenic cascades typical of complex and heterogeneous
NDDs, to obtain a disease-modifying effect.
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Chapter 5

5. Experimental section

5.1 General information

Solvents and reagents were purchased from commercial suppliers (Acros,
Aldrich, Merck, Fluorochem, TCI or Alfa Aesar) and used without further purification.
Anhydrous solvents were purchased from Sigma-Aldrich. Thin-layer chromatography
(TLC) analyses were performed using pre-coated E. Merck or Supelco silica gel on
TLC Al foils 0.2mm and visualized by UV (254nm). Automated column
chromatography purification were carried out using a Teledyne ISCO apparatus
(CombiFlash® Rf) and Biotage® Selekt with pre-packed silica gel or basic alumina
columns of different sizes (from 4 g to 48 g) and mixtures of increasing polarity of
cyclohexane and ethyl acetate (EtOAc), chloroform (CHCIs) or dichloromethane
(CH2Cl3) and methanol (MeOH) or ethanol (EtOH) enriched with NHz 1 M solution,
were specified. Silica gel column chromatography was manually performed for part 11
entries with silica gel 60 (particle size 0.040—0.062 mm) supplied by Silicycle and

Sorbent Technologies.
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NMR experiments were run on a Bruker Avance 111 400 system, equipped with
a BBI probe and Z-gradients and on a Bruker UltrashieldTM Plus FT-NMR 600 MHz
Avance Ill, equipped with a CryoProbeTM QCI 1H/19F/13C/15N and with a
SampleJet autosampler and temperature control. Spectra were acquired at 300 K, using
deuterated dimethyl sulfoxide (DMSO-ds), deuterated chloroform (CDCl3) or acetone
(acetone-ds) as solvents. Chemical shifts for *H and 3C spectra were recorded in parts
per million using the residual non-deuterated solvent as the internal standard (for
DMSO-dg: 2.50 ppm, *H; 39.52 ppm, 3C). Data are reported as follows: chemical shift
(ppm), multiplicity (indicated as: br., broad signal; s, singlet; d, doublet; t triplet; g =
quartet, quint = quintet, td = triplet of doublets, dd, doublet of doublets, dqg, doublet of
quartets; m, multiplet and combinations thereof), coupling constants (J) in Hertz (Hz)
and integrated intensity.

Not all $3C signals were detectable for compounds 83-88, 101-111, 131, 132,
141-148, 159, 178, 232 despite multiple attempts with exhaustive signal averaging. The
missing signals are expected to be difficult to detect for compounds 83-88, 101-111,
131, 132, 141-148, 159, 178 due to the long relaxation times of tertiary and quaternary
carbons in the system where two tautomeric species are present in different abundance.
Similarly, the aromatic ring conjugated with an alkyne in 232, resulted in longer
relaxation times. Moreover, the presence of a ‘°F in the same compound (232) resulted
in a reduced intensity of the coupled signals (indicated as multiplet, m)."*C NMR
spectra of compounds 184, 210, 211, 213, 216-218, 233 were not featured for the same
reasons of low signal/noise ratio.

UPLC-MS analysis of part | entries were run on a Waters ACQUITY
UPLC/MS system consisting of a SQD (Single Quadropole Detector) Mass
Spectrometer equipped with an Electrospray lonization interface and a Photodiode
Array Detector (Part I). The PDA range was 210-400 nm. The analyses were performed
on an ACQUITY UPLC BEH Cis (50x2.1 mmlID, particle size 1.7um) with a
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VanGuard BEH Cyg pre-column (5x2.1 mmID, particle size 1.7 pm). The mobile phase
was 10 mM NH4OAc in H20 at pH 5 adjusted with AcOH (A) and 10 mM NH4OAc in
ACN-H20 (95:5) at pH 5 (B). Three types of gradients were employed at the UPLC-
MS depending on the polarity of the compounds: an apolar method where the mobile
phase B was increased from 0% to 50% in min, a generic method where the mobile
phase B was increased from 5% to 95% in 2.5 min and a polar method where the mobile
phase B was increased from 50% to 100% in 2.5 min. MW reactions were performed
using Explorer-48 positions apparatus (CEM). Electrospray ionization in positive and
negative mode was applied in the mass scan range 100-750 Da. LC-MS analysis of part
Il entries were performed on a InfinityLab Poroshell 120 PhenylHexyl 2.7 micron from
Agilent with a standard method of 5-95% ACN/H20 in 7 min with a flow rate of 0.6
ml/min. High-resolution mass spectra for part Il entries were measured using an
Agilent 6230 time-of-flight mass spectrometer with a Jet stream electrospray ionization
source. HPLC was performed with a Gilson HPLC equipped with UV and a mass
detector. All samples were analyzed employing a linear gradient from 10 to 90% of
ACN in H20 over 8 min and flow rate of 1 ml/min. Preparative reverse-phase HPLC
purifications were performed on a Gilson instrument employing Waters SunFire
preparative C18 OBD columns (5 um 19 mm A~ 50 mm or 19 mm A~ 100 mm). LC-
MS analysis were performed following the general method from 5-95% ACN in 7 min
with a flow rate of 0.6ml/min. in a InfinityLab Poroshell 120 PhenylHexyl 2.7 micron
column from Agilent.

The quality control (QC) analysis of the final compound was performed on a
Waters ACQUITY UPLC/MS system consisting of a SQD (single quadrupole detector)
mass spectrometer equipped with an electrospray ionization interface and a photodiode
array detector. Electrospray ionization in positive and negative mode was applied in
the mass scan range 110-750 Da and the PDA range was 210-400 nm. The analysis
was run on an ACQUITY UPLC BEH Cig (100x2.1 mmlID, particle size 1.7um) with
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a VanGuard BEH Cig pre-column (5x2.1 mm ID, particle size 1.7 um), using 10 mM
NH4OAc in H20 at pH 5 adjusted with AcOH (A) and 10 mM NH4OAc in ACN-H>O
(95:5) at pH 5 (B) as mobile phase. A linear gradient was applied starting from 10% of
the mobile phase B, holding for 0.20 min. Then increasing B from 10% to 90% in 6
min 90-100%B in 0.10 min and 100% B hold for 0.70 min with a total run time of 7
min.

Compounds were named according to iupac nomenclature using the naming
algorithm developed by CambridgeSoft Corporation and used in ChemDraw

professional 20.0. All final compounds were found to be >95% pure by LC-MS.

5.2 Chemical procedures of compounds reported in chapter
2

General procedure A: SNar of the C4 of the pyrimidine core (75, 95, 96, 97,
99)

Triethylamine (2.2 equiv.) was added to a mixture of 2,4-dichlorosubstituted
[3,2-d]pyrimidine (1 equiv.) and the appropriate 5-substituted amino pyrazole (2.5
equiv.). The resulting mixture was allowed to react at room temperature for 2 days
under inert atmosphere (Ar). After complete conversion of the starting material, the
reaction mixture was precipitated with water (5 ml) and filtered under vacuum to afford

the desired products.

General procedure B: SNar of the C4 of the pyrimidine core (98, 100, 151-
153)

2,4-dichloro-substituted[3,2-d]pyrimidine (1 equiv.), the appropriate 5-
substituted amino pyrazole (2.5 equiv.) and triethylamine (2.2 equiv.) were suspended
in anhydrous 2-propanol (4 ml). The reaction mixture was stirred for 2-3 days at room

temperature or where otherwise specified at 80 °C, under Ar. After complete
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conversion of the starting material, the reaction mixture was precipitated with water (5
ml), filtered under vacuum and the obtained powder was either used in the following
step without any further purification or purified via flash column chromatography when

specified.

General procedure C: SNar of the C2 of the pyrimidine core (72, 83-85, 101-
103)

To intermediates 75, 87, 95-97, 99, 112-114 (1 equiv.), the appropriate
benzylamine (5 equiv.) was added. N-butanol (0.7 ml) was added and the reaction
mixture was heated up to 110 °C for 2 days under Ar. After observing starting material
complete conversion, the reaction mixture was cooled down to room temperature and
concentrated to dryness. The resulting crude was purified by normal phase flash

chromatography to obtain the desired products.

General procedure D: SNar of the C2 of the pyrimidine core (86, 88, 104, 106
107,109, 110, 111, 116, 131, 132, 143, 144, 146-148)

To intermediates 75, 98, 100, 151-153 (1 equiv.), the appropriate benzylamine
(1.5 equiv.), DIPEA (2.5 equiv.) and n-butanol (1.37 ml) were added. The resulting
suspension was sonicated and heated for 6-8 h under MW irradiation at 180 °C, under
Ar. After observing complete conversion of the starting material, the reaction mixture
was cooled down to room temperature and concentrated to dryness. The resulting crude

was purified by normal phase flash chromatography.
General Procedure E: Synthesis of benzyloxy derivatives (108, 141, 142, 145)

To the appropriate 4-substituted bicyclic-pyrimidine (75, 97, 98, 151) (1
equiv.), sodium benzyloxide solution (1 M, 1.1 equiv.) was added. The resulting
mixture was suspended in anhydrous THF (2.7 ml) and heated under MW irradiation

for 7 h at 150 °C, under Ar. After completion, the reaction was concentrated in vacuo
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and the resulting solid was washed with water (10 ml x 3) and extracted with EtOAc
(10 ml x 3). The organic layers were combined and dried under Na,SOa, filtrated and
concentrated under vacuum. The resulting crude products were purified by flash

chromatography to yield the title compounds.

N2-benzyl-N4-(5-cyclopropyl-1H-pyrazol-3-yl)thieno[3,2-d]pyrimidine-
2,4-diamine (ARN25068, 72).

Compound 72 was synthesized following the general

@ procedure C starting from 0.556 g (1.905 mmol) of 75 and 76 (1.042
\'\,rj/j\/? ml, 9.527 mmol) dissolved in of n-butanol (6.35 ml). The crude

N_ _NH product was purified by normal phase chromatography - Silica 129

= Gold-Solvent A: CHCl; - Solvent B: CH,CI,/EtOH 9:1 Detection:
260/286 nm -Gradient: 10-40% of solvent B, followed by a final

trituration with CH>Cl, (7 ml) to yield the desired product as a white powder (466 mg,
68%). UPLC-MS (generic method): Rt = 1.89 min, MS (ESI) m/z: 363.1 [M+H]",
C19H19N6S* [M+H]" calculated: 363.1. QC analysis: Rt = 3.74 min, UPLC-MS purity
(UV at 215 nm): 99%. Both H- and *C-NMR spectra in DMSO-ds were consistent
with the isolation of two different tautomeric forms a and b in a dynamic equilibrium
as described in the appendix A (Figure Al and A2); The presence of only tautomeric
form a was observed in acetone-ds (Figure A3, appendix A). *H NMR (400 MHz,
DMSO-ds) 6 12.57 (br. s, 1Hb), 12.07 (br. s, IHa), 10.26 (br.s, 1Hb), 9.60 (br.s, 1Ha),
7.90 (br. s, 1Ha), 7.68 (br. s, 1Hb), 7.46 — 6.90 (m, 7Ha, 7Hb), 6.34 (s, 1Ha), 5.66 (s,
1Hb), 4.55 (d, J = 6.2 Hz, 2Ha, 2Hb), 1.83 (dq, J = 1.2, 4.9 Hz, 1Ha, 1Hb), 0.87 (br.
s, 2Ha, 2Hb), 0.63 (br. s, 2Ha, 2Hb). (Figure Al). *H NMR (400 MHz, acetone-ds) &
11.73 (br. s 1H), 5 8.92 (br. s 1H), 7.84 (d, J = 5.4 Hz, 1H), 7.43 7. (d, J = 7.29, 1H),
7.30 (t, J= 7.5 Hz, 2H), 7.22 (t, = 7.3 Hz, 1H), 7.08 (d, J = 5.4 Hz, 1H), 6.72 (s, 1H),
6.72 (br. s, 1H), 6.12 (br. s, 1H) 4.71 (d, J = 6.0 Hz, 2H), 1.87 (tq, J = 5.1, 1.65 Hz,
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1H), 0.86 (dd, J = 4.21, 2.0 Hz, 2H), 0.66 (dd, J = 4.15, 2.2 Hz, 2H). (Figure A2). 1*C
NMR (151 MHz, DMSO-ds) & 162.30, 160.60, 154.72, 153.05, 152.28, 147.43, 145.12,
141.08, 140.18, 133.14, 128.04, 126.80, 126.23, 123.34, 122.83, 105.36, 94.90, 88.41,
44.13,9.22, 7.61, 6.75. (Figure A2).

2-chloro-N-(5-cyclopropyl-1H-pyrazol-3-yl)thieno[3,2-d]pyrimidin-4-
amine (75).
Cl2zNs 7 Compound 75 was synthesized following the general

aN |5 S\ ¢ procedure A using 2,4-dichlorothieno[3,2-d]pyrimidine (73) 0.500

; EH , Ao g g (2.438 mmol) and 0.751 g (6.094 mmol) of 3-cyclopropyl-1H-
Dl pyrazol-5-amine (74) in presence of triethylamine (0.748 ml, 5.363
TN mmol). Precipitation in water (10 ml) and final trituration of the

solid with ACN (7 ml) afforded intermediate 75 as a white powder (556 mg, 78%).
UPLC-MS (generic method): Rt = 1.69 min, MS (ESI) m/z: 292.4/294.1 [M+H]",
C12H11CINsS* [M+H]" calculated: 292.0/294.0. 'H NMR (400 MHz, DMSO-ds) &
12.41 (br. s, 1H, H10), 10.46 (br. s, 1H, H12), 8.19 (d, J = 5.4 Hz, 1H, H8), 7.34 (d, J
=5.4 Hz, 1H, H7), 6.24 (br. s, 1H, H15), 1.93 (dq, J = 5.1, 1.5 Hz, 1H, H16), 0.95 (dd,
J=4.1,1.8, 2H, H17 or H18) 0.72 (dd, J = 4.1, 1.8 Hz, 2H, H17 or H18). (Figure A4
and A6 of Appendix A). *C NMR (151 MHz, DMSO-ds) § 161.81 (C6), 155.94 (C2,
C4), 146.12 (C11), 145.81 (C14), 136.63 (C7), 123.04 (C8), 113.38 (C5), 96.51 (C15),
7.81 (C17, C18), 6.83 (C16). (Figure A5 and A6 of Appendix A). (See appendix A for
regiochemistry determination).
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N2-benzyl-N4-(1H-pyrazol-3-yl)thieno[3,2-d]pyrimidine-2,4-diamine (83)

Compound 83 was synthesized following the general
©\ ! procedure C starting from 80.0 mg (0.318 mmol) of 95 and 1.589
TJ;/\I? mmol of 76 (0.174 ml) dissolved in n-butanol (0.060 ml). The crude
HN;( product was purified by normal phase chromatography - Silica 12g
H Gold-Solvent A: CH2CI; - Solvent B: CH2Cl2/MeOH 9:1 Detection:
260/286 nm -Gradient: of 5-20% solvent B, followed by a sequential trituration with
CH:ClI> (7 ml) yielded the desired product as a white powder (81.1 mg, 79%). UPLC-
MS (generic method): Rt = 1.66 min, MS (ESI) m/z: 323.1 [M+H]", C1sH15sNeS*
[M+H]" calculated: 323.1. QC analysis: Rt = 3.09 min, UPLC-MS purity (UV at 215
nm): 99.5%. Both *H- and **C-NMR spectra in DMSO-ds were consistent with the
isolation of two different tautomeric forms a and b in a dynamic equilibrium with a
corresponding to the major and b to the minor in abundance *H NMR (600 MHz,
DMSO-de) 6 13.05 (br. s., 1Hb), 12.35 (br. s., 1Ha), 10.42 (br. s., 1Hb), 9.72 (br. s.,
1Ha), 7.91 (br. s., 1Hb; 1Ha), 7.61 (br. s., 1Hb; 1Ha), 7.59 — 6.49 (m, 7Hb; 7Ha), 6.70
(br.s. 1Ha), 5.95 (br. s., 1Hb), 4.54 (d, J = 6.1 Hz, 2Ha; 2Hb). 3C NMR (151 MHz,
DMSO-ds) 6 162.45, 160.73, 160.60, 154.97, 147.50, 141.13, 140.32, 138.00, 133.31,
128.16, 127.16, 127.11, 127.06, 126.43, 123.04, 105.55, 98.81, 91.81, 44.32.

166



N2-benzyl-N4-(5-methyl-1H-pyrazol-3-yl)thieno[3,2-d]pyrimidine-2,4-
diamine (84)

Q Compound 84 was synthesized following the general
procedure C starting from 66 mg (0.248 mmol) of 96 and 1.242 mmol

HN N

N /\ ; of benzylamine (0.14 ml) dissolved in 0.81 ml of n-butanol.
H:;;(NH Purification by normal phase flash chromatography employing a 12 g
Hs gold silica cartridge (-Solvent A: CH.Cl2 -Solvent B: CH.Cl>/MeOH
9:1 -Detection: 240/260 nm -Gradient: 0.05-40% solvent B) and a final trituration by
using cold diethyl ether (7 ml) yielded the desired product as a white powder (34.1 mg,
41%). UPLC-MS (generic method): Rt = 1.79 min, MS (ESI) m/z: 337.1 [M+H]",
C17H17N6S* [M+H]" calculated: 337.11. QC analysis: Rt = 3.21 min, UPLC-MS purity
(UV at 215 nm): 99.5%. 'H spectrum in DMSO-ds was consistent with the isolation of
two different tautomeric forms a and b in a dynamic equilibrium, with a corresponding
to the major and b to the minor in abundance. *H NMR (600 MHz, DMSO-dg) & 12.62
(br. s, 1Hb), 12.00 (br. s., 1Ha), 10.29 (br. s., 1Hb), 9.59 (br. s., 1H), 7.88 (br. s., 1H),
7.68 — 6.94 (m, 7Ha and 7Hb), 6.41 (br. s., 1H), 5.75 (s, 1H), 4.53 (d, J = 6.2 Hz, 2Ha
and 2Hb), 2.18 (br. s., 3Ha and 3 Hb). C NMR (151 MHz, DMSO-ds) & 162.40,
160.71, 154.91, 147.66, 141.21, 137.87, 137.82, 133.20, 128.11, 126.97, 126.90,

126.30, 123.49, 123.01, 122.94, 105.57, 98.15, 44.30, 10.80.
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N2-benzyl-N4-(5-isopropyl-1H-pyrazol-3-yl)thieno[3,2-d]pyrimidine-2,4-
diamine (85)

Q Compound 85 was synthesized following the general
HN_ N procedure C starting from 74.3 mg (0.253 mmol) of 97 and 1.265 mmol
o
N__NH
HN normal phase flash chromatography employing a 12 g gold silica
cartridge (-Solvent A: CH2Cl -Solvent B: CH>CI2/1IN NH3z in MeOH
9:1 -Detection: 240/260 nm -Gradient: 0.25-35% solvent B) and a final trituration by
using cold diethyl ether (7 ml) yielded the desired product as a white powder (49.1 mg,
53%). UPLC-MS (generic method): Rt = 1.96 min, MS (ESI) m/z: 365.2 [M+H]",
C19H21N6S* [M+H]" calculated: 365.15. QC analysis: Rt = 3.93 min, UPLC-MS purity
(UV at 215 nm): 99.5%. *H NMR (600 MHz, DMSO-dg) § 12.04 (br. s., 1H), 9.59 (br.
s., 1H), 7.88 (br. s, 1H), 7.48 — 6.91 (m, 6H), 6.45 (br. s., 1H), 4.56 (d, J = 6.3 Hz, 2H),
2.87 (m, 1H), 1.19 (d, J = 6.9 Hz, 6H). *C NMR (151 MHz, DMSO-ds) & 162.44,
160.78, 154.94, 149.06, 147.29, 141.24, 140.30, 133.25, 128.12, 126.92, 126.33,
122.91, 105.48, 95.50, 44.25, 25.46, 22.36.
N2-benzyl-N4-(5-cyclobutyl-1H-pyrazol-3-yl)thieno[3,2-d]pyrimidine-2,4-
diamine (86)

of 76 (0.14 ml) dissolved in 0.843 ml of n-butanol. Purification by

Q Compound 86 was synthesized following the general
HN\,UN\ \ procedure D starting from 100 mg (0.327 mmol) of intermediate 98,

~ =S 76 (0.053 ml, 0.490 mmol), DIPEA (0.142 ml, 0.817 mmol)

”N'Nj " dissolved in 1.63 ml of n-butanol and stirred at 180 °C for 8 h. After
completion, the reaction mixture was concentrated in vacuo and the

resulting crude product was purified by normal phase flash chromatography employing
a 12 g gold silica cartridge (-Solvent A: CHCIs -Solvent B: CHCI3/EtOH 8:2 -

Detection: 240/260 nm -Gradient: 5-10% of solvent B). The isolated fraction was
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concentrated under high vacuum and lyophilized to yield a white solid (57.51 mg,
47%). UPLC-MS (method generic), MS (ESI) m/z: 377.0 [M+H]*, C20H21NeS* [M+H]*
calculated: 377.14. QC analysis: Rt = 4.03 min, UPLC-MS purity (UV at 215 nm):
99.5%. Both *H- and **C-NMR spectra in DMSO-ds were consistent with the isolation
of two different tautomeric forms a and b in a dynamic equilibrium.*H NMR (400 MHz,
DMSO-ds) & 12.66 (br. s., 1Hb), 12.06 (br. s, 1Ha), 10.30 (br. s., 1Hb), 9.64 (br. s.,
1Ha), 7.90 (br. s, 1Ha, 1Hb), 7.42 — 6.87 (m, 7Ha, 7Hb), 6.51 (br. s., 1Ha), 5.79 (br. s.,
1Hb), 4.57 (d, J = 6.2 Hz, 2Ha, 2Hb), 3.43 (p, J = 8.6 Hz, 1Ha, 1Hb), 2.31 - 1.75 (m,
6Ha, 6Hb). 13C NMR (151 MHz, DMSO-ds) § 162.44, 160.80, 154.87, 147.52, 146.92,
141.25, 140.36, 133.24, 128.12, 126.86, 126.31, 122.93, 105.51, 96.07, 44.24, 28.99,
18.13.

