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Preface

The following thesis is divided in two main part.

The first part reports medicinal chemistry investigations performed for melatoninergic
ligands, aimed at the design, synthesis and chemical optimization of new compounds, including the
development of multitarget compounds, definition of structure-activity relationships and
investigation of their mechanism of action. In the thesis, in addition to the development of suitable
synthetic protocols, multiple aspects of melatonergic ligands activity have been investigated
including: a) molecular determinants leading to receptor subtype selectivity or improving MLT
fluorescence properties; b) the impact of conformational equilibria on the MLT receptor binding (in
particular, the abundance of the bioactive conformation of chiral ligands in the solvent); and
optimization of pharmacokinetic properties, while preserving the high binding affinity and MT>
subtype selectivity. A general introduction about the melatoninergic system and an overview of the
endocannabinoid system, with a particular focus on melatonin receptors and the most important
class of melatonergic ligands and monoacylglycerol lipase inhibitors, is provided in Chapter 1,
introducing the medicinal chemistry framework in which this work is inserted. Finally, in Chapter
5, the potential for drug combination strategies, to widen and further enrich the therapeutic
opportunities of melatonin derivatives, was investigated by designing and synthesizing a series of
multitarget compounds potentially able to activate melatonin receptors and inhibit the enzyme
monoacylglycerol lipase.

The second part of the thesis describes the results obtained during my visiting period in the
Noél Research Group, at University of Amsterdam. In Chapter 7, the development of a new
methodology for C-C bond formation, characterized by the use of commercially available starting
materials in flow photochemical conditions, remarkably without the presence of a photocatalyst, has

been reported.
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Chapter 1. General introduction

Complex multifactorial pathologies, such as metabolic syndrome, psychiatric or degenerative
central nervous system disorders, and cancer, are often caused by deregulation of multiple pathways,
and cannot be effectively treated with a single-target modulation. An innovative and more effective
approach is polypharmacology using multifunctional agents capable of modulating multiple
biological targets simultaneously. In this context, both endocannabinoid and melatoninergic systems
can be a great resource for the design and development of new therapeutic agents, particularly in
neurodegenerative diseases. Indeed, they are pleiotropic signaling systems involved in almost all
aspects of mammalian physiology and pathology, and have many connections with other

neurotransmitter systems.

1.1 Melatonin

1.1.1  Biosynthesis and physiological role

Melatonin (N-acetyl-5-methoxytryptamine, MLT) is a neurohormone, mainly secreted by the
pineal gland!, although other organ sources have been suggested?. This molecule is produced at night
via a 4-step pathway from tryptophan, thanks to an array of enzymes tightly regulated, indirectly, by
light. Tryptophan-5-hydroxylase catalyzed hydroxylation at position 5 of the indole ring and
subsequent decarboxylation allows the formation of serotonin. Then, serotonin is N-acetylated and
transformed into melatonin via methylation of the hydroxyphenyl group, by two enzymes, serotonin

N-acetyl transferase (SNAT) and hydroxyindole O-methyltransferase (Figure I).?

COzH  Tryptophan COzH  5-hydroxy-L-tryptophan

hydroxylase decarboxilase
NH, HO. NH,
N\ N
N N 002
H H
L-tryptophan serotonin
o
)I\S,COA

Serotonin blue light
N-acetyltransferase inhibition
HS—CoA

[0]

HNJ& Hydroxyindole
O-methyltransferase
O -
A\
N

H

melatonin

Figure 1 Biosynthesis of melatonin and its inhibition upon blue light exposure. SAM= S-adenosyl methionine.
MLT is then released into the systemic circulation following a circadian rhythm, “transferring”

the circadian information from the pineal to the general blood circulation, and then to the peripheral
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organs. Circulating melatonin is primarily metabolized in the liver through 6-hydroxylation and
subsequent sulphate conjugation, leading to increased water solubility.> Secondarily, demethylation
of the methoxy group leads to N-acetylserotonin (Figure 2A4). Instead, in the brain MLT is primarily
converted to N'-acetyl-N’-formyl-5-methoxykynuramine (AFMK) and then to N’-acetyl-5-
methoxykynuramine (AMK) (Figure 2B).*

A) Liver B) Brain
\@j( O- demethylatlon \@C \@C \@C
A
OH OH N
H
melatonin N-acetylserotonin E melatonin

, OH
6-hydroxilation H 2 OH -
; OH
NH
D\/C sulfonatlon j@fc J& Q_p \©f< \@fﬁ

Cyclic
6-hydroxy-melatonin 6-sulfatoxymelatonin 5 3-hydroxymelatonin AFMK

Figure 2 Melatonin metabolic pathways in the liver (A) and in the brain (B).

Oher tissues, such as the retina, produce melatonin in a circadian manner, but in other body
regions its production does not depend on the light-dark cycle. Nevertheless, local elevated
concentrations of melatonin can be found in some tissues and organs, such as the gut and immune
cells.

MLT is generally considered as a natural hormone for inducing sleep and is widely used as a
dietary supplement to promote sleep or to alleviate the effects of jet lag.® Although melatonin is one
of the most popular sleep-inducing supplement in the United States’, it lacks Food and Drug
Administration approval due to its rapid efflux and short duration. However, more effective and long-
lasting MLT analogs, such as Ramelteon{(S)-N-[2-(1,6,7,8-tetrahydro-2H-indeno-[5,4-b]furan-8-
yl)ethyl]propionamide}®, have been approved for primary chronic insomnia treatment, because of
their low side-effect profile as compared to benzodiazepines and other sleeping aids. Others MLT
bioisosteres, such as tasimelteon {N-[[(1R,2R)-2-(2,3-dihydro-1-benzofuran-4-
yl)cyclopropylJmethyl]propenamide}’ and agomelatine {N-[2-(7-methoxy-1-
naphthyl)ethyl]acetamide}'°, are used for non-24-hour sleep-wake disorders in blind individuals and
as an atypical anti-depressant for major depressive disorders, respectively. In addition to regulating
sleep-wake rhythms, MLT can modulate other physiological processes, including regulation of body
temperature, hormone secretion and blood pressure, homeostasis of glucose secretion, pain perception

and neuroprotection.



1.1.2  Melatonin membrane receptors and their potential therapeutic role

Even if some non-receptor dependent signaling pathways have been suggested!!, MLT exerts
most of its physiological and neuroendocrine activities through the activation of two high affinity G-
protein-coupled receptors, MT; and MT>, located at the plasma membrane.'?> Melatonin displays
picomolar affinity for these receptors, whose activation is mainly coupled to inhibitory G proteins
(Giso) leading to reduction of intracellular cAMP levels. Other signal transduction mechanism have
been characterized, comprising Gg/11 protein, beta-arrestin and protein kinase C.'?

MT; and MT> receptors were initially cloned by Reppert’s research group' together with the
Mellc receptor'®, the expression of which is limited to amphibians, fishes and birds'®. Mellc, was
shown to evolve in mammals into GPR50!7, which lost its capacity to bind to melatonin but gained
other roles in the regulation of melatonin receptors'®. Another melatonin-binding site, named MTs3,
was described over the years!® and it turned out to be the enzyme NAD(P)H dehydrogenase quinone
2 (NQO2)*.

In humans MT; and MT> share 55% and 70% sequence similarity for the overall region and
the transmembrane district, respectively. In 2019, the crystal structures of both MT; and MT>, co-
crystallized with nonselective agonists, were determined by the X-ray free electron laser method
(XFEL), providing valuable information about the agonist binding mode and of the overall binding
site composition and extension.?!?> Although the reported crystal structures of receptors are in
inactive forms (as they were resolved in the presence of several mutated residues), the mutations
necessary for crystallization did not modify the overall architecture of the binding site, nor the
arrangement and interactions undertaken by the ligands. In fact, a recent cryo-EM structure of the
ternary complex of the MT; receptor with ramelteon and Gi-protein revealed a very similar three-
dimensional structure of the ligand binding site.>* The resolved structures of MT; and M T receptors
exhibit high similarity and conservation of ligand-interacting residues, with only one amino acid
different between (A104/G117). The MT> receptor is characterized by a wider binding site in the
region accommodating substituents in position 2 of the indole ring of melatonin.?

MLT and other nonselective agonists showed similar interactions with receptor residues: the
major interactions include aromatic stacking of the heterocyclic core with ECL2 hydrophobic residue
F179/192 (in MT; and MT>, respectively), and two hydrogen bonds via their methoxy oxygen (or
dihydrofuran oxygen in the case of ramelteon) and amide side chain with Q162/175 and

N181/194ECL2, respectively (Figure 3).2!"*



Figure 3 is taken from ref. 22. Comparison of 2-phenyl-melatonin ligand conformations in MT; (green) and MT>
(violet),; hydrogen bonds are shown as yellow dashed lines. N=asparagine, F=phenylalanine, Q= glutamine.

A structural peculiarity differentiating melatonin receptors by other Class A GPCRs, is that
the orthosteric binding site of both receptors is tightly sealed from solvent by extracellular loop 2
(ECL2), thus strongly hampering ligand recruitment from the solvent. Potential ligand access to the
orthosteric binding site is provided by a hydrophobic channel between the TM helices IV and V that
opens towards the lipid bilayer.

Over the years, it has become increasingly apparent that targeting MLT receptors is of clinical
interest for the treatment of pathologies affecting the CNS (including sleep disorders, depression or
neuropathological states in which neuroinflammation plays a central role)**, and other body districts,
such as metabolic disorders like diabetes and obesity®®, cancer®®, or pain®’. Even if different aspects
of MLT receptors functions and activity require further investigation, such as tissue distribution,
biased signaling, and the impact of receptor dimerization/oligomerization on activity, it appears that
some activities are sustained by the activation of either one or the other receptor subtype and, in some
cases, the two subtypes produce opposite effects.?® For example, MT; receptors inhibit neuronal firing
of the suprachiasmatic nucleus, which controls pineal melatonin production, and has been linked to
neuroprotective activity. The MT2 subtype has been implicated in the control of non-rapid eye
movement (NREM) sleep? and immune system activation, while MT; mediates rapid eye movement

(REM) phases of the vigilance state in sleep architecture®.
1.1.3  Design and development of melatonin receptor ligands

Therapeutic potential of targeting MT; and MT, receptors have prompted many research
groups to develop several interesting MLT receptor ligands, including the therapeutic drugs
ramelteon, agomelatine and tasimelteon. Some pharmaceutical companies have also developed time-

released melatonin tablets, to ameliorate the sleep quality of elderly patients®! and autistic children’.



Initial attempts to design new melatonergic ligands were mainly based on ligand-based
approaches. Many compounds displaying high binding affinity, but no selectivity toward MT; or MT»
receptors, have been obtained by bioisosteric replacements of the indole with other aromatic systems
and/or by structure modifications at specific aromatic ring positions. For example, in the approved
melatonergic drugs agomelatine and ramelteon the indole scaffold has been replaced by naphthalene
and indane (Figure 4), respectively. Higher affinity and agonist potency have been achieved by
introducing an iodine, a bromine, an alkyl or an aryl group in a position equivalent to C2 of melatonin.

Other common strategies used to develop high affinity MLT ligands were structural
simplification (e.g., phenyl-propyl-amides®’, N-anilinoethylamides®*, phenoxy-ethylamides®), or
introduction of conformational constraints on groups involved in drug-receptor interactions. For
example, ramelteon with an ether oxygen incorporated into a dihydrofuran ring shows higher affinity
than melatonin (17-fold for MT; and 2-fold for MT>)%*®. Conformational restriction of the N-
acylamino side chain, exemplified in the tricyclic ligands 1’7, II*®, and III*°, is generally well-

tolerated with many analogs reaching binding affinity of the parent hormone (Figure 4).
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Figure 4 Melatonin and examples of non-selective melatonergic ligands obtained by replacement of melatonin’s indole
scaffold by other aromatic rings and/or by conformational restriction.

1.1.4  Subtype selective MLT receptor ligands

Although MT; and MT> receptors may have distinctive in vivo functions, none of the most
clinically advanced MLT ligands discriminates between the two subtypes. Therefore, in the last few
decades, the industrial and academic medicinal chemistry research has been active in the design of
subtype-selective ligands as potential candidates for drug development and/or valuable
pharmacological tools to investigate the distinct roles, not yet fully elucidated, of MT: and MT>
receptors in several pathophysiological processes.** Different ligand- and structure based techniques
were used to design and develop diverse classes of potential subtype selective ligands, comprising

benzofuran (I'Va-c), tetrahydronaphtalenic derivatives (Va-b), tetrahydroisoquinoline (VIa-b), 6,7-



dihydro-5H-benzo[c]azepino[2,1-a]indoles (K185), 2-N-acylaminoalkylindoles (such as UCM454),
and the two historically reference ligands 4-P-PDOT*° and luzindole*! (Figure 6).

Computational strategies, including pharmacophore models integrated with 3D-QSAR
analyses, contributed to their development in particular of MT»-selective ligands. A pharmacophore
model for MT»-selective partial agonists and antagonists was obtained associating the presence of
substituents in position 1 or 2 of the indole ring and not coplanar with it, to selectivity toward the
MT: subtype and reduced intrinsic activity.*>* This model of MT,-selective antagonism, also
statistically supported by 3D-QSAR analysis**, was then used to design novel classes of topologically
different MT>-selective receptor antagonists, characterized by a tricyclic dibenzocycloheptene
(UCM549, in Figure 6)* nucleus which incorporates, in the same structure, both the aromatic core

of the MLT nucleus and the out-of-plane substituent (Figure 5)

Figure 5 Superimposition of luzindole (cyan carbons) and (S)-UCM549 (orange carbons): aromatic substituents
occupying the out-of-plane red region induce selectivity for the MT> receptor and decrease the intrinsic activity.

Tetracyclic derivative K185, whose 2-phenyl group ring linked to the indole would be placed
with an out-of-plane arrangement, behaves as an MT» antagonist, in agreement with the rationale
leading to the above described dibenzocycloheptene derivatives. Structural simplification of some
dibenzo seven-membered tricyclic antagonists, leading to more flexible compounds but retaining the
key structural requirements outlined above (i.e., two aromatic rings and an amide side chain in a
suitable arrangement), led to the discovery of a series of N-(3,3-diphenylpropenyl)alkanamides (e.g.
UCMT764, Figure 6) some of which exhibited MT> binding affinity higher than MLT and a remarkable
selectivity for the MT, receptor.’ Substitution of benzhydryl carbon atom of the N-(3,3-
diphenylpropyl)alkanamido series with a nitrogen one led to a novel class of N-(substituted-
anilinoalkyl)amido ligands (such as UCM924), whose intrinsic activity and MTi/MT> subtype
selectivity can be modulated by the introduction of substituents with different sizes on the aniline
nitrogen.** Indeed, substituents with limited size on the aniline nitrogen (e.g., a methyl group,
UCM793) afforded potent MTi/MT: nonselective agonists, while bulkier substituents led to

selectivity for the M T2 receptor and to limited intrinsic activity, moving toward a partial agonism for
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the phenyl derivative UCM765 to antagonism in the case of the very MT»-selective B-naphthyl
derivative UCMB800 (Figure 6). Subsequently, the N-anilinoethylamide scaffold was rigidified to give
the novel series of 2-acylaminomethyl-tetrahydroquinolines, including MTi/MT2 non selective
ligands and MT> selective ligands; interestingly the introduction of a benzyl group on the

tetrahydroquinoline nitrogen led to a highly potent MT> selective full agonist (UCM1014, Figure

6).4
HNJ& Ejj\»j“‘go HNJO’\/\ H\‘O(
Sy /°

Cl
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\n/\ N\n/
[¢]
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Ropnapn (UONG00)
Figure 6 Examples of MTx>-selective melatonergic ligands.

The search for new MLT ligands has also been expanded to MT-selective derivatives, but the
obtained results are far from encouraging, with few compounds currently available, usually
displaying limited selectivity for this receptor subtype. The most common structural feature of the
MT-preferring ligands is the presence of a longer/bulkier, usually lipophilic, substituent replacing
the methoxy group of MLT. The first approach used to develop MT; selective ligands was the
preparation of symmetric dimers, by coupling two moieties deriving from known ligands (i.e.
agomelatine or UCM793) through an appropriate spacer, as exemplified by compounds VII*" and
UCMS876* (Figure 7). Some other MT-preferring ligands (approximately 20-40 fold selectivity)
were obtained by introducing a 4-phenylbutyl group at the C-2 position of the bicyclic scaffold
benzoxazole, mimicking the methoxyphenyl fragment of MLT, as exemplified by compound VIII*
in Figure 7. Some other compounds (UCMS871, and IXa-b) displaying about 10-90 fold preference

toward MT; receptors, were subsequently obtained by applying the same approaches to other
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scaffolds.’*>!-2 Crystal structures of MT; and MT> receptors has opened up new opportunities for
virtual discovery of new melatonergic chemotypes in clouding subtype selective ligands. A virtual
screening, based on docking of a chemical library containing 150 million compounds into the binding
sites of MT crystal structure, allowed the discovery of 15 new chemical scaffolds, topologically
unrelated to known melatonin receptor ligands with affinities in the micromolar range. Structure-
based optimization of some of these compounds led to two interesting M T} selective inverse agonists

(UCSF7447 and UCSF3384, Figure 7), topologically unrelated to previously explored chemotypes.*
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Figure 7 Examples of MT-selective melatonergic ligands.



1.2 Endocannabinoid system

The endocannabinoid system (ECS) is a complex neuromodulatory network involved in the
regulation of several cognitive and physiological processes.’* The endocannabinoid signaling seems
to be altered and hypofunctional in many neurological diseases; therefore targeting this system could
provide new therapeutic strategies for the treatment of many different (CNS) disorders, particularly
in neurodegenerative diseases such as Parkinson’s disease, Alzheimer’s disease, Huntington’s
disease, multiple sclerosis, amyotrophic lateral sclerosis, strokes, traumatic brain injury, pain, and
epilepsy.”

The ECS comprises:

— the G protein-coupled receptors CB1 and CB2 which are found throughout the mammalian

body, but are particularly abundant in the brain (CB1) and immune cells (CB2);

— endogenous lipid-based mediators known as endocannabinoids (ECs);

— the enzymes involved in the biosynthesis and degradation of ECs.>®

The most important ECs are 2-arachidonoylglycerol (2-AG) and anandamide (AEA), which
are synthesized through stimulus-dependent cleavage (“on-demand”) from membrane phospholipids
precursors. AEA is synthesized from its arachidonic acid precursors and phosphatidylethanolamine
by the sequential actions of two intracellular enzymes: N-acyltransferase (NAT) and N-acyl
phosphatidylethanolamine phospholipase D (NAPE-PLD).”® 2-AG is produced through a two-step
process in which phospholipase C-beta (PLC-beta) hydrolyzes phosphatidylinositol-4,5-bisphosphate
(PIP2) to generate 1,2-DAG, which is then cleaved by diacylglycerol lipase-alpha (DGL-alpha) to
yield 2-AG.>” Once they have activated specific receptors, AEA and 2-AG are rapidly inactivated
through a two-steps mechanism, involving a selective carrier-based cellular uptake followed by
enzymatic hydrolysis. The enzyme fatty acid amide hydrolase (FAAH) is primarily responsible for
the degradation of AEA. 2-AG is deactivated in large part by the presynaptic serine hydrolase
monoacylglycerol lipase (MAGL) and in minor part by other hydrolases (e.g., serine
hydrolase/hydrolase 6 (ABDH-6), serine hydrolase/hydrolase 12 (ABDH-12), and cyclooxygenase

(COX-2), which convert 2-AG into arachidonic acid and glycerol.>®



1.2.1  2-Arachidonoylglycerol: biosynthesis, mechanism of action, and degradation

Many neurological diseases (particularly anxiety and depression)*® and neurodegenerative
processes are often associated with hypofunctionality of the ECS tone®. In these conditions a possible
therapeutic strategy could be to inhibit endocannabinoid degradation by synthetic molecules, thus
restoring the altered turnover of endocannabinoids and indirectly activating CB receptors only in the
tissues where the alteration occurs, avoiding the side effects of direct receptor activation. For these
reasons, and considering that the physiological levels of 2-AG are much higher than those of AEA,
remarkable efforts have been made both by academia and pharmaceutical companies to develop
potent and selective MAGL inhibitors.

