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Abstract

Blood-contacting medical devices, such as catheters or stents, are widely used in clinical
practice. However, their application is frequently associated with thromboembolic complications
resulting from the activation of the coagulation enzyme FXII through the contact activation
system. This requires anticoagulant treatment, but all currently used drugs inhibit downstream
coagulation factors FXa or thrombin, which interfere with the coagulation process and cause a
high risk of severe bleeding. Unlike other factors, FXIIa is not required for hemostasis, making
it a promising therapeutic target for the development of safer inhibiting alternatives to common

anticoagulants.

This work aims to provide new insights into the development of potent and selective FXIla
inhibitors by focusing on the design and synthesis of benzamidine-based small molecules.
Benzamidine is known to be an S1-binding fragment for serine proteases and will be extended
to the S3 pocket of FXIla containing aromatic residues, through the grafting and testing of

diverse S3-binding substituents to enhance affinity and selectivity for FXIIa.

The chosen approach relies on the synthesis of a common intermediate targeting the S1 pocket
and the oxyanion hole, which serves as a basis for further structural elaboration. Key steps
include a Pd-catalyzed cross-coupling reaction under Buchwald-type conditions, followed by a
sensitive reduction step. This methodology constitutes a promising building block for the future

development of FXIIa inhibitors.
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Synthése d'inhibiteurs de bas poids moléculaire sur base de la benzamidine
s'étendant dans la poche S3 de FXIla
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Résumé

Les dispositifs médicaux en contact avec le sang, tels que les cathéters ou les stents, sont
largement utilisés en pratique clinique. Toutefois, leur utilisation est fréquemment associée a des
complications thromboemboliques, résultant de 1'activation de I'enzyme de coagulation FXII par
le systeme d'activation par contact. Ces complications nécessitent un traitement anticoagulant,
mais les médicaments actuellement utilisés inhibent les facteurs de coagulation en aval tels que
FXa ou la thrombine, ce qui interfére avec le processus de coagulation et entraine un risque €levé
d'hémorragie séveére. Contrairement a d'autres facteurs, FXIla n'est pas indispensable a

I'hémostase, ce qui en fait une cible thérapeutique prometteuse pour le développement

d’alternatives inhibitrices plus slires aux anticoagulants courants.

Ce travail vise a apporter de nouvelles perspectives au développement d'inhibiteurs puissants et
sélectifs de FXIla en se concentrant sur la conception et la synthese de petites molécules sur base
de la benzamidine. La benzamidine est un fragment connu pour les protéases a sérine qui se lie
dans la poche S1, et sera étendue a la poche S3 de FXIla contenant des résidus aromatiques.
Cette stratégie se base sur I’introduction et 1’évaluation de divers substituants ciblant S3 afin

d'améliorer l'affinité et la sélectivité vis-a-vis de FXIIa.

L'approche choisie repose sur la synthése d'un intermédiaire commun ciblant la poche S1 et le
trou oxyanionique, servant de base a une expansion ultérieure de ces fragments vers les autres
poches. Les étapes clés comprennent une réaction de couplage catalysée par le palladium dans
des conditions de type Buchwald, suivie d'une étape de réduction délicate. Cette méthodologie

constitue une stratégie prometteuse pour le développement futur d'inhibiteurs de FXIla.
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LIST OF ABBREVIATIONS

AMINO ACIDS
Arg Arginine
Asn Asparagine
Asp Aspartate
Gly Glycine
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Ser Serine
Trp Tryptophan
Tyr Tyrosine
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ANALYSES
aPTT Activated partial thromboplastin time
ESI Electrospray ionization
FT-IR Fourier transform infrared spectroscopy
HRMS High resolution mass spectrometry
ICso Half maximal inhibitory concentration
M, Melting point
NMR Nuclear magnetic resonance
ppm Parts per million
PT Prothrombin time
Ry Retention factor
TLC Thin layer chromatography
TOF Time of flight
uv Ultraviolet
XRD X-ray diffraction
CHEMICAL TERMS
Ac Acetyl
Cy Cyclohexane



dba

Dibenzylideneacetone

DIBAL-H Diisobutylaluminum hydride
DMF Dimethylformamide
eq Equivalent
NMP 1-methyl-2-pyrrolidinone
TBDMSCI tert-butyldimethylsilyl chloride
TBME tert-butyl methyl ether
Bu tert-butyl
THF Tetrahydrofuran
COAGULATION FACTORS
FV Coagulation factor V
FVa Activated coagulation factor V
FVII Coagulation factor VII
FVIla Activated coagulation factor VII
FVIII Coagulation factor VIII
FVIlla Activated coagulation factor VIII
FIX Coagulation factor IX
FIXa Activated coagulation factor [X
FX Coagulation factor X
FXa Activated coagulation factor X
FXI Coagulation factor XI
FXIa Activated coagulation factor XI
FXII Coagulation factor XII
FXlIla Activated coagulation factor XII
FXIIf Coagulation factor XII fragment
FXII Coagulation factor XIII
FXIlla Activated coagulation factor XIII
PTHR Prothrombin
TF Tissue factor
THR Thrombin
OTHERS
ASO Antisense oligonucleotide
BCMD Blood-contacting medical device
BK Bradykinin



C1-INH
CAS
CD
CTI
DIC
DOAC
DVT
ECMO
EGF
Fnl
Fnll
HAE
HK
Ir-CPI
kDa
LMWH

mRNA
PCK
PDB
PE

PK
PolyP
PPK
PRR
RISC
siRNA
UFH
VKA
VKORCI1
VTE
VWF

Cl1 esterase inhibitor

Contact activation system

Catalytic domain

Corn trypsin inhibitor

Disseminated intravascular coagulation
Direct oral anticoagulant

Deep vein thrombosis

Extracorporeal membrane oxygenation
Epidermal growth factor

Fibronectin type I domain

Fibronectin type Il domain

Hereditary angioedema
High-molecular-weight kininogen
Ixodes ricinus contact phase inhibitor
Kilo Dalton

Low-molecular-weight heparin

Molar

Messenger ribonucleic acid
D-Pro-Phe-Arg-chloromethyl ketone
Protein data base

Pulmonary embolism

Plasma kallikrein

Polyphosphate

Plasma prekallikrein

Proline rich region

Ribonucleic acid-induced silencing complex
Small interfering ribonucleic acid
Unfractionated heparin

Vitamin K antagonists

Vitamin K epoxide reductase complex subunit 1
Venous thromboembolism

von Willebrand factor

10



INTRODUCTION

1. HEMOSTASIS AND COAGULATION CASCADE

Whenever an injury occurs, the body must quickly restore vascular integrity. Once the blood
vessel is damaged, vasoconstriction occurs immediately as a reflex to limit blood loss.! Injuries
also trigger hemostasis, the physiological process that results in the formation of a blood clot to
prevent bleeding. Several processes constitute hemostasis, namely primary and secondary

hemostasis, ending with fibrinolysis.?

The innermost layer of a blood vessel, the endothelium, is lined with endothelial cells: its purpose
is to maintain the blood that is directly in contact with it in a fluid state.!® In the event of a blood
vessel rupture, primary hemostasis begins: components of the subendothelial matrix, such as
collagen, fibronectin and especially von Willebrand factor (VWF), are released and become
exposed to the blood. These components adhere to platelets to activate them, which results in

platelet aggregation and forms a blood clot (Figure 1).%*

Red blood
(<) cells Coagulation cascade
Circulating 2 ¢ » ~ l

platelets *

»

Thrombus

Activated platelet

Injury

Y, VWF
Fibrin

Figure 1. Schematic representation of the hemostasis process. After an injury, VWFs are exposed to circulating
blood containing platelets which become activated. Accumulated platelets, red blood cells, and generated fibrin clot
by coagulation factors form a thrombus. Figure created with BioRender.

When the injury occurs, the coagulation cascade, also called secondary hemostasis, is initiated
simultaneously with primary hemostasis, as these two phases are linked to each other and
intertwined. Secondary hemostasis will ultimately form an insoluble cross-linked fibrin polymer
that binds the platelets together and stabilizes the generated blood clot at the site of the injury
(Figure 1).? This cascade model has been first described by two different teams around 1964: R.
G. MacFarlane’® and O. D. Ratnoff in collaboration with E. W. Davie.® This process involves
coagulation factors, zymogens, which are inactive forms of serine proteases, that cleave and
activate each other in a cascade model, hence the name. Figure 2 shows an overview of this
process where the contact activation system (CAS), the intrinsic, extrinsic and common

pathways are represented.
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" (Damaged) Intrinsic palhway\ Endothelial damage Extrinsic pathway
surfaces
FXIl | == FXlla 1
TF + FVila | <= | FVII
FXI | =———> | FXla
FIX | me———| FlXa TF  FVila
FX > FXa ||« FX
Fvill =——————————> FVllla
Fibrinogen
PTHR —b
A
) —— " Fibrin
FXIll | =—— | FXllla
r
Common pathway Fibrin clot

Figure 2. The coagulation cascade: the intrinsic pathway is initiated by FXIIa, and the extrinsic pathway is initiated
by the TF-FVIIa complex. The arrows in black represent the reactions involved, and the arrows in pink represent
the activation of these reactions. CAS = contact activation system; TF = tissue factor; PTHR = FII = prothrombin;
THR = thrombin. Adapted from refs. 2,3,7.

Both the intrinsic and extrinsic pathways lead to a common pathway and to the activation of FX.
Injuries to the vascular endothelium trigger the extrinsic pathway, releasing tissue factor (TF)
which is a cofactor of FVIla that becomes exposed to the blood. The formed TF-FVIla complex
activates FX, that eventually converts prothrombin (PTHR) into thrombin (THR). Thrombin
formation is initiated by the extrinsic pathway, and its propagation is intensified by a feedback
loop via the intrinsic and common pathway (dotted arrows in Figure 2). Thrombin plays several
roles: it initiates the intrinsic pathway by the activation of FXI, which is followed by the
activation of FIX by FXIa, and the activation of FX by FIXa and its cofactor FVIIIa. It also
activates the conversion of fibrinogen into fibrin, which binds the generated platelet plug by the

formation of a polymer of fibrin with the help of FXIIIa.>*’

The intrinsic pathway can also be initiated via the CAS with the activation of FXII by artificial
or negatively charged natural surfaces, which will be further detailed in Section 3.3. However,
the CAS is dispensable to hemostasis to generate a blood clot, as the coagulation cascade can be
initiated through other pathways, namely the extrinsic pathway, and can be propagated through

thrombin activation.

As for wound healing and blood vessel regeneration, fibrinolysis consists in dissolving the
generated blood clot, preventing the thrombi to circulate in healthy blood vessels. Plasmin, one

of the implied enzymes, functions to break down fibrin, leading to the degradation of the clot.?

12



2. THROMBOSIS

2.1. Thrombosis and thromboembolism

Thromboembolic complications including strokes, myocardial infarctions, or pulmonary
embolism (PE) represent a major global health concern: these events are the leading cause of
mortality, with millions of deaths globally that accounted for one in four deaths in 2010, and still
do to this day.® Not only is death a possible unfortunate outcome, but patients who survive
venous thromboembolism (VTE) might have an increased risk of developing ulcers and severe
post thrombotic syndrome, a chronic disorder that diminishes the quality of life by reducing the
ability to walk and work. As for patients surviving PE, some individuals may experience chronic
thromboembolic pulmonary hypertension, which causes respiratory or cardiac disorders varying
in severity. VTEs and PEs could lead to long-term impairments that go beyond “simple”
thrombosis. In addition to these possible disorders, psychological consequences such as stress
and anxiety about the uncertainty of recurrence could occur.’ To put it briefly, the prevalence of

thromboembolic events make thrombosis a crucial focus of clinical and therapeutic research.

Thrombosis refers to the pathological and uncontrolled formation of a blood clot, called a
thrombus, which obstructs blood flow in a blood vessel as a consequence of dysregulated
hemostasis.*”!%!! In some cases, this thrombus can detach partially or completely, becoming
what is commonly referred to as an embolus, which causes thromboembolism whenever the
blood flow is interrupted by an occluded blood vessel. Both processes can occur in arteries or
veins and generally lead to different outcomes: arterial thromboses are more likely to cause
myocardial infarction or stroke, while venous thromboses cause deep vein thrombosis (DVT) or
PE. Thrombosis can also occur in the chambers of the heart, but will not be described here.® In
the context of this thesis, the cause of thrombosis that is the most relevant is BCMD-induced

thrombosis (Section 2.1.3).
2.1.1.  Arterial thrombosis

Arterial thrombosis occurs due to endothelial injury, mainly initiated by atherosclerosis, as
shown in Figure 3. Atherosclerosis is a condition consisting in the accumulation of fats such as
lipoproteins, lipids, and especially cholesterol, as well as cellular debris from macrophages.
These build-ups form atheroma, also called atherosclerotic plaques. As the atheroma grows, it
progressively restricts the space in which the blood flows and narrows the blood vessel. Damage
to the blood vessel occurs either by cholesterol crystals formed in the plaques possibly rupturing

them, or by the high blood flow that could cause erosion of the vessel wall. Components of the

13



subendothelial matrix (collagen, fibronectin, VWF) become exposed, which initiate the
coagulation process by the activation and adhesion of platelets, as described in Section 1. The
generated blood clot, formed around the ruptured atherosclerotic plaques, is enriched in
aggregated platelets due to the high blood flow of arteries, and could obstruct the blood vessel

due to the narrowing of the lumen, leading to thrombotic events.!®!%!13

a) b)
Tunica media and externa
Subendothelial layer
- :
o & ©
Atheroma . > —
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Figure 3. a) Atherosclerotic plaque between the endothelium and the subendothelial matrix in an artery.
b) Endothelium rupture leads to exposition of VWF to blood, leading to platelet activation and aggregation. The
coagulation cascade is initiated by the TF-FVIIa complex to form a fibrin clot stabilizing the platelet-rich thrombus.
Figure created with BioRender.