N2-benzyl-N4-(5-phenyl-1H-pyrazol-3-yl)thieno[3,2-d]pyrimidine-2,4-
diamine (87)

Q Compound 87 was synthesized following the general
HN_ N procedure C starting from 68.8 mg (0.209 mmol) of 99 and 76 (0.114
"S5 ml, 1.046 mmol) dissolved in 0.7 ml of n-butanol. Purification by

AN normal phase flash chromatography employing a 12 g gold silica
cartridge (-Solvent A: CHyCl, -Solvent B: CH.CI,/EtOH 9:1 -

Detection: 240/260 nm -Gradient: 10-30% of solvent B) and a final

trituration by diethyl ether (7 ml), and solvent removal via lyophilization and high
vacuum, yielded the desired product as a white powder (37 mg, 45%). UPLC-MS
(generic method): Rt = 2.09 min, MS (ESI) m/z: 399.1 [M+H]", C22H19NeS™ [M+H]"
calculated: 399.13. QC analysis: Rt = 4.31 min, UPLC-MS purity (UV at 215 nm):
99.5%. H spectrum in DMSO-ds was consistent with the isolation of two different
tautomeric forms a and b in a dynamic equilibrium, with a corresponding to the major
and b to the minor in abundance. *H NMR (400 MHz, DMSO-ds) § 12.97 (br.s., 1Ha,
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1Hb), 10.50 (br.s., 1Hb), 9.91 (br. s., 1Ha), 7.96 (br.s.,, 1Ha, 1Hb), 7.75 (br.s.,
2Ha,2Hb), 7.44 — 7.37 (m, 5Ha,5Hb), 7.34 — 7.29 (m,3Ha, 3Hb), 7.25 (m, 1Ha, 1Hb),
7.11 (br.s., 1Ha, 1Hb), 6.39 (br. s., 1Ha, 1Hb), 4.59 (d, J = 6.1 Hz, 2Ha, 2Hb). *C
NMR (151 MHz, DMSO-ds) 6 162.94, 162.57, 160.68, 160.43, 148.79, 141.34, 133.99,
133.49, 128.74, 128.24, 127.38, 126.54, 124.92, 123.52, 123.17, 105.61.

N2-benzyl-N4-(5-(pyridin-3-yl)-1H-pyrazol-3-yl)thieno[3,2-d]pyrimidine-
2,4-diamine (88)

Compound 88 was synthesized following the general

©DN . procedure D starting from 62 mg (0.189 mmol) of 100, 76 (0.031 ml,
T_ICY 0.282 mmol), DIPEA (0.082 ml, 0.471 mmol) dissolved in 0.941 m|
s of n-butanol and stirred for 6 h.Purification by normal phase flash

N ~// chromatography employing a 24 g alumina (Al.Os pH=7) cartridge (-

Solvent A: CHzCl; -Solvent B: CH2Cl/EtOH 9:1 -Detection: 240/260
nm -Gradient: 0-60% of solvent B) and a final trituration by cold diethyl ether (7 ml x
2) yielded, after freeze drying, the desired product as a pale yellow powder (29.3 mg,
47%). UPLC-MS generic method: Rt = 1.93 min, MS (ESI) m/z: 398.0 [M-H],
C21H16N7S™ [M-H] calculated: 398.13. QC analysis: Rt = 3.54 min, UPLC-MS purity
(UV at 215 nm): 99.5%.*H NMR (400 MHz, DMSO-dg) & 13.24 (br. s., 1H), 10.59 (br.
s, 1H), 9.01 (br. s., 1H), 8.51 (dd, J = 4.7, 1.5 Hz, 1H), 8.12 (br. s., 1H), 7.98 (br. s.,
1H), 7.70 — 7.12 (m, 8H), 6.58 (br. s. 1H), 4.59 (d, J = 6.0 Hz, 2H). 3C NMR (151
MHz, DMSO-ds) 6 162.58, 160.42, 153.41, 148.50, 146.27, 140.37, 133.59, 132.05,
129.60, 128.26, 127.32, 126.59, 123.81, 123.43, 105.61, 89.37, 44.36.
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2-chloro-N-(1H-pyrazol-3-yl)thieno[3,2-d]pyrimidin-4-amine (95)
TN
Z=s  procedure A by reaction of 2,4-dichlorothieno[3,2-d]pyrimidine (73)

NH
HN'>Nj/ (100 mg, 0.487 mmol) and 1H-pyrazol-5-amine (89) (101.29 mg,
H 1.219 mmol) in presence of triethylamine 0.149 ml (1.073 mmol). The

CI\,\,(N Compound 95 was synthesized following the general

crude product was purified by normal phase chromatography (Silica 12 g gold cartridge
-Solvent A: CH>Cl>-Solvent B: CH,Cl>/MeOH 9:1 -Detection: 260/286 nm -Gradient:
0-40% of solvent B) to afford 80.6 mg (66%) of the desired product as a yellow powder.
UPLC-MS (generic method): Rt = 1.31 min; MS (ESI) m/z: 250 [M-H] and 252
[M+H]*), CoH7CINsS* [M+H]" calculated: 251.0/253.0. *H NMR (400 MHz, DMSO-
de) 6 12.66 (s, 1H), 10.61 (s, 1H), 8.21 (d, J = 5.4 Hz, 1H), 7.76 (s, 1H), 7.36 (d, J =
5.4 Hz, 1H), 6.59 (s, 1H).

2-chloro-N-(5-methyl-1H-pyrazol-3-yl)thieno[3,2-d]pyrimidin-4-amine
(96)

Cl N Compound 96 was synthesized following the general

W = s\ procedure A by reaction of 2,4-dichlorothieno[3,2-d]pyrimidine (73)
HEN//\T (100 mg, 0.487 mmol) and 3-methyl-1H-pyrazol-5-amine (90) (118.39
" mg, 1.219 mmol) in presence of triethylamine 0.149 ml (1.073 mmol).
The crude product was purified by normal phase chromatography (Silica 12g gold
cartridge -Solvent A: CHCIs -Solvent B: CHCIs/MeOH 9:1 -Detection: 260/286 nm -
Gradient: 0-40% of solvent B) to afford 66.1 mg (51%) of the desired product as a
white powder. UPLC-MS (generic method): Rt = Rt.1.54 min; MS (ESI) m/z: 266
[M+H] *, C10HeClsS* [M+H]" calculated: 266.02. *H NMR (400 MHz, DMSO-ds) &
12.34 (br. s., 1H), 10.51 (br. s., 1H), 8.20 (d, J = 5.4 Hz, 1H), 7.34 (d, J = 5.4 Hz, 1H),

6.34 (br. s., 1H), 2.27 (s, 3H).
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2-chloro-N-(5-isopropyl-1H-pyrazol-3-yl)thieno[3,2-d]pyrimidin-4-amine
97)

Compound 97 was synthesized following the general procedure

Cl N
T\T _ Q A by reaction of 73 (100 mg, 0.487 mmol) and 3-isopropyl-1H-pyrazol-

N

HN S " 5-amine (91) (152.4 mg, 1.2175 mmol) in presence of triethylamine

0.149 ml (1.073 mmol). The crude product was purified by normal phase
chromatography (Silica 12 g gold cartridge -Solvent A: CHCIs -Solvent B:
CHCI3/MeOH 9:1 -Detection: 260/286 nm -Gradient: 0-35% of solvent B) to afford
92.2 mg (64%) of the desired product as a pink powder. UPLC-MS (generic method):
Rt = 1.82 min; MS (ESI) m/z: 294 [M+H]*, C12H13CINsS* [M+H]" calculated:
294.0/296.0. 'H NMR (400 MHz, DMSO-dg) & 12.41 (s, 1H), 10.48 (s, 1H), 8.20 (d, J
=5.4 Hz, 1H), 7.34 (d, J = 5.4 Hz, 1H), 6.33 (s, 1H), 3.15-2.75 (m, 1H), 1.25 (d, J =

6.9 Hz, 6H).

2-chloro-N-(5-cyclobutyl-1H-pyrazol-3-yl)thieno[3,2-d]pyrimidin-4-amine

(98)
C'W:p Compound 98 was synthesized following the general procedure
\ N/H B using 73 175.36 mg (0.855 mmol) and 293.2 mg (2.137 mmol) of 3-
HN™

amino-5-cyclobutyl-1H-pyrazole (92) in presence of triethylamine 0.262
ml (1.880 mmol) and 2.85 ml of anhydrous 2-propanol for 3 days.
Precipitation in water (10 ml), filtration under vacuum afforded intermediate 98 as a
white powder (212 mg, 81%). UPLC-MS (generic method): Rt = 1.90 min, MS (ESI)
m/z: 306/308 [M+H]*, C13H13CINsS* [M-H]" calculated: 306.05/308.04. *H NMR (400
MHz, DMSO-ds) 6 12.45 (s, 1H), 10.46 (br. s., 1H), 8.20 (d, J = 5.5 Hz, 1H), 7.35 (d,
J=5.5Hz, 1H), 6.40 (s, 1H), 3.53 (q, J = 8.6 Hz, 1H), 2.44 - 2.09 (m, 4H), 2.07 — 1.90
(m, 2H).
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2-chloro-N-(5-phenyl-1H-pyrazol-3-yl)thieno[3,2-d]pyrimidin-4-amine
(99)

N

ClY:I\} Compound 99 was synthesized following the general procedure
7 A by reaction of 73 (200 mg, 0.975 mmol) and 3-phenyl-1H-pyrazol-5-

NH
HN

= amine (93) (388.1 mg, 2.438 mmol) in presence of triethylamine 0.299

ml (2.145 mmol) and stirred for 3 days. The reaction mixture was

precipitated in water (7 ml) and the resulting crude was purified by normal phase

chromatography (Silica 12g gold cartridge -Solvent A: CH.CIl, -Solvent B:

CH2Cl/MeOH 9:1 -Detection: 260/286 nm -Gradient: 10-30% of solvent B) to afford,

after precipitation of the product in CH2Clz/cyclohexane 9:1 (10 ml), 77 mg (25%) of

the desired product as a white powder. UPLC-MS (generic method): Rt = Rt.1.95 min;

MS (ESI) m/z: 328/330 [M+H]*, C1sH11CINsS* [M+H]* calculated: 328.03/330.03 .*H

NMR (600 MHz, DMSO-dg) & 13.22 (s, 1H), 10.68 (s, 1H), 8.23 (d, J = 5.0 Hz, 1H),
7.77 (d, J = 7.1 Hz, 2H), 7.49 (t, J = 7.1 Hz, 2H), 7.38 (m, 2H), 6.99 (s, 1H).

2-chloro-N-(5-(pyridin-3-yl)-1H-pyrazol-3-yl)thieno[3,2-d]pyrimidin-4-
amine (100)

h ) Compound 100 was synthesized following the general
NS -
- procedure B using 73 (0.976 mmol) and 0.392 g (2.438 mmol) of 3-
HN" ™
= (pyridin-3-yl)-1H-pyrazol-5-amine (94) in presence of triethylamine
N\’/ (0.296 ml, 2.14 mmol) and 4.0 ml of anhydrous 2-propanol for 4 days.

Precipitation in water (10 ml), filtration under vacuum and sequential trituration in
EtOH (7 ml) afforded intermediate 100 as a white powder (64 mg, 20%). UPLC-MS
(generic method): Rt = 1.56 min, MS (ESI) m/z: 327.0 [M-H]", C14HsCINeS [M-H] -
calculated: 327.03. *H NMR (400 MHz, DMSO-ds) & 13.39 (br. s., 1H), 10.73 (br. s.,
1H), 9.01 (br. s, 1H), 8.57 (d, J = 3.5 Hz, 1H), 8.24 (d, J = 5.4 Hz, 1H), 8.15 (d, J = 8.0
Hz, 1H), 7.52 (br. s., 1H), 7.39 (d, J = 5.4 Hz, 1H), 7.11 (br. s., 1H).
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N4-(5-cyclopropyl-1H-pyrazol-3-yl)-N2-(4-fluorobenzyl)thieno[3,2-
d]pyrimidine-2,4-diamine (101)

F\Q Compound 101 was synthesized following the general
procedure C starting from 80 mg (0.275 mmol) of 75 and 1.242
Yp mmol of 4-fluorobenzylamine (112) (0.157 ml, 1.37 mmol)

S dissolved in 0.92 ml of n-butanol. Purification by normal phase flash

B chromatography employing a 12 g gold silica cartridge (-Solvent A:
CHCI -Solvent B: CH2Cl,/EtOH 9:1 -Detection: 240/260 nm -Gradient: 10-40%
solvent B) and a final trituration with CH.Cl> (7 ml) yielded, after removing solvents
under vacuum at 80 °C, the desired product as a white powder (85 mg, 74%). UPLC-
MS (generic method): Rt = 2.07 min, MS (ESI) m/z: 381 [M+H]"), C19H1sFNeS*
[M+H]" calculated: 381.12. QC analysis: Rt = 3.83 min, UPLC-MS purity (UV at 215
nm): 99.5%. *H NMR (400 MHz, DMSO-dg) & 12.14 (br. s., 1H), 9.70 (br. s., 1H), 7.90
(d, J=5.4 Hz, 1H), 7.37 (dd, J = 8.3, 5.6 Hz, 2H), 7.11 (t, J = 8.9 Hz, 2H), 7.05 (d, J
= 5.4 Hz, 1H), 6.12 (br. s., 1H), 4.51 (d, J = 6.2 Hz, 2H), 1.83 (dq, 1H), 0.87 (dd, J =
8.4, 2.4 Hz, 2H), 0.62 (br. s., 2H). *C NMR (151 MHz, DMSO-ds) § 162.38, 161.21
(C-F J =239.5 Hz), 160.19, 154.88, 152.38, 147.51, 145.21, 137.33, 136.53, 133.27,
129.22 (C-F J = 62.1 Hz), 123.46, 122.92, 114.88 (C-F J = 20.8 Hz), 105.58, 95.07,
43.55, 7.71.
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N2-(4-chlorobenzyl)-N4-(5-cyclopropyl-1H-pyrazol-3-yl)thieno[3,2-
d]pyrimidine-2,4-diamine (102)

cl Compound 102 was synthesized following the general
\©\ procedure C starting from 80 mg (0.275 mmol) of 75 and 4-
HNT\N | Q chlorobenzylamine (113) (0.167 ml, 1.37 mmol) dissolved in 0.92
s ml of n-butanol. Purification by normal phase flash chromatography

employing a 12 g gold silica cartridge  (-Solvent A: CHxCl> -

Solvent B: CH2CI2/EtOH 9:1 -Detection: 240/260 nm -Gradient: O-
40% of solvent B) and a final trituration with CH.Cl, (7 ml) and water (7 ml) to remove
a basic impurity yielded, after freeze drying, the desired product as a white powder
(62.7 mg, 62%). UPLC-MS (generic method): Rt = 2.19 min, MS (ESI) m/z: 397/399
[M+H]"and 395/397 [M-H]") C19H1sCINsS*™ [M+H]" calculated: 397.09. QC analysis:
Rt = 4.15 min, UPLC-MS purity (UV at 215 nm): 98%. *H NMR (400 MHz, DMSO-
de) 6 12.07 (br. s., 1H), 9.69 (br. s., 1H), 7.91 (d, J = 4.4 Hz, 1H), 7.36 (br. s., 5H), 7.04
(d, J =4.4 Hz, 1H), 6.13 (br. s., 1H), 4.52 (d, J = 6.2 Hz, 2H), 1.84 (m, 1H), 0.87 (d,
J=7.17 Hz, 2H), 0.62 (br. s., 2H). *C NMR (151 MHz, DMSO-ds) & 162.36, 160.63,
160.22, 154.90, 152.42, 147.50, 145.20, 140.33, 133.24, 129.11, 128.71, 128.65,
128.62, 128.05, 122.89, 105.63, 95.08, 43.59, 7.71, 6.84.

N4-(5-cyclopropyl-1H-pyrazol-3-yl)-N2-(4-methoxybenzyl)thieno[3,2-
d]pyrimidine-2,4-diamine (103)

o Compound 103 was synthesized following the general
procedure C starting from 80 mg (0.275 mmol) of 75 and 4-

T\ [ > methoxybenzylamine (114) (0.179 ml, 1.37 mmol) dissolved

N NH in 0.92 ml of n-butanol. Purification by normal phase flash
chromatography employing a 12 g gold silica cartridge (-

Solvent A: CHCI; -Solvent B: CH2Cl/EtOH 9:1 -Detection:
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240/260 nm -Gradient: 10-30% solvent B) and a final trituration by CH2Cl> (7
ml) yielded the desired product as a white powder (48 mg, 45%). UPLC-MS
(generic method): Rt = 1.99 min, MS (ESI) m/z: 393.1 [M+H]*, C20H21NsOS™*
[M+H]" calculated: 393.14. QC analysis: Rt = 3.57 min, UPLC-MS purity (UV
at 215 nm): 99%. *H NMR (400 MHz, DMSO-ds) § 12.07 (br. s., 1H), 9.60 (br.
s., 1H), 7.91 (br. s., 1H), 7.27 (d, J = 8.22 Hz, 2H), 7.05 (br. s., 1H), 6.87 (d, J=
8.22 Hz, 2H), 6.32 (br. s., 1H), 4.46 (d, J = 6.1 Hz, 2H), 3.71 (s, 3H), 1.84 (it, J
= 8.7, 5.1 Hz, 1H), 0.87 (d, J = 5.5 Hz, 2H), 0.64 (br. s., 2H). 3C NMR (151
MHz, DMSO-de) 6 162.41, 160.69, 158.00, 157.93, 154.81, 147.58, 145.20,
133.13, 128.65, 128.18, 128.09, 123.47, 122.93, 113.57, 105.41, 95.05, 55.02,
43.72,7.72

4-(((4-((5-cyclopropyl-1H-pyrazol-3-yl)amino)thieno[3,2-d]pyrimidin-2-

yl)amino)methyl)benzonitrile (104)
N
procedure D starting from 110 mg (0.377 mmol) of 75, 4-

N N
WQ cyanobenzylamine (115) (74.75 mg, 0.566 mmol), DIPEA (0.164
N NH ml, 0.942 mmol) dissolved in 1.5 ml of n-butanol and stirred for 6

—

\\Q Compound 104 was synthesized following the general
H
N
HN

h. After completion, the reaction mixture was concentrated in

vacuo, dissolved in H,O and the pH was adjusted to 7. The aqueous
phase was extracted with EtOAc (10 ml x 3), the organic layers were collected and
dried under Na,SO4 and concentrated under vacuum. The resulting crude product was
purified by normal phase flash chromatography employing a 12 g gold silica cartridge
(-Solvent A: CH.CI; Solvent B: CH2CIl2/IN NH3zin MeOH 9:1 -Detection: 240/260 nm
-Gradient: 10-20% of solvent B). The isolated fraction was concentrated under high
vacuum and lyophilized to yield a white solid (42.5 mg, 29%). UPLC-MS (generic
method): Rt = 1.90 min, MS (ESI) m/z: 388.1 [M+H]*, C20H1sN7S* [M+H]" calculated:
388.13. QC analysis: Rt = 3.42 min, UPLC-MS purity (UV at 215 nm): 98%. Both *H-
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and *C-NMR spectra in DMSO-ds were consistent with the isolation of two different
tautomeric forms a and b in a dynamic equilibrium. *H NMR (400 MHz, DMSO-dg) &
12.55 (br. s., 1HDb), 12.08 (br. s., 1Ha), 10.28 (br. s., 1Hb), 9.64 (br. s., 1Ha), 7.90 (br.
s., 1Ha, 1Hb), 7.77 7(d, J = 8.0, 2Ha, 2Hb), 7.52 (d, J = 8.0 Hz, 2Ha, 2Hb), 7.26 (br.
s., 1Ha, 1Hb), 7.03 (br. s., 1Ha, 1Hb), 6.27 (br. s, 1Hb), 5.68 (br. s., 1Ha), 4.62 (d, J =
6.3 Hz, 2Ha, 2Hb), 1.83 (br. m , J = 1Ha, 1Hb), 0.88 (br. s, 2Ha, 2Hb), 0.62 (br. s.,
2Ha, 2Hb). $3C NMR (151 MHz, DMSO-ds) § 162.31, 160.57, 154.96, 153.26, 152.47,
147.47, 146.69, 145.20, 133.35, 133.21, 132.14, 127.99, 127.97, 127.93, 127.72,
122.89, 119.04, 109.03, 105.82, 95.14, 44.08, 44.05, 9.37, 7.70, 6.83.