In the mammalian brain 2-AG is the most abundant endocannabinoid; it is released upon
demand from postsynaptic neurons in response to a wide range of stimuli (including inflammatory
conditions, neuronal injury and exposure to oxidative stress)®! and acts as a retrograde messenger by
binding and activating CB; receptors expressed on presynaptic neurons, modulating excitatory (e.g.,
glutamatergic) and inhibitory (e.g., GABAergic) neurotransmission, and other receptors.®? In
addition, 2-AG is an important intermediate in lipid metabolism, particularly as a source of
arachidonic acid for prostaglandin synthesis.®® 2-AG also acts on peripheral CB; and CB; receptors
to mediate, among other effects, immune modulation® and inhibition of cancer cell growth®.
Enhancements of 2-AG levels in different tissues, that can be achieved through inhibition of MAGL,
can mitigate cellular damage caused by widespread stimuli.

MAGTL belongs to the a/p serine hydrolase superfamily and shares with the other members of
this group a conserved B-sheet core hosting, at the bottom of a long channel delimited by hydrophobic
residues (which is thought to accommodate the lipophilic chain of 2-AG), the Ser122-His269—
Asp239 catalytic triad.®® Close to Ser122, the NH backbone groups of Ala51 and Met123 form the
oxyanion hole, which is believed to stabilize the tetrahedral anionic transition state generated during
2-AG hydrolysis. Beyond the oxyanion hole, the binding channel terminates with a cleft, lined by a
set of polar residues that include Arg57, His121, and Tyr194 and connected by a narrow opening to
the solvent, providing an exit route for the glycerol fraction released after hydrolysis of 2-AG. The
structure of MAGL is illustrated in Figure 84.%

An interesting structural feature of this enzyme is the presence of a lid domain that surrounds
and hides its catalytic task. Within this domain, a region comprising helix a4 and the loop connecting
helices a4 and a5 forms a wide flexible hydrophobic U-shaped structure, that serve both as a portal

preventing or allowing the substrate access to the catalytic site (Figure 8B).°
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Figure 8 Overview of the structure of MAGL. A) The model highlights the membrane entrance and the hydrophobic
gate (yellow and pink), the catalytic triad (blue), the polar cleft to be occupied by glycerol (green), and the polar hole
for glycerol exit (red). B) Crystal structure of human MAGL showing the U-shape conformation of the access tunnel to
the catalytic side. Ser122 belongs to the catalytic triad. The three cysteine residues, Cys242 close to the active site,
Cys201, and Cys208, are implicated in the allosteric modulation of MAGL.

Another essential feature of MAGL is the presence of three cysteine residues, Cys242,
Cys201, and Cys208, that modulate the catalytic activity in important ways. Cys242 is located close
to the catalytic Ser122 and is directly involved in catalysis.’® On the other hand, Cys201 and Cys208,
located far from the active site (on the loop connecting helices 05 and a6, and on the first turn of helix
a6, respectively), are responsible for an allosteric modulation of MAGL activity.® An increase of
oxidative signals within cells, as in the case of hydrogen peroxide accumulation, enhances 2-AG
levels® by inhibiting MAGL through oxidation of the regulatory cysteines Cys201 and Cys208
located on the surface of the enzyme’”; the resulting spatial modification promotes the closure of the
“lid domain”, thus reducing substrate recruitment. These findings can be exploited for the
development of allosteric MAGL inhibitors.”!

The catalytic mechanism for MAGL acylation by 2-AG is similar to that shared by other
esterases.”” This includes a first step in which the nucleophilic serine attacks the carbonyl carbon of 2-
AG, generating a tetrahedral intermediate stabilized by oxyanion hole, and a second step in which

this intermediate decomposes with the consequent formation of the acylenzyme and elimination of

the glycerol (Scheme 1).
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Scheme 1 Mechanism of MAGL acylation by 2-AG.
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1.2.2  Irreversible and reversible MAGL inhibitors

Over the years, the search for potent MAGL inhibitors has led to the identification of different
classes of compounds ranging from allosteric cysteine-targeting modulators’' to orthosteric
inhibitors, comprising both covalent agents (i.e., carbamates’® and tertiary ureas’*) and noncovalent
inhibitors’>, that can be firstly classified as irreversible and or reversible inhibitors according to their
mechanism of inhibition; some target the cysteine residues (allosteric inhibition) or the serine
(orthosteric inhibition). The first classes of compounds targeting cysteines to be discovered included
N-substituted maleimides (such as N-arachidonoylmaleimide: 1C50=0.14 pM)’® and disulfide
derivatives’’ that covalently and irreversibly block the enzymatic activity through the interaction with

Cys242 and Cys208 of human MAGL to form Michael addition or disulfide products (Figure 9).
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Figure 9 Example of MAGL inhibitors targeting cysteine residues.

Isothiazolinone-based MAGL inhibitors were subsequently identified (octhilinone,
IC50 =88 nM), derivative X (IC50 =43 nM), and benzisothiazolinone XI (IC50 =59 nM) displaying
activities in the nanomolar range and blocking MAGL activity through a partially reversible
mechanism (formation of a disulfide adduct with the enzyme)’®, together with thioamide-base
inhibitors, such as CK37 exhibiting moderate activity, but able to increases dramatically the 2-AG
levels in vivo (Figure 9).

Among the carbamate derivatives, URB602 (Figure 10) was the first MAGL inhibitor to be
identified in a screening of a library of O- and N-biphenyl carbamates.” It acts through a partially
reversible, noncompetitive mechanism and displays moderate potency (IC50 =28 uM). However, its
utility as pharmacological tool was limited by its tendency to interfere with the activities of a variety
of other serine hydrolases.

In an effort to optimize carbamates as selective scaffolds for MAGL inactivation over FAAH,
more potent and selective compounds were subsequently discovered (see Figure 10), which differ
mechanistically from URB602, because they inhibit MAGL activity by forming covalent adducts with
the enzyme’s catalytic Ser122. For example, Cravatt and co-workers identified the potent and
selective inhibitor JZL184 [IC50 (MAGL)=6nM vs IC50 (FAAH)=4 uM], without off-target

effects towards cannabinoid receptors and other catalytic serine-containing enzyme.’® The
12



replacement of the O-p-nitrophenyl leaving group by an O-hexafluoroisopropyloxy (HIPF)
carbamate yielded compound KML29 (IC50=5.9nM in human MAGL) displaying enhanced
MAGL activity and selectivity over FAAH and other serine hydrolases.?! Other described HIPF
carbamates include the piperidine SAR127303%, identified by Sanofi R&D,the 3-
substituted azetidines XII and XIII®, recently reported by Pfizer, and the 4-benzylpiperazine
derivative ABX-1431%4, developed by Abide Therapeutics. Currently, the covalent, irreversible
MAGL inhibitor ABX-1431 is in clinical phase 1b studies for the treatment of post-traumatic stress

disorder as well as for other indications, such as neuromyelitis optica and multiple sclerosis.
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Figure 10 Examples of carbamate-based MAGL inhibitors.

Replacement of the HIPF leaving group by a trifluoromethyl glycol moiety yielded a potent
(IC50=3nM), selective, and brain penetrant MAGL inhibitor (PF-06795071) with a suitable PK
profile (higher solubility and lower chemical reactivity) to assess its in vivo efficacy.”

Another relevant class of covalent MAGL inhibitors is that of azole ureas that owes its
inhibitory activity to the presence of a tertiary urea incorporating an azole ring acting as leaving
group.® A prototypical example of this class is the piperazine triazole urea SAR629, that reacts with

Ser122 forming a stable carbamoylated adduct (Figure 11).
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Figure 11 SAR 629 and its catalytic mechanism for MAGL carbamoylation.
Recently, reversible inhibitors (i.e., those compounds that bind temporarily to MAGL,
disabling its catalytic activity for a limited period of time) have also been described. Some of the

most representative reversible MAGL inhibitors are reported in Figure 12 and includes the naturally
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occurring terpenoids, pristimerin and euphol, and the piperazinyl azetidinyl amide ZYH patented by
Janssen Pharmaceutica in 2010%, the benzo[d][1,3]dioxol-5-ylmethyl 6-phenylhexanoate XIV¥,
benzoylpiperidine derivatives XV’ piperazinyl pyrrolidin-2-ones XVI®, and LEI-515, the most
potent reversible and peripherally restricted inhibitor for MAGL up to date (pIC50 = 9.30)%°.

ZYH X1V

Primisterin Euphol

XV XVI LEI-515

Figure 12 Example of reversible MAGL inhibitors.
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Chapter 2. Synthesis and characterization of potent MT: selective agonists

This chapter is based on: Bedini A, Elisi GM, Fanini F, Retini M, Scalvini L, Pasquini S,
Contri C, Varani K, Spadoni G, Mor M, Vincenzi F, Rivara S. Binding and unbinding of potent

melatonin receptor ligands: mechanistic simulations and experimental evidence. Journal of Pineal

Research, 2024, 76(2), €12941.

2.1 Introduction

Structural modification of features of the melatonin structure (the methoxy group, the
alkylamide chain, and the aromatic ring) leads to ligands with different binding affinity, receptor
subtype selectivity, and intrinsic activity.! Several studies evidenced that the introduction of

substituents at the 3 position of the acylaminoethyl chain could have a positive effect on the binding

affinity (Figure 13).
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Figure 13 Melatonin analogs with substituents at the B position of the acylaminoethyl chain.

For example, B-methyl-6-chloro-melatonin TIK-301, developed by Eli Lilly, is characterized
by a higher binding affinity and metabolic stability than MLT (Figure 13).”> The introduction of
substituents at the 3 position of the acylaminoethyl chain was also evaluated by Servier industries on
agomelatine derivatives. The methyl and the fluoromethyl groups led to an increase in the binding
affinity, and introduction of the B-hydroxymethyl substituent gave compound I, for which the (R)-
stereoisomer proved to be the eutomer (Figure 13).> Stereoselective behavior of receptor recognition
can also be observed for N-[2-(3-methoxyphenoxy)ethyl]acetamide derivatives, with compound (5)-
II to be the eutomer (Figure 13).*

Docking and molecular dynamic (MD) simulations within the receptor (studying the interplay
of the conformational equilibria of the ligand in the solvent and bound to receptor) were used to
understand enantioselectivity of B-methyl substituted compounds. The evidence collected suggested
that the slight gain of affinity could not be related to a better accommodation within the binding site.
On the contrary, the insertion of the f-methyl group could alter the conformational equilibria of the
unsubstituted precursor and induce a conformational selection, which could favor the final

conformation adopted by the ligands in the binding site.
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Previous ligand-based studies as well as the availability of conformationally constrained
compounds and stereoselective ligands, provided information regarding the bioactive conformation
of MLT. Two pharmacophore models>® suggested a MLT bioactive conformation in which the
ethylamido side chain was not coplanar with the indole ring, and oriented perpendicular to it, with
the ethylene C-C bond having an anti arrangement. However, the spatial arrangement of MLT side
chain could be satisfied by two opposite orientations: above or below the plane defined by the indole
ring. The synthesis of the conformationally-constrained stereoselective agonist UCM426,
characterized by a tetrahydrobenzo-indole scaffold with the alkylamido chain in axial arrangement
confirmed by X-ray diffraction studies, and the high binding affinity displayed by the (S)-enantiomer
allowed to define the orientation of the MLT ethylamide chain in the bioactive conformation with

respect to the indole ring (Figure 14).”

o) o)
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Figure 14 Conformational constrained agonists (R)-UCM426 and (S)-UCM426.

Indeed, in the bioactive conformation of MLT, the side chain is located below the plane of the
indole ring drawing the methoxy group on the left side (Figure 15). This arrangement of the

pharmacophore elements was also properly reproduced by the S-enantiomer (eutomer) of ramelteon.
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Figure 15 Bioactive conformation of MLT, confirmed by crystal structures of receptor-ligand complexes.

The information has then be used to design and develop the interesting series of 2-
acylaminomethyl-tetrahydroquinolines, through the rigidification of the N-anilinoethylamide scaffold
(inclusion of the carbon atom bound to the aniline nitrogen into a six membered ring). One of the
most potent (picomolar affinity) and MTz-selective compound, UCM1014, belongs to this class; it is
characterized by the presence of the methoxy group in position 5 (topologically corresponding to 5-
position of the MLT indole ring) and of a benzyl substituent on the tetrahydroquinoline nitrogen atom

that shifts the axial/equatorial conformational equilibrium of the side chain to the axial arrangement,
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fulfilling the requirements of the agonist pharmacophore.® While UCM1014 was tested as a racemic
mixture, both enantiomers (with unassigned absolute configuration) of its de-methoxy analog (R)-111
and (S)-III were also tested, evidencing a stereoselective behavior. Therefore, high stereoselectivity

is also expected for UCM1014 (Figure 16).

o
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(+)-UCM1014 (R)-TTX (S)-III
Figure 16 (+)-UCM1014 and its de-methoxy analogs.

Molecular modelling simulations reproducing binding complexes, in collaboration with the
University of Parma, and experimental NMR studies were performed to predict/rationalize the
putative enantioselectivity of the two enantiomers. Docking results evaluated with GScore scoring
function did not substantially discriminate the two enantiomers (-10.7 kcal-mol™! for (R)-UCM1014
vs -10.8 kcal-mol! for (S)-UCM1014). The docked pose of both enantiomers in the MT> receptor
could establish a hydrogen bond between the alkylamide side chain and GIn194, but assuming
different conformations of the tetrahydroquinoline nucleus and of the acylaminoethyl side chain.
After energy minimization of the docking complexes, (R)-UCM1014 methylamide chain was placed
with an axial arrangement, while (§)-UCM1014 methylamide had an equatorial one. Furthermore,
experimentally NMR data of UCM1014 in solution showed that the conformations with the
tetrahydroquinoline ring having axial side chain are strongly favored. Since only the energetically

favored axial arrangement of the propionylaminomethyl side chain can be superposed to that of the

bioactive conformation of UCM426 (Figure 17), (R)-UCM1014 was predicted as the eutomer.

(N
.,
o

2

4

&ZI’/ t’/\&:}\

:\r‘l. | Ny 7

Figure 17 Superimposition of melatonin (vellow carbons) on the stereoselective (S)-UCM426 (green carbons) and (R)-
UCM1014 (grey carbons) according to the pharmacophore model devised for agonist compounds.

To confirm the different activity of the two enantiomers, separation of the enantiomers or
stereoselective synthesis is needed, as well as the assignment of their absolute configuration. To
obtain the two separate UCM1014 enantiomers we planned different strategies. Unfortunately,

attempts of direct enantioselective synthesis, like organocatalytic enantioselective dearomatization of
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N-acyl-5-methoxyquinolinium salts with nucleophiles or asymmetric hydrogenation of N-[(5-
methoxyquinolin-2-yl)methyl]propionamide, failed or not gave considerable results. Therefore, we
considered optical resolution strategies of the racemate. The absence of an easily derivatizable
functional group in the UCM1014 molecule, prompted us to explore the chiral resolution of a
synthetic precursor of (£)-UCM1014, such as the 2-propionamidomethyl tetrahydroquinoline (%)-1
(Scheme 2).

After several attempts we were able to resolve the above racemate by using (4.5)-4-benzyl-2-
oxo-oxazolidine-3-carbonyl chloride 2 as resolving reagent, and chromatographic separation of the
resulting diastereomers. After removal of the chiral auxiliary, each stereoisomer was converted into

the final UCM1014 enantiomer through synthetic steps that do not involve the stereocenter.

2.2 Results and discussion
2.2.1  Chemistry

The synthetic route adopted for synthesizing the two enantiomers of UCM1014, displayed in

Scheme 2, involves a separation of the two diastereomers 3a and 3b by flash chromatography.
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Scheme 2 Synthesis of (+)-(2R)-UCM1014 and (-)-(2S)-UCM1014.

The two diastereomers were obtained by acylation of the crucial precursor of UCM1014, (+)-
N-[(5-methoxy-1,2,3,4-tetrahydroquinolin-2-yl)methyl]propionamide, (+)-1 (synthesized following
a reported procedure®), with the (4S)-4-benzyl-2-oxooxazolidine-3-carbonyl chloride 2 as resolving
reagent. The latter was previously prepared by reacting the Evans chiral auxiliary [(4S5)-4-benzyl-2-

oxazolidinone] with triphosgene in the presence of NaH. The subsequent chromatography
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purification afforded the two diastereomers 3a and 3b. Removal of the chiral auxiliary from each
single diastereomer by treatment with lithium hydroxide/hydrogen peroxide’ and subsequent N'-
benzylation provided the enantiopure (+)-UCM1014 (ee > 99%) and (-)-UCM1014 (ee > 97 %).

To assign the absolute configuration of the two enantiomers, we first determined the absolute
configurations of their precursors Sa and 5b. According to the previously reported diastereoselective
Reissert reaction onto quinoline'?, 5-methoxyquinoline was treated with the Evans chiral auxiliary 2
in the presence of trifluoromethanesulfonate (TMSOTY) (promoting the crucial exchange of Cl for
TfO", to improve the diastereoselectivity of the reaction); the subsequent addition of trimethylsilyl
cyanide (TMSCN) afforded the two diastereomeric Reissert compounds (2R)-5a and (25)-5b, with a

diastereomeric ratio 1:2, that were separated by flash chromatography (Scheme 3).
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Scheme 3 Synthesis of the precursors (2R)-5a and (2S)-5b, crucial for assigning the configurations of both UCM1014
enantiomers.

The absolute configuration of the two diastereomers (2R)-5a and (25)-5b can be deduced by
the partially observed diastereoselectivity of the Reissert reaction (with the 2S-compound more
abundant than the 2R-compound) and by comparison of their 'H NMR spectra with those of the
corresponding des-methoxy analogs (2R)-6a and (25)-6b, whose absolute configuration was
previously unambiguously assigned through X-ray crystallography'® (Table I). As highlighted in
Table 1, the diagnostic chemical shifts of (2R)-5a are in congruence with those of the des-methoxy
analog (2R)-6a as well as the ones of (25)-Sb are completely in accordance with those of the des-

methoxy analog (25)-6b.
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Table 1 Comparison of 'H NMR chemical shifts of the previously described des-methoxy compounds (2R)-6a, (2S)-6b,
with the synthetized 5-methoxy compounds (2R)-5a, (2S)-5b. The diagnostic peaks are in bold and blue.

