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Abstract

This thesis explores the development of lactam inhibitors of the
enzyme FAAH (Fatty Acid Amide Hydrolase) using an interdisciplinary
approach that combines organic synthesis, pharmacology, and docking
studies. This project builds on the research of Marion Feledziak and
Josephine Caruano, where M. Feledziak identified the pB-lactam 35 as the
most effective inhibitor after the study of a series of B-lactams (lead) (Figure
1).[1-21 The main objective of this thesis is to better understand the
interactions between lactam compounds and FAAH in order to design more

effective inhibitors.

o)

Ao S0 D »p%Q
35

MW

o N
55 63 117
Figure 1: Lead compound (35), bicyclic f-lactam scaffold (55), diastereomer (S,S) (63) and

P-lactam with combined parameters (117).

The first investigations focused on bicyclic compounds to lock the syn
configuration and avoid the formation of anti products (see Figure 1).
However, pharmacological tests revealed that the bicyclic inhibitors were not
as effective as expected, suggesting the influence of other factors. Docking
studies confirmed a different interaction mode for the monolactam

compounds.

Another aspect of this project was the exploration of the (§,S)
diastereomer 63 of the lead compound, created by inverting the
configuration of the carbon bearing the ester (see Figure 1). The synthesis

yielded mixtures of the lead compound's stereoisomers. The evaluation of

xvii



ICso values for these mixtures, conducted as a preliminary measure,

suggested a low influence of the asymmetric centres on inhibition.

Additionally, the thesis examined the influence of the lactam ring size
on FAAH inhibition by considering y-lactams and 6-lactams. Unfortunately,
the synthesis of these derivatives could not be completed due to

prioritisation issues.

The pB-lactam 117, which combines two parameters studied
separately in the pharmacophore investigation, was synthesised and tested
(see Figure 1).[2:3] This compound showed the best in cellulo properties. A
docking study was also conducted to understand its mode of interaction with

FAAH.

This thesis underscores the importance of an interdisciplinary
approach. Docking studies guided the synthesis of new compounds and
explained the variations in efficacy observed during pharmacological tests,
while pharmacological results refined the docking models. This synergy
overcame complex challenges and opened new avenues for the development

of FAAH inhibitors.
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Résumé

Cette these explore le développement d'inhibiteurs lactamiques de
I'enzyme FAAH (Fatty Acid Amide Hydrolase) en utilisant une approche
interdisciplinaire combinant synthése organique, pharmacologie et études
de docking. Ce projet s’inscrit dans la continuité des recherches de Marion
Feledziak et Josephine Caruano, ou M. Feledziak a identifié le B-lactame 35
comme étant l'inhibiteur le plus efficace aprés I'étude d’'une série de B-
lactames (lead) (Figure 2).[1-2] L'objectif principal de cette thése est de mieux
comprendre les interactions entre les composés lactamiques et la FAAH afin

de concevoir des inhibiteurs plus efficaces.
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Ao Ao Lo 0
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55

35

o
63 117

Figure 2: Composé lead (35), Motif des f-lactames bicycliques (55), diastéréoisomére (S,S)

(63) et B-lactames avec les paramétres combinés (117).

Les premieres investigations ont porté sur les composés bicycliques
pour bloquer la configuration syn et éviter la formation de produits anti (voir
Figure 2). Cependant, les tests pharmacologiques ont révélé que les
inhibiteurs bicycliques n’étaient pas aussi efficaces qu’attendu, suggérant
I'influence d’autres facteurs. Les études de docking ont confirmé un mode

d’interaction différent des composés monolactames.

Un autre aspect de ce projet a été I'exploration du diastéréoisomere
63 (S,S) du lead, créé par inversion de la configuration du carbone portant
I'ester (voir Figure 2). La synthése a permis d'obtenir des mélanges de

stéréoisoméres du lead. L'évaluation des ICso de ces mélanges, réalisés a titre

Xix



indicatif, a suggéré une faible influence des centres asymétriques sur

I'inhibition.

De plus, la thése a examiné l'influence de la taille du cycle lactame sur
I'inhibition de la FAAH en considérant les y-lactames et les &-lactames.
Malheureusement, la synthese de ces dérivés n'a pas pu étre achevée en

raison de problémes de priorisation.

Le B-lactame 117, combinant deux parameétres étudiés séparément
lors de I'étude du pharmacophore, a été synthétisé et testé (voir Figure 2).[2-
31 Ce composé a montré les meilleures propriétés in cellulo. Une étude de
docking a également été réalisée pour comprendre son mode d'interaction

avec la FAAH.

Cette these souligne l'importance de l'approche interdisciplinaire.
Les études de docking ont guidé la synthése de nouveaux composés et
expliqué les variations d'efficacité observées lors des tests
pharmacologiques, tandis que les résultats pharmacologiques ont affiné les
modeéles de docking. Cette synergie a permis de surmonter des défis
complexes et d'ouvrir de nouvelles perspectives pour le développement

d’inhibiteurs de la FAAH.
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1.1 Exogenous cannabinoids

Since the 2nd century AD, cannabis has garnered interest for its
medicinal properties.[4] It was quickly observed that its consumption could
reduce pain,[5] provide an anti-inflammatory effect, and stimulate appetite.[¢]
Some accounts report its use dating back to 3000 BC.[¢] The main active
molecule responsible for these effects is A9-tetrahydrocannabinol 1 (A%
THC), a benzopyran derivative first isolated and characterised in 1964 by Y.
Gaoni and R. Mechoulam (Figure 3).[71 Although AS-THC has proven
therapeutic benefits, its use for medical purposes remains difficult and
controversial due to its psychotropic effects. These effects include mood
changes (euphoria), alterations in auditory and visual perceptions,
hallucinations, depersonalisation disorders, and loss of time perception.[8]
Nevertheless, A%-THC is still used in the treatment of some conditions, often

in the absence of effective alternatives.

Figure 3: A%-tetrahydrocannabinol (A%-THC) 1.

It is important to note that, although A%-THC is the main molecule
responsible for the activity of cannabis, the plant contains about 140
cannabinoids.l?l Most of these compounds do not have psychotropic effects.
Cannabidiol 2 (CBD) is the most well-known among them,[10] but others such
as cannabinol 3 (CBN) and cannabichromene 4 (CBC) also deserve mention
(Figure 4). However, their mechanisms of action and pharmacological effects

are still not well understood.[11-12]
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2 3 4
Figure 4: Cannabidiol (CBD) 2, cannabinol (CBN) 3, Cannabichromene (CBC) 4.

1.2 Cannabinoid receptors

The study of A%-THC’s mechanism of action revealed the existence of
a system called the endocannabinoid system, where A9%-THC acts as an
exogenous agonist and that comprises specific receptors, endogenous
ligands (the endocannabinoids) and the associated enzymes responsible for

their synthesis and degradation.

The main receptors of the endocannabinoid system are two G
protein-coupled receptors named CB1 and CB2 cannabinoid receptors. These
receptors have been isolated and their crystal structures elucidated.[13]
Although CB1 and CB2 receptors are part of the same system and share many
endogenous ligands, they only have 48% structural similarity,[14-15] reaching
68% when considering only the transmembrane segment sequence.[l6]
Moreover, these receptors are not located in the same areas of the body, or at

least not in the same proportions.

The CB1 receptors, named so because they were discovered first in
1988, are highly expressed in the central nervous system (CNS) and play a
role in pain modulation and transmission.[l7] They are also responsible for
the psychotropic effects of A%-THC.[18] The CB2 receptors, discovered in 1993,
are mainly found in peripheral tissues, particularly the spleen and immune
system cells.[1%] They are involved in immune response and inflammation

regulation. [20]
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Being G protein-coupled receptors, CB1 and CB2 participate in signal
transduction (Figure 5). They are mainly coupled to GO/i and therefore
inhibit adenylate cyclase (AC) activity, which converts ATP into cyclic AMP, a
crucial messenger for intracellular information transfer. Additionally,
endocannabinoid receptors activate Mitogen-Activated Protein Kinases
(MAPK), protein kinases that regulate numerous cell functions including cell
differentiation and proliferation, as well as cell survival. Finally, CB1 and CB2
receptors cause cellular inhibition, but only CB1 can inhibit Ca2+ and K+

channels. [1.21]

Presynaptic Neuron

GABA or Glutamate

L] (]

A

Postsynaptic Neuron

Figure 5: Simplified overview of signal transduction mechanisms for the CB1 Receptor.

From [22],

Given the numerous beneficial effects associated with the activation
of CB1 and/or CB2 receptors, the design and synthesis of new ligands for
these receptors have been the subject of extensive research in medicinal
chemistry.[231 However, most developed CB1 agonists have shown

undesirable psychoactive effects due to CB1 activation in the central nervous
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system.[24] Furthermore, the development of such drugs is complicated by the
complexity of endocannabinoid system signalling and the unfavourable
pharmacokinetic properties of ligands targeting CB receptors, which are
highly lipophilic.[25] Nevertheless, the FDA has approved two cannabinoids:
A%-THC 1 (Marinol®) and nabilone 5 (Cesamet®), often used as a last resort
to treat nausea and vomiting in chemotherapy patients,[2¢] and, in the case of
A%-THC, to stimulate appetite in HIV patients (Figure 6).27] It is worth
mentioning that there are also antagonist ligands for CB1 receptors (notably
rimonabant), as well as ligands specific to CB2 receptors. The latter are
numerous and have shown promising preclinical results. However, they will

not be discussed in this manuscript.

Figure 6: A9-THC (Marinol®) 1 and nabilone (Cesamet®) 5. Nabilone is composed of a

racemate of the two trans isomers.

1.3 Endogenous ligands

In addition to exogenous ligands, CB1 and CB2 bind and are activated
by endogenous ligands, namely the endocannabinoids. The two main
endocannabinoids  contain an  arachidonic acid motif: N-
arachidonoylethanolamine 6 (anandamide, AEA) and 2-arachidonoylglycerol
7 (2-AG) (Figure 7).128] These endogenous ligands were discovered after the
identification of cannabinoid receptors, which were initially known to bind
cannabinoids without identified endogenous ligands.[?5] Anandamide was
isolated in 1992 from porcine brains,[291 while 2-AG was isolated in 1995
from canine intestinal tissues.[301 Other endogenous ligands such as 2-

arachidonoyl-glyceryl-ether 8 and O-arachidonoylethanolamine 9 have been
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identified, but their physiological importance still needs further

clarification.[31]

DS MR- W oS e
_ _ H 0
6, AEA 7, 2-AG
OH 0
— — LOH — — O/\/NH2
(0]
8 9

Figure 7: arachidonoylethanolamine (anandamide, AEA) 6, 2-arachidonoylglycerol (2-AG)
7, 2-arachidonoyl-glyceryl-ether 8 and O-arachidonoyl-ethanolamine 9.

The median effective concentration (ECso) of anandamide and 2-
arachidonoylglycerol is lower for CB1 than for CB2 (Table 1), indicating that
these two ligands have a higher affinity for CB1 receptors.[32-341 In contrast,
A9-THC shows a lower ECsg for CB2 than for CB1. Nonetheless, A-THC has a
higher affinity for cannabinoid receptors than the endogenous ligands. While
these values are assay-dependent, they give an idea of the affinity of the

molecules for the cannabinoid receptors.

Table 1: ECso values for AEA (6), 2-AG (7), and A°THC (1) for CB1 and CB2.132-34

Agonist ECso (CB1) ECso (CB2)
AEA (6) 61-89nM 260-3710M
2-AG (7) 58 nM 120 - 145 M
A9THC (1) 37 nM 20 nM

It is important to note that these agonists do not interact with the
receptors in the same manner. AEA is a partial agonist for CB1 and a weak
agonist for CB2, while 2-AG binds strongly to both CB1 and CB2, showing

much higher maximal efficacy compared to AEA.[32-34]
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The interaction of endogenous ligands with CB1 and CB2 produces
therapeutic effects without the psychotropic effects associated with A9-THC
(with the exception of 2-AG, where a significant increase in the CNS
(following MAGL inhibition) leads to hypo-locomotion in mice, indicating
"psychotropic” effects). Although both A%-THC and anandamide (AEA) are
agonists of CB1 receptors, A%-THC has a greater affinity for this receptor. This
adds to the fact that AEA is a partial agonist and could explain the
psychoactivity of A%-THC. However, the therapeutic use of endogenous

agonists is limited by their metabolism (see section 1.4).

In addition to these endogenous ligands, other bioactive lipids
deserve mention, such as palmitoylethanolamide 10 (PEA),
oleoylethanolamide 11 (OEA), and stearoylethanolamide 12 (SEA) (Figure
8).351 These N-acylethanolamines, contrary to AEA, do not bind to
cannabinoid receptors and are not considered endocannabinoid ligands.[3¢-
371 However, they share common characteristics with the endocannabinoid
AEA, such as biosynthesis, release, and regulation.[38] These lipids create a so-
called “entourage effect” and can prolong the effects of endocannabinoids
(more specifically anandamide) by delaying their degradation, occupying the
common enzymatic cavities of endocannabinoids during their own

degradation.[3]

(0]
H

12, SEA
Figure 8: palmitoylethanolamide (PEA) 10, oleoylethanolamide (OEA) 11 and
stearoylethanolamide (SEA) 12.
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1.4 Metabolic pathways of the N-acylethanolamines

1.4.1 Introduction

Following the discovery of endogenous ligands, research has focused
on the biosynthesis and degradation of these ligands by enzymes. In this

project, we will focus on degradation.

The agonists of the CB1 and CB2 receptors are produced in an
activity-dependent manner from phospholipid precursors present in the cell,
and their degradation is controlled by a series of lipases that catalyse their
hydrolysis. The endocannabinoids are suggested to be released outside the
cell via Endocannabinoid Membrane Transporters (EMT) (see Figure 9).[1.40]
These EMT, that remain to be molecularly characterised, seem to facilitate the
bidirectional transport of the endogenous ligands, as the enzymes
responsible for the hydrolysis of 2-AG and AEA are located inside the cell,

thereby terminating signal transduction.[41]

The primary enzymes responsible for the degradation of
endocannabinoid molecules are Fatty Acid Amide Hydrolase (FAAH) and
Monoacylglycerol Lipase (MAGL). AEA is mainly hydrolysed by FAAH, leading
to the formation of arachidonic acid and ethanolamine (see Figure 9). In
contrast, 2-AG is degraded by MAGL into arachidonic acid and glycerol.[1] It is
also worth noting that other enzymes can degrade these endocannabinoids.
For instance, NAAA can hydrolyse NAE’s,[#2l and ABHD6 can hydrolyse 2-
AG.[*31 While several studies have shown the interest of inhibiting these four
enzymes (i.e. FAAH and NAAA as well as MAGL and ABHD®6) to increase the
endocannabinoid levels, the focus of the project was on developing FAAH
inhibitors, thus in the following sections we will essentially focus on this

enzyme and its inhibitors
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Figure 9: Simplified view of the endocannabinoid system. The diagram includes the two
major endocannabinoids, anandamide (AEA) and 2-arachidonoylglycerol (2-AG), as well as
their main degradation pathway. Endocannabinoid Membrane Transporter (EMT), G
Protein-coupled Receptor 55 (GPR55), Transient Receptor Potential cation channel
subfamily V member 1 (TRPV1), Peroxisome Proliferator-Activated Receptor (PPAR). From
1],

1.4.2 Fatty Acid Amide Hydrolase (FAAH)

FAAH is an entirely intracellular enzyme, expressed in a wide variety
of tissues.[28 441 However, its distribution varies among species. In rats, FAAH
is primarily found in the liver, small intestine, brain, testes, uterus, kidneys,
and spleen, but not in the heart and skeletal muscles.[5-46] In contrast, in
humans, FAAH is predominantly present in the pancreas, brain, kidneys,
skeletal muscles, and placenta, but less so in the liver.[47] The structure of rat
FAAH (rFAAH) was first resolved in 2002 by Cravatt et al. with a resolution of
2.8 A by reacting rFAAH with Methyl Arachidonoyl Fluorophosphate

10
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(MAFP).[#8] It was shown that the crystal structure of rTFAAH complexed with
MAFP forms a dimer (Figure 10a).[*8] Analysis of the 3D structure also
revealed the presence of two lipophilic channels: the acyl chain binding
channel (ACB) which allows access to the catalytic triad from the membrane
surface, and the cytoplasmic access channel (CA) which is in contact with the
solvent and allows the evacuation of hydrolysis products from the enzyme
(Figure 10b).[25] This latter channel could also allow the entry of water
molecules into the catalytic pocket.[25] It is important to note that the 3D
structure of human FAAH has not yet been determined by X-ray

diffraction.[49]

11
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(b)
Figure 10: (a) Dimeric structure of rFAAH complexed with MAFF, from [48]; (b)
Representation of the catalytic pocket showing the catalytic triad as well as the ACB and AC
channels; (c) Catalytic triad of rFAAH, from [50].

FAAH is a membrane-bound enzyme (see Figure 10a) and is a serine
hydrolase. Its catalytic triad is composed of Serz41-Serz17-Lysi42 (see Figure
10c), enabling it to hydrolyse a wide range of bioactive lipids, including the
NAE family, although it is primarily described as an enzyme degrading
AEA.[19]

Once the substrate reaches the enzyme's catalytic centre, it interacts
with it, allowing the degradation of anandamide. In 2008, Seierstad et al.
proposed a mechanism for the hydrolysis of AEA by FAAH (Scheme 1).[51]
First, the nucleophilic character of Serz41 is activated by a network of H-bonds
with Ser;17, which in turn forms H-bonds with Lysi42. The alcohol of Serzs1
then adds onto the carbonyl of anandamide, forming a tetrahedral
intermediate (step 1). A subsequent elimination step produces ethanolamine
and forms an acyl-enzyme linkage with Serzs1 (step 2). The presence of a
water molecule allows the hydrolysis of this acyl-enzyme bond via the
formation of a new tetrahedral intermediate (step 3), followed by the

elimination of arachidonic acid and the recovery of the intact catalytic triad,

12
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ready for another enzymatic cycle (step 4).[251 Through this process, the
concentration of anandamide (and other NAE’s) is rapidly regulated in the

body.[52]
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Scheme 1 : Enzymatic cycle for the hydrolysis of anandamide, inspired by [25].

1.5 FAAH inhibitors

1.5.1 Introduction

As previously mentioned, anandamide (AEA) 6 is a preferred
substrate for FAAH. This enzyme readily degrades anandamide (and other
NAESs) to regulate its concentration in the body. However, AEA has interesting
therapeutic effects (analgesic, anti-inflammatory, reduction of anxiety and
depression, stimulation of appetite and sleep).[53-55] Therefore, developing an
effective FAAH inhibitor would allow for the control and increase of

anandamide concentration.[56-57]

13
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There are two types of inhibitors: reversible and irreversible.
Reversible inhibitors can interact with their target via non-covalent
interactions or by forming covalent bonds with an amino acid residue, where
the acyl-enzyme bond can be broken, allowing the enzyme to regenerate
intact.[58] Conversely, irreversible inhibitors form permanent covalent bonds
with FAAH, preventing the enzyme from returning to its initial state and
rendering it permanently inactive, hence their designation as "suicide

inhibitors".[56]

There are also two generations of inhibitors. Sections 1.5.2 and 1.5.3
will describe these two generations, presenting a few non-exhaustive
examples of molecules to illustrate the main characteristics of these

inhibitors.
1.5.2 First-generation inhibitors

First-generation inhibitors are characterised by their extremely
electrophilic functions, which allow them to interact effectively with the
catalytic triad, rendering them irreversible. The first inhibitor of this family,
is phenylmethylsulfonyl fluoride (PMSF, 13), belonging to the sulfonyl family
(Table 2, entry 1).591 Molecule 13 has an interesting ICso of 13 pM.[60]
However, it lacks selectivity, as it also inhibits proteases.[61] Following this
discovery, new inhibitors were developed. These inhibitors possess a motif
similar to that of endogenous ligands, with an electrophilic function that
allows for very effective interaction with the catalytic triad. Among this
generation of inhibitors, several families stand out: fluorosulfonates like
arachidonylsulfonyl fluoride 14 (ICso of 0.1 nM)62l (entry 2),
fluorophosphonates such as methoxy arachidonyl fluorophosphonate 15
(MAFP, used for the X-ray resolution of FAAH) with an ICs of 1-3 nMI[62] (entry
3), and trifluoromethyl ketones as illustrated by arachidonyl trifluoromethyl

ketone 16 with an ICso of 7.5 uM (entry 4).[51]

14
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Table 2: Examples of first-generation inhibitors.

Entry Name Structure ICso

2
henylmethylsulfonyl S-
1160 phenyimeriyistitiony @ F 13 uM

fluoride (PMSF)

13
. T st
arachidonylsulfonyl S0
2162] Y y — — F 0.1 nM
fluoride
14
o}
arachidonyl - - |lp”\o _
3l62] fluorophosphonate — — F 1-3nM
(MAFP) 15
—_— CFs3
arachidonyl — —
4[51] Y o 7.5 uM
trifluoromethyl ketone
16

However, these molecules are not the best candidates for the
development of therapeutic inhibitors. Indeed, these inhibitors are highly
reactive and lack selectivity, mainly due to the alkyl chain that increases
affinity for other enzymes regulating endocannabinoid ligands (see section
1.4.1).1631 Additionally, these molecules have low water solubility, high
plasma protein binding, and can accumulate in adipose tissues, which is not

favourable from a biopharmaceutical perspective.[25]

Nevertheless, their study remains interesting as it has provided
essential information for the development of new (second-generation)
inhibitors, namely:

1. The efficacy of the inhibitor is mainly due to the electrophilicity

of the electrophilic centre;

2. The presence of hydrogen bond acceptor groups on the inhibitor

allows for favourable interactions with the enzyme;

15
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3. The nature of the lipophilic group on the molecule has little

impact on inhibition.[25]
1.5.3 Second-generation inhibitors

A second class of inhibitors was developed based on the lessons
learned from first-generation inhibitors. It includes various chemical
functions, with the main families being a-ketoheterocycles, carbamates, and

ureas.

Regarding a-ketoheterocycles, these are reversible covalent
inhibitors.[21] One molecule in this family, molecule 17, has an oxazolpyridine
as a heterocycle and exhibits an ICsg of 4.7 nM (Table 3, entry 1).[64] This low
value is thought to be due to the ability of the pyridine to deplete electrons
from the carbonyl of the ligand, thus facilitating the attack by Serza1.[65]
Additionally, this molecule appears to be highly selective for FAAH and
produces analgesic effects in vivo. Another molecule in the family (18),
patented by Janssens Pharmaceuticals, has a particularly interesting ICso of

0.4 nM (entry 2).[51]

Table 3: Examples of a-ketoheterocycle-based inhibitors.

Entry Structure ICso
(0]
1064] — N 4.7 nM
N
17,0L-135
(0] N /\©/O\©
2[51] ° 0.4 nM
| .
W n
18

Some carbamates, such as compound 19, are also good inhibitors.

The molecule was initially tested as an acetylcholinesterase inhibitor but was

16
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found to be a FAAH inhibitor with an ICso above 30 uM (Table 4, entry 1).[66]
Other carbamates were then developed to lower the ICso values. These
carbamates are irreversible (or slowly reversible) inhibitors of FAAH.[67-68]
URB-597 (20) is the lead compound of this family and has an ICso of 4.6 nM
(entry 2).169]

Table 4: Examples of carbamate-based inhibitors.

Entry Structure ICso
o)
A
H

11661 >30 uM
19
HoN O o N
2!
bl
2169] i O 5 4.6 nM

20, URB-597

Some ureas also have the ability to inhibit FAAH. This family of
irreversible inhibitors uses the urea carbonyl as an electrophile during the
attack by Serz41.[561 One of the first active compounds in this family, developed
by Lilly Laboratories (21), showed analgesic properties in vivo, although it
lacked selectivity (Table 5, entry 1).20. 701 Other examples include
compounds developed by Janssen-Takeda (22)[71] and Pfizer (23)172] (entries
2 and 3).
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Table 5: Examples of urea-based inhibitors.

Entry Structure ICso

N-N g
N |

‘N
1120] 12.4 nM

/
21,1Y-2183240

2071] STNTY 1uM
L_N_N
e
(0] N
22

N~y )
2 LUNCN
T @ 33 nM

23, PF-622

3[72]

Other structural classes show good activity against FAAH
occasionally. For example, some boronic acid derivatives, such as 24, which
has an ICsp of 9.1 nM and appears to be reversible inhibitor (Table 6, entry
1).[731 Additionally, arylheterocycles such as 25 (ICso of 11 nM) are selective
non-covalent inhibitors.[74] Benzothiazole derivatives like 26 (ICso of 18 nM),
discovered by HTS are selective for FAAH.[75] Pyrimidine derivatives like 27
(ICso of 1 nM) are non-covalent inhibitor.[76-77] This list is not exhaustive but

demonstrates the wide variety of chemical functions that can inhibit FAAH.
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Table 6: Other examples of inhibitors.

Entry Structure ICso
O
B-oH
173 /\/\/\/\/@ 9.1nM
24
OH
/N
N
ow@s =
=N )=
N
2074] O 11nM
F
25, MK-4409
\@S o
/>—< >*NH T
31751 " O}’_CN_(%@ 18 nM
26
\/O
cl A
77 |
4177) I J\(j 1nM
27

Despite the myriad of molecules capable of inhibiting FAAH, it is

pertinent to continue discovering new inhibitors and understanding their

mechanisms, as no FAAH inhibitor is yet commercially available as a drug. An

example illustrating the need for continued research is the 2016 incident

when phase I trials were conducted by BIAL laboratories on the molecule

BIA10-2474 (28) (Figure 11).[78] Developed to treat neuropathic pain, this

molecule caused hospitalisation of patients receiving the highest dose (50

mg), with one patient in a state of brain death and others suffering from

irreversible brain damage (headaches, consciousness disorders, memory

disorders...). One of the hypotheses explaining this failure is the potentially

poor selectivity of the molecule for FAAH in humans, binding to other serine
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hydrolases in the brain. Another hypothesis is linked to the pharmacokinetics
of 28, causing in situ toxicity to cells involved in blood-brain barrier
exchanges. It is important to note that the issues associated with the

molecule BIA10-2474 are not directly related to FAAH inhibition.

\
N NO
0 AN
\
Figure 11: BIA10-2474 (28).

[t is worth noting, however, that the case of BIAL10-2474 remains an
isolated incident, unlike other clinical trials that did not lead to such dramatic
outcomes. For instance, the molecule PF-0445785, tested in a phase I study
in Singapore in 2009, showed promise for treating cannabis withdrawal and
dependence in men.[79] Similarly, the molecule JNJ-42165279, whose phase |
trials took place in Merksem (Belgium) in 2011, was investigated for treating

autism-related symptoms, though its efficacy proved limited.[80]
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2.1 Introduction

Our laboratory focuses on B-lactams as FAAH inhibitors. These
studies began in 2006 in the group of Professor J. Marchand-Brynaert, in
collaboration with Professors D. Lambert and G. Muccioli. A. Urbach, as part
of his thesis, discovered that some [-lactam derivatives exhibited an
inhibitory activity towards FAAH (Figure 12).1811 Originally, these molecules
were investigated in the context of serine protease inhibition. However, it was
found that they also possessed moderate activity against FAAH. Among the
tested compounds, several drew particular attention, notably molecules 29
(IC50=21.9 uM), 30 (ICs0 = 4.5 pM), and 31 (ICso = 98 nM). Indeed, in addition
to their good activity, it was also demonstrated that these molecules
exhibited good selectivity for FAAH compared to MAGL, with respective ICso
values for 29, 30, and 31 of 817 uM, 657 uM, and 23.3 uM. In 2009, following
this discovery, M. Feledziak began exploring this family of 3-lactams as FAAH

inhibitors as part of her thesis.[1l

29 30 31
Figure 12 : 29: ICso(FAAH) = 21.9 uM; ICso(MAGL) = 817 uM, 30: ICso(FAAH) = 4.5 uM;
ICs0(MAGL) = 657 uM and 31: ICso(FAAH) = 98 nM; ICso(MAGL) = 23.3 M.

2.2 Synthesis and structure - activity relationship

A series of 30 derivatives was prepared from commercially available
acetoxy-azetidinone 32 (Figure 13).[821 The I1Cs0 was determined for each of
these molecules and the most active compounds were used for a docking
study (see section 2.4). Pharmacological tests were conducted on

recombinant hFAAH.
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OTBDMS
2 OAc

5.3 4
;J/:NH
o] 1
Figure 13 :Commercially available acetoxy-azetidinone 32 used for the synthesis of the

azetidinone derivatives.

Analysis of the results indicates that inhibition of enzymatic activity
is improved when positions C5-0 and N1 are acylated by groups featuring a
lipophilic chain (Table 7). Additionally, the absence of an acetate in position
4, replaced by a hydrogen, also promotes increased inhibition activity. This
study led to the identification of a lead compound (35) with an ICsp value
around 5 nM, which is 900 times lower than that of the initial hit discovered
(30). It is also pertinent to note that this lead compound 35 demonstrates
good selectivity for FAAH compared to MAGL, with a variation by a factor of
800.
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Table 7 : ICs0o hFAAH for synthesized azetidinone derivatives. From (821, only derivatives
with data are shown in this table.

- o& ] 0 o) O
/(J;N(Rw /’ Ef@ /,J;‘ /;)

o}
33 34 35 36
Compound R! n R2 m R3 ICso % ICso
hFAAH2 inhibition hMAGLa
(MAGL)b
33a OAc 2 Ph 223.6 48
33b OAc 3 Ph 182.8 61
33c OAc 2 CH=CH: 537.0 16
33d H 2 Ph 408.7 8
33e H 2 CH=CH: 7.9 89 (8)
34a OAc 2 Ph 2 Ph 2.02 100 (0)
34b OAc 2 Ph 3 Ph 0.96 100 (0)
34c OAc 2 Ph 1 biPh 0.826 66
34d OAc 3 Ph 2 Ph 5.12 100 (0)
34e OAc 3 Ph 3 Ph 3.12 100 (0)
34f OAc 3 Ph 1 biPh 0.708 100 (0)
34g OAc 2 CH=CH:z 2 CH=CH: 1.9 99 (33) 133
34h H 2 Ph 2 Ph 0.157 100 (0)
34i H 2 Ph 3 Ph 0.049 100 (0)
34j H 2 Ph 4 Ph 0.091 100 (0)
34k H 2 Ph 1 biPh 0.050 31
341 H 3 Ph 2 Ph 0.057 54
34m H 3 Ph 3 Ph 0.030 100 (0)
34n H 3 Ph 4 Ph 0.045 59
340 H 3 Ph 1 biPh 0.032 0
34p H 4 Ph 3 Ph 0.449 39
34q H 4 Ph 1 biPh 0.236 25
35 H 2 CH=CH: 3 Ph 0.005 89 4.06
34r H 2 CH=CH: 1 biPh 0.012 91 1.84
34s H 2 CH=CHz 2 CH=CHz2 0.098 99 23.3
34t H 2 CH=CHz 3 CH=CH2 0.032 8 4.72
34u H 3 CH=CHz2 3 Ph 0.010 85 8.51
34v H 3 CH=CH2 1 biPh 0.014 67 15.6
36 H 1 biPh 6.5 16
a [Cso in M. b Percentage of inhibition at 10-4M, in brackets: percentage of inhibition at 10-
6M.

The lead compound 35 identified from this B-lactam family exhibits
an ICsp of 5.2 nM. It shows a median inhibitory capacity similar to the most
well-known FAAH inhibitors: boronic acids (24),[73] carbamates (20),[83]
ureas (37, 38, 39),831 and pyrimidines (40)I83] (Figure 14). Following the
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identification of this lead compound, pharmacological studies were

conducted.

0} O
OH
B C\NJ\O
A/\/\/\Q/ o "

H,N” 0
24,1Cs50=9.1 nM 20, URB-597,1Cs0 = 4.6 nM
. O 8
B neVeVenn
| H
N (@)

37, PF-750,1Cso = 33 nM 38, PF-3845, 1Cs0 = 230 nM
o N NZON
F3C N NJ\NJ\J /@A)LN/YQ
\(Nj\o/E)\fQ " ~s " om
39, PF-04457845,1Cs0 = 7.2 nM 40, 1Cs0 = 1.3 nM

Figure 14 : Examples of FAAH inhibitors exhibiting a similar ICso of the lead 35.