4-(((4-((5-cyclopropyl-1H-pyrazol-3-yl)amino)thieno[3,2-d]pyrimidin-2-
yl)amino)methyl)phenol (105)

Ho In a 25 ml round flask with a stir bar, intermediate 116 (220
\©\N mg, 0.357 mmol) and KHF, (69.70 mg, 0.892 mmol) were stirred
ﬂﬁ in anhydrous MeOH (3.57 ml) at room temperature overnight. TLC

HN'N/\ analysis in CH2Cl,/MeOH 9.5/0.5 and UPLC-MS analysis revealed

the presence of the desired deprotected product 105. Evaporation of
the reaction solvent in vacuo gave the corresponding crude product, which was directly
purified by normal-flash column chromatography by employing a 12 g gold silica
cartridge (-Solvent A: CHCIs -Solvent B: CHCl2/MeOH 9:1 -Detection: 240/260 nm
-Gradient: 20-100% of solvent B), a sequential change of the elution phase during the
course of the separation into 8:2 EtOH/MeOH, gave, after trituration in CH2Cl, (10 ml)
and 3 h under direct high vacuum at 80 °C, 80 mg (60%) of the pure product as a white
solid. UPLC-MS generic method: Rt = 1.58 min, MS (ESI) m/z: 379.0 [M+H]",
C19H19NsOS™ [M+H]" calculated: 379.13. QC analysis: Rt = 2.81 min, UPLC-MS
purity (UV at 215 nm): 96%. Both 'H- and *C-NMR spectra in DMSO-ds were
consistent with the isolation of two different tautomeric forms a and b in a dynamic
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equilibrium. *H NMR (600 MHz, DMSO-ds) § 12.56 (br. s., 1Hb), 12.08 (br. s., 1Ha),
10.23 (br. s, 1Hb), 9.60 (br. s., 1Ha), 9.24 (s, 1Ha, 1Hb), 7.90 (s, 2Ha, 2Hb), 7.53 (br.
s., 1Hb), 7.15 (d, J = 7.3 Hz, 1Ha, 1Hb), 7.04 (br. s., 2Ha, 2Hb), 6.69 (d, J = 7.3, 1Ha,
1Hb), 6.34 (br. s., 1Hb), 5.59 (br. s., 1Ha), 4.41 (d, J = 6.1 Hz, 2Ha, 2Hb), 1.84 (m,
1Ha, 1Hb), 0.87 (br. s., 2Ha, 2Hb), 0.64 (br. s., 2Ha, 2Hb). 3C NMR (151 MHz,
DMSO-ds) 6 162.49, 160.61, 156.06, 134.54, 133.28, 128.65, 128.47, 123.18, 114.99,
105.40, 43.92, 7.82.

4-(((4-((5-cyclopropyl-1H-pyrazol-3-yl)amino)thieno[3,2-d]pyrimidin-2-
yl)amino)methyl)benzamide (106)

NH,

Compound 106 was synthesized adapting the general
procedure D starting from 108.24 mg (0.371 mmol) of 75, 4-

O

HN

WN\ \, (aminomethyl)benzamide, trifluoroacetic salt (123) (147 mg,
=S
N__NH 0.556 mmol), DIPEA (0.151 ml, 0.866 mmol 3.5 eq) dissolved in

HN

1.85 ml of n-butanol and stirred for 8 h. After completion, the
reaction mixture was cooled down to room temperature and
filtrated under vacuum. A final trituration with EtOH (5 ml x 2) of the obtained solid
yielded the pure product as a pale yellow solid (98.3 mg, 65%). UPLC-MS (generic
method): Rt = 1.43 min, MS (ESI) m/z: 406.0 [M+H]*, C2H20N;OS* [M+H]"
calculated: 406.14. QC analysis: Rt = 2.45 min, UPLC-MS purity (UV at 215 nm):
96%. Both H- and *C-NMR spectra in DMSO-ds were consistent with the isolation
of two different tautomeric forms a and b in a dynamic equilibrium. *H NMR (400
MHz, DMSO-dg) 6 12.57 (br. s., 1Hb), 12.06 (br. s, 1Ha), 10.26 (br. s., 1Hb), 9.61 (br.
s., 1Ha), 7.88 (br. s., 2Ha, 2Hb), 7.81 (d, J = 7.3 Hz, 2Ha, 2Hb), 7.4 - 7.03 (m, 5Ha,
5Hb), 6.31 (br. s., 1Ha), 5.66 (br. s., 1Hb), 4.59 (d, J = 6.0 Hz, 2Ha, 2Hb), 1.86 — 1.80
(m, 1Ha, 1Hb), 0.92 — 0.82 (m, 2Ha, 2Hb), 0.63 (br. s, 2Ha, 2Hb). *C NMR (151 MHz,
DMSO-ds) 6 167.77, 162.39, 160.65, 154.86, 147.52, 145.22, 144.68, 143.08, 133.32,
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132.45, 132.41, 127.43, 126.81, 126.56, 122.95, 105.59, 95.06, 60.36, 44.04, 13.86,
13.60, 7.81, 7.72, 6.86.

N2-(benzo[d][1,3]dioxol-5-ylImethyl)-N4-(5-cyclopropyl-1H-pyrazol-3-
yl)thieno[3,2-d]pyrimidine-2,4-diamine (107)

4 Compound 107 was synthesized following the general
Q procedure D starting from 150 mg (0.369 mmol) of 75, 1,3-
HN

W:p benzodioxole-5-methylamine (218) (0.096 ml, 0.771 mmol), DIPEA
=S
N NH (0.223 ml, 1.284 mmol) dissolved in 2.6 ml of n-butanol and stirred

HN ™

for 6 h. After completion, the reaction mixture was concentrated in
vacuo and the resulting crude product was purified by normal phase
flash chromatography employing a 12 g gold silica cartridge (-Solvent A: CHCl; -
Solvent B: CH2CI2/IN NHszin MeOH 9:1 -Detection: 240/260 nm -Gradient: 10-30%
of solvent B). The isolated fraction was precipitated in CH>Cl> (10 ml) and filtrated
under vacuum to yield a white solid (83.6 mg, 56%). UPLC-MS (generic method): Rt
= 2.00 min, MS (ESI) m/z: 407.0 [M+H]", C20H19NsO2S* [M+H]" calculated: 407.12.
QC analysis: Rt = 3.52 min, UPLC-MS purity (UV at 215 nm): 97%. *H spectrum in
DMSO-des was consistent with the isolation of two different tautomeric forms a and b
in a dynamic equilibrium, with a corresponding to the major and b to the minor in
abundance. *H NMR (400 MHz, DMSO-dg) § 12.54 (br. s., 1Hb), 12.08 (br. s., 1Ha),
10.24 (br. s., 1Hb), 9.59 (br. s., 1Ha), 7.90 (br. s., 1Ha), 7.59 (br. s., 1Hb), 7.04 — 6.65
(m, 5Ha, 5Hb), 6.35 (br. s., 1Ha), 5.95 (s, 2Ha, 2Hb), 5.67 (br. s., 1Hb), 4.44 (d, J =
6.2 Hz, 2Ha, 2Hb), 1.84 (m, 1Ha, 1Hb), 0.88 (br. s., 2Ha, 2Hb), 0.64 (br. s., 2Ha, 2Hb).
13C NMR (151 MHz, DMSO-dg) & 162.46, 160.71, 160.26, 154.88, 153.21, 152.43,
147.60, 147.15, 145.73, 145.27, 140.30, 135.21, 134.21, 133.25, 122.94, 120.51,
119.96, 108.00, 107.95, 107.67, 107.61, 100.69, 95.09, 9.39, 7.76, 7.72, 6.88, 6.83.

179



2-(benzyloxy)-N-(5-cyclopropyl-1H-pyrazol-3-yl)thieno[3,2-d]pyrimidin-
4-amine (108)

Compound 108 was synthesized starting from intermediate

q . (75) (125 mg, 0.428 mmol), according to the general procedure E. The

W{\D resulting crude product was purified by normal phase flash

VA chromatography employing a 12 g gold silica cartridge (-Solvent A:

CH2Cl2 Solvent B: CH2Cl2/IN NHs in MeOH 9:1 -Detection: 240/260

nm -Gradient: 10-20% solvent B to give 79.1 mg of the desired product

as a white solid (51%). UPLC-MS (generic method): Rt = 2.14 min, MS (ESI) m/z:

364.0 [M+H]* C19H18NsOS™ [M+H]" calculated: 364.11. QC analysis: Rt = 4.12 min,

UPLC-MS purity (UV at 215 nm): 99%. *H NMR (400 MHz, DMSO-ds) & 12.24 (br.

s, 1H), 10.04 (br. s., 1H), 8.07 (d, J = 5.4 Hz, 1H), 7.46 — 7.29 (m, 5H), 7.23 (d, J = 5.4

Hz, 1H), 6.26 (br. s., 1H), 5.39 (s, 2H), 1.99 — 1.87 (m, 1H), 0.92 (d, J = 7.2 Hz, 2H),

0.79-0.51 (m, 2H).*C NMR (151 MHz, DMSO-ds) & 162.95, 162.08, 156.52, 146.63,

145.70, 137.43, 135.06, 128.35, 127.71, 127.66, 123.13, 109.48, 96.06, 67.65, 7.76,
6.84.

3-(((4-((5-cyclopropyl-1H-pyrazol-3-yl)amino)thieno[3,2-d]pyrimidin-2-
yl)amino)methyl)benzamide (109)

Oy NH: Compound 109 was synthesized following the general

& procedure D starting from 80 mg (0.274 mmol) of intermediate 75, 3-
HNWN\ \ (aminomethyl)benzamide (219) (61.72 mg, 0.411 mmol), DIPEA
N/H (0.119 ml, 0.685 mmol) dissolved in 1.37 ml of n-butanol and stirred

"N for 8 h. After completion, the reaction mixture was concentrated in
vacuo and the resulting crude product was purified by normal phase

flash chromatography employing a 12 g gold silica cartridge (-Solvent A: CHxCl; -

Solvent B: CH2Cl2/MeOH 9:1 -Detection: 240/260 nm -Gradient: 10-60% of solvent
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B) followed by a trituration in CH2Cl> (3 ml x 2) to give 38 mg of the desired product
with impurities. A sequential purification employing 4 g gold silica cartridge (-Solvent
A: CH2Cl> Solvent B: CH2Cl2/IN NH3z in MeOH 9:1 -Detection: 240/260 nm -
Gradient: 0-50% of solvent B) yielded 27 mg (24%) of the pure product as a white
solid. UPLC-MS (generic method): Rt = 1.46 min, MS (ESI) m/z: 406.2 [M+H]",
C20H20N70S* [M+H]" calculated: 406.14. QC analysis: Rt = 2.56 min, UPLC-MS
purity (UV at 215 nm): 99%. Both 'H- and *C-NMR spectra in DMSO-ds were
consistent with the isolation of two different tautomeric forms a and b in a dynamic
equilibrium. *H NMR (400 MHz, DMSO-ds) § 12.58 (br. s., 1Hb), 12.06 (br. s., 1Ha),
10.30 (br. s., 1Hb), 9.62 (br. s., 1Ha), 7.93 (s, 1Ha,1Hb), 7.88 (s, 1Ha,1Hb), 7.72 (d, J
= 7.7 Hz, 1Ha,1Hb), 7.49 (d, J = 7.0 Hz, 1Ha,1Hb), 7.37 (t, J = 7.4 Hz, 1Ha, 1Hb),
7.31 (br. s., 1Ha, 1Hb), 7.17 (br. s., 1Hb), 7.04 (br. s., 1Ha), 6.32 (br. s., 1Hb), 5.67 (br.
s., 1Ha), 4.59 (d, J = 6.2 Hz, 2Ha, 2Hb), 1.86 - 1.80 (m, 1Ha, 1Hb), 0.87 (br. s., 2Ha,
2Hb), 0.63 (br. s., 2Ha, 2Hb). 3C NMR (151 MHz, DMSO-ds) & 168.20, 162.45,
160.63,141.17, 134.28, 133.44,130.01, 128.17, 126.46, 125.60, 123.21, 105.72, 44.26,
7.85.

N4-(5-cyclopropyl-1H-pyrazol-3-yl)-N2-(pyridin-3-ylmethyl)thieno[3,2-
d]pyrimidine-2,4-diamine (110)

Y Compound 110 was synthesized following the general
Ny

HN__N_ procedure D starting from 125 mg (0.539 mmol) of intermediate 75,
W/ S? 3-picolylamine (120) (0.082 ml, 0.809 mmol), DIPEA (0.235 ml,

HN 1.348 mmol) dissolved in 2.7 ml of n-butanol and stirred for 8 h. After
completion, the reaction mixture was concentrated in vacuo and the

resulting crude product was purified by normal phase flash chromatography employing
48 g alumina (Al.O3 pH=7) cartridge (-Solvent A: CHCIs Solvent B: CHCIs/EtOH 9:1
-Detection: 240/260 nm -Gradient: 5-50% of solvent B). A second purification via

normal phase chromatography employing a 4 g gold silica cartridge (-Solvent A:
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CHCl; Solvent B: CH2CIl2/MeOH 9:1 in NH3 1 N - detection: 240/260 nm gradient:
10-40% of solvent B) yielded the pure product which fraction was concentrated under
high vacuum and lyophilized to yield a white solid (17 mg, 9%). UPLC-MS (generic
method): Rt, 1.49 min, MS (ESI) m/z: 364.0 [M+H]", C1sH1sN7S * [M+H]" calculated:
364.13. QC analysis: Rt = 2.63 min, UPLC-MS purity (UV at 215 nm): 98%. Both H-
and C-NMR spectra in DMSO-ds were consistent with the isolation of two different
tautomeric forms a and b in a dynamic equilibrium. *H NMR (400 MHz, DMSO-dg) &
12.48 (br. s., 1HDb), 12.11 (br. s., 1Ha), 10.20 (br. s., 1Hb), 9.69 (br. s., 1Ha), 8.57 (br.
s. 1Ha, 1Hb), 8.42 (d, J = 4.4 Hz, 1Ha, 1Hb), 7.92 (br. s. , 1Ha, 1Hb), 7.74 (d, J = 7.6
Hz, 1Ha, 1Hb), 7.32 (dd, J = 7.6, 5.2 Hz, 1Ha, 1Hb), 7.25 (br. s., 1Ha, 1Hb), 7.06 (br.
s, 1Ha, 1Hb), 6.27 (br. s., 1Ha, 1Hb), 4.55 (d, J = 6.2 Hz, 2Ha, 2Hb), 1.84 (m, 1Ha,
1Hb), 1.03 - 0.77 (d, J = 7.12 Hz, 2Ha, 2Hb), 0.64 (br. s. 2Ha, 2Hb). *C NMR (151
MHz, DMSO-de) 6 162.34, 160.53, 155.00, 148.79, 147.75, 145.33, 136.49, 134.94,
133.42, 123.40, 122.97, 105.75, 95.20, 42.03, 7.75, 6.88.

N4-(5-cyclopropyl-1H-pyrazol-3-yl)-N2-(3-methoxybenzyl)thieno[3,2-
d]pyrimidine-2,4-diamine (111)

~o Compound 111 was synthesized following the general
Q procedure D starting from 80 mg (0.274 mmol) of intermediate 75, 3-
HNWN\ \ Mmethoxybenzylamine (221) (0.052 ml, 0.411 mmol), DIPEA (0.119

=S

N NH
HN R R R R
= After completion, the reaction mixture was concentrated in vacuo and

ml, 0.685 mmol) dissolved in 1.37 ml of n-butanol and stirred for 8 h.

the resulting crude product was purified by normal phase flash
chromatography employing a 12 g gold silica cartridge (-Solvent A: CHCls -Solvent
B: CHCIl3s/MeOH 9:1 -Detection: 240/260 nm -Gradient: 5-20% of solvent B) followed
by a final trituration in cold CH2Cl> (3 ml x 2) to yield the pure product 50 mg (47%)
of a white solid. UPLC-MS generic method: Rt = 1.90 min, MS (ESI) m/z: 393.1

182



[M+H]", C20H21NsOS™ [M+H]" calculated: 393.14. QC analysis: Rt = 3.66 min, UPLC-
MS purity (UV at 215 nm): 99%. 'H NMR (400 MHz, DMSO-ds) & 12.21 (br. s., 1H),
9.74 (br. s., 1H), 7.90 (d, J = 5.3 Hz, 1H), 7.21 (t, J = 8.0 Hz, 1H), 7.05 (d, J = 5.4 Hz,
1H), 6.92 (s, 1H), 6.91 (s, 1H), 6.77 (d, Hz, 1H), 6.12 (br. s., 1H), 4.52 (d, J = 6.2 Hz,
2H), 3.70 (s, 3H), 1.88 - 1.79 (m, 1H), 0.92 - 0.84 (m, 2H), 0.63 (br. 5., 2H). 3C NMR
(151 MHz, DMSO-ds) 6 162.42, 160.68, 159.32, 154.42, 142.64, 133.34, 129.30,
123.16, 119.34, 112.87, 111.79, 105.64, 54.97, 44.32, 7.82.

N2-(4-((tert-butyldiphenylsilyl)oxy)benzyl)-N4-(5-cyclopropyl-1H-
pyrazol-3-yl)thieno[3,2-d]pyrimidine-2,4-diamine (116)

Q Compound 116 was synthesized following the
5-° general procedure D starting from 140.92 mg (0.483 mmol)
O N N of intermediate 75, TBDPS-protected intermediate 127 (262

T p mg, 0.725 mmol), DIPEA (0.210 ml, 1.2077 mmol)

VAN dissolved in 2.41 ml of n-butanol and stirred for 6 h. After
completion, the reaction mixture was concentrated in vacuo.

Purification of the resulting crude by normal phase flash chromatography employing a
12 g gold silica cartridge (-Solvent A: CHCI3 -Solvent B: CHCIz/MeOH 9:1 -Detection:
240/260 nm -Gradient: 0-30% of solvent B), furnished 220 mg (73%) of the pure
product as a white solid. UPLC-MS apolar method: Rt, 2.43 min, MS (ESI) m/z: 615.4
[M-H], CasH3sNsOSSi~ [M-H]" calculated: 615.2. Both *H- and **C-NMR spectra in
DMSO-de were consistent with the isolation of two different tautomeric forms a and b
in a dynamic equilibrium. *H NMR (600 MHz, DMSO-ds) & 12.55 (br. s., 1H b), 12.05
(br. s., 1Ha), 10.26 (br. s., 1Hb), 9.67 (br. s., 1Ha), 7.87 (br. s., 1Ha, 1Hb), 7.59- 6.63
(m, 4Ha, 4Hb), 7.49 — 7.40 (m, 6Ha, 6Hb), 7.10 (br. s., 1Ha, 1Hb), 7.07 (m, 2Ha, 2Hb)
6.67 (br. s.,1Ha, 1Hb), 6.66 (m, 2Hb, 2Ha) 6.32 (br. s, 1Hb), 5.65 (br. s, 1Ha), 4.40 (d,
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J = 6.1 Hz, 2Ha, 2Hb), 1.80 (br. s., 1Ha, 1Hb), 1.03 (m, 9Ha, 9Hb), 0.85 (br. s., 2Ha,
2HDb), 0.62 (br. s., 2Ha, 2HDb).

4-(aminomethyl)benzamide, trifluoroacetic salt (123)

F In around flask, Intermediate 125 (200 mg, 0.799 mmol) was

F
OHEX P ™ dissolved in 7.7 ml of anhydrous CH2Cl at 0 °C. Trifluoroacetic acid
HZNVQAO (0.9 ml, 11.7 mmol) was added dropwise while stirring and the
reaction was stirred at room temperature for 1 h. Once completed, 7.7 ml of cold diethyl
ether were added to the solution and the resulting white precipitate was filtered under
vacuum yielding 175.9 mg (83%) of the pure product as a white powder, which was
employed in the following step without any further purification. *H NMR (400 MHz,
DMSO-ds) 6 8.30 (br. s., 3H), 8.01 (br. s., 1H), 7.91 (d, J = 8.3 Hz, 2H), 7.52 (d, J =

8.3 Hz, 2H), 7.41 (br. s, 1H), 4.09 (s, 2H).

tert-butyl (4-carbamoylbenzyl)carbamate (125)

(o}

- In a 50 ml round flask under Ar, 4-(aminomethyl) benzoic
KQA acid) (124) (0.2 g, 1.323 mmol) in anhydrous 1,4-dioxane (13.23 ml)

(@) NH
>;O/ were stirred at room temperature. Di-tert-butyl dicarbonate (4.33 g,

19.84 mmol) and pyridine (0.534 ml, 6.615 mmol) were added to the
suspension followed by addition of ammonium bicarbonate (1.57 g, 19.84 mmol). The
resulting mixture heated under MW irradiation at 105 °C for 3 h and once completed
concentrated under vacuum and purified by normal phase chromatography employing
a 24 g gold silica cartridge (-Solvent A: CH2Cl> Solvent B: CH2Cl,/ EtOH 9:1 -
Detection: 240/280 nm -Gradient: 10-40% of solvent B) yielded the pure product as a
white solid (156 mg, 47%). UPLC-MS (generic method): Rt = 1.51 min, MS (ESI) m/z:
251.1 [M+H]", C13H19N203* [M+H]" calculated: 251.13. *H NMR (400 MHz, DMSO-
de) & 7.90 (br. s., 1H), 7.81 (d, J = 8.2 Hz, 2H), 7.42 (t, J = 6.1 Hz, 1H), 7.28 (d, J =
8.2 Hz, 3H), 4.16 (d, J = 6.1 Hz, 2H), 1.39 (s, 9H).
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(4-((tert-butyldiphenylsilyl)oxy)phenyl)methanamine (127)

Tert-butyldiphenylsilyl chloride (0.158 ml, 0.609 mmol)
C(Si\@mz was added dro.pwise to a stirred susper.lsion of 4-
hydroxybenzylamine (126) (50 mg, 0.406 mmol) in THF (1.624
ml) at room temperature under Ar. Imidazole (55.28 mg, 0.812 mmol) was
subsequently added and the reaction mixture was stirred for 10 h. Subsequently, water
(5 ml) was added and the resulting mixture was extracted with EtOAc (5 ml x 3).
Combined organic layers were dried over anhydrous Na>SO4 and concentrated under
high vacuum. The crude product was purified by normal phase flash chromatography
employing a 12 g gold silica cartridge (-Solvent A: CHCIs -Solvent B: CHClz/MeOH
8:2 -Detection: 240/260 nm -Gradient: 10-20% of solvent B) to yield the pure product
as a white dense solid (78.2 mg, 58%). UPLC-MS apolar method: Rt, 1.44 min, MS
(ESI) m/z: 346.1 [M+H]*, Ca3H2sNOSi* [M+H]" calculated: 362.18 (no ionization
observed).*H NMR (600 MHz, DMSO-ds) 5 7.69 — 7.65 (m, 4H), 7.63 (br. s., 2H), 7.51
—7.45 (m, 2H), 7.45 - 7.41 (m, 4H), 7.08 — 7.05 (m, 2H), 6.66 — 6.64 (m, 2H), 4.12
(br. s, 2H), 1.03 (s, 9H).