Diastereomers 'H NMR
des-methoxy analog (2R)-6a

(R)-1-((S)-4-benzyl-2-oxooxazolidine-3-carbonyl)-1,2-dihydroquinoline-2-carbonitrile
X
N7 O "H NMR (200 MHz, CDCl3) § 7.40-7.05 (m, 9H, H-Ar), 6.83
O>LN)§O (d, /=9.2 Hz, 1H, CH=CH), 6.09 (dd, /=9.2 Hz, J= 6.2 Hz,
3 1H, =CH-CHN), 5.74 (d, /= 6.2 Hz, 1H, CHN), 4.65-4.50 (m,
X part of ABX system, 1H, CHBn), 4.25-4.10 (m, 2H, CH>0),
3.70 and 2.89 (AB part of ABX system, J4p=13.2 Hz, J4x=9.8

Hz, Jex= 3.8 Hz, 2H, CH,Ph)'°

5-methoxy analog (2R)-5a
(R)-1-((S)-4-benzyl-2-oxooxazolidine-3-carbonyl)-5-methoxy-1,2-dihydroquinoline-2-

carbonitrile
O/
0
o "H NMR (400 MHz, CDCls) § 7.40 — 7.18 (m, 7H), 6.78 (d,
o>\& o 1H, J=8.5 Hz), 6.72 (d, 1H, J= 8.5 Hz), 6.04 (dd, 1H,J=9.5
4 and 6.5 Hz), 5.71 (d, 1H, J= 6.5 Hz), 4.57-4.52 (m, 1H), 4.25-
4.16 (m, 2H), 3.88 (s, 3H), 3.74 (dd, , 1H, J=13.5 and 3.5 Hz),
2.89 (dd, 1H, J=13.5 and 10.0 Hz)
(2R)-5a

des-methoxy analog (25)-6b
(5)-1-((S)-4-benzyl-2-oxooxazolidine-3-carbonyl)-1,2-dihydroquinoline-2-carbonitrile

m 'H NMR (200 MHz, CDCl3) & 7.35-7.15 (m, 8H, H-Ar), 7.05-
N 6.95 (m, 1H, H-Ar), 6.83 (d, J= 9.2 Hz, 1H, CH=CH), 6.04
Dy O (dd, J=9.2 Hz, J = 6.4 Hz, 1H, =CH-CHN), 5.76 (dd, J = 6.4
© Hz, J= 0.8 Hz, 1H, CHN), 4.85-4.75 (m, X part of ABX
system, 1H, CHBn), 4.35-4.15 (m, 2H, CH;0), 3.41 and 2.97
(AB part of ABX system, J4p=13.2 Hz, Jux= 9.4 Hz, Jpx=3.4

(25)-6b HZ, 2H, CHzPh)lO

5-methoxy analog (25)-5b
(8)-1-((S)-4-benzyl-2-oxooxazolidine-3-carbonyl)-5-methoxy-1,2-dihydroquinoline-2-

carbonitrile
O/
@fj 'H NMR (400 MHz, CDCl3) & 7.40 — 7.29 (m, 3H), 7.25 — 7.20
. (m, 3H), 7.18 (dd, 1H, J; = J>= 8.5 Hz), 6.73 (dd, 1H, J= 8.5

% o and 1.0 Hz), 6.68 (d, 1H, J= 8.0 Hz), 5.99 (dd, 1H, J=9.5 and
g\ 6.5 Hz), 5.73 (dd, 1H, J= 6.5 and 1.0 Hz), 4.82-4.74 (m, 1H),

4.28 (dd, 1H, J; =9.0 and 8.5 Hz), 4.15 (dd, 1H, J=9.5 and 9.0

Hz), 3.88 (s, 3H), 3.44 (dd, 1H, J= 13.5 and 3.5 Hz), 2.96 (dd,

- 1H, J=13.5 and 9.5 Hz)
(25)-

Hydrogenation of each diastereomer (2R)-5a and (2S)-5b in the presence of propionic
anhydride gave the same diastereomers (2R)-3a and (2S)-3b, previously prepared by acylation of
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(£)-1 with the Evans chiral auxiliary (Scheme 2). As illustrated in Scheme 2, removal of the Evans
oxazolidinone chiral auxiliary from each single diastereomer (2R)-3a and (2S)-3b by treatment with
lithium hydroxide and hydrogen peroxide’, followed by N’-benzylation afforded enantiopure (+)-
(2R)-UCM1014, and (-)-(2S)-UCM1014, respectively.

2.2.2  Pharmacological results

Pharmacology experiments were performed at the University of Ferrara. Binding affinity and
functional activity assays were performed in CHO cells stably expressing the human MT; and MT>
receptors. Table 2 shows the experimental binding affinity of melatonin, (£)-UCM1014, and of the
two enantiomers, (R)-UCM1014 and (S)-UCM1014, for human MT; and MT> receptors expressed
in CHO cells.

Table 2 Binding affinity of melatonin and UCM1014, (R)-UCM1014 and (S)-UCM1014 for MT; and MT; receptors. *

Compound MT M
Ki (nM) Ki (nM)
Melatonin 0.240 £0.016 0.326 £ 0.022
UCM1014 183+ 1.6 0.058 = 0.004
(R)-UCM1014 7.23£0.61 0.045 £ 0.004
($)-UCM1014 91+£8 2.10+0.17

“Ki values were calculated from ICs values. Results are given as mean + SEM (n=3).

Furthermore, the two enantiomers were evaluated for their intrinsic activity with the cAMP

assay (Table 3), confirming the agonist behavior exhibited as a racemic mixture.

Table 3 Potency of melatonergic ligands for human MT; and MT; receptors in cAMP assay.”

Compound M harml\;lg)llo ical M harml\z/l[;l;)zlo ical
p ICso M) | P )08 ICso M) | P )08
behaviour behaviour
Melatonin 0.277 £0.024 full agonist 0.975 £0.087 full agonist
UCM1014 31£2 full agonist 0.436 + 0.035 full agonist
(R)-UCM1014 124+1.1 full agonist 0.245+0.019 full agonist
$)-UCM1014 290 +23 full agonist 9.32+0.77 full agonist

“ICso is the concentration of compound that reduces by 50% the production of cAMP is induced by 1 uM of forskolin.
Results are given as mean + SEM (n=3).

As depicted in Table 2, the (R)-UCM1014 resulted in being the eutomer, with about 160-fold
selectivity for the MT> receptor. Molecular dynamics simulations were applied to evaluate the
conformational preferences of the enantiomers in solution. They evidenced that, while the eutomer

(R)-UCM1014 was able to bind the receptor in a low-energy, highly abundant conformation with
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axial amide side chain arrangement, the conformation of the (S)-distomer that can be accommodated
in the binding site (with equatorial amide side chain arrangement) was poorly populated in solution.
Therefore, the observed stereoselective behavior could be ascribed to a conformational selection
operated by the receptor that alters the conformational equilibria by inducing an enrichment of those

conformations (with axial amide side chain arrangement) of the eutomer able to bind the receptor.

2.3 Conclusion

The synthesis of the two enantiomers of (+)-UCM1014 has been reported, together with the
determination of their absolute configuration. Pharmacological assays, performed on cells expressing
cloned human MT; and MT> receptors, revealed the (+)-(2R)-enantiomer as the eutomer, with about
160-fold selectivity for the MT> receptor and full agonist behavior. Docking studies into the melatonin
receptor crystal structure coupled to evaluation of conformational equilibria in solution by MD and
NMR led to the conclusion that the observed high stereoselective binding is related to the axial
arrangement of the side chain that can be superposed to that of the bioactive conformation of MLT

only for (+)-(2R)-enantiomer.
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2.4 Experimental section
2.4.1  Materials

(45)-4-Benzyl-2-oxazolidinone and 5-methoxyquinoline were purchased from commercial

suppliers and used without further purification.

2.4.2  Experimental procedure

N-(((R)-1-((S)-4-benzyl-2-oxooxazolidine-3-carbonyl)-5-methoxy-1,2,3,4-
tetrahydroquinolin-2-yl)methyl)propionamide  (2R)-3a and  N-(((S)-1-((S)-4-benzyl-2-
oxooxazolidine-3-carbonyl)-5-methoxy-1,2,3,4-tetrahydroquinolin-2-yl)methyl)propionamide

(25)-3b

NaH (60% in mineral oil, 3.6 equiv., 122 mg, 3.05 mmol) was added at 0°C to a solution of
(4S5)-4-benzyl-2-oxazolidinone (3.0 equiv., 452 mg, 2.55 mmol) in dry toluene (13.5 mL) under
nitrogen atmosphere and the resulting mixture was heated under reflux for 2h. After cooling to room
temperature, the suspension was added dropwise to a solution of triphosgene (1.8 equiv., 454 mg,
1.53 mmol) in dry toluene (6 mL) stirred at -20°C. After the addition, the mixture was stirred at -20°C
for an additional 2h, and then filtration and distillation of the solvent gave the crude carbonyl chloride
2 as a white solid, which was used without any further purification.

TEA (396 mg, 3.91 mmol) and a solution of the above crude acyl chloride 2 in dry DCM (5
mL) were added to a solution of (£)-1 (1.0 equiv., 210 mg, 0.85 mmol) in dry DCM (10 mL) cooled
at 0°C. Then the reaction mixture was stirred for 16h at room temperature, quenched by the addition
of an aqueous saturated solution of NaHCO3, and extracted with DCM. The combined organic phases
were washed with brine, dried over Na>xSO4, and concentrated under reduced pressure to give a crude
residue. The two diastereomers (2R)-3a and (25)-3b were separated by silica gel flash column

chromatography (cyclohexane:EtOAc 3:7 as eluent). Overall yield 77%
(2R)-3a

_ White solid.
@(j, ’ ESI MS (m/2) 452 [M+H]"
N TH NMR (400 MHz, CDCls) 8 7.37 —7.22 (m, SH), 7.05 (dd, 1H, J; =J> = 8.0 Hz),
g 6.71 (bs, 1H), 6.63 (d, 1H, J = 8.0 Hz), 6.58 (d, 1H, J = 8.0 Hz), 4.59-4.52 (m,
1H), 4.45 — 4.40 (m, 1H), 4.17 —4.09 (m, 2H), 3.81 (s, 3H), 3.73 (dd, 1H, J=13.5
(2R)3a and 3.0 Hz), 3.41 — 3.36 (m, 1H), 3.26 — 3.19 (m, 1H), 2.90 — 2.78 (m, 2H), 2.69
—2.61 (m, 1H), 2.45-2.37 (m, 1H), 2.23 (q, 2H, J= 7.5 Hz), 1.80 — 1.70 (m, 1H), 1.17 (t, 3H, J="7.5

Hz)
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3C NMR (100 MHz, CDCI3) 8 174.1, 157.0, 154.4, 151.9, 137.5, 135.7, 129.4, 129,0, 127.2, 126.6,
120.4, 113.6, 106.8, 66.6, 58.1, 55.4, 53.9, 42.4, 38.4,29.7,26.7, 17.9, 9.9

(28)-3b

White solid.
m” ESI MS (m/z) 452 [M+H]*
S /'Lo N\g/\ 'H NMR (400 MHz, CDCl3) 8 7.37 ~7.29 (m, 3H), 7.22 — 7.20 (m, 2H), 7.11 (dd,
IH, J; = o= 8.0 Hz), 6.84 (bs, 1H), 6.69 — 6.66 (m, 2H), 4.77 — 4.65 (m, 1H),
4.62 —4.55 (m, 1H), 4.20 (t, 1H, J=9.0 Hz), 4.05 (t, 1H, J= 9.0 Hz), 3.83 (s, 3H),
3.46 — 3.44 (m, 1H), 3.41 — 3.24 (m, 2H), 2.87 (ddd, 1H, J; =7.5; J> =Js= 15 Hz),
2.80-2.74 (m, 1H), 2.63 (ddd, 1H, J; = J>= 6.5 Hz; J;= 15 Hz), 2.22 (q, 2H, J =
7.5 Hz), 2.13 (m, 1H), 1.77 (m, 1H), 1.14 (¢, 3H, J = 7.5 Hz)
13C NMR (100 MHz, CDCl3) § 174.3, 156.9, 154.1, 151.8, 136.8, 134.8, 129.1, 129.0, 127.5, 126.6,
121.0, 115,6, 107.2, 67.7, 56.6, 55.5, 54.0, 42.1, 38.5, 29.6, 27.0, 17.9, 9.8

(25)-3b

(R)-N-((5-methoxy-1,2,3,4-tetrahydroquinolin-2-yl)methyl)propionamide (2R-4a)

30% H20> (12 equiv., 0.30 mL, 4.44 mmol) was added dropwise to a stirred

O/
@\/j solution of propionamide (2R)-3a (1 equiv., 168 mg, 0.37 mmol) in a mixture of
H
N ""/N\n/\ THF:H20 8:2 (11 mL) cooled at 0°C. After approximately 1 min of stirring, a
O
(2R)-4a solution of LiOH - H>O (4.8 equiv., 75 mg, 1.78 mmol) in H>O (2.2 mL) was added

dropwise to the reaction mixture, and the stirring continued at 40°C for 4h.” The reaction was
quenched by adding an aqueous solution of Na;SO3 1.5 M (0.70 mL), concentrated under reduced
pressure, and extracted with DCM. The combined organic phases were dried over Na>SO4 and
concentrated under reduced pressure to give a crude residue, which was purified by silica gel flash
column chromatography (DCM:EtOAc 7:3 as eluent) to afford compound (2R)-4a, as a white solid,
58% yield.

[0]"p=-51.72 (¢ 0.406 in CHCl5)

Experimental NMR data are in agreement with those previously reported.®

(S)-N-((5-methoxy-1,2,3,4-tetrahydroquinolin-2-yl)methyl)propionamide (2.5)-4b

o~ Compound (2S5)-4b was obtained using the procedure above described starting
mH from (25)-3b.
N N\n/\ o
H o Flash chromatography: silica gel, DCM:EtOAc 7:3 as eluent.
(25)-4b White solid, 57% yield.
[0]*p=+45.5 (¢ 0.459 in CHCl;)
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Experimental NMR data are in agreement with those previously reported.®

(R)-N-((1-benzyl-5-methoxy-1,2,3,4-tetrahydroquinolin-2-yl)methyl)propionamide
[(H)-(2R)-UCM1014]

~ A solution of (2R)-4a (1 equiv., 45 mg, 0.18 mmol), TEA (2.0 equiv., 0.5 mL, 0.36

t:(j H mmol) and benzyl bromide (1.6 equiv., 0.40 mL, 0.29 mmol) in dry toluene (3 mL)
1 ""/NIJ)/\ was refluxed for 2h under nitrogen atmosphere. After cooling to room temperature,
b the reaction mixture was poured into water and extracted with EtOAc. The

(h-2RAUCMI0T4  mbined organic phases were washed with brine and dried over Na,;SO4. After

evaporation of the solvent by distillation under reduced pressure, the residue was purified by silica

gel flash column chromatography (cyclohexane:EtOAc 1:1 as eluent) to afford the final compound

(H)-(2R)-UCM1014.

Crystallization with diethyl ether:petroleum ether. White solid, 87% yield.

[0]'8p=+26.3 (c 0.422 in CHCl;)

Chiral HPLC: 100% ee; tr 20.40 min.

Physicochemical data are in agreement with those previously reported for the racemate.®

(S)-N-((1-benzyl-5-methoxy-1,2,3,4-tetrahydroquinolin-2-yl)methyl)propionamide
[()-(25)-UCM1014]

P Compound (-)-(25)-UCM1014 was obtained using the procedure above described
! starting from (25)-4b.
\ T Flash chromatography: silica gel cyclohexane:EtOAc 1:1 as eluent.
K@ Crystallization with diethyl ether:petroleum ether. White solid, 81% yield.
()-(25)-UCM1014 14118 = 285 (¢ 0.417 in CHCl3)
Chiral HPLC: 97% ee; tr 22.58 min.

Physicochemical data are in agreement with those previously reported for the racemate.®

(R)-1-((S)-4-benzyl-2-oxooxazolidine-3-carbonyl)-5-methoxy-1,2-dihydroquinoline-2-
carbonitrile (2R)-5a and (5)-1-((S)-4-benzyl-2-oxooxazolidine-3-carbonyl)-5-methoxy-1,2-
dihydroquinoline-2-carbonitrile (25)-5b

TMSOTT (2 equiv., 0.31 mL, 2.52 mmol) was added to a solution of (4S5)-4-benzyl-2-oxo-
oxazolidine-3-carbonyl chloride 2 (2 equiv., 602 mg, 2.52 mmol) and 5-methoxyquinoline (1.5 equiv.,
200 mg, 1.25 mmol) in dry DCM (2.5 mL) under nitrogen atmosphere and the resulting mixture was
stirred for 3h at room temperature. Then, TMSCN (2 equiv., 0.31 mL, 2.52 mmol) was added to the

reaction mixture and the solution was allowed to stir for other 20h.!° The mixture was diluted with
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DCM, washed with a saturated aqueous solution of NaHCO3 and brine. The organic phase was dried
over NaxSOs and concentrated under reduced pressure to give a crude mixture of the two
diastereomers which were separated by silica gel flash column chromatography (gradient

cyclohexane:EtOAc 8:2 to 7:3 as eluent). Overall yield: 20%
(2R)-5a

Crystallization with diethyl ether/petroleum ether: white solid.

M.p.: 179-180°C

ESIMS (m/z): 390 [M+H]"

"H NMR (400 MHz, CDCl3) & 7.40 — 7.18 (m, 7H), 6.78 (d, 1H, J= 8.5 Hz), 6.72 (d, 1H,

J=28.5Hz), 6.04 (dd, 1H, J=9.5 and 6.5 Hz), 5.71 (d, 1H, J = 6.5 Hz), 4.57- 4.52 (m,
(2R)-5a 1H), 4.25-4.16 (m, 2H), 3.88 (s, 3H), 3.74 (dd, , 1H, J=13.5 and 3.5 Hz), 2.89 (dd, 1H,

J=13.5and 10.0 Hz)

(25)-5b

X
“'CN
o)

&
%

e

o Crystallization with diethyl ether/petroleum ether: white solid.
m M.p.: 174-175°C
N CN
OM,&O ESI MS (m/2): 390 [M+H]"
° "H NMR (400 MHz, CDCls) § 7.40 — 7.29 (m, 3H), 7.25 — 7.20 (m, 3H), 7.18 (dd, 1H,
Ji1=J>=8.5Hz), 6.73 (dd, 1H, J= 8.5 and 1.0 Hz), 6.68 (d, 1H, J= 8.0 Hz), 5.99 (dd,

(25)-5b 1H,J=9.5 and 6.5 Hz), 5.73 (dd, 1H, J= 6.5 and 1.0 Hz), 4.82-4.74 (m, 1H), 4.28 (dd,
1H, J; =9.0 and 8.5 Hz), 4.15 (dd, 1H, J=9.5 and 9.0 Hz), 3.88 (s, 3H), 3.44 (dd, 1H, J=13.5 and
3.5 Hz), 2.96 (dd, 1H, J=13.5 and 9.5 Hz)

Synthesis of (2R)-3a by reduction and acylation of (2R)-5a.

o~ A solution of (2R)-5a (1 equiv., 30 mg, 0.08 mmol) and propionic anhydride (16
©\/j H equiv., 0.16 mL, 1.28 mmol) in THF (0.8 mL) was hydrogenated (2 atm) over
N7
o>\\N Ao © Raney-Ni for 3h at room temperature. The catalyst was filtered on Celite and the
resulting filtrate was concentrated in vacuo. The residue was purified by silica gel
flash chromatography (cyclohexane:EtOAc 3:7 as eluent) to afford compound
(2R)-3a (2R)-3a as a white solid, 75% yield.
"H NMR data are in agreement with those reported for (2R)-3a, described above.
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Synthesis of (25)-3b by reduction and acylation of (25)-5b.