2.1.2. Venous thrombosis

Venous thromboembolism is a condition where a thrombus forms in the veins, and most
commonly occurs in the deep veins of the lower limbs, which is known as DVT. The blood clot
can also embolize and travel to the lungs, which causes PE. The current understanding of venous
thrombosis is based on Virchow’s triad, a concept first proposed over 150 years ago by Rudolf
Virchow, which identifies three primary factors contributing to the formation of venous thrombi:

blood stasis, vascular injury and hypercoagulability.*”!4

Unlike arteries, blood flow is significantly lower in veins. As shown on Figure 4a-b, to ensure
unidirectional movement of blood and to prevent reflux, veins contain valves, of which the
amount can vary among individuals. However, blood flow patterns can be irregular: blood stasis
can lead to the accumulation of procoagulant proteases as well as low oxygen levels (called
hypoxia), which make the valve sinus particularly prone to thrombosis. This lack of oxygen is a
critical factor, as hypoxia or inflammation can activate the vascular endothelium: activated
endothelial cells express VWF which can bind to platelets, and selectins that can bind to
leukocytes and microvesicles (Figure 4c). Bound leukocytes become activated, and together with
microvesicles, can express TF, which initiates the coagulation cascade via the extrinsic pathway
(TF and platelet accumulation). The resulting vein blood clot is rich in fibrin and red blood cells

(Figure 4d). This thrombus prevents the valve from opening, which blocks blood flow.!%!3
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Figure 4. a) Unidirectional flow of blood in a vein. b) Blood prevented from flowing in the wrong direction in a
vein. ¢) Activated endothelial cells express VWF binding to platelets, and selectins binding to leukocytes that
become activated and express TF. The coagulation cascade is initiated by TF and FVIIa to form fibrin. d) The
thrombus prevents the vein valve from opening. Figure created with BioRender.

Acquired risk factors for venous thrombosis and thromboembolism include genetic risk factors
such as FV Leiden mutation, but also cancer, surgery, obesity, immobilization, and pregnancy

that can cause an hypercoagulable state.>>"13

2.1.3. BCMD-induced thrombosis

Blood-contacting medical devices (BCMD) such as vascular grafts, stents, catheters, dialysis
circuits or heart valves play a crucial role in medical practice, mainly to treat cardiovascular
diseases. However, their application is often associated with thromboembolic complications,

where blood clots can cause device failure, resulting in severe thrombotic events. !

Plasma proteins tend to adsorb rapidly on the device’s surface, which promotes clotting through
a series of interconnected processes. The accumulation of fibrinogen, fibronectin and VWF that
deposit on these artificial surfaces can trigger platelet activation and aggregation as described in
Section 1. Adsorbed fibrinogen is quickly replaced with components of the contact system: FXII,
high molecular weight kininogen (HK), plasma prekallikrein (PPK), and FXI. FXII autoactivates
on the medical device’s surface, leading to FXIla that can initiate the intrinsic pathway of the
coagulation cascade by the activation of FXI which is in close proximity. Moreover, FXIla can
also cleave PPK into plasma kallikrein (PK) with the help of HK, resulting in a positive feedback
loop generating more FXIla. This is the CAS, which will be further described in Section 3.3.'¢
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To prevent BCMD-induced thrombosis, efforts have focused on rendering artificial surfaces less
thrombogenic and/or administrating antiplatelet drugs or anticoagulants. Additionally, surface

modifications to resist adsorption of plasma proteins could be an interesting alternative.'®
2.2. Anticoagulants

Thrombosis can be prevented with three types of drugs: antiplatelet drugs, anticoagulants and
fibrinolytic agents.” Since arterial thrombi are enriched in platelets, arterial thrombosis is usually
prevented with antiplatelet drugs, while venous thromboembolism and BCMD-induced
thrombosis are prevented mainly by anticoagulant treatments.!” Anticoagulants target enzymes

of the coagulation cascade.

Unfractionated heparins (UFHs), also called heparins, are sulfated polysaccharides isolated from
mammalian tissues, especially porcine intestinal mucosa.” UFH indirectly inhibits the
coagulation cascade by activating antithrombin, a protein acting as a suicide thrombin and FXa
inhibitor, via binding with a pentasaccharide sequence found on heparin. A conformational
change is induced on antithrombin after binding with heparin, which makes antithrombin more
readily accessible to its targets and enhances the rate at which antithrombin inhibits FXa.” UFHs
are parenterally administered, intravenously or subcutaneously,”!” but present a limited
bioavailability: heparin binds to the endothelium and to plasma proteins other than antithrombin,
which causes a short half-life at low doses (around 1 hour), and reduces its anticoagulant
activity.” The anticoagulant response is thus unpredictable depending on the blood composition
of individuals, requiring patient close monitoring.”!” The most common side effect associated
with UFH is bleeding, where the risk rises as the administered dose increases, but
thrombocytopenia and osteoporosis are other possible complications.”!” Thrombocytopenia is a
condition caused by low platelet counts, associated with an increased risk of thrombosis.”'8
Heparin-induced osteoporosis is a disorder involving bone weakening and reduction in bone
density, which can be caused by therapeutic treatment with heparin for over a month.” A general

structure of a disaccharide of heparins can be found in Figure 5.
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Figure 5. Common disaccharide unit found in heparins.
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Low-Molecular-Weight Heparins (LMWHs) are smaller fragments of UFHs, usually a third in
weight, obtained by enzymatic or chemical depolymerization.”!” The mechanism of action of
LMWHs is fundamentally similar to UFHs: LMWHs are indirect anticoagulants through binding
with and activation of antithrombin. However, since LMWH polysaccharide chains are shorter,
they cannot bridge thrombin to antithrombin, inhibiting preferentially FXa.” LMWHs (for
example, enoxaparin) are also parenterally administered, especially subcutaneously, and have a
half-life of about 4 hours: they can be given once or twice daily.” They display an increased
bioavailability of about 90% compared to UFHs, making them less prone to bind with other
UFH-binding targets, which results in a more predictable anticoagulant response and does not
require monitoring. Risk of bleeding and developing thrombocytopenia or osteoporosis is lower
with LMWHs than with UFHs.”!” Due to the decrease of the intensity of undesired side effects,

LMWHs have now replaced UFHs for most thrombotic indications.!’

Fondaparinux is a synthetic analogue of the antithrombin-binding pentasaccharide sequence
found in heparins.”!” Similarly to LMWHs, binding to antithrombin results in selective inhibition
of FXa, since this molecule is too short to bridge thrombin to antithrombin. It distinguishes itself
from heparins through its complete bioavailability following subcutaneous injection and does
not bind at all to other UFH-binding targets. With a half-life of 17 hours, it allows for one daily
dosing. While bleeding remains the primary side effect, fondaparinux does not induce

thrombocytopenia.”!”

Direct thrombin inhibitors, such as argatroban and bivalirudin, bind directly to the active site of
thrombin.” Argatroban (Figure 6) is a synthetic derivative of L-arginine used to treat patients
with heparin-induced thrombocytopenia.”!” It is administered intravenously and has a half-life
of about 45 minutes.” Bivalirudin, a synthetic 20-amino-acid peptide analogue of hirudin
(originally isolated from leeches), acts as a divalent thrombin inhibitor.”!” Also administered
parenterally, it has the shortest half-life of about 25 minutes and is licensed as an alternative to
heparin for percutaneous coronary intervention, as well as patients affected by

thrombocytopenia.’
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Figure 6. Structure of argatroban.



The synthesis of PTHR, FVII, FIX and FX is vitamin K-dependent through a vitamin K epoxide
reductase complex subunit 1 (VKORC]1), an enzyme involved in vitamin K recycling.!® Vitamin
K serves as a cofactor to catalyze y-carboxylation, a post-translational modification of vitamin
K-dependent proteins. Vitamin K antagonists (VKAs) are VKORCI inhibitors, preventing
vitamin K recycling and the y-carboxylation of coagulation zymogens to be functional.'
Warfarin (Figure 7), the most prescribed VKA in North America, is a synthetic molecule derived
from coumarin. Although its oral administration appears convenient, the anticoagulant effect of
warfarin is delayed to about 3 to 7 days until the elimination of already synthesized coagulation
factors, thus needing other rapidly-acting treatments such as heparins.”!” Furthermore, the
anticoagulant response varies from one individual to another depending on genetic, dietary and
drug-drug factors.”!” A rigorous and frequent monitoring is required to adjust the dosage of
warfarin.!” Besides a hemorrhagic risk, warfarin could present other undesired side effects such
as skin necrosis (which is rare) and fetal abnormalities, preventing warfarin intake during

pregnancy.’

Figure 7. Structure of warfarin.

VKAs such as warfarin have been the only available oral anticoagulants for many years,” up until
the recent discovery and approval of direct oral anticoagulants (DOACs) in the 2010s.2° DOACs
have become attractive alternatives with more effective, safe, and convenient treatment options
to prevent thromboembolic complications.?® These anticoagulants are small synthetic molecules
and reversible inhibitors binding selectively to the active site of their target: examples of DOACs
include dabigatran which directly inhibits thrombin, but also rivaroxaban, apixaban, and
edoxaban, which inhibit FXa.”!7?* DOACs are administered orally with half-lives ranging from
5 to 17 hours, allowing once or twice daily administration.”!” These anticoagulants represent a
significant improvement over VKAs due to their rapid absorption, their direct inhibition of
coagulation factors, and fewer interactions with diet and other drugs. They are thus administered
in fixed doses without the need for intense monitoring, as their anticoagulant response is more
predictable.”!” The main risk of DOACsS still remains bleeding: compared to warfarin, they are
associated with less intracranial hemorrhage, but with more gastrointestinal bleeding. Moreover,
DOACs are contraindicated in pregnancy.” Commonly used DOACs are represented in

Figure 8.

18



(0]
Me_
H\/Nk\ N_\_<O i O?’\
N =
W70 T = O
H
NH2 (0]

Dabigatran Rivaroxaban
0) Me
4
N
N
Me
N HNu,,,
Me~ N S o
HN O
(6] HN—(/t\>—CI
=
Edoxaban

Figure 8. Structures of some DOACs.

Current anticoagulants, such as heparins, vitamin K antagonists, and DOACs, are effective for
preventing thromboembolic complications, but come with significant constraints including
issues with maneuverability and an associated hemorrhagic risk.!” Their use is further limited by
short half-lives, the need for mandatory patient monitoring, and other possible serious side
effects. These drawbacks are particularly problematic for patients dependent on BCMD, as
contact with artificial surfaces activates FXII, leading to a high risk of thrombosis. Alternatives
therapies to these usual anticoagulants to prevent BCMD-induced thrombosis while maintaining
the coagulation cascade need to be researched. As will be described in the following sections,

FXII appears as a promising solution to prevent thrombosis without disrupting hemostasis.