N2-benzyl-N4-(5-cyclopropyl-1H-pyrazol-3-yl)furo[3,2-d]pyrimidine-2,4-
diamine (131)

Compound 131 was synthesized following the general

Q procedure D starting from 70 mg (0.254 mmol) of intermediate 151,
HN N

WJ(} 76 (0.042 ml, 0.380 mmol), DIPEA (0.111 ml, 0.635 mmol) dissolved

L, in n-butanol (1.3 ml) and stirred for 8 h. After completion, the reaction

—

mixture was concentrated in vacuo and the resulting crude product was
purified by normal phase flash chromatography employing 24 g
alumina (Al20s pH=7) cartridge (-Solvent A: CH2Cl; -Solvent B: CH2Cl2/MeOH 9:1 -
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Detection: 240/260 nm -Gradient: 0-30% of solvent B) followed by a final trituration
in cold CHxCl, (5 ml), furnished the pure product, which fraction was concentrated
under high vacuum and lyophilized to yield 31.1 mg (35%) of a white solid. UPLC-MS
(generic method): Rt = 1.75 min, MS (ESI) m/z: 347.0 [M+H]", C1gH19N¢O" [M+H]*
calculated: 347.15. QC analysis: Rt = 3.47 min, UPLC-MS purity (UV at 215 nm):
99%. Both 'H- and *C-NMR spectra in DMSO-ds were consistent with the isolation
of two different tautomeric forms a and b in a dynamic equilibrium. *H NMR (400
MHz, DMSO-ds) & 12.45 (br. s., 1Hb), 11.98 (br. s. , 1Ha), 10.48 (br. s., 1Hb), 9.65
(br.s, 1Ha), 8.01 (br. s., 1Ha, 1Hb), 7.35-7.19 (m, 5Ha, 5Hb), 7.07 (br. s., 1Ha, 1Hb),
6.68 (br. s., 1Ha, 1Hb), 6.35 (br. s, 1Ha), 5.68 (br. s, 1Hb), 4.51 (d, J = 6.0 Hz, 2Ha,
2Hb), 1.85-1.79 (m, 1Ha, 1Hb), 0.86 (d, J = 6.3 Hz, 2Ha, 2Hb), 0.62 (br. s., 2Ha, 2Hb).
13C NMR (101 MHz, DMSO-ds) & 159.41, 151.74, 149.39, 144.78, 140.99, 128.76,
128.19, 127.07, 126.44, 106.87, 44.62, 7.73.

N2-benzyl-N4-(5-cyclopropyl-1H-pyrazol-3-yl)-6,7-dihydrothieno|3,2-
d]pyrimidine-2,4-diamine (132)

Compound 132 was synthesized following the general

Q procedure D starting from 125 mg (0.425 mmol) of 152, 76 (0.069
HN N

W{\I; ml, 0.637mmol), DIPEA (0.184 ml, 1.062 mmol) dissolved in 2.12

P ml of n-butanol and stirred for 6 h. Purification by normal phase flash

——

chromatography employing a 12 g gold silica cartridge (-Solvent A:
CH2Cl> -Solvent B: CH2Cl/EtOH 9:1 -Detection: 240/260 nm -
Gradient: 0-40% of solvent B) and a final trituration by diethyl ether (7 ml) yielded the
desired product as a white powder (77.1 mg, 50%). UPLC-MS (generic method): Rt =
1.87 min, MS (ESI) m/z: 365.0 [M+H]"). C1oH21NeS™ [M+H]" calculated: 365.15. QC
analysis: Rt = 3.85 min, UPLC-MS purity (UV at 215 nm): 99%.'H spectrum in
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DMSO-des was consistent with the isolation of two different tautomeric forms a and b
in a dynamic equilibrium, with a corresponding to the major and b to the minor in
abundance. *H NMR (400 MHz, DMSO-dg) § 12.32 (br. s., 1Hb), 11.94 (br. s., 1Ha),
9.27 (br. s., 1Hb), 8.31 (br. s., 1Ha), 7.30 (d, J = 4.20 Hz, 4Ha, 4Hb), 7.20 (m, 1Hb,
1Ha), 5.88 (br. s, 1Hb, 1Ha), 4.47 (d, J = 6.4 Hz, 2Ha, 2Hb), 3.22 (t, J = 7.3 Hz, 2Ha,
2Hb), 3.00 (t, J = 7.3 Hz, 2Ha, 2Hb), 1.78 (m, 1Ha, 1Hb), 0.83 (d, J = 5.7 Hz, 2Ha,
2Hb), 0.56 (br. s., 2Ha, 2Hb). 3C NMR (151 MHz, DMSO-ds) & 168.90, 160.67,
153.81, 147.66, 145.16, 140.73, 128.14, 126.93, 126.41, 126.11, 101.50, 94.12, 44.29,
36.85, 29.13, 7.57.

2-bromo-4-chlorobenzenethiol (135)

To a suspension of 2-bromo-4-chloroaniline (134) (1 g, 4.84
" mmol) in water (3.38 ml) at 0 °C a 6M solution of HCI (2.00 ml) was
added. A solution of sodium nitrite (400.89 mg, 5.81 mmol) in water (1.45

Br

Cl

ml) was then added dropwise and the reaction mixture was stirred at 0 °C for 45 min.
The diazonium salt prepared was thus transferred via pipette over 5-10 min to a solution
of potassium ethyl xanthogenate (1.4 g, 8.23 mmol) in water (2.38 ml) at 75 °C. The
stirring was maintained at the same temperature for 1 h. After cooling to room
temperature, the aqueous phase was extracted with Et,O (20 ml x 3). The organic layer
was washed with saturated NaHCO3 (20 ml), with water (20 ml) and concentrated in
vacuo. The red oil thus obtained was added to a hot solution of KOH (1.4 mg, 24.22
mmol) in water (0.65 ml) and EtOH (5.88 ml) and refluxed for 21 h. Then, the reaction
was cooled down to room temperature, water (5 ml) was added and the mixture was
acidified to pH=2 with HCI conc. The aqueous phase was extracted three times with
EtOAc (20 ml), and the combined organic layers were dried over Na>SOs, filtrated and
concentrated in vacuo to obtain the 650 mg (60%) of the desired product 135, which

was used in the following step without any further purification. UPLC-MS (generic
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method): Rt = 2.45 min, MS (ESI) m/z: 220.8/222.8./224.7 [M-H]",CsHsBrCIS [M-H]"
calculated: 222.89. 'H NMR (400 MHz, CDCls) § 7.55 (d, J = 2.2 Hz, 1H), 7.28 (d, J
= 8.4 Hz, 1H), 7.16 (dd, J = 8.5, 2.2 Hz, 1H), 3.98 (s, 1H).

(2-bromo-4-chlorophenyl)(2,2-dimethoxyethyl)sulfane (137)

. oM In a 25 ml round bottom flask, 2-bromo-4-
/©/5\)\OM9 chlorobenzenethiol (135) (650 mg, 2.91 mmol), 1-
cl dimethoxyethane (136) (0.344 ml, 2.91 mmol) were dissolved in
anhydrous DMF (4.2 ml) at room temperature and treated with K>CO3s (602.59 mg,
4.36 mmol) at the same temperature. The reaction mixture was gradually heated up to
70 °C and stirred at the same temperature for 3 h. The mixture was diluted with iced
water and the aqueous layer was extracted with diethyl ether (15 ml x 3) and the
combined organic phase was washed with water (15 ml), brine (15 ml), dried over
Na SOs filtrated and concentrated in vacuo. The residue obtained was purified by flash
chromatography (-Solvent A: Cyclohexane -Solvent B: EtOAc -Gradient 5-10% of
solvent B - Detection 254/210 nm) giving the desired product 666.2 mg (74%) which
was employed in the next step without any further purification. UPLC-MS (generic
method): Rt = 1.67 min, no ionization was observed in the UPLC-MS chromatogram.
'H NMR (400 MHz, CDCl3) § 7.57 (d, J = 2.2 Hz, 1H), 7.29 (d, J = 8.5 Hz, 1H), 7.25
(dd, J = 3.0 Hz, 2.2 Hz, 1H), 4.57 (t, J = 5.5 Hz, 1H), 3.38 (s, 6H), 3.11 (d, J = 5.5 Hz,
2H).

7-bromo-5-chlorobenzo[b]thiophene (138)

c \ In a two neck flame dried 25 ml round flask, polyphosphoric acid
S (7.221 g, 0.021 mol) was previously weighted, the viscous oil 137 (0.666
g, 0.002 mol) was dissolved in 6.47 ml of chlorobenzene and added at

room temperature. The reaction mixture obtained was refluxed overnight under Ar
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atmosphere. After complete conversion, it was cooled down to room temperature,
diluted with water (10 ml) and extracted with toluene (10 ml x 3). The combined
organic phase was washed with water (20 ml), saturated Na,CO3 (20 ml), brine (20 ml),
dried over anhydrous Na>SO4 and filtered. The solution was concentrated in vacuo
giving 519 mg (98%) the desired intermediate 138, which was employed in the next
step without any further purification. UPLC-MS (apolar method): Rt. 1.98 min, no
ionization was observed in the UPLC-MS chromatogram. *H NMR (400 MHz, CDCls)
37.76 (d,J =2.2 Hz, 1H), 7.57 (d, J = 5.7 Hz, 1H), 7.50 (d, J = 2.2 Hz, 1H), 7.37 (d, J
= 5.7 Hz, 1H).

N-(5-chlorobenzo[b]thiophen-7-yl)-3-cyclopropyl-1H-pyrazol-5-amine
(139)

c \ To a dried MW vial 3-cyclopropyl-1H-pyrazol-5-amine (74)
HT;%? (29.80 mg, 0.242 mmol), 7-bromo-5-chlorobenzo[b]thiophene 138 (50
}j mg, 0.202 mmol), Pd>(dba)s (18.50 mg, 0.0202 mmol), BINAP (25.15
mg, 0.0404 mmol), and Cs>COs (98.72 mg, 0.303 mmol) were add. The
flask was degassed and backfilled with Ar followed by addition of previously degassed
anhydrous toluene (0.34 ml) and the mixture was heated to 150 °C for 10 h under MW
irradiation. After complete conversion, the reaction was diluited with EtOAc (20 ml),
washed with water (10 ml), brine (10 ml) and concentrated under vacuum. The crude
product was purified by flash chromatography (-Solvent A: Cyclohexane -Solvent B:
EtOAc -Gradient: 0-10% of solvent B -Detection: 254/210 nm) giving the desired
product 139 (13.6 mg, 23%) as a red oil. UPLC-MS (apolar method): Rt. 1.12 min, MS
(ESI) m/z: 289.8/291.8 [M+H]*, C14H13CINsS* [M+H]" calculated: 290.01/292.01. *H
NMR (400 MHz, DMSO-de) 6 11.92 (s, 1H), 8.36 (s, 1H), 7.88 (s, 1H), 7.77 (d, J = 5.4
Hz, 1H), 7.36 (d, J = 5.4 Hz, 1H), 7.34 (d, J = 1.8 Hz, 1H), 5.71 (s, 1H), 1.88 (m, 1H),
0.92 (dg, J = 8.8, 2.2 Hz, 2H), 0.68 (dq, J = 5.0, 2.2 Hz, 2H).
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2-(benzyloxy)-N-(5-cyclobutyl-1H-pyrazol-3-yl)thieno[3,2-d]pyrimidin-4-
amine (141)

Q Compound 141 was synthesized starting from intermediate 98
O__N (80 mg, 0.262 mmol) and sodium benzyloxide (122) (1 M sol., 0.288
wN/\ = ml) according to the general procedure E. The resulting crude product

HN was purified by normal phase flash chromatography employing a 12 g
gold silica cartridge (-Solvent A: CH2Cl. Solvent B: CH2CI2/IN NHs

in MeOH 9:1 -Detection: 240/260 nm -Gradient: 10-50% of solvent B) to give 44.3 mg
of the desired product (45%). UPLC-MS (generic method): Rt = 2.09 min, MS (ESI)

m/z: 378.0 [M+H]* C20H20NsOS* [M+H]" calculated: 378.13. QC analysis: Rt = 4.53

min, UPLC-MS purity (UV at 215 nm): 98%. *H NMR (400 MHz, DMSO-dg) & 12.29

(s, 1H), 10.08 (s, 1H), 8.07 (d, J = 5.4 Hz, 1H), 7.45 (d, J = 7.5 Hz, 2H), 7.37 (t, J =

7.1 Hz, 2H), 7.35 — 7.27 (m, 1H), 7.24 (d, J = 5.4 Hz, 1H), 6.40 (s, 1H), 5.41 (s, 2H),

3.54 - 3.43 (m, 1H), 2.28 (qt, J = 8.3, 2.9 Hz, 2H), 2.12 (pd, J = 9.1, 2.6 Hz, 2H), 2.00-

1.78 (m, 2H). 3C NMR (151 MHz, DMSO-ds) & 163.06, 162.14, 156.57, 137.51,

135.12, 128.44, 127.76, 123.25, 67.75, 29.06, 18.19.

2-(benzyloxy)-N-(5-isopropyl-1H-pyrazol-3-yl)thieno[3,2-d]pyrimidin-4-
amine (142)

Q Compound 142 was synthesized starting from intermediate 97
N (80 mg, 0.272 mmol), and sodium benzyloxide (122) 1 M solution

S (0.408 ml) according to the general procedure E. The resulting crude

HN' product was purified by normal phase flash chromatography
" en, employing a 12 g gold silica cartridge (-Solvent A: CH.Cl, Solvent B:
CH2Cl2/IN NHz in MeOH 9.9:0.1 -Detection: 240/260 nm -Gradient: 60-100% of

solvent B. A sequential trituration in CH2Cl2 (5 ml x 2) furnished 43 mg of the desired
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product (43%). UPLC-MS generic method: Rt = 2.18 min, MS (ESI) m/z: 366.1
[M+H]" C19H20NsOS* [M+H]* calculated: 366.13. QC analysis: Rt = 4.34 min, UPLC-
MS purity (UV at 215 nm): 99.5%. *H NMR (400 MHz, DMSO-ds) & 12.26 (br.s., 1H),
10.07 (br. S., 1H), 8.07 (d, J = 5.4 Hz, 1H), 7.45 (d, J = 6.9 Hz, 2H), 7.37 (t, J=7.4
Hz, 2H), 7.32 (d, J = 7.2 Hz, 1H), 7.23 (d, J = 5.4 Hz, 1H), 6.36 (5. 1H), 5.41 (s, 2H),
2.95 (m, 1H), 1.22 (d, J = 7.0 Hz, 6H). 3C NMR (151 MHz, DMSO-ds) & 163.01,
162.10, 156.56, 149.67, 146.41, 137.47, 135.06, 128.39, 127.73, 127.69, 123.19,
109.53, 96.15, 67.68, 25.52, 22.35.

N4-(5-cyclobutyl-1H-pyrazol-3-yl)-N2-(pyridin-3-ylmethyl)thieno[3,2-
d]pyrimidine-2,4-diamine (143)

/N‘ Compound 143 was synthesized following the general

X

procedure D starting from 100 mg (0.327 mmol) of intermediate 98, 3-
p picolylamine (120) (0.050 ml, 0.490 mmol), DIPEA (0.142 ml, 0.817

iy mmol) dissolved in 1.6 ml of n-butanol and stirred for 8 h. After

completion, the reaction mixture was concentrated in vacuo and the
resulting crude product was purified by normal phase flash chromatography employing
a 4 g gold silica cartridge (-Solvent A: CH2Cl, -Solvent B: CH2Cl>/MeOH 8:2 -
Detection: 240/260 nm -Gradient: 10-20% of solvent B) followed by a final trituration
in cold CH2Cl> (3 ml x 2) adding few drops of cyclohexane, giving the pure product,
which fraction was concentrated under high vacuum and lyophilized to yield 18 mg
(15%) of a white solid. UPLC-MS (generic method): Rt = 1.60 min, MS (ESI) m/z:
378.1 [M+H]", C19H20N7S*™ [M+H]" calculated: 378.15. QC analysis: Rt = 2.97 min,
UPLC-MS purity (UV at 215 nm): 99.5% *H NMR (600 MHz, DMSO-ds) & 12.11 (br.
s., 1H), 9.70 (br. s., 1H), 8.57 (s, 1H), 8.41 (d, J = 5 Hz, 1H), 7.91 (d, J = 3.5 Hz, 1H),
7.74 (d, J = 7.2 Hz, 1H), 7.32 (dd, J = 7.2, 5.0 Hz, 1H), 7.24 (br. s, 1H), 7.05 (br. s.,
1H), 4.56 (d, J = 6.2 Hz, 2H), 2.27 - 2.22 (m, 2H), 2.09 (br. s., 2H), 1.99 — 1.87 (m,
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2H), 1.81 (br. s., 2H). 3C NMR (151 MHz, DMSO-de) & 162.39, 160.59, 154.94,
148.78, 147.78, 136.45, 134.97, 133.46, 123.44, 123.10, 105.85, 96.08, 42.09, 31.32,
18.19.

3-(((4-((5-cyclobutyl-1H-pyrazol-3-yl)amino)thieno[3,2-d]pyrimidin-2-
yl)amino)methyl)benzamide (144)

Oy NH: Compound 144 was synthesized following the general
& procedure D starting from 100 mg (0.327 mmol) of intermediate 98,
HNWN\ \ 3-(aminomethyl)benzamide (219) (73.6 mg, 0.490 mmol), DIPEA

=S

(0.242 ml, 0.817 mmol) dissolved in 1.63 ml of n-butanol and stirred
N for 8 h. After completion, the reaction mixture was concentrated in

vacuo and the resulting crude product was purified by normal phase
flash chromatography. A first purification employing a 12 g gold silica cartridge (-
Solvent A: CH2Cl: -Solvent B: CH2Cl2/MeOH 9:1 -Detection: 240/260 nm -Gradient:
10-60% of solvent B) followed by second purification using a 4 gold silica cartridge (-
Solvent A: CHCl; -Solvent B: CH2Cl2/1IN NHz in MeOH 9:1 -Detection: 240/260 nm
-Gradient: 10-40% of solvent B) gave the desired product with a minor impurity.
Trituration in cold CH2Cl> (3 ml) and subsequently in water (3 ml) gave 25 mg (18%)
of the pure product as a white solid. UPLC-MS (generic method): Rt = 1.61 min, MS
(ESI) m/z: 420.0 [M+H]", C21H22N70S* [M+H]" calculated: 420.15. QC analysis: Rt =
2.86 min, UPLC-MS purity (UV at 215 nm): 99.5%. *H NMR (400 MHz, DMSO-ds)
8 12.09 (br. s, 1H), 9.69 (br. s., 1H), 7.91 (d, J = 6.55 Hz, 1H), 7.89 (s, 1H), 7.72 (d, J
=8.0 Hz, 1H), 7.50 (d, J = 7.28 Hz, 1H), 7.38 (t, J = 7.5 Hz, 1H), 7.31 (br. s., 1H), 7.05
(br. s., 1H), 6.34 (br. s., 1H), 4.60 (d, J = 5.7 Hz, 2H), 2.24 — 1.81 (m, 6H). 1*C NMR
(151 MHz, DMSO-ds) 6 167.97, 162.41, 160.71, 141.39, 134.20, 133.32, 129.70,
127.97, 126.26, 125.38, 122.95, 105.60, 44.18, 31.18, 28.99.
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2-(benzyloxy)-N-(5-cyclopropyl-1H-pyrazol-3-yl)furo[3,2-d]pyrimidin-4-
amine (145)

Compound 145 was synthesized starting from intermediate

N 151 (80 mg, 0.290 mmol) and sodium benzyloxide (122) 1 M solution

v o (0.319 ml) according to the general procedure E. The resulting crude

HN product was purified by normal phase flash chromatography

employing a 12 g gold silica cartridge (-Solvent A: CH2Cl> Solvent B:

CH:CI2/1IN NHzin MeOH 9:1 -Detection: 240/260 nm -Gradient: 5-20% of solvent B)

to give 27 mg of the desired product with impurities. A sequential purification

employing 8 g alumina (Al.Oz pH=7) cartridge (-Solvent A: CH.Cl, Solvent B:

CH2Cl2/MeOH 99:1 - detection: 240/260 nm -Gradient: 10-100% of solvent B) yielded

15 mg of the pure product as a white solid (15%). UPLC-MS (generic method): Rt =

1.99 min, MS (ESI) m/z: 347.9 [M+H]" C19H1sNsO2" [M+H]" calculated: 348.13. QC

analysis: Rt = 3.85 min, UPLC-MS purity (UV at 215 nm): 96%. *H NMR (400 MHz,

DMSO-ds) 6 12.12 (br. s., 1H), 10.13 (br. s, 1H), 8.18 (d, J = 1.5 Hz, 1H), 7.44 - 7.29

(m, 5H), 6.87 (d, J = 2.0 Hz, 1H), 6.28 (br. s., 1H), 5.35 (s, 2H), 1.89 (dqg, 1H), 0.91