Compound (2S5)-3b was obtained using the procedure above described starting

mn L~ from (25)b

ko O Flash chromatography: silica gel cyclohexane:EtOAc 3:7 as eluent.
White solid, 63% yield.
"H NMR data are in agreement with those reported for (25)-3b, described above.

(25)-3b
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2.4.3  Comparison of the NMR spectra of compound (2R)-3a, obtained by N-acylation of
(£)-1 and compound (2R)-3a obtained by reduction and acylation of (2R)-5a

(2R)-3a obtained by N-acylation of (+)-1

—
-
L
-

(2R)-3a obtained by reduction and acylation of (2R)-5a

=
-
-

T T T T T T T 1
0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

L T T T T T T
0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.
f1 (ppm)

2.4.4  Comparison of NMR spectra of compound (2S)-3b, obtained by N-acylation of (£)-1
and compound (28)-3b obtained by reduction and acylation of (2S)-5b

i

(2S)-3b obtairjed by reduction and acylation of (2R)-5b

ol o

T T T T T T 1
3.5 3.0 2.5 2.0 1.5 1.0 0.5

(2S)-3b obtained by N-acylation of (1)-1

L
e

L
—

4.5 4.0
f1 (ppm)
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Chiral HPLC analysis

2.4.5

Chromatogram of (+)-UCM1014
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Chromatogram of (+)-(2R)-UCM1014

3HYN

P

8e1 chegenl wlol
gel 2be92el Ser°e2 I
JNO3 ONGI N ©33y NIl ONXe
. £ ON 1¥043¥
QOHL3H 8 ON 37dHES
313 Y9¥=-3  JYJOLYHONH?

40l

cor‘ee

1391

37



Chromatogram of (-)-(25)-UCM1014
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Chapter 3. Synthesis of 4-substituted melatonin analogues as putative

fluorescent probes for melatonin receptors

This chapter is based on: Bartolucci S, Retini M, Fanini F, Paderni D, Piersanti G. Synthesis
and Fluorescence Properties of 4-Cyano and 4-Formyl Melatonin as Putative Melatoninergic Ligands.

ACS Omega. 2023, 8(24), 22190-22194

3.1 Introduction

G-protein coupled receptors (GPCRs) are studied for their importance in intracellular
signaling and intercellular communication and their implications in physio-pathological conditions.
Crystallography, radiolabeled compounds, mutagenesis, and biophysical methods are the main
approaches for studying their activities and ligand binding specificity.! Generally, crystallography
studies help to elucidate their structure, providing information about the binding sites and the ligand
entrance channel.! Instead, assays based on radioactive probes (usually tritiated or iodinated ligands)
are used to determine receptor-ligand binding characteristics and receptor-receptor interactions.?

The detection and pharmacological characterization of melatonin receptors became possible
owing to the development of two specific radioligands, [°*H]-melatonin® ([*’H]-MLT) and 2-['*°I]-
iodomelatonin* (2-['*I]-MLT) in the 1980s. The vast majority of studies use 2-['*°I]-MLT as a
radioligand due to its higher specific activity. The radiolabeled compound 2-['**I]-MLT has also been
used for determining the distribution of the two receptors, finding out that they are present both in the
CNS and peripheral tissues. Both radioligands are full agonists and are non-specific for either
melatonin receptor subtype. Two other iodinated radioligands, ['**1]DIV880 and ['*°1]S70254, have
been recently developed, that are full and partial MT>-selective agonists, respectively.” However,
experiments using radioactive compounds are complex due to the impossibility of avoiding the
multistep washing (making it more complicated to run kinetic studies) and the hazardous nature of
the radioactive compounds.

Fluorescent ligands represent a valid alternative to radioligands for kinetic, saturation, and
competition binding assays. Advantages such as lack of exposure to radioactivity coupled to the
reduced costs related to licensing and disposal render them accessible for most laboratories. The
design and development of fluorescent probes are challenging because of issues linked to retaining
high binding affinity and avoiding non-specific binding. The most common method for obtaining
fluorescent probes relies on connecting the pharmacophore with the fluorophore through a linker.®
However, it is worth mentioning that isotope tagging has minimal or no effects on the affinity of the
probes. On the other hand, fluorophore labeling of parent ligands will inevitably affect binding
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affinity and/or efficacy (even reversal of agonist-antagonist activity upon fluorophore conjugation
has been reported), considering that often the fluorophore itself is even bigger than the parent ligand.’

Some fluorescent melatonin receptor ligands have been reported, some of which retained
acceptable binding affinity for these receptors. In 2007, Chou and coworkers described the synthesis
of 7-azamelatonin, with dual emission at 330 nm and 550 nm respectively and a pICso of 6.9 on M T}

8 Subsequently, four fluorescent ligands were synthesized via Lewis acid-mediated

receptor.
condensation of 2-formyl melatonin with a series of substituted pyrroles, yielding melatonin-

BODIPY fused fluorescent ligands I-IV (Figure 18 A) .°

A o]
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o \ N. N7
7 /B\
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N
H
melatonin BODIPY core

Figure 18 A) General structure of fluorescent ligands obtained by fusing melatonin to BODIPY: the pyrrole core of the
BODIPY overlaps with the indole one (in orange) and BODIPY (in blue); B) melatonin-BODIPY ligands.

Compound I and I'V showed moderate affinities towards MT R and MT>R (K;=32-71 nM on
MTIR and K;=10-26 nM on MT>R). The emission spectra of compound III and IV, characterized by
a more extended conjugation than compounds I and II, were at lower energy than I and I1.°

Finally, hydrophilic and lipophilic fluorescent ligands with (sub)-uM aftinities for MLT
receptors were synthesized by coupling sulfo-Cy3 cyanin fluorophore and BODIPY FL to the aza-
melatonin templates (Figure 19). Unfortunately, both displayed high nonspecific binding (ICOA-13)
and high intracellular uptake (ICOA-9). Notably, functional assays performed using ICOA-
9 and ICOA-13 indicated the suitability of the synthesized compounds in determining the

contribution of MTRs on the plasma and mitochondrial membrane to melatonin signaling cascades. '’
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ICOA-13

Figure 19 Structure of ICOA-9, fluorescent ligand bearing BODIPY FL tag, and ICOA-13, fluorescent ligand bearing
sulfo-Cy3 tag.

Some coumarin-based MLTR fluorescent ligands were developed by replacing the indole core
with a chromen-2-one ring. Unfortunately, the synthesized ligands showed low affinities for MTRs
in radioligand binding assays with the only exception of compound V (Ki=13 nM on MTR and
Ki=3.4 nM on MTR) (Figure 20)."!
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melatonin ligands

Figure 20 Example of coumarin-based fluorescent melatonin ligands obtained by replacing the indole ring with
chromen-2-one ring.

Unfortunately, most of the above reported MLT fluorescent ligands showed high nonspecific
binding and intracellular uptake, rendering these tracers not very suitable for fluorescence imaging
and fluorescence-based binding studies. Furthermore, the X-ray crystal structure reveal for both
receptors narrow ligand entry channels and small orthosteric ligand binding pockets, presenting
additional challenges for fluorescent tracer development.

MLT shows fluorescence properties, which, unfortunately, are useless in biological assay due
to the overlap of the primary band absorption with one of the L-tyrosine and L-tryptophan residues
present in proteins. However, since the fluorescence of MLT is due mainly to the indole ring, the
introduction of substituents, able to extend the ring conjugation, can modify the band
absorption/emission wavelength, providing the appropriate fluorescent characteristics. Therefore, a
possible approach for the development of new MLT fluorescent probes could be to introduce small
modification on the natural ligand scaffold, improving its intrinsic fluorescence and retaining a
suitable binding affinity.

A similar approach has recently been applied to tryptophan, an amino acid structurally related
to MLT, having intrinsic fluorescent properties, but its absorption and emission are in the UV

wavelength. Indeed, recent photophysical reports have demonstrated that suitable substitutions on the
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indole ring of tryptophane derivatives may induce a significant change in fluorescence behavior.!?
The best results for tryptophan derivatives have been obtained by introducing a nitrile or a formyl
group on the C? indole position. In particular, tryptophan derivatives such as 4CN-Trp*-Gly and N-
Alpha-Acetyl-4-Cyano-L-Tryptophan Methyl Ester (4CN-Trp) display a long lifetime, good
photostability, good absorption (also at 325 nm), and a fluorescence above 415 nm in water, which
makes it a blue chromophore.'> Also C-4-aldehyde-derivatized indoles, including 4-formyl
tryptophan derivatives'3, displayed good fluorescence (with a red-shifted absorption and emission in
the green region of the visible spectrum), high quantum yield, and a long lifetime.'*

Considering the above described structure-fluorescence relationships for tryptophan
derivatives, we synthesized new C’-formyl-MLT and C?-CN-MLT putative fluorescent ligands,
hoping that these modifications may lead to compounds with a suitable fluorescent profile and
retaining good MLT receptors binding affinity. If these structural modifications give interesting

results, they could be conveniently extended to selective ligands for each MLT receptor subtype.

3.2 Results and discussion

The synthesis of the 4-cyano-melatonin (4-CN-MLT) and 4-formyl-melatonin (4-CHO-MLT)
is shown in Scheme 4. The common intermediate, 4-bromo-5-methoxyindole 4, was obtained starting
from the C?-selective bromination of the commercially available 5-methoxy-2-carboxyethyl indole 1,
subsequent hydrolysis of the ester, followed by copper-catalyzed decarboxylation. The intermediate
4 can be readily converted into the desired 4-CN-MLT through the insertion of the cyano moiety using
CuCN in dimethylacetamide, followed by selective C*-indole alkylation with N-acetyl ethanolamine.
Interestingly, intermediate 3 can directly undergo decarboxylation and cyanation with the only
presence of CuCN in dimethylacetamide providing the nitrile compound 5.

CuCN

DMAC
165°C, 20h
Br 2Cu0; Cry034 oN
-0 \ NaOH o o 25 mol% CuCN

— N N——— N
N AcOH EtOH THF HZO N ou qumollne N DMAC N
t, 24h H 230°C, 90 min H  165°C, 20h H

1 (87%) (98%) 3 (66%) (59%) 5

o LrCP'Clyl; 2 mol%
(31%) HOwH"\ NaOtBu, -BuOH | (42%)

85°C, 20h
2 BFK
o K,0s04-2H,0 o PdCly(dppf)-DCM
2,6-lutidine HN 20 mol%
NaIO X CSZCO3
THF: HZO -0 A\ dioxane dry
rt, 90 min N 90°C, 20h
(26%) H (88%)
8
4- CHO MLT 4- CN MLT

Scheme 4 Synthesis of 4-cyano-melatonin (4-CN-MLT) and 4-formyl-melatonin (4-CHO-MLT).
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The critical C’-indole alkylation step is performed using a green borrowing hydrogen process,
using [{CpIrCl2}>] as catalyst (2 mol%) and sodium tert-butoxide as a base, providing the final
product 6 (42% yield) and the intermediate 7 (31% yield), with water as the only byproduct. Suzuki
cross-coupling between 7 and potassium vinyl trifluoroborate (vinyl-BF3K) provided the installation
of the vinyl group (88%). Oxidative cleavage of the C=C double bond using the Lemieux—Johnson
oxidation in the presence of a catalytic amount of osmium tetroxide, an excess of sodium periodate,
and a non-nucleophilic base such as 2,6-lutidine provided selectively the desired 4-CHO-MLT.

With the 4-CN-MLT and 4-CHO-MLT in hand, the optical properties of the synthesized

compound were investigated in different solvents and compared with those of MLT (Figure 21).
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Figure 21 Absorption spectra of MLT (dark grey), 4-CN-MLT (red), and 4-CHO-MLT (blue), recorded at 10 uM in the
indicated solvent.

In an aqueous solution, the UV-Vis spectra show absorption bands at 324 nm for 4-CN-MLT
and 362 nm for 4-CHO-MLT. As expected, the absorption wavelengths of 6 and 9 are red shifted
compared to those of MLT, confirming that an electron-withdrawing group on an indole ring,
especially in the C*, provides a red shift of Ayx. Solvatochromic studies were performed in different
aprotic and protic polar solvents (EtOH, DMSO, ACN, and 1,4-dioxane) because the solvents
influences the ground and excited states of molecule dipoles (Figure 21). The 4-CHO-MLT has a
greater red shift of the A4 in water (362 nm) compared to the other solvents, while there is no
significant difference in the absorption band for 4-CN-MLT, which remains constant in the different

solvents (between 322 and 325 nm).
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After determining the Anqx, the fluorescence properties of the

registered and compared with the MLT ones (Figure 22).
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Figure 22 Emission spectra of MLT, 4-CN-MLT, and 4-CHO-MLT, recorded at 10 uM in all studied solvents.

The emission spectra of both compounds 6 and 9 are in the visible spectral region and show a

red shift compared to the one of MLT, as already observed for the absorption spectra. In particular,

the 4-CN-MLT has a single emission band at around 410 nm. The fluorescence of 4-CHO-MLT is

more intense in EtOH than in the other solvent, where it shows a peak at 480 nm, making it a cyan

fluorophore (Figure 23). Additionally, other fluorescent properties of the 4-CHO-MLT have been

evaluated. The quantum yield was decent (value of 0.049), the brightness was appropriate (B = 1120

mM 'em™), and the photostability was excellent.
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Figure 23 Normalized absorption (blue) and fluorescence (red) spectra of 4-CHO-MLT in EtOH. The excitation
wavelength for the fluorescence measurement was 360 nm. As shown in the inset, 4-CHO-MLT, is a cyan product.

The new synthesized 4-substituted MLT derivatives were evaluated for their binding affinity

at human MT; and MT> receptors stably transfected in rat fibroblast NIH3T3 cells using 2-

['**I]iodomelatonin as radioligand, and the results are reported in Table 4, together with those of the

reference compound melatonin. Unfortunately, the introduction of electron-withdrawing groups in
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the C*-indole MLT position resulted to be detrimental for binding to MLT receptors; both compounds

show only modest affinities for MT; and MT> receptors.

Table 4 Binding affinity [Ki (nM)] values of MLT, 4-CN-MLT, and 4-CHO-MLT for the human MLT receptors MT; and
MT>.

Compound MTi Ki (nM) MT: Ki (nM)
MLT 55+04 6.3+0.5
4-CN-MLT 2591 £ 168 398 £26
4-CHO-MLT 1084 + 79 424 + 29

3.3 Conclusion and outlook

A novel and preliminary approach for developing new biologically useful fluorescent probes
for melatonin receptors has been reported. The design, synthesis, and fluorescent and
pharmacological characterization of two 4-substituted MLT compounds, namely 4-CN-MLT and 4-
CHO-MLT, have been described. The extension of the conjugation of MLT by introducing the
electron-withdrawing group (formyl and cyano group) provides the desired red shift in the absorption
spectra and the emission in the visible region (blue region). Although these novel compounds
displayed only modest binding affinities to the MT; and MT», a new and reliable synthetic procedure
for preparing novel C?-substituted MLT compounds has been reported.

Recently, the dicyanovinyl group has been installed in the C? of tryptophan, finding an
excellent fluorescence with a significant Stokes shift in polar solvent (around 139 and 145 nm in
DMSO and water, respectively), with an emission band in the visible light in the green and yellow
region, and reasonable quantum yield depending on the solvent tested.!® This modification as well as
those achievable by derivatizing the formyl moiety of 4-CHO-MLT (such as oxime, hydrazone, and
nitrone formation) can be explored to verify the possibility to obtain novel and unusual high affinity

MLT fluorescent receptor ligands.
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3.4 Experimental section
3.4.1  Materials

All reagents were purchased from best-known commercial suppliers and used without further
purification, unless otherwise stated. All reactions were performed under ambient condition, unless

otherwise specified.
3.4.2  Experimental procedure
Ethyl 4-bromo-5-methoxy-1H-indole-2-carboxylate (2)

5-methoxy-1H-indole-2-carboxylate 1 (1.0 equiv., 1 g, 4.57 mmol) was stirred in
/O\©\/\>_«O glacial acetic acid (22.9 mL) at 40 °C until only a small amount of indole remained

N O

H "\ undissolved. Then, bromine (1 equiv., 234 pL, 4.57 mmol) was added dropwise in
2 open air, maintaining 40°C and a vigorous stirring (800-1000 rpm), and then
allowed to stand (200 rpm) at room temperature for 24 h. The resulting dark brown mixture was
filtered. The crystalline product was washed sequentially with acetic acid (2 x 4 mL) and cyclohexane
(2 x 4 mL) and then dried at 45 °C in vacuo to give 2 as a white solid (1.19 g, 3.98 mmol, 87%).
M.p.: 176 °C
MS (ESI): 298, 300 [M+H]"

'H-NMR (CDCls, 400 MHz): § 1.44 (t,J= 7.1 Hz, 3H), 3.95 (s, 3H), 4.44 (q, J=7.1 Hz, 2H) 7.08 (d,
J=28.9 Hz, 1H), 7.24 (dd, J=2.2 and 0.8 Hz, 1H), 7.34 (dd, /= 8.9 and 0.8 Hz, 1H), 9.10 (brs, 1H)

Physicochemical data are in agreement with those reported in the literature. '

4-bromo-5-methoxy-1H-indole-2-carboxylic acid (3)

Ethyl 4-bromo-5-methoxy-1H-indole-2-carboxylate 2 (1.0 equiv., 1.19 g, 3.98
/O\©\/\>_(O mmol) was suspended in a mixture of THF (1.62 mL) and EtOH (6.5 mL). A
aqueous solution of NaOH 3M (3.24 mL) was added and the reaction was stirred
for 2h at 80°C. The solution was cooled to 0°C and stirred vigorously for 1h. After,
the mixture was acidified (pH 2) using a aqueous solution of HCI 2N. The resulting thick yellow paste
was filtered, and the crystalline product was washed with water (3 x 4 mL), and dried at 45 °C in
vacuo to give the carboxylic acid 3 (1.05 g, 3.90 mmol, 98%).