3. FACTOR XII (FXII)

3.1. Background

FXII, also called Hageman factor, was first discovered in 1955, thanks to the work of
0. D. Ratnoff, J. E. Colopy and colleagues®' who described a surprising and apparently abnormal
case: a patient named John Hageman, whose blood clotting time in glass test tubes turned out to
be much slower than a reference sample, yet who did not encounter any bleeding tendency. His
blood lacked a plasma fraction, later identified as an enzyme named after him, and the associated
deficiency the Hageman trait. The first group to purify Hageman factor was supervised by O. D.
Ratnoff and E. Davie, which they renamed factor XII (FXII).2? E. Davie and O. D. Ratnoff, the
pioneers of the waterfall coagulation model as described in Section 1, worked in collaboration
to prove that this deficient fraction was a serine protease involved in the coagulation cascade.
They discovered that the absence of FXII prevents the activation of FXI into FXIa which, in turn,

activates FIX to engage the rest of the coagulation cascade via the intrinsic pathway.”
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These observations were the basis for their hypothesis on the initiation of blood coagulation by

contact activation.?*

Interest in FXII has only grown throughout the years, as shown by the significant number of
papers published in the literature since the 1970s.2*2® These papers range from its role in the
coagulation cascade and its implication in the CAS, to its amino acid sequence and structure
further developed in the 1980s.2” More recently, in the 2000s, another series of studies has

focused, not on FXII itself, but rather on its therapeutic role.*°
3.2. Structure

Coagulation FXII is a serine protease composed of 596 residues (~ 80 kDa) circulating in the
bloodstream as an inactive zymogen that can be cleaved into its activated form FXIIa.*® FXII
can be categorized as a glycoprotein which is secreted by the liver, and has a weak proteolytic
activity.??2? This enzyme is composed of a heavy chain (353 residues from N-terminal) and light
chain (243 residues to C-terminal) bound together by a disulfide bond. As shown in Figure 9, the
heavy chain contains mainly recognition domains: two fibronectin domains type II (Fnll)
and I (Fnl), two epidermal growth factor-like domains (EGF1 and EGF2), a kringle domain and
a proline-rich region (PRR).** The heavy chain can bind to negatively charged surfaces, while
the light chain represents the trypsin-like catalytic domain (CD) including the catalytic triad that
contains a serine (Ser195), an histidine (His57), and an aspartate (Asp102).

a-FXIlIa, called FXIla in this work, is produced by the cleavage between Arg353 and Val354,
yielding a two-chain enzyme bound together by the disulfide bond. This cleavage induces a
conformational change of FXIIa, which makes it activated and ready to participate in the CAS.
Another cleavage can occur from FXIIa between Arg334-Asn335 and Arg343-Leu344 to discard
a major part of the heavy chain: this fragment is called B-FXIIa or FXIIf and is also held by the
disulfide bond.*=!

Heavy chain Light chain
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Figure 9. Structure and domains of FXII, FXIla and FXIIf.
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Human FXIIf has been successfully co-crystallized with benzamidine: Figure 10 highlights the
3D structure of FXIIf, the different pockets, as well as key residues (PDB ID: 6B74).3?
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Figure 10. a) Molecular surface representation of human FXIIf co-crystallized with benzamidine and the different
highlighted pockets. b) Residues of FXIIf numbered according to the chymotrypsin numbering system (PDB ID:
6B74).32

The catalytic triad is made up of His57, Aspl02 and Ser195, following the chymotrypsin
numbering system. The oxyanion hole stabilizes the negative charge of the tetrahedral

intermediate by H-bonding with the backbone amidic hydrogens of Ser195, Asp194 and Gly193.

The main pocket S1 is characterized by Asp189 at its bottom, a negatively charged residue that
can interact with positively charged ones, especially Arg of other enzymes to induce their
cleavage. The S3/54 pocket, later called S3 in this work, is an aromatic pocket containing Tyr99
and Trp215. The HI1 hydrophobic pocket contains aliphatic residues such as Leu33, Leu54,
Leu59, and Leul06. Asp60A appears next to this pocket as a protuberance.>>

A subpocket near S1, which was named S1* by our group, that contains a sulfate ion in the
crystal structure, has also been observed.’? It appears as a specificity of FXIla, and could

therefore be an interesting target to increase selectivity towards FXIIa.
3.3. The CAS and activating surfaces

The CAS is an ensemble of interconnected processes, a pivot between blood coagulation and
inflammatory response, where the main components involved are enzymes FXII, FXI, PPK, and

non-enzymatic cofactor HK. 313373
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As described briefly in Section 2.1.3., the CAS (which is represented in Figure 11), and
especially the kallikrein-kinin system, is initiated whenever FXII is adsorbed on and binds to
negatively charged or artificial surfaces: FXII undergoes conformational changes to autoactivate
into FXIla and to develop a weak proteolytic activity. FXIla cleaves PPK into PK with the help
of HK: FXII then becomes susceptible to cleavage by PK and FXIla itself, resulting in a positive
feedback loop producing more FXIIa. Furthermore, activated PK can cleave the precursor HK
into bradykinin (BK), a small peptide responsible for increased vascular permeability and
vasodilation. HK circulates as a complex with either FXI or PPK and acts as a scaffold to allow

the enzymes to bind to these negatively charged or artificial surfaces.>!333

Blood coagulation can also be initiated via the CAS, as stated in Section 1. Once enough FXIla
is formed through the feedback loop involving PK, it can cleave FXI into FXIa and initiate the

intrinsic pathway of the coagulation cascade.’!3*3°
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Figure 11. Overview of the CAS.

The nature of activating surfaces is diverse, which makes the classification complicated, as the
requirements for being an activating surface are not well understood.>* Examples of natural
surfaces or compounds in vivo include polyphosphates (PolyPs) generated by platelets during
blood coagulation, misfolded protein aggregates, collagen, nucleic acids, peptidoglycans,
lipopolysaccharides, etc.>**7 Some nonphysiological compounds used in vitro for the activated
partial thromboplastin time (aPTT)' assays also initiate the contact pathway, such as kaolin,
glass, silica, ellagic acid or sulfated polysaccharides (dextran sulfate, oversulfated chondroitin
sulfate, etc.).3!**7 The terminology “negatively charged surfaces” is used because some of these

compounds including PolyPs, kaolin, glass, ellagic acid (ellagate anion), among others, are

! The aPTT assay evaluates the time required for blood coagulation to occur via the intrinsic pathway.
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known to be negatively charged activators. BCMD however, can be made of several materials,
especially metals, polymers, ceramics, and composites, acting as artificial activating surfaces.
Frequently wused materials include titanium alloys, stainless steel, polyurethanes,
polytetrafluoroethylene, polyethylene terephthalate, polyvinylchloride or polypropylene. >+
Despite these polymers being globally neutral, blood proteins and cells can still accumulate and
adsorb at the BCMD surface, since blood is constantly flowing.’® As this protein adsorption is
favored by electrostatic and hydrophobic interactions between the adsorbed protein and the
artificial surface, the coagulation cascade can be initiated by the CAS through protein

accumulation, not involved in the CAS and circulating in the blood (particularly fibrinogen,

fibronectin, and VWF).!6

3.4. Disorders involving FXII

FXIla is a central component of the CAS: excessive activation of this contact pathway can be
involved in various diseases. In these contexts, FXIla acts as an amplifier of the inflammatory

response and blood coagulation, proving that CAS plays a key role in these pathologies.
3.4.1. Hereditary angioedema

Hereditary angioedema (HAE) is an orphan, genetic life-threatening tissue disorder
characterized by recurrent episodes of acute swelling affecting the skin, larynx, oropharynx, or
gastrointestinal mucosa.*® Types I and II HAE result from a quantitative (type I) or qualitative
(type II) deficiency in Cl-esterase inhibitor (C1-INH), a protein controlling the activation of the
complement pathway and the CAS: C1-INH acts as a natural inhibitor of FXIIa. In the absence
of sufficient or functional C1-INH, FXIla is excessively generated, leading to uncontrolled BK
(vascular permeability mediator) overproduction and edema, as shown by murine models
deficient in C1-INH.* In human patients, the understanding of this pathologic disease led to

treatments directly targeting this condition, mainly C1-INH administration.*’

HAE type III affects women almost exclusively: angioedema occurs despite C1-INH levels being
normal and fully functional. It was shown to be an autosomal dominant disease associated with
FXII gene point mutations.** The mechanisms for this disorder subtype are not well understood:

FXII is supposedly abnormally activatable, although normal FXII levels are detected.

In all forms of HAE, overactivation of the CAS by FXII and overgeneration of BK is the central

role of edema attacks.?’
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3.4.2. Sepsis
Sepsis is an exaggerated inflammatory response to a bacterial infection possibly leading to death
when left untreated.*° In the case of blood infection by bacteria, the CAS can be initiated through
FXII activation by some bacteria components: these include lipopolysaccharides (for Gram-
negative bacteria), peptidoglycans (for Gram-positive bacteria), teichoic acid, or PolyPs.**#!
FXIla then activates PK and FXI, leading respectively to BK production, and blood clot
generation whose role is to trap involved pathogens. This immunothrombosis mechanism can
lead to widespread microvascular thrombosis called disseminated intravascular coagulation
(DIC), itself leading to widespread thrombosis and bleeding by consumptive coagulopathy, an
excessive consumption of coagulation factors, platelets, and fibrinogen. Thrombosis occurring
throughout the body leads to organ ischemia, hypoperfusion, and oxidative stress, failing the

organs and contributing to the morbidity of sepsis, with death as a possible outcome.*°

FXII could be an interesting inhibition target in the context of sepsis thrombosis. In a baboon
model of Escherichia coli sepsis, Pixley* and Jansen*’ showed that FXII antibody inhibition
attenuated terminal hypotension and reversible shock, whereas the control wild-type group

developed irreversible lethal hypotension.
3.4.3. Alzheimer's disease

Alzheimer's disease is a progressive neurodegenerative disorder characterized by the
accumulation of B-amyloid peptides in the brain.** The mechanisms by which they disrupt
neuronal function in vivo are still unclear: neuroinflammation and neuronal dysfunction could
result from changes in cerebral blood flow induced by a prothrombotic state, as supported by
mouse models.*’ B-amyloid peptides have been shown to activate FXII in vitro and in vivo mouse
models: FXII activation via the CAS triggers both the inflammatory pathway releasing BK, and
the intrinsic coagulation pathway leading to the production of thrombin. These processes could
promote neuroinflammation and said prothrombotic state.*> Experimental data showed increased
levels of FXIIa, fibrin and HK, and decreased levels of FXI, all signs of CAS activation and

coagulation cascade initiation.**%

3.5. Animal studies and human observations

Several studies have been conducted on genetically modified mice deficient in both alleles of the
FXII gene (FXII').274648 FXII-deficient mice, like their human counterparts, develop normally,
are healthy and fertile, and phenotypically indistinguishable from their wild-type littermates.
They do not show spontaneous, abnormal, or excessive bleeding related to injury, and display a

normal hemostasis process, despite a prolonged aPTT.2"#* Moreover, in vivo FXII”" mice
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experiments revealed a crucial role for FXII in thrombosis: these mice are resistant to several
models of induced thrombosis by a decrease in thrombus stabilization which prevents the
occlusion of blood vessels. For instance, FXII-deficient mice exhibited moderate resistance for
collagen and epinephrine-induced pulmonary thromboembolism,?” FeCls-induced®’*” and Rose
Bengal-laser-induced*’ thrombosis by vessel injuries, and cerebral ischemic stroke.*® These
results suggest that FXII is dispensable for hemostasis, but is essential for pathological thrombus
formation and stabilization in vivo that could induce thromboembolic complications, which

could potentially be prevented by FXII inhibition.

Other studies on rabbits investigated FXII-related thrombosis in the presence of BCMD, namely
catheters*® and extracorporeal membrane oxygenation®® (ECMO). Rabbit catheter-induced
thrombosis triggered by the CAS was attenuated in plasma that is deficient in FXII and with
selective FXIIa inhibition.** Similarly, activation of FXII with ECMO is significant: in the
absence of anticoagulation medication, ECMO circuits become blocked within a few minutes,
whereas inhibition of FXIla with antibody 3F7 allowed the ECMO system to stay functional
after 6 hours by limiting fibrin production and platelet deposition.>® The same results have been
achieved in baboon models.’"** Collagen-coated vascular grafts usually promote thrombus
formation. However, FXII inhibition by monoclonal antibody 15HS8 reduced fibrin formation
and platelet accumulation to prevent blood clots.’! Experiments on ECMO-induced thrombosis
in baboons were completely similar to those in rabbits: the monoclonal antibody 5C12 inhibited

FXIla activity, which resulted in a significant decrease in thrombus formation.>

FXII deficiency in humans is not completely uncommon: heterozygosity for FXII deficiency was
found in 2% of a series of 300 healthy blood donors.>® The Asian population also seems to have
lower FXII levels than occidental populations.* In general, FXII deficiency is inherited in an
autosomal recessive pattern, where FXII levels in homozygous individuals are undetectable, and

are between 20% and 60% of normal levels in heterozygous individuals.>®

Similarly to mice, FXII deficiency does not induce spontaneous or excessive bleeding related to
injury or surgical procedures in humans, although affected individuals display a prolonged aPTT.
Some studies describe an association between FXII deficiency and spontaneous miscarriage,
premature delivery, arterial and venous thromboses involving myocardial infarction and PE.
However, these studies rely on small human samples, which results in the uncertainty of the

definite cause and effect relationship.>

25



Considering these experimental results, FXIla appears as a promising therapeutic target: its
selective inhibition could present a safer alternative to current therapies by limiting bleeding

risks.
3.6. Recent inhibitors

Multiple FXII(a) inhibitors have already been described in the literature and are currently in
research. These include protein- and peptide-based inhibitors such as (monoclonal) antibodies
and proteins derived from natural sources, but also RNA-based inhibitors (siRNA, antisense

oligonucleotides) and more recently, small molecules.?%>*

3.6.1. Protein-based inhibitors
3.6.1.1. Antibodies

Monoclonal antibodies such as 3F7°°, 15H8>!, and 5C12%2 have been briefly described in Section
3.5, where their thromboprotection in several models has been highlighted. 3F7 is a recombinant
fully human antibody binding selectively into the FXIIa enzymatic pocket (ICso = 13 nM). It is
assumed to be a safe mode of anticoagulation, as it is expected to display minimal immunogenic
potential in humans.>® Affinity maturation of 3F7 was undertaken to enhance its potency in order
to develop CSL312, a lead antibody now called Garadacimab: a 44-fold increase in affinity for
FXIla was measured with a picomolar affinity (Kp = 140 pM).’® Garadacimab is currently

undergoing a phase IV clinical trial for HAE (clinicaltrials.gov, ID: NCT06806657).>

Monoclonal antibodies 9A2 and 15H8 have been created to bind with the heavy chain of FXII
to interfere with FXII activation: 9A2 is assumed to bind to the Fnl and/or EGF2 domains, and
15H8 to the EGF2 and/or the kringle domains.>' 15H8 showed a better inhibition towards FXII
activity in baboon plasma and completely blocks the prothrombotic effect in FXII-deficient mice,
whereas 9A2 only blocks it partially. Both 9A2 and 15H8 reduced fibrin formation in human
blood perfused through collagen-coated tubes, although only 15H8 reduced fibrin formation in
collagen-coated vascular grafts inserted into arteriovenous shunts in baboons, reduced fibrin and
platelet accumulation downstream of the graft, and prolonged the aPTT of baboon and human

plasmas.’!