From a synthetic perspective, the lead compound which was
identified, 35, can be prepared in five steps from commercially available
acetoxy-azetidinone 32 (Scheme 2).182] [nitially, the acetate group of 32 is
substituted with a thiophenolate to yield 41. Subsequently, the thiophenolate
group is abstracted to obtain 42, thus allowing a two-step reduction from 32.
Compound 42 is then N-acylated with pent-4-enoyl chloride, leading to 43,
from which the oxygen is subsequently deprotected to form alcohol 44.
Finally, this alcohol can be esterified with 4-phenylbutanoyl chloride to
produce the lead compound 35 in 5 steps, with an overall yield of 54%.
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OTBDMS OTBDMS OTBDMS
I oAc PhsNa,DIPEA _J ~ sph  AIBN, TTMSS

Er —_— Er _— -
NH DMF, R.T., 4h NH Toluene, reflux, 24h NH
(o} (0] (0]

42

32 95% M 84%

pent-4-enoyl chloride,
pyridine
DCM, reflux, 24h
95%

[} . 0] OTBDMS
/, 4-phenylbutanoyl chloride /, /,
HCI, AcOH

pyridine

-
);l‘\l DCM, RT, 15h /l/j"\l ACN, -5°C to RT., 3h /J;‘\l
o o o
Z/\/\ 84% 37/\/\ 85% M

35 44 43

Scheme 2 : Synthesis pathway of lead compound 35r(82,

A structure-activity relationship (SAR) study was undertaken to
identify the pharmacophore. Since the lead (35) contains multiple carbonyl
moieties, the importance of these groups in the activity was evaluated.[3! To
do this, analogues of the lead (35) were synthesised and their I1Cso measured
after removal of one or more carbonyl functions (Figure 15). Obtained
results reveal firstly that the lead compound (35) remains the most active
molecule. Moreover, compound 45 shows similar activity, suggesting that the
carbonyl of the ester function does not influence inhibition and likely does
not participate in the nucleophilic attack of Serz41. However, when one of the
other two carbonyls is absent (imide carbonyls), the ICso increases
considerably, suggesting their involvement in the interaction with FAAH.
Additionally, the comparison between molecules 46 and 47 shows greater
inhibition when the carbonyl is located on the ring (endocyclic carbonyl). It
is also noted that the analogue with only the endocyclic carbonyl absent
could not be synthesised or tested. However, studying the other structures

still allows significant trends to be identified.
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49, 1Cso > 1000 uM

Figure 15 : ICso values for the lead and its derivatives: 35, 45, 46, 47, 48 and 49.3]

2.3 Mode of inhibition

Studies were conducted to determine whether -lactams 34 and 35
act as reversible or irreversible inhibitors. Several modes of action can
indeed be envisaged for these 3-lactam compounds. Firstly, the inhibitor may
form a stable acyl-enzyme bond with FAAH, leading to irreversible inhibition.
It is noteworthy that $-lactams are known as irreversible inhibitors of serine
hydrolases such as [-lactamases(84 or DD-peptidases(®] via such
interactions. Several other scenarios may, on the contrary, lead to a reversible
inhibition. Indeed, the B-lactam could form an acyl-enzyme bond that would
then be hydrolysed to regenerate the intact and functional enzyme. The (3-
lactam carbonyl could also react with FAAH to form a tetrahedral
intermediate but not subsequent ring-opening of the -lactam ring, thus
allowing reversal and reformation of the $-lactam and enzyme. Finally, the
inhibitor could not to form any covalent bond with FAAH and interact with
the catalytic site via non-covalent interactions. These modes of action would

also lead to reversible inhibition.[3]

To establish the mode of action of B-lactams 34 and 35, M. Feledziak
tried to determine whether inhibition is reversible or not. To do this,

measurements of FAAH activity recovery after a large and dilution of the
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inhibitor-enzyme solution were carried out.821 This dilution operation
enables to rapidly lower the inhibitor concentration. If inhibition is
reversible, the enzyme activity will be almost completely recovered, whereas
in the opposite case, FAAH activity will remain low. This experiment was
carried out with references URB-597[67]1 (20) and methyl arachidonoyl
fluorophosphonatel62] (MAFP, 15), known to be irreversible inhibitors by
forming a stable acyl-enzyme bond with FAAH, as well as with CAY-10402(8¢]
(50), known to be a reversible inhibitor (Figure 16). This experiment was
conducted with the B-lactams 35 and 34t. The results show that enzyme
activity is recovered a few minutes after dilution, suggesting reversible
inhibition of FAAH (Figure 17).1821 To differentiate the three mechanisms

leading to reversible inhibition, HPLC studies were then undertaken.

o

Q”i(’ oo
H,N" 0

20, URB-597,1Cs0 = 4.6 nM 15, MAFP, ICso = 1-3 nMle2]
0] (0]
0 A0 RN
o N
|
=N

(0] (0]
T T
50, CAY-10402, 1Cso = 1.1 nMI87] 35, lead, ICs0 = 5.2 nM 34t,1Cs0 = 32 nM

O-T

og]/\/\ og,/\/\

Figure 16: molecules used for rapid dilution experiment. References: 20 (URB-597), 15
(MAFP), 50 (CAY-10402. S-lactams tested: 35 and 34t.
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Figure 17:Test of reversibility (influence of a rapid and large dilution on the recovery of

hFAAH activity) for 15 (MAFP), 20 (URB-597), 50 (CAY-10402), 35, 34t. From [¢2]

In order to deepen the understanding of the mechanism of action of
B-lactams on FAAH, especially to determine if the -lactam ring is opened by
the enzyme, an HPLC-MS study was undertaken after an inhibition test.[3]
Indeed, mass spectrometry could allow for the detection of a potential ring
opening. A first experiment was conducted on a mixture composed of
anandamide, liver homogenate (as source of FAAH), and the f-lactam
inhibitor 45. The results indicate that the (3-lactam ring was indeed opened
(Figure 18). This suggests that the ring opening could be due to FAAH or
other hydrolases present in the homogenate. The experiment was repeated
by adding URB-597 (20), a non-selective irreversible reference inhibitor, to
the medium. It was observed that in the presence of URB-597, the B-lactam
ring was not opened. Finally, a last experiment involved replacing URB-597
with PF-750 (37), a highly selective irreversible inhibitor of FAAH. In this
case, the 3-lactam was predominantly observed in its open form, suggesting
that it is other hydrolases that cleave the -lactam ring. These experiments,
combined with reversibility tests (by rapid dilution),821 lead to the
conclusion that 3-lactams are degraded by hydrolases but not by FAAH. To
confirm these results, the same set of three experiments (without another

inhibitor, in the presence of URB-597, and in the presence of PF-750) was
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performed using recombinant hFAAH. In all three cases, 3-lactam 45 was not
degraded. This suggests that the mode of action of these inhibitors on FAAH
does not rely on the opening of the (-lactam core, unlike the mechanism
involved in the inhibition of penicillin binding proteins (PBPs) by 3-lactams.
This result is interesting as it is consistent with the reversible mode of action

suggested by rapid dilution tests.

JF%© O IO
S Ng]/\/\ OJ/:‘\‘H OH HNM

45 51 52
Figure 18: Structures of the compounds detected by HPLC/MS analysis of 45 and native (or

denatured) hFAAH or liver homogenate. From [31,

2.4 Docking studies

To better understand the mechanism of FAAH inhibition by B-lactams
34 and 35 and their interactions with the enzyme cavity, a molecular
modelling (docking) study was undertaken in collaboration with the team of
Prof. C. Michaux (UNamur). As the 3D structure of hFAAH has not yet been
determined by X-ray diffraction analysis, the structure published for a
“humanised” rat FAAH (h/rFAAH) was used.[88] Initial studies revealed the
importance of having one or two water molecules near the catalytic triad in
the inhibitor/enzyme complex.[8% The developed models helped to identify
new binding modes of the inhibitors. In particular, it was observed that the
phenyl group of the lead 35 fits into a pocket composed of three
phenylalanine residues (Phesss, Phessi, Phe1g2), called the "phenyl pocket”
(Figure 19). The methyl group was also observed to reside in a hydrophobic
pocket of the enzyme cavity. As for the carbonyl functions of the imide, their
conjugation with the free pair of nitrogen (which is planar) constrains them
to be in the same plane, but two conformations are nevertheless possible: the

two groups can be in syn or anti, Docking suggest that the syn conformation
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is favoured in the catalytic pocket as it allows for stabilisation through
hydrogen bonding between the two carbonyls and the serine and threonine

residues of the catalytic triad.[88]

Lys142
~ ASeI217 )
\ Ser241>3
© ( |
is,
) @
9 SN
/ =
\\
\, Phe192 ){
N
Phe381
Phenyl
pocket

Figure 19: Docking study conducted on the lead compound 35. Hydrogens are not shown
for clarity. Amino acids are depicted in turquoise, and the lead compound in white. From

[49],

Anti conformer is however inherently more stable than the syn form
in solution, with a calculated AG of 2.5 kcal/mol for 35 (Scheme 3). It was
thus reasoned that this equilibrium could have a negative impact on the

inhibitors' activity.

(o)

¢ 0%
o% .
AG = 2.5 kcal/mol
o g/\/\
X\

35 syn 35 anti

Scheme 3: Calculated equilibrium between syn and anti conformations of the lead

compound 35 (B3LYP-D3/6-31+G*(CHzClz)).
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2.5 Continuation of the structure-activity

relationship study

Based on the promising results from docking and the experimental
results obtained up to that point, Joséphine Caruano continued the study of

the lead as an FAAH inhibitor in our laboratory (2012-2017).

Initially, considering the docking findings, the lead without the
methyl group 53 was synthesised to assess the importance of the methyl and
the asymmetric nature of the carbon bearing this methyl. Compound 53 was
produced as a racemic mixture, and the two enantiomers were separated by
chiral HPLC, although without being able to assign each fraction to a specific
enantiomer.2] The three compounds (the racemic mixture and each
enantiomer) were subjected to pharmacological testing. As reported in Table
8, the racemic mixture and one of the enantiomers show practically identical
activity, while the other compound is inactive. These results suggest that the
activity of the racemic mixture is likely solely due to the active enantiomer

(Figure 20).02]

Table 8: ICso values of 53 (lead without

the methyl) and its enantiomers.[2] 150

Enantiomer 1

o
=3

%

z

Activity (% of control)
g

-o- Enantiomer 2

53 0

O S s x4
Compound ICso oglinhibitor] (M)

Rac-53 10.3 uM Figure 20: Inhibition curves of lead 35
Enantiomer 1 (53)  12.7 uM (black), racemic mixture of 53(blue),
Enantiomer 2 (53) > 100 uM enantiomer 1 of 53 (red), and enantiomer 2

Lead (35) 4.2 nM of 53 (green).2]
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Subsequently, the lead without the terminal double bond (54) was
prepared to assess the impact of this unsaturation on the efficacy of
inhibition. With an ICso of 8.0 nM, it appears that this double bond is not

essential (Table 9).12]

Table 9: ICso values of 54 (Lead with the double bond reduced).2]

54 35

Compound ICso
54 8.0 nM
Lead (35) 4.2 nM

Taken together, the works briefly summarised above establish the
foundation of this project, the objectives and strategies of which will be

detailed in the following chapter.
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OBJECTIVES AND STRATEGIES

In the previous chapter, we presented the results obtained earlier
regarding the synthesis and pharmacological evaluation of B-lactams as
FAAH inhibitors. This chapter aims to detail the objectives and strategies
adopted within the scope of this thesis, arising from the research described

in the previous chapter.
3.1 General objectives and methodology

The main goal of this project is to enhance our understanding of the
interactions of lactam-type inhibitors with of the catalytic site of FAAH.
Simultaneously, we aim to increase the activity and optimise the properties
of these inhibitors. To this end, the ICso values of the different molecules
obtained will be determined. However, it is essential to note that the primary
goal of this project is not to optimise 1Cs, values, which are already very good
for our family of molecules (e.g. lead compound 35 with an ICs, of 4.9 nM).
Our main objective is to better understand the mechanism of action of these
lactam inhibitors. The ICso, values measured will primarily serve as
indicators, allowing us to experimentally assess the impact of structural
changes on the inhibitory capacity of our molecules, in order to rationalise
these results with respect to their mode of action. Of course, although this is
not our main goal, an improvement in ICs, values compared to the current

benchmark would also be a favourable outcome.

To achieve these objectives, our approach relies on close
collaborations among three distinct domains of medicinal chemistry: organic
synthesis, pharmacological evaluation, and docking. These three domains
form a virtuous cycle that enables an iterative approach. Firstly, organic
synthesis will allow us to design new lactams that have not yet been
synthesized. Once these new molecules are obtained, they will be
pharmacologically evaluated, notably by determining their potency. Finally,

knowing the activity of our new molecules, docking simulations will be
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conducted to interpret the pharmacological results and better understand
the interactions of our molecules with the enzymatic cavity responsible for
their activity. This docking step will also open perspectives on promising new

molecules, thus allowing us to continue this cycle of collaborations.
3.2 Design and synthesis of new lactams

3.2.1 Bicyclic compounds

In Chapter 2, it was emphasised that docking studies highlighted the
importance of the interaction between the two carbonyls of the imide
function with the Serzi7 amino acid residue of the catalytic triad, thus
necessitating a syn conformation of the two carbonyls of the imide function
in the f-lactam inhibitor. Calculation indicated that there is an equilibrium
between syn and anti conformations, with the latter being favoured. However,
it is also disadvantageous for inhibition. To remedy this situation, we sought
to block the molecule in the syn conformation, hypothesising that this would
increase the activity of the inhibitors. For this purpose, bicyclic scaffold 55
was considered and specifically the bicyclic equivalent 56 of the lead

compound (Figure 21).

0}
55 56
Figure 21: bicyclic scaffold analogue of the lead (55), [4.2.0] bicyclic analogue of the lead
(56).

To obtain the desired compound 56, we chose to start from the
acetoxy-azetidinone 32, which is the closest commercially available
compound to the structure of the target molecule. Scheme 4 describes the

retrosynthetic pathway envisaged to obtain the desired product. The ester
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56 can be derived from the corresponding alcohol (57). Allylation can be
accomplished from fragment 59 by deprotonation and addition of the allyl
group. Furthermore, the bicyclic core can be obtained through ring-closing
metathesis of 61, which itself can be easily prepared from the commercially
available azetidinone 32 (which was already the starting material for the lead
synthesis(82), It should be noted that within the scope of this project, we
chose to first form the bicyclic core, then add the a side chain of the imide
carbonyl before deprotecting the alcohol and forming the ester. Although the
reverse order could have been considered, we deemed it more prudent to
proceed with deprotection at the end to avoid any secondary reactions with

the ester function, particularly during N-acylation.

o
OH OTBDMS
? g g
‘. p— N p—1 N
N N o o o o
o I o] o]
56 57 BS
OTBDMS OTBDMS OTBDMS
A g g
/,;l\'l/\/ N ‘ N
AR o o
(0] (0] (0]
61 60 59
OTBDMS /;)TBDMS
/// /,/ OA
= . C
NH NH
O (6]
62 32

Scheme 4: Retrosynthetic pathway to obtain 56.

3.2.2 Stereoisomers

A second part of this project involves the synthesis of the
diastereomer (S,S) (63) of the lead compound 35 (Figure 22). This approach

aims to investigate the impact of the stereocentre bearing the
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phenylbutanolate group. Docking analyses indicate that the methyl
associated with this carbon resides in a cavity where it establishes
hydrophobic interactions. By reversing the stereocentre bearing the ester, the
three-dimensional arrangement of this group within the cavity will be
altered. This alteration could potentially affect the inhibitor's affinity for
FAAH, thus providing an opportunity to study the importance of the

stereocentres configuration on inhibitory capacity.

Figure 22: Diastereomer of the lead (63)

The synthesis of the diastereomer 63 of the lead also starts from
acetoxy-azetidinone 32. Scheme 5 outlines the retrosynthetic pathway
envisioned to obtain compound 63. This compound can be synthesised
through esterification from alcohol 64, which can be obtained by reversing
the absolute configuration of alcohol 44. It is worth noting that this inversion
had already been explored in various ways by ]. Caruano, without yielding
conclusive results.[z2l Thus, we will have to investigate a more effective
approach to obtain it. Alcohol 44 can be produced by deprotection of
molecule 43, which is formed by the abstraction of the acetate group from

azetidinone 3.
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Scheme 5 : Retrosynthetic pathway to obtain 63.

3.2.3 Other lactams

Another of our objectives is to examine the role of the B-lactam ring
itself on FAAH inhibition. Until now, lactams have never been considered as
FAAH inhibitors outside of our group’s research. As pharmacological and
docking studies showed that the specific reactivity of the (3-lactam ring does
not alter the activity, it is pertinent to inquire whether other lactams might
exhibit promising activity. In particular, we found it interesting to vary the
size of the lactam ring moiety. Accordingly, we are planning to synthesise y-
lactam 65 and 8-lactam 66 equivalents of the lead compound 35 (Figure 23).
These modifications will influence not only the size of the ring itself but also
the three-dimensional arrangement of the side chains. These compounds
could also potentially offer greater physiological stability by being less
rapidly hydrolysed by other enzymes. Therefore, we will be able to analyse
these influences by comparing the activity of molecules 65 and 66 with that

of the lead compound.
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Figure 23: y-lactam equivalent of the lead (65) and &-lactam equivalent of the lead (66).

To obtain y-lactam 65, we envisage synthesising it through the N-
acylation of 67, which could be obtained by deprotection of the nitrogen of
lactam 68 (Scheme 6). For this, an esterification with the alcohol derived
from 69, itself resulting from the reduction of the ketone of 70, can be carried
out. Regarding the latter, it can be obtained in two ways: either by protecting

the nitrogen of lactam 71, or by the a-acylation of the lactam 72 carbonyl.

0} o
)Op p— (0] f— O

N

o}f\’—\ ¢ o o G:G

65

P —

o (o} HO
L — L —
NH N, N,
O O PG O PG
71 70 69

72

Scheme 6 : Retrosynthetic pathway to obtain 65.

For the synthesis of d-lactam 66, we plan to use commercially

available 5-valerolactam 78 (Scheme 7). For this, an esterification with the
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alcohol of 73, obtained by reduction of the ketone of 74, can be carried out.
The imide function could be generated by N-acylation of lactam 75, derived
from the deprotection of the nitrogen of 76. The latter differs from &-
valerolactam 78 by the presence of a protecting group on the nitrogen and

an acetyl group in o position of the carbonyl of 6-lactam.
o}
o o o OH O O o o o
73 74
66 H
o o} o o o o
@H [ — N’PG R — )J\ij\j’PG P — )K@H
78 77 76 75
Scheme 7 : Retrosynthetic pathway to obtain 66.

3.3 Pharmacological evaluation

After obtaining the target molecules, pharmacological studies will be
conducted to deepen our understanding of the activity of our potential FAAH

inhibitors.
3.3.1 Invitro studies

To evaluate the activity of our molecules as FAAH inhibitors, we will
determine the potency of each of the target molecules. We will therefore
determine the ICsp value of the molecules using a biochemical assay based on
the high activity of FAAH in mouse brain. The ICso value represents the
concentration at which enzyme activity is reduced by half. As a precautionary
measure, we will also determine the ICsp of all synthesis intermediates. We
have chosen to work with mouse brain homogenate to obtain ICso values for
murine FAAH (mFAAH), whereas previous measurements had been

conducted on human FAAH (hFAAH). Our decision to work with mice aligns
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with the development of a drug. Indeed, in the process of developing a new
drug, thorough studies on mice are conducted. Therefore, working with mice
serves as a good starting point in this context. Additionally, in our laboratory,

mFAAH is more readily available than hFAAH.
3.3.2 In cellulo studies

Once we have obtained the ICsp values, we will be able to identify the
most promising molecules among the compound family under study. For
these selected molecules, we will conduct in cellulo inhibition assays in ]774,
a mouse macrophage cell line.[9 The aim of these in cellulo tests is to
determine whether our molecules are able to increase NAE levels, supporting
in cellulo FAAH inhibition. Indeed, it is possible that the molecules may be
degraded by other enzymes present in the cells, which could make our
inhibitors ineffective for FAAH inhibition, even if they show promising ICso
values. To carry out these studies, we will perform dosing of NAEs,
particularly AEA, to verify if the intra-cellular levels of these FAAH-substrates

are increased following inhibitor incubation with the cells.
3.4 Docking studies

After completing the pharmacological studies, we will undertake
docking studies. This phase of the project will be conducted in collaboration
with Prof. C. Michaux from the Université de Namur. These docking analyses
will allow us to deepen our understanding of the interactions between the
inhibitors and the catalytic pocket of FAAH. They will provide us with an
explanatory model of inhibitor activity, or lack thereof, and can serve as a

predictive tool to identify promising molecules.

To date, docking studies have already been conducted on several
molecules of the fB-lactam family, including the lead compound 35. Since

pharmacological tests had previously been conducted on hFAAH, the
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previous dockings were performed on the h/rFAAH, as the 3D structure of
hFAAH had not yet been determined by X-ray diffraction analysis.[4%]
However, since we have chosen to determine the potency of the inhibitors for
mFAAH, we will conduct the docking studies with mFAAH. For this purpose,
the lead compound will be docked considering this new parameter, which
could lead to different results. We will then compare these results with the
docking on h/rFAAH to understand potential differences in the interaction of

the inhibitor within the enzyme.

Once this step is completed, the new molecules we have obtained,
and which show interesting results (satisfactory activity or conversely
unexpected low activity), will be docked on mFAAH. Finally, these molecules
will also be docked using the h/rFAAH to compare the docking results

obtained with these two enzymes.
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4.1 Introduction

As previously stated, for effective interaction with the catalytic triad,
the imide function necessitates a syn conformation. However, there exists an
equilibrium between the syn and the anti conformations, favouring the anti
form with a computed AG of 2.5 kcal/mol. Hence, we hypothesised that this

equilibrium might detrimentally affect the inhibitors' efficacy.[82]

Accordingly, our plan was to block the syn conformation of the imide
function to assess its impact on inhibitor activity. To accomplish this goal, we
proposed synthesising bicyclic compounds equivalents to the lead
compound, which would prevent the two carbonyls from adopting an anti
conformation. We have outlined the design of scaffold 55 to assess the

pharmacological potential of bicyclic equivalents of the lead (Figure 24).

Lead 35, ICs0 = 4.2 nM 55
Figure 24: lead (35) and general scaffold of the bicyclic equivalents of the lead (55).

When considering bicyclic B-lactams, several compounds can be
envisioned. Among these, we chose to focus on [3.2.0] and [4.2.0] bicycles
leading to the respective bicyclic analogues of our lead 79 and 56 (Figure
25). To determine which bicyclic system, [3.2.0] or [4.2.0], would be the best
candidate as a FAAH inhibitor, we first prepared model compounds 80091 and
59121, These precursors differ from the target compounds by replacing the
ester chain with a TBDMS protecting group and by the absence of the a-side
chain of the imide carbonyl. Once these two compounds obtained, their ICsg

were determined to guide the next steps of our approach.
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Figure 25: [3.2.0] bicyclic analogue of the lead (79), [4.2.0] bicyclic analogue of the lead
(56), [3.2.0] bicyclic precursor (80) and [4.2.0] bicyclic precursor (59).

The synthesis of precursor 80 was carried out by Olivia Vander
Auwera during her Master thesis in our laboratory (2014-2015).911 80 was
obtained in 5 steps from commercially available acetoxy-azetidinone 32
(Scheme 8). The first step of the synthesis consists in the substitution of the
acetate with phenylsulfonate. Subsequently, an alkylation was carried out at
C3 of the lactam using an in situ generated Grignard reagent, yielding
compound 82 with a retention of stereochemistry. lodocyclisation was then
performed, leading to the formation of the second cycle of 83. A 3-elimination
was then executed, resulting in the formation of the double bond of 84.
Eventually, this latter was oxidised in the presence of ozone in order to
generate the second carbonyl group of the imide function and hence obtain

the [3.2.0] bicyclic precursor 80 with an overall yield of 11% over 5 steps.

OTBDMS
OTBDMS OTBDMS but-3-en-1-ylmagnesium _J ~
. onc PhSOzNa . soph bromide );/\/\
: .
NH DMF, 0°C to R.T., 4h ] NH THF, 0°C to R.T., 16h o NH
o 9 [e] 9
32 88% 81 51% 82
I3, 2-methyloxirane
DCM, R.T, 5h
55%
OTBDMS OTBDMS OTBDMS
/’ ozone, SMe, /’ DBU
- -
);IQ DCM, R.T., 16h J;;Q THF, R.T,, 24h OJ;Q
© o 69% © 86% |
80 84 83

Scheme 8: Synthesis pathway to obtain the model [3.2.0] bicycle 80.

The precursor 59, on the other hand, was obtained by Joséphine

Caruano (2012-2017).121 59 was obtained in 4 steps, also starting from the

50



SYNTHESIS OF BICYCLIC ANALOGUES OF THE LEAD COMPOUND

commercially available acetoxy-azetidinone 32. First, substitution of the
acetate with an allyl group was carried out via the formation of an
allylindium, resulting in the allylated compound 62 (Scheme 9). This
compound was then N-acylated in the presence of acryloyl chloride,
providing compound 61 with two terminal double bonds. Ring-closing
metathesis using a second-generation Grubbs catalyst enabled the formation
of the second cycle of 60. This latter, having an a,3-unsaturation, was then
hydrogenated, yielding the [4.2.0] bicyclic precursor 59 with an overall yield
of 34% over 4 steps.

TBDM
OTBDMS In, KI, OTBDMS % S
OAc 3"y| bromide V acryloy! chloride, pyridine g
DMF R.T, 4h DCM, 0°C to 40°C, 24h N
J; NH : :
87% o 50% °© gz/\
62 61
Grubbs Il cat.
(5 mol%)
DCM, R.T.,16h
79%
OTBDMS OTBDMS
/’ Hy, Pd/C (10 mol%)
N AcOEY/EtOH (1: 1), R.T., 16h N |
o (0]
0 99% o)
59 60

Scheme 9: Synthesis pathway to obtain the model [4.2.0] bicycle 59.

The determination of ICso on mFAAH was conducted on the two
synthesised precursors. The [3.2.0] bicyclic compound 80 displays an ICso of
288 nM, 1] while the [4.2.0] bicycle 59 exhibits an ICso of 92 nM[2l (Figure
26). This suggests that bicyclic f-lactams featuring a second 6-membered
cycle tend to be more effective in inhibiting FAAH compared to those with a
second 5-membered cycle. These results prompted us to select the [4.2.0]

bicyclic scaffold for the subsequent stages of our study.
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OTBDMS OTBDMS
i /!".
O o
o o
80, ICs0 =288 nM 59,1Cs0 =92 nM
Figure 26: [3.2.0] bicyclic precursor of the lead (80)°1] and [4.2.0] bicyclic precursor of the
lead (59).121

4.2 Synthesis of bicycle 56

This section aims to present and discuss the results as well as the

strategies deployed to obtain the bicyclic $-lactam [4.2.0] 56.
4.2.1 Allylation of azetidinone 32

The first reaction involves the substitution of the acetyl group of 32
with an allyl group (Scheme 10).1921 Allylindium is first generated by reacting
metallic indium with transhalogenated allyl bromide using KI leading to
allylindium sesquiiodide (Scheme 11). Once the organometallic complex is
obtained, it adds onto the azetidinone via an Sy1-type mechanism, yielding
compound 62 with an average yield of 87% and a total diastereoselectivity,
without requiring purification. The reaction time (4 hours) is doubled

compared to the initially published conditions.[92]

OTBDMS OTBDMS
A OAC In, K, allyl bromide A
J;,@ DMF, R.T., 4h );(
o 87% Y
32 62

Scheme 10: Allylation of azetidinone 32.192]
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/?TBDMS OTBDMS \/\Ini Iln{\/ OTBDMS
/;%C /l' /}// Nk | /l,/l;(\/
NH i
"¢ NH NH
o o + o .

Scheme 11: Allylation mechanism of azetidinone 32.

4.2.2 N-acylation of 62

Initially, compound 61 was obtained by treating compound 62 with
acryloyl chloride in the presence of pyridine (Scheme 12).1821 However, the
desired product was obtained with a low 12% yield after purification. One
possible explanation for this low yield could be the lack of nucleophilicity of
pyridine reacting with acryloyl chloride. An alternative would be to use a
more nucleophilic base, such as triethylamine, or a strong base to directly

deprotonate the lactam nitrogen. The latter approach was preferred.

OTBDMS acryloyl chloride OTBDMS
I );/\/ Pyridine J;(\/
o JE—
N
NH DCM, reflux, 48h
o 129% ° 37/\
62 61

Scheme 12: N-acylation of 62 using pyridine.(82

To improve the yield of the reaction leading to compound 61, new
conditions were developed. In this approach, compound 62 is deprotonated
at 0°C with nBulLi, then acryloyl chloride is added (Scheme 13). The reaction
mixture is then refluxed in DCM for 24 hours. The N-acylated product 61 is
then obtained with a yield of 77% after purification on silica gel. Although it
is known that carbenes can be formed when DCM is in the presence of nBulLi,
we were mindful of this possibility but did not observe this phenomenon

here.
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TBDM
OTBDMS (i) nBuLi fTEDMS
/ Y (ii) acryloyl chloride £
o > N
NH DCM, 0°C to reflux, 24h
(0] 77% © g]/\
62 61

Scheme 13: N-acylation of 62 using nBuLi.

4.2.3 Ring-closing metathesis of 61

To obtain the desired bicyclic motif, a ring-closing metathesis is
carried out (Scheme 14). The N-acyl compound 61 is treated with second-
generation Grubbs catalyst overnight in DCM at room temperature. The

bicyclic product 60 is isolated with a yield of 61% after a purification by silica

gel chromatography.
Grubbs Il cat
_N_N-
Mes \(\\ClMes
RU:\
OTBDMS c?l pn OTBDMS
A Y PCy, /
N o N
DCM, R.T., overnight
(0] ?]/\ ’ o]
43 61% o
61 60

Scheme 14: Ring-closing metathesis of 61.

4.2.4 Hydrogenation of 60

At this stage, the bicyclic B-lactam 60 is reduced under a hydrogen
atmosphere in the presence of a Pd/C catalyst (10 mol%) (Scheme 15).
Compound 59 is then obtained with a yield of 99% after filtration over a

celite pad to remove the heterogeneous catalyst.

OTBDMS OTBDMS
Hy, Pd/C
| -
J;Q EtOH, AcOEt (1:1) N
o R.T., overnight o
o 99% 0
60 59

Scheme 15: Hydrogenation of 60.
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4.2.5 Alkylation of 59

In our laboratory, Joséphine Caruano had already conducted
preliminary work on the allylation of the bicycle 59. Various experimental
conditions had been explored, varying the base used and the reaction

temperature. Table 10 summarises the different experimental conditions

employed.
Table 10: Allylation conditions tested by ]. Caruano.2]
OTBDMS OTBDMS
OTBDMS 0=
Base, allyl bromide /, )
N g > N * ) O
o Conditions, THF G AN NH
0 o) 0
59 58 85
Entry Base Temperature Results
1 LDA -78°Cto R.T. complex mixturea
2 LiHMDS -78°Cto R.T. complex mixturea
3 DBU RT 59 and 85 (82/18)
4 DBU + KI RT 59 and 85 (69/31)
5 DBU + KI R.T. to reflux 59 and 85 (67/33)
6 LDA + TMSCI -78°C to reflux 59

a The work-up was carried out without the addition of another organic solvent.

Regardless of the base, temperature, or additive used, the reaction
primarily leads to the recovery of the starting material (59), potentially
accompanied by the formation of the secondary product 85. The latter likely
results from direct O-allylation followed by a six-membered ring opening via

attack by a water molecule during the work-up (Scheme 16).
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OTBDMS OTBDMS | CO. OTBDMS
J (i) LDA I L J
(ii) allyl bromide - NH4Cl(aq) . 'Tl
N, = N O.
o N THF, 0°C to reflux, 2h o ol +Yy_/ H
(0] o\/\ O\/\
59 86
/;)TBDMS /,OTBDMS
OTBDMS 0=
I, : — n) — H)
H/O+ °© H o) OH 0 Io) OH2
OTBDMS 0=
(e}
NH
(0}
85

Scheme 16: Suggested mechanism to explain the ring opening of the O-allylated bicycle.

Based on the results obtained by Joséphine Caruano, we initiated our
work by attempting to replicate an allylation using the same method.
Compound 59 was treated with LDA at 0°C. Then, KI and allyl bromide were
added, and the mixture was refluxed in THF for two hours. After aqueous
work-up, mass spectrometry analysis was performed on the crude product
obtained. This analysis confirmed the presence of the secondary product 85
and the absence of the desired product 58 (Scheme 17). These results are

consistent with those obtained previously.

OTBDMS OTBDMS OTBDMS 0=
LDA, allyl bromide /, )/
N THF, 0°C to refl 2h> N ' °
, 0°C to reflux,
o o X g NH
(0] (o]
59 58 85
not observed

Scheme 17: Allylation of 59 using LDA and allyl bromide. Compound 58 was not observed
by HRMS,
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After confirming these results, we repeated the reaction without
performing the work-up step, thus preventing the compound from reacting
with water. The aim was to generate the O-allylated product 86 without
opening it, in order to subject it to a Claisen rearrangement to obtain
compound 58. The previous reaction was therefore reproduced under the
same reaction conditions, but after the two hours of reflux, we added the
Pd!(CH3CN)2Cl; complex in order to catalyse the Claisen rearrangement
(Scheme 18).1931 Reflux was maintained for an additional 16 hours. Then, the
solution was filtered over a silica pad to remove the palladium complex. Mass
spectrometry analysis was performed directly, revealing the presence of
product 87 but not of compound 58. This suggests that the Claisen
rearrangement did not occur. The difference in secondary product compared
to the previous experiment is explained by the fact that no work-up was
performed at the end of the reaction, and the crude product was directly
analysed by mass spectrometry using methanol as the analysis solvent. This
also seems to confirm that the use of a protic solvent can lead to the opening

of the 0-allylated product 86.

OTBDMS
JOTBDMS (i) LDA /
(ii) allyl bromide
J;I\Q THF, 0°C to reflux, 2h N~
(o} (e}
o} o\/\
59 86

Pd'(CH5CN),Cl,
THF, reflux, 16h

OTBDMS

N peMs o= g o
. r ) 4 JF_/\/\% 4 (
o A NH NH
0 % o
58 85 87
not observed not observed detected by HRMS

Scheme 18: O-allylation of 59 followed by Claisen rearrangement catalysed by
Pd!l(CH3CN):Cl: on 86.
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Facing these problems, we decided to explore another approach
using an enone intermediate to form an in situ metal enolate. We chose to use
enone 88, readily available in stock. We investigated the formation of an
aluminyl enol ether following the procedure described by Tsuda et al. in
1987.1941 The process involves the use of the MeCu catalyst (5 mol%, obtained
by the reaction between Cul and MeLi), in the presence of 1.5 equivalents of
HMPA, followed by 1.1 equivalents of DIBAL (Scheme 19). The mixture is
then stirred for 30 minutes at -78°C. Subsequently, compound 88 is added,
and the mixture is kept at -78°C for an additional hour to form the aluminium
enol ether 89, followed by the addition of 1.1 equivalent of MeLi to generate
the enolate 90. After 15 minutes, 3 equivalents of allyl bromide are added,
and the reaction mixture is allowed to return to room temperature for 2
hours to obtain compound 56. Unfortunately, at the end of this reaction, only
starting material 88 could be observed. Two hypotheses can explain this lack
of reactivity. On one hand, it is conceivable that the copper(I) catalyst fails to
coordinate with the double bond, preventing sufficient activation for DIBAL
hydride to add on 4 position. On the other hand, it is possible that copper(I)
coordination proceeds correctly but DIBAL hydride fails to add to the double
bond due to geometric reasons. In any case, it appears that the aluminium

enol ether formation step is not successful.

o
0 9 0
J DIBAL, MeCu, HMPA _J J
. .. s i
N THF, -78°C to RT, 2h No N
o o o
o. i

o

Li*.O Al
88 89\HA '&( 0 7 j\

Scheme 19: C-Allylation of 88 via generation of aluminium enol ether 89.
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At this stage, several approaches have been considered to obtain
bicycle 56. Unfortunately, none of them yielded conclusive results, resulting
in either ring opening, degradation, or the recovery of starting material. Thus,
we have exhausted our options for introducing the allyl group on o position
of the carbonyl. However, structure-activity relationship studies have
revealed that the double bond of the pentenoyl group had little impact on the
ICs0, with a value of 4.2 nM for the lead (35) and 8.0 nM for the lead without
the double bond (54) (Figure 27).12] Therefore, the hypothesis that the
bicyclic equivalent of the lead with the reduced double bond (91) could have
similar activity to that of bicyclic B-lactam 56 seems quite plausible. On the
other hand, replacing the allyl group with a propyl group opens up a whole

range of new synthesis strategies to explore.