M.p.: 261°C dec

MS (ESI): 268, 270 [M-H]

"H-NMR (CDsOD, 400 MHz): § 3.89 (s, 3H), 7.06 (d, J= 0.8 Hz, 1H), 7.13 (d, J= 8.9 Hz, 1H), 7.40
(dd, J=8.9 and 0.8 Hz, 1H)

Physicochemical data are in agreement with those reported in the literature. '
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4-bromo-5-methoxy-1H-indole (4)

Br 4-Bromo-5-methoxy-1H-indole-2-carboxylic acid 3 (1 equiv., 1.05 g, 3.90 mmol) and
/O\©\/\> copper chromite (barium-promoted) (0.25 equiv., 303 mg, 0.975 mmol) were mixed
i together in freshly distilled quinoline (14 mL). Nitrogen was gently bubbled through the
¢ mixture for 5 minutes, then the mixture heated quickly to 220-230°C under nitrogen
atmosphere. After 90 minutes the mixture was cooled to room temperature diluted with ethyl acetate
(120 ml) and aqueous solution of HCI 2N (75 mL) and stirred for 10 minutes. The mixture was filtered
through a pad of Celite, the filtrate dried with Na>xSO4 and the solvent evaporated. The residue was
purified by flash column chromatography on silica gel (ciclohexane:EtOAc 8:2 as eluent) to give 4-
bromo-5-methoxy-1H-indole 4 (583 mg, 2.58 mmol, 66%).
MS (ESI): 226, 228 [M+H]*
'"H-NMR (CDCls, 400 MHz): § 3.94 (s, 3H), 6.57-6.59 (m, 1H), 6.94 (d, J = 8.7 Hz, 1H), 7.26-7.28
(m, 1H), 7.31 (dd, /=8.7 and 0.9 Hz, 1H), 8.18 (br s, 1H)

Physicochemical data are in agreement with those reported in the literature.!”

5-methoxy-1H-indole-4-carbonitrile (5)

A 10-mL flask was charged with freshly distilled N,N-dimethylacetamide (4.3 mL), and
/O\©\/\> the solvent was degassed (15 min) with a vigorous stream of nitrogen. 4-bromo-5-
A methoxy-1H-indole 4 (1.0 equiv., 583 mg, 2.58 mmol) and copper cyanide (0.33 equiv.,
690 mg, 7.75 mmol) were added, and the solution was stirred at reflux (165°C) for 20h.
The reaction mixture was cooled to room temperature, poured into a mixture of water (5 mL) and
ethyl acetate (5 mL) and filtered through a pad of Celite. The precipitate was washed with EtOAc (3
x 3 mL), and the combined organic phases were separated from the aqueous layer, washed with water
(3 x 4 mL) and brine. The solution was dried and concentrated, and the yellow residue was
recrystallized (EtOAc:hexane) to give S as light yellow solid (rods) (262 mg, 1.52 mmol, 59%).
M.p.: 139-142°C
MS (ESI): 173 [M+H]"
'H-NMR (CDCls, 400 MHz): § 3.97 (s, 3H), 6.66-6.67 (m, 1H), 6.89 (d, J = 8.9 Hz, 1H), 7.36-7.37
(m, 1H), 7.55 (dd, J= 8.9 and 0.8 Hz, 1H), 8.39 (br s, 1H)

Physicochemical data are in agreement with those reported in the literature.'®
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General procedure for borrowing hydrogen reaction: '

Under an air atmosphere, a 5 mL vial equipped with a stir bar, was sequentially charged with
the appropriate indole 4 or 5 (1.5 equiv.), N-(2-hydroxyethyl)acetamide (1 equiv.), [IrCp*Clz]> (2
mol%), NaOsBu (0.5 equiv.) and tert-butanol (2.5 M). The reaction vessel was sealed and the vial
was heated to 85°C in a preheated oil bath for 24 h. The mixture was cooled to room temperature and
filtered through a SiO: plug (EtOAc as eluent). The solvent was evaporated and the residue was

purified by flash column chromatography on silica gel.
N-(2-(4-cyano-5-methoxy-1H-indol-3-yl)ethyl)acetamide, 4-CN-MLT (6)

Compound 6 was obtained following general procedure for borrowing hydrogen

N HNJ{ reaction (0.7 mmol scale reaction), using 5-methoxy-1H-indole-4-carbonitrile 5

- A\ (1.5 equiv., 180 mg, 1.05 mmol), N-(2-hydroxyethyl)acetamide (1.0 equiv., 72 mg,

N

H 0.7 mmol), [IrCp*Cl2]2 (0.02 equiv., 11 mg, 0.014 mmol), NaOsBu (0.5 equiv., 34
° mg, 0.35 mmol) and tert-butanol (1.75 mL).
Flash chromatography: silica gel DCM:acetone 8:2 as eluent.
White solid, 75 mg, 0.29 mmol, 42% yield.
MS (ESI): 258 [M+H]"
'"H-NMR (CD;OD, 400 MHz): § 1.92 (s, 3H), 3.11 (t, J = 7.2 Hz, 2H), 3.49 (t, J = 7.2 Hz, 2H), 3.95
(s, 3H), 6.97 (d, J=9.0 Hz, 1H), 7.27 (s, 1H), 7.59 (d, J=9.0 Hz, 1H)
3C-NMR (CDsOD, 400 MHz): 6 22.5,25.7,41.8,57.4,89.6,107.3,112.6,118.4, 118.6, 128.3, 128.8,
133.5,159.4,173.3

HRMS (ESI-TOF) m/z calcd. for C14H1sN3NaO> [M+Na]": 280.1056; found 280.1067
N-(2-(4-bromo-5-methoxy-1H-indol-3-yl)ethyl)acetamide (7)

Compound 6 was obtained following general procedure for borrowing hydrogen

. HN’< reaction (1.3 mmol scale reaction), using 4-bromo-5-methoxy-1H-indole 4 (1.5

- N equiv., 440 mg, 1.95 mmol), N-(2-hydroxyethyl)acetamide (1 equiv., 134 mg, 1.3

H mmol), [IrCp*Clz]> (0.02 equiv., 21 mg, 0.026 mmol), NaO7Bu (0.5 equiv., 62 mg,
0.65 mmol) and tert-butanol (3.25 mL).

Flash chromatography: silica gel DCM:MeOH 97:3 as eluent.

Beige foam, 125 mg, 0.4 mmol, 31%.

MS (ESI): 311, 313 [M+H]"

"H-NMR (CDCls, 400 MHz): § 1.96 (s, 3H), 3.25 (t, J= 6.9 Hz, 2H), 3.63 (dd, J=12.9 and 6.9 Hz,

2H), 3.93 (s, 3H), 5.76 (br s, 1H), 6.93 (d, J = 8.8 Hz, 1H), 7.07 (d, /= 1.8 Hz, 1H), 7.27 (d, J= 8.8

Hz, 1H), 8.24 (br s, 1H)
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Physicochemical data are in agreement with those reported in the literature.!

N-(2-(5-methoxy-4-vinyl-1H-indol-3-yl)ethyl)acetamide (8)'>

A 10 mL vial equipped with a stir bar was charged with N-(2-(4-bromo-5-methoxy-
HN’< 1H-indol-3-yl)ethyl)acetamide 7 (1 equiv., 97 mg, 0.31 mmol), potassium vinyl
trifluoroborate (2 equiv., 83 mg, 0.62 mmol), Cs2COs3 (3.2 equiv., 323 mg, 0.99
mmol), PdClx(dppf)-CH2Cl, complex (0.2 equiv., 51 mg, 0.062 mmol) and

\
(@]
/
(=]
Iz //z

subsequently 1,4-dioxane dry (6.2 mL). The mixture was degassed (20 min) with
a vigorous stream of Argon. The vial was transferred to an oil bath pre-heated to 90 °C and the reaction
refluxed under Argon for 20 h. The solution was cooled to room temperature and diluted with EtOAc
and water. The organic phase was separated and the aqueous phase was extracted with EtOAc (3 x 50
mL). The combined organic phases were dried over Na;SOs4, concentrated and the residue was
purified by flash chromatography (DCM:MeOH 97:3 as eluent) to give the title compound 8 (70 mg,
0.27 mmol, 88%), which can be directly use in the next reaction without purification.
MS (ESI): 259 [M+H]"
"H-NMR ((CD3).CO, 400 MHz): § 1.85 (s, 3H), 3.0 (t, J= 7.4 Hz, 2H), 3.42, (dt,J= 7.4 and 5.9 Hz,
2H), 3.80 (s, 3H), 5.48 (dd, J=11.7 and 2.8 Hz, 1H), 5.77 (dd, J=17.7 and 2.8 Hz, 1H), 6.91 (d, J =
8.8 Hz, 1H),7.07 (br s, 1H), 7.15 (d, /= 2.4 Hz, 1H), 7.21-7.28 (m, 2H), 9.94 (br s, 1H)
BC-NMR ((CD3).CO, 400 MHz): 6 23.0, 28.9, 41.1, 57.6, 110.2, 111.7, 113.8, 119.0, 119.9, 125.9,
126.6, 132.6, 134.3, 152.7, 169.7
HRMS (ESI-TOF) m/z calcd. for CisHi1sN>NaO> [M+Na]": 281.1260; found 281.1269

N-(2-(4-formyl-5-methoxy-1H-indol-3-yl)ethyl)acetamide, 4-CHO-MLT (9)'?

o A vial equipped with a stir bar was charged with N-(2-(5-methoxy-4-vinyl-1H-

Ox HN% indol-3-yl)ethyl)acetamide 8 (1 equiv., 70 mg, 0.27 mmol), subsequently dissolved
/O\E)\/\C in a mixture of THF (3.8 mL) and H>O (0.97 mL). Then, K2OsO42H,0 (0.15
i equiv., 14 mg, 0.038 mmol), 2,6-lutidine (4 equiv., 126 pL, 1.08 mmol) and NalO4
? (3.1 equiv., 179 mg, 0.84 mmol) were added to the stirring biphasic solution. The
reaction was stirred at room temperature for 90 minutes before quenching with a saturated aqueous
solution of NaHCO3 (15 mL) and then extracted with EtOAc (3 x 30 mL). The combined organic
phases were dried over Na2SO4 and concentrated under reduced pressure. Purification by silica gel
chromatography (DCM:MeOH 97:3 as eluent) gave the title compound 9 as an amorphous light
brown solid (18 mg, 0.07 mmol, 26%).

MS (ESI): 261 [M+H]"
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"H-NMR ((CD3)2CO, 400 MHz): & 1.83 (s, 3H), 3.13 (t,J = 7.1 Hz, 2H), 3.30-3.35 (m, 2H), 3.96 (s,
3H), 6.96 (brs, 1H), 7.01 (d, J=8.9 Hz, 1H), 7.33 (d, J=2.6 Hz, 1H), 7.68 (d, /= 8.9 Hz, 2H), 10.36
(brs, 1H), 10.69 (s, 1H)

BC-NMR ((CD3),CO, 400 MHz): ): § 22.1, 28.2,40.9, 56.8, 107.2, 114.5, 117.9, 119.0, 124.1, 128.5,
133.6, 159.5, 168.7, 190.6

HRMS (ESI-TOF) m/z calcd. for Ci14Hi1sN2NaO3; [M+Na]": 283.1053; found 283.1055
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Chapter 4. Novel N-(anilinoethyl)amide melatonergic ligands with

improved water solubility and metabolic stability

This chapter is based on: Ferlenghi F, Mari M, Gobbi G, Elisi GM, Mor M, Rivara S, Vacondio
F, Bartolucci S, Bedini A, Fanini F, Spadoni G. N-(Anilinoethyl)amide Melatonergic Ligands with
Improved Water Solubility and Metabolic Stability. ChemMedChem. 2021, 16(19), 3071-3082

4.1 Introduction

As outlined in the general introduction, different series of melatonergic ligands have been
developed over the years. Among these, the class of N-anilinoethylamides has proved to be one of the
most interesting and versatile. These compounds showed a generally good affinity for MLT receptors
and can be easily chemically modified giving predictable modulations of selectivity and intrinsic
activity. In particular, the increase of size of the substituent on the aniline nitrogen progressively
shifted the selectivity toward the M T receptor and decreased intrinsic activity.

The N-methyl derivative UCM793 was a nanomolar nonselective MT1/MT> agonist, the N-
phenyl derivative UCM765 showed 46-times selectivity for the MT> receptor and a partial agonist
behavior, and UCMS800, carrying a bulky B-naphthyl substituent, resulted a potent MT»-selective
antagonist (Figure 24).!

5\ H @\N/\/n\n/ <)\N/\/H\ﬂ/ <)\N/\/H\ﬂ/
~r g

UCM793 UCM765 UCM800 UCM924
Figure 24 Representative MLT ligands belonging to the N-anilinoethylamides class.

Appropriate preclinical studies in rats and mice with UCM765 and its metabolically more
stable analogue UCM924 have been conducted to investigate their hypnotic®, antinociceptive® or
anxiolytic' properties and to evaluate the involvement of each receptor subtype. When
subcutaneously administered to rats (40 mg-kg™'), UCM765 was able to reduce latency and to increase
the duration of non-rapid eye movement (NREM) sleep, without affecting REM sleep duration.? This
activity was related to the activation of M T receptors, since its hypnotic effect was prevented by the
administration of the MT»-selective antagonist 4-P-PDOT or genetic deletion of the M T receptor.

Despite a sub-nanomolar affinity for MT> receptors, UCM765 exhibits hypnotic effects in rats

only when administered at high doses and shows a very short half-life in the presence of rat oxidative
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enzymes. The oral bioavailability of UCM765 in rats was less than 2% when administered as a 40%
aqueous solution of DMSO.’

Therefore, modest metabolic stability associated with poor aqueous solubility greatly limited
the use of these compounds in research and functional applications. Thus, to overcome these
limitations, we prepared novel N-anilinoethylamide derivatives, designed taking advantage of
knowledge acquired from previous studies.® Different strategies were pursued in order to enhance the
water solubility with respect to the parent compounds UCM765 and UCM924 such as insertion of
hydrophilic groups on the phenyl substituent, substituting the amido moiety in the side chain with an
urea group, replacement of the UCM765 phenyl ring with a 4-pyridyl substituent and/or increasing

the basic nature of the resulting compounds.

4.2 Results and discussion

4.2.1  Chemistry

The three melatonin urea-based ligands were synthesized, as shown in Scheme 5. The
crude N'-3-(methoxyphenyl)-N!-phenylethane-1,2-diamine was obtained by the N-cyanoalkylation
of 3-methoxy-N-phenylaniline 1a with bromoacetonitrile in the presence of sodium hydride, and
subsequent hydrogenation of the intermediate nitrile 2 with Raney Nickel, in the presence of 1M
solution of ammonia in EtOH.! The reaction of the crude diamine with potassium cyanate in aqueous
acidic medium afforded the monosubstituted urea 3a, while using ethyl- or n-propyl isocyanate the

disubstituted urea 3b and 3¢ were obtained.

o o o KOCN o
BrCH,CN H,, Raney-Ni AcOH/THF/H,0
NaH 60% NH,-EtOH rt, 4h H H
NH ————————> N N > N/\/NHZ —_— N/\/N N\R
DMF dry ™ THF or \g/
100°C, 24h 60°C, 6h RNCO
DCM, rt, 0.5h
1a 2 3a R=H
3b R=Et
3c R=nPr

Scheme 5 Synthesis of N-[2-(diphenylamino)ethylJureas 3a-c.

The N-(anilinoethyl)acetamido derivatives 4-9 were prepared starting from the crucial
intermediates 1b-c¢, which are commercially available, and 1d-g, obtained following known
procedures for similar compounds (Scheme 6). Buchwald—Hartwig amination afforded the desired
aniline 1d-f, using the suitable catalyst depending on the substrate and the appropriate aniline and Br-
aryl starting reagents, while 1g was obtained by N-acylation of 1b with phenylacetyl chloride

followed by amide reduction.
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Scheme 6 Synthesis of N,N-diarylamines 1d-f and N-phenenthyl-3-methoxyaniline 1g.
With the crucial intermediates in our hand, we proceeded to synthesize compounds 4-12
(Scheme 7). The reductive N-alkylation of the suitable aniline 1b—g with N-(2,2-
dimethoxyethyl)acetamide in the presence of triethylsilane and trifluoroacetic acid afforded the final

compounds 7, 8, and 9 and the intermediates 4, 5 and 6.

Br

CHF, | X ¢ HCI
H N o
N/\/N\n/ o XantPhos
0o Pd,(dba)s H
H R N/\/N\n/
N/\/N\n/ toluene dry 0
r H 8 100°C, 16h 7
NS
7 o] N
R —°: H,N—/< 4 10

oL - =
L — ~N, ~\,
NH TES, TFA 0 0
Ry DCM, rt
1b ~N LiAIH, N
-g N \n/ N \n/
(0]

1b R=OMe, R;=H

AN ’ 1 o
Q 1c R=OMe, R;=3-(CO,Me)Ph o, 0C1h
1d R=OMe, R;=3-(Ph-CO,0)Ph 5 OH

8 1e R=CHF, R;=4-F-Ph
1f R=OMe, R;=thiophen-3-yI
~ 1g R=OMe, R4=-CH,CH,Ph

[©] o
S el 3
N H Pd/C 10%
N \n/ N/\/N\n/ N~
[¢] e} MeOH
rt., 2.5h
OBn

Scheme 7 Synthesis of N-[2-(diarylamino)ethyl]amides 7, 8, 10, 11, and 12, and
N-[2-(N-phenethylanilino)ethyl]acetamide 9.

l

The 4-pyridyl aniline derivative 10 was synthesized by palladium-catalysed amination

[Pd2(dba)s/XantPhos/t-BuONa] of 4 with 4-bromopyridine hydrochloride. To prepare the 3-
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(hydroxymethyl)phenyl derivative 11, the corresponding methyl ester § was reduced with lithium
aluminum hydride, while the 3-hydroxyphenyl analog 12 was obtained by O-debenzylation of
compound 6, using H>/Pd—C.

As illustrated in Scheme 8, the N-methyl-2-substituted-aniline derivatives 15 and 16 were
synthesized by reductive N-alkylation of the corresponding 2-substituted anilines 1h and 1i with V-
(2,2-dimethoxyethyl)acetamide (same procedure used for compounds 4-9) and subsequent N-

methylation with Mel or reductive amination with HCHO/NaBH3CN (15 and 16, respectively).

~ 2 Mel, NaHCO
1% N —0 HN—< ~ : 3

H, > / e
O Pd/C 10% _d 50°C, 24h
NO, > H _ H
EtOAC/EtOH N,  TES, TFA NNy or NN
tt, 6h i DCM,rt,2h & H & HcHO37T% % g
NaBH,CN

MeOH/AcOH
1h R=Ph 13 R=Ph rt, 1h 15 R=Ph
1i R=Br 14 R=Br 16 R=Br

Scheme 8 Synthesis of N-[2-(2-substituted-5-methoxyanilino)ethyl]acetamides 15 and 16.

4.2.2  SAR discussion and biological evaluation

In vitro pharmacological studies on the new synthesized compounds was conducted at Cerep
(Celle-Lévescault, France), including binding affinity and efficacy assays. Binding affinities were
determined displacing 2-['?*I]-iodomelatonin in competition experiments on human MT; and MT>
receptors expressed in CHO cells and are reported in Table 5, together with data for reference
compounds UCM765 and UCM924 tested in the same experimental conditions.”® Regarding the
efficacy assays, agonist activity at MT; receptors was evaluated using a cell impedance assay
exploiting cellular dielectric spectroscopy’ and at MT> receptors using a cAMP assay via a
fluorometric method?®.

Starting from the lead compound UCM765 several new compounds were developed.
Compounds 3a-c, deriving from bioisosteric modification of the amide in the side chain with an urea
group, showed a reduced binding affinity, especially at the MT; receptor. The most potent urea was
compound 3b achieving a binding affinity at the M T, receptor similar to that of UCM765. The lower
affinity of urea analogues compared to amide derivatives has also been observed for other
melatonergic ligands, such as agomelatine and its structural analogs’ or tetrahydroquinolines'®, but
this modification could have improved their water solubility.