(qd, J=4.1, 2.0 Hz, 2H), 0.66 (qd, J = 4.1, 2.0 Hz, 2H). 13C NMR (151 MHz, DMSO-

ds) 6 160.96, 151.73, 150.66, 146.32, 137.49, 130.68, 128.41, 127.73, 127.71, 107.22,
94.51, 67.99, 7.77.
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N4-(5-cyclopropyl-1H-pyrazol-3-yl)-N2-(pyridin-3-ylmethyl)furo[3,2-
d]pyrimidine-2,4-diamine (146)

/N‘ Compound 142 was synthesized following the general
N procedure D starting from 100 mg (0.363 mmol) of intermediate 151,
U_LY 3-picolylamine (120) (0.055 ml, 0.544 mmol), DIPEA (0.158 ml,
VA 0.907 mmol) dissolved in 1.81 ml of n-butanol and stirred for 8 h. After

——

completion, the reaction mixture was concentrated in vacuo and the
resulting crude product was purified by normal phase flash chromatography employing
a 12 g gold silica cartridge (-Solvent A: CH2Cl, -Solvent B: CH2Cl>/MeOH 9:1 -
Detection: 240/260 nm -Gradient: 5-45% of solvent B) followed by a final trituration
in cold CH2Cl> (2 ml) and cold MeOH (2 ml) gave the pure product, which fraction
was concentrated under high vacuum and lyophilized to yield 17 mg (14%) of a pale
yellow solid. UPLC-MS (generic method): Rt = 1.41 min, MS (ESI) m/z: 348.1
[M+H]*, C1gH1sN;O" [M+H]* calculated: 348.15. QC analysis: Rt = 2.40 min, UPLC-
MS purity (UV at 215 nm): 99% *H NMR (600 MHz, DMSO-ds) & 12.03 (br. s., 1H),
9.77 (br. s., 1H), 8.55 (s, 1H), 8.42 (d, J = 4.3 Hz, 1H), 8.02 (s, 1H), 7.73 (d,J = 7.8
Hz, 1H), 7.32 (dd, J = 7.7, 5.13 Hz, 1H), 7.19 (br. s., 1H), 6.69 (s, 1H), 6.19 (br. s.,
1H), 4.51 (d, J = 6.1 Hz, 2H), 1.83 (m, 1H), 0.87 (d, J = 7.22 Hz, 2H), 0.62 (br. s, 2H).
13C NMR (151 MHz, DMSO-ds) & 159.24, 151.70, 149.48, 148.77, 147.79, 144.78,
136.38, 134.97, 128.88, 123.44, 106.88, 93.58, 42.35, 7.75.
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N4-(5-cyclobutyl-1H-pyrazol-3-yl)-N2-(pyridin-3-ylmethyl)furo[3,2-
d]pyrimidine-2,4-diamine (147)

/N‘ Compound 147 was synthesized following the general

S . procedure D starting from 100 mg (0.345 mmol) of intermediate 153,
{_L9 3-picolylamine (120) (0.053 ml, 0.518 mmol), DIPEA (0.150 ml,
HN'N/\ " 0.863 mmol) dissolved in 1.73 ml of n-butanol and stirred for 10 h.
After completion, the reaction mixture was concentrated in vacuo and
the resulting crude product was purified by normal phase flash chromatography
employing a 12 g gold silica cartridge (-Solvent A: CH2Cl, -Solvent B: CH2CI,/1N
NHs in MeOH 9:1 -Detection: 240/260 nm -Gradient: 10-30% of solvent B) followed
by a final trituration in cold CH2Cl> (3 ml x 2) to furnish the pure product 31 mg (25%)
of a pale yellow solid. UPLC-MS (generic method): Rt = 1.57 min, MS (ESI) m/z: 362.0
[M+H]*, C19H20N7O" [M+H]" calculated: 362.16. QC analysis: Rt = 2.78 min, UPLC-
MS purity (UV at 215 nm): 99.5%. Both *H- and 3C-NMR spectra in DMSO-ds were
consistent with the isolation of two different tautomeric forms a and b in a dynamic
equilibrium. *H NMR (600 MHz, DMSO-dg) § 12.50 (br. s., 1Hb), 12.00 (br. s, 1Ha),
10.53 (br. s., 1Hb), 9.71 (br. s., 1Ha), 8.56 (s, 1Ha, 1Hb), 8.41 (d, J = 7.4 Hz, 1Ha,
1Hb), 8.02 (br. s., 1Ha, 1Hb), 7.73 (d, J = 7.8 Hz, 1Ha, 1Hb), 7.32 (t, J = 6.3 Hz, 1Ha,
1Hb), 7.13 (br. s, 1Ha, 1Hb), 6.68 (s, 1Ha,1Hb), 6.50 (br. s., 1Hb), 5.80 (br. s., 1Ha),
4.53 (d, J = 6.4 Hz, 2Ha, 2HDb), 3.43 (m,1Ha, 1Hb) 2.27 - 2.21 (m, 2Ha, 2Hb), 2.09 (br.
s., 2Ha, 2Hb), 1.97 - 1.89 (m, 1Ha, 1Hb), 1.84 - 1.79 (m, 1Ha, 1Hb). *C NMR (151
MHz, DMSO-de) 6 159.29, 149.41, 148.77, 148.71, 147.76, 147.70, 147.67, 136.53,
134.82, 128.97, 123.34, 106.85, 106.79, 94.96, 42.34, 28.97, 18.13.
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3-(((4-((5-cyclobutyl-1H-pyrazol-3-yl)amino)furo[3,2-d]pyrimidin-2-
yl)amino)methyl)benzamide (148)

Oy Compound 148 was synthesized following the general

& procedure D starting from 100 mg (0.345 mmol) of intermediate 153,
3-(aminomethyl)benzamide (219) (77.79 mg, 0.518 mmol), DIPEA

HN N
T
(0.250 ml, 0.863 mmol) dissolved in 1.73 ml of n-butanol and stirred

=

N for 8 h. After good conversion of the starting material into the desired

product, the reaction mixture was concentrated in vacuo. The resulting
crude was purified by normal phase flash chromatography employing a 12 g gold silica
cartridge (-Solvent A: CH.Cl> -Solvent B: CH.Cl2/MeOH 9:1 - Detection: 240/260 nm
-Gradient: 10-40% of solvent B) followed by a first trituration in cold CH2Cl2 (2 ml),
and a sequential trituration in distillated water (2 ml) to furnish, after freeze drying,
18.5 mg (13%) of the pure product as a pale yellow powder. UPLC-MS (generic
method): Rt = 1.54 min, MS (ESI) m/z: 402.2 [M-H]", C21H20N7O2" [M-H]" calculated:
402.17.14. QC analysis: Rt = 2.71 min, UPLC-MS purity (UV at 215 nm): 99.5%. 'H
NMR (400 MHz, DMSO-ds) 6 12.03 (br. s., 1H), 9.85 (br. s, 1H), 8.03 (br. s., 1H), 7.93
(br.s., 1H), 7.88 (s, 1H), 7.82 (br. s. 1H), 7.72 (d, J = 7.5 Hz, 1H), 7.48 (d, J = 7.5 Hz,
1H), 7.37 (t, J = 7.5 Hz, 1H), 7.31 (br. 5., 1H), 6.69 (s, 1H), 6.43 (br. s., 1H), 4.57 (d, J
= 6.0 Hz, 2H), 2.28-2.17 (m, 2H), 2.07 (br. s., 2H), 1.97 - 1.88 (m, 1H), 1.80 (br. s.,
1H). C NMR (151 MHz, DMSO-ds) & 168.10, 159.16, 151.30, 149.52, 145.05,
141.21, 134.25, 129.82, 128.07, 126.30, 125.50, 106.72, 44.56, 29.04, 18.21.
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2-chloro-N-(5-cyclopropyl-1H-pyrazol-3-yl)furo[3,2-d]pyrimidin-4-amine
(151)

N Intermediate 151 was obtained starting from 2,4-
dichlorofuro[3,2-d]pyrimidine (149) 150 mg (0.794 mmol) and 243.86
e mg (1.98 mmol) of 3-cyclopropyl-1H-pyrazol-5-amine in presence of

NH

triethylamine (0.243 ml, 1.75 mmol) and 2.65 ml of 2-propanol at room
temperature under Ar for 3 days according to the general procedure B. Precipitation in
water (10 ml) afforded intermediate x as a bright yellow powder (170 mg, 81%).
UPLC-MS (generic method): Rt = 1.57 min, MS (ESI) m/z: 276/278 [M+H]",
C12H11CINsO * [M+H]* calculated: 276.05/278.05. *H NMR (400 MHz, DMSO-dg) &
12.23 (s, 1H), 10.57 (s, 1H), 8.33 (d, J = 2.0 Hz, 1H), 7.00 (d, J = 2.0 Hz, 1H), 6.29 (s,
1H), 1.96 - 1.89 (m, 1H), 0.94 (dq, J = 4.5, 1.7 Hz, 2H), 0.70 (dqg, J = 4.5, 1.7 Hz, 2H).
13C NMR (101 MHz, DMSO-dg) § 153.18, 152.17, 151.60, 146.29, 132.55, 107.21,
94.83, 7.73, 7.53, 6.87.

2-chloro-N-(5-cyclopropyl-1H-pyrazol-3-yl)-6,7-dihydrothieno[3,2-
d]pyrimidin-4-amine (152)

Cl

W:/\I? Compound 152 was synthesized following the general procedure
N NH B using 2,4-dichloro-6,7-dihydrothieno[3,2-d]pyrimidine (150) 0.200 g
e (0.966 mmol) and 0.297 g (2.415 mmol) of 3-cyclopropyl-1H-pyrazol-5-

amine in presence of triethylamine (0.296 ml, 2.125 mmol) and 3.22 ml
of anhydrous 2-propanol at 80 °C under Ar, for 3 days. Precipitation in water (10 ml)
afforded intermediate 152 as a white powder (145.8 mg, 52%). UPLC-MS (generic
method): Rt = 1.65 min, MS (ESI) m/z: 294.0 [M+H]", C12H13CINsS* [M+H]*
calculated: 294.05. *H NMR (400 MHz, DMSO-ds) & 12.21 (s, 1H), 9.45 (s, 1H), 6.10
(s, 1H), 3.17 (t, J = 8.7, 7.1 Hz, 2H), 1.88 (m, 1H), 0.92 (d, J = 7.24 Hz, 2H), 0.68 (m,
2H).
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2-chloro-N-(5-cyclobutyl-1H-pyrazol-3-yl)furo[3,2-d]pyrimidin-4-amine
(153)

C'W:p Intermediate 153 was obtained starting from 2,4-
dichlorofuro[3,2-d]pyrimidine (149) 200 mg (1.058 mmol) and 362.9
e mg (2.645 mmol) of 3-amino-5-cyclobutyl-1H-pyrazole (92) in presence

NH

of triethylamine (0.324 ml, 2.328 mmol) and 3.53 ml of 2-propanol at
room temperature under inert atmosphere, for 3 days according to the general
procedure B. Precipitation in water (10 ml) afforded intermediate x as a yellow powder
(235.6 mg, 77%). The product was employed in the next steps without any further
purification UPLC-MS: Rt = 1.87 min, MS (ESI) m/z: 290.0/291.9 [M+H]",
C13H13CINsO* [M+H]* calculated: 290.07/292.07. *H NMR (400 MHz, DMSO-dg) §
12.29 (s, 1H), 10.61 (s, 1H), 8.32 (d, J = 2.2 Hz, 1H), 7.00 (d, J = 2.2 Hz, 1H), 6.44 (s,
1H), 3.62 — 3.43 (m, 1H), 2.34 — 2.26 (m, 2H), 2.19 — 2.20 (m, 2H), 2.02—- 2.91 (m,
1H), 1.89 — 1.80 (m, 1H).

4-((3-cyclobutyl-1H-pyrazol-5-yl)amino)furo[3,2-d]pyrimidin-2-ol (157)

”Ow:p To a pressure tube charged with intermediate 153 (100 mg, 0.345
N/H ° mmol) 3.00 ml of AcOH were added. The reaction mixture was heated

ZT

at 120 °C and stirred for two days. The reaction was then quenched with

Q\Q

the addition of saturated NaHCO3 solution and the aqueous phase was
extracted with CH2Cl,/MeOH 8:2 mixture. The organic layer was separated, washed
with brine, dried over Na>SO4 and the volatiles were removed in vacuo. The obtained
crude residue was subjected to column chromatography separation (-Solvent A:
CH:CI> -Solvent B: CH2CIl2/MeOH 9:1 -Detection: 254/210 nm -Gradient: 0-100% of
solvent B) to give the pure product 61.21 mg (65%) as an off-yellow solid. UPLC-MS
(generic method): Rt = 1.33 min, MS (ESI) m/z: 272.0 [M+H]*, C13H14NsO2* [M+H]*
calculated: 272.11. 'H NMR (400 MHz, DMSO-ds) & 7.72 (s, 1H), 6.34 (s, 1H), 5.80
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(br. s., 1H), 2.32 — 2.19 (m, 2H), 2.21 — 2.03 (m, 2H), 2.03 — 1.89 (m, 1H), 1.91 - 1.77
(m, 1H), 1.56 (s, 1H).

4-(5-((2-((cyclopropylmethyl)amino)thieno[3,2-d]pyrimidin-4-yl)amino)-
1H-pyrazol-3-yl)benzamide (159)

The salt 178 (0.016 g, 39 umol) suspension in MeOH/ACN

HN]TN; S\ 1:0.5 (2 ml) was gently heated at 40 °C to aid solubility, and purified

N NH by a cation exchange column SCX previously packed with MeOH.

Once adsorbed to the resin, the product was eluted with IN NHz in

MeOH obtaining the free base of the desired product 7 mg (5%)

N UPLC-MS (generic method): Rt = 1.65 min, MS (ESI) m/z: 404.1 [M-

H]", C20H18N7OS™ [M-H] calculated: 404.13. QC analysis: Rt = 2.85 min, UPLC-MS

purity (UV at 215 nm): 95%. *H NMR (400 MHz, DMSO-dg) § 13.16 (br. d, 1H), 10.34

(br. d, 1H), 8.01 - 7.96 (m, 2H), 7.96 — 7.86 (m, 4H), 7.82 (d, J = 8.3 Hz, 1H), 7.38 (br.

s., 1H), 7.12 (br. s., 1H),6.43 (br. s., 1H), 3.22 (t, J = 6.0 Hz, 2H), 1.12 (br. s., 1H), 0.47

(br.d., 2H), 0.26 (q, J = 4.8 Hz, 2H). 3C NMR (151 MHz, DMSO-ds) 5 167.48, 141.78,
133.58, 124.60, 54.93, 45.49, 10.95, 3.39.

2-chlorothieno[3,2-d]pyrimidin-4(3H)-one (172)

c. N 2,4-dichlorothieno[3,2-d]pyrimidine (73) (1 g, 5 mmol) was

Z TN
HN?\J\/Q dissolved in a mixture of anhydrous tetrahydrofuran (8 ml) and water (2
© ml), sodium hydroxide 6M solution (2 ml, 10 mmol) was added dropwise

to the reaction mixture, which was heated up to 50 °C and stirred for overnight. The
reaction was monitored by TLC in CH:Cl,/MeOH 9.5:0.5, noticing complete
conversion of the starting material. Thus, the temperature was cooled down to 35 °C
and AcOH (0.6 ml, 10 mmol) was added dropwise and stirred for 2 h. After 2 h, it was
guenched with water (10 ml) and extracted three times with EtOAc (30 ml), washed
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with brine and dried over Na SOa4. The resulting organic layer was concentrated under
vacuum to obtain 2-chlorothieno[3,2-d]pyrimidin-4(3H)-one 172 (0.9 g, 99%), which
was used in the next step without any further purification. UPLC-MS (generic method):
Rt =1.04 min, MS (ESI) m/z: 186.8/188.7 [M+H]*, CeH4CIN.OS™ [M+H]" calculated:
186.96/188.96. *H NMR (600 MHz, DMSO-ds) & 8.22 (d, J = 4.6 Hz, 1H), 7.37 (d, J
= 4.6 Hz, 1H).

2-((cyclopropylmethyl)amino)thieno[3,2-d]pyrimidin-4(3H)-one (174)

In a MW vial 2-chlorothieno[3,2-d]pyrimidin-4(3H)-one 172 (150
HNYN N mg, 0.80 mmol) was dissolved in anhydrous n-butanol (4.03 ml). DIPEA
"N ~~s" (0.35 ml, 2.01 mmol) and cyclopropylmethanamine (173)(0.07 ml, 0.80
mmol) were sequentially added and the reaction was let go for 6 h at 160
°C under MW irradiation. The reaction was set up three times in parallel in the same
experimental conditions. When LC-MS and TLC (CH2Cl,/MeOH 9.5:0.5) confirmed
complete conversion of the starting material, the reaction mixtures were mixed together
and concentrated under vacuum. Purification via flash chromatography 100% CHCl>
gave the desired 2-((cyclopropylmethyl)amino)thieno[3,2-d]pyrimidin-4(3H)-one 174
(0.53 g, 99%) UPLC-MS (generic method): Rt = 1.47 min, MS (ESI) m/z: 221.8/223.1
[M+H]*, CioH12N3OS* [M+H]* calculated: 222.06/223.06. 'H NMR (600 MHz,
DMSO-de) 6 10.79 (s, 1H), 7.95 (d, J = 5.2 Hz, 1H), 7.05 (d, J = 5.2 Hz, 1H), 6.32 (t,
J=5.4Hz, 1H), 3.15 (t, J = 6.2 Hz, 2H), 1.08-1.04 (m, 1H), 0.47 — 0.44 (m, 2H), 0.25-
0.22 (m, 2H).
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4-chloro-N-(cyclopropylmethyl)thieno[3,2-d]pyrimidin-2-amine (175)

% In an oven dried pressure tube under nitrogen atmosphere, a
M 1, catalytic amount of dimethyl sulfoxide (1 pl, 14.08 pl) was added to a
S

Ny

| suspension of 174 (200 mg, 0.904 mmol) in phosphoryl trichloride (1.77
ml, 19.0 mmol). The resulting mixture was stirred for 3 h at 110 °C. When complete
conversion of the starting material was observed by TLC (CH2Cl,/MeOH 9.5:0.5), the
reaction was cooled down to 0 °C and quenched by addition of ice. The aqueous layer
was extracted with EtOAc (20 ml x 3). The combined organic layers were washed with
brine and dried with Na>SOa4. The crude was purified by silica gel with 100% CHCl;
obtaining the desired product, 175 (94 mg, 43%) as a white solid. UPLC-MS (generic
method): Rt = 2.40 min, MS (ESI) m/z: 239.9/241.9 [M+H]*, C10H11CIN3S™ [M+H]*
calculated: 240.03/242.03. *H NMR (600 MHz, CDCl3) & 7.81 (d, J =5.2 Hz, 1H), 7.19
(d, J =5.2 Hz, 1H), 5.38 (br. s, 1H), 3.32 (t, J = 5.2 Hz, 2H), 1.12 - 1.05 (m, 1H), 0.54
(d, J = 7.4 Hz, 2H), 0.27 (d, J = 5.0 Hz, 2H).

4-(5-amino-1H-pyrazol-3-yl)benzamide (177)

N

N | NH, Inaoven dried MW vial 3-bromo-1H-pyrazol-5-amine (168) (150
mg, 0.926 mmol), (4-carbamoylphenyl)boronic acid (176) (305 mg, 1.85
mmol), tetrakis(triphenylphosphine)palladium(0) (161 mg, 0.139 mmol)

R were added. The solid mixture was suspended in anhydrous 1,4-dioxane

(1.85 ml) and a 2M solution of potassium carbonate (2.31 ml, 4.63 mmol) was added.

The reaction mixture was degassed and backfilled with nitrogen and stirred for 2 h at

130 °C under MW irradiation. After checking by LC-MS and TLC (CH.Cl,/MeOH

8:2), evidence of product was observed, therefore the reaction mixture was quenched

with water (5 ml) and washed with EtOAc (10 ml x 3, to remove apolar impurities).

The aqueous phase was concentrated under vacuum and purified by silica gel
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chromatography (-Solvent A: CH2Cl> -Solvent B: MeOH -Gradient 10-20% of MeOH
and then (-Solvent A: EtOH -Solvent B: MeOH -Gradient: 0-20% of solvent B) to
obtain 4-(5-amino-1H-pyrazol-3-yl)benzamide (177) (95 mg, 51%) as a pale yellow
powder. UPLC-MS generic method: Rt = 0.84 min, MS (ESI) m/z: 202.9 [M+H]",
C10H11N4O* [M+H]* calculated: 201.08. *H NMR (600 MHz, DMSO-dg) & 7.86 (d, J
= 8.3 Hz, 2H), 7.71 (d, J = 8.3 Hz, 2H), 7.32 (br. s, 1H), 5.82 (s, 1H), 4.87 (br. 5, 2H).