6] (@] 0 (o]

N0 SN0 N0 N0
Ng]/\/\ OJ;'\Q\/\

54

o);\\lg//\/\ o N X o);' T
35

(e}

56 91
Figure 27: Equivalent of the lead and the bicycle with the reduced double bond.

4.3 Synthesis of the bicycle 91 via an alkylation

reaction

The bicycle 59 is treated with LDA at 0°C in THF and stirred for 30
minutes before being allowed to warm up to room temperature (Scheme
20). Then, propyl bromide and 0.1 equivalent of KI are added, and the
solution is refluxed in THF for 72 hours. Unfortunately, tH NMR after
purification reveals a complex mixture that does not allow for the
identification of the products obtained. However, the desired product 92
could not be detected in the crude reaction mixture by mass spectrometry.

This observation is not surprising, as the reactivity is similar to that of
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allylation, since the substrate and conditions are identical, only the nature of

the alkyl halide is modified.

OTBDMS OTBDMS

LDA, propyl bromide /’
N o N
O);Q THEF, 0°C to reflux, 72h OJ;Q\/\
o o
59 92

Scheme 20: alkylation of 59 using LDA and propyl bromide.

4.4 Synthesis of the bicycle 91 via an aldol

condensation

An alternative to direct alkylation is to perform an aldol
condensation followed by a crotonisation between the bicyclic f-lactam 59
and propionaldehyde. Subsequently, reduction of the double bond should
yield a propyl group on the o position of the carbonyl. To do this, bicycle 59
is dissolved in THF at -78°C and deprotonated with LiHMDS (Scheme 21).
After 1 hour of stirring, propionaldehyde is added to the solution, which is
then left for 2 hours at -78°C. After work-up, the crude product is purified.
However, purification did not separate products with very close Rf values.
Despite this, this step helped eliminate certain products. Fractions
potentially containing a product of interest were combined, yielding
approximately 20 mg. Preparative TLC was then performed. Addition
product 93 and a dehydrated product (94 or 95) were confirmed by tH NMR
and mass spectrometry. However, only a few milligrams of each fraction could
be obtained, and the products are not perfectly pure, making their
identification difficult (NMR samples are too dilute). Nevertheless, NMR
analyses seem to indicate that the elimination product obtained is not 94, but
rather compound 95. This observation is surprising as this elimination does
not follow Zaitsev's rule (Scheme 21).[951 However, this is not a problem for
our objective, as the next step is to perform a reduction to obtain compound

92.
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OTBDMS OTBDMS OTBDMS OTBDMS
(i) LIHMDS, THF, -78°C, 1h /’ (-H20) /’ /,
o A
N m . _7q0, N N X =
o (i) propionaldehyde, -78°C, 2h o o o
0 O OH o o
59 93 94 95

Scheme 21: Aldol condensation of 59 followed by crotonisation of 93.

The different fractions were thus combined and subjected to
elimination conditions in order to enrich the mixture in compound 94 and/or
95. The mixture was dissolved in DCM in the presence of acetic anhydride,
triethylamine, and a catalytic amount of DMAP (Scheme 22).[9I
Unfortunately, these conditions did not lead to improved identification and

separation of the compounds as similar results to the previous mixture were

obtained.
OTBDMS OTBDMS OTBDMS
s Ac,0, NEt; DMAP .
.
N N X N =
O OH o) o)
93 94 95

Scheme 22:Deshydration of alcohol 93.

Despite our various attempts, we were unable to add an allyl or
propyl chain at the a position of the carbonyl group in the bicyclic compound.
As a result, we had to completely rethink our synthetic strategy to obtain

compound 91.
4.5 New strategy for the synthesis of the bicycle 91

So far, all the synthesis routes considered involved an allylation or
alkylation once the bicycle was formed via an alkylation (or allylation) on the
o position of the carbonyl, what did not work. So, we rethought the synthesis
and considered introducing the side chain before cyclisation. This new
synthetic strategy starts again from the commercially available azetidinone
32. Scheme 23 outlines the proposed retrosynthesis. Ester 91 can come

from the corresponding alcohol 96. The bicyclic core can be obtained by ring-
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closing metathesis of 99, which itself can be obtained from fragments 62 and
100. Note that this strategy involves targeting compound 91 and not
compound 56 since a reduction is required after ring-closing metathesis. The
synthesis of 91 following this strategy was carried out by Juhans Dechenne

as part of his Master thesis under our supervision (2019-2020).[97]

0o
OH OTBDMS
j% B
p— ‘ p—
N N
N o o]
0 o) o)
0 9 97
91 H
/;)TBDMS /;)TBDMS
;N/\/ s
o o]
0 0
99 98
OTBDMS OTBDMS
. onc . 7 0 0
Pem— + CI)Y/ p— HO)kHA/
/I/:NH NH
0 3 O 62 100 101

Scheme 23: Retrosynthetic pathway to obtain 91.

4.5.1 Saponification of malonic ester 103

The objective of this reaction is to saponify diethyl n-propylmalonate
103 to obtain n-propylmalonic acid 102 (Scheme 24). For this, the ester is
treated with KOH in a ethanol/water mixture (70/30) at 40°C for 24 hours,
followed by acidification with HCL.[98] The diacid 102 is obtained pure with a

yield of 97% without requiring any purification steps.
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6 o (i) KOH, EtOH/ H,0 (70/30)
/\O O/\ 40°C, 24h HO OH

(ii) HC! (until pH = 2)
103 97% 102

Scheme 24: Saponification of diethyl n-propylmalonate 103.1981

To perform this saponification, the initial reaction was carried out in
ethanol for 3 hours without washing with hexane, and no product was
observed (Table 11). A second attempt, with stirring for 24 hours followed
by washing the crude product with hexane, yielded 102 in 52% yield.
However, this yield seemed low compared to expectations for this type of
reaction and the yields reported in the literature.°8] Therefore, the reaction
was repeated using a mixture of ethanol and water (70/30), which allowed
for better solubilisation of KOH. The reaction was stirred for 24 hours,

followed by washing with hexane, resulting in a 97% yield

Table 11: Conditions used to perform the saponification of 88.

Entry Solvent used Reaction duration = Washing with hexane Yield
1 EtOH 3h No 0%
2 EtOH 24 h Yes 52%
3 EtOH/H20 (70/30) 24h Yes 97%

4.5.2 Synthesis of a,B-unsaturated acid 101

The objective of this step is to obtain a,B-unsaturated acid 101 via a
Mannich reaction followed by a decarboxylation and elimination (Scheme
25). The first step, the Mannich reaction, is performed by reacting
formaldehyde and diethylamine to form N-ethyl-N-methylenethanaminium,
which is then attacked by the malonic carboxylate. The addition product then
undergoes decarboxylation and elimination providing, after work-up, 101

with a 94% yield without the need for further purification.
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0
Ho o HO(CH,0),H, Et,NH _
AcOE, 80°C, 4h HO
102 94% 101

Scheme 25:Decarboxylation of malonic acid 102.19]

4.5.3 N-acylation of 62

Before proceeding to the N-acylation step of 62, the synthesis of
which is described in section 4.2.1, the carboxylic acid 101 undergoes
chlorination to obtain the corresponding acyl chloride 100. To achieve this,
compound 62 is treated with oxalyl chloride and a catalytic amount of DMF,
then stirred for 2 hours in DCM at room temperature. The solvent is
evaporated before using the acyl chloride for the N-acylation step (Scheme
26a). For this step, the lactam is treated with nBulLi, followed by the addition
of the previously prepared acyl chloride (Scheme 26b).[991 Unfortunately, the
N-acylated product 99 could not be obtained, and the starting material 62

was recovered.

o (COCI),, DMF cat. (@)
HOJW/\/ DCM, R.T,, 2h C')H\/\/
101 100 (a)
OTBDMS (i) n-BuLi, 0°C, 30 min OTBDMS
(ii) 100 ”

NH DCM, 0°C to reflux, 24h o N
o

62 0

99 (b)

Scheme 26: Chlorination of carboxylic acid 101 (a) followed by the N-acylation of 62 (b).

Several reasons could explain this observation:
1) the synthesis of the acyl chloride fails;
2) the acyl chloride is formed but degrades during solvent evaporation;
3) the acyl chloride and the deprotonated lactam do not react.

To determine which of these hypotheses explains the lack of reactivity and

thus address it, several tests were performed. First, we conducted a model
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reaction using the substrate mentioned in the literature for this reaction.[%9]
The isolated acyl chloride was treated with aniline and triethylamine (Table
12, entry 2). No product was obtained. The reaction was repeated using
pyridine instead of triethylamine, but again, no product was formed (entry
3). These results, which are consistent with our desired reaction results and
contrary to the literature, suggest that the problem might be related to the
formation of the acyl chloride or the post-reaction treatment. To verify this
latter hypothesis, the reaction was repeated with compound 62 by adding
the acyl chloride solution in situ directly after the reaction, without
evaporating the solvent, using a cannulation system (entry 4). This time, the
product was obtained, but with a low yield of 9%. The experimental
conditions were then optimised (by fractionating the addition of the acyl
chloride solution and using a larger chromatography column to facilitate
product separation) (entry 5). After optimisation, the N-acylated product
100 was obtained with a yield of 67% after purification.

Table 12: Tests conducted for the N-acylation reaction with acyl chloride 100.

Substrate Base then 100 R~N)kﬂ/\/
DCM, 0°C to reflux, 24h ﬁ
Entry Substrate Base Yield
1 Lactam 62 nBuLi 0%
2099 Aniline Triethylamine 0%
3 Aniline Pyridine 0%
4a Lactam 62 nBuLi 9%
5ab Lactam 62 nBuLi 67%

a acyl chloride 100 was added in situ, via a cannulation system. b after optimisation
(fractionating the addition of the acyl chloride solution and using a larger

chromatography column to facilitate product separation).
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4.5.4 Ring-closing metathesis of 99

The N-acylated product 99 undergoes ring-closing metathesis to
generate bicycle 98, following the procedure described in section 4.2.3.
Compound 98 is obtained with a yield of 83% after purification (Scheme
27). It is notable that this yield is significantly higher than that of the ring-
closing metatheses previously conducted in this project (see section 4.2.3
and [1001), Unlike the other metatheses, the propyl chain was already present,
which may have facilitated better alignment of the double bonds to initiate

the metathesis.

OTBDMS P OTBDMS
J;(\/ Grubbs Il cat. (5 mol%) /’
N DCM, R.T., 16h N |
© 83% o
l¢] ° o}
99 98

Scheme 27: Ring-closing metathesis of 99.

4.5.5 Hydrogenation of 98

Compound 98 is reduced to 97 following the procedure described in
section 4.2.4. The product is obtained with a yield of 99% after filtration
through a celite pad to remove the heterogeneous support (Scheme 28). A
mixture of diastereomers is obtained in a 51/49 ratio. This reduction is thus
not diastereoselective, which is advantageous as it allows access to both
diastereomers of the target molecule, providing the opportunity to test and
compare the activity of the two diastereomers. However, the diastereomers

are not separated and are used together in the next reaction.

OTBDMS OTBDMS
Hp, Pd/C (10 mol%)
N | EtOH, AcOEt (1:1), R.T., 16h N
© 99% °
o] % (o]
:51/4.
08 dr: 51/49 97

Scheme 28: Hydrogenation of 98.
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4.5.6 Deprotection of 97

The goal now is to deprotect the alcohol currently protected by a tert-
butyldimethylsilyl group. For this, compound 97 is dissolved in a mixture of
acetic acid and water (65% v/v) and heated to 90°C for 3 hours (Scheme 29).
Compound 96 is obtained with a yield of 91%. The ratio of the two
diastereomers determined by 'H NMR is slightly modified to 61/39,
suggesting that the deprotection conditions are slightly epimerising,
probably due to the acidic medium and heating. The mixture of the two

diastereomers is used as such in the next step.

OTBDMS OH
= ACOHiq (65% V) —..
J;"(Hj\/\ 90°C, 3h );'\Q’w/\
o 91% %
0 dr: 61/39 0
97 96

Scheme 29: Deprotection of 97.

4.5.7 Esterification of 96

Finally, the last step involves esterifying 96 to obtain the target
product 91. A solution of 96 in DCM is treated with pyridine and 4-
phenylbutanoyl chloride, and then stirred at room temperature for 24 hours
(Scheme 30). The mixture of the two diastereomers is isolated with a yield
of 42%, and the ratio of the two diastereomers, as determined by 1H NMR, is
55/45. The two diastereomers were separated by flash column
chromatography, yielding 72 mg of the first fraction and 45 mg of the second

fraction, respectively.
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H
/? 4-phenylbutanoyl chloride 0
pyridine /[
O@A DCM, R.T., 24h N
42% o <N

dr: 55/45 0
Scheme 30: Esterification of 96.

For pharmacological testing, it is crucial to determine which fraction
corresponds to which diastereomer in order to understand the influence of
stereochemistry on the activity of the inhibitors. These two diastereomers
differ by the absolute configuration of the carbon bearing the propyl chain.
To achieve this identification, we first attempted to crystallise the products
to determine their structure by X-ray diffraction analysis. Crystallisation tests
were conducted in acetonitrile, ethyl acetate, dichloromethane, ethanol, and
methanol. Unfortunately, none of these attempts succeeded in crystallising

either of the two products.

Since it was not possible to determine the structure of the
compounds by X-ray diffraction, NOESY analyses were conducted to try to
differentiate them. We first assumed that these compounds adopt the

azabicycle conformation shown in Figure 28.

Based on this hypothesis, the first fraction corresponds to the 3R
stereochemistry because there is an NOE between protons "e" and "h," as well
as another notable NOE between "h" and "g" (Figure 28a). The proton "h"

nean

also shows an NOE with "j" and "j)" which makes sense, although the

correlation with the proton "g" is difficult to observe due to signal overlap.

The second fraction corresponds to the 3S isomer because the proton
"h" shows an NOE with at least four protons, including "f" (or "g"), "j," "j"" (or
"g'"), and "k" (Figure 28b). However, due to signal overlap, it is difficult to
distinguish them clearly. Additionally, there is no correlation between "e" and

"g" Although the absence of signals is not a conclusive evidence, it is
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consistent with the fact that these two protons are far apart, as shown in the

3D structure.

g . 1LJ,JJMJML -

J

' ' 5
F15
' I
figle, F20
hle I
f2s
f30
— [
as
0 I
- \ ‘ ) e/hvaelfig [ Lao
¢ ) :
| as
"y
@ 5.0
- A ] ] ! I
e — S N S 55
5.5 5.0 45 40 35 3.0 25 20 15 1.0 ppm ( a)

1.0
' { His
' c
2.0 f
fle 2 o H H noeg
9 -25 o ; - ﬂ
{ i Y h T~
' HA g
[30 a 04\ s 19
] N
L35 )
-0 elf (?) I A
' ¢ elft elg’ ()0 | beo H Hj
' elf (2) :
] a5
i '
. 3 5.0
L o
] 55
: - : . : : : -
55 50 45 40 35 30 25 20 15 1.0 ppm (b)

Figure 28: (a) 1H,H-NOESY NMR spectrum of fraction 1 in CDCl3, zooming, absolute
configuration 3R; (b) 1H,H-NOESY NMR spectrum of fraction 2 in CDCl3, zooming, absolute

configuration 3S.

The bicyclic equivalent of the lead compound with the reduced
double bond, compound 91, was obtained as a mixture of two diastereomers
(55/45) in 6 steps starting from the commercially available azetidinone 32,
with an overall yield of 17%. The 2-propylacrylic acid 101 required for this

synthesis was obtained in two steps with an overall yield of 91%.
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4.6 Synthesis of other bicyclic compounds

After obtaining the bicycle 91, the synthesis of easily accessible
bicyclic analogues from intermediates of the previous syntheses was
undertaken. Compound 104, which preserves the bicyclic a,-unsaturation,
was first considered. Then, compound 105, where the propyl group is
replaced by another group positioned at the 3-carbon of the imide carbonyl,
was considered. The synthesis of compounds 104 and 105 was also part of
Juhans Dechenne's Master thesis work carried out under our supervision

(2019-2020) (Figure 29).197]

91 104 105
Figure 29: Structures of compounds 91, 104 and 105.

4.6.1 Synthesis of bicyclic compound 104

Compound 104 can be easily obtained from compound 98, an

intermediate in the previous synthesis, as the starting material.
4.6.1.1 Deprotection of 98

Bicycle 98 is subjected to deprotection under the reaction conditions
described in section 4.5.6 (Scheme 31). The alcohol 106 is obtained

quantitatively, without the need of purification.
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OTBDMS OH
ACOMq (65% Vi) —.
O/l;@\/\ 90°C, 3h O;’Q\/\
o) quantitative 0
98 106

Scheme 31: Deprotection of 98.

4.6.1.2  Esterification of 106

Next, alcohol 106 is esterified with 4-phenylbutanoyl chloride under
the reaction conditions described in Section 4.5.7, resulting in the formation

of compound 104 with a yield of 49% after purification (Scheme 32).

H

/P 4-phenylbutanoyl chloride 0
pyridine /!

J;@\/\ DCM, R.T., 24h |

0 N
o 49% o]
106 0
104

Scheme 32: Esterification of 106.

Thus, compound 104 was synthesised in five steps from azetidinone

32, with an overall yield of 23%.
4.6.2 Synthesis of bicyclic compound 105

The synthesis of compound 105 can be envisioned starting from the
o,B-unsaturated bicycle 60, the synthesis of which is described in section
4.2.3, through an 1,4-addition of an allyl cuprate via a Michael-type
reaction.[101] To do this, Cul is first combined with TMEDA in THF, then cooled
to -78°C (Scheme 33). Next, the allyl Grignard reagent is added, and the
solution is stirred for 30 minutes. Finally, TMSCI is introduced, followed by
addition of compound 60. The reaction mixture is stirred at room

temperature for 24 hours.
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OTBDMS Allyl Grignard, Cul, OTBDMS

TMSCI, TMEDA =
|
N N
OJ;Q THF, R.T,, 24h g
o] 0
60 105

Scheme 33: 1,4 allylation of 60.

Unfortunately, only the starting material was recovered after this
procedure. Two hypotheses can be formulated. The first is that the allyl
cuprate intermediate does not form, leaving the allyl Grignard reagent in
solution. However, if this was the case, it would be expected that the allyl
Grignard reagent would react directly with one of the carbonyl groups of the
molecule, which was not observed since the starting material 60 was
recovered intact. The second hypothesis is that the cuprate intermediate
forms but is not reactive enough to interact with the o,3-unsaturated system.
In this case, the starting material 60 would remain intact, and the cuprate
intermediate would be removed during the aqueous work-up. This second
hypothesis seems the most probable. Therefore, it would be relevant to
repeat the experiment while varying the copper source to increase the
reactivity of the cuprate intermediate, for example, by using CuCl. However,
it was decided not to pursue this synthesis further due to the project's

priorities.
4.7 Summary

At this stage of the project, two bicyclic compounds have been
synthesised. Firstly, bicycle 91 was prepared in 6 steps from azetidinone 32,
with an overall yield of 17%. This compound was obtained as a mixture of
two diastereomers, in a ratio of 55/45. These latter were separated and
identified through NOESY analysis. Secondly, bicycle 104, which is the o,-
unsaturated version of 91, was synthesised in 5 steps from azetidinone 32,

with an overall yield of 24% (Figure 30).
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Figure 30: Bicyclic analogues of the lead compound obtained.
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5.1 Introduction

The second part of this project involves synthesising and testing one
of the diastereomers of the lead compound. Indeed, Docking studies have
shown that the methyl group of the lead compound positions itself in a
hydrophobic region of the enzyme cavity.821 The objective is to prepare the
(5S) diastereomer 63 of the lead compound 35 by inverting the
configuration of the carbon bearing the methyl group (Figure 31). This will
allow us to study the importance of the stereochemistry of this stereocentre

on the inhibitory capacity.

Figure 31: Lead compound (35) and (S,S) diastereomer of the lead (63).

5.2 First strategy

This first strategy follows the retrosynthetic pathway described in
scheme 34. The compound 63 can be synthesised through esterification
from alcohol 64, which can be obtained by reversing the absolute
configuration of alcohol 44. Alcohol 44 can be produced by deprotection of
molecule 43, which is formed by the abstraction of the acetate group from

azetidinone 32.
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OTBDMS OTBDMS

OAc
J;( L — . L — N
f Tl >
(6] (o} o 37/\/\

32 42 43

OTBDMS

Scheme 34: Retrosynthetic pathway to obtain 63.

5.2.1 Substitution of the acetate of 32 with thiophenolate

The objective of this step is to replace the acetate of azetidinone 32
with a thiophenolate group via an Sy1-type reaction, to create a better leaving
group for forming compound 42. To achieve this, compound 32 is treated
with sodium thiophenolate and DIPEA in DMF for 4 hours at room
temperature (Scheme 35). Compound 41 is obtained as a single
diastereomer with a yield of 87% after purification.

OTBDMS OTBDMS
J 0Ac  PhsNa,DIPEA ) spn

Ef _— E(
NH DMF, R.T., 4h NH
0}

O 87%
32 41

Scheme 35: Substitution of the acetate of 32 with thiophenolate.

5.2.2 Abstraction of thiophenolate of 41

Once compound 41 is obtained, the thiophenolate group is
abstracted through a radical reaction. TTMSS and AIBN are added to 41 in
toluene, and the reaction mixture is heated to 85°C for 24 hours (Scheme

36). Compound 42 is obtained with a 50% yield after purification.
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OTBDMS OTBDMS
SPh TTMSS, AIBN cat.
);,\m_, Toluene, 85°C, 24h NH
(0] 50% o}
4 42

Scheme 36: Abstraction of thiophenolate of 41.

5.2.3 Direct reduction of 32

Meanwhile, a method found in the literature allows the formation of
compound 42 from azetidinone 32 in a single step via reduction.[102] To
achieve this, the B-lactam is dissolved in ethanol cooled to 10°C, and 1.5
equivalents of NaBH;4 are added (Scheme 37). The reaction mixture is then
allowed to rise to room temperature and stirred for 16 hours. Compound 42
is obtained in 60% yield after purification. This method has two advantages
over the previous method: it offers a higher yield of 60% compared to 44%
over the two steps of the previous method, and it is faster (shorter reaction

time, only one reaction to perform, and a single purification).

OTBDMS OTBDMS
l oAc NaBH, M,
_ .
NH EtOH, R.T., 16h NH
o 60% (e}
32 42

Scheme 37: Direct reduction of 32.

5.2.4 N-acylation of 42

This reaction involves the N-acylation of compound 42 with the 4-
pentenoyl group. It is carried out by mixing compound 42 with 4-pentenoyl
chloride and pyridine, then refluxing the mixture in DCM for 24 hours

(Scheme 38). Azetidinone 43 is obtained with a 75% yield after purification.

79



CHAPTER 5

OTBDMS
OTBDMS 4-pentenoyl chloride (1.5 eq.)

Pyridine (1.5 eq.)

DCM, Reflux, 24h J;\\l
NH ) ) o)
o 75% 27/\/\

42 43

Scheme 38: N-acylation of 42.

5.2.5 Deprotection of 43

The alcohol function of 43 can then be deprotected according to the
procedure described in section 4.5.6 by stirring for 4 hours, yielding alcohol

44 quantitatively (Scheme 39).

OTBDMS OH
AcOHaq) (65% Viv)
OJ;‘NW antiai oJf_‘N
4 AN quantitative (Z]/\/\

43 44

Scheme 39: Deprotection of 43.

5.2.6 Inversion of the absolute configuration of the carbon

bearing the alcohol 44

Previous work on inverting the stereochemistry of the alcohol of 44
was conducted by Joséphine Caruano (2012-2017).121 Two approaches were
considered. The first involved a Mitsunobu reaction using 4-phenylbutanoate
as the nucleophile (Table 13). Unfortunately, this did not yield satisfactory
results, as only the elimination product 107 was obtained in all cases, despite
working at different temperatures. This suggests a competition between
nucleophilic substitution and elimination, with the latter being favoured in

our case, which is known to be a possible side reaction.[103-104]
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Table 13: Mitsunobu conditions tested by J. Caruano.l2]

/,OH 4-phenylbutanoic acid e} N\
PPhg DIAD ; /j;\
- + N

)/:‘\‘ Temperature, THF O ?7/\/\
(e} ’ J/:N
(7)7/\/\ © A

63
Entry Temperature Results
1 0°CtoR.T. 107
2 0°C 107
3 -5°Cto R.T. 107

The second approach explored by ]. Caruano involved mesylating or
tosylating compound 44 to create a good leaving group.[2l Once formed, this
product could undergo an Sn2-type reaction with 4-phenylbutanoate, thus
obtaining the ester with an inversion of stereochemistry. Several attempts
were made for this first step, but none yielded satisfactory results (Table 14).
Only very small amounts of product 108 were obtained, or the starting

material was recovered.

Table 14: Mesylation / Tosylation conditions tested by J. Caruano during her thesis.[2]

a o}
OH [ “-R
s a-S° O~
);‘ O ,base /’ o]
N DCM, 0°C to R.T., duration
0 ’ ’ N
(Zz/\/\ lo} ?7/\/\
44 o
108
Reaction
Entry Reagent Base Results
duration
1 MsCl Pyridine 16h 108 (< 10%) + 44
2 MsCl Pyridine 24h 108 (< 10%) + 44
3 MsCl Triethylamine 24h 108 (< 10%) + 44
4 TsCl Triethylamine 36h Traces of 108 + 44
5 TsCl Triethylamine 60h? Traces of 108 + Degradation

a R = Me or pMe-CsHa, » 60h at room temperature followed by 4h at reflux.
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Given the results obtained by ]J. Caruano, the mesylation was
reproduced with a variation in the base. Specifically, alcohol 44 was
combined with DBU at 0°C, followed by mesyl chloride, and the mixture was
allowed to rise to room temperature for 24 hours (Scheme 40). After the
work-up, an NMR analysis identified small amounts of 108, starting material
44, and elimination product 107 in respective proportions of 18%, 32%, and
50%. Although compound 108 was obtained in larger quantities than
previously, the amounts were still too low to continue the synthesis using this

method.

OH OMs

. MsCl, DBU . A

DCM, 0°C to R.T., 24h o }7/\/\
0 N
37/\/\ M 1007
44 108

Scheme 40: Mesylation conditions of 44 tested.

In parallel, alternative Mitsunobu conditions were explored to invert
the absolute configuration of the carbon bearing the alcohol of 44. The
literature, particularly the work of Herdewijn et al, suggests modified
conditions for the Mitsunobu reaction on substrates similar to ours.[102]
Specifically, benzoic acid and tributylphosphine were added to a solution of
alcohol 109 in toluene (Scheme 41), followed by the addition of TMAD. The
mixture was maintained at 60°C for 24 hours, yielding 110 in 35% yield after
purification. The substrates used differ from those commonly employed in
the Mitsunobu reaction. The authors noted that these conditions resulted
from an optimisation process aimed at improving initially very low yields,
where the starting material and degradation products were primarily
obtained. Although these new conditions increased the proportion of the

desired product, the yield remains relatively low.
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(0]

OH
A Benzoic acid, TMAD, PBus o
: - .
/J;‘\IH Toluene, 60°C, 24h .
pE

o} 35%

109 o
110

Scheme 41: Mitsunobu conditions of 109 tested by Herdewijn et al.[102]

Given these results, the decision was made to re-investigate the
Mitsunobu reaction on alcohol 44. Table 15 summarises the various trials
conducted. Initially, conditions similar to those of ]. Caruano were repeated
for = comparison, using  triphenylphosphine and  diisopropyl
azodicarboxylate.l2] Only the elimination product 107 was observed (entry
1). Next, the conditions developed by Herdewijn et al, using
tributylphosphine and tetramethylazodicarboxamide on alcohol 44, were
tested. Here too, only the elimination product was observed (entry 2). These
results differ from those in the literature, probably due to the difference in
the nature of the carboxylic acid and the starting substrate. The hypothesis is
that the 4-phenylbutanoate might not be nucleophilic enough compared to
benzoate. Therefore, the same conditions were repeated, but with benzoic
acid replacing 4-phenylbutanoic acid (entry 3). Unfortunately, only the

elimination product was observed here as well.

Table 15: New conditions used for the Mitsunobu reaction on alcohol 44.

OH
J o4, N
g Mitsunobu conditions

63 or 111

Entry  Solvent Carboxylic acid Phosphine  Reagent Temperature Results

4-phenylbutanoic

1 THF PPhs DIAD 0°Cto R.T. 107
acid
4-phenylbutanoic
2b Toluene PBus TMAD 0°C to 60°C 107
acid
3b Toluene Benzoic acid PBus TMAD 0°C to 60°C 107

a For 63 R = CsHs and for 111 R = (CHz)3CsHs. b Conditions inspired by Herdewijn et al.[102]
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These results led us to closely examine the work published by
Herdewijn et al.[102] First, it is notable that their yield is relatively low (i.e.
35%) and that degradation products were observed. We assumed these
degradation products result from elimination, a hypothesis that aligns with
our experimental observations, confirming the competition between

substitution and elimination.

Next, we compared their results (see scheme 41) with those
obtained by adapting their methodology (see Table 15, entry 3). The only
difference is that their lactam is not protected, whereas ours is already N-
acylated. This N-acyl group, having an electron-withdrawing effect, could
drive the reaction towards elimination. Although this observation does not
provide a direct solution to favour substitution with our substrate 44, it
opens up possibilities to perform the Mitsunobu reaction on substrate 109,

thereby considering a new synthetic route.
5.3 Second strategy

Considering the Mitsunobu reaction on substrate 109 leads us to
reexamine the retrosynthetic pathway to obtain 63. Overall, this new
pathway is quite similar to the previous one in terms of fragmentation (see
Scheme 34, section 5.2), but it differs in the order of addition of the
fragments to the lactam core (Scheme 42). This retrosynthesis also allows

starting from azetidinone 32.
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Scheme 42: New retrosynthetic pathway to obtain 63.

5.3.1 Deprotection of 42

The alcohol 109 can be obtained from 42, the synthesis of which is
described in section 5.2.3 (Scheme 43). 1H NMR spectrum confirms the
formation of the desired product, accompanied by a byproduct 113. This
byproduct is the acetate ester formed through a Fischer esterification with
the acetic acid used during deprotection. The product of interest and the
byproduct are obtained in an NMR ratio of 36/64. Due to the high polarity of
109 and associated technical difficulties, the products could not be
separated. Although 109 could theoretically be recovered from 113 by
saponification, this manipulation did not significantly change the

composition of the mixture.

o)
OTBDMS OH //{
M AcOH(aq) (60% v/v) M o
it Pr— it
o o NH
42 109 o
13

Scheme 43: Deprotection of 42.

Since the usual method for deprotecting the alcohol 42 from its tert-
butyldimethylsilyl group was ineffective, an alternative inspired by the

conditions developed by Herdewijn et al. was employed.[102] Compound 42 is
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dissolved in acetonitrile, followed by the addition of HCl. The reaction
mixture is stirred at room temperature for two hours (Scheme 44). HCl is
then neutralised with NaOH, and the product is purified by washing the NaCl
with MeOH. The product 109 is obtained with a yield of 95% without

requiring further purification.

OTBDMS OH
A HCI (1 M) A
NH ACN, R.T, 2h NH
(o] 95% (o]
42 109

Scheme 44: Deprotection of 42 using HCI conditions.[102]

5.3.2 Esterification of 109 with inversion of configuration

The Mitsunobu reaction was undertaken according to the conditions
described in section 5.2.6. to esterify alcohol 109 while inverting the
configuration of the carbon bearing this functional group.[102] Alcohol 109
was dissolved in toluene, and then 4-phenylbutanoic acid, PBusz, and TMAD
were added at 0°C. The reaction mixture was stirred at 60°C for 24 hours
before being purified by column chromatography (Scheme 45).
Unfortunately, the purification did not allow isolation of the desired product,
resulting in a mixture of three compounds: two apparent diastereomers 112
and an elimination product 114. The presence of the substitution product
(ester) and the elimination product was confirmed by HRMS. This reaction
showed poor reproducibility and difficulties during scale-up. To increase the
proportion of the substitution product relative to the elimination product,
the reaction was repeated at room temperature, as heating might favour
elimination. However, this attempt only produced the elimination product,
which was surprising and unexplained. The initial conditions were therefore
reused. Due to the mentioned difficulties, 141 mg of the mixture of the three
products (112 and 114) was accumulated and used for the next N-acylation

reaction, allowing for more optimal purification later.
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(0]
109

(0]
OH 4-phenylbutanoic acid,
M TMAD, PBus, /50 /\j;‘
- ”, +
J;‘\IH Toluene, 60°C, 24h /l;\ g NH
NH
114

O
112

Scheme 45: Mitsunobu reaction on alcohol 109.

5.3.3 N-acylation of 112 and 114

The mixture of the two diastereomers (112) and the elimination
product (114) was then subjected to an N-acylation under the conditions
described in section 5.2.4 (Scheme 46). After purification by column
chromatography, two interesting fractions were obtained. The first fraction
contained the two diastereomeric substitution products and the elimination

product 107. The second fraction corresponded to one of the two

diastereomers.
o 0
4-pentenoyl chloride 0 A
o N Pyridine 3
,/é“ + NH g + N
5 DCM, Reflux, 24h ! o 7]/\/\
NH o (o]
o 114 K N\ 107

112 63

Scheme 46: N-acylation of 112 and 114.