Replacement of the metabolically labile methoxy substituent with a difluoromethyl group (7)
was detrimental for the interaction with the receptors, leading to reduced binding affinities. On the
contrary, the 3-thienyl group in compound 8 provided a good alternative to N-phenyl substituent of

UCMT765, resulting in the most potent compound of the series.
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Table 5 Binding affinity of melatonergic ligands at human MT; and MT> receptors.

Compound R Ri R2 MT: Ki [nM]*  MT: K; [nM]?
UCM765 1.6+ 0.14 0.29+0.10
UCM924 >100 1.4+ 0.08

3a NH> Phenyl >100 10+0.13
3b NHEt Phenyl 20 +0.45 0.65 + 0.03
3¢ NHnPr Phenyl 57+0.10 1.7 +0.08
7 >100 35+£0.35
8 CH; =3 0.7+ 0.10 0.07 = 0.02
9 CHs = @ >100 2.1+0.15
10 CH; = >100 >100
o

11 CH3 E—\(\_> >100 3.5+ 0.05
12 CH3 C 53+£1.6 1.4+0.15
15 Phenyl 32 +0.80 1.7+0.13
16 Br 18 +0.70 2.4+0.10

K values are calculated from ICs values obtained from competition curves by the method of Cheng and Prusoff’!' and are
the mean + standard deviation of three determinations.

The more hydrophilic compounds 10, 11, and 12, obtained by replacement of UCM?765
phenyl ring with a 4-pyridyl substituent or by introduction of a meta-hydroxymethyl- or a meta-
hydroxy-substituent on the UCM765 phenyl ring, respectively, showed no appreciable affinity for
MT; receptor. On the other hand, the hydroxy-substituted compounds 11 and 12 displayed only a
limited reduction of binding affinity at the MT> receptor. Compounds 11 and 12 should accommodate
hydroxyl groups in the aromatic subpocket, which tolerance could be more pronounced at the MT>
receptor. Moreover, simulations identified Tyr94>>% at the M T, receptor as a polar residue able to

interact with hydrophilic substituents (Figure 25A).

58



Asn175480
&

Figure 25 A) Representative snapshot of a molecular dynamics simulation of compound 11 in complex with the MT>
receptor. The ligand forms hydrogen bonds with GIn194 in ECL2 and Tyr94, while the interaction between the methoxy
group and Asnl75, proposed by docking studies, is lost; B) Proposed binding mode for UCM765 (green carbons) and
compound 15 (orange carbons) into the MT; crystal structure (PDB:6MEG6), observed from the extracellular side of the

receptor. Hydrogen bonds are shown as red dashed lines. Co-crystalized 2-phenylmelatonin is shown with shaded
yellow carbons.

To improve the water solubility of the ligands, while preserving their high binding affinity
and selectivity toward the MT, receptor, we also designed more basic UCM765 derivatives. In
particular, replacement of the diphenylamino scaffold of UCM765 with an N-phenyl-N-methyl one,
and shift of the lipophilic N-phenyl substituent on the anisole ring (in the para position with respect
to the methoxy group) led to compound 15 characterized by improved water solubility and
maintenance of a limited selectivity for the MT> receptor. On the other hand, insertion of a bromine
atom on the ortho position of the phenyl-methylamino scaffold led to a more soluble derivative
(compound 16) endowed with higher microsomal stability.

Aiming at the same goal, introduction of an ethane spacer, linking the nitrogen of the aniline
to the phenyl substituent, gave the more basic derivative 9. Considering these more basic N-
alkylanilino-ethylamido derivatives (9, 15 and 16), the phenethyl substituted derivative 9 was
tolerated only at the MT; receptor, while the N-phenyl-N-methyl-ethylamides 15 and 16 displayed
good binding affinity at both receptors.

The potency and MT»-selectivity observed for the latter derivatives can be explained by their
structural similarity with the lead UCM765. Superposition of docking solutions obtained for
UCM765 and compound 15 in the MT> receptor crystal structure highlights the same binding site
occupation and interactions. Compounds 15 (Figure 25B) and 16 have the phenyl and bromine
substituents superimposed to the phenyl ring of co-crystalized 2-PhMLT and docked UCM765 in
docking calculations, highlighting their complementarity with the binding pocket.
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4.2.3  Physicochemical characterization

Experimental lipophilicity and solubility measurements as well as metabolic stability assays
in rat and human liver microsomes of the new N-anilinoethylamides were performed at the University

of Parma, and the results are reported in 7able 6.

Table 6 Solubility, rat and human microsomal stability, and lipophilicity of melatonergic ligands.

Solubility | Solubility tn Cli®
tn Cli® Log
Comp. pH 1.0 pH 7.4 Human Human
Rat LM? Rat LM? D()ct,7.4
[pg/ml] [ng/ml] LM? LM?
293 +
UCM765 125+5 104 £5 1.7£04 408+85 40.8+1.1 17+1 0.01
UCM924 69+0.1 51+0.2 182+28 38.1+6.0 712+34 97+0.5 3(')83;
363.9 + 3114+ 77.5 2.65+
3a 37 26 15704 442+1.0 13.4 9.1+1.5 0.02
3b 149+0.6 102+1.7 7.1+£05 981+6.8 154+1.0 451+3.0 3(')38;
218.4 + 95.7 + 391 +
3c 17.7+£09 143+0.1 3.2+03 1.0 74+12 147 0.02
7 549+1.1 40.6+0.1 122+15 580+82 554+68 128+1.3 3(')43;
161.5 + 175.4 + 2.74 +
8 44 925+35 4.0+£05 23 40.1+53 17.5+2.4 0.01
109.6 + 2473 + 344 +
d
9 >1000 6.9 29+0.5 349 72+05 96.7+6.3 0.02
1019.6 =  100.9% + 101.5% =+ 041+
d
10 >1000 93 7 3 5¢ N.D. 57 N.D. 0.01
241.4 + 2.04+
d d . .
11 >1000 >1000 29+03 78 5 649+69 108+1.2 0.01
118.7 + 2173 £ 242 +
12 95.9+4.2 o 33+0.6 446 66.2+2.8 105+04 0.02
3395+ 468.9 + 3.11 £
d
15 >1000 9.7 1.5+£0.1 12.9 11.2+0.7 61.9+3.8 0.02
8229 + 78.5 1.85+
d
16 >1000 347 176 £ 1.5 39.6+3.1 122 89+t14 001

@ LM: Liver Microsomes. ® Cli: Intrinsic Clearance (uLmin™' 1mg prot'). ¢ Percentage of compound left after 60 min,
37°C. ¢ Weighted compound completely dissolved in the chosen buffer at 1000 pg/mL. N.D.: not determined. Experiments
were performed in triplicate, and values are reported as the mean + standard deviation.

Thermodynamic solubility was measured at physiological and acidic pH (pH=1.0).
Diarylamine derivatives generally had similar solubility at the two pH values, usually slightly higher
at pH=1.0. The most soluble compounds are the primary urea 3a, the hydrophilic and basic 4-pyridyl
derivative 10, and the m-hydroxymethyl-substituted compound 11. The solubility of the latter
compound is greater than 1 mg/mL at both pH values. A higher solubility at acidic than neutral pH
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was observed for phenylalkylamides 9, 15, and 16, with a solubility greater than 1 mg/mL at pH=1.0.
Compared to UCM765, compound 16 was also significantly more soluble at pH=7.4.

Metabolic stability was evaluated in the presence of rat and human liver microsomes and
expressed as pseudo half-life and as intrinsic clearance in Zable 6. All the compounds were
susceptible to oxidative metabolism at different degrees, except for the 4-pyridyl derivative 10, which
remained unaltered after 60 min of incubation with microsomes of both species. The primary urea 3a
was significantly more stable than UCM765. It displayed half-lives close to those of the metabolically
protected UCM924.° Alkyl substitutions of the urea group (3b and 3c¢) reduce the metabolic stability
in microsomes of both species. At the same time, it increases the compound lipophilicity (LogDoct,7.4).
The hydroxy-substituted derivatives 11 and 12 slightly increased rat and human microsomal stability
by approximately 1.5 fold compared to the unsubstituted precursor UCM765. Besides urea derivative
3a, the other most stable compounds are 7 and 16. Compound 7 has a similar half-life to UCM924,
while compound 16 shows improved microsomal stability, probably due to the lack of metabolically
labile phenyl ring and to lower lipophilicity compared to UCM765.

Taking together all the results of binding affinity, solubility, and metabolic stability,
compounds 11 and 16 were selected for further characterization. The m-hydroxymethyl derivative 11
retained an MT>-selective profile with high receptor binding affinity, and a good solubility in both
acidic and neutral pH. Its limited metabolic stability might be improved by preparing suitable
prodrugs, temporarily masking the hydroxyl group, which is most likely responsible for the short
half-life. The o-bromo-anilinoethylamido derivative 16 is a potent MLT receptor agonist endowed
with better microsomal stability and water solubility.

Then, the two novel melatonin receptor ligands 11 and 16 have been studied in terms of

functionality (7able 7).

Table 7 Intrinsic activity of select N-(anilinoethyl)amides 11 and 16.
Compound MT1 ECso [nM]? Emax [%]° MT:2 ECso [nM]¢ Emax [%]

11 53+0.5 32+0.3 6.8+0.3 712

16 44102 94+ 4 0.83 £0.05 932

@ ECs values obtained from a cell impedance assay. ® The Ena values are referred to as the % of melatonin response. °
EC50 values obtained from a cAMP assay. Experiments were performed in triplicate, and values are reported as the mean
+ standard deviation.

In the cAMP functional assay, compound 11 behaved as an MTz-selective partial agonist, as
UCM765'. On the other hand, compound 16 displayed a full agonist profile with potency at the MT»

receptor similar to that of melatonin.
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4.2.4  Pharmacokinetic evaluation

To evaluate the in vivo behavior of the two melatonergic ligands 11 and 16, a preliminary
pharmacokinetic (PK) study was carried out in male Sprague-Dawley rats and the experiments were
conducted at NiKem Research (Baranzate — Milan — Italy). The compounds were administered as
intravenous bolus (IV) or oral gavage (PO) at doses of 5 or 40 mg kg™!, respectively. Quantitative

analysis was carried out by UPLC/MS/MS, and the plasma concentration profiles are shown in Figure
26.

A B
g 10000+ - IV (5 mg/kg) ;ET 10000 - IV (5 mglkg)
g 1000 =4 PO (40 mg/kg) g 1000 = PO (40 mg/kg)
S 100+ 5
= ¢ % 100
= 10+ =
[ [
8 14 g 10
e =
<] <}
U 01 ] 1 T T T 1 U 1 T Ll 1 T ] 1
0 25 50 75 100 125 150 0 50 100 150 200 250
Time (min) Time (min)

Figure 26 Plasma concentration (semilogarithmic scale) profiles of compounds 11 (A) and 16 (B) in Sprague-Dawley
rats after single intravenous (5 mg kg™') or oral (40 mg kg*) administration.

The main pharmacokinetic parameters are reported in Table 8.

Table 8 Main pharmacokinetic parameters in rat plasma obtained for compounds 11 and 16.

IV bolus (5 mg kg™) PO gavage (40 mg kg™!)
Parameter ? 11 16 11 16
[n‘gglg\;gﬁl] 66508.2 £ 9656.1 66017.0 £ 7842.4 2626.5 £1037.9 19129.8 +4802.3
[ngCITE'l] 2757.5 +478.6 2973.0 +383.9 75.6 £39.7 455.7+178.5
[rﬁﬁl] 11.5+1.0 13.5+£0.3 19.8+1.9 262+09

- o (el | 762%103 76.4 +8.8 i -
[L\lisg'l] 0.9£0.2 0.7£0.1 i -

F [%] - - 0.5 3.6

2 AUC: area under the plasma concentration-time curve of the drug; ¢#1/2: half-life; CL: volume of plasma cleared of the
drug per unit time; Vg volume of distribution at the steady state defined by the amount of drug in the body over the

concentration of the drug in the plasma at the steady state; F: percentage of the dose reaching blood circulation after oral
administration.

Upon single IV administration, they displayed limited plasma half-life (compound 11, 11.5
min; compound 16, 13.5 min) and moderately-high plasma clearance (11, 76.2 mL min'kg™!; 16, 76.4
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mL min'kg™). For 11, the Cmax was 2757.5 ng mL!, while for 16, it was 2973.0 ng mL™!. The steady-
state volume of distribution (Vss) was moderate (11, 0.9 L kg'!; 16, 0.7 L kg™!), indicating a moderate
propensity to distribute out from the plasma compartment. After PO administration, their plasma half-
life was longer (11, 19.8 min; 16, 26.2 min) with a corresponding Cmax of 75.6 mg mL™! for 11 and
455.7 ng mL! for 16. The oral bioavailability was very low for 11 and moderate for 16. Even though
far from optimal, the PK profile of compound 16 was more favorable than those of compound 11,
with greater oral absorption and more prolonged plasma exposure, most likely related to its higher in

vitro liver microsomal stability.

4.3 Conclusion

Novel N-(anilinoethyl)amide melatonergic ligands have been designed to improve the
physicochemical properties and metabolic stability of the MT,-selective partial agonist UCM765.
Different strategies were applied, including the replacement of metabolically liable substituents,
introduction of hydrophilic groups, and structural modifications. /n vitro studies showed compounds
with good receptor binding affinities, such as the thienyl derivative 8, the meta-hydroxymethyl analog
11, or the p-Br-phenylalkylamide derivative 16, some of which with high water solubility and
improved microsomal stability. Compounds 11 and 16 were selected for a preliminary PK study and
the (2-Br-5-methoxyanilino)ethylamide derivative 16 provided the most favorable PK profile,
showing greater plasma exposure but with a short half-life. Compound 16 can undergoes to further

chemical optimization and pharmacological investigation.
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4.4 Experimental section
4.4.1  Materials

3-Methoxy-N-phenylaniline (1a), 3-methoxyaniline (1b), 1-(benzyloxy)-3-bromobenzene, 3-
(difluoromethyl)bromobenzene, 3-bromothiophene, 2-bromo-5-methoxyaniline (1i) and 4-

bromopyridine HCI were purchased from commercial suppliers and used without further purification.
4.4.2  Experimental procedures
1-(2-((3-methoxyphenyl)(phenyl)amino)ethyl)urea (3a)

A solution of the nitrile 2' (1 equiv., 262 mg, 1.1 mmol) in THF (7 mL) and 1M
@\ | NH3 in EtOH (1.5 mL) was hydrogenated over Raney nickel (4 atm of H) for 6h
I at 60°C. The catalyst was filtered on a celite pad and the filtrate was concentrated
@ in vacuo, to give a crude oily amine which was used in the next step without any
3a further purification. A solution of KOCN (1.7 equiv., 150 mg, 1.85 mmol) in H2O
(0.85 mL) was added dropwise to a solution of the above crude amine in THF/H>O/acetone (1:1:0.5
mL) and the resulting mixture was stirred at room temperature for 4 h. The reaction mixture was
neutralized with a saturated aqueous solution of NaHCO3;, and then extracted with EtOAc. The
combined organic phases were washed with brine, dried (Na>xSO4) and concentrated under reduced
pressure. The resulting crude residue was purified by flash chromatography (silica gel; EtOAc as
eluent) to give 3a as a white solid (45% yield). Crystallization: diethyl ether:petroleum ether
M.p.: 78-79 °C
ESIMS (m/z): 286 [M+H]"
'H NMR (400 MHz, CDCls) &: 3.34 (bt, 2H, J=6.5 Hz), 3.73 (s, 3H), 3.80 (t, 2H, J=6.5 Hz), 4.57
(brs, 2H), 5.39 (brs, 1H), 6.47 (dd, 1H, J=2.5 and 8.0 Hz), 6.54-6.57 (m, 2H), 6.96—7.00 (m, 1H),
7.03-7.06 (m, 2H), 7.13 (dd, 1H, J;=J>=8.0 Hz), 7.24-7.28 (m, 2H)
B3BC NMR (100 MHz, CDCls) 6: 38.2, 51.8, 55.2, 106.1, 106.3, 112.7, 122.2, 122.4, 129.5, 130.0,
147.6, 149.3, 159.2, 160.6.
HRMS (ESI): m/z calculated for Ci16H20N302, [M+H]" 286.1556. Found: 286.1555

1-ethyl-3-(2-((3-methoxyphenyl)(phenyl)amino)ethyl)urea (3b)

A solution of the nitrile 2! (1.0 equiv., 262 mg, 1.1 mmol) in THF (7 mL) and

<o)\ . IM NHj3 in EtOH (1.5 mL) was hydrogenated over Raney Nickel (4 atm of
N/\/N\g’NV H>y) for 6h at 60°C. The catalyst was filtered on a celite pad, the filtrate was

@ concentrated in vacuo, to give the crude oily N’-3-(methoxyphenyl)-N’-

3b phenylethane-1,2-diamine which was used in the next step without any further
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purification. Ethyl isocyanate (1.1 equiv., 1.2 mmol, 0.095 mL) was added to a solution of the above
crude amine in DCM (4 mL) and the resulting mixture was stirred at room temperature for 30 min.
The solvent was removed by distillation under reduced pressure to give a crude residue that was
purified by flash chromatography (silica gel, EtOAc:cyclohexane 1:1 as eluent) to give 3b as a white
solid (87% yield). Crystallization: diethyl ether.

M.p.: 96-97 °C

ESIMS (m/z): 314 [M+H]"

"HNMR (400 MHz, CDCls) 8: 1.06 (t, 3H, J=7.0 Hz), 3.11 (q, 2H, J=7.0 Hz), 3.38 (t, 2H, J=6.5 Hz),
3.73 (s, 3H), 3.82 (t, 2H, J=6.5 Hz), 4.69 (brs, 1H), 4.90 (brs, 1H), 6.48 (dd, 1H, J=2.5 and 8.0 Hz),
6.53-6.55 (m, 1H), 6.59 (dd, 1H, J=2.5 and 8.0 Hz), 6.96—7.00 (m, 1H), 7.05-7.07 (m, 2H), 7.15 (dd,
1H, J;=J>=8.0 Hz), 7.24-7.28 (m, 2H)

13C NMR (100 MHz, CDCls) §: 15.4, 35.3,38.3, 52.0, 55.2, 106.1, 106.2, 112.7, 122.0, 122.2, 129.5,
130.0, 147.6, 149.3, 158.4, 160.6

HRMS (ESI): m/z calculated for Ci1gH24N302, [M+H]" 314.1869. Found: 314.1853

1-(2-((3-methoxyphenyl)(phenyl)amino)ethyl)-3-propylurea (3¢)

~ Compound 3¢ was prepared following the above described procedure for the
@\ HoH synthesis of 3b, using n-propyl isocyanate instead of ethyl isocyanate. White
5 solid (91% yield). Crystallization: diethyl ether:petroleum ether

© M.p.: 6365 °C
ESIMS (m/z): 328 [M+H]"
'H NMR (400 MHz, CDCls) §: 0.79 (t, 3H, J=7.5 Hz), 1.32-1.41 (m, 2H), 2.95 (t, 2H, J=7.0 Hz),
3.31 (t, 2H, J=6.5 Hz), 3.65 (s, 3H), 3.75 (t, 2H, J=6.5 Hz), 4.60 (brs, 1H), 4.71 (brs, 1H), 6.40 (dd,
1H, J=2.5 and 8.0 Hz), 6.45-6.46 (m, 1H), 6.51 (dd, 1H, J=2.5 and 8.0 Hz), 6.88—6.90 (m, 1H), 6.92—
6.99 (m, 2H), 7.06 (dd, 1H, J,=J>=8.0 Hz), 7.16-7.20 (m, 2H)
3C NMR (100 MHz, CDCls) &: 11.3,23.3, 38.4,42.3, 52.1, 55.2, 106.2, 106.3, 112.7, 122.0, 122.2,
129.4, 130.0, 147.6, 149.3, 158.5, 160.6
HRMS (ESI): m/z calculated for C19H26N302, [M+H]" 328.2025. Found: 328.2013

3-(benzyloxy)-N-(3-methoxyphenyl)aniline (1d)

- . A Schlenk flask was charged with 3-methoxyaniline 1b (1 equiv., 123 mg, 1 mmol) and
@\ /@ 1-(benzyloxy)-3-bromobenzene (1.0 equiv., 264 mg, 1 mmol). Dry toluene (10 mL)
N was added, followed by -BuONa (1.5 equiv., 144 mg, 1.5 mmol), Pd>(dba); (0.02
1d equiv., 18 mg, 0.02 mmol) and XantPhos (0.06 equiv., 34 mg, 0.06 mmol). The mixture

was evacuated and purged with argon (3 cycles), then heated to 100°C under argon for 18 h. The
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mixture was cooled to room temperature, quenched by addition of water and then extracted with
EtOAc. The organic phase was dried over NaxSOs, and concentrated under reduced pressure. The
resulting crude product was purified by flash chromatography (silica gel, cyclohexane:EtOAc 8:2 as
eluent) to give 1d as an amorphous solid (88% yield).