5C12 binds to the catalytic domain by recognizing both FXII and FXIIa of human and baboon
enzymes, which potently inhibits FXIla activity.”> 5C12 also significantly reduced platelet
deposition and fibrin formation in a baboon ECMO model, where the surfaces have been coated
with collagen. Moreover, this monoclonal antibody inhibits contact activation-initiated clotting,

which prolongs the aPTT and prevents thrombus formation.>
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3.6.1.2. Proteins derived from natural sources

Corn trypsin inhibitor (CTI) which was first isolated from corn seeds and shown to inhibit
trypsin, was later found to be a reversible FXIIa inhibitor (ICso = 0.7 uM) used in blood samples
to prevent initiation of the intrinsic pathway of coagulation in order to investigate TF-initiated
coagulation (prothrombin time (PT) assay).’® However, CTI does not appear selective in vivo, as
inhibition of FXa, FXIa, thrombin, and plasmin has been observed.>** CTI proved to attenuate
catheter-induced thrombosis: in vitro experiments and in vivo rabbit models demonstrated longer
clotting times for CTI-coated catheters since FXIIa activity was reduced, leading to a decrease
in FXIla-mediated blood coagulation. Catheter occlusion was also prolonged compared to
unmodified catheters, proving that CTI-coated catheters are less thrombogenic than unmodified

01’168.59

Infestin-4 is a small protein initially isolated from insect Triatoma infestans with high inhibitory
activity towards FXIIa (K; = 128 pM).®® However, Infestin-4 does not present a high elimination
half-life nor a high selectivity for FXII, as inhibition for other blood serine proteases was
described, namely plasmin, FVIla, FIXa, FXa and thrombin (Ki in nM range).>*%° To overcome
these problems, a recombinant version has been developed: rHA-Infestin-4 fused with human
albumin and Infestin-4 is a potent and selective FXIIa inhibitor in vitro and in vivo.®' rHA-
Infestin-4 appears to be a competitive FXIla inhibitor that protects murine from thrombotic
events by preventing platelet aggregation and thrombus formation after vascular injury,

especially in a cerebral ischemia model.®!

Ixodes ricinus contact phase inhibitor (Ir-CPI) is a Kunitz-type protein that was isolated from the
salivary glands of the tick Ixodes ricinus.%> By inhibiting the intrinsic coagulation pathway via
the CAS and especially FXIla, FXIa, as well as PK, Ir-CPI presents in vivo antithrombotic
properties and prolongs the aPTT in vitro. Ir-CPI supposedly binds to an exosite of the activated
forms of these enzymes, inducing steric hindrance that prevents protease activity. Venous
thrombosis models were induced in FXII-deficient mice by collagen and epinephrine, and FeCls

injection: mice presented thromboprotection without any effect on hemostasis.®*
3.6.1.3.  Synthetic peptides

D-Pro-Phe-Arg-chloromethyl ketone (PCK) is a synthetic, chemically-modified tripeptide
targeting FXIla that has shown potential in murine models: FXIIa inhibition by PCK protected

mice from induced cerebral edema and prevented development of cerebral infarction.®
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FXII801 is a bicyclic peptide presenting strong inhibitory activity and selectiveness towards
FXIla, with an ICso value of 1.6 nM.%*%° Structures of described peptides are represented in

Figure 12.

Pro Cys—Arg

H I
N Cl Phe(4 F) Arg
S

o} B Arg (;)ys W ?l “norArg
\l\ SW \/N\(\/S
HN® “NH, FXII801

Figure 12. Structures of PCK and FXII801.

Protein-based inhibitors could represent an appealing strategy of inhibition, given their high
bioavailability, effectiveness and selectivity for FXIla, yet their production cost and the necessity
of parenteral administration (usually by intravenous injection) could limit their clinical use,

compared to small molecules delivered orally.
3.6.2. RNA-based inhibitors

3.6.2.1. Small interfering RNA

Gene silencing mechanisms such as RNA interference have lately emerged as a promising tool
by using small interfering RNAs (siRNAs), small double stranded RNA analogs that target and
degrade messenger RNA (mRNA) to prevent the associated protein expression.®® Once delivered
into the cell, siRNAs are bound by a multiprotein component called the RNA-induced silencing
complex (RISC), which separates the two strands and allows the RISC to cleave the targeted
mRNA.%7 ALN-F12 is a potent siRNA forming a duplex with GaINAc developed to target FXII
mRNA in order to reduce plasma FXII levels.®® In vivo murine experiments showed that
administration of this conjugated entity resulted in dose-dependent suppression of FXII,

prevented vascular permeability, and attenuated edema in HAE models.®®
3.6.2.2.  Antisense oligonucleotides

Antisense oligonucleotides (ASOs) are short DNA or RNA single-strands complementary to
targeted mRNA. ASOs can bind with RNA in a target-specific manner to modify protein
expression:* RNA cleavage by RNase H1 or RNA blockage by steric hindrance is induced to
reduce protein production.”® Mice and rabbit models confirm a decrease in FXII activity and can
inhibit thrombus formation without affecting hemostasis, either induced by FeCls”! or catheter-

induced thrombosis.*
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3.6.3. Small molecules
3.6.3.1. Aminotriazole scaffold

Over the years, Kalinin’s research group has developed multiple potent FXIIa inhibitors based
on the aminotriazole scaffold (Figure 13). One of their first and most potent compounds is 1
which presented a 29 nM inhibitory activity towards FX1IIa.** They later developed compound
2, which demonstrated selectivity for FXIla and the lowest ICso value of 7 nM.”? In 2022, another
compound, 3, was developed based on the structure of the previous one (2): 3 presented an ICso
value of 28 nM against FXIla, and in the micromolar range for thrombin, which presents a better
selectivity for FXIla compared to thrombin.” Binding studies by molecular modeling and mass
spectrometry allowed the authors to hypothesize on the mechanism of inhibition of these
aminotriazole compounds: they are presumed covalent inhibitors, since a change of mass of
FXIla has been measured after putting the enzyme and the inhibitor together. Ser195 seems to
act as a nucleophile attacking the carbonyl moiety to form a tetrahedral intermediate stabilized
by the oxyanion hole (backbone hydrogens of Gly193 and Ser195). Furthermore, this acyl moiety
appears to be hindered enough and exhibits adequate geometry to present a binding preference

towards FXIIa.0%"3

o SRR SR e

N-N N-N 1 />‘NH
! />“NH2 N ! ’>‘NH2 Ns N ’
XY N Y N L 1 o
I ~N | ~ N 1
N HN _~_-CHs
1: |C50 =29 nM 2: |C50 =7nM 3: |C50 =28 nM

Figure 13. Compounds developed in Kalinin’s research group.®’>73

3.6.3.2. Coumarin scaffold

Figure 14 presents several molecules based on a coumarin scaffold which have been researched
in our institution. Among them lies compound 4 developed in L. Pochet’s research group, which
presented a 5 uM ICsp inhibition towards FXIIa.”* Similarly, molecule 5 (RF1) contains a
coumarin scaffold and a phenyl guanidine entity: it is selective for FXIla with an ICso value of
6 uM.” Although these molecules are selective for FXIla, their micromolar inhibition shows
that these compounds require more modulations. Another series of compounds based on
coumarins has been developed to increase the potency and selectivity towards FXIla: 6 and 7

exhibit an ICso value of 62 nM and 98 nM, respectively.”
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Figure 14. Compounds developed in L. Pochet’s research group.’"

These molecules contain another type of scaffold, 6-hydroxy-2-naphthimidamide for compound
6 and 1-aminoisoquinoline for compound 7. These types of fragments (Figure 15), 6-hydroxy-
2-naphthimidamide (8) and 1-aminoisoquinoline (9) present selectivity for FXIla and a
comparable inhibitory activity with one order magnitude higher than benzamidine (10).”> While
their inhibition values do not seem satisfactory as they are, these fragments constitute a
promising scaffold for the development of potent and selective FXIla inhibitors with

encouraging ICso values, where fragment 9 presents a better selectivity for FXIla.”

NH NH, NH
HO Z
8: ICs = 387 UM 9: ICso = 400 UM 10: ICsp = 2377 UM

Figure 15. 6-hydroxy-2-naphthimidamide (8), 1-aminoisoquinoline (9) and benzamidine (10) fragments.
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OBJECTIVES AND STRATEGIES

All this research points out that FXIIa appears as a promising therapeutic target to prevent
thrombosis while minimizing interference with hemostasis, especially in the context of BCMD,
but also other diseases such as HAE, sepsis and Alzheimer’s. Commonly given anticoagulants
unfortunately lead to an increased hemorrhagic risk as well as other possible undesired side
effects. Several FXIla inhibitors such as peptides, antibodies, and siRNAs have been described
and appear very effective, but they present a significant cost, complexity of synthesis, and
limitations in terms of parenteral administration. The synthesis of low-molecular-weight FXIla
inhibitors that are potent, selective, and compatible with oral administration needs to be explored.
To the best of our knowledge, the development of simple, inexpensive and orally administered
organic compounds as FXIla inhibitors has been scarcely described with a lack of clinical tests,
despite being of great interest. Due to its nature as a serine protease, the inhibition of FXIla could
be done selectively by targeting, through adequate interactions, the oxyanion hole and its pockets

containing interesting residues.

The goal of this work is to attempt the synthesis of benzamidine-based small-molecular-weight
inhibitors that target FXIla selectively and efficiently with a nanomolar inhibitory activity,
especially through interaction with its S3 pocket. Figure 16 presents the structure of potential
lead compounds targeting different pockets, where molecule 11 will ultimately be synthesized

with diverse S3 groups.

S3

Y = linker
S3 = aryl groups
HN SN N =0,1
1"

Figure 16. Structure of possible lead compounds targeting the oxyanion hole, the S1 and S3 pockets.

The base of molecule 11 is benzamidine, which is a known S1-binding fragment, as it has
previously been crystallized with FXIIf (Figure 10). Benzamidine was proven to have good
affinity for Asp189 of the S1 pocket: it represents an adequate base to extend fragments to other
pockets. A first extension towards the oxyanion hole will be achieved via an alcohol moiety in
order to mimic the enzyme’s tetrahedral intermediate. The rest of the molecule will then be
extended using a linker to reach into the S3 pocket of FXIla: this linker will be, as a first

approach, an amide entity. Residues Tyr99 and Trp215 of the S3 pocket will also be targeted
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through the grafting of aryl fragments (S3 groups) with different electronic effects, and changed
according to the obtained inhibition values. The absolute configuration of the benzylic carbon
will also be investigated: docking studies’® pointed out a stereochemical preference for the S
absolute configuration of this benzylic carbon (molecule 12 of Figure 17), which is supposed to
be adequate to be selective for FXIla. The anti relative configuration between the S and R
enantiomer has also been evaluated in these docking studies. Both enantiomers would still be

independently synthesized and evaluated.

Figure 17. Structure of FXIIa inhibitor 12 and docking of compound 12 within the binding site.”®

Enzymatic assays will be conducted by an ICso assay to evaluate the inhibitory activity of both
enantiomers of compounds 11, as represented on Figure 18. The most potent compounds will be

identified.
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Figure 18. Schematic representation of the chromogenic ICso assay used to evaluate the inhibitory activity of
obtained compounds 11. The enzyme’s substrate is a peptide analogue that, when cleaved, presents an activity in
UV-Vis, which can be measured at different concentrations to evaluate ICso values.
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Furthermore, the anticoagulant profile of obtained compounds will be determined: these
molecules will undergo the aPTT assay to evaluate clotting times via the intrinsic pathway of
coagulation, as well as the PT assay to determine if they exhibit interference with the extrinsic
pathway. Both assays evaluate clotting times in vitro of platelet poor plasma: the aPTT requires
a FXII activator such as silica, kaolin or ellagic acid, to which phospholipids and calcium will
be added. Similarly, the PT assay requires TF, phospholipids and calcium. Scheme 1 presents a

first synthetic route imagined to obtain those potential lead compounds.