In order to identify and isolate the different products, studies were
conducted on the two fractions independently. Before these studies, it is
important to note that the Mitsunobu reaction partially succeeded,
producing the desired compound as well as a diastereomer. As a reminder,
the expected product has two asymmetric centres, allowing for the
consideration of four possible stereoisomers (Scheme 47). Our initial
hypothesis was that the reaction had produced the desired inversion
stereoisomer 63, but that an epimerisation of one of the asymmetric carbons
had also occurred, thus forming 35 or 116. With this hypothesis in mind, the

studies were undertaken.
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Scheme 47: Stereoisomers of the lead compound. 35 corresponds to the lead, while 63

corresponds to the desired diastereomer.

5.3.3.1 Fraction 1

Regarding the first fraction, an NMR analysis was conducted and
identified three products. Two of these products correspond to the target
compounds 63 and 116 (or 35) as a mixture of diastereomers and the
elimination product 107, which was confirmed by HRMS. HPLC analyses,
including chiral HPLC, revealed two signals. An HPLC-MS analysis helped us
determining that one of the signals corresponded to 63 and 116 (or 35) and
the other to the elimination product, indicating that HPLC analyses did not

separate the two diastereomers.

Since the products exhibit poor separation by column
chromatography but good separation of the substitution products and the
elimination product by HPLC, a semi-preparative HPLC was performed. This
method successfully enabled isolating the mixture of diastereomers, as
confirmed by NMR analysis, where two diastereomers were clearly visible
(Figure 32). One of the NMR spectra perfectly matched that of the lead

compound 35 that we had in stock.
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Figure 32: 1H NMR (300 MHz, CDCls) spectrum of Fraction 1 after purification by semi-
preparative HPLC. Dia 1 corresponds to the lead 35 (or 116). Dia 2 corresponds to the
diastereomer 63 (or 115).

Given the mechanism of the Mitsunobu reaction, we hypothesised
that the substitution product indeed underwent an inversion of configuration
but also experienced an epimerisation of the asymmetric carbon on the
lactam ring. This suggests the presence of a mixture of compounds 63 and
116 (see Scheme 47). If this hypothesis is correct, it could be advantageous
as it would allow us to obtain the enantiomer of the lead compound 35, which
could be very interesting from a pharmacological perspective, provided we
can separate the two diastereomers. To confirm our hypotheses and
determine the next steps, a more detailed analysis was conducted on fraction

2.
5.3.3.2 Fraction 2

Regarding the second fraction, NMR analysis showed the presence of
a single product whose spectrum perfectly matches that of the lead

compound 35 (Figure 33). This indicates that a small fraction of one of the
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diastereomers was isolated, although it is not the desired one. According to
our hypothesis, we likely obtained and isolated the enantiomer 116 of the
lead. Even though the mechanism of the Mitsunobu reaction suggests it is

116 and not 35, experimental confirmation is necessary.
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Figure 33: 1H NMR (300 MHz, CDCls) spectrum of Fraction 2. This spectrum corresponds to

lead 35 or its enantiomer 116.

A chiral HPLC analysis was performed, but it failed to differentiate
between the stereoisomers. The fact that chiral HPLC could not separate the
two peaks is not conclusive, especially since we have already shown that the

diastereomers could not be differentiated by HPLC using our conditions.

We then measured the specific optical rotation. The analyses,
performed on solutions of compounds in DCM, showed a specific rotation of
3.7° for the lead 35 and -1.5° for fraction 2. This suggests that it could be the
enantiomer 116. However, this evidence is not sufficient. Given that the angle

is close to 0°, it is difficult to determine whether it is the opposite angle,
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considering the margin of error, or if it is indeed a mixture of enantiomers

responsible for the different value from that of the lead’s opposite.

To more precisely determine which enantiomer is present in fraction
2, a circular dichroism (CD) analysis was conducted in collaboration with
Prof. C. Michaux and ]J. Mignon (UNamur). Figure 34 shows the CD curves
obtained for the lead compound (used as a reference for the pure enantiomer
35) and fraction 2. The analyses were carried out within a wavelength range
of 220 nm to 300 nm. The samples were dissolved in chloroform at identical
concentrations. As it can be observed, the curve for fraction 2 exhibits a
similar profile to that of the lead compound but with a lower intensity. If we
had the pure enantiomer of the lead compound (116), we would expect a
mirror-image curve of the lead compound. Moreover, Prof. Marc de
Wergifosse and Robin Crits (UCLouvain) performed a CD spectrum
simulation for lead 35 using DFT methods at 0 K, 50 K, 100 K, and 298.15 K
(see section 10.3.2). Since the simulated spectrum for the lead 35 matches
the experimentally obtained spectrum, this analysis confirms that lead 35
corresponds to the expected enantiomer and that fraction 2 predominantly
contains this lead. These results therefore suggest that fraction 2 contains a
mixture of the lead compound and its enantiomer, with the lead compound

predominating.
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Boltzmann-averaged spectra, XsPBE0/6-31+G(d)//C-PCM(chloroform)
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Figure 34: Circular dichroism analysis of the lead compound 35 and Fraction 2; simulated

CD spectrum for the lead 35 at 0 K, 50 K, 100 K and 298.15 K.

By correlating the results obtained for the two fractions, we
concluded that a mixture of at least three stereoisomers is present (35, 63,
and 116). This could be explained in two ways. The first hypothesis is that
the Mitsunobu reaction worked, but both asymmetric centres epimerised.
The second hypothesis is that the Mitsunobu reaction followed an Sy1-type
mechanism, followed by the epimerisation of the asymmetric centre on the
ring. It is difficult to determine which of these hypotheses is correct, but it is
unlikely that the Mitsunobu reaction follows an Sx1 mechanism, making the

first hypothesis more coherent.

Given this explanation and the results obtained from circular
dichroism, it is reasonable to think that stereoisomer 63 is present along
with its enantiomer 115 in fraction 1. We hypothesise that fraction 1 is
actually a mixture of all four stereoisomers, which is not ideal for
pharmacological tests. Unfortunately, despite all the strategies explored, we

have not been able to make further synthetic or separation progresses on this
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project. Nevertheless, pharmacological tests will be conducted as an

indication on the two fractions (see Section 7.2).
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SYNTHESIS OF OTHER LACTAMS

6.1 Introduction

This project also aims to extend our studies on lactams as FAAH
inhibitors to y- and 6-lactams. Our goal is to synthesise and
pharmacologically test the y-lactam 65 and the §-lactam 66 analogues of the
lead compound. In parallel, we also plan to synthesise and test the B-lactam
117, which corresponds to the lead without the ester carbonyl and double
bond. These two parameters had been tested individually and had not shown
any influence on the inhibitor's activity. We wanted to evaluate the influence
of the combination of these two parameters. This chapter presents the

synthesis of molecules 65, 66, and 117 (Figure 35).
3\/\© @\/\)OJ\
Z

65 66 117

EAaSY
oﬂg,/\/\

Figure 35: y-Lactam 65 and 6-lactam 66, analogues of the lead compound. Analogue of the
lead without the ester carbonyl and double bond (117).

6.2 Synthesis of y-Lactam 65

As mentioned in section 3.4, the synthesis of y-lactam 65 can be
considered starting from 71 or 72 Initially, we chose 71 as the starting point

for our synthesis.
6.2.1 Preparation of lactam 71

The B-lactam 71 can be synthesised from 4-acetylbutyric acid by
reacting it with diphenyl azidophosphate and triethylamine (Scheme
48).1105] However, we only obtained a low isolated yield of 11%, which is not

suitable as a starting point for the synthesis. These results are surprising, as
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the publication from which the conditions are inspired reports a yield of
65%.[105] The low yield of the method has also been confirmed by other

sources.[106]

PhO-P-N,
0 0 NEt;,  Oph o ¢
)J\/\/U\OH tBUOH, 50°C, 16h )\&/NH
118 1% 7

Scheme 48: Formation of y-lactam 71.

6.2.2 Acetylation of 119

Given the difficulty in obtaining compound 71, we prioritised the
synthesis of compound 120 from a protected 2-pyrrolidinone. Specifically,
we used commercially available 1-benzyl-2-pyrrolidinone 119. This was
deprotonated with LDA and then reacted with methyl acetate to give
compound 120 with a yield of 98% (Scheme 49).[106]

o} (i) LDA, -78°C, 45 min o]

0}
(i) methyl acetate
N N
THF, -78°C to 50°C, 16h
0,
119 98% 120

Scheme 49: Acetylation of 119.

At this stage, the deprotection of the nitrogen in 120 to obtain
compound 71 was tested to assess the ease of removing the benzyl group.
Table 16 summarises the various conditions tested. Unfortunately, the
methods in entries 1 to 3 only led to the recovery of the starting material,

while the conditions in entries 4 and 5 resulted in product degradation.
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Table 16: Conditions tested for the deprotection of 120.

Conditions o ©
— >
Hon S
7

Entry Conditions Results

1 Hz, Pd/C, EtOH/AcOEt (1: 1), 16h 120

2 Hz, Pd/C, AcOH, 16h 120

3 HCOOH, 2h at R.T. then 2h at 60°C 120
4[107] KBr, oxone, CH3NO2, 30°C, 24h Degradation
5[108] Triflic acid, toluene, pw, 180°C, 25 min Degradation

6.2.3 Formation of 121

Given the difficulty in deprotecting the nitrogen of 120, alternative
protecting groups were considered, including 1-(4-
methoxybenzyl)pyrrolidin-2-one 121. For this, a PMB group was added to
the lactam 122 (Scheme 50). First, PMB-Br (123) substrate was easily
obtained from PMB-OH (124) with yield of 88%. Then, pyrrolidin-2-one 122
was N-alkylated using PMB-Br, leading to compound 121 with a yield of 81%.
It should be noted that this alkylation was also attempted with PMB-OTs, but
it did not yield lactam 121 due to difficulties in achieving good conversion

during the synthesis of PMB-OTs.

/\©\ PBI‘3 Br
EtZO 0°C, 2h o~

88% 123 (@)
. o . 0
o (i) NaH, 0°C, 30 min
(i) 123 N /l_]\N
NH THF, 0°C to R.T,, 72h
810 —
122 % 121 © (b)

Scheme 50: (a) Formation of 1-(bromomethyl)-4-methoxybenzene 123 and (b) N-
acylation of 122 (b).
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After protecting the 2-pyrrolidinone with the PMB group, a
deprotection test was performed using cerium ammonium nitrate (CAN).
These conditions successfully deprotected 121, confirming that the PMB

group can be removed when needed.
6.2.4 Acetylation of 121

Compound 121 is acetylated following the method described in
section 6.2.2, yielding compound 125 with a 39% yield (Scheme 51). It is
noteworthy that the yield of this reaction is considerably lower than that of

the benzyl equivalent (i.e. 98% yield for 120).

0] (i) LDA, -78°C, 45 min o 0]
(i) methyl acetate
N > N
THF, -78°C to 50°C, 16h
39%
121 0~ ’ 125 o~

Scheme 51: Acetylation of 121.

6.2.5 Reduction of 125

The ketone of y-lactam 125 is then reduced to form alcohol 126
(Scheme 52). For this, compound 125 is treated with NaBH4 in ethanol for 2
hours at room temperature, yielding 126 with a 97% yield after purification.
It should also be noted that, at this stage, a mixture of diastereomers (and
enantiomers) is present. It was decided to keep this mixture of stereoisomers

and separate them once the target compound is obtained.

o O
b " EOH.RT.2h b
125 o~ 97%

Scheme 52: Reduction of ketone 125.
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6.2.6 Esterification of 126

Alcohol 126 is then esterified following the procedure described in

section 4.5.7, yielding ester 127 in 58% yield after purification (Scheme 53).

0]
HO 0 4-phenylbutanoyl chloride 0 o}
)\&/ pyridine
N N
b DCM, R.T., 24h b\
126 o~ 56% 127 ~

Scheme 53: Esterification of 126.

6.2.7 Deprotection of 127

The objective of the reaction is to deprotect the nitrogen of the y-
lactam to obtain compound 67, which can then be N-acylated to yield the
target molecule 65. The conditions tested for deprotecting lactam 121 were
used initially (Table 17). To achieve this, lactam 127 was exposed to CAN in
ethanol at room temperature for 2 hours (entry 1). Unfortunately, only trace
amounts of 67 were observed. This is surprising, as preliminary tests on 121
had worked perfectly, suggesting that the presence of the side chain hindered
CAN from accessing the nitrogen. However, determining the precise effects
preventing this deprotection is challenging. The conditions were repeated,
replacing ethanol with an ACN/H>0 (5:1) mixture and stirring for 16 hours
(entry 2). Again, only a small amount of 67 was obtained (yield of 7%).
Further exploration of solvent influence was conducted using an EtOH/H,0
(3:1) mixture at room temperature for 16 hours (entry 3), resulting in a
slightly higher yield (20%). However, this is still insufficient, as the product
needs to undergo an additional reaction followed by stereoisomer
separation. Therefore, other deprotection conditions were explored.
Specifically, y-lactam 127 was exposed to trifluoroacetic acid at room
temperature for either 16 hours or 96 hours, resulting in either recovery of

the starting material or degradation (entries 4 and 5).
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Table 17: Conditions used for the deprotection of 127.

o
(0}
MO Conditions
N /@ —
127 o—

0
Mo o)
)\éNH
67

Entry Conditions Results
1 CAN, EtOH, R.T,, 16h 127 + traces of 67
2 CAN, ACN/H20 (5:1),R.T, 16h 127 + 67 (7%)
3 CAN, EtOH/H20 (3:1), R.T, 16h 127 + 67 (20%)
4 TFA, R.T, 16h 127
5 TFA, R.T, 96h Degradation

At this stage, we have not succeeded in finding satisfactory

deprotection conditions. Due to the project's priorities, we did not pursue

further deprotection tests. Nevertheless, an alternative would be to revisit

the synthetic route using another protecting group that could be more easily

removed later, such as the BOC group (128), CBZ group (129), or Alloc group

(130) (Table 18).

102



SYNTHESIS OF OTHER LACTAMS

Table 18: Protecting groups under consideration with their protection and deprotection

conditions.

Protecting Protection Deprotection
Compound
group conditions conditions

DMAP, ACN

(0]
O
MO 2 BOC:0,
-BOC NJ(OJ< HCl
128

CBZ-Cl, NEts, Hz, Pd/C,

b THF MeOH
(0]
o 9 o
/Z( Alloc-Cl, Pd(PPhsz)s,
-Alloc N 0
130

e}
O3 28

129

-CBZ

NEts, THF THF

A test with the BOC protecting group was conducted (Scheme 54).
The reaction yielded the protected lactam 128 with a 97% yield. However,
the addition of the acetyl group resulted in the formation of the enol 131

rather than the ketone, along with numerous unidentified by-products.

(i) LIHMDS H
% BOC,0, DMAP (10mol%) @ o (ii) (Ac0),0 o 0O o
¢ NH ACN,R.T, 2h { N/[(O/% THF, -78°C to R.T,, 16h )*&/NJ(O/Q
122 128

131

Scheme 54: Protection of 122 with BOC protecting group followed by a-acetylation of 128.

6.3 Synthesis of 5-lactam 66

As mentioned in section 3.4, the synthesis of 8-lactam 66 can be

considered starting from &-valerolactam 78. The synthesis of 66 was carried
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out by Simon Degueldre as part of his Master thesis under our supervision

(2020-2021).110]

6.3.1 Protection of 78

The objective of this step is to protect §-valerolactam 78 (Table 19)
with a BOC group. Initially, the compound was treated with BOC,0, DMAP,
and NEtz for 2 hours at 0°C (entry 1).[110] DMAP was added as a catalyst to
promote the nucleophilic attack on BOC;0. However, this reaction yielded the
protected lactam 77 with only a 2% yield, with almost complete recovery of
the starting material. In a second attempt, compound 78 was deprotonated
by LDA before carrying out a nucleophilic addition on BOC;0 (entry 2). This
reaction performed slightly better but still resulted in a low yield of 21%.
Finally, the use of DMAP (10 mol%) in the presence of BOC;0 in ACN (entry
3)[111] produced the protected lactam 77 with a yield of 60% after

purification.
Table 19: Conditions tested for the deprotection of 78.
(0] O O
Conditions Jk J<
78 77
Entry Conditions Results
BOC20 (1.5 eq.), NEt3 (1 eq.), DMAP (10 mol%),
110] (1.5 eq), NEts (1 eq) ( ) 78 + 77 (2%)
DCM, 0°C, 2h
i) LDA (1.2 eq.), (ii) BOC20 (1.2 eq.),
5 (i) LDA (1.2 eq.), (i) (1.2eq) 78477 (21%)
THEF, -78°C to R.T,, 18h
BOC20 (1.2 eq.), DMAP (10 mol%),
3[111] 77 (60%)

ACN,R.T, 2h
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6.3.2 Acetylation of 77

The objective is then to acetylate the a position of the lactam
carbonyl in 77 to obtain compound 76. Initially, conditions inspired by
section 6.2.2 were used. Lactam 77 was deprotonated with LDA, followed by
the addition of methyl acetate (Scheme 55). However, the desired product
was not observed; the starting material being recovered. It is possible that
methyl acetate is not sufficiently electrophilic to be attacked by the

deprotonated lactam.

(i) LDA
0 j\ )< (i) methyl acetate o 0 j\ k
N™ O N O
THF, -78°C to R.T., 18h
77 76

Scheme 55: Acetylation of 77 using methyl acetate.

Methyl acetate was therefore replaced by acetyl chloride. Given the
previously encountered difficulties described in section 4.5.3, acetyl chloride
was synthesised just before use and added in situ to the reaction mixture

(scheme 56).

O (COC|)2 DMFCAT O
)J\OH DCM, R.T, 2h )J\c|
132 133

Scheme 56: Formation of acetyl chloride 133.

Initially, lactam 77 was treated with acetyl chloride and pyridine,
with or without DMAP catalysis (Table 20, entries 1 and 2). In both cases,
only the starting material was recovered. A third attempt was made using
DMAP alone instead of pyridine (entry 3), yielding the same results. The
strategy was then modified by first deprotonating lactam 77 with LIHMDS
before adding either acetyl chloride (entry 4) or acetic anhydride (entry 5),
which resulted in the desired product with respective yields of 7% and 14%

after purification. However, the desired product was obtained as a mixture of
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the ketone and its enol tautomer 134 in a 2:1 ratio. These results and yields
are consistent with those described in the literature by Kenny et al.[112]
Moreover, calculation of AG using Density Functional Theory (DFT) methods
predicts a value of 0.2 kcal/mol (Scheme 57). Given that this is a mixture of
two forms in equilibrium, it was decided to use this mixture for the

subsequent reaction.

Table 20: Conditions tested to acetylate 77.

o o 0O 0 O -H
JJ\ /k Conditions )J\ J< o0 i )<
N (6] N (6] + )\ij\l (o)
77 76 134

Entry Conditions Results
1 CHsCOC], pyridine (2 eq), DCM, R.T, 18h 77
2 CH3COCl, pyridine (2 eq), DMAPcar, DCM, reflux, 18h 77
3 CH3COCl, DMAPcar, DCM, reflux, 18h 77
4 (i) LiHMDS, (ii) CH3COC], THE 0°C to R.T, 18h 134 +76(2:1), 7%
5 (i) LiHMDS, (ii) (CH3CO)20, THE -78°C, 1h 134 +76(2:1),14%

0O 0 O AH
J§ )< AG = 0.2 kcal/imol o9 j\ J<
N0 < - )\@ o
76 134

Scheme 57: Calculated equilibrium between ketone 76 and enol 134 (M06-2X/6-
311+G**(CHCI3)//M06-2X/6-31+G*(CHCl3).

6.3.3 Deprotection of 76

The goal of the next step is to deprotect the nitrogen of the mixture
of 134 and 76 from its BOC group. To achieve this, the mixture is treated with
trifluoroacetic acid at room temperature for two hours (Scheme 58). The
mixture of deprotected products 75 and 135 was obtained with a yield of
51%.
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H H
o 0o o oo o o o oMo
A AN ™ PN
N" 0 * NH
)\ij“ 0 DCM, R.T., 2h )\@H
51%
76 134 75 135

Scheme 58: Deprotection of 76.

6.3.4 N-acylation of 75

The compound 75 is then N-acylated according to the procedure
described in section 5.2.4 to obtain 74 (Table 21). Initially, 1 equivalent of
lactam 75 was reacted with 1.5 equivalents of 4-pentenoyl chloride. The
target product 74 was not obtained; instead, compound 136 was isolated
with a yield of 45% (entry 1). This product results from both N-acylation and
esterification occurring simultaneously. These results are understandable,
given the ease with which compound 75 undergoes keto-enol tautomerism
favouring the enol form. The formation of the ester corresponds to the
nucleophilic attack of the oxygen of the enolate on 4-pentenoyl chloride. To
investigate the preferential reaction (N-acylation or esterification), the
reaction was repeated with varying equivalents of the two reactants, using
an excess of lactam 75. Using 1.5 equivalents of lactam and 1 equivalent of 4-
pentenoyl chloride, only compound 136 was obtained with a yield of 54%
(entry 2). Finally, with 3 equivalents of lactam and 1 equivalent of 4-
pentenoyl chloride, only product 136 was observed in the crude mixture
(entry 3). These results do not clearly determine which reaction is the most
favoured, but it suggest that N-acylation occurs first, generating an electron-
withdrawing group that favours the enol form, which then reacts via
esterification faster than lactam 75. At this stage of the project, lactam 136
was obtained. However, due to project priorities, the work was not pursued

further beyond this point.
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Table 21: Conditions tested for N-acylation of 75.

o9 4-pentenoyl chloride, pyridine P9 j\/\/ WOJ\O o o
)‘\@H DCM, reflux, 24h )J\i‘j * )\@J\/\/
75 74 v
Entry Eq. 75 Eq. 4-pentenoyl chloride Results
1 1.00 1.50 136 (45%)
2 1.25 1.00 136 (54%)
3 3.00 1.00 136

6.4 Synthesis of p-lactam 117

The molecule 117 can be obtained from B-lactam 137, which is
already available in the laboratory. This lactam was synthesised by Marion
Feledziak as part of her study on the pharmacophore and the influence of
carbonyls on FAAH inhibition (see section 2.2).131 She synthesised compound
137 in 7 steps starting from azetidinone 32 (Scheme 59). First, she
substituted the acetate with thiophenolate to obtain 41, and then abstracted
it to get 42. Next, she protected the lactam nitrogen by a PMB group (138),
deprotected the alcohol to obtain 139, and formed the ether 140 by reacting
alcohol 139 with 4-phenylbutyl bromide. She then deprotected the nitrogen
from its PMB group using CAN, obtaining 141, on which she performed an N-
acylation to obtain 137. The overall yield of this synthesis is 7% over 7 steps.
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OTBDMS OTBDMS OTBDMS
] oAc PhsNa,DIPEA _J  spn AIBN, TTMSS
B — _ >
NH DMF, R.T., 4h NH Toluene, reflux, 24h NH
(e} 95% o 84% (o}
32 4 42

Cul,K,CO3
Dioxane, 105°C, 24h

L Bromoanisole, DMEDA,
61%

Ow OH OTBDMS
A 4-phenylbutyl bromide,  —, =
‘ KI, NaH TBAF, AcOH
N N - N
& DMF, 0°C to R.T., 4h o THF, RT., 1h o
Q 37% 99%
o— o—

140 © 139 138

\ CAN, H,0

ACN, -15°C, 15 min
80%

o 4-pentenoyl chloride O/\/\/@
/[ pyridine /’
0 >
NH DCM, reflux, 24h )/j\j
47% o 77/\/\

o N
1 0

Scheme 59: Synthesis pathway 137.13]

On our side, compound 117 was obtained by hydrogenation of 137
(Scheme 60). The procedure described in section 4.2.4 was used, allowing
us to obtain compound 117 quantitatively after filtration through a Celite pad
to remove the palladium catalyst. Thus, the target compound was obtained in

8 steps with an overall yield of 7% from azetidinone 32.

) )
. Hy, Pd/C (10 mol%) .
J;‘q EtOH, AcOEt (1: 1), R.T,, 16h );‘q
o)
CZZ/\/\

o N quantitative

117

Scheme 60: Hydrogenation of 137.
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PHARMACOLOGICAL EVALUATION

7.1 Introduction

This chapter presents the results of the pharmacological studies
conducted during this project, which were divided into two main sections.
First, in vitro tests were performed to determine the potency of the molecules
obtained from the various syntheses for the inhibition of mFAAH. These tests
aimed to evaluate the molecules' ability to inhibit FAAH and validate our
working hypotheses. Second, cellular tests were conducted on a selection of
molecules based on their potency. These cellular studies allowed us to
examine the behaviour of the molecules within an intact cellular system and

verify their ability to increase NAE levels.
7.2 Determination of the potency of the inhibitors

To determine the potency of the target molecules, we chose to work
with mFAAH, as explained in section 3.5.1 dedicated to objectives and
strategies. The principle involves measuring the inhibition of mFAAH as a
function of the inhibitor concentration present in the medium, thereby

determining an ICsp value.

To achieve this, solutions of the tested inhibitors at various
concentrations are incubated in the presence of mFAAH (from a mouse brain
preparation) and a constant concentration of anandamide 6 for all
conditions. A small proportion of the anandamide used is tritiated on its
ethanolamine part and serves as tracer for the reaction. Therefore, when
FAAH hydrolyses AEA, tritiated ethanolamine is generated (Scheme 61). A
chloroform and methanol mixture is then added to the reaction mixture to
separate the lipophilic anandamide from the hydrophilic ethanolamine. The
B- emission from the tritium contained in the ethanolamine is then measured
using liquid scintigraphy. In our working conditions, the higher the

radioactivity measured in the aqueous fraction, the greater the concentration
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of ethanolamine and therefore the larger anandamide hydrolysis. By
comparing a control condition, where vehicle only is incubated with the
enzyme preparation, and a “test” condition where a molecule of interest is
present we can assess the relative level of enzyme activity and thus of

inhibitor activity.

—— ON/\sT/OH FARH e — on OH
+ HN
oy o w
6

Scheme 61: Hydrolysis of tritiated anandamide 6 by FAAH.

Given that all previously conducted and published ICso tests were
obtained for hFAAH, the first step was to confirm the transition from hFAAH
to mFAAH and analyse the impact on the ICso value.[82] To achieve this, we
determined the ICso value for lead 35 using mFAAH and compared it to the
published value for hFAAH.[82] The referenced ICso for hFAAH is 5.0 nM.[82]
For mFAAH, we obtained an ICso of 4.9 nM [3.8 - 6.4] (Figure 36). These
similar values for both FAAH support the successful transition from human

to murine FAAH.

35

100
75-
50

25+

activity (% of CTL)

0 T T —=
-12 -10 -8 -6 -4
log [Inhibitor] (M)

Figure 36: Inhibition curve of lead 35 (ICso = 4.9 nM [3.8 - 6.4]).

To verify the transition from bicycle 56 to bicycle 91, which are the
bicyclic [4.2.0] equivalent of the lead 35 respectively with and without the

terminal double bond (the latter being preferred for synthetic reasons), we
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first needed to evaluate the impact of the double bond on inhibition (Figure
37). To achieve this, J. Caruano synthesised and tested the ICso of 54, on
mFAAH. She obtained an ICso of 8.0 nM.[21 We observed that this value is quite
similar to that of lead 35, allowing us to conclude that the presence of this
double bond has no a major impact on the inhibition capacity of mFAAH. In

doing so, we also validated the choice to transition from 56 to 91.

O (6]

A0 Ao S0 Ao
35

o

91 54
Figure 37: Bicyclic equivalent of the lead (56), lead (35), reduced equivalent of bicycle 56
(91) and reduced equivalent of the lead (54).

For bicycle 91, two diastereomers are possible, 91a and 91b, which
differ by the absolute configuration of the carbon in a to the carbonyl on the
six-membered ring (Figure 38). The absolute configuration of this carbon is
(R) for 91a and (S) for 91b. These two diastereomers were synthesised,
isolated, and identified (see section 4.5.7). A modification of the synthesis of
91 also allowed us to obtain bicycle 104, corresponding to the a,f-
unsaturated equivalent of bicycle 91. We then measured the I1Cso of mFAAH
for these three compounds. Compound 91a has an ICso of 55.0 nM [42.1 -
72.2], while the value is 197 nM [157 - 247] for 91b and 171 nM [122 - 240]
for 104 (Figure 39).

SN0 SO 0O
N < O)f_@@/\ OJ;"Q\/\

O ¢} 0}
91a 91b 104
Figure 38: Diastereomer (R) of 91 (91a), diastereomer (S) of 91 (91b) and o,
unsaturated bicycle (104).
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Figure 39: Inhibition curves of 91a (blue; ICso = 55.0 nM [42.1 - 72.2]), 91b (magenta; ICso
=197.3nM [157 - 247]) and 104 (orange; ICso = 171.1 nM [122 -240]),

Surprisingly, none of the three bicycles has a value comparable to that
oflead 35 (4.9 nM [3.8 - 6.4]), showing significantly lower inhibition potency.
This is unexpected because the bicycle structure forces the two carbonyls
into a syn configuration unlike the lead where an equilibrium between the
two conformations has been demonstrated, favouring the anti conformation.
As discussed above, the docking studies have shown that this syn
conformation is important, as the two carbonyls of the imide can interact
with Serza1. It is thus somewhat surprising that the ICso values for each of the
bicycles are higher. These results suggest that the intrinsic structure of the
bicycle allows for less effective stabilisation of the molecule within the
enzymatic cavity. To confirm this hypothesis and further explain it, it is
necessary to turn to docking studies which could provide more detailed
information (see section 8.3). Nevertheless, even if the tested bicycles are not
as effective as the lead, they still have quite reasonable ICso values, all being

in the nanomolar range.

[t is also interesting to compare the effectiveness of the three bicyclic
compounds with each other. It is important to note that the configuration of
the carbon bearing the propyl chain seems to have a significant impact on
inhibition. Indeed, compound 91a (configuration (R)) has an ICsg
approximately 3.58 times smaller than 91b (configuration (S)). Additionally,
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compound 104, possessing an o,B-unsaturation, and thus a planar propyl
chain relative to the ring, shows an intermediate ICso value. These results
suggest that the propyl chain orients differently depending on the molecules
and stabilises the molecule inside the enzymatic cavity with varying
efficiency. It is also interesting to compare these values to that of molecule
144, which is the equivalent of bicycle 91 without the propyl chain (Figure
40). This molecule is an intermediate from a synthetic strategy considered to
obtain 56 in a previous project that was not conclusive.[100] The 1Cso of 144
was measured, yielding a value of 44.7 nM. It is very surprising to note that
this ICso is lower than all the bicycles considered in this project. These results
seem to indicate that the presence of the alkyl chain on the bicycle tends to
decrease the potency of the molecules, whereas it had been previously
demonstrated that the alkyl chain on the monocyclic B-lactam had a positive
influence on the stabilisation of the molecule in the enzymatic cavity.[82]
Considering all these results, it seems reasonable to think that the bicyclic
compounds do not behave in the same way within the enzyme as the
monocyclic compounds like lead 35. Moreover, these results indicate that the
bicycles do not position themselves in the enzymatic cavity as stably as the
lead. Docking studies could thus provide valuable information to understand

these differences (see section 8.3).

te

o
144
Figure 40: Bicycle without the propyl side chain.

Regarding the stereoisomers of the lead compound, as previously
discussed we were not able to obtain the pure stereoisomers (see section
5.3.3). However, we reasoned that it would still bring interesting insights to

test the mixtures that we obtained as those had different proportion of
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stereoisomers. The first mixture consists of the lead 35 and its enantiomer
116 (fraction 1, see section 5.3.3.1), while the second mixture contains at
least three of the four stereoisomers (35, 116, and 63), although we suspect
the presence of all four (fraction 2, see section 5.3.3.2) (Figure 41). Given
that these are mixtures of products, the obtained ICso must be interpreted
with caution. Indeed, each stereoisomer may have a different inhibition
efficiency or even be inactive. Nonetheless, the evaluation of the median
inhibitory capacity was carried out as an indicative measure to obtain a
preliminary idea of the effectiveness of the lead stereoisomers. For fraction
1, an ICsp of 10.5 nM [8.6 - 12.9] was measured, while fraction 2 has an ICs
of 14.2 nM [12.1 - 16.2] (Figure 42). These values, although higher than that
of the lead (4.9 nM [3.8 - 6.4]), initially suggest that the stereochemistry of
the two present centres does not have a major influence. This seems
particularly true for the mixture of the two enantiomers, but, as mentioned,
these results should be interpreted with caution. Future investigations
allowing to obtain the pure stereoisomers will help to validate our

hypothesis.

(o] (o] (o] (o]
35 63 115 116

Figure 41: Stereoisomers of the lead: 35 (lead), 63, 115 and 116.
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Figure 42: Inhibition curves of Fraction 1 (magenta; containing 35 and 63, ICso = 10.5 nM
[8.6 — 12.9]) and Fraction 2 (orange; containing 35, 63, 116 and probably 115, 14.0 nM
[12.1-16.2]).

We are also planning to determine the potency of molecule 117. As
explained earlier (see section 6.1), it has been demonstrated that the
carbonyl group of the ester function has virtually no influence on the
inhibition efficiency, and its ether equivalent showed an ICso similar to that
of the lead (8.0 nM) (Figure 43).31 Furthermore, it has been shown that the
double bond is not essential for inhibition, with the reduced molecule having
an ICso of 8.0 nM.[2] This led us to consider the lead compound by combining
the modifications that did not influence inhibition. This compound is of
particular interest, as it is likely to offer greater stability under physiological
conditions. Indeed, replacing the ester with an ether should prevent potential
hydrolysis of the compound in these conditions. Unfortunately, the ICso of

molecule 117 has not yet been determined due to technical issues.

Figure 43: Equivalent of the lead without the double bond and the carbonyl of the ester
function (117).

119



CHAPTER 7

7.3 In cellulo studies

After determining the potency of the molecules in a biochemical
assay, we conducted a study to verify whether the tested molecules could
increase NAE levels in intact cells. The principle involves exposing cells to the
studied inhibitor. If the molecule is effective (and is cell permeant), it will

inhibit FAAH, allowing for an increase in NAE levels.