ESI MS (m/z): 306 [M+H]"

'H NMR (200 MHz, CDCls) &: 3.78 (s, 3H), 5.05 (s, 2H), 5.73 (brs, 1H), 6.49-6.74 (m, 5H), 7.13—
7.43 (m, 8H)

3-(fluoromethyl)-N-(4-fluorophenyl)aniline (1e)

A Schlenk flask was charged with Pd(OAc) (0.05 equiv., 14 mg, 0.06 mmol), (£)-
/@/ BINAP (0.05 equiv., 41 mg, 0.06 mmol), --BuOK (1.4 equiv., 190 mg, 1.7 mmol), 3-

CHF,

(difluoromethyl)bromobenzene (1.0 equiv., 250 mg, 1.2 mmol) and 4-fluoroaniline
1e (1.0 equiv., 133 mg, 1.2 mmol) under nitrogen atmosphere, followed by the addition
of dry toluene (2 mL). The mixture was stirred at 100 °C for 3 h. Then, the reaction mixture was
cooled at room temperature and quenched with water and then extracted with DCM. The combined
organic phases were dried over Na;SO4 and evaporated under reduced pressure. The crude was
purified by flash chromatography (silica gel, cyclohexane:EtOAc 9:1 as eluent) to give 1e as an oil
(44% yield).

ESI MS (m/z): 238 [M+H]"
"H NMR (200 MHz, CDCls) 8: 5.70 (brs, 1H), 6.58 (t, 1H, J=56.5 Hz), 7.03—7.14 (m, 7H), 7.28-7.36
(m, 1H)

N-(3-methoxyphenyl)thiophen-3-amine (1f)

- An oven dried Schlenk tube containing a magnetic stirrer bar was evacuated and
<Oj\ _. backfilled with argon. Then, the tube was charged with Pd>(dba); (0,02 equiv., 11 mg,
J:/\ 0.012 mmol), 2-dicyclohexylphosphino-2',6’-diisopropoxybiphenyl (0.8 equiv.,
1f RuPhos, 23 mg, 0.05 mmol), and ~-BuONa (1.4 equiv., 82 mg, 0.85 mmol). The tube
was evacuated and purged with argon (x1) and closed with a septa. 3-Bromothiophene (1.0 equiv., 99
mg, 58 uL, 0.61 mmol) and 3-methoxyaniline 1b (1.2 equiv., 91 mg, 83 pL, 0.74 mmol) were added
via syringe followed by toluene (1.25 mL). The tube was sealed under argon atmosphere with a Teflon
screw cap and placed into a pre-hated oil bath (100°C) for 18 h. The reaction mixture was cooled to
room temperature, filtered through a celite pad and washed with EtOAc. The solvent was evaporated
under reduced pressure and the residue was purified by flash chromatography (silica gel,
cyclohexane:EtOAc 9:1 as eluent) to give 1f as an oil (92% yield).

ESI MS (m/2): 206 [M+H]"
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'H NMR (200 MHz, CDCls) &: 3.79 (s, 3H), 5.71 (brs, 1H), 6.44 (dd, 1H, J=2.0 and 8.5 Hz), 6.55—
6.58 (m, 2H), 6.77-6.79 (m 1H), 6.94 (dd, 1H, J=1.5 and 5.0 Hz), 7.16 (dd, 1H, J,=/>=8.5 Hz), 7.25—
7.29 (m,1H)

N-(3-methoxyphenyl)-2-phenylacetamide

A solution of 2-phenylacetyl chloride (1.01 equiv., 0.4 mL, 2.47 mmol) in DCM (3.5
@\ @ mL) was added dropwise to an ice-cooled solution of 3-methoxyaniline 1b (1.0

equiv., 300 mg, 2.44 mmol) and TEA (1.5 equiv., 0.51 mL, 3.66 mmol) in DCM (3.5
mL), and the resulting reaction mixture was stirred at room temperature for 30 min. After dilution
with DCM, the mixture was washed with a saturated aqueous solution of NaHCOj3 followed by brine.
The organic phase was dried over Na;SO4, and concentrated to give a crude residue that was purified
by flash chromatography (silica gel; cyclohexane:EtOAc 8:2 as eluent) to give the final compound as
a white solid (84% yield).

Physicochemical data are in agreement with those previously reported.!?

3-methoxy-/V-phenethylaniline (1g)

Solid LiAlH4 (3.0 equiv., 154 mg, 3.95 mmol) was added portion wise to a stirred

@\ /\/@ ice-cooled solution of N-(3-methoxyphenyl)-2-phenylacetamide (1.0 equiv., 320

mg, 1.33 mmol) in dry THF (15 mL) under nitrogen atmosphere. After the addition,

o the mixture was refluxed for 1 h. The unreacted LiAlH4 was destroyed by careful

addition of water at 0°C, and the resulting mixture was filtered through a celite pad. The filtrate was

concentrated in vacuo, and the residue was partitioned between EtOAc and water. The combined

organic phases were washed with brine, dried over Na>SO4, and concentrated. The crude residue was

purified by flash chromatography (silica gel, cyclohexane:EtOAc 8:2 as eluent) to give 1g as an oil
(70% yield).

Physicochemical data are in agreement with those previously reported. '

4-methoxy-[1,1'-biphenyl]-2-amine (1h)

A solution of 4-methoxy-2-nitro-1,1’-biphenyl'* (1.0 equiv., 530 mg. 2.31 mmol) in

0/ a 1:1 mixture of EtOAc:EtOH (46 mL) was hydrogenated (4 atm H») over 10% Pd/C

1h (43 mg) for 6 h at room temperature. The catalyst was filtered on a celite pad and the

filtrate was concentrated in vacuo, to give the oily amine 1h, which was used without any further
purification (99% yield).

Physicochemical data are in agreement with those previously reported. '
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General procedure for reductive N-alkylation of anilines.'

Under nitrogen atmosphere, TFA (1 mL) and TES (2.5 equiv., 0.4 mL, 2.5 mmol) were added
to a solution of the opportune aniline (1.0 equiv.,, 1.0 mmol) and N-(2,2-
dimethoxyethyl)acetamide (1.4 equiv., 206 mg, 1.4 mmol) in dry DCM (2 mL), and the resulting
mixture was stirred for 2 h at room temperature. The reaction mixture was cooled at 0°C and carefully
neutralized with an aqueous saturated solution of NaHCOj3. The mixture was diluted with DCM and
the aqueous phase was extracted with DCM. The combined organic phases were washed with brine,
and dried over Na>SOs4. The solvent was removed by distillation, and the crude residue was purified

by column chromatography to afford the desired compound.

Methyl 3-((2-acetamidoethyl)(3-methoxyphenyl)amino)benzoate (5)

“ Compound 5 was synthetized according to the above described general procedure
@\ ] using 1¢.!” Flash chromatography: silica gel, EtOAc as eluent.
N/\/Nl'/ 0il, 81% yield.
o ESIMS (m/z): 258 [M+H]'
© 'H NMR (200 MHz, CDCls) 8: 3.80 (s, 3H), 3.91 (s, 3H), 5.83 (brs, 1H), 6.54 (dd,
° 1H, J=2.0 and 8.0 Hz), 6.65-6.71 (m, 2H), 7.21 (dd, 1H, J;=/>=8.0 Hz), 7.26-7.38

(m, 2H), 7.58-7.61 (m, 1H), 7.74-7.75 (m, 1H)

N-(2-((3-(benzyloxy)phenyl)(3-methoxyphenyl)amino)ethyl)acetamide (6)

~o Compound 6 was synthetized according to the above-described general procedure
@\ H starting from 1d. Flash chromatography: silica gel, EtOAc as eluent.

N/\/N\n/

i o Oil, 80% yield.

OBn ESIMS (m/z): 391 [M+H]"
6 'H NMR (400 MHz, CDCls) &: 1.92 (s, 3H), 3.49 (m, 2H), 3.77 (s, 3H), 3.86 (t,

2H, J=6.5 Hz), 5.02 (s, 2H), 5.62 (brs, 1H), 6.60 (dd, 1H, J=2.5 and 8.0 Hz), 6.60-6.63 (m, 2H),
6.65-6.66 (m, 2H), 7.17-7.21 (m, 2H), 7.32-7.41 (m, 6H)

N-(2-((3-(fluoromethyl)phenyl)(4-fluorophenyl)amino)ethyl)acetamide (7)

CHF, Compound 7 was synthetized according to the above-described general procedure

H starting from le. Flash chromatography: silica gel, EtOAc:cyclohexane 7:3 as

0  eluent.
White solid, 77% yield. Crystallization: diethyl ether-petroleum ether
7 M.p.: 7677 °C
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ESIMS (m/z): 323 [M+H]"

'H NMR (400 MHz, CDCls) &: 1.95 (s, 3H), 3.48 (m, 2H), 3.85 (t, 2H, J=6.5 Hz), 5.80 (brs, 1H),
6.54 (t, 1H, J=56.5 Hz), 6.93-6.97 (m, 3H), 7.04-7.14 (m, 4H), 7.25-7.60 (m, 1H)

3C NMR (100 MHz, CDCls) §: 23.1, 37.6, 51.3, 113.4 (t, J=6.2 Hz), 114.8 (t, /=237.2 Hz), 116.4
(t, J/=6.2 Hz), 116.7 (d, J/=22.3 Hz), 118.8 (t, J/=1.8 Hz), 126.7 (d, /=8.2 Hz), 129.7, 135.5 (t, J/=21.8
Hz), 142.8 (d, J=3.0 Hz), 148.7, 159 7 (d, J=43.0 Hz), 170.6

HRMS (ESI): m/z calculated for Ci7HisF3N20, [M+H]" 323.1371. Found: 323.1359

N-(2-((3-methoxyphenyl)(thiophen-3-yl)amino)ethyl)acetamide (8)

N Compound 8 was synthetized according to the above-described general procedure
@\ 9y starting from 1f. Flash chromatography: silica gel, EtOAc as eluent.
N/\/N\ﬂ/ Yellowish solid, 66% yield. Crystallization: diethyl ether:petroleum ether
Q M.p.: 7677 °C
8 ESI MS (m/z): 291 [M+H]"
"H NMR (400 MHz, CDCI3) &: 1.93 (s, 3H), 3.50 (m, 2H), 3.77 (s, 3H), 3.83 (t, 2H, J=6.5 Hz), 5.71
(brs, 1H), 6.47 (dd, 1H, J=2.5 and 8.0 Hz), 6.54—6.56 (m, 1H), 6.59 (dd, 1H, J=2.5 and 8.0 Hz), 6.70—
6.78 (m, 1H), 6.88 (d, 1H. J=5.0 Hz), 7.15 (t, 1H, J;=/J>=8.0 Hz), 7.25 (d, 1H, J=5.0 Hz)
3C NMR (100 MHz, CDCls) §: 23.2,37.8,52.0, 55.2,104.7, 105.8, 110.4, 111.0, 124.1, 125.4, 129.9,
146.4, 149.5, 160.6, 170.4
HRMS (ESI): m/z calculated for CisHi9N202S, [M+H]" 291.1167. Found: 291.1167

N-(2-((3-methoxyphenyl)(phenethyl)amino)ethyl)acetamide (9)

o Compound 9 was synthetized according to the above-described general procedure

@\ H starting from 1g. Flash chromatography: silica gel, EtOAc as eluent.

5 Oil, 36% yield.
E) ESI MS (m/2): 313 [M+H]*
'H NMR (400 MHz, CDCl) §: 1.83 (s, 3H), 2.79 (t, 3H, J=7.5 Hz), 3.23-3.27 (m,
4H), 3.45 (t, 2H, J=7.5 Hz), 3.74 (s, 3H), 5.40 (brs. 1H), 6.21-6.38 (m, 3H), 7.06—
7.25 (m, 6H).
13C NMR (100 MHz, CDCls) &: 23.2, 33.3, 37.5, 50.8, 53.1, 55.2, 99.5, 101.8, 105.9, 126.4, 128.6,
128.9, 130.2, 139.5, 149.2, 161.0, 170.3

HRMS (ESI): m/z calculated for C19H24N202Na, [M+H]" 335.1735. Found: 335.1747
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N-(2-((3-methoxyphenyl)(pyridin-4-yl)amino)ethyl)acetamide (10)

A Schlenk flask was charged with 4-bromopyridine HCI (1.3 equiv., 100 mg, 0.48
@\ H mmol) and N-{2-[(3-methoxyphenyl)amino]ethyl}acetamide 4 (1.0 equiv., 121 mg,
N/\/N\g/ 0.62 mmol).! Dry toluene (5 mL) was added, followed by -BuONa (1.9 equiv., 115
N mg, 1.2 mmol), Pdx(dba); (0,015 equiv., 9 mg, 0.01 mmol) and XantPhos (0.05
equiv., 17 mg, 0.03 mmol). The mixture was evacuated and purged with argon (3
cycles), then heated to 100°C for 16 h under argon. After cooling to room temperature, the mixture
was quenched by addition of water and then extracted with EtOAc. The combined organic phases
were dried over Na>xSO4 and concentrated by distillation under reduced pressure. The crude residue
was purified by filtration on a pad of silica gel (DCM:MeOH 9:1 as eluent) to give 10 as an oil (95%
yield).
ESI MS (m/z): 286 [M+H]"
"H NMR (400 MHz, CDCls) &: 1.90 (s, 3H), 3.45 (m, 2H), 3.78 (s, 3H), 3.84 (t, 2H, J=6.5 Hz), 6.61
(dd, 2H, J=1.5 and 5.0 Hz), 6.71 (brt, 1H), 6.73—6.75 (m, 1H), 6.78 (ddd, 1H, J=1.0, 2.5 and 8.0 Hz),
6.84 (ddd, 1H, J=1.0, 2.5 and 8.0 Hz), 7.33 (t, 1H, J;=/>=8.0 Hz). 8.08 (dd, 2H, J=1.5 and 5.0 Hz)
3C NMR (100 MHz, CDCl3) §: 23.0,37.3, 50.4, 55.4,108.6, 112.5, 113.3, 119.5, 131.0, 145.4, 148.9,
153.9,161.2,171.0
HRMS (ESI): m/z calculated for C16H20N302, [M+H]" 286.1556. Found: 286.1549

N-(2-((3-(hydroxymethyl)phenyl)(3-methoxyphenyl)amino)ethyl)acetamide (11)

o A solution of 5 (1.0 equiv., 150 mg, 0.44 mmol) in dry THF (3 mL) was added
@\ dropwise to a stirred ice-cooled suspension of LiAlH4 (2.0 equiv., 34 mg, 0.88

H

N
N \g/ mmol) in dry THF (3 mL) under a nitrogen atmosphere, and the resulting mixture
@ was stirred at 0°C for 1 h. The unreacted LiAlH4 was destroyed by careful addition

ont of water at 0°C. The resulting mixture was filtered through a celite pad, and the
" filtrate was concentrated in vacuo, and partitioned between EtOAc and water. The
organic phase was washed with brine, dried over Na>xSOs, and concentrated by distillation under
reduced pressure. The crude residue was purified by flash chromatography (silica gel, EtOAc as
eluent) to give 11 as an oil (84% yield).
ESIMS (m/z): 315 [M+H]"
'H NMR (400 MHz, CDCls) &: 1.84 (s, 3H), 3.36 (brs, 1H), 3.40 (m, 2H), 3.72 (s, 3H), 3.80 (t,
1H, J=6.5 Hz), 4.57 (s, 2H), 6.35 (brt, 1H), 6.46 (ddd, 1H, J=1.0, 2.5 and 8.0 Hz), 6.52—6.54 (m, 1H),
6.56 (ddd, 1H, J=1.0, 2.5 and 8.0 Hz), 6.90-6.93 (m, 2H), 7.08-7.09 (m, 1H), 7.12 (t, 1H, J,=J>=8.0
Hz), 7.20 (t, 1H, J;=J>=8.0 Hz)
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13C NMR (100 MHz, CDCls) §: 22.9, 37.7, 50.9, 55.2, 64.8, 106.3, 106.4, 112.8, 120.0, 120.7, 120.9,
129.4, 130.0, 142.7, 147.6, 149.1, 106.6, 171.1
HRMS (ESI): m/z calculated for CisH22N>O3Na, [M+H]" 337.1528. Found: 337.1541

N-(2-((3-hydroxyphenyl)(3-methoxyphenyl)amino)ethyl)acetamide (12)

™o A solution of 6 (1.0 equiv.,, 120 mg, 0.4 mmol), in MeOH (10 mL) was
@\N/\/n\n/ hydrogenated (1 atm Hz) over 10 % Pd/C (0.05 equiv., 20 mg, 0.02 mmol) for 2.5 h
@\ 0 at room temperature. The catalyst was filtered on a celite pad and the filtrate was
OH concentrated in vacuo. The crude residue was purified by flash chromatography
12 (silica gel, EtOAc as eluent) to give 12 as a white solid (80% yield). Crystallization:
diethyl ether.
M.p.: 110 °C
ESIMS (m/z): 301 [M+H]"
"H NMR (400 MHz, CDCI3) &: 1.93 (s, 3H), 3.47 (m, 2H), 3.76 (s, 3H), 3.83 (t, 2H, J=6.5 Hz), 5.76
(brs, 1H), 6.47 (ddd, 1H, J=1.0, 2.5 and 8.0 Hz), 6.52 (ddd, 1H, J=1.0, 2.5 and 8.0 Hz), 6.55 (ddd,
1H, J=1.0, 2.5 and 8.0 Hz), 6.59 (dd, 1H, J;=/>=2.5 Hz), 6.61 (dd, 1H, J;=/>=2.5 Hz), 6.65 (ddd,
1H, J=1.0, 2.5 and 8.0 Hz), 7.09 (dd, 1H, J;=/>=8.0 Hz), 7.18 (dd, 1H, J;=/>=8.0 Hz)
3CNMR (100 MHz, CDCl3) é: 23.1, 38.0, 51.0, 55.3, 107.3, 107.5, 107.8, 108.7, 112.5, 114.3, 130.1,
130.2, 148.8, 149.0, 157.3, 160.7, 171.0

HRMS (ESI): m/z calculated for C17H21N203, [M+H]" 301.1552. Found: 301.1563

N-(2-((4-methoxy-[1,1'-biphenyl]-2-yl)amino)ethyl)acetamide (13)

~ Compound 13 was synthetized according to the reductive N-alkylation general

O N procedure starting from 1h. Flash chromatography: silica gel, EtOAc as eluent.
N \g/ Amorphous solid, 65 % yield.