0O O
Malonate  MeO OMe HO OH
coupling Reduction
—_—  —
1]
N I}
N INI
13a: X = OTf 14 15
13b : X =Br 1) Desymmetrization
o 2) Linker addition and
Amidination S3 substitution
3) Amidination
S3
HO OH Sy oH
Y = linker
S3 = aryl groups
n=0,1
H,N" SNH H,N” >NH
16a 11

Scheme 1. Synthetic route to obtain possible lead compounds targeting the oxyanion hole, the S1 and S3 pockets.

The synthesis will start with a coupling partner (13) to achieve a metal-catalyzed cross-coupling
reaction with dimethyl malonate. Intermediate 14 will then be reduced to a diol. These two first
steps appear easy to set up and convenient: malonate couplings have been described in the
literature, and the reduction step of a diester seems straightforward. Compound 15 will then
undergo an amidination step to obtain molecule 16a as a mimetic of the tetrahedral intermediate,
a first compound that will be tested through enzymatic assays to evaluate its inhibitory activity:
molecule 16a should target the oxyanion hole and the S1 pocket, and should therefore have a
lower ICso than benzamidine (10). The rest of the synthesis will be performed from molecule 15
that will be desymmetrized, extended with a linker, and finally amidinated. The nitrile group will
be preserved for the whole synthesis and will only be transformed into an amidine group at the

end for the enzymatic tests in order to avoid any purification complication.

Although the objective of this work is to target the oxyanion hole, the S1 and S3 pockets, another
approach could be developed to target pocket S1* by a sulfate analogue, and pocket HI by
aliphatic chains, starting from the common intermediate 15. Other researchers in our group are

working on these strategies.
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RESULTS AND DISCUSSION

1. SYNTHESIS OF A COUPLING PARTNER

Before diving into the malonate cross-coupling reaction, a first coupling partner had to be

obtained, 13a of Scheme 2, by a triflation reaction of a phenol.

oH Tf,0 (0.8 eq) ot
2,6-lutidine (2.4 eq)
>
CH20|2, -40°Ctort
1l 99% 1l
N N
17 13a

Scheme 2. Triflation reaction of 4-hydroxybenzonitrile 17.

The triflation step based on the protocol of Uchiyama et al.”” from molecule 17 to 13a was
successfully achieved with a 99% yield. The phenol acts as the nucleophile to attack
trifluoromethanesulfonic anhydride, a strong electrophile. 2,6-lutidine deprotonates the
protonated phenol: its steric hindrance and non-nucleophile character render it an adequate base.
TLC monitoring showed that some phenol 17 remained, as only 0.8 equivalents of
trifluoromethanesulfonic anhydride were added. The NMR data confirms the formation of the
desired product 13a: the 'H NMR shows a shift of the two aromatic peaks and the disappearance
of the phenol hydrogen, and the '°’F NMR only shows a single peak at -72.5 ppm. Once this

starting material 13a was obtained, tests for the coupling protocol could be carried out.
2. MALONATE CROSS-COUPLING REACTION

Scheme 3 presents a first cross-coupling protocol to substitute dimethyl malonate on the aryl
compound 13a, following the patent of Karnik et al.”® to try to obtain molecule 14. This protocol
uses NaH as the base, copper(I) as the catalyst, and NMP as the ligand and the solvent. However,
no product 14 was identified by 'H or 1*C NMR: the starting material 13a and the phenol 17
were retrieved. No further investigations were conducted to determine the reason for this failed

reaction: this protocol was thus abandoned.

Another metal source was used, following the works of Hartwig and Buchwald of
Pd-catalyzed cross-coupling reactions. Their work mainly examines the arylation of amines but
is also suitable for the arylation of malonates, which has already been described.”-** Both starting
materials 13a and 13b (Table 1) have been used for these reactions to determine the best

conditions. Table 1 summarizes the different reaction conditions for the Pd-catalyzed cross-
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coupling of 13 to 14, following the publication of Semmes et al.®° and the patent of Pintchovski

and Shrader®' with some adjustments.

o o
OTT Dimethyl malonate (1.0 €q), 0 OMe
NaH (1.3 eq), Cul (1.0 eq)
\Z. -
A >
I NMP, rt to 80°C to 100°C
N Il
N
13a 14

Scheme 3. Copper-catalyzed malonate cross-coupling reaction of 13a.

Table 1. Different reaction conditions for the Pd-catalyzed cross-coupling of 13 to 14.

o o
X
o o MeO OMe
)l\/ll\ , base
MeO OMe
>
i [Pd], ligand
N I}
13a: X = OTf N
13b: X = Br 14
Entry  Starting material Base  Pdsource Ligand Time (h)  Yield (%)
1° NaH Pd(dba),  P(sBu);HBF4 68 /
2 JohnPhos 3 39
3 13a SPhos 24 9
4¢ KsPOs  Pd(OAc) XPhos 2 82
5 tBuXPhos 25 /
69 45 /
b NaH Pd(dba) P(rBu);HBF4 67 /
13b

8 JohnPhos 26 10
9 KsPOs Pd(OAC) XPhos 4 82

2 Reactions conditions (unless mentioned otherwise): in dry toluene using 13 (1.0 eq), dimethyl malonate (1.1 eq),
K3POs (3.0 eq) or NaH (1.2 eq), [Pd] (0.10 eq), ligand (0.20 eq) at 125°C. ® Dimethyl malonate (1.2 eq) at 70°C.
¢ Pd(OAc)2 (0.05 eq), XPhos (0.10 eq). ¢ Dimethyl malonate (1.2 eq), Pd(dba), (0.01 eq), P(1Bu);HBF4 (0.02 eq) at
70°C.

Reactions where P(rBu); was used as the ligand (entries 1, 6 and 7) did not afford the desired
product at all. With NaH as the base, bubbles were observed and could confirm that the dimethyl
malonate was indeed deprotonated. However, even after almost three days of reaction, the TLC
monitoring as well as the NMR of the crudes showed that no product 14 was obtained. The

unsuccessful reactions could be explained by the low solubility of P(¢1Bu)sHBF4 in toluene, but

no further investigation was carried out to determine the reason for these failed experiments.
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Since this protocol did not yield acceptable results, Buchwald’s dialkylbiaryl phosphine ligands
were tested. Entries 2 and 8 using JohnPhos as a ligand showed that the desired product was
obtained in low yield (39% and 10%, respectively), which is an improvement compared to
Hartwig’s phosphine ligand. A control reaction (Scheme 4) was set up with 1-bromo-4-
methylbenzene (18) to check whether the nitrile group interfered in the coupling reaction, or if
the JohnPhos ligand was unsuitable. The obtained yield of 13% does not represent a significant
improvement compared to benzonitrile moiety 13b: the nitrile group does not seem to interfere
much in the reaction. Moreover, brominated starting materials could be less compatible with
JohnPhos than triflated ones, compared to the difference of yields between 13a (39%) and 13b
(10%). In any case, better reaction conditions need to be researched to increase to an acceptable

yield, as the ligand plays an important role in these cross-coupling reactions.

O O

Br 1 1 (1.1 eq), K3PO, (3.0 eq)
. y N3 4 .
MeOJJ\/U\OMe MeO OMe
v
Pd(OAc), (0.05 eq), JohnPhos (0.10 eq)
Me Toluene, 125°C, 4 h Ve
18 13% 19

Scheme 4. Palladium-catalyzed malonate cross-coupling reaction of 1-bromo-4-methylbenzene 18.

A screening of a few ligands (SPhos, XPhos and /BuXPhos, c.f. Additional structures) has been
carried out with 13a to obtain more acceptable yields with the same protocol as JohnPhos (entries
3-5 of Table 1). XPhos (entry 4) appears to be the most appropriate ligand for this coupling
reaction by exhibiting an excellent yield of 82%. Reactions with SPhos and /BuXPhos
respectively either gave poor yield (9%) or no product 14 was observed (entries 3 and 5,
respectively). Entry 9 points out that the XPhos procedure also works on starting material 13b
with an identical yield of 82%: the nature of the starting material does not matter. An innovative,
easy to set up and effective protocol inspired from the Pintchovski and Shrader®! procedure has
therefore been identified with K3POs, Pd(OAc)2 and XPhos, and works regardless of the leaving
group of the coupling partner within only a few hours’ time. The structure of 14 was confirmed
by XRD analysis (c.f. Additional structures). For this specific cross-coupling reaction,
Buchwald-type ligands allowed to obtain the desired product, unlike Hartwig’s ligands.
However, this approach performs more efficiently on a small scale: upon scale-up, a decrease in
yield is observed, with values dropping to over 60%, or even as low as 50%. Further investigation
is required to better understand these limitations, potentially by adjusting the catalyst loading,

dilution, or modifying other conditions.
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3. SYNTHESIS OF THE COMMON INTERMEDIATE

Once the aryl malonate 14 was obtained, several protocols were followed to reduce it to the diol
15 (Table 2). Choosing an adequate reducing agent is crucial to only reduce the esters without
interfering with the nitrile. In the literature, LiBH4 has been proved to fulfill this role,?>% but
other reducing agents have been tested as well. Table 2 summarizes the different reactions
conducted and their conditions, with adequate references to the protocols applied with some

adjustments.

Table 2. Different reaction conditions for the reduction of the aryl malonate 14 to 15 and 20.

(0] O
MeO OMe HO OH OH
Reducing agent
+

Il |l Il

N N N

14 15 20

Entry Reducing agent Additive Solvent Te;mp. Time Zflellg Zflezl(c)l Refs
(eq) (eq) °C) (h) %) %)

1 LiBH4 (2.0)  MeOH (4.0) THF gry it 22 / / 84
2 LiBH4 (3.6) / THF ary 40 — 60 6 / / 85
3 LiBHz (3.0) / THF ary 0 16.5 / / 86
4 LiBH4 (6.0)  MeOH (6.0) Et20dry 0—rt 4 / 13 87
5 LiAlH; (4.0) / THF 4ry 0—rt 2.5 / / 88
6 DIBAL-H (4.0) / Toluenesqy  -78 — -45 3 / / 89
7 NaBHj (6.0) / MeOH rt 23 29 50 %
8 NaBH (8.0) / Hzogf?i’)"ane rt 16 15 45

Entries 1-6 did not yield the desired diol 15. Entries 1-4 show that adding more equivalents of
LiBH4, methanol or heating the reaction mixture did not change the outcome. The starting
material and unidentifiable products were retrieved for entries 1-4, where 14 was present in
majority for entries 1-3, meaning that the starting material was scarcely converted. It is supposed
that a mono-reduction product may have been formed for the reaction of entry 1, but no further
investigations confirmed this hypothesis. Although the crude of entry 4 seemed to contain
multiple products, a low yield of alcohol 20 was able to be obtained after purification: the use of

this product will be further explained below.

A test reaction (Scheme 5) was conducted to determine if the LiBH4 powder has possibly

deteriorated over time.
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° LiBH, (3.0 eq)
OEt > OH
THF, rt to 60°C, 6 h

21 22

Scheme 5. Reduction of ethyl benzoate (21) into benzyl alcohol (22) with LiBHa.

After six hours of reaction heated to 60°C and 3.0 equivalents of LiBH4 added, alcohol 29 started
appearing in TLC monitoring: the reaction was stopped right after, the product was not purified,
thus no yield was obtained. These conditions are harsh and should not be necessary for ester
reduction with LiBH4: reactions are typically conducted at 0°C or room temperature, with
2 equivalents of LiBH4 per ester. Besides, reactivity of the LiBH4 powder was tested in water:
contrary to its sodium analogue NaBH4, LiBH4 powder appeared unreactive and did not produce
any bubbles when added to water. This could confirm that the LiBH4 used was indeed
deteriorated. Other researchers in our group performed similar coupling reactions with a new
batch of LiBH4, but the same unsuccessful results were obtained. This new LiBH4 also appeared

unreactive to water and paper towels.

Considering the unsatisfactory results yielded by LiBH4, other conditions were therefore tested
(entries 5-6 of Table 2). Unfortunately, these conditions also did not allow us to obtain the
desired diol 15. Possible products of the crudes of these reactions were much more unidentifiable
than for entries 1-4. Nevertheless, in both cases, the malonate reduction was not complete:
aldehydes peaks were identified around 10 ppm in '"H NMR and 190 ppm in '*C NMR, and ester
peaks were still present around 165 ppm of *C NMR (Figure 19). In addition to that, the nitrile
group of the starting material was reduced to the corresponding amine in the case of LiAlH4

entry 5), as shown by the disappearance of the '*C peak around 118 ppm (Figure 19b).
ry y pp p pp g

A hypothesis for these unwanted side reactions could be the following: LiAlH4 and DIBAL-H
do completely reduce nitriles to amines that can complex with the aluminum species, lowering
the reactivity of the reducing agent. Thus, the intermediate formed is not reactive enough to
completely reduce the esters to alcohols, which could explain the multiple peaks in the carbonyl

region. Strong reducing agents appear unsuitable for this sensitive step.