4-(5-((2-((cyclopropylmethyl)amino)thieno[3,2-d]pyrimidin-4-yl)amino)-
1H-pyrazol-3-yl)benzamide, formic acid salt (178)

In a MW vial 4-chloro-N-(cyclopropylmethyl)thieno[3,2-
H,ﬁ,\ d]pyrimidin-2-amine 175 (94 mg, 0.39 mmol) and 4-(5-amino-1H-

)Ok W{I? pyrazol-3-yl)benzamide (177) (0.12 g, 0.59 mmol) were dissolved
\/ in anhydrous n-butanol (2.0 ml) under inert atmosphere
(N2). DIPEA (51 mg, 68 pl, 0.39 mmol) was added to the solution

o and the reaction was let go for 8 h at 180 °C under MW irradiation

H

according to the general chemical procedure D. When TLC
(CH2Cl2/MeOH 9.5:0.5) confirmed complete conversion of the starting material, the
reaction mixture was concentrated under vacuum. Purification via flash
chromatography (-Solvent A: CH.Cl; -Solvent B: MeOH -Gradient: 0-10% of solvent
B) gave the desired product which was purified by HPLC-prep (H2O/ACN 0.1% FA
from 5 to 95% of ACN in 18 min, flow rate: 30 min/ml) to furnish the formic acid salt
of 4-(5-((2-((cyclopropylmethyl)amino)thieno[3,2-d]pyrimidin-4-yl)amino)-1H-
pyrazol-3-yl)benzamide 178 (0.016 g, 10%). UPLC-MS (generic method): Rt = 1.60
min, MS (ESI) m/z: 406.0 [M+H]*, C20H20N70S* [M+H]* calculated: 406.13. *H NMR
(400 MHz, DMSO-ds) 6 8.13 (s, 1H), 8.06 (br. s., 1H), 8.05 (br. s., 1H), 7.99 — 7.90
(m, 2H), 7.87 (m, 2H), 7.81 (d, J = 8.4 Hz, 1H), 7.41 (br. s., 1H), 7.20 (d, J = 5.4 Hz,
1H), 1.16 (br. s., 1H), 0.52-0.48 (m, 2H), 0.30-026 (m, 2H).
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5.2 Chemical procedures for compounds reported in chapter
3

(R)-4-(4-(5-chloro-7-((3,3-dimethylbutan-2-yl)amino)-[1,2,4]triazolo[1,5-
a]pyrimidin-6-yl)-3,5-difluorophenyl)but-3-yn-1-ol (184)

\k on To a solution of (R)-5-chloro-6-(2,6-difluoro-4-
S =z iodophenyl)-N-(3,3-dimethylbutan-2-yl)-
NN [1,2,4]triazolo[1,5-a]pyrimidin-7-amine 192 (80 mg, 0.16
</N9I\N/ cl

mmol) in degassed DMF (0.81 ml), copper(l) iodide (4.6
mg, 24 umol), triethylamine (68 pL, 0.49 mmol) and but-3-yn-1-ol (193) (37 uL, 0.49
mmol) were added. The mixture was degassed and backfilled with N, before
tetrakis(triphenylphosphine)palladium(0) (19 mg, 16 pumol) was added. The mixture
was degassed and backfilled with N> three times and stirred at room temperature
overnight. The reaction mixture was quenched with water (5 ml) and extracted with
EtOAc (20 ml x 3). The combined organic layers were washed with brine, dried with
Na>SO4 and concentrated in vacuo. The crude residue was purified over silica (-Solvent
A: hexane -Solvent B: EtOAc -Gradient: 10-50% of solvent B) to give x (55 mg, 78%)
as a white powder. *H NMR (600 MHz, CDCls) § 8.34 (s, 1H), 7.15 = 7.09 (d, 2H),
6.43 (s, 1H), 3.88 (t, J = 6.3 Hz, 2H), 3.14 (s, 1H), 2.75 (t, J = 6.3 Hz, 2H), 1.01 (d, J
= 6.7 Hz, 3H), 0.84 (s, 9H). 'H NMR was in agreement with data reported in

literature.?°®
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diethyl 2-(2,6-difluoro-4-nitrophenyl)malonate (186)

° 9 To a solution of sodium hydride (1.4 g, 59.30 mmol) in THF

- ©"™ (60 ml)at0 °C, diethyl malonate (8.61 ml, 56.47 mmol) was added
dropwise. The resulting reaction mixture was let stir for 1 h. 1,2,3-

NO, trifluoro-5-nitrobenzene (185) (3.29 ml, 28.24 mmol) was added

dropwise to the reaction mixture, which was stirred for 4 h at room temperature. Once
the reaction was over, it was quenched with NH4Cl saturated solution (10 ml) and
extracted with EtOAc (200 ml x 3). The organic layers were collected, washed with
water (100 ml) and brine (100 ml), dried over Na>2SOs, and concentrated under vacuum.
The crude product was purified by flash chromatography (-Solvent A: hexane -Solvent
B: EtOAc -Gradient: 0-10% of solvent B) obtaining the desired product 186 (8.9 g
99%) as a yellow oil with traces of diethyl malonate *H NMR (600 MHz, CDCls) §
7.82 (d, J = 7.2 Hz, 2H), 4.99 (s, 1H), 4.25 (qd, J = 7.1, 1.1 Hz, 4H), 1.31 — 1.19 (m,

6H). *H NMR was in agreement with data reported in literature.?>

diethyl 2-(4-amino-2,6-difluorophenyl)malonate (187)

o9 To a solution of diethyl 2-(2,6-difluoro-4-
F 2 nitrophenyl)malonate (186) (5 g, 0.02 mol) in methanol (100 ml)
under inert atmosphere (N2), palladium on carbon (2 g, 10% Wt, 2

NH mmol) was added. The resulting mixture was flushed with N three
times, subsequently flushed with H> and stirred for 2 h. After 2 h the stirring was
stopped, the reaction mixture was filtered through a celite pad and concentrated under
vacuum. The crude product was purified by flash chromatography (-Solvent A: hexane
-Solvent B: EtOAc -Gradient: 5-30% of solvent B) to give the desired product 187

1.864 g (40%) over two steps). *H NMR (600 MHz, CDCls) § 6.20 (d, J = 9.7 Hz, 2H),
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4.80 (s, 1H), 4.23 (q, J = 7.1 Hz, 4H), 1.26 (t, J = 7.22 Hz, 6H). *H NMR was in

agreement with data reported in literature.?3

diethyl 2-(2,6-difluoro-4-iodophenyl)malonate (188)

o 0 3.4 ml of a 2.6M solution of sodium nitrite (0.62 g, 9.1
- (F)/\ mmol) in water was added dropwise to a solution of diethyl 2-(4-
amino-2,6-difluorophenyl)malonate 187 (2.6 g, 9.1 mmol) in 6M

HCI (15 ml, 91 mmol) at 0 °C. The resulting suspension was added

dropwise to 6.3 ml of a 6M solution of potassium iodide (6.2 g, 38 mmol) in water
keeping the temperature at 0 °C. The reaction mixture was allowed to warm to room
temperature and stirred for 3 h. Then, it was stopped and extracted with EtOAc (100
ml x 3). The combined layers were washed in with 10% Na>S>03 (100 ml) and brine
(100 ml), dried over Na>SO4 and concentrated under vacuum. The crude residue was
purified over silica (-Solvent A: hexane -Solvent B: EtOAc -Gradient: 0-25% of
solvent B) to give the title compound 188 (2.423 g, 67%) as a yellow oil.*H NMR (600
MHz, CDCl3) 6 7.31 (d, J = 7.0 Hz, 2H), 4.89 (s, 1H), 4.24 (q, J = 7.1 Hz, 4H), 1.27 (t,

J=7.22 Hz, 6H). *H NMR was in agreement with data reported in literature.?3

5,7-dichloro-6-(2,6-difluoro-4-iodophenyl)-[1,2,4]triazolo[1,5-
a]pyrimidine (190)

oF | Step I: In a pressure flask flushed with N2, were charged
</N\N X diethyl 2-(2,6-difluoro-4-iodophenyl)malonate 188 (1.276 g, 3.205
B
NT>NTcl

mmol), 1H-1,2,4-triazol-3-amine (189) (282.9 mg, 3.365 mmol) and
tributylamine (0.81 ml, 3.365 mmol). The mixture was heated to 170 °C for 3 h. Then,
5 ml of toluene were added at 110 °C followed by a 50% solution of sodium hydroxide
(0.51 ml, 9.615 mmol) at 50 °C. Once at room temperature, the mixture was filtered

over sintered glass and rinsed twice with toluene (5 ml) to furnish the 6-(2,6-difluoro-
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4-iodophenyl)-[1,2,4]triazolo[1,5-a]pyrimidine-5,7-diol (0.55 g, 99%) that was
engaged in the next step without further purification.

Step 2: In a round bottom flask charged with the intermediate 6-(2,6-difluoro-
4-iodophenyl)-[1,2,4]triazolo[1,5-a]pyrimidine-5,7-diol (2.0 g, 4.608 mmol) was
added phosphoryl trichloride (5.33 ml, 57.05 mmol) and the mixture was heated to 130
°C for 6 h. The reaction was poured on ice, the aqueous phase was extracted with
CHCI2 (50 ml x 2) and the combined organic fractions were washed with brine (50
ml), dried over Na>SO4 and concentrated in vacuo. The crude residue was purified over
silica (-Solvent A: hexane -Solvent B: EtOAc -Gradient: 0-30% of solvent B) to give
the title compound 190 (971 mg, 71.0% over two steps) as an off-white solid. *H NMR
(600 MHz, CDCls) § 8.62 (s, 1H), 7.52 (d, J = 6.3 Hz, 2H). *H NMR was in agreement

with data reported in literature.?3

(R)-5-chloro-6-(2,6-difluoro-4-iodophenyl)-N-(3,3-dimethylbutan-2-yl)-
[1,2,4]triazolo[1,5-a]pyrimidin-7-amine (192)

To a solution of 5,7-dichloro-6-(2,6-difluoro-4-iodophenyl)-
ﬂ(NHF ' [1,2,4]triazolo[1,5-a]pyrimidine 190 (0.325 g, 0.761 mmol) in DMF
(E/j'\N\/ . (2.1 ml) (R)-3,3-dimethylbutan-2-amine, HCI (191) (157 mg, 1.14

mmol) and triethylamine (0.318 ml, 2.28 mmol) were added, and the
resulting mixture was stirred for 1 h at room temperature. The reaction was quenched
by addition of water (30 ml) and the aqueous layer was extracted with EtOAc (50 ml x
3). The combined organic fractions were washed with brine (50 ml), dried over NaxSO4
and concentrated in vacuo. The crude residue was purified over silica (-Solvent A:
hexane -Solvent B: EtOAc -Gradient: 0-30% of solvent B) to yield 192 (357 mg,
95.4%) as an off-white solid. *H NMR (600 MHz, CDCls) & 8.34 (s, 1H), 7.48 (d, J =
6.0 Hz, 2H), 6.43 (s, 1H), 3.12 (s, 1H), 1.03 (d, J = 6.7 Hz, 3H), 0.84 (s, 9H). 13C NMR
(151 MHz, CDCl3) 6 160.67 (dd, J = 254.9, 6.2 Hz), 160.40 (dd, J = 254.8, 6.0 Hz),
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157.59, 154.89, 153.58, 146.03, 121.82 (dd, J = 21.7, 3.9 Hz), 121.67 (dd, J = 21.7, 3.9
Hz), 111.23 (t, J = 18.2 Hz), 94.41 (t, J = 10.1 Hz), 88.71, 58.10, 34.74, 25.77, 16.56,
16.55. HRMS (ES*) calculated for C17H1sNsF2ICl [M+H]*, 492.0258; found 492.0256.

Analytical data were in agreement with data reported in literature.?3

4-(4-(7-amino-5-chloro-[1,2,4]triazolo[1,5-a]pyrimidin-6-yl)-3,5-
difluorophenyl)but-3-yn-1-ol (194)

P OH To a solution of 5-chloro-6-(2,6-difluoro-4-
Z
A iodophenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7-amine 196
N_
(NiNj . (80 mg, 0.20 mmol) in degassed DMF (0.98 ml),

copper(l) iodide (5.6 mg, 29 umol), triethylamine (82 pl,
0.59 mmol) and but-3-yn-1-ol (45 pl, 0.59 mmol) were added. The mixture was
degassed and backfilled with N> before tetrakis(triphenylphosphine)palladium(0) (23
mg, 20 pmol) was added. The mixture was degassed and backfilled with N three times
and stirred at room temperature overnight. The reaction mixture was quenched with
water (5 ml) and extracted with EtOAc (30 ml x 3). The combined organic layers were
washed with brine (30 ml), dried over Na2SO4 and concentrated in vacuo. The crude
residue was purified by reverse phase HPLC (water/ACN with 0.1% FA, 10-90% ACN
in 18 min, flow rate: 20 ml/min), to obtain 4-(4-(7-amino-5-chloro-[1,2,4]triazolo[1,5-
a]pyrimidin-6-yl)-3,5-difluorophenyl)but-3-yn-1-ol 194 (36 mg, 52%). LC-MS
(standard method): Rt. 3.89 min, MS (ESI) m/z: 350.1 [M+H]", CisH1:CIF2NsO*
[M+H]* calculated: 350.05. *H NMR (600 MHz, DMSO-ds) & 8.58 (s, 1H), 8.54 (bs,
2H), 7.33 (d, J = 7.6 Hz, 2H), 4.95 (s, 1H), 3.61 (t, J = 7.0 Hz, 2H), 2.61 (t, J = 7.0 Hz,
2H). 13C NMR (151 MHz, DMSO-dg) & 160.70 (C-F, d, J = 248.15 Hz), 160.56 (C-F,
d, J =248.15 Hz) 155.46, 154.65, 153.88, 148.20, 126.98 (C-F, t, J = 13.0 Hz), 115.38-
115.12 (m), 109.02 (C-F, t, J = 22.0 Hz), 92.46, 89.10, 79.23, 79.19, 79.15, 59.53,
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54.97, 48.64, 23.35. HRMS (ES™) calculated for C1sH11CIF2NsO* [M+H]*: 350.0615,
found 350.0617.

5-chloro-6-(2,6-difluoro-4-iodophenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7-
amine (196)

; | To a solution of 5,7-dichloro-6-(2,6-difluoro-4-
</N\N X iodophenyl)-[1,2,4]triazolo[1,5-a]pyrimidine 190 (150 mg, 351
NA\N/ cl pmol) in a mixture of MeOH (0.878 ml) and DMF (0.100 ml) a 7M

solution of NH3 in MeOH (50.2 pl, 351 pumol) was slowly added at 0 °C and the
resulting mixture was stirred at room temperature for 30 min. After complete
conversion of the starting material, the stirring was stopped and concentrated in vacuo.
The crude product was employed in the following step without any further
purification. *H NMR (600 MHz, MeOD4) § 8.40 (s, 1H), 7.97 (br. s., 2H), 7.61 (d, J
= 7.1 Hz, 2H).

but-3-ynoic acid (197)

OH 6.49 ml of water were added to a 10 ml single neck round bottom
o flask fitted with a magnetic stir bar. nitric acid (24.9 pl, 65% wt, 357

AN

pumol), sodium dichromate (18.7 mg, 71.3 umol), sodium periodate (3.36 g, 15.7
mmol) were subsequently added and the mixture was stirred vigorously on an ice bath
for 15 min. but-3-yn-1-ol (193) (540 pL, 7.13 mmol) dissolved in chilled water (6.49
ml) was added dropwise to this mixture and the reaction was stirred overnight (ice bath
was not removed to let the ice melt and temperature of reaction mixture rise slowly to
room temperature). The reaction was checked by TLC 100% EtOAc by using KMnO4
stain. After this time, product was extracted with EtOAc (50 ml x 3), the separated
organic layer was washed with brine (50 ml) and dried over NaxSO4. The solvent was
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evaporated on rotary evaporator to give an orange/yellowish viscous liquid. Subsequent
addition of diethyl ether (5 ml) and removal of solvent under high vacuum gave but-3-
ynoic acid 197 as an off white solid (428 mg, 71.4%) *H NMR (600 MHz, CDCls) &
3.38 (d, J =2.68 Hz, 2H), 2.24 (t, J = 2.68 Hz, 1H).

benzyl but-3-ynoate (201)

K@ A solution of but-3-ynoic acid 197 (200 mg, 2.38 mmol),

phenylmethanol (742 pl, 7.14 mmol) and conc. HCI (24.5 pl, 238
O

/T pumol) in water was stirred at room temperature for 15 h. After

reacting overnight, CH2Cl, (5 ml) was added and the mixture was washed with
saturated aqueous NaHCOs solution (5 ml). The separated organic layer was dried over
Na;SOs, filtered and concentrated in vacuo. Purification of the crude product by
column chromatography (100% hexane) gave the title benzyl but-3-ynoate 201 (151
mg, 36.4%) as a colorless oil. *H NMR (600 MHz, CDCls) & 7.37 (s, SH), 5.19 (s, 2H),
3.34 (s, 2H), 2.21 (s, 1H).

(R)-4-(4-(5-chloro-7-((3,3-dimethylbutan-2-yl)amino)-[1,2,4]triazolo[1,5-
a]pyrimidin-6-yl)-3,5-difluorophenyl)but-3-yn-1-yl (tert-
butoxycarbonyl)glycinate (210)

o 184 (40 mg, 92 umol) was dissolved
Y oo _
RN Z \([)]AH in anhydrous THF (0.46 ml) and the solution
</N\N N was cooled to 0 °C. To this was added (tert-
N/J\N/ cl

butoxycarbonyl)glycine (21 mg, 0.12 mmol)
followed by EDC-HCI (29 mg, 0.13 mmol) and DMAP (23 mg, 0.18 mmol). The
reaction was allowed to warm to room temperature and stirred overnight. The stirring
was stopped and the mixture was concentrated under vacuum. The resulting crude
product was purified by reverse phase HPLC (Water/ACN with 0.1% FA , 5-95% of
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ACN in 18 min, flow rate: 20 ml/min) to yield 210 (26 mg, 48%) as a white solid. LC-
MS (standard method): Rt. 5.35 min, MS (ESI) m/z: 591.3 [M+H]*, C2sH34CIF2NgO4*
[M+H]* calculated: 591.22.*H NMR (600 MHz, CDCls) & 8.30 (s, 1H), 7.09 (d, J = 8.6
Hz, 2H), 6.41 (s, 1H), 5.15 (s, 1H), 4.33 (t, J = 6.5 Hz, 2H), 3.95 (br. s., J = 6.2 Hz,
2H), 3.45 (s, 1 H), 3.10 (br. s. 1H), 1.42 (s, 9H), 0.98 (d, J = 6.9 Hz, 3H), 0.80 (s, 9H).
HRMS (ES™) calculated for C2gHz4CIF2NsO4* [M+H]*: 591.2293, found 591.2290.

4-(4-(5-chloro-7-(((R)-3,3-dimethylbutan-2-yl)amino)-[1,2,4]triazolo[1,5-
a]pyrimidin-6-yl)-3,5-difluorophenyl)but-3-yn-1-yl (tert-butoxycarbonyl)-L-
alaninate (211)

184 (20 mg, 46 pmol) was dissolved
\k P \HANJJ\ )< in anhydrous THF (0.23 ml). The solution
AOWLF Z

N" nH was cooled to 0 °C and 208 (8.7 mg, 46
~N
</N/*N\/ R umol) followed by EDC-HCI (15 mg, 65

pumol) and DMAP (11 mg, 92 pumol) were
added. The reaction was allowed to warm to room temperature and stirred overnight.
The stirring was stopped and the mixture was concentrated under vacuum. The
resulting crude product was purified by reverse phase HPLC (Water/ACN with 0.1%
FA, 5-95% ACN in 18 min, flow rate: 20 ml/min) to yield 211 (14 mg, 49%). LC-MS
(standard method): Rt = 5.45 min, MS (ESI) m/z: 605.3 [M+H]*, C29H3sCIF2NsO4"
[M+H]* calculated: 605.23.*H NMR (600 MHz, CDCl3) § 8.36 (s, 1H), 7.11 (d,J=8.4
Hz, 2H), 6.43 (s, 1H), 5.02 (s, 1H), 4.41 — 4.31 (m, 2H), 4.12 (q, J = 7.1 Hz, 1H), 3.13
(s, 1H), 2.83 (t, J = 6.7 Hz, 2H), 1.45 (s, 9H), 1.42 (d, J = 7.2 Hz, 3H), 1.02 (d, J = 6.6
Hz, 3H), 0.84 (s, 9H). HRMS (ES") calculated for Cz9 H3sCIF2Ng Os™ [M+H]":
605.2449, found 605.2452.
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1-(4-(4-(5-chloro-7-(((R)-3,3-dimethylbutan-2-yl)amino)-
[1,2,4]triazolo[1,5-a]pyrimidin-6-yl)-3,5-difluorophenyl)but-3-yn-1-yl) 5-methyl
(tert-butoxycarbonyl)-L-glutamate (212)

>|\ 184 (20 mg, 46 pmol) was dissolved
j\ in anhydrous THF (0.23 ml) and the solution
O NH
0 was cooled to 0 °C. To this was added 209
\.k F Z MO\
" NH O 0 (16 mg, 60 umol) followed by EDC-HCI (15
N_
(NiNj 3 mg, 65 umol) and DMAP (11 mg, 92 pmol).