For this study, we used a murine macrophage cell line, namely the
J774 cells. These cells were chosen as previous studies showed that they
express FAAH and that well known FAAH inhibitors (e.g. PF-3845) are able to
increase NAE levels .[1131]774 cells cultures were prepared with 107 cells per
dishes (see section 10.2.2). The cells were incubated with the inhibitors (10
uM) or vehicle (DMSO) for 5h. Following the incubation, the cell lipid was
extracted and the cellular NAE and endocannabinoids analysed by HPLC-
MS/MS as routinely performed in the lab. Of note, the LC-MS/MS method
used allows for the detection of several NAEs allowing to assess in a single
experiment the effect of the molecules of interest on several NAEs. Here for
the sake of clarity we will discuss the data obtained for the NAE most often
reported in these types of assay, namely AEA 6, PEA 10, OEA 11, and SEA 12
(Figure 44). While the former is an endocannabinoid, PEA, OEA and SEA do
not bind the cannabinoid receptors and are thus not considered as
endocannabinoids, but are “associated” to the endocannabinoid system as

their biochemistry (synthesis, release, and degradation) is similar.
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Figure 44: N-arachidonoylethanolamine (anandamide, AEA) 6, N-palmitoylethanolamine
(PEA) 10, N-stearoylethanolamine (SEA) 12, N-oleoylethanolamine (OEA) 11 and 2-
arachidonaylglycerol (2-AG) 7.

Five inhibitors were studied here. First, we focused on lead 35, which
had never been studied in cells before (Figure 45). Among the three bicyclic
compounds obtained in this project, bicycle 91a showed the best in vitro
efficacy was also studied. The equivalent of the lead without the double bond,
54, was also studied. It was demonstrated that the absence of the double
bond does not affect the ICsg, so it is interesting to see if this trend is
confirmed in cells. The fourth molecule is the lead equivalent with an ether
function instead of the ester and without the double bond (117), allowing us
to study the influence of the ester function in cells. It is known that ester
functions can easily be hydrolysed in biological settings, thus reducing the
concentration of the molecule. This comparison will help determining if this
is the case for our molecules. Finally, molecule PF-3845 38 was used as a
reference. It is known to be a good inhibitor (ICsp = 230 nM), irreversible and
highly selective for FAAH, and very effective in vivo.[831 The levels of NAE in
inhibitor-treated cells were compared to those found in vehicle-treated cells

following 5h of incubation in the presence of the treatment.
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35,1C50=4.9nM [3.8-6.4] 91a,ICs0=55.0nM [42.1-72.2]  54,1Cs0=8.0nM

(6]
J;\/Q o g2 L\NJ

117, ICs0 not determined 38,1Cs50 =230 nM
Figure 45: Lead (35), Diastereomer (R) of 91 (91a), reduced equivalent of the lead (54),
Equivalent of the lead without the double bond and the carbonyl of the ester function (117)
and PF-3845 (38).

Regarding anandamide 6, molecule PF-3845 increases its levels
compared to the vehicle (Figure 46), as previously reported, confirming that
incubating 774 cells with a FAAH inhibitor leads to increased AEA levels.
Molecules 35 and 91a, also increased AEA levels while molecule 54 showed
a trend to increase AEA levels. In contrast, molecule 117 shows very good
efficacy, similar to that of the reference PF-3845, which is encouraging. This
suggests that all our $-lactam compounds can increase anandamide levels in
cells and potentially be effective in acting on the endocannabinoid system.
The molecule with an ether function also stands out, which could confirm our

hypothesis of ester function hydrolysis.
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AEA

pmol/sample

Figure 46: AEA levels (in pmol/sample) measured for vehicle, 35, 91a, 54, 117 and PF-
3845 (38).

Similar effects were observed for OEA 11 and PEA 10 levels (Figure
47). Molecules 35, 91a, and 54 do not significantly increase NAE levels.

However, molecule 117 increases them significantly, although less effectively
than PF-3845.
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Figure 47: (a) OEA levels (in pmol/sample) measured for vehicle, 35, 91a, 54, 117 and PF-
3845 (38) and (b) PEA levels (in pmol/sample) measured for vehicle, 35, 91a, 54, 117 and
PF-3845 (38).
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Regarding SEA 12, the lead 35 and its reduced version 54 showed a
tendency to increase SEA levels in ]J774 cells while the bicycle 91a did not
alter SEA levels (Figure 48). As for the other NAE measured, molecule 117,

increased SEA levels almost to the same extent than the reference PF-3845.
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Figure 48: SEA levels (in pmol/sample) measured for vehicle, 35, 91a, 54, 117 and PF-
3845 (38).

Although 2-AG 7 levels are dependent on the activity of esterases (i.e.
MAGL and ABHD®6), it is interesting to assess its levels as 2-AG is the other
major endocannabinoid. A small increase in 2-AG levels was observed with
the reference FAAH inhibitor 38 and with the molecules 35 (our lead) and
54 (Figure 49). As a reminder, in vitro, both 38 (PF-3845) and the lead 35
are highly selective for FAAH vs MAGL suggesting that the increased 2-AG
levels are not due to MAGL inhibition but rather to intracellular

consequences of FAAH inhibition.
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Figure 49: 2-AG levels (in pmol/sample) measured for vehicle, 35, 91a, 54, 117 and PF-
3845 (38).

In summary, although all the tested (3-lactam increased AEA levels,

molecule 117 stands out as increasing the levels of all the NAE measured.
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8.1 Introduction

Docking studies were conducted in collaboration with Professor
Catherine Michaux (UNamur). They aimed at three main objectives: first, as
mentioned in section 3.6, the pharmacological studies were performed on
mFAAH whereas previous studies had been conducted on h/rFAAH. The
docking studies probed the impact of this change in FAAH. Next, the
modelling studies were applied to different molecules obtained in this
project (bicyclic compounds 91a, 91b, 104, and monolactams 54 and 117;
Figure 50) in order to understand how they are fitting inside and interacting
with the enzyme. Finally, the study served as a predictive tool to propose new

molecules that could enhance our understanding of 3-lactam inhibitors.
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Figure 50: lead (35), reduced equivalent of the lead (54), diastereomer (R) of 91 (91a),
diastereomer (S) of 91 (91b), o, f-unsaturated bicycle (104) and equivalent of the lead
without the double bond and the carbonyl of the ester function (117).

8.2 Transition from hFAAH to mFAAH

The pharmacological studies in this project used mFAAH. However,
until now, all published studies on our inhibitors had been conducted on
hFAAH (see section 3.6.).1821 To assess whether the inhibitors are similarly

potent for h(FAAH and mFAAH, the ICsp of lead 35 was determined for mFAAH
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(ICs0 = 4.9 nM [3.8 - 6.4]). Comparing this result to the published data on
hFAAH (ICsp = 5.0 nM), we found that lead 35 produced similar results for
both FAAH.[82]

To validate this change, we conducted docking studies comparing
mFAAH to h/rFAAH, as the 3D structure of hFAAH has not yet been
determined by X-ray diffraction.[82 88-891 Previous studies on the lead 35 for
h/rFAAH had shown that the molecule adopted an interaction mode (called
mode 1) with both carbonyls of the imide function (“COjactam” and “COexo”)
adopting a syn conformation in the enzymatic cavity (Serzi7-Serza1-Lysiaz),
with the two carbonyls interacting with Serz41 and Ser217 via H-bonds (Figure
51) The phenyl group of the ester chain is located in a "phenyl pocket”

formed by three phenylalanine residues (Phesss, Phess1, and Pheioy).
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Figure 51: Active site (a) in view A and (b) in view B of the human (green) and mouse

(magenta) FAAH with 35 (turquoise) in the binding mode 1.

Comparing mFAAH to h/rFAAH, we observed a high similarity
between the sequences, with 84% identical sequence. In the binding site,
only three amino acid residues differ:

- at position 192, phenylalanine in h/rFAAH is replaced by leucine in

mFAAH;

- at position 268, glycine is replaced by serine;

- at position 495, methionine is replaced by valine (see Figure 51).

These differences do not affect the efficacy of lead 35, which appears
to bind similarly in the enzymatic cavity. These results support the similarity
between mFAAH and hFAAH and underpin the relevance of working with
mFAAH.

8.3 Results

Regarding the bicyclic B-lactams (56 and 91), intended to lock the
syn configuration, we chose to prepare the reduced versions of the lead for
synthetic reasons (see section 4.2.5). This choice was validated since the lead
35 and its reduced version 54 showed similar ICso values (4.9 nM [3.8 - 6.4]

and 8.0 nM, respectively). The docking studies support these results, showing
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that the allyl group does not make particular interactions in this mode of

interaction (mode 1) (Table 22).

Table 22: Non-covalent interactions between mFAAH and the compounds 35, 54, 91a, 117,

145, 146 and 147.
Non-covalent Binding score
Entry Compound ICso [nM]
interactionsa [A] functionb
Mode 1

Serz217(0)...0(COractam): 3.4
Ser217(0)...0(COexo): 2.8
Ser 241(0)...0(COexo): 2.1 63.7 49
Serz68...0(COester): 3.8
Phessi-Phe: 4.4
Valz70(CH)...Phe: 3.3

Mode 1
Serz217(0)...0(COractam): 3.8
Ser217(0)...0(COexo): 2.7
Ser 241(0)...0(COexo): 2.4 66.5 8.0
Serz68...0(COester): 2.2
Phesgi-Phe: 4.8
Valz70(CH)...Phe: 3.0

Mode 2
Ser217(0)...0(COester)! 2.6
Ser 241(0)...0(C0ester)2 2.7 52.10 55.0
Phess:...CH: 3.6
Leu192(CH)...Phe: 2.9

3 91a

Mode 1
Ser217(0)...0(COlactam)! 3.6
Ser217(0)...O(COex0)Z 2.7
4 117 62.40 n.d.
Ser 241(0)...0(COexo): 2.4
Phesgi-Phe: 4.8

Valz70(CH)...Phe: 3.0
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Non-covalent Binding score
Entry Compound ICso [nM]

interactionsa [A] functionb

Other mode
(with the phenyl pointing
towards the enzyme surface)
Ser268(0)...0(COlactam): 2.1
Val270(Nbackbone) ...0(COlactam):
5 145 2.7 n.d.
Mode 2
(8t solution)
No H-bonds 39.39
Leu1s2(CH)...Phe: 2.7
Phessi...CH: 4.5
Mode 2
Ser217(0)...0(COester): 2.7
6 146 Ser 241(0)...0(COester): 2.9 53.78 n.d.
Leu1s2(CH)...Phe: 2.9
Phess1...CH: 3.5
Mode 2
Ser217(0)...0(COester): 2.6
7 147 Ser 241(0)...0(COester): 2.5 63.67 n.d.
Phessi1-Phe: 5.1
Valz70(CH)...Phe: 2.9

47.40

aNon-covalent interactions are given for H-bonds (in blue), 7- winteractions (measured as
the distance between aromatic centroids, in purple) and CH- interactions (measured as
the distance between a H and an aromatic centroid, in green). *The binding score function
is a mathematical function that provides a numerical value (score) representing the
affinity of the inhibitor (ligand) for each of its conformations with the target protein. The
higher the value of the binding score function, the greater the affinity between the ligand

and the target.

Bicycles 91a, 91b, and 104 were docked and compared to the results
of 54. The pharmacological results were surprising because the bicycles were
less effective inhibitors despite the locked syn configuration. In fact, the

docking studies revealed that the bicycles did not interact in the same
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binding mode as the monocyclic compounds (mode 1). In the most
favourable binding mode of the bicycles, the ester interacts with the catalytic
triad, and the alkyl chain is located in the phenyl pocket. The phenyl group,
meanwhile, is at the beginning of the ACB chain (Figure 52). In this new
binding mode (mode 2), the molecule reverses in the enzymatic cavity
compared to mode 1. It is important to emphasise that for bicyclic
compounds, mode 1 exhibits fewer stabilising interactions than mode 2,
which explains why the molecules preferentially adopt this second mode of
interaction. The problem with this new binding mode is that it results in the
loss of several molecular interactions with the enzyme (see Table 22). First,
it is the ester, not the imide, that is oriented towards the serines of the triad.
This limits the hydrogen bonds to one carbonyl (“COester”) with Serzs41 and
Serz17, whereas in mode 1, the monolactams could form three H-bonds
thanks to the two carbonyls of the imide (COjactam and COexo). Furthermore, in
mode 2, the imide can no longer interact at all, unlike in mode 1 where the
COester could form an H-bond with Serzes. Finally, in mode 2, the loss of the
double bond could reduce interaction efficiency, as the allyl group could

establish -t interactions with the phenyl pocket.
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Figure 52: Active site (a) in view A and (b) in view B of the mouse (magenta) FAAH with 54
(purple) and 91a (orange).

The docking studies also allowed us to compare the three bicycles
91a, 91b, and 104 among themselves (Figure 53). The three compounds
position themselves similarly, with only differences in the alkyl chain, which,
in the case of 91b and 104, is closer to Leusgo than 91a, possibly leading to
steric clash. These observations are consistent with the measured 1Cso values
(55.0 nM [42.1-72.2] for 91a,197 nM [157 - 247] for 91b,and 171 nM [122
- 240] for 104).
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Figure 53: Active site of the mFAAH (magenta) with 91a (orange), 91b (light green) and
104 (dark green).
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Having conducted these docking studies on mFAAH, we then
performed them on h/rFAAH. For 91a and 91b, identical results were
obtained with only mode 2 observed. However, for compound 104, both
modes are possible (with a predominance of mode 1) for h/rFAAH, while only
mode 2 is observed for mFAAH. These unexpected results are difficult to
rationalise in a simple way and must be due to the subtle differences between

the two enzymes.

For (3-lactam 117, the docking studies showed that it interacts in the
same mode as the lead (mode 1), but with a slightly lower function score than
compound 54, likely due to the loss of the H-bond of COester with Serzes, as the
ester is replaced by an ether in the case of molecule 117. In h/rFAAH, the

same conclusions can be drawn.
8.4 Perspectives

We envisaged the docking of three new bicyclic molecules in order to
investigate the importance of the different interactions and try to find a

bicyclic B-lactam with improved FAAH inhibition activity.

First, two molecules, 145 and 146, with modifications compared to
91a, allow us to validate our hypotheses about the interaction mode of
bicyclic compounds (Figure 54). For molecule 145, the ester function is
replaced by an ether function, depriving the molecule of COester, Which
interacts with the serines of the triad (Figure 55). Studies show that this
bicycle 145 does not stabilise well in the enzymatic cavity, so we expect it to
have a poor ICso. Bicycle 146 retains the ester function, but the COjactam and
COexo carbonyls on the cycle have been removed, transforming the imide
function into an amine function. Our results show that this compound
continues to interact with the enzymatic cavity (Figure 56). We expect it to
have an ICsp similar to 91a. Once synthesised and their ICso values

determined, these molecules should reinforce the explanation of the
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interaction mode and explain the lower efficacy of bicyclic compounds

compared to the lead.

145 146 147
Figure 54:Equivalents of the bicycle 91a with the ester replaced by ether (145), the imide
replaced by amine (146), the alkyl and phenyl chains are reversed (147).

Lys142

>N
Ser217,

Leu192 A
Val495
Phe388
\ Val270 2
Phe381
(a)
Lys142
Ser241
; Ser268
Leu192 Val495
Val270
Phe381
(b)

137



CHAPTER 8

Figure 55: Active site (a) in view A and (b) in view B of the mouse (magenta) FAAH with
145 (light pink). Binding score function of 39.39 for mode 2 and 47.40 for the other mode.
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Figure 56: Active site (a) in view A and (b) in view B of the mouse (magenta) FAAH with
146 (dark green). Binding score function of 53.78 for mode 2

The third molecule, 147, reverses the two side chains of the bicyclic
compound, placing the phenyl chain on the nitrogen and the alkyl chain on
the ester (see Figure 54). Docking studies show that this molecule also
adopts mode 2, but the phenyl group now ends up in the phenyl pocket,
allowing additional interactions and a higher function score (Figure 57).

Testing this molecule would not only support our hypotheses about the
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interaction mode but also use our new knowledge to improve the efficacy of

B-lactam compounds as FAAH inhibitors.
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Figure 57: Active site (a) in view A and (b) in view B of the mouse (magenta) FAAH with
91a (orange) and 147 (yellow). Binding score function of 63.67 for mode 2
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CONCLUSIONS AND PERSPECTIVES

The synthesis of different compounds, pharmacological results, and
docking studies have been addressed separately for clarity in this
manuscript. However, it is crucial to emphasise that these areas are closely
linked and interdependent. This concluding chapter aims to summarise the
progress of the investigation cycle for each studied target: synthesis,
pharmacology, docking, and so on. As mentioned in section 3.1 on the general
objectives and methodology of this project, there is a virtuous circle between
these three research areas. They are highly dependent on each other and
mutually reinforcing. This manuscript also aims to demonstrate the highly

interdisciplinary nature of this project.

9.1 Transition from hFAAH to mFAAH

To determine the potency of the synthesised molecules, we chose to
work with mouse brain homogenate, which allowed us to obtain the ICso
values for mFAAH. Our choice to work with mice aligns with the development
of a drug. Indeed, in the process of developing a new drug, thorough studies
on mice are conducted. Therefore, working with mice serves as a good
starting point in this context. Additionally, in our laboratory, mFAAH is more

readily available than hFAAH.

To validate this transition, we determined the ICsg of the lead
compound 35 for mFAAH and obtained a value of 4.9 nM [3.8 - 6.4], very
close to the published value for hFAAH (5.0 nM).[82] These similar values
allowed us to validate this change. Additionally, this validation was
corroborated by docking studies, which revealed only three amino acid
residue changes in the enzymatic cavity, without a significant impact on the

interactions of the lead compound with the enzyme.
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9.2 Bicyclic Compounds

The project involving bicyclic f-lactam compounds began following
docking studies that demonstrated that the two carbonyls of the imide
function in our compounds adopt a syn conformation to interact optimally
with the serines in the catalytic triad.[82] However, for monolactams, there is
an equilibrium between syn and anti conformations, favouring the anti
conformation. Considering bicyclic compounds allowed us to lock the syn

configuration for these compounds.

The bicyclic equivalent 56 of the lead compound 35 was thus
considered but, despite all our attempts, we were unable to synthesise it
(Figure 58). The main difficulty was the inability to insert the allyl chain in
the o position of the carbonyl, leading to the opening of the bicycles at the
six-membered ring. However, after confirming that the double bond does not
affect the potency of our inhibitors, we considered 91, the reduced version of
56. Bicyclic 91 was synthesised in six steps from commercially available
azetidinone 32, with an overall yield of 17%. The success of this synthetic
route, compared to the one attempted for 56, is attributed to the direct
insertion of the propyl chain during N-acylation before the ring-closing
metathesis. Compound 91 was obtained as a mixture of two diastereomers,
91a and 91b, in a 55/45 ratio. The two diastereomers were isolated and

identified via NOESY analysis.

[0} (6] o

(0]
D AN O 0
NM P e o);@(i’/\

¢} o o

(@]
35 56 91a 91b

Figure 58: Lead (35), [4.2.0] bicyclic analogue of the lead (56), diastereomer (R) of 91
(91a) and diastereomer (S) of 91 (91b).
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By modifying the synthetic route to obtain 91, we also produced its
o,B-unsaturated equivalent 104 in five steps, with an overall yield of 24%

(Figure 59).

104
Figure 59: o, f-unsaturated bicycle (104).

Pharmacological studies were conducted on these bicyclic
compounds. The median inhibitory concentration was determined for
mFAAH for the three bicycles 91a, 91b, and 104. Surprisingly, the inhibitors
were not as effective as expected, with ICso values of 55.0 nM [42.1 - 72.2],
197 nM [157 - 247], and 171 nM [122 - 240], respectively, even though the
syn configuration of the two imide carbonyls was locked. These results
suggested that another factor was influencing the difference. Subsequent cell
tests (murine macrophages ]J774) on bicyclic 91a showed that the inhibitor
moderately increased AEA (6) and SEA (12) levels in cells, without increasing
2-AG (7) levels, demonstrating its selectivity towards the FAAH over MAGL.

Docking studies provided answers regarding the lack of efficacy of
the bicyclic compounds. These studies showed that the bicyclic compounds
did not interact in the enzymatic cavity in the same way as the monolactams
(mode 1). In contrast, bicyclic compounds have a different interaction mode
(mode 2) where the ester carbonyl interacted with the serines in the catalytic
triad, the phenyl group was at the beginning of the ACB channel, and the alkyl
chain was in the phenyl pocket. The imide function did not make significant
interactions. Essentially, the bicyclic compounds were reversed in the

enzymatic cavity compared to the monolactams. Making fewer stabilising
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interactions could explain their lower inhibitory efficacy as seen in the ICso

evaluations.

Docking studies also opened interesting perspectives for further
research on bicyclic compounds, justifying the consideration of three new
molecules (Figure 60). Firstly, it would be interesting to prepare molecules
145 and 146. Molecule 145 is the bicyclic 91a with the ester function
replaced by an ether function. We expect this molecule to have a worse ICsg
than 91a because the single carbonyl interacting with the serines in the
catalytic triad is now absent. We also considered molecule 146, where the
carbonyls of the imide function were removed, which should not significantly
alter the ICs since these two carbonyls do not make significant interactions.
These two molecules will strengthen our hypotheses regarding the lack of
efficacy of the bicyclic compounds. To use our new knowledge to improve the
efficacy of bicyclic compounds, we also considered molecule 147, where the
phenyl-containing chain and the alkyl chain were reversed compared to 91a,

allowing the phenyl group to interact with the phenyl pocket again.

145 146 147

Figure 60: Equivalents of the bicycle 76a with the ester replaced by ether (145), the imide
replaced by amine (146) and the alkyl and phenyl chains are reversed (147).

For the synthesis of 145, we could follow the method for 91a,
replacing the esterification step with a reaction forming an ether (Scheme
62). For example, 4-phenylbutyryl bromide in the presence of KI and NaH,
conditions previously published for the synthesis of 137, could be used.[3!
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(i) n-BuLi, 0°C, 30 min OTBDMS
OTBDMS _ OTBDMS (i) 2-methylenepentanoyl
I oac In.Kialylbromide _J 7 chloride /l;/\/
—_— N —_—
);,\m_‘ DMF, R.T., 4h NH DCM, 0°Ctoreflux, 24n 7N
(e) (0] o
62
32 99
Grubbs Il cat. (5 mol%)
DCM, R.T, 16h
OTBDMS OTBDMS
AcOH(aq) (65% viv) —. Hg, PA/C (10 mol%) ,
o
98

4-phenylbutyl bromide, KI, NaH
DMF, 0°C to R.T, 4h

O
N W/V\

145

Scheme 62:Proposed synthesis of 145.

For the synthesis of 146, we could also follow the method for 91a,
inserting a reduction step with LiAlH4 between hydrogenation and alcohol

deprotection to transform the imide into an amine (Scheme 63).[114]

(i) n-BuLi, 0°C, 30 min OTBDMS
OTBDMS ) OTBDMS (i) 2-methylenepentanoyl ~__J
1 oac InKiallylbromide __J 7 chloride J;(\/
3 3
J;N(H DMF, R.T., 4h NH DCM, 0°Ctoreflux, 24 7N
o o o
62
32 29
Grubbs Il cat. (5 mol%)
DCM, R.T,, 16h
OTBDMS OTBDMS OTBDMS
g LiAIH, = Hy, Pd/C (10 mol%) .
‘. B S —
THF, 0°C to R.T,, 3h N EtOH, AcOEt (1:1), R.T,, 16h N
N (o] o]
148 o o
97 98
AcOH ) (65% V/v)
90°C, 3h

OH 4-phenylbutanoyl chloride
J pyridine JO%
N

146

149

Scheme 63: Proposed synthesis of 154.

For the synthesis of 147, we could replace the diethyl n-

propylmalonate used for 91a with commercially available diethyl 2-
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phenethylmalonate and 4-phenylbutanoyl chloride with pentanoyl chloride
(Scheme 64).

O O o O
N -\ (i) KOH, EtOH/H,0 (70/30)
© © 40°C, 24h HO OH HO(CH,0),H, Et,NH 0]
- >
(ii) HCI (until pH = 2) AcOEt, 80°C, 4h HO
152
150 151 (COCI), DMF cat.
DCM, R.T,, 2h
(@]
Cl
153
OTBDMS
OTBDMS OTBDMS (i) n-BuLi, 0°C, 80 min  —
j Oac I, Ki, allyl bromide ~__J f\/ (ii) 163
NH DMF, R.T.,, 4h NH DCM 0°C to reflux, 24h
o o} /\
32 62 \//J/

154

Grubbs Il cat. (5 mol%)
DCM, R.T, 16h

OTBDMS OTBDMS

OH
/J At’:OH(aq (85% Vv/v) H2 Pd/C (10 mol%) ‘
N N
g W\\/\ 90° c 3h EtOH AcOEt (1), RT, 16h
o % o
157 155

pentanoyl chloride, pyridine
DCM, R.T,, 24h

Scheme 64: Proposed synthesis of 147.

In conclusion, this project involving bicyclic B-lactam compounds is
an excellent example of the project's philosophy, where multiple bridges
were made between organic synthesis, pharmacology, and docking to

improve our understanding of these compounds.

Moreover, although these bicyclic compounds have a slightly higher
ICs50 than lead compound 35, it is noteworthy that they still exhibit quite

respectable potency compared to values reported in the literature. Indeed,
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our best bicyclic compound, 91a, with an ICs¢ of 55.0 nM [42.1 - 72.2], is
slightly less effective than some well-known inhibitors, such as URB-597 (20,
4.6 nM)[69] or OL-135 (17, 4.7 nM)[é4], but demonstrates comparable potency
to others, such as PF-750 (37, 33 nM).[72]

9.3 Diastereomer 63 of the lead

In a previous project, molecule 53 was synthesised to study the
influence of the methyl group on inhibitor activity (Figure 61).2] In this
context, two enantiomers were obtained, separated, and tested
independently. One enantiomer showed a moderate ICsp of 12.7 uM, while the
other was completely inactive. This prompted us to investigate the influence
of the lead compound's asymmetric centres on its efficacy against FAAH. To
do so, we explored the diastereomer 63, where the absolute configuration of

the carbon bearing the ester is reversed, to study its effect.

Figure 61: Equivalent of the lead without the methyl (53) and diastereomer (63) of the
lead.

To synthesise diastereomer 63, we initially adopted a synthetic route
involving N-acylation followed by inversion of the alcohol-bearing carbon's
configuration. Various methods were considered, but all attempts resulted in
the formation of the elimination product 107, demonstrating a competition
between elimination and nucleophilic substitution, exclusively favouring
elimination (Figure 62).[2] In this project, we focused particularly on the
Mitsunobu reaction, also previously considered, which led us to the same

conclusions. However, research by Herdewijn et al. showed a Mitsunobu
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reaction on f-lactam 109 with benzoic acid.[192] Using their conditions with
lactam 44 and 4-phenylbutanoic acid, we again observed only the elimination
product. Similar conclusions were drawn using benzoic acid for comparison
with Herdewijn et al.'s work. These various tests and result comparisons led
us to understand that N-acylation, and thus imide formation, likely caused a

strong electron-withdrawing effect, favouring elimination over substitution.

107 109 44
Figure 62: Elimination side product 107, alcohol 109 and alcohol 44.

These results led us to revise our synthetic route and perform the
esterification first, inverting the absolute configuration of the functional
group's carbon, before conducting N-acylation. To achieve this, we repeated
a Mitsunobu reaction using alcohol 109 and the published conditions, but
this time with 4-phenylbutanoic acid.[102] Although this new strategy still
largely produced the elimination product, the substitution product was also
obtained. Following this synthetic route, compound 63 was obtained.
Unfortunately, only two product mixtures were obtained. Analysis showed
that the first mixture contained lead compound 35 and its enantiomer 116
(Figure 63). The second mixture contained a combination of at least three of
the four stereoisomers (35, 116, and 63). Our hypotheses suggest the serious
consideration of 115 formation, as the presence of 35 and 116 in the first
mixture can only be explained by epimerisations during the Mitsunobu

reaction, which cannot proceed via an Sy1 mechanism.
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(0] (0] (6] (6]
35 63 115 116

Figure 63: Stereoisomers of the lead: 35 (lead), 63, 115 and 116.

The determination of the ICsp of these two mixtures was conducted
for indicative purposes. The first fraction (containing 35 and 116) presented
an ICso of 10.5 nM [8.6 - 12.9], while the second fraction (containing 35, 116,
63, and likely 115) showed an ICso of 14.0 nM [12.1 - 16.2]. These results
suggest that the two stereogenic centres do not significantly influence
inhibition, which is interesting, given that the absence of the methyl group
significantly impacts inhibition depending on the configuration. It is very
interesting to observe that these stereoisomeric mixtures have ICs, values
quite comparable to well-known FAAH inhibitors, such as LY-2183240 (21,
12.4 nM)[20] or MK-4409 (25, 11 nM).[74l However, these 1Cso values should
be interpreted cautiously, as they were measured on mixtures. This provides
a preliminary indication, but it would be more accurate to conduct tests on
pure stereoisomers. Therefore, it is essential to either find a way to separate
the different stereoisomers in the existing mixtures or develop a new method
to obtain pure 63. This method should allow for the inversion of the carbon
configuration without causing elimination, producing diastereomerically

pure 63 while preventing any epimerisation.
9.4 y-Lactam 65 and 8-Lactam 66

Until now, only 3-lactams have been investigated by our laboratory
as FAAH inhibitors. We then questioned the influence of lactam ring size on
the quality of inhibition. This led us to consider molecules 65 and 66, which
are the y-lactam and 6-lactam equivalents of lead compound 35, respectively

(Figure 64). These compounds should potentially allow for greater
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physiological stability. Unfortunately, these syntheses could not be

completed due to the prioritisation of other aspects of this project.

Figure 64: y-lactam equivalent 65 and §-lactam equivalent 66 of the lead compound.

Regarding y-lactam 65, we managed to obtain lactam 127, where the
ester is present, but the nitrogen remains protected (Figure 65). The main
challenge encountered during this project was the deprotection of amide
function. So far, no deprotection method has been successfully implemented.
Two protecting groups were considered: the PMB group, where the
deprotection was unsuccessful on 127, and the benzyl group, where the
deprotection was also unsuccessful on 120. It would be useful to investigate
new deprotection conditions for either benzyl or PMB. If no successful
solution can be found, another protecting group, such as CBZ or Alloc, should

be considered.

127 120
Figure 65: Products used for the deprotection step for the paramethoxybenzyl protecting
group (127) and benzyl protecting group (120).

For &-lactam 66, the main difficulty was the presence of a keto-enol
equilibrium for 76 and 75, favouring the enol form (Scheme 65). During N-
acylation, this led to a double reaction: N-acylation on one hand and

esterification with the enol on the other. Our various tests did not allow us to
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favour one reaction over the other to exploit any potential difference in
reactivity. To successfully complete this project, it is important to continue
the search of a preferential reaction either on the enol or on the lactam. If this
is not possible, a method to block the enol's reactivity should be found to

allow only the desired reaction to occur.

o O 0 oMo o
A@%k — )\@kok
76 134
Scheme 65: Equilibrium between ketone 76 and enol 134.

Both considered lactams have their substitution at the a-position of
the lactam carbonyl. However, we could also consider inserting this group on
other positions of these rings (Figure 66). This opens the door to a whole
series of y-lactams and 6-lactams worth investigating if 65 and 66 prove to
be promising, in order to deepen our understanding of these lactams as FAAH

inhibitors.

O o

QPNJK/\% @W R= )O\j\/\/©
R %

158 159
Figure 66: Other y-lactams (158) and &-lactams (159) envisaged.

9.5 B-Lactam 117

It had been previously demonstrated that the carbonyl group of the
ester function had almost no influence on the inhibitory efficacy of
monolactams (ICso of 4.9 nM [3.8 - 6.4] for lead 35 and 8.0 nM for its ether
equivalent 45) (Figure 67).31 Moreover, it was also shown that the double
bond was not essential for inhibition, as the reduced molecule 54 exhibited
an ICsg of 8.0 nM.[2] This led us to consider molecule 117, which combines

these modifications that did not affect inhibition.
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Figure 67: Lead compound (35) and its equivalents with an ether in place of the ester (45),
with a single bond instead of a double bond (54) and with both modifications combined
(117).

Molecule 117 was obtained from compound 45, which was
previously prepared and used in the pharmacophore study.3] A reduction
was then performed, directly yielding 117. At this stage, the potency of

compound 117 has not yet been evaluated due to technical issues.

As with the bicyclic compounds, cellular studies were conducted for
lactam 117. The results were very positive, as it proved to be the best
molecule for increasing NAE levels in cells. It moderately increased the levels
of OEA (11) and PEA (10), but significantly boosted the levels of AEA (6) and
SEA (12), almost as much as the reference PF-3845, known to be in cellulo a
very good FAAH inhibitor.[83] Additionally, similar to the bicyclic compounds,
molecule 117 did not increase the levels of 2-AG (7), supporting its selectivity
for FAAH over MAGL. Docking studies were also conducted for this
compound, showing that the molecule interacts very well within the enzyme
cavity, with a slightly lower docking score than the lead, likely due to the
absence of the carbonyl group that interacts with Serzss in the case of the

lead.

9.6 General Conclusions

This thesis, through its various investigations, highlights the
importance of an interdisciplinary approach in medicinal chemistry
research. By integrating the fields of organic synthesis, pharmacology, and

docking studies, this research has developed a deeper and more nuanced
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understanding of lactam inhibitors of FAAH. Each research domain
contributed unique and complementary perspectives, creating a virtuous

cycle where progress in one area informs and enhances the others.

The interdisciplinary nature of this project has enabled the
overcoming of complex challenges and the opening of new research avenues.
For example, docking studies guided the design of new compounds and
explained the variations in efficacy observed during pharmacological tests.
Similarly, pharmacological results helped refine docking models, making

these simulations more accurate and predictive.

This integrated approach also identified structural modifications of
compounds that do not affect inhibitory activity, such as the reduction of the
double bond or the substitution of the ester function. These insights led to
the design of new promising inhibitors, such as compound 117, which

demonstrated remarkable efficacy in increasing NAE levels in cells.