In entries 7-8 of Table 2, NaBH4 was used as a last resort. Against common knowledge stating
that NaBH4 is not a reducing agent strong or fast enough to reduce esters, it appears to
unexpectedly yield the most promising results in our case, allowing us to obtain the desired diol
15 in modest yields. Alcohol 20 was also formed in moderate yields as a side product: the ratio
steers towards this alcohol for every reaction with NaBH4. This product most likely comes from

a decarboxylation reaction of the starting material 14 due to the acidity of the a-hydrogen,
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followed by the reduction step. Although molecule 20 was not expected at first, it could prove
to be interesting for enzymatic tests. Due to the higher yields of both products, the protocol of
entry 7 was selected for the rest of the synthesis. By this reduction protocol, two interesting

products, 15 and 20, are obtained in a single step in moderate yields.

a b

Figure 19. 'H (a and ¢) and '*C (b and d) NMR spectra of starting material 14 (in magenta), crude of entry 5
(a-b, in green) and crude of entry 6 (¢-d, in cyan).

4. CONVERSION OF NITRILE TO AMIDINE

Two interesting products have been obtained in hope of targeting the oxyanion hole: these
products could easily undergo the conversion of a nitrile to an amidine. With the aim of
evaluating the inhibitory activity of a first molecule to compare it to benzamidine (10) to
determine whether it presents a better ICso value and if the alcohol entity adds value to the
effectiveness of these potential inhibitors, molecule 20 was protected or used as it is to undergo
an amidination step (Scheme 6). By targeting the oxyanion hole, ICso values should be lower

than benzamidine, due to a better binding affinity with FXIla.

Three reactions were conducted: one with 20 was left at room temperature overnight, and the
other two with 20 or 23 were heated at 60°C for a few hours. The starting material was retrieved

after the first reaction overnight: this confirms that heating is necessary in order to achieve
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conversion. Indeed, upon heating, TLC monitoring showed complete conversion of the starting
material after a few hours. However, the amidine was not retrieved either with the unprotected
or protected alcohol, most likely due to loss of product during the work-up process: very little
mass was obtained in both cases. This protocol was adapted from literature®® by a previous
researcher in our group.’® It is possible that the obtained compound was either degraded of lost
during the filtration step. Unfortunately, due to lack of starting material, this reaction could not

be continued further.

OH  TBDMSCI (1.6 eq) OTBDMS
Imidazole (1.9 eq)
I DMF, 0°C to rt, 16.5 h I ]
N 82% N 1) LIHMDS (2.5 eq)
20 23 2) HCI (> 12 eq) OR
3) NaOH
or > >
THF
OH H,N7 NH
24:R=H
- 25: R = TBDMS
Il
N
20

Scheme 6. Amidination reactions carried out for substrates 20 and 23.

Although this amidination step was not successful for the conversion of alcohol 20, this protocol
was also applied, with some adjustments, to diol 15 (Scheme 7), and complete conversion was
also observed. The reaction work-up was carried out differently, which seemed to allow us to
obtain the desired amidine 16b as a salt. The mass of 16b was confirmed by HRMS
(m/z calculated for [M]" 195.1128, found 195.1124), yet no nitrile (118 ppm) or amidine (around
160 ppm) peak seems to appear on the >*C NMR spectrum (Figure 20).

HO OH " 1)LiHMDS (2.5eq) M° OH
2) HCI (10 eq)
- o
THF, 60°C, 5 h cl
[l H,N” >NH,
N ®

15 16b

Scheme 7. Amidination reaction carried out for substrate 15.
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Figure 20. 3C NMR spectra of starting material 15 (in deep blue) performed in CDCl; and compound 16b (in
brown) performed in D,O. The nitrile peak of 15 (red dotted rectangle) seems to disappear at 118 ppm when

converted into 16b, and no typical amidine peak seems to appear around 160 ppm (orange dotted rectangle).
5. CHANGE OF STRATEGY

Although the reduction step allowed to obtain two interesting products 15 and 20, other synthetic

strategies starting from molecule 14 have been envisioned to enhance their yield (in Scheme 8).

Another strategy could consist in forming a silyl enol ether that will undergo an aldol reaction to
ultimately be reduced to the desired diol 15. It is not represented on Scheme 8, but this strategy
could be applied to aldehyde 29 instead of silyl enol ether 27. The aldol reaction step from 29 to
30 would be proline-catalyzed to obtain the two desired enantiomers. The aldehyde moiety
would then be protected to substitute the alcohol by an amine through a Mitsunobu-type reaction,
to form molecule 31. After a reduction step to form compound 32, the rest of the synthesis could
take place as in Scheme 1, by a linker addition and the final amidination step.

The first step of Scheme 8 was followed to obtain the decarboxylated ester 26, as represented in

1.93

Scheme 9, following the protocol of Ates ef al.”” with some adjustments.
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Scheme 8. Other possibles synthetic routes to obtain lead compounds.
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Scheme 9. Decarboxylation step from molecule 14 to 26.

Conversion was not complete and the obtained yield was moderate, which could be explained
by a lower reactivity of LiCl used, caused by hydration over time. The desired product 26 was

nonetheless obtained and purified.

From this point, the synthetic sequence was envisaged to be continued by the reduction of 26 to
obtain 20, which will be oxidized to access the aldehyde intermediate 29 of Scheme 8, before

proceeding with the rest of the synthesis.
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CONCLUSIONS AND OUTLOOKS

1. GENERAL CONCLUSIONS

Over the past decades, FXIIa has emerged as a particularly promising therapeutic target for the
prevention of thrombosis, as its inhibition appears to prevent thrombus formation while
maintaining physiological hemostasis. Unlike conventionally given anticoagulants, which are
associated with significant bleeding risks and other possible side effects, FXIla inhibition holds
promise for safer antithrombotic therapies: this is especially the case for BCMD-induced
thrombosis, but also in other pathologies involving the CAS such as HAE, sepsis, and
Alzheimer’s disease. While several biological FXIla inhibitors have demonstrated high
efficiency, such as antibodies, proteins, synthetic peptides, and RNA-based strategies, their
clinical application remains limited by high costs, synthetic complexity and especially parenteral
administration. In this context, the development of low-molecular-weight FXIIa inhibitors that

are potent, selective and potentially orally deliverable appears as an attractive alternative.

The objective of this work was to contribute to this approach by the synthesis of benzamidine-
based small molecule FXIIa inhibitors designed to interact with the S1 pocket, the oxyanion
hole, and the S3 pocket of the enzyme, as shown on Figure 16. Benzamidine was selected as a
well-established S1-binding fragment, providing foundation for fragment extension towards
other pockets. The hydroxy group will be in charge of mimicking the tetrahedral intermediate of
the enzyme’s transition state. A linker will enable the grafting of aromatic groups interacting
with residues Tyr99 and Trp215 of the S3 pocket. This strategy was supported by previous
docking studies, where a stereochemical preference for the S enantiomer of the benzylic carbon

was observed, and was planned to be evaluated experimentally.

From a synthetic point of view, this work led to the successful development of an innovative and
efficient Pd-catalyzed malonate cross-coupling reaction between aryl triflates or bromides with
nitrile as a non-participating functional group. Through screening of different ligands, XPhos
emerged as a particularly effective ligand in selected conditions with Pd(OAc), and K3POg4, to
proceed in high yields and short reaction times. The desired malonate compound was easily

accessed for further synthesis.

The subsequent reduction of the obtained malonate to the corresponding diol proved to be a
challenge. Several classical reducing agents reported in the literature for ester reduction were
investigated, such as LiBH4, LiAlH4 and DIBAL-H, but none allowed clean conversion to the

desired diol 15 while preserving the nitrile group untouched. Side reactions, incomplete
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conversions and undesired nitrile reduction were consistently observed, highlighting the
sensitivity of this reaction. Interestingly, NaBHa4, despite being generally considered too mild for
ester reduction, afforded the desired diol 15 in modest yields, alongside a decarboxylated alcohol
formed as a side product. Although not initially anticipated, this outcome provided access to two

potentially relevant intermediates in a single step.

Attempts to convert the nitrile groups of these alcohol intermediates into the corresponding
amidines were not particularly successful, although this step is necessary to evaluate their
inhibition. While complete conversion of nitriles was observed by TLC monitoring upon heating,
isolation of the amidine products proved challenging, likely due to losses during work-up.
Nevertheless, an amidine derived from the diol 15 was obtained after a different work-up method

was executed.
2. PERSPECTIVES

While a complete lead compound could not be synthesized within the time frame of this work,
this project highlights the potential and the challenges associated with the chosen approach to
obtain low-molecular-weight FXIIa benzamidine-based inhibitors. However, synthetic insights

and alternative pathways were identified, providing a strong basis for future optimization.

As a first straightforward continuation, the amidination step could be optimized for molecule 20,
following the protocol used for amidine 16b in order to obtain, alongside molecule 16b, two
compounds that could be evaluated in biological inhibition assays. Alcohol 20 could be accessed
in a more controlled manner, possibly by an optimized decarboxylation step as envisioned in

Scheme 9, followed by a reduction reaction.

In parallel, further efforts should focus on obtaining the desired diol 15. As suggested on Scheme
8, one possible strategy would involve an initial optimized decarboxylation step, followed by the
formation of a silyl enol ether which allows a subsequent aldol reaction, and a final reduction
step to access diol 15. Enzymatic desymmetrization using lipases such as PPL, CAL-B, PSL,
etc. could then be performed to obtain both enantiomers, which would allow the investigation of
the stereochemical considerations on FXIIa inhibition. Once the diol is obtained, the rest of the
synthesis could proceed as described in Scheme 1, possibly by a Mitsunobu reaction followed

by a Staudinger reaction to obtain the corresponding amine.

Alternatively, another pathway could be considered by performing a proline-catalyzed aldol
reaction of aldehyde intermediate 29, where the resulting alcohol would be substituted to an

amine by a Mitsunobu-Staudinger reaction, and the aldehyde ultimately reduced to access an
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amine compound useful for linker insertion. This strategy would avoid enzymatic

desymmetrization and introduce chirality by a proline-catalyzed asymmetric step.

In both cases, the resulting intermediate (compound 32) could react with a series of acyl chlorides
bearing different aromatic substituents with various electronic effects, allowing the formation of
the amide linker. After an optimized amidination step, ICso values of these compounds against
FXIla could be evaluated with the aim of assessing potency and selectivity by using other
coagulation enzymes. Furthermore, aPTT and PT assays would be essential to evaluate their

anticoagulant profile to ensure inhibition only affects the intrinsic pathway of coagulation.

A different approach could be considered to avoid complications associated with the nitrile
group, which could interfere with sensitive steps: this alternative strategy could involve the use
of dihalogenated aryl compounds, such as 1,4-dibromobenzene or 1-bromo-4-iodobenzene.
Malonate cross-coupling reactions could be performed according to the effective protocol
established, followed by reduction using stronger reducing agents to access the diol without the
risk of nitrile reduction. The synthesis could then proceed as described, and the nitrile group
would only be introduced at a late stage via a cyanation coupling, significantly reducing the

problems encountered and associated with the nitrile group.

In a longer-term perspective, once optimized FXIla inhibitors are obtained, further structural
optimization could be envisioned to improve their drug-like properties: replacing the amide
linker with a suitable bioisostere such as oxetane, as well as varying the linker length could
optimize interactions with FXIla while improving compatibility with oral administration. The
most promising compounds would then require in vivo pharmacokinetic evaluation, with a focus
on oral bioavailability, in order to assess their potential as a clinical medication to prevent the

bleeding risk associated with current anticoagulants.
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EXPERIMENTAL SECTION

1. INSTRUMENTATION

1.1. 'H NMR spectroscopy

"H NMR spectra were acquired on a JEOL JMTC-400 with a frequency of 400 MHz, or JNM
ECZ-500 with a frequency of 500 MHz. Samples were prepared in 5 mm borosilicate tubes at
room temperature in deuterated solvents. Peak resolutions are achieved using the Delta program.
Chemical shifts () are reported in ppm and calibrated using the residual solvent signals as an
internal reference (CDCl; 6H = 7.26 ppm ; (CD3)2SO 6H = 2.50 ppm ; D20 6H = 4.79 ppm).
Coupling constants (J) are reported in Hertz (Hz). The resonance multiplicity is described as

s (singlet), d (doublet), t (triplet), q (quartet), qn (quintet), m (multiplet).