The reaction was allowed to warm to room
temperature and stirred overnight. The reaction was checked by TLC (100% EtOAc)
noticing good conversion of the starting material. Therefore, the stirring was stopped
and the mixture was concentrated under vacuum. The resulting yellow pale oil crude
product was employed in the following step without any further purification. 212 (31
mg, quantitative) *H NMR (600 MHz, CDCls) § 8.33 (s, 1H), 7.12 (d, J = 8.1 Hz, 2H),
6.55 (s, 1H), 5.13 (d, J = 8.4 Hz, 1H), 4.35 (td, J = 6.7, 4.1 Hz, 2H), 3.67 (s, 3H), 2.83
(t, 2H), 2.51 - 2.37 (m, 3H), 2.00 — 1.73 (m, 2H), 1.44 (s, 9H), 1.01 (d, J = 6.7 Hz, 3H),
0.83 (s, 9H). HRMS (ES™) calculated for C32H0CIF2NsOs" [M+H]*: 677.2660, found
677.2656.
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1-(4-(4-(5-chloro-7-(((R)-3,3-dimethylbutan-2-yl)amino)-
[1,2,4]triazolo[1,5-a]pyrimidin-6-yl)-3,5-difluorophenyl)but-3-yn-1-yl) 5-methyl
L-glutamate (213)

NH, 212 (31 mg, 46 pmol) in 4M HCI

:kNHF = OMO\ solution in 1,4-dioxane (69 pl, 0.27 mmol)

</N\N N was stirred  overnight under inert
N/J\N/ cl atmosphere. The reaction was checked by

TLC (100% EtOAc) noticing complete conversion of the starting material, therefore
the mixture was concentrated in vacuo. The crude was purified by preparative HPLC
(water/ACN with 0.1% FA, 5-80% ACN in 18 min, flow rate: 30 ml/min) to obtain 213
(9 mg, 30%) as a white powder. LC-MS (standard method): Rt. 4.54 min, MS (ESI)
m/z: 577.3 [M+H]", C1sH10CIF2NsO* [M+H]* calculated: 577.213.'H NMR (600
MHz, MeODa4) & 8.47 (s, 1H), 7.30 (d, 2H), 4.59 — 4.34 (m, 2H), 4.17 (t, 1H), 3.68 (s,
3H), 2.94 (t, J = 6.3 Hz, 2H), 2.64 (m, 2H), 2.31 - 2.15 (m, 2H), 1.37 (t, J = 6.6 Hz,
1H), 1.30 (s, 1H), 1.07 (d, J = 6.8 Hz, 3H), 0.83 (s, 9H). HRMS (ES") calculated for
C27H32CIF2NsO4* [M + H]™: 577.213, found 577.214

4-(4-(5-chloro-7-(((R)-3,3-dimethylbutan-2-yl)amino)-[1,2,4]triazolo[1,5-
a]pyrimidin-6-yl)-3,5-difluorophenyl)but-3-yn-1-yl L-alaninate, formic acid (216)

_ (')k 211 (34 mg, 0.056 mmol) was dissolved
\kNHF Z OjlﬂtNHz °" in 4 M HCI in 1,4-dioxane (0.084 ml, 0.34
o]
N_y mmol) at room temperature and stirred
~ X
</N¢kN/ o overnight. The solvent was evaporated to give

a sticky colorless oil that was purified by reverse HPLC preparative (Water/ACN with
0.1% of FA, 5-95% of ACN in 18 min, flow rate: 20 ml/min) to yield 216 (10 mg, 32%)
as a white solid. *H NMR (600 MHz, CDsCN) & 8.34 (s, J = 2.8 Hz, 1H), 7.23 (d, J =
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9.1 Hz, 2H), 6.49 (s, 1H), 4.34 — 4.22 (m, 2H), 3.73 - 3.67 (m, 1H), 3.29 (b. 5., 1H),
2.82 (d, J = 2.8 Hz, 2H), 1.34 — 1.29 (m, 3H), 1.04 — 1.00 (m, 3H), 0.80 (s, 9H). HRMS
(ES™) calculated for C24H2s8CIF2NeO2" [M+H]*: 505.1925, found 505.1927.

(R)-4-(4-(5-chloro-7-((3,3-dimethylbutan-2-yl)amino)-[1,2,4]triazolo[1,5-
a]pyrimidin-6-yl)-3,5-difluorophenyl)but-3-yn-1-yl glycinate, formic acid (217)

Ci 210 (24 mg, 41 pmol) was dissolved in
OH . .
f i _ O\HANHZ 4M HCI (61 pl, 0.24 mmol) in 1,4-dioxane at
N © room temperature and stirred overnight. The
N
(NiNj o solvent was evaporated and the crude product

was purified by reverse HPLC preparative
(Water/ACN with 0.1% of FA, 5-95% of ACN in 18 min, flow rate: 20 ml/min) to yield
217 (14 mg, 64%) as a white solid. *H NMR (600 MHz, CDsCN) § 8.35 (s, 1H), 8.21
(br.s., 1H), 7.25 (d, 2H), 6.49 (br. s., 1H), 4.32 (t, J = 6.27 Hz, 2H), 3.56 (s, 2H), 2.83
(t, J=6.6, 2.7 Hz, 2H), 1.26 (br. s., 1H), 1.02 (d, J = 6.6, 2.8 Hz, 3H), 0.80 (5, J = 3.1
Hz, 9H). °C NMR (101 MHz, DMSO-ds) § 161.76, 156.00, 155.12, 146.90, 115.43-
115.06 (m), 93.41, 78.89, 62.11, 59.41, 57.98, 57.92, 35.25, 25.63, 19.35, 15.22.
HRMS (ES™) calculated for C23H26CIF2NsO2" [M+H]*: 491.1768, found 491.1766.

4-(4-(5-chloro-7-(((R)-3,3-dimethylbutan-2-yl)amino)-[1,2,4]triazolo[1,5-
a]pyrimidin-6-yl)-3,5-difluorophenyl)but-3-yn-1-yl L-serinate, formic acid (218)

JOH ‘i A solution of 222 (36 mg, 49 umol) in 4M
O .
NHa HCI in 1,4-dioxane (0.17 ml, 0.69 mmol) was

(0]
o -
oSN ~ stirred overnight under inert atmosphere (N2). The
N_
(NiN\/ o reaction was stopped and concentrated in vacuo.

The crude was purified by preparative HPLC preparative (Water/ACN with 0.1% FA,
5-80% ACN in 18 min, flow rate: 20 ml/min) to obtain 218 (10 mg, 36%) as a white

213



powder. 'H NMR (600 MHz, DMSO) & 8.64 (s, 1H), 8.42 (s, 1H), 7.68 (s, 1H), 7.47
(d, J = 9.5 Hz, 2H), 5.62 (br. s., 1H), 4.37 (t, J = 6.5, 2.3 Hz, 2H), 4.24 (s, 1H), 3.94 —
3.73 (m, 2H), 2.91 (t, J = 6.3 Hz, 2H), 1.03 (s, 3H), 0.85 (t, J = 7.0 Hz, 1H), 0.74 (s,
9H). HRMS (ES") calculated for CasH2sCl F2NgOs* [M+H]": 521.1874, found
521.1870.

(tert-butoxycarbonyl)-L-serine (220)

0 A solution of di-tert-butyl dicarbonate (249 mg, 1.14 mmol) in
Hom)kgH 1,4-dioxane (0.952 mL) was added at 0 °C to a solution of L-serine (219)

fj< (100 mg, 0.952 mmol) in 1M sodium hydroxide (1.05 ml, 1.05 mmol).
After stirring at room temperature for 3 h, an agueous 1M solution of sodium hydrogen
sulfate (1.05 ml, 1.05 mmol) was added at 0 °C. The stirring was stopped and the
aqueous phase was extracted with EtOAc (5 ml x 3). The combined organic phases
were dried over Na>SO4 and evaporation of the solvent gave (tert-butoxycarbonyl)-L-
serine 220 (0.19 g, 99%) as colorless oil. *tH NMR (600 MHz, CDCls) & 6.87 (s, 1H),

5.66 (s, 1H), 4.37 (s, 1H), 4.21 (s, 1H), 4.10 — 3.83 (m, 2H), 1.46 (s, 9H).

N-(tert-butoxycarbonyl)-O-(tert-butyldimethylsilyl)-L-serine (221)

X\Sﬂowio'* A suspension of 220 (190 mg, 926 pmol) in anhydrous DMF
H YO (3.09 ml) was treated with 1H-imidazole (126 mg, 1.85 mmol) and tert-
>(O butylchlorodimethylsilane (154 mg, 1.02 mmol). The resulting solution

was stirred at room temperature overnight. The volatiles were removed under vacuum

and the obtained residue was suspended in water (10 ml) and hexane (10 ml). The
separated organic layer was washed with brine (10 ml), dried over Na,SOs and
concentrated under vacuum affording a colorless oil consistent with the desired product

221 (71 mg, 99%). *H NMR (600 MHz, CDCls) § 5.36 (d, J = 8.3 Hz, 1H), 4.34 (s,

1H), 4.17 - 3.72 (m, 2H), 1.45 (s, 9H), 0.88 (s, 9H), 0.10 (s, 6H).
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4-(4-(5-chloro-7-(((R)-3,3-dimethylbutan-2-yl)amino)-[1,2,4]triazolo[1,5-
a]pyrimidin-6-yl)-3,5-difluorophenyl)but-3-yn-1-yl  N-(tert-butoxycarbonyl)-O-
(tert-butyldimethylsilyl)-L-serinate (222)

184 (50 mg, 0.12 mmol) was dissolved in

-7~ anhydrous THF (0.58 ml) and the solution was cooled to
OJNH 0 °C. To this was added 221 (48 mg, 0.15 mmol) followed

:J(NHF = % oo by EDC-HCI (37 mg, 0.16 mmol) and DMAP (28 mg,
</:/)N\ j 0.23 mmol). The reaction was allowed to warm to room
N temperature and stirred overnight. Once completed, the
stirring was stopped and the mixture was concentrated under vacuum. The resulting
crude product was purified by reverse phase HPLC (Water/ACN with 0.1% of FA, 5-
95% of ACN in 18 min, flow rate: 30 ml/min) to yield (222) (36 mg, 42%) as a white
solid. *H NMR (600 MHz, CDCls) § 8.33 (s, 1H), 7.11 (d, J = 8.4 Hz, 2H), 6.42 (s,
1H), 5.35 (d, J = 8.8 Hz, 1H), 4.46 — 4.29 (m, 2H), 4.15 - 4.06 (m, 1H), 3.86 (dd, J =
10.1, 3.2 Hz, 1H), 3.13 (s, 1H), 2.81 (t, J = 6.8 Hz, 2H), 2.04 (s, 1H), 1.46 (s, 9H), 1.68
(s, 3H) 1.02 (d, J = 6.6 Hz, 3H), 0.81 (s, 9H), 0.07 (s, 6H). HRMS (ES™) calculated for

CssHsoCIF2NsOsSi™ [M+H]": 735.3263, found 735.3264.

4-(2,4,6-trifluorophenyl)but-3-yn-1-ol (224)

F _ OH To a solution of 1,3,5-trifluoro-2-iodobenzene (223) (80
@\/v mg, 0.31 mmol) in degassed DMF (1.6 ml), were added copper(l)
] " iodide (9.0 mg, 0.15 Eq, 0.047 mmol), triethylamine (94 mg, 0.13
mL, 3 Eq, 0.93 mmol) and but-3-yn-1-ol (65 mg, 70 pL, 3 Eq, 0.93 mmol). The mixture
was degassed and backfilled with Nitrogen before

tetrakis(triphenylphosphine)palladium(0) (36 mg, 0.10 Eqg, 0.031 mmol)was added.

The mixture was degassed and backfilled with Nitrogen three times and stirred at room
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temperature overnight before it was quenched with water and extracted with EtOAc
(30 ml x 3). The combined organic fractions were washed with brine (30 ml) dried and
concentrated under reduced pressure. The crude residue was purified over silica
(Hexanes/Ethyl Acetate 0-20% of Ethyl Acetate) to give 52 mg of the desired product
224 as a yellow solid. *H NMR (600 MHz, CDCI3) § 6.68 (d, J = 8.0 Hz, 2H), 3.85 (t,
J=6.3 Hz, 2H), 2.76 (t, J = 6.2 Hz, 2H) ppm.

tert-butyl (S)-(1-(but-3-yn-1-ylamino)-1-oxopropan-2-yl)carbamate (228)

0o )Ok J< but-3-yn-1-amine, HCI (227) (59 ul, 0.47 mmol) was
z @AH © dissolved in anhydrous CH2Cl, (4.7 ml) and cooled to 0 °C. To
this solution HATU (0.29 g, 0.76 mmol), 208 (0.18 g, 0.95 mmol), and DIPEA (0.33
ml, 1.9 mmol) were added. The reaction mixture was allowed to warm up to room
temperature and stirred overnight. The reaction was quenched with water (5 ml),
extracted with CH>Cl> (10 ml x 3) and washed with brine (10 ml) to obtain the crude
product, which was purified through silica gel chromatography (-Solvent A: CHxCI; -
Solvent B: MeOH -Gradient: 0-5% of solvent B) to obtain 228 (52 mg, 46%) as a white
powder. *H NMR (600 MHz, CDCls) § 6.47 (s, 1H), 4.99 (s, 1H), 4.15 (s, 1H), 3.46 —
3.35 (m, 2H), 2.40 (td, J = 6.5, 2.7 Hz, 2H), 1.99 (t, J = 2.7 Hz, 1H), 1.44 (s, 9H), 1.36
(d, J=7.1Hz, 3H).

tert-butyl (2-(but-3-yn-1-ylamino)-2-oxoethyl)carbamate (229)

9y o 227 (50 mg, 0.47 mmol) was dissolved in anhydrous
z Nﬁfﬂ% CH.Cl, (4.7 ml) and cooled to 0 °C. To this solution 207 (0.17
g, 0.95 mmol), HATU (0.29 g, 0.76 mmol), and DIPEA (0.33 ml, 1.9 mmol) were
added. The reaction mixture was allowed to warm up to room temperature and stirred
overnight. The reaction was quenched with water (5 ml) and extracted with CH2Cl> (10

ml x 3) and washed with brine (10 ml) to obtain the crude product, which was purified

216



through silica gel chromatography (-Solvent A: CH2Cl> -Solvent B: MeOH -Gradient:
0-5% of solvent B) to obtain 229 (72 mg, 67%) as a colorless oil. *H NMR (600 MHz,
CDCls) 8 6.80 (br. s., 1H), 5.46 (t, J = 5.9 Hz, 1H), 3.75 (d, J = 5.7 Hz, 2H), 3.38 (9, J
= 6.4 Hz, 2H), 2.36 (td, J = 6.6, 2.7 Hz, 2H), 1.97 (t, J = Hz, 1H), 1.40 (s, 9H).

tert-butyl  ((S)-1-((4-(4-(5-chloro-7-(((R)-3,3-dimethylbutan-2-yl)amino)-
[1,2,4]triazolo[1,5-a]pyrimidin-6-yl)-3,5-difluorophenyl)but-3-yn-1-yl)amino)-1-
oxopropan-2-yl)carbamate (230)

y = © To a solution of 192 (28 mg, 69
Nk
Tt\nf = TO]AH © pmol) in degassed DMF (1.0 ml), copper(l)

N iodide (2.0 mg, 10 pmol), triethylamine ( 29

SN
</N/J\N/ cl pl, 0.21 mmol) and tert-butyl (S)-(1-(but-3-
yn-1-ylamino)-1-oxopropan-2-yl)carbamate (228) (50 mg, 0.21 mmol) were added.
The  mixture was  degassed and  backfilled with N2  before
tetrakis(triphenylphosphine)palladium(0) (8.0 mg, 6.9 umol) was added. The mixture
was degassed and backfilled with N> three times and stirred at room temperature
overnight. TLC in 100% EtOAc showed complete conversion of the starting material;
therefore, the stirring was stopped and the reaction mixture was quenched with water
(1 ml) and extracted with EtOAc (5 ml x 3). The combined organic layers were washed
with brine (5 ml), dried over Na,SO4 and concentrated in vacuo. The crude residue was
purified over silica (-Solvent A: hexane -Solvent B: EtOAc -Gradient: 20-50% of
solvent B) to give 230 (33 mg, 79%) as a colorless oil. 'H NMR (600 MHz, CDCls) &
8.34 (s, 1H), 7.14 (d, J = 7.4 Hz, 2H), 6.43 (s, 1H), 4.93 (s, 1H), 4.17 (s, 2H), 3.59 —
3.47 (m, 2H), 2.68 (t, J = 5.9 Hz, 2H), 2.48 (s, 1H), 1.44 (s, 9H), 1.39 (s, 3H), 1.02 (d,
J = 6.7 Hz, 3H), 0.84 (s, 9H). HRMS (ES+) calculated for C29H37CIF2N7O3" [M+H]":
604.2609, found 604.2605.
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Tert-butyl (R)-(2-((4-(4-(5-chloro-7-((3,3-dimethylbutan-2-yl)amino)-
[1,2,4]triazolo[1,5-a]pyrimidin-6-yl)-3,5-difluorophenyl)but-3-yn-1-yl)amino)-2-
oxoethyl)carbamate (231)

\k H JOL To a solution of 192 (45 mg, 0.11
NF Z \(IleH © mmol) in degassed DMF (0.55 ml),
NN copper(l) iodide (3.2 mg, 17 pmol),
</N/J\N/ cl

triethylamine (46 pl, 0.33 mmol) and 229
(75 mg, 0.33 mmol) were added. The mixture was degassed and backfilled with N2
before tetrakis(triphenylphosphine)palladium(0) (13 mg, 11 pmol) was added. The
mixture was degassed and backfilled with N> three times and stirred at room
temperature overnight. TLC in 100% EtOAc showed complete conversion of the
starting material, therefore the stirring was stopped and the reaction mixture was
quenched with water (1 ml) and extracted three times with EtOAc (5 ml x 3). The
combined organic layers were washed with brine (5 ml), dried over Na,SO4 and
concentrated in vacuo. The crude residue was purified over silica (-Solvent A: hexane
-Solvent B: EtOAc -Gradient: 20-50% of EtOAC) to furnish 231 (45 mg, 69%) as a
colorless oil. *tH NMR (600 MHz, CDCls) § 8.47 (br. s., 1H), 7.13 (d, J = 8.2 Hz, 2H),
6.56 (s, 1H), 6.43 (br. s., 1H), 5.14 (s, 1H), 3.83 (d, J = 5.5 Hz, 2H), 3.55 (d, J = 6.2
Hz, 1H), 2.70 (t, J = 6.5 Hz, 2H), 1.44 (s, 9H), 1.02 (d, J = 6.6 Hz, 3H), 0.83 (s, 9H)
ppm. HRMS (ES*) calculated for Ca2sHzsCIF2N7Os" [M+H]": 590.2452, found
590.2444.
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(S)-2-amino-N-(4-(4-(5-chloro-7-(((R)-3,3-dimethylbutan-2-yl)amino)-
[1,2,4]triazolo[1,5-a]pyrimidin-6-yl)-3,5-difluorophenyl)but-3-yn-1-
yl)propanamide, formic acid (232)

o A solution of 230 (33 mg, 55 umol) in
H o % 4M HCI solution in 1,4-dioxane (82 pl, 0.33
LF = N
" NH 0 mmol) was stirred overnight under N
(Ni \/ atmosphere. The reaction was checked by TLC
NT>N“cl

(100% EtOAC) noticing complete conversion of
the starting material; therefore, the stirring was stopped and the mixture was
concentrated in vacuo. The crude was purified by preparative HPLC (Water/ACN with
0.1% FA, 5-80% ACN in 18 min, flow rate: 30 ml/min) to obtain 232 (15 mg, 50%) as
a white powder. *H NMR (600 MHz, CD3CN) § 8.35 (s, 1H), 7.25 (d, J = 9.3 Hz, 2H),
6.50 (s, 1H), 5.35 (s, 1H), 4.01 (q, J = 7.2 Hz, 1H), 3.73 = 3.15 (m, 2H), 2.67 (d, J =
6.7 Hz, 2H), 1.48 (d, J = 7.1 Hz, 3H), 1.02 (d, J = 6.7 Hz, 3H), 0.81 (s, 9H). 3C NMR
(151 MHz, DMSO-ds) 6 169.75, 158.00, 157.69, 155.87-114.85 (m), 146.84, 127.28,
115.39, 92.61, 79.17, 57.91, 48.24, 37.54, 35.23, 25.61, 19.64, 17.32, 15.20. HRMS
(ES+) calculated for C24 Hag Cl F2 N7 OF [M+H]": 504.2085, found 504.2084.

(R)-2-amino-N-(4-(4-(5-chloro-7-((3,3-dimethylbutan-2-yl)amino)-
[1,2,4]triazolo[1,5-a]pyrimidin-6-yl)-3,5-difluorophenyl)but-3-yn-1-yl)acetamide,
formic acid (233)

9 A solution of 231 (45 mg, 76 umol) in
H OH . . .
\k ] _ Nm/\NH2 HCI in 1,4-Dioxane solution (17 mg, 0.11 ml, 4
N 0 molar, 0.46 mmol) was stirred 6 h under inert
N_
</N/N \/ atmosphere. The reaction was checked by TLC
N Cl

(EtOAc 100%) noticing complete conversion of
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the starting material, therefore the mixture was concentrated in vacuo. The crude was
purified twice by preparative HPLC (Water/ACN with 0.1% FA, 5-80% ACN in 18
min, flow rate: 30 ml/min) to obtain 233 (15 mg, 28 umol, 37%) as a white powder. *H
NMR (600 MHz, CD3CN) 6 8.35 (s, 1H), 7.46 (br. s., 1H), 7.26 (d, J = 9.2 Hz, 2H),
7.17 (s, 1H), 3.69 (s, 2H), 3.47 (q, J = 6.6 Hz, 2H), 2.66 (t, J = 6.7 Hz, 2H), 1.03 (d, J
= 6.7 Hz, 3H), 0.81 (s, 9H). HRMS (ES") calculated for Co3H27CIF2N7O0* [M+H]™:
490.1928, found 490.1927.