In summary, this thesis illustrates the power of interdisciplinarity in
scientific research. By combining diverse skills and perspectives, it has
achieved significant advances in understanding lactam inhibitors of FAAH
and opened up prospects for the development of new drugs. This synergy
between chemical synthesis, pharmacology, and docking underscores the
importance of a systemic approach to tackling the complex challenges of

medicinal chemistry research.
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10.1 Synthesis

10.1.1 General considerations
10.1.1.1 Equipment

Nuclear Magnetic Resonance (NMR) spectroscopy: NMR spectra
were recorded on a Bruker avance Il 300 operating at 300 MHz for proton-
1H and 75 MHz for carbon-13C. Solvents are indicated case-by-case. Chemical
shifts (8) are reported in ppm relative to the reference signal (TMS) and
coupling constants are given in Hertz (Hz). For some molecules, the 'H and
13C signals attributions required additional analyses (COSY, HMQC, HMBC, 13C
DEPT-Q). NMR multiplicities are abbreviated as follow: s = singlet, bs = broad
singlet, d = doublet, t = triplet, q = quartet, sep = septet, m = multiplet.
Quantitative 13C NMR analyses were recorded at room temperature (291 K)
on a Bruker Avance 500 spectrometer equipped with a BBO probehead and
a z-gradient coil, and operating at 500 MHz for 1H and 125 MHz for 13C NMR
experiments. NMR spectra were calibrated using residual non-deuterated
CDCl3 signal as an internal reference (7.26 ppm) for 'H and CDCl; signal
(77.16 ppm) for 13C NMR spectra. Standard zg programs were employed for
1H NMR experiments. Relaxation delay was 15 sec and NS was 16. For the
quantitative acquisition of 13C NMR spectra, the inverse gated decoupled
pulse program zgig was used with a long relaxation delay (D1 = 20 sec) and
a NS of 1440. Processing of NMR data was performed using MestReNova
program (10.01 Version, Mestrelab Research S.L.). Integrations of 1H and 13C
NMR resonances were carried out with a deconvolution module of
MestReNova, after phase and baseline corrections. All mathematical fits
employed during the deconvolution procedure were 100% Lorentzian in

nature.

Mass spectrometry: Mass spectra and high-resolution mass spectra

were recorded by the ASM plateform on a Thermo Orbitrap Exactive device.
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The mass values are given in Dalton. The ionisation methods used are either
electrospray ionisation (ESI) or atmospheric-pressure chemical ionisation

(APCI).

IR spectrophotometry: IR spectra were recorded with an infrared
spectrophotometer PerkinElmer Spectrum UATR Two. The wave numbers

are given in cm-1.

High-Performance Liquid Chromatography (HPLC): HPLC
analyses were carried out using a quaternary pump Waters 600 controller
equipped with a Waters 996 PDA photodiode array detector and a Waters
717 plus autosampler. The two columns used (CHIRALPAK IC and
CHIRALPAK IB) were purchased from Daicel Chemical Industries. The
particles size is 5 um and the dimensions of the columns are 4.6 mm x 250

mm.

Optical rotation: The optical rotation measurements were
measured on an Atago Polax-2L semi-automatic polarimeter equipped with

a 1 mL sample cell (1 dm length).

Melting points: Melting points were obtained on a Biichi B-540

apparatus.

Circular dichroism (CD): Spectra were recorded between 220 and
300 nm with a MOS-500 spectropolarimeter at 20 °C in chloroform, using a 1
mm pathlength quartz Suprasil cell (Hellma). Four scans were averaged,
solvent baseline was subtracted, and resulting corrected spectra were
smoothed. For each scan, the following parameters were used: 30 nm/min
scanning rate, 2 nm bandwidth, 0.5 nm data pitch, and 1 s digital integration

time. Data are presented as the ellipticity (8).
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10.1.1.2 Laboratory practice
Reactions: All reactions were carried out under magnetic stirring.

Anhydrous conditions: Reactions requiring anhydrous conditions
were carried out under argon atmosphere using glassware previously heated
via Bunsen burner under reduced pressure, followed by a cooling under
argon atmosphere. Anhydrous solvents were purchased as anhydrous grade

from Merck Sigma-Aldrich company.

Solvents: All solvents (for reactions, extractions and purification by

chromatography) were used without further purification.

Reactants and reagents: Commercially available reagents were

used as purchased, unless mentioned otherwise.

Low temperature reactions: Reactions requiring a temperature of
-78°C were carried out using a bath of dry ice and isopropanol. Those
requiring a temperature of -40°C were carried out using a bath of acetonitrile
cooled down by liquid N, those requiring a temperature of -10°C were
carried out using a bath of ice and brine, and those requiring a temperature

of 0°C were carried out using an ice bath.

High temperature reactions: Reactions requiring a temperature
>25°C were carried out using a silicon bath (with a magnetic stirring bar),

installed on a heating plate equipped with a temperature probe.

Thin layer chromatography (TLCs): TLCs were carried out on
Merck Silica gel 60 F254 aluminium backed plates. UV light, potassium

permanganate or p-anisaldehyde solution were used for detection.

Flash chromatography: Flash chromatography was performed

using Merck Silica gel 60A (40-63 um).
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10.1.2 Synthesis of bicycle 56

10.1.2.1 Allylation of azetidinone 32

Reference: S.-K. Kang, T.-G. Baik, X.-H Jiao, K.-]. Lee, C. H. Lee, Synlett 1999, 4,
447-450.

OTBDMS OTBDMS
) OAc In, KI, allyl bromide ) 7
J;N(H DMF, R.T., 4h NH
o o
32 62

Procedure: In a dried three-neck round-bottom flask under inert
conditions, KI (3.1 g, 18.7 mmo], 3.0 eq.) and indium (1.435 g, 12.5 mmol, 2.0
eq.) were added to 50 mL of DME, followed by allyl bromide (1.618 mL, 18.7
mmol, 3.0 eq.). After 1 hour, the commercially available azetidinone 32
derivative (1.782 g, 6.2 mmol, 1.0 eq.) was introduced into the solution. The
mixture was stirred for 4 hours, then diluted with diethyl ether. The organic
phase was washed with a saturated NH4Cl solution, then with brine, and

concentrated under reduced pressure.

IUPAC name: (3S5,4R)-4-allyl-3-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)

azetidin-2-one

Yield: 98%

a
C
b
d>/<s/i Mol. formula: C14H27NO3Si
0
et g S e Mol. Wt.: 269.18 g.mol-1
I

Aspect: white powder
CAS: 80433-47-2

1H NMR (300 MHz, CDCl3) 8 (ppm): 6.12-5.97 (bs, 1H, i), 5.89-5.65 (m, 1H,
1), 5.21-5.05 (m, 2H, m), 4,16 (qd, J = 6.3; 4.9 Hz, f), 3.69 (ddd, = 7.7, 7.0, 5.0
Hz, 1H, h), 2.77 (ddd, J = 5.0, 2.2, 0.9 Hz, 1H, g), 2.48-2.24 (m, 2H, k), 1.20 (d,
J=6.2Hz, 3H, e), 0.87 (s, 9H, a), 0.061 (s, 3H, c or d), 0.058 (s, 3H, c or d).
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13C NMR (75 MHz, CDCl3) 8 (ppm): 168.5 (j), 133.8 (1), 118,0 (m), 65.4 (f),
63.8 (g), 50.1 (h), 39.4 (k), 25,7 (a), 22.7 (e), 17.9 (b), -4.3 (cor d), -5.0 (c or
d).

HRMS (APCI): m/z found = 270.18838; calcd. for [M+H]*: 270.18819.

FT-IR (cm-1): 3082, 2928, 2856, 1751, 1250, 1136,1053, 968, 828, 776, 722.

m.p.: 83°C.

The data align with literature (see above).

10.1.2.2 N-acylation of 62 under pyridine conditions

Reference: M. Feledziak, C. Michaux, A. Urbach, G. Labar, G. G. Muccioli, D. M.
Lambert, ]. Marchand-Brynaert, J. Med. Chem. 2009, 52, 7054-7068.

OTBDMS acryloyl chloride OTBDMS
/L;(\/ Pyridine J;/\/
N
NH DCM, reflux, 48h
o o 77/\
(e}
62 61

Procedure: In a dried three-neck round-bottom flask under inert
conditions, acryloyl chloride (1.464 mlL,18.1 mmol, 1.8 eq.) and pyridine
(1.299 mL, 16.1 mmol, 1.6 eq.) were added. Meanwhile, compound 62 (2.719
g, 10.1 mmol, 1 eq.) was dissolved in 70 mL of DCM. This solution was added
to the mixture and stirred at 40°C for 48 hours. Three additional portions of
acryloyl chloride (each 1.5 eq.) were added at 3, 20, and 36 hours. The
solution was then washed with a saturated NaHCO3 solution, followed by 1 M
HCl solution, then with brine, and dried over MgSO4. The product was
concentrated under reduced pressure. The crude product was purified by

flash chromatography on silica gel using cyclohexane/AcOEt (90/10).
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IUPAC name: (35,4R)-1-acryloyl-4-allyl-3-((R)-1-((tert-
butyldimethylsilyl)oxy)ethyl)azetidin-2-one

a
Y |
S/i Yield: 12%
d—>\
. /;) m 40 Mol. formula: C17H29NO3Si
~.g
e n Mol. Wt.: 323.19 g.mol-1
—N_j k

o' d Ny Aspect: Yellow oil

1H NMR (300 MHz, CDCl3) 8 (ppm): 7.01 (dd, /= 17.1, 10.4 Hz, 1H, k), 6.52
(dd,j=17.1,1.7 Hz, 1H,1), 5.84 (dd, J = 10.4, 1.7 Hz, 1H, I'), 5.81-5.68 (m, 1H,
n), 5.22-5.11 (m, 2H, o), 4.35-4.19 (m, 2H, f, h), 2.96-2.80 (m, 2H, g, m (1H)),
2.55-2.38 (m, 1H, m), 1.17 (d, J = 6.3 Hz, 3H, €), 0.80 (s, 9H, a), 0.05 (s, 3H, c
ord), 0.01 (s, 3H, cor d).

13C NMR (75 MHz, CDCl3) & (ppm): 166.9 (i), 163.1 (j), 132.7 (n), 131.4 (1),
129.6 (0), 65.2 (f), 61.9 (g), 52.0 (h), 36.5 (m), 25.9 (a), 22.8 (e), 18.1 (b),-3.9
(cord),-4.9 (cord).

10.1.2.3 N-acylation of 62 under nBuli conditions

TBDM
OTBDMS (i) nBuLi P S
/ Y% (ii) acryloy! chloride ”
o > N
NH DCM, 0°C to reflux, 24h
o O (7)]/\
62 61

Procedure: In a dried three-neck round-bottom flask under inert
conditions, 62 (3.038 g, 9.4 mmol, 1.0 eq.) was dissolved in 100 mL of DCM
at 0°C. nBuLi (11.3 mmol, 1.2 eq.) was added to the solution, which was
stirred for 30 minutes at 0°C. Then, acryloyl chloride (2.281 mL, 28.2 mmol,
3.0 eq.) was added. The mixture was stirred for 24 hours at 45°C. The solution
was washed with a saturated NH4Cl solution, followed by brine, and dried

over MgS0.. The product was concentrated under reduced pressure. The
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crude product was purified by flash chromatography on silica gel using

cyclohexane/AcOEt (90/10).

Yield: 77%

See section 10.1.2.2 for characterisation.
10.1.2.4 Cycling metathesis of 61

Reference: J. Caruano, UCLouvain, 2017.

OTBDMS OTBDMS

o/ Y Grubbs Il cat J

J;/\/ (5 mol%) _ |

g N77/\ DCM, R.T,, overnight 5 N
o]

o
61 60

Procedure: In a dried round-bottom flask under inert conditions,
Grubbs II catalyst (51 mg, 0.06 mmol, 0.05 eq.) was added, followed by a
solution of 61 (420 mg, 1.3 mmol, 1.0 eq.) in 2.5 mL of DCM. The mixture was
stirred at room temperature for 16 hours. The product was concentrated
under reduced pressure, and the crude product was purified by flash

chromatography on silica gel using cyclohexane/AcOEt (50/50).

IUPAC name: (6R,75)-7-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)-1-
azabicyclo[4.2.0]oct-3-ene-2,8-dione

a
Nb £ Yield: 62%
d—Si,
/,O i Mol. formula: C15H25N05Si
T | k Mol. Wt.: 295.16 g.mol-1
—N |
o’ m Aspect: brown oil
(6]

1H NMR (300 MHz, CDCls) & (ppm): 6.75 (ddd, ] = 10.2, 6.4, 2.2 Hz, 1H, k),
6.03 (ddd, ] = 10.2, 3.0, 1.1 Hz, 1H, 1), 4.50-4.08 (m, 2H, £, h), 3.15 (dd, ] = 4.6,
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3.1 Hz, 1H, g), 2.66 (dddd, J = 17, 6.7, 5.7, 1.1 Hz, 1H, j), 2.58-2.36 (m, 1H, j’),
1.22 (d,J = 6.2 Hz, 3H, e), 0.86 (s, 9H, a), 0.08 (s, 3H, c or d), 0.08 (s, 3H, c or
d).

13CNMR (75 MHz, CDCl3) & (ppm): 164.5 (i), 158.3 (m), 143.3 (k), 125.3 (1),
67.8 (g), 65.2 (f), 50.1 (h), 28.8 (j), 26.0 (a), 22.7 (e), 18.2 (b), -3.9 (c or d), -
4.7 (c or d).

HRMS (APCI): m/z found = 296.16762; calcd. for [M+H]*:296.16765.

FT-IR (cm-1): 2930, 2857, 1794, 1683, 1373, 1325, 1090, 1044, 1000, 834,
814, 775.

m.p.: 127 - 128°C.

10.1.2.5 Hydrogenation of 60

OTBDMS OTBDMS
Hy, Pd/C
| -
J;Q EtOH, AcOEt (1:1) N
0 R.T., overnight o
0 o]
60 59

Procedure: In a dried round-bottom flask under inert conditions,
Pd/C 10% (85 mg, 0.8 mmol, 1.0 eq.) was added, followed by a solution of 60
(236 mg, 0.8 mmol, 1.0 eq.) in 30 mL of EtOH and 30 mL of AcOEt. The
mixture was stirred at room temperature for 16 hours under a hydrogen
atmosphere. The solution was filtered through a pad of Celite and

concentrated under reduced pressure.

IUPAC name: (6R,75)-7-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)-1-
azabicyclo[4.2.0]octane-2,8-dione
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b f Yield: 87%
d—Si,
/;) i Mol. formula: C15H27NO3Si
T K Mol. Wt.: 297.18 g.mol-!
—N Il
o’ Om Aspect: beige powder

1H NMR (300 MHz, CDCl3) § (ppm): 4.27 (qd, ] = 6.3, 4.3 Hz, 1H, ), 4.02 (dt,
J=11.6,3.7 HZ, 1H, h), 3.15 (dd, J = 4.3, 3.6 Hz, 1H, g), 2.63, 2.26 (m, 2H, k),
2.17 (m, 1H, j), 2.06 (ddd, J = 14.1, 7.0, 3.3 Hz, 1H, 1), 1.94, 1.76 (m, 1H, "),
1.52-1.40 (m,1H, j"), 1.20 (d, J = 6.3 Hz, 3H, €e), 0.90-0.80 (m, 9H, a), 0.06 (s,
6H, c, d).

13C NMR (75 MHz, CDCl3) & (ppm): 165.8 (m), 165.4 (i), 67.9 (g), 65.1 (f),
54.0 (h), 31.3 (k), 27.8 (j), 26.1 (a), 22.8 (e), 18.3 (b), -4.0 (c or d), -4.7 (c or
d).

HRMS (APCI): m/z found = 298.18331; calcd. for [M+H]*:298.18330.
FT-IR (cm-1): 3672, 2971, 1810, 1683, 1074, 834, 776.

10.1.2.6 Allylation of 59

/;)TBD’V'S OTBDMS 0=
LDA, allyl bromide /I
? - o]
N THF, 0°C to reflux, 2h NH
O o
0
59 85

Procedure: In a dried three-neck round-bottom flask under inert
conditions, 59 (10 mg, 0.03 mmol, 1.0 eq.) was dissolved in 3 mL of THF at
0°C. LDA (0.04 mmol, 1.2 eq.) was added to the solution, which was stirred
for 30 minutes at 0°C. Then, allyl bromide (6 pL, 0.06 mmol, 2.0 eq.) was
added. The mixture was stirred for 2 hours at 70°C. The solution was washed
with a saturated NH4Cl solution, followed by brine, and dried over MgSQOa.

The product was concentrated under reduced pressure. The crude product
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was purified by flash chromatography on silica gel using cyclohexane/AcOEt

(1/1).

a>4)s/.° . Yield: not determined
—ol
/‘,o j | mO0—/P Mol. formula: C1gH33N04Si
n
d—e*t 9/ % Mol. Wt.: 355.55 g.mol-1
o’ IFI,H Aspect: yellow oil

1H NMR (300 MHz, CDCls) 8 (ppm): 6.17 (bs, 1H, h), 6.01 - 5.77 (m, 1H, o),
5.37 - 5.23 (m, 2H, p), 4.60 (d, ] = 6 Hz, 2H, n), 4.26 (q,] = 6.2 Hz, 1H, €), 3,86
(m, 1H, g), 2.48 (dd, ] = 6.0, 4.5 Hz, 1H, f), 2.44 - 2.18 (m,2H, 1), 1.87 (m, 2H,
k), 1.72 (m, 2H,J), 1.29 - 1.15 (m, 3H, d), 0,88 (s, 9H, a), 0,09 (s, 6H, c).

10.1.3 Synthesis of bicycle 91

10.1.3.1 Saponification of diethyl n-propylmalonate

Reference: C. F. Riber, A. H. F. Andersen, L. A Rolskov, K. Zuwala, P. Gajda, K.
B. Lovschal, F. Dagnaes-Hansen, D. H, T. Pietschmann, M. Tolstrup, A. N.
Zelikin, ACS Macro Lett. 2017, 6, 935-940.

6 0 (i) KOH, EtOH/ H,0 (70/30) o
/\o O/\ 40°C, 24h HO OH

(i) HCI (until pH = 2)
103 102

Procedure: In a round-bottom flask, diethyl n-propylmalonate (5
mL, 24.4 mmol, 1.0 eq.) was added to 70 mL of EtOH and 30 mL of H,0. KOH
(4.791 g, 85.4 mmol, 3.5 eq.) was then added, and the mixture was stirred at
40°C for 24 hours. The solution was acidified by dropwise addition of 12 M
HCl until reaching a pH of 2. The product was extracted six times with 20 mL

of Et20, dried over Na;S04, and concentrated under reduced pressure.

IUPAC name: 2-propylmalonic acid
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Yield: 97%

O O
b Mol. formula: C¢H1004
HO @™y "a 0OH
c Mol. Wt.: 146.06 g.mol-!?
d

Aspect: white powder
CAS: 616-62-6

1H NMR (300 MHz, CDCls) 8 (ppm): 3.46 (t, ] = 7.4 Hz, 1H, b), 2.04-1.85 (m,
2H, ¢), 1.53-1.32 (m, 2H, d), 0.96 (t, ] = 7.3 Hz, 3H, €).

13C NMR (75 MHz, CDCl3) 8 (ppm): 174.4 (a), 51.1 (b), 31.0 (c), 20.6 (d),
13.7 (e).

HRMS (ESI): m/z found = 145.04948; calcd. for [M-H]-: 145.04954.
FT-IR (cm-1): 2966, 1699, 1410, 1257,1197, 1108, 906, 673, 536.
Data align with literature (see above).

10.1.3.2 Decarboxylation of 102

Reference: L. Wy, E. Wang, P. Chen, G. Liu, J. Am. Chem. Soc. 2019, 141, 1887-

1892.

o o
HO(CH,0),H, Et,NH o

AcOE, 80°C, 4h Ho)kﬂ/\/

102 101

HO OH

Procedure: In a round-bottom flask, diethylamine (3.310 mL, 32.0
mmol, 1.5 eq.) was added dropwise to a solution of 2-propylmalonic acid 102
(3.111 g, 21.3 mmol, 1.0 eq.) in 150 mL of AcOEt. Paraformaldehyde (1.282
g, 42.7 mmol, 2.0 eq.) was then added. The mixture was stirred at 80°C for 4
hours. The solution was acidified by dropwise addition of 12 M HCI until a pH

of 2 was reached. The product was extracted with AcOEt and washed with
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brine. It was then dried over Na;SO, and concentrated under reduced

pressure.
IUPAC name: 2-methylenepentanoic acid

Yield: 94%

0 Mol. formula: C¢H1002

d ¢
HO)EHW’/\G/ Mol. Wt.: 114.14 g.mol-1

c.c Aspect: colourless oil
CAS: 5650-75-9

1H NMR (300 MHz, CDCl3) 8 (ppm): 6.29 (d, /= 1.4 Hz, 1H, ¢), 5.64 (d, ] =
1.4 Hz, 1H ¢'), 2.28 (t, ] = 8.4 Hz, 2H, d), 167-1.37 (m, 2H, e), 0.93 (t, /= 7.4
Hz, 3H, f).

13C NMR (75 MHz, CDCl3) 8 (ppm): 173.0 (a), 140.1 (b), 127,2 (c), 33.7 (d),
21.7 (e), 13.8 (f).

HRMS (ESI): m/z found = 113.05967; calcd. for [M-H]: 113.05971.
FT-IR (cm-1): 2962, 2874, 1691, 1627, 1438, 1235, 1187, 947.

The data align with literature (see above).
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10.1.3.3 N-acylation of 62

0 (COCI), DMF cat. o

HOJH‘/\/ DCM. R.T. 2h Cl)ﬁ\/\/
101 100 ( a)

OTBDMS (i) n-BulLi, 0°C, 30 min /,OTBDMS Y

) 7 (i) 100 J;(\/
/l;r\g\/ DCM, 0°C to reflux, 24h o NM/\

(e}
62 (¢}
99

(b)

Procedure: In a dried three-neck round-bottom flask under inert
conditions, oxalyl chloride (0.283 mlL, 3.3 mmol, 3.0 eq.) was added to a
solution of 2-methylenepentanoic acid (377 mg, 3.3 mmol, 3.0 eq.) in 15 mL
of DCM. One drop of DMF was then added. The mixture was stirred at room
temperature for 2 hours until the off gassing ceased. Meanwhile, in another
three-neck round-bottom flask under inert conditions, 62 (269 mg, 1.1
mmol, 1.0 eq.) was dissolved in 15 mL of DCM. nBulLi (1.3 mmol, 1.3 eq.) was
added dropwise at 0°C to the 62 solution. The mixture was stirred at 0°C for
30 minutes. The solution of 2-methylenepentanoic chloride was then added
dropwise at 0°C via cannulation between the three-neck round-bottom
flasks. The mixture was stirred at 40°C for 24 hours. The solution was washed
with a saturated NH4Cl solution, followed by brine, and dried over MgSQOa.
The product was concentrated under reduced pressure. The crude product
was purified by flash chromatography on silica gel using hexane/AcOEt
(95/5).

IUPAC name: (35,4R)-4-allyl-3-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)-

1-(2-methylenepentanoyl)azetidin-2-one
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a [
>@S/i Yield: 67%
d—Si
. /;) P rr Mol. formula: C20H3sNO3Si

.9
Nh»/q(”y/\ Mol. Wt.: 365.24 g.mol-!?
- ik ’ n

o , Aspect: colourless oil
o mm No
1H NMR (300 MHz, CDCl3) 8 (ppm): 5.91 (s, 1H,1), 5.84-5.69 (m, 1H, q), 5.67
(s, 1H,1'), 5.19-5.14 (m, 1H, r), 5.12 (d, J = 1.2 Hz, 1H, 1), 4.27 (m, 2H, f, h),
2.88 (t,J=3.4 Hz, 1H, m), 2.82-2.66 (m, 1H, g), 2.56-2.04 (m, 3H, p, m’ (1H)),
1.55-1.40 (m, 2H, n), 1.16 (d,/ = 6.3 Hz, 3H, e), 0.92 (t, ] = 7.4 Hz, 3H, 0), 0.81
(s, 9H, a), 0.04 (s,3H, cor d), 0.00 (s, 3H, cor d).

13C NMR (75 MHz, CDCl3) & (ppm): 167.5 (i), 165.3 (j), 143.0 (k), 132.6 (q),
124.2 (1), 119.3 (r), 63.0 (f), 60.4 (m), 51.2 (h), 36.4 (g), 34.4 (p), 25.8 (a),
22.6 (e), 21.3 (n), 17.9 (b), 13.8 (0), -4.1 (c or d), -5.0 (c or d).

HRMS (ESI): m/z found = 366.24591; calcd. for [M+H]*: 366.24590.

10.1.3.4 Cycling metathesis of 99

OTBDMS y OTBDMS
/];/\/ Grubbs Il cat. (5 mol%) /,
NW//(/\ DCM, RT, 16h ;@v\
(o] (0]
(0] (0]
99 98

Procedure: In a dried round-bottom flask under inert conditions,
Grubbs II catalyst (25 mg, 0.03 mmol, 0.05 eq.) was added, followed by a
solution 0f 99 (219 mg, 0.6 mmol, 1.0 eq.) in 2.5 mL of DCM. The mixture was
stirred at 40°C for 16 hours. The product was concentrated under reduced
pressure, and the crude product was purified by flash chromatography on

silica gel using hexane/AcOEt (80/20).
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IUPAC name: (6R,75)-7-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)-3-
propyl-1-azabicyclo[4.2.0]oct-3-ene-2,8-dione

a
b Yield: 83%
d—Si.

/;) T Mol. formula: C1gH31NO3Si

¢ f/é' h |k o Mol. Wt.: 337.21 g.mol-!

—N
ol mrltan Tp Aspect: white powder
(0]

1H NMR (300 MHz, CDCl3) 8 (ppm): 6.43-6.34 (m, 1H, k), 4.28-4.20 (m, 1H,
f), 4.16 (m, 1H, h), 3.07 (dd, J = 4.9, 3.0 Hz, 1H, g), 2.67-2.58 (m, 1H, j), 2.48
(m, 1H, j’), 2.42-2.30 (m, 1H, n), 2.18 (m, 1H, n’), 1.47 (m, 2H, 0), 1.22 (d, ] =
6.2 Hz, 3H, e), 0.91 (t,/ = 7.3, 3H, p), 0.86 (s, 9H, a), 0.08 ( 2s, 6H, c, d).

13CNMR (75 MHz, CDCl3) & (ppm): 200.5 (i), 159.3 (m), 136.1 (k), 110.1 (1),
66.9 (g), 65.2 (f), 5.2 (h), 28.9 (j), 25.8 (a), 22.6 (e), 21.7 (o), 18.0 (b), 13.8
(p), -4.1 (cord), -4.9 (cord).

HRMS (APCI): m/z found = 338.21460; calcd. for [M+H]*:338.21460.
FT-IR (cm-1): 2956, 2928, 2853, 1798, 1681, 1291, 834, 777.
m.p.: 84°C.

10.1.3.5 Hydrogenation of 98

OTBDMS OTBDMS
H,, Pd/C (10 mol%) /’
o;@\/\ EtOH, AcOEt (1:1), R.T,, 16h o;@‘/\
o] 0
98 97

Procedure: In a dried round-bottom flask under inert conditions,
Pd/C 10% (0.3 mmol, 1.0 eq.) was added, followed by a solution of 98 (101
mg, 0.3 mmol, 1.0 eq.) in 10 mL of EtOH and 10 mL of AcOEt. The mixture was
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stirred at room temperature for 16 hours under a hydrogen atmosphere. The
solution was filtered through a pad of celite and concentrated under reduced

pressure.

IUPAC name: (6R,75)-7-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)-3-
propyl-1-azabicyclo[4.2.0]octane-2,8-dione

3@ ° Yield: 99%
d/Si‘o dr: 51/49
e/fl«_ . K Mol. formula: C1sH33NO3Si
9
PN 2 Mol. Wt.: 339.22 g.mol-1
o Ml ' np p
o Aspect: white powder

1H NMR (300 MHz, CDCl3) & (ppm): 4.25 (m, 1H, f), 4.06-3.95 (m, 1H, h),
3.12 (dd, ] = 4.3, 3.6 Hz, 1H (dia 1), g), 3.00 (dd, J = 4.5, 3.2 Hz, 1H (dia 2), g),
2.37 (m, 1H (dia 1), 1), 2.23 (m, 1H (dia 2), 1), 2.18-2.05 (m, 2H, k), 1.91-1.77
(m, 1H, n), 1.76-1.66 (m, 1H, n’), 1.56-1.48 (m, 2H, j), 1.45-1.23 (m, 2H, o),
1.19 (d,] = 6.3 Hz, 3H, e), 0.94-0.88 (m, 3H, p), 0.86 (d, /= 1.7 Hz, 9H, a), 0.06
(2s,6H,c, d).

13C NMR (75 MHz, CDCl3) 8 (ppm): 170.2 (dia 1, g), 169.5 (dia 2, g), 165.8
(dia 1, m), 165.4 (dia 2, m), 67.4 (dia 1, g), 67.3 (dia 2, g), 65.0 (dia 1, f), 64.9
(dia 2, ), 54.1 (dia 1, h), 52.5 (dia 2, h), 41.9 (dia 1, 1), 39.9 (dia 2, 1), 34.6 (dia
1, n), 32.5 (dia 2, n), 28.0 (dia 1, 0), 27.1 (dia 2, 0), 26.1 (dia 1, k), 26.0 (dia 2,
k), 22.8 (a), 22.6 (c), 20.5 (dia 1, j), 19.9 (dia 2, j), 18.0 (b), 14.2 (p), -4.6 (c or
d), -4.9 (cor d).

HRMS (ESI): m/z found = 362.21085; calcd. for [M+Na]*: 362.21204.
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10.1.3.6 Deprotection of 97

OTBDMS OH
AOHq 65% V) —..
0) (0]
(0] 0]
97 96

Procedure: In a round-bottom flask, 97 (68 mg, 0.2 mmol, 1.0 eq.)
was added to 1.4 mL of AcOH and 0.5 mL of H;0. The solution was heated to
90°C and stirred for 3 hours. The product was then concentrated under

reduced pressure.

IUPAC name: (6R,75)-7-((R)-1-hydroxyethyl)-3-propyl-1-
azabicyclo[4.2.0]octane-2,8-dione

. Yield: 91%
OH .
b /c' de ! d: 61/39
m Mol. formula: C12H19NO3
N
o’ h . g Mol. Wt.: 225.14 g.mol-1
(6]
Aspect: yellow oil

1H NMR (500 MHz, CDCls) 8 (ppm): 4.27 (m, 1H, c), 4.07-3.99 (m, 1H, e),
3.87 (bs, 1H, a), 3.20 (dd, ] = 5.3, 3.6 Hz, 1H (dia 1),d), 3.07 (dd, j = 5.3, 3.2 Hz,
1H (dia 2), d), 2.39-1.93 (m, 2H, f), 1.92-1.68 (m, 2H, f), 1.66-1.33 (m, 2H, f),
1.31-1.22 (m, 3H, f), 1.20 (d, ] = 6.4, 3H, b), 0.95-0,84 (m, 3H, g).

13C NMR (125 MHz, CDCl3) § (ppm): 170.4 (dia 1, i), 169.6 (dia 2, i), 165.6
(dia 1, h), 165.2 (dia 2, h), 66.8 (d), 64.7 (c), 53.6 (dia 1, €), 52.8 (dia 2, €),
42.0 (F), 39.9 (f), 32.5 (f), 29.8 (), 28.0 (f), 27.1 (f), 26.1 (f), 21.8 (f), 20.5 (f),
20.0 (b), 14.0 (g).

HRMS (APCI): m/z found = 226.14366; calcd. for [M+H]*: 226.14377.

FT-IR (cm-1): 3327, 2958, 2928, 2872, 1802, 1697, 1638, 1301.
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10.1.3.7 Esterification of 96

/,OH 4-phenylbutanoyl chloride
pyridine /I
Jf—@m DCM, R.T,, 24h );@V\
0 N
le} (0]

Procedure: In a dried three-neck round-bottom flask under inert
conditions, 4-phenylbutanoyl chloride (256 mg, 1.4 mmol, 1.6 eq.) and
pyridine (0.161 mL, 2.0 mmol, 2.3 eq.) were added to a solution of 96 (203
mg, 0.9 mmol, 1.0 eq.) in 20 mL of DCM. The mixture was stirred at room
temperature for 24 hours. The solution was washed with a saturated NaHCO3
solution, followed by 1M HCI, then with brine, and dried over MgSO.. The
product was concentrated under reduced pressure. The crude product was
purified by flash chromatography on silica gel using cyclohexane/AcOEt

(80/20). The two diastereomers were successfully separated completely.

IUPAC names: (R)-1-((3R,6R,7S)-2,8-dioxo-3-propyl-1-
azabicyclo[4.2.0]octan-7-yl)ethyl 4-phenylbutanoate and (R)-1-((3S,6R,75)-
2,8-dioxo-3-propyl-1-azabicyclo[4.2.0]octan-7-yl)ethyl 4-phenylbutanoate

Yield for both diastereomers: 42%
Mol. formula: C22H29NO4
Mol. Wt.: 371.21 g.mol-!?

Aspect: yellow oil for both products

The two diastereomers were identified by NOESY analysis.
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Diastereomer 1 - (3R)
o b
f
0 AN e d a

_J 0
| J’ |

1H NMR (500 MHz, CDCls) 8 (ppm): 7.30-7.26 (m, 2H, a/b/c), 7.22-7.15 (m,
3H, a/b/c), 5.26 (q, ] = 6.4 Hz, 1H, j), 3.95 (m, 1H, 1), 3.16 (dd, ] = 6.6, 3.3 Hz,
1H, k), 2.69-2.51 (t, ] = 7.6 Hz, 2H, €), 2.35-2.28 (t,] = 7.5 Hz, 2H, g), 2.27-2.20
(m, 1H, p), 2.19-2.04 (m, 2H, o), 1.98-1.89 (m, 2H, f), 1.85 (m, 1H, r), 1.76-
1.67 (m, 1H, '), 1.60 (m, 2H, n), 1.46-1.31 (m, 5H, i, s), 0.92 (t,] = 7.4 Hz, 3H,
).