1.2. BC NMR spectroscopy

3C NMR spectra were acquired on a JEOL JNM ECZ-500 with a frequency of 125 MHz.
Samples were prepared in 5 mm quartz tubes at room temperature in deuterated solvents. Peak
resolutions are achieved using the Delta program. Chemical shifts (8) are reported in ppm and
calibrated using the residual solvent signals as an internal reference (CDCl; 6C = 77.16 ppm ;

(CD3)2S0 6C = 39.52 ppm).
1.3. YF NMR spectroscopy

F NMR spectra were acquired on a JEOL JNM ECZ-500 with a frequency of 470 MHz.
Samples were prepared in 5 mm quartz tubes at room temperature in deuterated solvents. Peak

resolutions are achieved using the Delta program. Chemical shifts (8) are reported in ppm.
1.4. Infrared spectroscopy

IR spectra were acquired on a Perkin-Elmer Spectrum Two FT-IR System UATR. The spectra

were measured between wavenumbers of 500-4000 cm’'.
1.5. Melting point

M, were measured in a Biichi Melting Point M-560 in open capillaries.
1.6. High resolution mass spectrometry

HRMS analyses were acquired on a Bruker MaXis Impact Q-TOF spectrometer by the MaSUN
platform of University of Namur. Samples were diluted in adequate solvents with a concentration

of 1 mg/mL and diluted 500 times in a H2O/MeCN (1:1) mixture. Diluted solutions (200 puL) are

46



sent in the ESI source by a Harvard syringe pump with a flow of 180 uL/min. ESI conditions are
as follows: capillary voltage is set at 4.5 kV, dry nitrogen is used as a nebulizer gas at 0.4 bar
and as a drying gas at 180°C. ESI spectra are acquired at 1 Hz in a 50-300 m/z range. Calibration
was performed with an ESI-TOF reference mixture from Agilent. Data are processed by Bruker

DataAnalysis 4.1 software.
1.7. X-ray diffraction

Solid-state XRD data were acquired using an Oxford Diffraction Gemini R Ultra diffractometer
with copper Ko radiation (A = 1,54 A) at 295 K. Data analysis and crystal lattice determination
were performed using CrysAlis PRO software. Graphical representation of the single crystals

was performed using Mercury software.
1.8. Thin layer chromatography

TLC were performed using Merck aluminum silica gel 60 F2s4 TLC plates and monitored by UV
light at 254 nm or KMnOy solution (3 g KMnOs, 20 g K2CO3, and 5 mL aqueous NaOH 5% in
300 mL distilled water). Retention factor (Rf) was calculated by dividing the distance of the
product on the TLC plate by the distance of the elution front.

1.9. Column chromatography

Column chromatography purifications were performed under pressure using Carl Roth silica gel
60 (40-63 um). Prepared eluants used technical grade solvents that were distilled beforehand. In
some cases, the use of demetallated silica is required, which is prepared according to the
following procedure: Carl Roth silica 60 is treated in a bath of 10% aqueous HCI and stirred
every half hour for one day. The silica is then left to settle and the supernatant is removed. The
silica is rinsed with distilled water, left to settle, and the supernatant is removed again. This
rinsing cycle is repeated until the pH is neutral. The silica is then filtered and left to dry on filter

paper.**
2. REAGENTS, SOLVENTS AND METHODS

Reagents and solvents were purchased from Acros, BLDPharm, Carbosynth, Fischer Scientific,
Fluorochem, Merck, or TCI and used without further purification. Deuterated solvents (CDCls,
(CD3)2S0, and D>0O) were purchased from Euriso-top.

Reactions performed under argon used dry solvents. Dry conditioning of the glassware was

realized manually by heating the glassware with a heat gun under a flux of argon for 3 minutes.
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Et,O, THF, and toluene were dried over a Pure Solv solvent purification system. Degassed

solvents were obtained using four freeze-pump-thaw cycles.

Baths for low-temperature experiments were prepared as followed: water/ice (0°C),

MeCN/liquid N3 (-46 to -35°C), acetone/dry ice (-78°C).

Evaporation and concentration under reduced pressure were performed at 50°C and compounds

were dried at a maximum pressure of 10 mbar.

3. SYNTHETIC PROCEDURES

General procedure A, B and C: synthesis of aryl malonates

General procedure A. Protocol adapted from the literature.”® A 25 mL round bottom flask under
argon containing NaH (52 mg, 1.3 eq, 60% dispersion in mineral oil) and NMP (0.23 mL) was
stirred at 0°C. To this flask was added dimethyl malonate (132 mg, 1.0 eq) in NMP (1 mL)
dropwise over 30 minutes at 0°C. The resulting mixture was stirred at room temperature for 20
hours under argon to obtain sodium salt of dimethyl malonate in NMP. Another 25 mL round
bottom flask under argon containing 4-cyanophenyl trifluoromethanesulfonate (13a) (250 mg,
1.0 eq), Cul (189 mg, 1.0 eq) and NMP (2 mL) was stirred at 80°C (reflux) for 1 hour. Sodium
salt of dimethyl malonate was added at once to the Cul mixture obtained, NMP (0.5 mL) was
added, and the reaction mixture was stirred at 100°C (reflux) for 71 hours. The crude mixture
was poured on cold 1 M HCI (10 mL), AcOEt (20 mL) was added, and the mixture was stirred
vigorously. The mixture was filtered on cotton, the filtrate was allowed to settle to obtain a
biphasic mixture, and the layers were separated. The organic layer was washed with 50 mL
distilled water and acidified with 1 M HCI until pH 4. The aqueous layer, to which 20 mL of
brine were added, was extracted 2x with 50 mL AcOEt. The organic layers were combined, dried
over NaxSQq, filtered and evaporated under reduced pressure. The residue was purified by

column chromatography on silica gel eluting with 10:0 to 8:2/Cy:AcOEt.

General procedure B. Protocol adapted from the literature.®” To a round bottom flask under
argon, NaH (60% dispersion in mineral oil) was washed 3x with pentane and 1x with dry THF.
To this flask were added dry THF, 4-cyanophenyl trifluoromethanesulfonate (13a) or
4-bromobenzonitrile (13b) (1.0 eq), dimethyl malonate (1.2 eq), Pd(dba)> (0.01 or 0.10 eq) and
P(#Bu);HBF4 (0.02 or 0.20 eq). The reaction mixture was stirred at 70°C for several days under
argon and monitored by TLC. The crude mixture was filtered through filter paper, and the solvent

was evaporated under reduced pressure.
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General procedure C. Protocol adapted from the literature.®! To a round bottom flask under
argon containing 4-cyanophenyl trifluoromethanesulfonate (13a) or 4-bromobenzonitrile (13b)
(1.0 eq) in degassed dry toluene were added dimethyl malonate (1.1 eq), K3POs (3.0 eq),
Pd(OAc)2 (0.10 or 0.05 eq) and ligand (0.20 or 0.10 eq). The reaction mixture was stirred at
125°C for several hours under argon and monitored by TLC. The crude mixture was filtered
through a plug of Celite and the solvent was evaporated under reduced pressure. The residue was

purified by column chromatography on silica gel.
General procedure D: reduction with LiBH4 in THF

Protocol adapted from the literature.3* ¢ To a round bottom flask under argon containing
dimethyl 2-(4-cyanophenyl)malonate (14) or dimethyl 2-(p-tolyl)malonate (19) (1.0 eq) were
slowly added LiBH4 powder, dry THF and MeOH (when specified) at 0°C. The reaction mixture
was stirred at the specified temperature for several hours under argon and monitored by TLC.
Distilled water was added, and the aqueous layer was extracted 3x with CH2Cl,. The organic
layers were combined, dried over MgSOy, filtered and evaporated under reduced pressure. The
aqueous layer was retrieved, to which Rochelle tartrate solution and CH»Cl> were added. The
mixture was vigorously stirred for 30 minutes until the emulsion disappears to show a clear
separation. The layers were separated, the aqueous layer was extracted 3x with CHxCly, the
organic layers were combined, dried over MgSQs, filtered and evaporated under reduced

pressure.
General procedure E: reduction with LiAlH4

Protocol adapted from the literature.®® To a 25 mL round bottom flask under argon containing
dimethyl 2-(4-cyanophenyl)malonate (14) (80 mg, 1.0 eq) were slowly added LiAlH4 2 M in
THF (0.7 mL, 4.1 eq) and THF (3 mL) at 0°C. The reaction mixture was allowed to return to
room temperature, stirred for 2.5 h under argon and monitored by TLC. 20 mL of aqueous NH4Cl
solution were added, and the layers were separated. The aqueous layer was extracted 3x with 50
mL AcOEt, the organic layers were combined, washed 2x with 150 mL distilled water, 1x with

150 mL brine, dried over Na>SQs, filtered and evaporated under reduced pressure.
General procedure F: reduction with DIBAL-H

Protocol adapted from the literature.®” To a 50 mL round bottom flask under argon containing
dimethyl 2-(4-cyanophenyl)malonate (14) (150 mg, 1.0 eq) were slowly added dry toluene
(6 mL) and DIBAL-H 1 M in hexane (2.6 mL, 4.0 eq) at -78°C. The reaction mixture was stirred
at -78°C for 3 h under argon and monitored by TLC. 3 mL of distilled water, 7 mL of Rochelle
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tartrate solution and 20 mL of AcOEt were added and the mixture was vigorously stirred for
15 minutes until the emulsion disappears to show a clear separation. The layers were separated,
the aqueous layer was extracted 2x with 30 mL AcOEt, the organic layers were combined, dried

over NaxSQy, filtered and evaporated under reduced pressure.
General procedure G: reduction with NaBH4 in MeOH

Protocol adapted from the literature.”® To a 25 mL round bottom flask containing dimethyl
2-(4-cyanophenyl)malonate (14) (1.0 eq) were slowly added MeOH and NaBH4 powder (6.1 eq)
at 0°C. The reaction mixture was stirred at room temperature overnight and monitored by TLC.
After completion of the reaction, the solvent was evaporated under reduced pressure, then
distilled water and HCI 1 M were added until pH 7. The aqueous layer was extracted 4x with
CH:Cl,, the organic layers were combined, dried over Na>SQg, filtered and evaporated under

reduced pressure.
General procedure H: reduction with NaBH,4 in H2O:dioxane (1:1)

Protocol adapted from the literature.”! To a 25 mL round bottom flask containing dimethyl
2-(4-cyanophenyl)malonate (14) (1.0 eq) were slowly added H»O:dioxane/1:1 and NaBH4
powder (8.1 eq) at 0°C. The reaction mixture was stirred at room temperature overnight and
monitored by TLC. After completion of the reaction, HCl 1 M was added until pH 7. The aqueous
solution was extracted 3x with AcOEt, the organic layers were combined, dried over MgSOs,

filtered and evaporated under reduced pressure.
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4-cyanophenyl trifluoromethanesulfonate (13a)

N2}

.S F
(0]
3 TF
2
3
1] 251.18 g/mol
N

Protocol adapted from the literature.”” To a 100 mL round bottom flask under argon containing
4-hydroxybenzonitrile (17) (1.811 g, 1.0 eq) in dry CH2>Cl> (15 mL) were slowly added 2,6-
lutidine (4.2 mL, 2.4 eq) and trifluoromethanesulfonic anhydride (2.2 mL, 0.9 eq) at -35°C. The
reaction mixture was stirred at room temperature for 6 h under argon and monitored by TLC.
After completion of the reaction, 50 mL of distilled water were added. The layers were separated,
the aqueous layer was extracted 3x with 30 mL CH>Cl, and the organic layers were combined.
The organic layers were washed 1x with 100 mL NaOH 2 M, 1x with 200 mL HCI1 1 M, 1x with
100 mL brine, and dried over MgSO4. The mixture was filtered and evaporated under reduced
pressure. The residue was purified by column chromatography on silica gel eluting with

95:5/Cy:AcOEt to yield the desired product 13a (3.013 g).
Aspect: Yellow oil

Yield: 99%

TLC: Rr=0.33 (9:1/Cy:AcOEt), revealed by UV and KMnOg4

IH NMR (CDCls, 500 MHz): & (ppm) 7.79 (m, 2 H, J = 8.9 ; 2.6 Hz, C?H), 7.43 (m, 2 H,
J=8.9;2.6 Hz, C*H)

13C NMR (CDCls, 125 MHz): & (ppm) 152.08 (C), 134.64 (C3), 122.76 (C2), 118,74 (q,
J=320.9 Hz, C%), 117.23 (C%), 113.02 (C*)

19F NMR (CDCl3, 470 MHz): § (ppm) -72.50 (C°F3)

IR: 7 (cm™) 3110 (CA—H), 2236 (C=N), 1600 (CA'=CA"), 1426 (S=0), 1290 (CF3), 1208 (S=0),
1136 (CF3), 1020 (S=0), 846 (C*™—H)

HRMS: m/z calculated for [M+Na]" 273.9756, found 273.9752
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Dimethyl 2-(4-cyanophenyl)malonate (14)

C12H11NO4
233.22 g/mol

4-cyanophenyl trifluoromethanesulfonate (13a) or 4-bromobenzonitrile (13b) reacted according
to general procedure C. The best results in the shortest time were obtained in entry 4 of Table 2,
with 250 mg of 13a. The residue was purified by column chromatography on silica gel eluting

with 100:0 to 92:8/Cy:AcOEt to yield the desired product 14 (262 mg).
Aspect: White to light orange crystalline solid

Yield: 82%

TLC: Re=0.37 (7:3/Cy:AcOEt), revealed by UV and KMnOg4

Mp: 101°C

'H NMR (CDCls, 500 MHz): & (ppm) 7.67 (A portion of AB, 2 H, Avag = 65.5 Hz,
Jag = 8.0 Hz, C°H), 7.54 (B portion of AB, 2 H, Avag = 65.5 Hz, Jag = 8.0 Hz, C°H), 4.70
(s, 1 H, C*H), 3.77 (s, 6 H, C'H3)

13C NMR (CDCls, 125 MHz): & (ppm) 167.66 (C2), 137.61 (C*), 132.52 (C®), 130.37 (C5),
118.52 (C?), 112.60 (C7), 57.49 (C?), 53.37 (C")

IR: 7 (cm!) 2961 (CHs), 2230 (C=N), 1726 (C=0), 1607 (CA=CA7), 1433 (CHs), 1149 (C-O),
843 (CA™H)

HRMS: m/z calculated for [M+Na]" 256.0580, found 256.0581
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4-(1,3-dihydroxypropan-2-yl)benzonitrile (15)

C1oH11NO,
HI”  177.20 g/mol
N

Dimethyl 2-(4-cyanophenyl)malonate (14) reacted according to general procedure G. The best
results were obtained with 150 mg of 14. The residue was purified by column chromatography
on demetallated silica gel eluting with 10:0 to 0:10/Cy:AcOEt to yield the desired product 15
(33 mg).