Biological assays:

Human CMGC Kinase Enzymatic Radiometric Assay [Km ATP],
KinaseProfiler (performed at Eurofins Cerep, Poitiers, France):

h-Fyn is incubated with 50 mM Tris pH 7.5, 0.1 mM EGTA, 0.1 mM NazVOsg,
250 uM KVEKIGEGTYGVVYK (Cdc2 peptide), 10 mM Magnesium Acetate and
[gamma-33P]-ATP (specific activity and concentration as required). The reaction is
initiated by the addition of the Mg/ATP mix. After incubation for 40 minutes at room
temperature, the reaction is stopped by the addition of phosphoric acid to a
concentration of 0.5%. An aliquot of the reaction is then spotted onto a filter and
washed four times for 4 minutes in 0.425% phosphoric acid and once in methanol prior
to drying and scintillation counting.

h-GSK-38 is incubated with 8 mM MOPS pH 7.0, 0.2 mM EDTA, 20 uM
YRRAAVPPSPSLSRHSSPHQS(p) EDEEE (phospho GS2 peptide), 10 mM
Magnesium Acetate and [gamma-33P]-ATP (specific activity and concentration as
required). The reaction is initiated by the addition of the Mg/ATP mix. After incubation
for 40 minutes at room temperature, the reaction is stopped by the addition of

phosphoric acid to a concentration of 0.5%. An aliquot of the reaction is then spotted
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onto a filter and washed four times for 4 minutes in 0.425% phosphoric acid and once
in methanol prior to drying and scintillation counting.

h-DYRKZ1A is incubated with 8 mM MOPS pH 7.0, 0.2 mM EDTA, 50 uM
RRRFRPASPLRGPPK, 10 mM Magnesium Acetate and [gamma-33P]-ATP (specific
activity and concentration as required). The reaction is initiated by the addition of the
Mg/ATP mix. After incubation for 40 minutes at room temperature, the reaction is
stopped by the addition of phosphoric acid to 21 a concentration of 0.5%. An aliquot
of the reaction is then spotted onto a filter and washed four times for 4 minutes in
0.425% phosphoric acid and once in methanol prior to drying and scintillation
counting.

h-CDK5/p25 is incubated with 8 mM MOPS pH 7.0, 0.2 mM EDTA, 0.1 mg/ml
histone H1, 10 mM Magnesium Acetate and [g- 33P]-ATP (specific activity and
concentration as required). The reaction is initiated by the addition of the Mg/ATP mix.
After incubation for 40 minutes at room temperature, the reaction is stopped by the
addition of phosphoric acid to a concentration of 0.5%. An aliquot of the reaction is
then spotted onto a filter and washed four times for 4 minutes in 0.425% phosphoric
acid and once in methanol prior to drying and scintillation counting.

For all tested PKs the Pan-kinase inhibitor Staurosporine was used as a

reference compound.

LANCE® Ultra system time-resolved fluorescence resonance energy
transfer (TR-FRET) assay (performed by D.R. and I.P.)

GSK-3p,Fyn-A and DYRK-1A Kinase Assays
Inhibition of GSK-3p, FYNa and DYRK-1A activity has been evaluated using

the LANCE Ultra technology from PerkinElmer according to the manufacturer’s
instructions. LANCE® Ultra system is based on the TR-FRET between a donor
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fluorophore (LANCE Europium Chelate) and an acceptor dye called ULight™, a small
molecular weight dye with a red-shifted fluorescent emission.

The synthetic peptide surrounding Ser 641 of human Muscle Glycogen
Synthase (ULight-GS (Ser 641/pSer 657)) has been selected as substrate for GSK-3f
and DYRK-1A, while the synthetic 28-amino acid peptide containing eight Tyr
residues placed in different amino acid contexts (ULightTM-TK (PT66)) was used for
FYNa assay.

The kinases reaction has been detected using EnVision 2014 Multilabel Reader
(PerkinElmer, Massachusetts, USA) after irradiation at 320 nm and the fluorescence
measured at 615 and 665 nm. The latter signal is specific for the energy transfer
occurring between donor and acceptor when are in close proximity (~10 nm). The
calculated signal ratio at 665/615 nm is proportional to the extent of ULight-substrate

phosphorylation.
Protocol

GSK-3B, DYRK-1A and FYNa kinase assays were run in 384 well microplates
(OptiPlate™-384, White, Perkin Elmer) in a total reaction volume of 20 uL. The
inhibitory potency against human recombinant GSK-3p3, DYRK-1A and FYNa (Carna
Biosciences) was evaluated using the LANCE® Ultra (Perkin Elmer) time-resolved
fluorescence resonance energy transfer (TR-FRET) by measuring the phosphorylation
of the ULight-labeled substrate, according to the manufacturer’s instructions.

The synthetic peptide surrounding Ser641 of human Muscle Glycogen
Synthase (ULight-GS (Ser641/pSer657)) has been selected as specific substrate for
GSK-3p and DYRK-1A, while the synthetic 28-amino acid peptide containing eight
Tyr residues placed in different amino acid contexts (ULightTM-TK (PT66)) was used
for FYNa assay.
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Briefly, test compounds, staurosporine or harmine (reference compounds for
GSK-3 B/Fyna and DYRK-1A, respectively) or DMSO (control) were mixed with the
enzyme (2 nM, 4 nM and 1 nM, respectively) in a buffer containing 50 mM Hepes (pH
7.5), 1 mM EGTA, 10 mM MgClz, 2 mM DTT and 0.01% Tween-20.

The reaction is initiated by adding 50 nM of the substrate and 1.2, 1.7 or 8 uM
ATP (GSK-3B, DYRK-1A and FYNa, respectively), and the mixture is incubated for
60 (GSK-3B and DYRK-1A) or 90 (FYNa) minutes, respectively, at 23 °C. Following
incubation, the reaction is stopped by adding 8 mM EDTA. After 5 min, the anti-
phospho antibody labeled with europium chelate is added. After 1 more hour, the
kinase reaction is monitored by irradiation at 320 nm, and the fluorescence measured
at 615 and 665 nm, using EnVision 2014 Multilabel Reader (PerkinElmer). The
calculated signal ratio at 665/615 nm is proportional to the extent of ULight-GS
phosphorylation. The compounds were first tested at three concentrations and in 11-
points dose-response (range 100 pM — 10 uM for GSK-3p and FYNa and 1 nM - 100
uM for DYRK-1A), in triplicates. The results were expressed as a percent inhibition of

the control enzyme activity.
Analysis of the Biological Data

Dose-response curves were run at least in three independent experiments,
performed in three technical replicates. 1Cso values for GSK-38, DYRK-1Aand FYNa
assays were determined Dby non-linear regression analysis of the Log
[concentration]/response curves generated with mean replicate values using a four
parameter Hill equation curve fitting with GraphPad Prism 8 (GraphPad Software Inc.,
CA - USA).
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Cellular kinase NanoBRET ™ Assay, performed at Reaction Biology (PA,
USA)

HEK293 cells were purchased from ATCC. FUGENEHD Transfection
Reagent,  Kinase-NanoLucfusion  plasmids, Transfection  Carrier DNA,
NanoBRETTracers and dilution buffer, NanoBRETNano-Glo Substrate, Extracellular
NanoLuclnhibitor were obtained from Promega. Compounds were purchased from
Selleckchem or made in house.

Assays were conducted following Promega assay protocol with some
modifications. HEK?293 Cells were transiently transfected with Kinase-
NanoLucFusion Vector DNA by FuGENEHD Transfection Reagent. Testing
compounds were delivered into 384 well assay plate by Echo 550 (Labcytelnc,
Sunnyvale, CA). Transfected cells were harvested and mixed with NanoBRET Tracer
Reagent and dispensed into 384 well plates and incubated the plates at 37 °C in 5%
CO2 cell culture incubator for 1 h. The NanoBRETNano-Glo Substrate plus
Extracellular NanoLuclnhibitor Solution were added into the wells of the assay plate
and incubated for 2—-3 min at room temperature. The donor emission wavelength (460
nm) and acceptor emission wavelength (600 nm) were measured in the EnVisionplate
reader. The BRET Ratio were calculated. BRET Ratio = [(Acceptor sample+~Donor
sample)—(Acceptor no-tracer control=~Donor no-tracer control)]. The ICso values of

compounds were calculated with Prism GraphPad program.

Tau Phosphorylation Assay in human recombinant TauON4R-TM-tGFP
U20S cells, performed at Innoprot (Spain)

Dose-response assays were performed using a cellular fluorescence bundle
formation assay after compound addition in human recombinant TauON4R-TM-tGFP

U20S stable cell line. The formation of tau and MT bundles after treatment was
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measured in triplicate. Medium (OptiMem) and Vehicle (DMSO) were used as
negative controls and LiCl 30 mM as positive control. Bundles were quantified using
the Cell Insight CX7 from Thermofisher. The error bars represent the standard

deviation among the 3 replicate wells.
In vitro ADME-PK evaluation (performed by G.O. at the IIT analytical facility)
In vitro mouse plasma stability

Compounds were diluted in preheated (37 °C) mouse plasma (Rockland
Immunochemicals Inc.) with 5% DMSO to favor solubilization. The final compound
concentration was 2.0 uM. At time points (0, 5, 15, 30, 60, 120 min), a 30 pL aliquot
of the incubation solution was diluted in 200 pL of cold acetonitrile spiked with 200
nM Warfarin, as internal standard. After vortexing for 30 s, the solution was
centrifuged at 35009 for 15 min at 4 °C, and the supernatant transferred for LC-MS/MS
analysis on a Waters Acquity UPLC/MS TQD system. Compound stability was
evaluated on the basis of the corresponding peak areas plotted vs time. The compounds’
half-lives were calculated using a one-phase fitting decay of the peak area vs time

profiles.
In vitro mouse liver microsomes stability

10mM DMSO stock solution of test compound was pre-incubated at 37 °C for
15 min with liver microsomes (Sekisui Xenotech, LCC), 0.1M Tris-HCI buffer (pH
7.4), and 10% DMSO. The final concentration was 4.6 uM. After pre-incubation, the
cofactors (NADPH, G6P, G6PDH, MgCI2 pre-dissolved in 0.1M Tris-HCI) were
added to the incubation mixture and the incubation was continued at 37 °C for 1h. At
each time point (0, 5, 15, 30, 60 min), 30ul of incubation mixture was diluted with 200

ul cold acetonitile spiked with 200 nM of warfarin as internal standard, followed by
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centrifugation at 3500 g for 30 min. The supernatant was further diluted with H20 (1:1)
for analysis. An aliquot of 200 pl of the supernatant was removed, and the
concentration of the test compound was quantified by LC-MS/MS. The percentage of
the test compound remaining at each time point relative to t=0 was calculated. The half-
lives (t%2) were determined by a one-phase decay equation using a non-linear regression

of compound concentration vs time.
In vitro human liver microsomes stability.

Human (BD Gentest) hepatocytes were thawed in Hepatocyte Plating
Supplement pack (Life Technologies) and placed in 37 £ 1 °C shaking water.
Hepatocytes were re-suspended in Williams E medium containing Cell Maintenance
Supplement Pack (Life Technologies), and counted using Trypan blue solution to a
final concentration of 0.25 x 106 cells/ml. Samples of the test compound at 10 uM were
incubated for 0, 10, 30, 60, 120, and 240 min at 37 °C. Blank samples were prepared
by incubating 250 pl of cell solution without any compound for 240 min. The
incubations were quenched 1:1 with ice-cold acetonitrile spiked with 600 nM labetalol
as internal standard. Samples were then centrifuged at 12000 rpm for 5 min at 4 °C.
Aliquots of 200 pl of the supernatant were removed and the concentration of the test
compound was quantified by LC-MS/MS. The percentage of the test compound
remaining at each time point relative to t=0 was calculated. The half-lives (t¥2) were
determined by a one-phase decay equation using a non-linear regression of compound

concentration vs time.
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X-ray studies, protein purification (performed by S.K.T.):
GSK-3p:

Human full length GSK3p sequence (1-400) was overexpressed in High 5 insect
cells as previously described.??” For purification a cell pellet of 900x10° cells was
thawed and re-suspended in lysis buffer (20 mM TRIS pH 8.0, 0.5 M NaCl, 10 mM
Imidazole, 1 mM DTT, 5 mM MgCI2, 0.5x protease inhibitor EDTA free (Roche), 5%
glycerol, 0.01% Tween20) and lysed by sonication (12’ pulse at 60-70% intensity).
After sonication, lysate solution was incubated for 20 minutes at 4 °C with DNAsel (5
ug/ml final working concentration), and centrifuged for 1 h at 30000 g in 4 °C. The
supernatant solution, containing the protein of interest, was used for further
purification. First, the clarified supernatant was incubated for 2 h with Ni-NTA agarose
resin (Qiagen). The protein bound resin was washed with binding buffer (20 mM TRIS
pH 8.0, 0.5 M NaCl, 10 mM Imidazole, 5% glycerol, 1 mM DTT). Protein elution was
obtained by addition of 300 mM Imidazole to the binding buffer. Eluted protein
solution was further purified using a cationic exchange column HiTrap HP SP,
equilibrated with buffer A (20 mM Hepes pH 7.5, 40 mM NaCl, 5% glycerol, 1 mM
DTT). Different isoforms, corresponding to different GSK3f phosphorelation states,
were separated by applying a linear gradient to Buffer B (20 mM Hepes pH 7.5, 1 M
NaCl, 5% glycerol, 1 mM DTT). The GSK3p isoforms were separately collected and
stored at -80 °C.

DYRK1A:

For DYRK1A, a pET28a vector, inserted with codon optimized C-DNA
sequence (coding for DYRKZ1A kinase domain residue 127-485) between Ncol/Xhol
site was used. The expressed DYRK1A Kinase domain, contained a N-terminal Hexa-

His tag separated from the protein by a 3C protease cleavage tag. E.coli cells
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(BL21DE3) transfected with this vector, were used to overexpress the protein. Briefly,
an overnight culture was used to inoculate 1 L Luria-Bertani (LB) medium
supplemented with 50 uM kanamycin. Protein overexpression was induced by addition
of 0.5 mM IPTG when ODeoo reached 0.6. After overnight bacteria growth at 25 °C,
cells were pelleted, and lysis was performed in 50 mM potassium phosphate pH 7.4,
500 mM NaCl, 1 mM DTT, 5% glycerol, 0.5x protease inhibitor (EDTA free) using
sonication. The first purification step was a His-trap affinity chromatography using the
equilibration buffer: 50 mM potassium phosphate pH 7.4, 500 mM NaCl, 1 mM DTT,
5% glycerol and 5 mM imidazole. After an initial wash with the 25 mM imidazole
buffer, the elution was performed using 200 MM imidazole. His-tag was removed by
overnight incubation of the purified protein with 3C protease at 4 °C. His-trap affinity
chromatography was then run, to remove the un-cleaved protein and the His-Tag. The
final purification step was performed with a Superdex 200 increase (GE Healthcare)
column with the following running buffer:50 mM Mes 6.5, 100 mM KCI, 1 mM DTT
and 5% glycerol. The purified protein was finally stored at -80 °C.

Protein Crystallization:

GSK3p protein was concentrated to 4 mg/ml in the buffer 20 mM Hepes p 7.5,
150 mM NaCl and 1 mM DTT. Compound solution was prepared (0.5 — 2 mM final
concentration) in the buffer 20 mM Hepes p 7.5, 150 mM NaCl. This buffer was mixed
with protein solution to get final protein concentration of 2 mg/ml and compound
concentration of 0.25 to 1 mM. Complex crystallization was performed using hanging
drop vapor diffusion method. Drops were prepared by mixing 1pl of protein solution
with 1 ul of reservoir solution (20 mM Hepes 7.5, 15-20% Polyethylene glycol 3350,
100 mM NaCl). The same protocol was used for all the compounds and resulted in

crystals next day. Crystals were allowed to grow for one week. Crystals were soaked
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in the reservoir buffer supplemented with 20% glycerol for cryoprotection before being

frozen by plunging directly into liquid nitrogen.

DYRKI1A crystallization was also performed by the hanging drop method.
Final protein concentration was 4-5 mg/ml in 50 mM Mes 6.5, 100 mM KCI, 1 mM
DTT, 5% glycerol. Reservoir buffer was 50 mM Mes 6.5, 150 mM KCI, 15-20%
polyethylene glycol 1000. Protein solution was mixed with the reservoir bufferina 1:1
ratio, and equilibrated against the reservoir buffer. Crystals appeared in one day and
grew for a weak. Crystals were soaked for 5-6 h in 50 mM Mes 6.5, 150 mM KCl, 20%
PEG 1000 buffer and 1-2 mM compound concentrations. Here also same soaking
protocol was used for all the compounds. Crystals were frozen in liquid nitrogen after

scooping directly from the soaking solution.
Diffraction data collection on protein crystals:

X-ray diffraction data were collected at the XRD2 beamline in Elettra
Synchrotron, Trieste, Italy. For all the crystals, total 720 diffraction images were
collected each corresponding to 0.5 degree rotation, finally covering entire 360 degree
of reciprocal space. Data integration was performed using iIMOSFLM in CCP4 (1).
Data scaling is performed using AIMLESS.?” Structures were solved by molecular
replacement using PHASER in CCP4.2"8 For molecular replacement the following
available structures were used: PDB ID 6HOU (for GSK3f) and 3ANQ (for DYRK1A).
Structures were refined using REFMAC.?”® Model modification, visualization and

evaluation was performed using Coot.?® Images were prepared using Pymol. 281
Computational modeling and chemical docking (performed by C.S.).

Multiple relevant published structures of each of the human proteins GSK-3p,
CDKS5, DYR1A, and FYN were obtained from PDB and combined into conformational
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stacks using ICM pro software, version 3.9-2b. From these stacks, flexible receptor 4D
grids were generated, and compound 72 was docked in silico. Binding scores

representing Gibbs free energy were calculated, also using ICM pro.?82

QBI1293 Cell and Neuronal Culture Acetyl-Tubulin and a-Tubulin

Determinations

Compound-induced changes in acetylated-tubulin and o-tubulin in QBI293 cells or
primary mouse or rat neurons were as previously described.*® 282 For compound testing,
QBI293 cells were plated at a density of 2 x 105 cells/well in 12-well plates. The plated
cells were incubated overnight, after which the medium was aspirated and fresh
medium containing vehicle (0.25-0.3% DMSO) or test compound was added. Test
compounds were prepared as 4—20 mM stock solutions in 100% DMSO, and these
were diluted in culture medium prior to addition to the QBI293 cells. After 4 h
incubation, whole-cell extracts were prepared from the QBI293 cells as described?®?
and the supernatant fraction from each sample was assessed for protein content by
bicinchoninic acid (BCA) assay. The amount of acetyl-tubulin (AcTub) and a-tubulin
(aTub) within the cell extract samples was quantified using specific enzyme-linked
immunosorbent assays (ELISA), as previously described.?® Acetyltubulin levels were
determined in a similar manner in rat or mouse cortical neuron cultures in which
embryonic dissociated cortical neurons were plated at 3 x 105 cells/well in poly-D-
lysine-coated 12well plates, essentially as previously described.?® The neurons were
allowed to grow for 10 days before they were treated for 8 h with 15 nM okadaic acid
in the presence or absence of test compound prepared as described above, or vehicle
(0.25% DMSO). Culture homogenates were prepared for the determination of AcTub
levels by ELISA as previously described.?3
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Determination of Plasma Pharmacokinetics of Compound 184 (performed at the
Center for Neurodegenerative Disease Research-UPenn - Prof. Kurt R. Brunden’s
Lab)

Studies to determine the pharmacokinetic properties of compound 184 were conducted
at Touchstone Biosciences (Plymouth Meeting, PA). For the determination of plasma
pharmacokinetics, three male CD-1 mice (2—3 months of age) were injected i.v. (tail
vein) with test compound at a dose of 5 mg/kg in a solution of 10% DMSO, 40%
polyethylene glycol, and 50% water. Blood samples were collected from the saphenous
or submandibular veins at multiple time points after dosing and collected in Greiner
MiniCollect K2ZEDTA tubes. Compound levels in plasma were determined by LC-

MS/MS, using protocols similar to those previously described.?8* 28

Assessment of Glu-Tubulin in Brain Tissue after treatment with 184 (performed
at the Center for Neurodegenerative Disease Research-UPenn - Prof. Kurt R.
Brunden’s Lab)

All animal protocols were approved by the University of Pennsylvania
Institutional Animal Care and Use Committee (IACUC). Groups of four CD-1 mice
received two i.p. injections of compounds 184 at 1 mg/kg or vehicle only spaced
approximately 24 h apart. Compounds were diluted from 20 or 40 mM DMSO stock
solutions into 30% Kolliphor EL (Sigma-Aldrich) phosphate-buffered saline, pH 7.4.
After 4 h following the second injection, mice were euthanized and cortices and
hippocampi were isolated from each brain and placed in 0.2 mL of ice-cold
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, 150 mM NaCl, 5 mM
EDTA, 0.5% sodium deoxycholate, 1% NP-40, 0.1% sodium dodecyl sulfate (SDS),
pH 8.0) containing protease inhibitor (PI) cocktail (Sigma-Aldrich), 1 mM
phenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich), and 3 puM trichostatin A
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(TSA) (SigmaAldrich). The brain samples were homogenized with a handheld battery-
operated mixer and subsequently sonicated. After centrifugation at 100,000g for 30
min at 4 °C, supernatant samples were transferred to a new tube and the pellets were
resuspended in 0.15 mL of RIPA buffer and again homogenized, sonicated, and
centrifuged. The supernatant from the second centrifugation was pooled with that from
the first. The combined supernatant samples were assessed for protein concentration
using a BCA assay (Thermo Fisher Scientific), and equal protein amounts from each
brain sample underwent separation by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) followed by transfer onto nitrocellulose membranes
essentially as previously described.?* Membranes were incubated overnight in primary
antibodies in blocking buffer at 4 °C, utilizing antibodies to de-tyrosinated (Glu)-
tubulin, o-tubulin, and glyceraldehyde-3-phosphate dehydrogenase as previously

described.?®3

Figures 1.1, 1.9, 1.10, 1.21, 2.25, 3.3, 3.8 have been created with BioRender.com.
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Appendix

'H and °C spectra of compound 72 (ARN25068).
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Figure Al *H NMR (600 MHz, DMSO-ds) of compound 72 (ARN25068).
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