13C NMR (125 MHz, CDCls) 8 (ppm): 172.6 (h), 170.2 (m), 163.3 (q), 141.3
(d), 128.3 (a/b/c), 128.2 (a/b/c), 126.2 (a/b/c), 67.3 (j), 64.5 (k), 54.0 (1),
39.9 (p), 35.2 (e), 33.7 (g), 32.5 (1), 26.5 (f), 26.1 (n), 25.9 (0), 20.5 (s), 18.6
(i), 14.1 (1)

HRMS (ESI): m/z found = 372.21688; calcd. for [M+H]*: 372.21693.
FT-IR (cm-1): 2957, 2936, 2872, 1804, 1733, 1700, 1298, 1135.

Diastereomer 2 - (35)
O b

ot ]
B A
i./"l

Jk lo)

oM qrPiy Tt

(0]

1H NMR (500 MHz, CDCls) 8 (ppm): 7.30-7.26 (m, 2H, a/b/c), 7.21-7.15 (m,
3H,a/b/c), 5.25 (q,] = 6.4 Hz, 1H, j), 3.92 (dt, / = 11.1, 3.7 Hz, 1H, 1), 3.30 (dd,
J=6.5,3.7 Hz, 1H, k), 2.70-2.61 (m, 2H, e), 2.39-2.33 (m, 1H, p), 2.33-2.28 (m,
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2H, g), 2.14 (m, 2H, n), 1.99-1.90 (m, 2H, f), 1.83 (m, 1H, r), 1.56-1.47 (m, 3H,
o,r' (1H)), 1.46-1.31 (m, 5H, i, s), 0.92 (t,J] = 7.3 Hz, 3H, t).

13C NMR (125 MHz, CDCls) 8 (ppm): 172.6 (h), 169.4 (m), 163.7 (q), 141.3
(d), 128.6 (a/b/c), 128.5 (a/b/c), 126.2 (a/b/c), 67.2 (j), 64.4 (k), 55.8 (1),
42.0 (p), 35.1 (e), 34.3 (1), 33.7 (g), 28.0 (0), 26.9 (f), 26.5 (n), 19.9 (s), 18.5
(i), 14.0 (1)

HRMS (ESI): m/z found = 372.21685; calcd. for [M+H]*: 372.21693.
FT-IR (cm-1):2957, 2931, 1804, 1735, 1687, 1298, 1137.
10.1.4 Synthesis of bicycle 104

10.1.4.1 Deprotection of 98

OTBDMS OH

AcOH ) (65% V/iv) /’
N | 90°C, 3h N |
0] 0]
0 0]
98 106

Procedure: In a round-bottom flask, 98 (371 mg, 1.1 mmol, 1.0 eq.)
was added to 7.6 mL of AcOH and 3.0 mL of H;0. The solution was heated to
90°C and stirred for 3 hours. The product was then concentrated under

reduced pressure.

IUPAC name: (6R,75)-7-((R)-1-hydroxyethyl)-3-propyl-1-
azabicyclo[4.2.0]oct-3-ene-2,8-dione

Yield: 99%
Mol. formula: C12H17NO3
Mol. Wt.: 223.14 g.mol-!?

Aspect: yellow oil
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1H NMR (300 MHz, CDCl3) 8 (ppm): 6.41 (m, 1H, g), 4.37-4.11 (m, 2H, c, e),
3.14 (dd,J=5.7,3.0 Hz, 1H, d), 2.66 (ddd, J = 17.1, 6.5, 5.6 Hz, 1H, f), 2.51 (m,
1H, f’), 2.45-2.30 (m, 1H, i), 2.21-2.09 (m, 1H, i"), 1.56-1.42 (m, 2H, j), 1.31 (d,
J,6.3,3H,b),0.90 (t,/ = 7.3 Hz, 3H, k).

13C NMR (75 MHz, CDCl5) 8 (ppm): 164.1 (m), 159.4 (1), 136.8 (g, h), 66.2
(d), 64.8 (c), 50.5 (&), 32.0 (i), 27.1 (j), 21.8 (h), 13.8 (k).

HRMS (APCI): m/z found = 224.12819; calcd. for [M+H]*: 224.12812.

FT-IR (cm-1): 3451, 2963, 1792, 1673, 1377, 1288.

10.1.4.2 Esterification of 106

o]
/?H 4-phenylbutanoyl chloride O
pyridine )
/I;I\Q\/\ DCM, R.T,, 24h ‘ |
o N
0 o)
106 o
104

Procedure: In a dried three-neck round-bottom flask under inert
conditions, 4-phenylbutanoyl chloride (274 mg, 1.5 mmol, 1.3 eq.) and
pyridine (0.169 mL, 2.1 mmol, 2.0 eq.) were added to a solution of 106 (268
mg, 1.2 mmol, 1.0 eq.) in 20 mL of DCM. The mixture was stirred at room
temperature for 24 hours. The solution was washed with a saturated NaHCO3
solution, followed by 1 M HCI, then with brine, and dried over MgSO4. The
product was concentrated under reduced pressure. The crude product was
purified by flash chromatography on silica gel using cyclohexane/AcOEt
(80/20).

IUPAC name: (R)-1-((6R,75)-2,8-dioxo-3-propyl-1-azabicyclo[4.2.0]oct-3-
en-7-yl)ethyl 4-phenylbutanoate
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7 o b Yield: 49%
(Ol f d a
I/’ o & Mol. formula: C22H27NO4
i
LR s Mol. Wt.: 369.19 g.mol-1
0 m q P rr t .
o Aspect: yellow oil

1H NMR (300 MHz, CDCls) § (ppm): 7.29 (m, 2H, a/b/c), 7.23-7.14 (m, 3H,
a/b/c), 6.39 (m, 1H, 0), 5.25 (q, ] = 6.4 Hz, 1H, j), 4.18-4.04 (m, 1H, 1), 3.24 (dd,
J=6.7,3.1 Hz, 1H, k), 2.71-2.55 (m, 3H, e, n (1H)), 2.53-2.43 (m, 1H, n"), 2.37
(t,] =7.5 Hz, 1H, r), 2.34-2.29 (m, 2H, g), 2.22-2.09 (m, 1H, r), 2.02-1.87 (m,
2H, f), 1.55-1.40 (m, 2H, s), 1.36 (d, ] = 6.3 Hz, 3H, i), 0.91 (t] = 7.3 Hz, 3H, 1).

13C NMR (75 MHz, CDCls) 8 (ppm): 172.6 (h), 162.3 (m), 159.2 (q), 141.3
(d), 136.5 (p), 136.1 (0), 128.6 (a/b/c), 128.5 (a/b/c), 126.2 (a/b/c), 67.4 (j),
64.0 (k), 51.6 (1), 35.1 (e), 33.7 (g), 31.9 (r), 28.9 (n), 26.5 (f), 21.7 (s), 18.5
(i), 13.8 (1)

HRMS (APCI): m/z found = 370.20128; calcd. for [M+H]*: 370.20128.

FT-IR (cm-1): 2247,2972,1801, 1736, 1681, 1379, 1281, 1081.
10.1.5 Synthesis of diastereomer 63 (first strategy)

10.1.5.1 Substitution by thiophenolate on azetidinone 32

Reference: M. Feledziak, C. Michaux, A. Urbach, G. Labar, G. G. Muccioli, D. M.
Lambert, ]. Marchand-Brynaert, J. Med. Chem. 2009, 52, 7054-7068.

OTBDMS OTBDMS
) oac  PhsNaDPEA ) spn

B
NH DMF, R.T,, 4h NH
o o

32 LY

Procedure: In a dried three-neck round-bottom flask under inert

conditions, PhSNa (925 mg, 7.0 mmo], 2.0 eq.) was added to a solution of the
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commercially available azetidinone 32 (1.0 g, 3.5 mmol, 1.0 eq.) in 20 mL of
DME. DIPEA (0.731 mlL, 4.3 mmol, 1.2 eq.) was then added, and the mixture
was stirred at room temperature for 4 hours. The mixture was then diluted
with 40 mL of water and washed with brine. The product was concentrated
under reduced pressure. The crude product was purified by flash

chromatography on silica gel using cyclohexane/AcOEt (80/20).

IUPAC name: (35,4R)-3-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)-4-
(phenylthio)azetidin-2-one

Yield: 87%

3@ /c dr: 100/0
Sl | Mol. formula: C17H,7N0,SSi
e/f’ﬂr_hfs\k@"; Mol. Wt.: 337.15 g.mol-1
% NiH Aspect: yellow powder

CAS: 85281-73-8

1H NMR (300 MHz, CDCl3) 8 (ppm): 7.51-7.31 (m, 5H, I, m, n), 6.00 (bs, 1H,
i), 5.07 (dd, J = 2.3, 0.5 Hz, 1H, h), 4.22 (qd, J = 6.3, 3.4 Hz, 1H, f), 3.02 (ddd, J
=3.3,2.3,0.9 Hz, 1H, g), 1.20 (d, = 6.3 Hz, 3H, e), 0.86 (s, 9H, a), 0.06 (s, 3H,
cord), 0.05 (s, 3H, cord).

13C NMR (75 MHz, CDCl3) 8 (ppm): 134.1 (I/m/n), 129.7 (1/m/n) 129.0
(I/m/n), 65.9 (g) 64.9 (f), 56.5 (h), 26.1 (a), 22.6 (e), 18.3 (b), -4.0 (c or d), -
4.8 (c or d). 2 quaternary C could not be observed.

HRMS (APCI): m/z found = 338.16047; calcd. for [M+H]*: 338.16045.

Data align with literature (see above).
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10.1.5.2 Thiophenolate abstraction on 41

Reference: M. Feledziak, C. Michaux, A. Urbach, G. Labar, G. G. Muccioli, D. M.
Lambert, ]. Marchand-Brynaert, J. Med. Chem. 2009, 52, 7054-7068.

OTBDMS OTBDMS
SPh TTMSS, AIBN cat.
);,\G_' Toluene, 85°C, 24h NH
0 o
M 42

Procedure: In a dried three-neck round-bottom flask under inert
conditions, 50 mL of toluene were heated to 85°C. 41 (508 mg, 1.5 mmol, 1
eq.) was dissolved in 10 mL of toluene. Meanwhile, AIBN (33 mg, 0.2 mmol,
0.2 eq.) and TTMSSH (2.715 mlL, 8.8 mmol, 6.0 eq.) were added to the main
solution. The 41 solution was then added to the mixture, which was stirred
at 85°C for 24 hours. The product was concentrated under reduced pressure.
The crude product was purified by flash chromatography on silica gel using

cyclohexane/AcOEt (75/25).

IUPAC name: (5)-3-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)azetidin-2-

one

Yield: 50%

a
b C

>/<S/i Mol. formula: C11H23NO3Si

0

Mol. Wt.: 229.15 g.mol-1
d /elf 9,9’ §
J/:I‘\IH Aspect: white powder
o' h

CAS: 109323-90-2

1H NMR (300 MHz, CDCls) 8 (ppm): 5.66 (s, 1H, h), 4.21 (qd, ] = 6.2, 4.4 Hz,
1H, e), 3.35 (dd, ] = 4.9, 2.5 Hz, 1H, g), 3.29 (t,] = 5.1 Hz, 1H, &), 3.25-3.19 (m,
1H, f), 1.19 (d, ] = 6.2 Hz, 3H, d), 0.87 (s, 9H, a), 0.07 (s, 6H, c).

HRMS (APCI): m/z found = 230.15701; calcd. for [M+H]*: 230.14708.
Data align with literature (see above).
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10.1.5.3 Direct reduction of azetidinone 32

Reference: C. Crauste, M. Froyen, ]. Anné, P. Herderwijn, Eur. J. Org. Chem.
2011, 3437-3449.

OTBDMS OTBDMS
l OAc NaBH, )
NH EtOH, R.T., 16h NH
o o
32 42

Procedure: In a round-bottom flask, NaBH4 (806 mg, 31.3 mmol, 1.5
eq.) was added to a solution of commercially available azetidinone 32 (6.0 g,
20.9 mmol, 1.0 eq.) in 30 mL of absolute ethanol at 10°C. The mixture was
then stirred at room temperature for 16 hours. Subsequently, acidic
Amberlite™ resin (18 g) was added and stirred for 30 minutes before being
filtered and washed with EtOAc. The crude product was concentrated under
reduced pressure. The product was then dissolved in DCM, purified with a

pad of silica, and concentrated under vacuum.
See section 10.1.5.2 for characterisation.
10.1.5.4 N-acylation of 42

Reference: M. Feledziak, C. Michaux, A. Urbach, G. Labar, G. G. Muccioli, D. M.
Lambert, ]. Marchand-Brynaert, J. Med. Chem. 2009, 52, 7054-7068.

OTBDMS
OTBDMS 4-pentenoyl chloride (1.5 eq.)

Pyridine (1.5 eq.)

/,;‘\JH DCM, Reflux, 24h O);'L
(0] (Z]/\/\

42

Procedure: In a dried three-neck round-bottom flask under inert
conditions, 42 (252 mg, 1.1 mmol, 1.0 eq.) was dissolved in 10 mL of DCM.
Pent-4-enoyl chloride (0.188 mlL, 1.7 mmol, 1.5 eq.) was added to the
solution, followed by pyridine (0.137 mL, 1.7 mmol, 1.5 eq.). The mixture was
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stirred at 45°C for 24 hours. The product was washed with 10 mL of 10%
Na,COs3 solution, then the organic layer was washed with 2 M HCI, followed
by brine, and dried over MgS04. The crude product was purified by flash
chromatography on silica gel using cyclohexane/AcOEt (90/10).

IUPAC name: (S5)-3-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)-1-(pent-4-

enoyl)azetidin-2-one

3@ e Yield: 75%
d—Si. Mol. formula: C16H29NO3Si

6]
e/f% " Mol, Wt.: 311.19 gmol-1
OJ/;‘\I ik Aspect: yellow oil
o} |

m
Mn CAS: 1197422-27-7

1H NMR (300 MHz, CDCl3) 8 (ppm): 5.83 (ddt, /= 16.8, 10.2, 6.5 Hz, 1H, m),
5.17-4.89 (m, 2H, n), 4.30 (qd, J = 6.3, 3.3 Hz, 1H, f), 3.68 (dd, ] = 7.2, 3.6 Hz,
1H, h), 3.54 (dd, ] = 7.2, 6.5 Hz, 1H, h’), 3.23 (dt, 6.4, 3.5, 1H, g), 2.89-2.64 (m,
2H, k), 2.49-2.31 (m, 2H, 1), 1.18 (d, ] = 6.3 Hz, 3H, e), 0.83 (s, 9H, a), 0.06, (s,
3H, cor d), 0.04 (s, 3H, cor d).

13CNMR (75 MHz, CDCl3) 8 (ppm): 170.6 (j), 166.8 (i), 136.9 (m), 116.0 (n),
65.0 (f), 56.7 (g), 38.6 (h), 36.1 (k), 28.3 (1), 25.9 (a), 22.5 (e), 18.2 (b),-3.9 (c
ord),-4.9 (cord).

HRMS (APCI): m/z found = 312.19896; calcd. for [M+H]*: 312.19895.
Data align with literature (see above).

10.1.5.5 Deprotection of 43

OTBDMS OH
g ACOH g (65% VIV)

;N 90°C, 4h );N
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Procedure: A solution 0f43 (62 mg, 0.2 mmol, 1 eq.) in 2 mL of AcOH
and 1 mL of water was prepared in a round-bottom flask and heated to 90°C
for 4 hours. The product was concentrated under reduced pressure and
purified by flash chromatography on silica gel using cyclohexane/AcOEt
(50/50).

UPAC name: (5)-3-((R)-1-hydroxyethyl)-1-(pent-4-enoyl)azetidin-2-one

Yield: 99%

/?H Mol. formula: C10H15NO3
b—c"d
Ne . Mol. Wt.: 197.11 g.mol-!?
f g j
o} .
g]/\i/\ ) Aspect: yellow powder

CAS: 1197422-03-9

1H NMR (300 MHz, CDCI3) 8 (ppm): 6.13 (ddt,J = 16.8,10.2, 6.5 Hz, 1H, j),
5.44-5.21 (m, 2H, j), 4.58 (qd,J = 6.3, 5.0 Hz, 1H, c), 3.93 (q,/ = 5.1 Hz, 1H, d),
3.60-3.41 (m, 2H, e), 3.23-3.02 (m, 2H, h), 2.80-2.60 (m, 2H, i), 2.36 (d,J=13.1
Hz, 1H, a), 1.61 (d, / = 6.4 Hz, 3H, b).

13C NMR (75 MHz, CDCls) 8 (ppm): 1170.7 (g), 166.3 (), 136.7 (j), 116.0
(k), 65.0 (c), 55.9 (d), 39.3 (e), 36.0 (h), 31.2 (i), 21.8 (b).

HRMS (APCI): m/z found = 198.11264; calcd. for [M+H]*: 198.11247.

FT-IR (cm-1): 3361, 2971, 1784, 1698, 1642, 1380, 1314, 917.

Data align with M. Feledziak, C. Michaux, A. Urbach, G. Labar, G. G. Muccioli,
D. M. Lambert, ]. Marchand-Brynaert, J. Med. Chem. 2009, 52, 7054-7068.
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10.1.6 Synthesis of diastereomer 63 (second strategy)
10.1.6.1 Deprotection of 42

Reference: inspired from C. Crauste, M. Froyen, ]. Anné, P. Herderwijn, Eur. J.

Org. Chem. 2011, 3437-3449.

OTBDMS OH

4 HCI (1 M) A
J;LH ACN, R.T, 2h )/:‘\,H
(e) (@]
42 109

Procedure: In a round-bottom flask, 42 (3.048 g, 13.3 mmol, 1.0 eq.)
was dissolved in 70 mL of ACN. To this solution, 13 mL of 1 M HCl were added,
and the mixture was stirred at room temperature for 1 hour and 30 minutes.
An additional 6.5 mL of 1 M HCl were then added. After 30 minutes, the
mixture was diluted with water, and the remaining HCI was neutralised with
1 M NaOH until the pH reached 7. The product was concentrated under
reduced pressure. A minimum amount of iced MeOH was added to dissolve
the product. The solution was centrifuged, and the supernatant was

collected. This process was repeated until small yellow crystals appeared.

IUPAC name: (S5)-3-((R)-1-hydroxyethyl)azetidin-2-one
Yield: 95%

OH Mol. formula: CsHoNO;
b7c™d ee Mol. Wt.: 115.13 g.mol-!
o9 '\#H Aspect: yellow oil

CAS: 120236-28-4

1H NMR (300 MHz, DMSO) 8 (ppm): 7.66 (bs, 1H, f), 4.80 (bs, 1H, a), 3.86-
3.69 (m, 1H, c), 3.09 (t,] = 5.3 Hz, 1H, e), 3.04-2.98 (m, 2H, d, ¢’ (1H)), 1.05 (d,
J=6.3 Hz, 3H, b).
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13C NMR (75 MHz, DMSO) § (ppm): 168.8 (g), 64.4 (c), 58.5 (d), 37.5 (e),
22.0 (b).

FT-IR (cm-1): 3166, 1723,1377,1214, 1141, 1097, 1067, 897, 704.
Data align with literature (see above).
10.1.6.2 Mitsunobu reaction on 109

Reference: C. Crauste, M. Froyen, ]. Anné, P. Herderwijn, Eur. J. Org. Chem.

2011, 3437-3449.

[0}
OH 4-phenylbutanoic acid,
M TMAD, PBu, /50 N
* NH
J o
o 114

/J;I‘\JH Toluene, 60°C, 24h

o
109

12

Procedure: In a dried three-neck round-bottom flask under inert
conditions, 109 (196 mg, 1.7 mmo], 1.0 eq.) was dissolved in 6 mL of toluene.
At 0°C, PBu3 (0.658 mL, 2.6 mmol, 1.5 eq.) was added to the solution, followed
by 4-phenylbutanoic acid (279 mg, 1.7 mmol, 1.0 eq.). TMAD (448 mg, 2.6
mmol, 1.5 eq.) was then added, and the mixture was stirred at 0°C for 10
minutes before being heated to 60°C for 24 hours. A large volume of hexane
was added, and the resulting suspension was filtered. The solution was
concentrated under reduced pressure. The crude product was purified by

flash chromatography on silica gel using hexane/AcOEt (30/70).

IUPAC name: A 3-ethylideneazetidin-2-one and B (R)-1-((S)-2-oxoazetidin-
3-yl)ethyl 4-phenylbutanoate
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(0]
a @
O a
eorf/lf:
b -t

Mol. formula: CsH7NO Mol. formula: C15H19NO3
Mol. Wt.: 97.05g.mol-! Mol. Wt.: 261.14g.mol-1
Aspect: yellow oil

A mixture of 3 products was obtained. This can be confirmed via HRMS
analysis. We were not able to separate them and the mixture was used for the
following step. The results of the N-acylation suggest us that two
diastereomers were obtained during the Mitsunobu reaction. Some

characteristic NMR signals can be observed for the mixture:

1H NMR (300 MHz, CDCl3) 8 (ppm) (only the characteristic peaks): 7.36
-7.08 (m, 5H, a); 6.28 - 6.13 (m, 1H, b), 5.30 - 5.17 (m, 1H, ¢), 1.75 (d, ] =
7.1 Hz, 3H,d), 1.39 (d,J = 6.5 Hz, 3H, e or f), 1.36 (d, / = 6.3 Hz, 3H, e or f).

HRMS (APCI) A: m/z found = 98.06049; calcd. for [M+H]+: 98.06004.

HRMS (APCI) B: m/z found = 284.12571; calcd. for [M+Na]+: 284.12571.

FT-IR (cm-1): 2957, 2931, 2872, 1696, 1133, 700.

10.1.6.3 Esterification of 112

Reference: M. Feledziak, C. Michaux, A. Urbach, G. Labar, G. G. Muccioli, D. M.
Lambert, ]. Marchand-Brynaert, . Med. Chem. 2009, 52, 7054-7068.
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(0]

o
4-pentenoyl chloride [o) A

/so /ﬁ;\ Pyridine 3 /j;y

>, + _ > g + N

NH

DNH g DCM, Reflux, 24h N o (Z]/\/\
o
o 114 37/\/\ 107

12 63

Procedure: In a dried three-neck round-bottom flask under inert
conditions, 112 (418 mg, 1.6 mmol, 1.0 eq.) was dissolved in 10 mL of DCM.
Pent-4-enoyl chloride (344 mg, 2.9 mmol, 2 eq.) was added to the solution,
followed by pyridine (0.178 mL, 2.2 mmol, 1.5 eq.). The mixture was stirred
at 45°C for 24 hours. The product was washed with 10 mL of 10% NazCO3
solution, then the organic layer was washed with 2 M HC], followed by brine,
dried over MgSO4 and concentrated under reduced pressure. The crude
product was purified by flash chromatography on silica gel using

cyclohexane/AcOEt (70/30).

After purification, two fractions were obtained: fraction 1,
containing the enantiomer of the lead compound, and fraction 2, containing
three products: the elimination product, the enantiomer of the lead
compound, and the target diastereomer. This mixture was further purified by
semi-preparative HPLC, which removed the elimination product (107);

however, the two diastereomers could not be separated.
Fraction 1

IUPAC name: ((S)-1-((R)-2-o0xo-1-(pent-4-enoyl)azetidin-3-yl)ethyl 4-
phenylbutanoate and ((R)-1-((S)-2-oxo-1-(pent-4-enoyl)azetidin-3-yl)ethyl
4-phenylbutanoate

o)

b
(o}
j%a Mol. formula: C20H25NO4
T g
" ﬂ;” ¢ Mol. Wt.: 343.18 g.mol-1
N o) .
o’ m: q Aspect: yellow oil
I\,
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1H NMR (300 MHz, CDCl3) 8 (ppm): 7.37 - 7.10 (m, 5H, a, b, ), 5.81 (ddt, J
=16.9,10.2, 6.5 Hz, 1H, q), 5.37 - 5.18 (m, 1H, j), 5.14 - 4.93 (m, 2H, r), 3.66
(dd,J=7.7,6.6 Hz, 1H,1),3.53 (dd,J = 7.7, 3.6 Hz, 1H,1"), 3.40 (td, ] = 6.4, 3.6
Hz, 1H, k), 2.77 (t,/ = 7.6 Hz, 2H, 0), 2.63 (t,/ = 7.6 Hz, 2H, g), 2.48 - 2.33 (m,
2H, p), 2.30 (t,J = 7.5 Hz, 2H, e), 2.01 - 1.83 (m, 2H, f), 1.35 (d, ] = 6.4 Hz, 3H,
i).

13C NMR (75 MHz, CDCl3) 8 (ppm): 172.4 (h), 170.3 (n), 162.4 (m), 141.2
(d), 136.5 (q), 128.6 (a/b/c), 126.2 (a/b/c), 115.9 (r), 67.2 (j), 53.7 (k), 39.6
(D), 35.9 (0), 35.2 (g), 33.8 (e), 28.0 (p), 26.6 (f), 18.0 (i).

HRMS (APCI): m/z found = 366.16768; calcd. for [M+Na]*: 366.16758.
FT-IR (cm-1): 2975, 2935, 2913, 1790, 1713, 1704, 1315.
Fraction 2

IUPAC name: (S)-1-((R)-2-oxo-1-(pent-4-enoyl)azetidin-3-yl)ethyl 4-
phenylbutanoate and (S)-1-((S)-2-o0xo-1-(pent-4-enoyl)azetidin-3-yl)ethyl
4-phenylbutanoate

0 h
| 9
y;’lll I
o
m 7?/\/\ Mol. formula: C16H290NO3Si

Mol. Wt.: 311.19 g.mol-!?

% Aspect: yellow oil
Lo ©
);l ?7/0\/\

1H NMR (300 MHz, CDCls) & (ppm): 7.47 - 7.03 (m, 5H, a, b, ¢), 5.92 - 5.70
(m, 1H, q), 5.34 - 5.18 (m, 1H, j, j), 5.14 - 4.94 (m, 2H,r), 3.65 (ddd, /= 9.8, 7.7,

190



EXPERIMENTAL PART

6.5 Hz, 1H,1), 3.53 (dd, ] = 7.8, 3.7 Hz, 1H, 1), 3.49 - 3.30 (m, 2H, I f), 2.86 -
2.71 (m, 2H, 0), 2.69 - 2.55 (m, 2H, g), 2.47 - 2.22 (m, 4H, e, p), 2.01 - 1.86
(m, 2H, f), 1.40 (d, ] = 6.5 Hz, 3H, i), 1.35 (d, ] = 6.4 Hz, 3H, i).

13C NMR (75 MHz, CDCls) 8 (ppm): 172.4 (h), 170.3 (n), 162.4 (m), 141.2
(d), 136.5 (q), 128.6 (a/b/c), 126.2 (a/b/c), 115.9 (r), 67.3 (j), 67.2 (j), 53.7
(k), 52.8 (k), 39.6 (1), 35.9 (0), 35.2 (g), 33.8 (e) , 28.0 (p), 26.6 (£), 18.5 (i),
18.0 (i).

HRMS (APCI): m/z found = 366.16768; calcd. for [M+H]*: 366.16758.

FT-IR (cm-1): 2974, 2912, 1788, 1735,1703, 1312.

10.1.7 Synthesis of y-lactam 65

10.1.7.1 Preparation of y-lactam 71

Reference: W. Yang, X. Sun, W. Yu, R. Raj, ]. R. Deschamps, L. A. Mitchell, C.
Jiang, A. D. MacKerell, Jr,, F. Xue, Org. Lett. 2015, 17,3070-3073.

?
PhO-P-Nj

o) o) NEt; OPh o
)]\/\/U\OH tBUOH, 50°C, 16h )\&/NH

118

71

Procedure: In a dried three-neck round-bottom flask under inert
conditions, compound 118 (130 mg, 1.0 mmol, 1.0 eq.) was dissolved in 5 mL
of tBuOH. DPPA (0.237 mL, 1.1 mmol, 1.1 eq.) was added to the solution at
room temperature, followed by triethylamine (0.270 mL, 2.0 mmol, 2.0 eq.).
The mixture was stirred at 50°C for 16 hours. The product was then
concentrated under reduced pressure and purified by flash chromatography

on silica gel using hexane/AcOEt (2/1).

IUPAC name: 3-acetylpyrrolidin-2-one
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Yield: 11%
10 Mol. formula: C¢H9NO;

o
d
a )i,\CdNH Mol. Wt.: 127.14 g.mol-1
e

o9 f Aspect: orange powder
CAS: 31536-38-6

1H NMR (300 MHz, CDCl3) &8 (ppm): 6.54 (bs, 1H, e), 3.51 (dd,/ =9.2, 6.3 Hz,
1H, c), 3.46 - 3.28 (m, 2H, f), 2.70 - 2.55 (m, 1H, g), 2.39 (s, 3H, a), 2.23 - 2.07
(m, 1H, g).

13C NMR (75 MHz, CDCI3) 8 (ppm): 203.6 (b), 173.8 (d), 54.9 (c), 40.6 (f),
30.1 (a), 22.5 (g)-

HRMS (ESI): m/z found = 150.05259; calcd. for [M+Na]*: 150.05255.
Data align with literature (see above).
10.1.7.2 Acetylation of 119

Reference: Y. Loy, Y. Hy, ]. Lu, F. Guan, G. Gong, Q. Yin, X. Zhang, Angew. Chem.
Int. Ed. Engl. 2018, 57, 14193-14197.

(i) LDA, -78°C, 45 min o
(i) methyl acetate

0 o
o Ay
THF, -78°C to 50°C, 16h
119

120

Procedure: In a dried three-neck round-bottom flask under inert
conditions, commercially available 1-benzyl-2-pyrrolidinone 119 (1.051 g,
6.0 mmol, 1.0 eq.) was dissolved in 10 mL of THE. LDA (7.0 mmol, 1.2 eq.) was
added to the solution, which was stirred for 40 minutes at -78°C. Methyl
acetate (0.548 mL, 6.9 mmol, 1.2 eq.) was then added, and the mixture was
stirred at room temperature for 12 hours. The reaction was quenched with a
saturated NH4Cl solution and then extracted with 3 x 10 mL of EtOAc, washed

with brine, and dried over Na;SO4. The product was concentrated under
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reduced pressure, and the crude product was purified by flash

chromatography on silica gel using cyclohexane/AcOEt (90/10).

IUPAC name: 3-acetylpyrrolidin-2-one

Yield: 98%

o} Od . Mol. formula: C13H15NO;
a5 ij Mol. Wt.: 217.27 g.mol-!
ff ee
K Aspect: colourless oil

CAS: 143129-53-7

1H NMR (300 MHz, CDCls) 8 (ppm): 7.36 - 7.15 (m, 5H, i, j, k), 4.51 - 4.33
(m, 2H, g), 3.63 (dd, ] = 9.3, 6.1 Hz, 1H, c), 3.29 (ddd, /= 9.7, 8.8, 5.4 Hz, 1H e),
3.18 (ddd, ] = 9.6, 8.7, 5.5 Hz, 1H, €’), 2.57 - 2.46 (m, 1H, f), 2.44 (s, 3H, a),
1.99 (dddd, J = 13.2, 9.3, 8.7, 5.5 Hz, 1H, f).

13C NMR (75 MHz, CDCl3) 8 (ppm): 203.9 (b), 169.9 (d), 136.1 (h), 128.9
(i/j/k), 128.1 (i/j/k), 127.9 (i/j/K), 55.8 (c), 47.0 (g), 45.0 (e), 30.1 (a),19.6
(f).

Data align with literature (see above).
10.1.7.3 Bromination of alcohol 124
Reference: A. K. Ghosh, D. D. Anderson, Org. Lett. 2012, 14,4730-4733.
HO/\©\ PBrs Br/\©\
o~ Et,0, 0°C, 2h o~
124 123

Procedure: In a dried three-neck round-bottom flask under inert
conditions, commercially available para-methoxybenzyl alcohol 124 (5.400
mlL, 43.5 mmol, 2.0 eq.) was dissolved in 50 mL of Et;0. PBr3z (2.068 mL, 22.0

mmol, 1.0 eq.) was added to the solution at 0°C. The mixture was stirred at
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0°C for 2 hours. The solution was then washed three times with saturated
NaHCOs solution, followed by brine. The organic layer was dried over MgSO0,,

and the product was concentrated under reduced pressure.
IUPAC name: 1-(bromomethyl)-4-methoxybenzene

Yield: 88%
d f Mol. formula: CgHyBrO

] jijeA Br Mol. Wt.: 201.06 g.mol-1
~ob

Aspect: orange oil
CAS: 2746-25-0

1H NMR (300 MHz, CDCl3) 8 (ppm): 7.37 - 7.27 (m, 2H, d), 6.91 - 6.81 (m,
2H, ¢), 4.50 (s, 2H, f), 3.81 (s, 3H, a).

Data align with M. Gonzalez, Y. Ellahioui, L. Gallego, A. Vicente-Blazquez, R.
Alvarez, M. Medarde, R. Pelaez, Bioorg. Chem. 2023, 131, 106282.

10.1.7.4 Protection of pyrrolidin-2-one 122

Reference: C. Curti, B. Ranieri, L. Battistini, G. Rassu, V. Zambrano, G. Pelosi,

G. Casiraghi, F. Zanardi, Adv. Synth. Catal. 2010, 352,2011-2022.

o (i) NaH, 0°C, 30 min %
(ii) 123 )_LN
NH THF, 0°Cto R.T,, 72h
122 1221 ©7

Procedure: In a dried three-neck round-bottom flask under inert
conditions, NaH (in paraffin oil, 35%, 42.2 mmol, 1.1 eq.) was dissolved in 45
mL of THE and the suspension was cooled to 0°C. Meanwhile, pyrrolidine-2-
one 122 (2.884 mlL, 38.4 mmol, 1.0 eq.) was dissolved in 30 mL of THF. The
latter solution was added dropwise to the suspension, and the mixture was

stirred at 0°C for 30 minutes. Then, 1-(bromomethyl)-4-methoxybenzene
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123 (7.721 g, 38.4 mmol, 1.0 eq.) was added, and the reaction was stirred at
room temperature for 3 days. The solvent was removed under reduced
pressure, and 80 mL of AcOEt and 80 mL of water were added. The organic
layer was washed with brine and dried over MgSO4. The product was
concentrated under reduced pressure, and the crude product was purified by

flash chromatography on silica gel using cyclohexane/AcOEt (60/40).
IUPAC name: 1-(4-methoxybenzyl)pyrrolidin-2-one--pyrrolidin-2-one

Yield: 70%
Mol. formula: C12H15NO;

h 9 N f d
/. @c Mol. Wt.: 205.36 g.mol-!
| J
b Aspect: orange oil
CAS: 60737-65-7

1H NMR (300 MHz, CDCls) § (ppm): 7.21 - 7.14 (m, 2H, d), 6.89 - 6.82 (m,
2H, c), 4.39 (s, 2H, f), 3.80 (s, 3H, a), 3.24 (t, ] = 7.1 Hz, 2H,j), 2.43 (t,] =8.1 Hz,
2H, h), 2.07 - 1.90 (m, 2H, i).