Aspect: Light orange wax
Yield: 29%

Dimethyl 2-(4-cyanophenyl)malonate (14) reacted according to general procedure H. The best
results were obtained with 200 mg of 14. The residue was purified by column chromatography
on demetallated silica gel eluting with 10:0 to 0:10/Cy:AcOEt to yield the desired product 15
(23 mg).

Aspect: Light orange wax

Yield: 15%

TLC: R¢=0.29 (0:10/Cy:AcOEt), revealed by UV and KMnOg4
Mp: 82°C

'H NMR (CDCl;, 500 MHz): 8 (ppm) 7.60 (A portion of AB, 2 H, Avag = 114.2 Hz,
Jag = 8.5 Hz, C°H), 7.37 (B portion of AB, 2 H, Avag = 114.2 Hz, Jap = 8.5 Hz, C*H), 6.25
(X portion of ABX, Jax = 26.2 Hz, Jgx = -14.2 Hz), 3.95 (A portion of ABX, 2 H, Avag =
12.1 Hz, Jag = 11.0 Hz, Jax = 26.2 Hz, C'H,), 3.94 (B portion of ABX, 2 H, Avag = 12.1 Hz,
Jap=11.0 Hz, Jgx =-14.2 Hz, C'H,), 3.10 (qn, 1 H, J = 5.6 Hz, C*°H)

13C NMR (CDCls, 125 MHz): & (ppm) 145.71 (C3), 132.51 (C%), 129.12 (C*), 118.87 (C7),
110.86 (C°), 65.00 (C'), 49.59 (C?)

IR: 7 (cm') 3467 (O-H), 2923 (CH,), 2884 (CH), 2237 (C=N), 1609 (CA'=CA"), 1468 (CH.),
1419 (O-H), 1121 (C-0), 835 (C*-H)

HRMS: m/z calculated for [M+Na]" 200.0682, found 200.0680
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Amino(4-(1,3-dihydroxypropan-2-yl)phenyl)methaniminium chloride (16b)

230.69 g/mol
H2N 7 NH2
CI@

Protocol adapted from a previous researcher’s’® and the literature.”” To a 25 mL round bottom
flask under argon containing 4-(1,3-dihydroxypropan-2-yl)benzonitrile (15) (101 mg, 1.0 eq) in
dry THF (1.2 mL) was slowly added LIHMDS 1 M in THF (1.4 mL, 2.5 eq) at 0°C. The reaction
mixture was stirred at 60°C (reflux) for 5 h under argon and monitored by TLC. After completion
of the reaction, the solution was cooled down to 0°C to which was slowly added 0.5 mL of HCI
37%. The yellow liquid was separated from the white precipitate, and the precipitate was
evaporated under reduced pressure. The obtained paste was put in the oven at 100°C for an hour

to yield the desired product 16b.
Aspect: Beige solid paste
Mj: 270°C (decomposition)

TH NMR (D20, 400 MHz): & (ppm) 7.72 (A portion of AB, 2 H, Avag = 109.7 Hz, Jag = 8.0 Hz,
C°H), 7.45 (B portion of AB, 2 H, Avag = 109.7 Hz, Jap = 8.0 Hz, C*H), 3.85 (A portion of ABX,
2 H, Avap = 17.4 Hz, Jag = 11.0 Hz, Jax = 5.9 Hz, C'H,), 3.79 (B portion of ABX, 2 H,
Avag = 17.4 Hz, Jas = 11.0 Hz, Jsx = 8.1 Hz, C'H>), 3.13 (qn, 1 H, C*H)

13C NMR (D;0, 125 MHz): § (ppm) 146.29 (C), 132.66 (C5), 129.22 (C*), 109.57 (C®), 62.51
(C1), 50.15 (C?)

IR: 7 (cm!) 3118 (O-H and N—H), 2805 (CH,), 1751 (C=N), 1394 (C-N), 837 (C*H)

HRMS: m/z calculated for [M]" 195.1128, found 195.1124
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Dimethyl 2-(p-tolyl)malonate (19)

C12H1404
222.24 g/mol

1-bromo-4-methylbenzene (18) reacted according to general procedure C. The residue was
purified by column chromatography on silica gel eluting with 100:0 to 97:3/Cy:AcOEt to yield
the desired product 19 (43 mg).

Aspect: Yellow-orange waxy oil

Yield: 13%

TLC: Re=0.38 (8:2/Cy:AcOEt), revealed by UV and KMnOg4
Mp: 68-70°C*

'H NMR (CDCIl3, 400 MHz): & (ppm) 7.27 (A portion of AB, 2 H, Avag = 40.4 Hz,
Ja = 7.0 Hz, C°H), 7.17 (B portion of AB, 2 H, Avag = 40.4 Hz, Jag = 7.0 Hz, C°H), 4.61
(s, 1 H, C°H), 3.74 (s, 6 H, C'H3), 2.34 (s, 3 H, C®H3)

13C NMR (CDCls, 125 MHz): § (ppm) 168.60 (C?), 138.10 (C7), 129.53 (C%), 129.33 (C>),
129.00 (C%), 57.14 (C%), 52.74 (C"), 21.06 (C?)

No HRMS nor IR analyses have been conducted.
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4-(2-hydroxyethyl)benzonitrile (20)

l” 147.18 g/mol
N

Dimethyl 2-(4-cyanophenyl)malonate (14) reacted according to general procedure G. The best
results were obtained with 150 mg of 14. The residue was purified by column chromatography

on silica gel eluting with 10:0 to 0:10/Cy:AcOEt to yield the desired product 20 (48 mg).
Aspect: Light orange wax
Yield: 50%

Dimethyl 2-(4-cyanophenyl)malonate (14) reacted according to general procedure H. The best
results were obtained with 200 mg of 14. The residue was purified by column chromatography

on silica gel eluting with 10:0 to 0:10/Cy:AcOEt to yield the desired product 20 (44 mg).
Aspect: Light orange wax

Yield: 45%

TLC: Rr=0.48 (3:7/Cy:AcOEt), revealed by UV and KMnO4

Mp: 50-51°C%°

'H NMR (CDCIl3, 500 MHz): & (ppm) 7.56 (A portion of AB, 2 H, Avag = 115.6 Hz,
Jag = 9.0 Hz, C°H), 7.33 (B portion of AB, 2 H, Avag = 115.6 Hz, Jap = 9.0 Hz, C*H), 3.85
(t,2H,J=6.5Hz C'Hy), 2.90 (t,2 H, ] = 6.4 Hz, C*Hy)

13C NMR (CDCls, 125 MHz): § (ppm) 144.80 (C?), 132.28 (C%), 129.93 (C%), 119.03 (C),
110.12 (C9%), 62.84 (C"), 39.17 (C?)

IR: 7 (cm™) 3425 (O-H), 2921 (CHa), 2228 (C=N), 1609 (CA=CA"), 1457 (CHa), 1178 (C-0),
824 (C_H)

HRMS: m/z calculated for [M+Na]" 170.0576, found 170.0575
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4-(2-((tert-butyldimethylsilyl)oxy)ethyl)benzonitrile (23)

Me l\/fe
s\ 1

_Si Me
° 0 ?ﬁMe
, 8 Me

8
o ., CisHasNOSI
™ 261.44 g/mol

To a 25 mL round bottom flask under argon containing 4-(2-hydroxyethyl)benzonitrile (20)
(91 mg, 1.0 eq) were added TBDMSCI (148 mg, 1.6 eq), imidazole (81 mg, 1.9 eq) and dry DMF
(0.9 mL) at 0°C. The reaction mixture was stirred for 20 minutes at 0°C, then stirred at room
temperature for 16.5 h under argon and monitored by TLC. After completion of the reaction,
10 mL of Et,O were added, and the organic layer was washed 5x with 10 mL of a mixture of
H>O:brine/1:1. The organic layer was dried over MgSOys, filtered and evaporated under reduced

pressure.
Aspect: Yellow oil

Yield: 82%

TLC: Re=0.38 (92:8/Cy:AcOEt), revealed by UV and KMnOg4

'H NMR (CDCl;, 500 MHz): 8 (ppm) 7.57 (A portion of AB, 2 H, Avag = 126.8 Hz,
Jas = 8.0 Hz, C®H), 7.32 (B portion of AB, 2 H, Avag = 126.8 Hz, Jag = 8.0 Hz, C’H), 3.82
(t,2H,J=6.4 Hz, C*H,), 2.86 (t,2 H, ] = 6.3 Hz, C°H>), 0.84 (s, 9 H, C'H3), -0.06 (s, 6H, C*H3)

13C NMR (CDCls, 125 MHz): § (ppm) 145.44 (C°), 132.07 (C®), 130.17 (C7), 119.29 (C'?),
110.05 (C%), 63.60 (C*), 39.64 (C>), 25.94 (C'), 18.38 (C?), -5.38 (C?)

IR: v (cm™) 2953 (CH3), 2928 (CH>), 2228 (C=N), 1609 (CA=CA"), 1472 (CHz), 1256 (Si—CHs),
1095 (C-0), 831 (CA—H), 776 (Si—-CH3)

HRMS: m/z calculated for [M+Na]" 284.1441, found 284.1439
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Methyl 2-(4-cyanophenyl)acetate (26)

18 175.19 g/mol
N

Protocol adapted from the literature.”® To a 25 mL round bottom flask containing dimethyl
2-(4-cyanophenyl)malonate (14) (300 mg, 1.0 eq) were added LiCl (366 mg, 6.5 eq), DMSO
(3 mL) and distilled water (1 mL). The reaction mixture was stirred at 100°C (reflux) for 17 h
and monitored by TLC. After completion of the reaction, 40 mL of distilled water were added,
and the aqueous layer was extracted 5x with 50 mL AcOEt. The organic layers were washed 5x
with 200 mL H>O:brine/1:1, dried over Na>SOg, filtered and evaporated under reduced pressure.
The residue was purified by column chromatography on silica gel eluting with 10:0 to

7:3/Cy:TBME to yield the desired product 26 (109 mg).
Aspect: Light yellow oil

Yield: 48%

TLC: Rf=0.50 (5:5/Cy:TBME), revealed by UV and KMnO4

'H NMR (CDCls, 400 MHz): § (ppm) 7.62 (A portion of AB, 2 H, Avag = 89.6 Hz,
Jas = 8.0 Hz, C°H), 7.39 (B portion of AB, 2 H, Avas = 89.6 Hz, Jas = 8.0 Hz, C’H), 3.71
(s, 3 H, C'H3), 3.69 (s, 2 H, C*H>)

13C NMR (CDCls, 125 MHz): § (ppm) 170.88 (C2), 139.33 (C%), 132.45 (C°), 130.29 (C%),
118.81 (C®), 111.29 (C7), 52.48 (C'), 41.16 (C3)

IR: 7 (cm™") 3000 (CA™—H), 2957 (CH:), 2919 (CHa), 2227 (C=N), 1726 (C=0), 1610 (CA=CA"),
1456 (CHs), 1441 (CHa), 1171 (C-O), 826 (CAH)

HRMS: m/z calculated for [M+H]" 176.0706, found 176.0703
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4. ADDITIONAL STRUCTURES

XRD and crystal structure of dimethyl 2-(4-cyanophenyl)malonate (14)

Buchwald’s dialkylbiaryl phosphine ligands

@ @ ® ® S
P(tBu), PCy2  ipr iPr P i-Pr
! MeO ! OMe O O
i-Pr i-Pr
JohnPhos SPhos XPhos tBuXPhos
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