HRMS (ESI): m/z found = 228.09981; calcd. for [M+Na]*: 228.09950.

Data align with D. Hayrapetyan, V. Stepanova, Eur. J. Org. Chem. 2021, 2021,
2121-2125.

10.1.7.5 Acetylation of 121

Reference: Y. Loy, Y. Hy, ]. Lu, F. Guan, G. Gong, Q. Yin, X. Zhang, Angew. Chem.
Int. Ed. Engl. 2018, 57, 14193-14197.

o) (i) LDA, -78°C, 45 min 0]
(i) methyl acetate

(@]
O <
THF, -78°C to 50°C, 16h

121 O 125 o)

195



CHAPTER 10

Procedure: In a dried three-neck round-bottom flask under inert
conditions, compound 121 (1.499 g, 7.3 mmol, 1.0 eq.) was dissolved in 12
mL of THF. LDA (8.0 mmol, 1.1 eq.) was added to the solution, which was
stirred for 40 minutes at -78°C. Methyl acetate (0.668 mL, 8.4 mmol, 1.2 eq.)
was then added, and the mixture was stirred at room temperature for 16
hours. The reaction was quenched with a saturated NH4Cl solution and then
extracted with 3 x 10 mL of EtOAc, washed with brine, and dried over Na;S04.
The product was concentrated under reduced pressure, and the crude
product was purified by flash chromatography on silica gel using

cyclohexane/AcOEt (70/30).

IUPAC name: 3-acetyl-1-(4-methoxybenzyl)pyrrolidin-2-one

Yield: 70%

o] go ; Mol. formula: C14H17NO3
d
/H Nbc Mol. Wt.: 247.29 gmol-1
NP
bNo—2 Aspect: yellow oil

CAS: 2247025-10-9

1H NMR (300 MHz, CDCls) § (ppm): 7.17 - 7.07 (m, 2H, d), 6.88 - 6.80 (m,
2H, ¢), 4.36 (q,] = 14.5 Hz, 2H, f), 3.79 (s, 3H, a), 3.62, (dd, ] = 9.3, 6.0 Hz, 1H,
h), 3.34 - 3.23 (m, 1H, j), 3.23 - 3.10 (m, 1H, ), 2.55 - 2.46 (m, 1H, i), 2.45 (s,
3H, 1), 2.06 - 1.90 (m, 1H, 1").

13C NMR (75 MHz, CDCls) 8 (ppm): 204.0 (k), 169.8 (g), 159.3 (b), 129.6 (d),
128.2 (e), 114.3 (), 55.9 (h), 55.4 (a), 46.4 (), 45.0 (j), 30.2 (1), 19.5 (i).

Data align with D. Hayrapetyan, V. Stepanova, Eur. J. Org. Chem. 2021, 2021,
2121-2125.
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10.1.7.6 Reduction of 125

Reference: D. Lynch, R. E. Deasy, L. A. Clarke, C. N. Slattery, U. B. Khandavilli,
S. E. Lawrence, A. R. Maguire, N. A. Magnus, H. A. Moynihan, Org. Lett. 2016,
18,4978-4981.

NaBH,

o © Ho ©
2~ e
EtOH, R.T., 2h
125 o~ 126 o~

Procedure: In a round-bottom flask, NaBH. (26 mg, 0.7 mmol, 1.1
eq.) was dissolved in 3 mL of EtOH and cooled to 0°C. Meanwhile, compound
125 (148 mg, 0.6 mmol, 1.0 eq.) was dissolved in 11 mL of EtOH. This solution
was added to the NaBH4 solution over 15 minutes. The reaction mixture was
stirred at 0°C for 2 hours and then at room temperature for an additional 2
hours. The reaction was quenched by the dropwise addition of 5 M HCI. The
solvent was then evaporated under reduced pressure. To the residue, 10 mL
of DCM and 10 mL of water were added. After separation, the aqueous layer
was extracted with an additional 10 mL of DCM. The combined organic layers

were washed with brine and dried over MgSOa.
IUPAC name: 3-(1-hydroxyethyl)-1-(4-methoxybenzyl)pyrrolidin-2-one

Yield: 97%

m o
HO g p dr:63/37
d
KR N/DC Mol. formula: C14H19NO3
[N
b p—2 Mol. Wt.: 249.31 g.mol-!?

Aspect: colourless oil

1H NMR (300 MHz, CDCls) 8 (ppm): 7.15 (d,] =8.6 Hz, 2H, d), 6.85 (d, ] = 88
Hz, ), 5.23 (bs, 1H, m), 4.43 - 4.36 (m, 2H, f), 3.89 - 3.75 (m, 4H, a, k), 3.19
(ddd, ] = 9.6, 6.4, 2.4 Hz, 2H, j), 2.65 (td, ] = 9.3, 3.4 Hz, 1H (dia 1), h), 2.37 (q,
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J=9.6 Hz, 1H (dia 2), h), 2.16 - 1.85 (m, 1H, i), 1.69 - 1.47 (m, 1H, {"), 1.24 -
1.12,m, 3H,1)

HRMS (ESI): m/z found = 250.14395; calcd. for [M+H]* 250.14377.
10.1.7.7 Esterification of 126

O

HO 4-phenylbutanoyl chloride o 0
N pyridine
( ) N/D
- —

DCM, R.T,, 24h
126 o 127

Procedure: In a dried three-neck round-bottom flask under inert
conditions, 4-phenylbutanoyl chloride (183 mg, 1.0 mmol, 1.6 eq.) and
pyridine (0.113 mL, 1.4 mmol, 2.3 eq.) were added to a solution of 126 (150
mg, 0.6 mmol, 1.0 eq.) in 14 mL of DCM. The mixture was stirred at room
temperature for 24 hours. The solution was washed with a saturated NaHCO3
solution, followed by 1M HCI, then with brine, and dried over MgSO.. The
product was concentrated under reduced pressure. The crude product was
purified by flash chromatography on silica gel using cyclohexane/AcOEt
(80/20).

IUPAC name: 1-(1-(4-methoxybenzyl)-2-oxopyrrolidin-3-yl)ethyl 4-

phenylbutanoate
Yield: 58%
S
t " % o O ‘ dr: not determined

a7 " P d Mol. formula: C24HzoNO

I kR S c ol. Iormuia: UzaHo9 4

b Mol. Wt.: 395.50 g.mol-!

b O/a

Aspect: yellow oil

1H NMR (300 MHz, CDCls) 8 (ppm): 7.32 - 7.12 (m, 7H, d, 1, 5, t), 6.89 - 6.76
(m, 2H, c), 5.28 (qd, ] = 6.5, 4.3 Hz, k), 4.49 (d, ] = 14.4 Hz, f), 4.26 (d, ] = 14.4
Hz, £), 3.78 (s, 3H, a), 3.15 (t, ] = 7.4 Hz, 2H, j), 2.80 (ddd, ] = 9.6,7.3, 4.3 Hz,
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1H, h), 2,62, (t,] =7.5 Hz, 2H, p), 2.27 (t,] = 7.4 Hz, 2H, n), 2.16 - 2.01 (m, 1H,
i), 1.99 - 1.74 (m, 3H,0, i' (1H)), 1.33 (d, ] = 6.5 Hz, 3H, 1).

HRMS (ESI): m/z found = 396.21690; calcd. for [M+H]*: 396.21693.
10.1.8 Synthesis of 6-lactam 66

10.1.8.1 Protection of &-valerolactam 78

Reference: U. Ragnarsson, L. Grehn, RSC Advances, 2013, 3, 18691-18697.

9 BOC,0, DMAP (10 mol%) ? JOL k
NH N" 0
ACN,R.T, 2h
77

78

Procedure: In a dried round-bottom flask under inert conditions,
commercially available §-valerolactam 78 (991 mg, 10.0 mmol, 1.0 eq.) was
dissolved in 30 mL of ACN. DMAP (122 mg, 1.0 mmol, 0.1 eq.) was added to
the solution, followed by BOC,0 (2.532 g, 11.6 mmol, 1.2 eq.). The mixture
was stirred at room temperature for 2 hours. The solution was then
concentrated under reduced pressure. Then, 20 mL of Et,0 were added, and
the product was washed with 1 M HCI and brine. The aqueous phase was
extracted with 2 x 20 mL of Et;0. The organic layer was dried over Na;S04,

and the solvent was finally removed under reduced pressure.

IUPAC name: tert-butyl 2-oxopiperidine-1-carboxylate

Yield: 60%

hO JOJ\ J<a Mol. formula: C10H17NO3
9 "NCO"b Mol. Wt.: 199.24 g.mol-1
f d

e Aspect: yellow oil

CAS: 85908-96-9
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1H NMR (300 MHz, CDCl3) 8 (ppm):3.66 (t,] = 8.6 Hz, 2H, d), 2.52 (t,] = 7.2
Hz, 2H, g), 1.88-1.74 (m, 4H, e, f), 1.52 (s, 9H, a).

13C NMR (75 MHz, CDCl3) 8 (ppm): 171.4 (h), 152.8 (c), 82.9 (b), 46.3 (d),
34.9 (g), 28.0 (a), 22.8 (e or f), 20.5 (e or f).

HMRS (ESI): m/z found = 200.12810; calcd. for [M+H]*: 200.12812.
FT-IR (cm-1): 1713, 1144, 1160, 1297, 1249.

Data align with ]. Lee, ]. W. Ban, ]. Kim, S. Yang, G. Lee, L. P. Dhorma, M. H. Kim,
M. W. Ha, S. Hong, H. G. Park, Org. Lett. 2022, 24, 1647-1651.

10.1.8.2 Acetylation of 77

Reference: M. Kenny, ]. Christensen, S. ]. Coles, V. Franckevicius, Org. Lett.,

2015, 17,3926-3929.

o o (i) LIHMDS o o o
i) (CHCO);0
ij\‘ )J\o)< (i) (CHyCO), )Kij“ )J\Oj<
THF, -76°C, 1h
77 76

Procedure: In a dried three-neck round-bottom flask under inert

conditions, compound 77 (1.036 g, 5.2 mmol, 1.0 eq.) was dissolved in 100
mL of THF at -78°C. LiHMDS (10.5 mmol, 2.0 eq.) was added to the solution,
which was stirred for 15 minutes at -78°C. Acetic anhydride (0.473 mL, 5.0
mmol, 1.0 eq.) was then added, and the mixture was stirred for 1 hour at -
78°C. The solution was allowed to return to room temperature, after which
10 mL of saturated NH4Cl solution was added. The mixture was extracted
with 3 x 15 mL of EtOAc, washed with brine, and dried over MgSO.. The
product was concentrated under reduced pressure, and the crude product
was purified by flash chromatography on silica gel using cyclohexane/AcOEt
(80/20) with 1% Et3N.
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IUPAC names: tert-butyl 3-acetyl-2-oxopiperidine-1-carboxylate and tert-
butyl (Z)-3-(1-hydroxyethylidene)-2-oxopiperidine-1-carboxylate

O (0] (0]
a
PP
7 g Yield for both tautomers: 14%
f d
e

Mol. formula: C12H19NO4

KkoH 0 o . Mol. Wt.: 241.13 g.mol-1
h
I N)cjz\ojb< Aspect: colourless oil
f d

e

1H NMR (300 MHz, CDCl3) 8 (ppm): 14.83 (s, 1H, k), 3.61 - 3.54 (m, 2H, d,
d), 3.51 (t,] = 8.9 Hz, 1H, g), 2.31 (s, 3H, j), 2.30 - 2.25 (t, ] = 3.2 Hz, 2H, f),
1.93 (s, 3H,j), 1.84-1.72 (m, 2H, e, ¢, ), 1.47 (s, 9H, a), 1.45 (s, 9H, a).

13C NMR (75 MHz, CDCls) 8 (ppm): 178.3 (c), 175.7 (i), 175.6 (i),172.3 (),
152.6 (h), 152.5 (h), 97.7 (g), 83.8 (b), 83.3 (b), 58.3 (g), 46.5 (d), 46.4 (d),
30.3 (f), 28.4 (2), 28.3 (a), 24.2 (j), 23.1 (f), 22.9 (f), 21.4 (¢), 21.3 (e), 20.0
()

HMRS (ESI): m/z found = 242.13852; calcd. for [M+H]*: 242.13868.
FT-IR (cm-1): 1688, 1134, 1298, 1756, 911.
10.1.8.3 Deprotection of 76

0O O O O O
O a— O
N~ O NH
DCM, R.T, 2h
76

75

Procedure: In a round-bottom flask, compound 76 (96 mg, 0.4
mmol, 1.0 eq.) was dissolved in 2.2 mL of DCM. To this solution, TFA (0.115
mL, 1.5 mmol, 1.6 eq.) was added, and the mixture was stirred at room

temperature for 2 hours. The product was concentrated under reduced
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pressure, then a minimum amount of a chloroform/isopropanol (90/10)
mixture was added. The solution was washed with saturated NaHCO3
solution, followed by brine, and dried over MgSO4. Finally, the product was

concentrated under reduced pressure.

IUPAC names: 3-acetylpiperidin-2-one and (Z)-3-(1-
hydroxyethylidene)piperidin-2-one

O O
a)ﬁH Yield for both tautomers: 55%
c ° Mol. formula: C7H11NO;
OH O Mol. Wt.: 141.08 g.mol-!
N NaH Aspect: beige powder
b

1H NMR (300 MHz, CDCl3) 8 (ppm) (only characteristic peaks): 3.43 (b),
3.26 (a), 2.30 (a), 1.88 (c), 1.78 (b).

HMRS (ESI): m/z found = 142.08635; calcd. for [M+H]*: 142.08626.
FT-IR (cm-1): 1144, 1251, 1285, 1716, 1623.
10.1.84 N-acylation of 75

Reference: M. Feledziak, C. Michaux, A. Urbach, G. Labar, G. G. Muccioli, D. M.
Lambert, ]. Marchand-Brynaert, J. Med. Chem. 2009, 52, 7054-7068.

O O
4-pentenoyl chloride, pyridine \/\)J\O O o
NH
)% DCM, reflux, 24h )\@J\/\/

75

Procedure: In a dried three-neck round-bottom flask under inert

conditions, 75 (127 mg, 0.9 mmol, 1.0 eq.) was dissolved in 10 mL of DCM.
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Pent-4-enoyl chloride (190 mg, 1.6 mmol, 1.8 eq.) was added to the solution,
followed by pyridine (0.153 mL, 1.9 mmol, 2.1 eq.). The mixture was stirred
at 45°C for 24 hours. The product was washed with 10 mL of 10% NazCO3
solution, then the organic layer was washed with 2 M HC], followed by brine,
and dried over MgSO.. The crude product was purified by flash
chromatography on silica gel using cyclohexane/AcOEt (70/30).

IUPAC name: (Z)-1-(2-oxo-1-(pent-4-enoyl)piperidin-3-ylidene)ethyl pent-

4-enoate
\/0\)?\ Yield: 45%
I
Ao O O Mol. formula: C17H23NO4

g d b Mol. Wt.: 305.16 g.mol-?
[ Aspect: beige powder

1H NMR (300 MHz, CDCl3) 8 (ppm): 590 - 5.69 (m, 2 H, b, p), 5.10 - 4.85
(m, 4H, a, q), 3.71 - 3.63 (m, 2H, j), 3.01 (t, ] = 7.4 Hz, 2H, h), 2.49 (m, 4H, d,
n), 2.42 - 2.27 (m, 4H, c, 0), 1.92 (s, 3H, 1), 1.79 (m, 2H, i).

13C NMR (75 MHz, CDCl3) & (ppm): 175.6 (e), 171.0 (m), 165.7 (), 153.4 (g),
137.5 (p), 136.5 (b), 118.1 (k), 115.6 (a), 115.1 (q), 42.4 (j), 38.5 (h), 33.4 (d),
29.0 (c), 28.5 (0), 25.3 (n), 22.1 (i), 19.0 (1).

HMRS (ESI): m/z found = 306.16994; calcd. for [M+H]*: 306.16998.

FT-IR (cm1): 1690, 1147, 1757, 1299, 164.

10.1.9 Preparation of B-lactam 117

~— D) D)
. H, Pd/C (10 mol%) .
);\\1 EtOH, AcOEt (1: 1), R.T, 16h J;\\l

203



CHAPTER 10

Procedure: In a dried round-bottom flask under inert conditions,
Pd/C 10% (0.03 mmo], 1.0 eq.) was added, followed by a solution of 137 (10
mg, 0.03 mmol, 1.0 eq.), previously obtained by M. Feledziak,3] in 1 mL of
EtOH and 1 mL of AcOEt. The mixture was stirred at room temperature for
16 hours under a hydrogen atmosphere. The solution was filtered through a

pad of celite and concentrated under reduced pressure.

IUPAC name: (S)-1-pentanoyl-3-((R)-1-(4-phenylbutoxy)ethyl)azetidin-2-

one

s
nJ; Mol. Wt.: 331.46g.mol-!
(0]

o h ¢ ¢ b Yield: quantitative
d a
i/,/,:\g/\e/Q Mol. formula: C20H29NO3
™l
Np o q
(Z]/\p/\ r Aspect: yellow oil

1H NMR (300 MHz, CDCI3) 8 (ppm): 7.35 - 7.05 (m, 5H,a, b, ), 3.88 - 3.74
(m, 1H, j), 3.66 - 3.52 (m, 2H, 1), 3.43 -3.28 (m, 2H, h), 3.27 - 3.20 (m, 1H, k),
2.93 - 2.52 (massif, 4H, e, 0), 1.70 - 1.51 (m, 4H, f, n), 1.45 - 1.14 (massif, 7H,
g,1,q),0.90 (tJ=7.4 Hz 3H,r).

13C NMR (75 MHz, CDCl3) 8 (ppm): 171.3 (n), 166.2 (m), 142.4 (d), 128.5
(a/b/c), 125,9 (a/b/c), 72.0 (j or k), 69.1, 55.0 (j or k), 39.6, 16.4, 35.8, 29.9,
28.2,26.4,22.4,18.1 (i), 13.9 ().
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10.2 Pharmacology

10.2.1 Determination of ICs¢ values

10.2.1.1 General procedure

Mouse brain homogenates are obtained by homogenising mice
brains (4°C, PBS, pH 7.4) and then centrifuging the resulting homogenate at
15 000g for 20 min. The resulting pellet was recovered, resuspended in PBS
and centrifuged again (15 000g, 20 min). The resulting pellet was finally
resuspended, the protein content determined, and the resulting membrane

preparation stored at -80°C until use.

Tubes containing mouse brain homogenates (10 mM Tris-HCl, 1 mM
EDTA, 0.1% (w/v) BSA, pH 7.4, 165 pL), the test compound (at
concentrations ranging from 10-11 to 10-4 M) or DMSO alone for controls (10
uL) and the substrate (2 uM of AEA, 25uL) are incubated at 37°C for 10
minutes. The substrate consisted in unlabelled AEA and 1’[3H]-AEA (50,000
dpm) used as tracer. The reactions are stopped by quickly placing the tubes
on ice and adding 400 puL of a pre-cooled chloroform/methanol mixture (1:1
v/v). The tubes are then vigorously shaken, and the phases are separated by
centrifugation at 850 g. The supernatant (200 pL of methanol/buffer)
containing the released ethanolamine is collected and quantified by liquid
scintillation counting (LSC). In all assays, tubes containing only the buffer are
used as controls for 1’[3H]-AEA non-enzymatic hydrolysis ("blank"). This

value is systematically subtracted from the other results.
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10.2.1.2 Lead 35

. Jz/\@ ICso: 4.9 nM [3.8 - 6.4]
/,);‘ Calculated log P: 3.04
N
o g]/\/\ Calculated tPSA: 63.68
35
Log [inhibitor] Compound 35 (lead) (% of activity)
-11 104.08 103.82 109.71 107.39 92.2 92.73
-10 100.15 107.39 68.81 108.31 106.06 100.08
-9 92.1 86.51 92.83 92.97 84.1 104.28
-8 34.72 32.51 321 25.92 32 27.52
-7 4.95 4.69 5.5 4.9 7.44 12.24
-6 0.93 1.13 1.72 3.23 0.21 4.97
-5 1.23 1.06 1.08 2.17 -0.79 -0.58
10.2.1.3 Bicycle 91a
o}
o% ICs0: 55.0 nM [42.1 - 72.2]
. Calculated log P: 3.76
oJ;NE;\A Calculated tPSA: 63.68
91a
Log [inhibitor] Compound 91a (% of activity)
-11 98,53 101,28 n.d. n.d. n.d. n.d.
-10 101,46 102,76 104,82 142,04* 105,06  235,24*
-9 96,73 95,08 123,95 127,44 112,98 111,3
-8 83,89 85,83 111 107,66 103,15 110,77
-7,5 n.d. n.d. 75,27 80,9 75,45 72,76
-7 22,38 21,65 37,2 35,22 21,34 33,32
-6 1,49 2,59 5,38 1,49 2,8 6,47
-5 1,57 0,74 -1,14 -0,29 0,85 0,62
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10.2.1.4 Bicycle 91b

0
7 ICso: 197 nM [157 - 247]
OJ;,Q_',, Y Calculated log P: 3.76
o} Calculated tPSA: 63.68
91b
Log [inhibitor] Compound 91b (% of activity)
-11 104.09 102.81 n.d. n.d. n.d. n.d.
-10 99.71 101.2 104.82 110.31 88.57 -16.95*
-9 103.11 100.21 106.85 94.76 103.09 105.98
-8 97.16 100.71 110.85 104.07 104.88 79.75
-7 69.67 71.56 86.44 71.94 73.59 68.15
-6,5 n.d. n.d. 25.53 244 39.41 28.41
-6 5.37 4.35 2.29 2.4 5.29 3.75
-5 1.62 2.03 -1.13 -3.57 -1.2 -0.5

10.2.1.5 Bicycle 104

j% ICso: 171 nM [122 - 240]
/,;,\Q\/\ Calculated log P: 3.53
(6]

0 Calculated tPSA: 63.68
104
Log [inhibitor] Compound 104 (% of activity)

-11 105.14 104.53 109.84 109.6 94.07 106.49
-10 106.43 104.45 101.25 110.74 98.77 107.22
-9 99.9 105.57 81.71 103.47 98.36 99.59
-8 97.16 61.97 101.71 97.25 104.98 98.12
-7 65.68 47.24 64.89 68.61 77.42 81.31
-6 341 5.29 4.8 7.23 10.01 13.88
-5 1.19 1.54 3.6 7.56 211 6.27
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10.2.1.6 Mixture of enantiomers 35 and 116 (Fraction 1)

0]

N0
I

O
ICso: 10.4 nM [8.6 - 12.9]

N
M
35
o Calculated log P: 3.04 for both
N
m
116

9&\/@ Calculated tPSA: 63.68 for both

0}

Log [inhibitor] Mixture of compounds 35 and 116 (% of activity)
-11 98.32 101.23 106.64 107.47 102.43 106.66
-10 100.41 100.32 115.15 112.77 104.18 109.02
-9 94.01 92.65 93.81 110.89 89.55 82.63
-8 52.89 51.1 60.83 55.36 47.68 66.88
-7 7.93 7.82 417 8.71 13.72 9.55
-6 0.74 0.77 0.98 -0.78 3.39 10.48
-5 1.24 0.77 213 0.22 7.35 1.02
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10.2.1.7 Mixture of stereoisomers 35, 63, 116 (and likely 115)
o
O% ICso: 14.0 nM [12.1 - 16.2]
/ﬁf_;‘\; Calculated log P: 3.53 for all
“ I Calculated tPSA: 63.68 for all
35,63,115,116
Log [inhibitor] Mixture of compounds 35, 63, 116 (and 115) (% of activity)

-11 103.22 103.3 105.73 106.06 99.79 104.58
-10 100.99 106.02 102.81 107.25 101.57 94.88
-9 96.17 109.95 94.85 100.59 95.79 103.28
-8 57.66 60.65 73.53 55.1 65.73 56.09
-7 9.71 9.43 9.56 7.66 8.69 8.98
-6 2.99 2.27 2.1 1.43 -0.22 4.95
-5 0.78 1.31 -0.39 0.02 -1.92 1.02

10.2.2 Cell studies

10.2.2.1 General procedure

The general procedure for the study of inhibitors in ]774 macrophage
cells, described below, is directly taken from M. Alhouayek, P. Bottemanne, A.

Makriyannis, G. G. Muccioli, Biochim. Biophys. Acta. Mol. Cell. Biol. Lipids 2017,
1862, 474-484.

Cell culture

The murine macrophage cell line ]J774 was routinely cultured under
standard conditions (37 °C in a humidified 5% CO; incubator) in RPMI 1640

medium containing 10% fetal bovine serum and antibiotics (100 units-mL-1

of penicillin and 100 pg-mL-! of streptomycin).
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NAE quantification by UPLC-MS/MS

Cells (107 cells/condition) were seeded in 10% FBS media for 16 h
prior to the experiment. Then cells were incubated in media containing 1%
FBS and the molecules of interest (10 uM) or vehicle (DMSO, 0.4%). At the
end of the incubation, the media was removed and the cells recovered using
PBS (2 mL) followed by methanol (MeOH, 4 mL) and transferred to
dichloromethane (CH2Cl;) containing the internal standards (ds-PEA; ds-
AEA; d4-OEA; d4-SEA; ds-2-AG). Following vigorous mixing and sonication,
the samples were centrifuged and the organic layer was recovered and then
dried under a stream of N». The resulting lipid fraction was pre-purified by
solid-phase extraction (SPE) over silica. Following a first step with hexane -
iPOH (99 :1), the lipids of interest were eluted using hexane - iPOH (7: 3). the
resulting lipid fractions were quantified according to the protocol used in
previous studies, by using an UPLC system coupled to a Xevo-TQ-S Mass
Spectrometer (Waters Corporation, Milford, Massachusetts, USA).[115]
Analyte separation was achieved by using an Acquity UPLC BEH C18 column
(1.7 mm, 2.1 x 50 mm; Waters Corporation) connected to an in-line filter unit
and maintained at 40°C. Mobile phases A and B were composed of methanol-
water-acetic acid (75:24.9:0.1, v/v/v) and methanol-acetic acid (99.9:0.1,
v/v), respectively. The injection volume was 1 mL and the gradient 0.2
mL/min. An electrospray ionisation source in positive mode was used. For
data acquisition and processing, the software MassLynx was used. For each
compound of interest, the ratio between the analyte and the respective
internal standard was determined. Calibration curves were established using
similar conditions. The amounts of each compound were determined by

linear interpolation from the calibration curve.

Materials

PF-3845 (N-3-pyridinyl-4-[[3-[[5-(trifluoromethyl)-2-pyridinyl]-

oxy]phenyl]methyl]-1-piperidinecarboxamide) was purchased from Tocris
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bioscience (R&D Systems Europe Ltd., Abingdon, UK). Deuterated NAE’s were
synthesised in the laboratory of Dr Muccioli following well established

procedures.[116]

10.2.2.2 2-AG 7 levels

OH
(0]
m Lo
(0]

2-arachidonylglycerol (2-AG) 7

2-AG levels (pmol/sample)

Vehicle 35 (lead) 91a 54 117 PF-3845
28,09 29,04 24,41 37,07 29,39 26,34
24,62 29,47 24,50 31,51 28,56 27,31
22,14 24,61 26,18 31,34 27,64 25,36
18,97 29,19 20,34 24,27 20,82 28,11
17,33 24,59 21,38 19,98 21,33 26,12
18,47 22,98 23,51 25,79 22,81 28,10
18,48 20,85 n.d. 2391 22,35 25,20
22,43 26,24 n.d. 26,74 26,04 25,07
22,99 30,19 n.d. 27,68 25,85 26,48
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10.2.2.3 AEA 6 levels

)

N/\/OH

H

N-arachidonoylethanolamine (anandamide) 6

AEA levels (pmol/sample)

Vehicle 35 (lead) 91a 54 117 PF-3845
2,66 4,79 3,76 3,88 5,65 7,38
2,08 4,54 3,28 3,51 5,56 6,29
2,31 4,12 4,67 4,34 5,25 6,69
1,30 2,40 1,87 2,74 4,23 2,87
1,35 2,67 3,05 1,52 4,21 4,12
1,64 1,84 2,55 2,84 3,30 4,37
1,41 2,92 n.d. 1,76 4,90 4,40
2,17 3,20 n.d. 3,06 4,57 3,99
1,00 3,19 n.d. 3,14 3,89 4,03

10.2.2.4 PEA 10 levels
0}
SOOG R
N-palmitoylethanolamine 10
PEA levels (pmol/sample)

Vehicle 35 (lead) 91a 54 117 PF-3845
1,02 1,20 1,86 1,81 4,27 16,58
0,34 0,68 1,00 1,18 4,25 17,91
0,68 0,94 0,98 1,36 3,19 15,64
2,52 2,54 3,60 4,58 7,26 16,62
2,40 2,95 3,80 3,85 6,30 16,30
2,43 2,55 5,01 2,93 5,57 16,34
3,21 3,22 n.d. 3,73 7,00 14,63
2,90 2,39 n.d. 3,98 6,48 13,37
2,28 2,40 n.d. 3,25 5,37 14,19
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10.2.2.5 SEA 12 levels

O

H

N-stearoylethanolamine 12

SEA levels (pmol/sample)

Vehicle 35 (lead) 91a 54 117 PF-3845
0,00 0,86 0,25 0,76 2,48 3,72
0,00 0,85 0,00 1,34 2,41 3,68
0,00 0,76 0,28 0,35 1,23 3,45
1,09 1,72 1,63 2,58 4,04 4,39
1,10 1,96 2,03 2,13 3,51 4,29
1,57 1,80 2,01 1,66 3,14 4,08
1,01 2,44 n.d. 2,06 3,77 4,06
1,38 1,72 n.d. 2,36 3,86 3,29
1,24 1,91 n.d. 1,53 3,40 3,79

10.2.2.6 OEA 11 levels

0]

o
H

N-oleoylethanolamine 11

SEA levels (pmol/sample)

Vehicle 35 (lead) 91a 54 117 PF-3845
5,48 8,39 7,15 7,79 12,75 45,87
4,90 6,89 6,85 7,75 12,73 48,73
5,35 6,38 7,56 7,34 11,21 43,41
3,28 4,39 5,23 5,36 9,22 28,74
3,05 4,65 4,78 5,58 8,80 29,67
3,38 4,09 4,81 4,70 8,84 29,04
4,48 5,56 n.d. 6,06 11,04 34,56
4,36 515 n.d. 6,37 10,99 34,30
4,02 491 n.d. 5,53 10,18 32,02
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10.3 Computational details

10.3.1 Syn/trans equilibrium

Calculations were performed using the Jaguar 8.5 suite of
programs.[117] Density Functional Theory (DFT) was applied by the means of
the B3LYP hybrid functional corrected for dispersion as proposed by Grimme
(D3 correction). The 6-31+G(d) basis set was used for all atoms. Frequency
calculations were performed to obtain free energy corrections. Solvent
effects were modelled by using the polarisable continuum-Poisson method

as incorporated in Jaguar, using the parameters for dichloromethane.

10.3.2 CD spectrum simulation of lead 35

First, the geometry of the molecule 35 was optimized with the DFT
method using the wB97X D exchange-correlation function and the 6-311G(d)
basis set. Second, a conformer ensemble was generated at the GFN2-
xTB//ALPB(chloroform) level of theory using the CREST algorithm.[118-122]
Third, CENSO sorted out the conformers with respect to their free-energy,[123
and reoptimized their geometry with the r? SCAN 3c//COSMO-
RS(chloroform) scheme.[124-125] For each conformer, the molecular orbitals
and their energies were computed at the PBE0/6 31+G(d)//C-PCM Level of
theory.[126] Finally, circular dichroism spectra for each conformer were
computed at the XsTD DFT method (XsPBEO/6 31+G(d)).[127] Spectra were
shifted by -0.93 eV and convoluted with Gaussians considering a droping
factor of 0.20 eV at full width at half maximum, to best match experiment.
The spectrum of the Boltzmann weighted sum over all conformers at 0 K, 50

K, 100 K, and 298.15 K were drawn and compared to experiment.

The geometry optimizations were performed using Turbomole

7.7.1,11281 CREST 3.0, xTB 6.7.0,[1291 and CENSO 1.2.0 were used. Molecular
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orbitals for XsTD-DFT calculations were computed with Q Chem 6.0.[130]

XsTD-DFT calculations were computed with stda.[131]

10.3.3 Keto/enol equilibrium

Calculations were performed using the Jaguar 8.5 suite of
programs.[117] Optimisation was performed at the M06-2X/6-31+G(d) level
of theory. Solvent effects were modelled by using the polarisable continuum-
Poisson method as incorporated in Jaguar, using the parameters for
chloroform. Frequency calculations were carried out at the same level of
theory to obtain free energy corrections. Gas phase electronic energies were

recomputed at the M06-2X/6-311+G(d,p) level.

10.3.4 Docking

A model of the mouse FAAH was built, using SWISSMODEL, by
homology with the crystal structure of the humanised-rat FAAH (pdb
code:2VYA), as template. Docking of the inhibitors into the active site of the
mouse FAAH was performed using GOLD. It is based on a genetic algorithm
(GA), performing docking of flexible ligands into proteins with partial
flexibility in the neighbourhood of the active site. The binding region was
defined as a 17A° radius sphere centred on Leuioz. For the 20 GA runs
performed, a total of 100 000 genetic operations were carried out on 5
islands, each containing 100 individuals. The solutions were ranked by the
GOLD score. The GOLD fitness function is made up of four components:
protein-ligand hydrogen bond energy, protein-ligand van der Waals energy,
ligand internal van der Waals energy and ligand torsional strain energy. The

figures were produced, and the H-bond lengths calculated using PyMOL.[132-

133]
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