O ESI MS (m/z): 285 [M+H]"

'HNMR (200 MHz, CDCls) 8: 1.93 (s.3H), 3.23-3.29 (m, 2H), 3.37-3.46 (m, 2H), 3.84 (s, 3H), 4.20

(brs, 1H), 5.65 (brs, 1H), 6.34-6.36 (m, 1H), 6.36 (dd, 1H, J=2.5 and 8.0 Hz), 7.03 (d, 1H, J=8.0 Hz),
7.31-7.49 (m, 5H)
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N-(2-((2-bromo-5-methoxyphenyl)amino)ethyl)acetamide (14)

o Compound 14 was synthetized according to reductive N-alkylation general
©\N/\/H procedure starting from 1i. Flash chromatography: silica gel, EtOAc as eluent.
Br " 0 Amorphous solid, 70% yield.
14 ESIMS (m/z): 287 [M+H]"
'H NMR (200 MHz, CDCl3) &: 2.02 (s, 3H), 3.29-3.35 (m, 2H), 3.48-3.57 (m, 2H), 3.78 (s, 3H),
4.58 (brs, 1H), 5.84 (brs. 1H), 6.18 (dd, 1H, J=3.0 and 9.0 Hz), 6.26 (d, 1H, J=3.0 Hz), 7.30 (d,
1H, J=9.0 Hz)

N-(2-((4-methoxy-[1,1'-biphenyl]-2-yl)(methyl)amino)ethyl)acetamide (15)

~ A suspension of 13 (1.0 equiv., 284 mg, 1 mmol), NaHCOs3 (1.0 equiv., 84 mg, 1

O X mmol) and methyl iodide (6.5 equiv., 0.4 mL, 6.5 mmol) in dry MeOH (11 mL) was
T/\/ \g/ stirred at 50 °C for 24 h. Then, the mixture was concentrated and poured into water,

O extracted with EtOAc, and the combined organic phases were washed with brine,

dried over Na;SO4 and concentrated under reduced pressure. The residue was

purified by flash chromatography (silica gel, DCM:EtOAc 8:2 as eluent) to give 15 as an oil (74 %

yield)

ESI MS (m/z): 299 [M+H]"

'H NMR (400 MHz, CDCl;) &: 1.65 (s, 3H), 2.54 (s, 3H), 2.71 (t, 2H, J=6.5 Hz), 3.04 (m, 2H), 3.75

(s, 3H), 5.16 (brs, 1H), 6.61 (dd, 1H, J=2.5 and 8.5 Hz), 6.70 (d, 1H, J=2.5 Hz), 7.09 (d, 1H, J=8.5

Hz), 7.20-7.25 (m, 1H), 7.30-7.36 (m, 4H)

3C NMR (100 MHz, CDCls) 8: 23.1, 36.9, 40.8, 55.3, 55.5, 107.6, 108.5, 126.6, 128.3, 129.5, 130.1,

132.0, 141.1, 151.9, 159.9, 170.1

HRMS (ESI): m/z calculated for Ci1sH23N202, [M+H]"299.1760. Found: 299.1751

N-(2-((2-bromo-5-methoxyphenyl)(methyl)amino)ethyl)acetamide (16)

~o Sodium cyanoborohydride (2.4 equiv., 100 mg, 1.20 mmol) and a 37 % HCHO
N aqueous solution (0.5 mL) were added to a solution of 14 (1.0 equiv., 143 mg, 0.5
NN
or | ©  mmol), in MeOH (5 mL) and AcOH (to pH=5), and the resulting mixture was stirred
16

at room temperature for 1 h. After distillation of the solvent, the residue was
partitioned in water and EtOAc. The combined organic phase was dried over Na>SO4 and
concentrated by distillation under reduced pressure to afford a crude residue which was purified by
flash chromatography (silica gel, cyclohexane:EtOAc 6:4 as eluent) to give 16 as white solid (78%
yield). Crystallization: diethyl ether-petroleum ether.
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M.p.: 94-96 °C

ESIMS (m/z): 301 [M+H]"

H NMR (400 MHz, CDCl3) o: 1.97 (s, 3H), 2.70 (s, 3H), 3.09 (t, 2H, J=6.0 Hz), 3.39 (m, 2H), 3.78
(s, 3H), 6.30 (brs. 1H), 6.56 (dd, 1H, J=3.0 and 9.0 Hz), 6.72 (d, 1H, J=3.0 Hz), 7.45 (d, 1H, J=9.0
Hz)

3C NMR (100 MHz, CDCl3) §: 23.3, 36.8, 41.7, 54.2, 55.5, 109.8, 110.6, 111.7, 133.8, 151.3, 160.0,
170.2

HRMS (ESI): m/z calculated for C12HisBrN2O2, [M+H]" 301.0552. Found: 301.0552

4.4.3  Pharmacokinetics studies

Metabolic stability assays in rat and human liver microsomes

Stock solutions of melatonin receptor ligands were prepared in DMSO immediately before
use; cosolvent concentration in final samples was kept constant at 1 % v/v. Each compound (final
concentration: 5 uM) was incubated in the presence of rat or human liver microsomes (final
concentration: 1 mg protein/mL) and of a NADPH-regenerating system (final concentrations: 2 mM
NADP*, 10 mM glucose-6-phosphate, 0.4 UmL™! glucose-6-phosphate dehydrogenase, 5 mM
MgCl,) in a 10 mM Phosphate Buffered Saline (PBS) solution, pH 7.4, at 37 °C. Compound was
added after a 10 min pre-incubation at 37 °C and. at stated time points, depending on compound
kinetics, sample aliquots were withdrawn, metabolic reaction was quenched by acetonitrile addition
(1:2), and after a centrifugation step (9000 g, 10 min, 4 °C) the supernatant was analyzed by HPLC-
UV-VIS.

Apparent half-lives (ti2 in min) for the metabolic clearance of compounds were calculated
from the pseudo first-order rate constants (k) obtained by linear regression of the log chromatographic
peak area versus time plots and are reported as means of three experiments + standard deviation.
Intrinsic clearance (CL1) values of the compounds were calculated using the following equation: CL1

Ixmg protein ')=kxV where V (uLxmg protein”')=incubation volume/mg protein added.

(uLxmin™

Pooled rat and human liver microsomes (20 mg/mL) were supplied by BD Biosciences (BD
Biosciences, Woburn, MA, USA). Acetonitrile and methanol were HPLC grade and were supplied by
Sigma-Aldrich (Sigma-Aldrich srl, Milan, Italy). Water was freshly bidistilled before use. All other

reagents were purchased in the highest purity available.

Experimental lipophilicity

Distribution coefficients (log Doct, 7.4) were determined employing the reference shake-flask

method'® n the biphasic n-octanol/water partition system, at room temperature (25+1 °C) and at
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physiological pH 7.4. Chosen buffer was 50 mM zwitterionic MOPS (3-morpholinopropanesulfonic
acid), pH 7.4 to avoid ionic couple partitioning, with ionic strength adjusted to 0.15 M by KCl
addition. Compounds, after partitioning overnight, and dilution of both phases with methanol, were
dosed in the HPLC-UV system, as detailed below. Reported log Doct,7.4 values are the mean of three

measurements + standard deviation.

Solubility measurements

Thermodynamic solubility values were measured in two different buffers (pH 1.0; pH 7.4) by
the shake flask method.!” 1 mg of each compound was placed in 1 mL of appropriate buffer and
shaken at room temperature overnight. The resulting suspension was centrifuged (10 min, 10000 g,
20°C) and the supernatant analyzed by HPLC-UV. Solubility values were interpolated from
calibration curves prepared from concentrated DMSO stock solutions of each compound. Reported

solubility values are the mean of three measurements + standard deviation.

Sample analysis by HPLC-UV

A Shimadzu High Performance Liquid Chromatography (HPLC) system coupled to UV-VIS
detection (Shimadzu Corp., Kyoto, Japan) was employed to analyze melatonin receptor ligands in
metabolic stability and physicochemical characterization assays. It consisted of a LC-10ADvp solvent
delivery module, a 20 pL. Rheodyne sample injector (Rheodyne LLC, Rohnert Park, CA, USA) and
a SPD-10Avp UV-VIS detector. PeakSimple 2.83 software was employed for data acquisition and
HPLC peak integration. HPLC columns were a RP-C18 Supelco Discovery (Supelco, Bellefonte, PA,
USA), 5 pm, 150x4.6 mm i.d. for all compounds except 10, and a Phenomenex Gemini, 5 pm,
150%4.6 mm i.d. for compound 10 (Phenomenex). Elution conditions were optimized for each
compound at a flow rate of 1 mL min~1 employing mobile phases consisting of water and acetonitrile
at different percentages, while UV detection was set at A = 254 nm. For compound 10, the mobile
phase consisted of a 10 mM ammonium acetate buffer pH 7.0 and methanol and the UV detection

was set at A =281 nm.

In vivo pharmacokinetic studies

The in vivo pharmacokinetic experiments were conducted at NiKem Research (Baranzate —
Milan — Italy). PK studies were performed using Sprague-Dawley CD (albino) male rats (7-9 weeks-
old, weight 160-200 grams, Charles River Lab. Italia, Calco). Animals were housed under standard
conditions and had free access to water and standard laboratory rodent diet. Care and husbandry of
animals were in conformity with the institutional guidelines, in compliance with national and

international laws and policies (EEC Council Directive 86/609, OJL 358 m, 1, Dec. 122, 1987; NIH
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Guide for the care and Use of Laboratory Animals, NIH Publication No. 86-23, 1985). The
compounds were dissolved in water containing 3 % DMSO and 20 % Encapsin (and a stechiometric
amount of HCI for 11) at a concentration of 2.5 mgmL™! for the IV (bolus) dose, or in water
containing 5% DMSO and 10% encapsin (and a stechiometric amount of HCIl for 11) at a
concentration of 4 mgmL ™! for PO (gavage) dose. Rats were randomly assigned to four treatment
groups (n=3) and received a single IV bolus dose (5 mgkg™!) or a single oral administration (40
mg kg™ ) through oral gavage of compound 11 or 16. Serial blood samples (200 mL) were collected
from caudal vein at 5, 30, 60, 120, 480 and 1440 min after IV injection, or at 15, 30, 60, 120, 480 and
1440 min after PO administration. Blood samples were collected in heparinized eppendorfs (Heparin
Vister 5000 U.I./mL_Marvecs Pharma), gently mixed and placed on ice; then blood was centrifuged
(3500xg, at 4°C for 15 min), the plasma was collected and immediately frozen at —80 °C until
submission to UPLC/MS/MS analysis. For the sample preparation, 100 pL of plasma spiked with 5
uL of internal standard (1.S.; 16 for compound 11 and 11 for compound 16; 2.5 pg mL™!;) were added
to a SW96 deep well plate (Waters) containing 300 pL of acetonitrile. The plate was shaken for 10
min and then centrifuged at 3000 rpm for 15 min. UPLC/MS/MS analyses were performed on an
Acquity UPLC, coupled with a sample organizer and interfaced with a triple quadrupole Premiere
XE (Waters, Milford, USA). LC runs (inj. vol. 5 uL) were carried out at 50 °C on Acquity BEH
Cis columns (1.7 pm, 2.1x50 mm) at a flow rate of 0.45 mL min~'. Mobile phases consisted of a
phase A (water) and a phase B (0.1 % formic acid in acetonitrile). The column was conditioned with
2 % phase B for 0.2 min, then brought to 100 % phase B within 0.6 min and maintained at these
conditions for 1.1 min. Analyses were carried out using a positive electrospray ionization [ESI(+)]
interface in multiple reaction monitoring (MRM) mode. Capillary 3.5 Kv; extractor 3 V; source T
140°C, desolvation T 450°C. Transitions: for compound 11 Q1/Q3 315.2/86, CV 14,
CE16+315.2/238 CV 14, CE19; for 1.S. (compound 16): 301.1/86 CV 14 CE16; LLOQ: 1 ng ml".
Transitions: for compound 16 Q1/Q3: 301.1/86CV 14 CE16; for 1.S. (compound 11) 315.2/238CV
14, CE19; LLOQ: 1ngmL™!. Pharmacokinetic analysis was performed by non-compartmental
analysis (NCA) using the WinNonlin 5.1 software (Pharsight, Mountain View, CA, USA. Absolute
oral  bioavailability (F) was calculated by linear trapezoidal rule using the

relationship: F=[doserv<AUCoral 0-0/d0S€ora X AUC1V 0-0]X100.
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Chapter 5. Design, synthesis and characterization of new dual-acting

compounds: MLT agonists and MAGL inhibitors

5.1 Introduction

The pharmacological treatment of complex diseases, such as metabolic syndrome, psychiatric
or degenerative CNS disorders, and cancer requires the modulation of the different biological targets
implicated in the pathology, in order to generate sufficient therapeutic efficacy. Therefore, these
diseases could be treated more successfully with multiple target drugs. Well-designed and optimally
balanced multitarget drugs, in addition to potentially increase therapeutic efficacy through synergies,
offer a variety of advantages. In particular, multiple ligands may replace a series of drugs in
combination therapy, with a subsequent decrease in treatment complexity, drug side effects,
pharmacokinetic complexity, drug—drug interactions, and patients’ adherence. Furthermore, the
clinical development of a single multitarget drug is in general more economic, requiring fewer clinical
trials than combination of multiple specific drugs. Two interesting and appealing systems to take into
consideration for the design of multitarget compounds are the endocannabinoid and melatonergic
systems since several studies highlight that their modulation can be helpful in the treatment of
multifactorial diseases, particularly those in which neuroinflammation plays a central role.! In the
mammalian brain 2-AG is the most abundant endocannabinoid and MAGL, catalyzing the
transformation of 2-AG to arachidonic acid, has a central role in controlling levels of both 2-AG and
the proinflammatory eicosanoid precursor arachidonic acid’, which can be further converted to
proinflammatory eicosanoids. Therefore, this dual role in controlling neuroinflammation through
central 2-AG and arachidonic acid regulation supports wide ranging therapeutic potential for MAGL
inhibitors. Indeed, hypofunctionality or deregulation of the endocannabinoid system (with changes in
endocannabinoid AEA and 2-AG levels and CB receptors) are some common features in
neurodegenerative diseases.’

In line with this consideration, the inhibition of FAAH and MAGL, the two major
endocannabinoid hydrolyzing enzymes, has demonstrated to be an effective strategy in different
preclinical models of these diseases, due to their anti-inflammatory, antioxidant, and neuroprotective

effects, with lesser potential to cause side effects than the use of exogenous cannabinoid agonists.

"In contrast to the periphery, where arachidonic acid is primarily derived from phospholipids via cytosolic
phospholipase A2, in the brain MAGL serves as the primary regulator of arachidonic acid, controlling >85%
of 2-AG metabolism. (Blankman JL, Simon GM, Cravatt BF. A comprehensive profile of brain enzymes that
hydrolyze the endocannabinoid 2-arachidonoylglycerol. Chem Biol. 2007, 14(12), 1347-56)
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Indications emerging from recent literature suggest that also the activation of MT; and MT»
melatonin receptors by MLT and synthetic analogues exerts protection from oxidative stress, pointing
to the melatonergic system as a key player in the context of redox homeostasis and neuroprotection.>*

Over the years, academic and industrial efforts have been strongly focused on the development
of selective MAGL inhibitors or MLT receptor agonists, with potential therapeutic application in
several CNS diseases. However, the inhibition of the endocannabinoid hydrolyzing enzymes and
simultaneous activation of MLT receptors also appears as a promising therapeutic strategy. Despite
the above considerations and the potential benefits, the polypharmacological approach concerning
the development of dual-targeting agents, combining MAGL inhibition with the activation of MLT
receptors remains not explored.

However, a relevant example of dual-agent URB1341 (Figure 27), targeting simultaneously
MLT receptors and the endocannabinoid hydrolyzing enzyme FAAH, was recently reported. This
multitarget compound was obtained by combining pharmacophoric elements of both the FAAH

inhibitor URB597 and 2-Br-MLT through an appropriate alkyl chain.
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Figure 27 Dual-acting compound UCM1341: MLT agonist and FAAH inhibitor.

UCM1341, having potent (nanomolar) and balanced FAAH inhibitory action and agonistic
activity on MT1/MT:2 melatonin receptors, was able to reduce intraocular pressure in a rabbit model,
leading to benefits in the glaucoma treatment.’ Interestingly, the same bivalent ligand UCM1341
showed protective effect against inflammation-induced neurodegeneration in ex vivo cultures of rat
hippocampal explants.® These studies provided evidence that the melatonergic and endocannabinoid
systems cooperate to promote neuroprotection against the neuroinflammatory damage, and stimulated
further investigations. Looking for novel options to provide neuroprotection, we investigated the
possibility to develop dual-targeting agents, combining MAGL inhibition with the activation of MLT
receptors. Combination of the two mechanisms is expected to provide a better control of the
imbalance in pro-oxidant vs. antioxidant homeostasis and improve recovery from oxidative-stress
related cellular damage.

The most advanced classes of covalent MAGL inhibitors are tertiary ureas and carbamates.
The common structural features to achieve both high potency towards MAGL and selectivity over
other possible off-target serine hydrolases are a reactive warhead able to carbamoylate the nucleophile

residue (Ser122), linked to a Y-shaped lipophilic recognition portion, needed to properly fit the
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hydrophobic lid domain of MAGL (normally accommodating the long aliphatic chain of the natural
substrate 2-AG) (Figure 28).
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Figure 28 Examples of MAGL inhibitors and typical pharmacophoric points.

In order to facilitate inhibitory acyl transfer with Ser122, carbamates generally contain an
alcoholic subunit with a relatively low pKa, such as 4-nitrophenol and hexafluoroisopropyl alcohol
(HFIP), to serve as a suitable leaving group, while urea derivatives have generally an N-heterocycle
(triazole, tetrazole) as leaving group.

Current knowledge about SARs and the X-ray structures of MGL with Ser122 carbamoylated
by inhibitors with different scaffolds” and of MT; and MT, melatonin receptors in complex with
agonist compounds® has been applied to design new dual MLT agonists-MGL inhibitors. The Y-
shaped structure of the recognition portion offers the possibility to include the pharmacophoric
elements (namely an alkoxy group and an amide side chain attached to an aromatic ring) required for
interaction with melatonin receptors in one branch.

Therefore, we designed different series of putative dual-acting compounds, with suitable
physicochemical properties, by merging in the same structure the pharmacophore elements required
to activate MLT receptors and to carbamoylate the active Ser122 of MAGL (Figure 29).
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Figure 29 Design of dual-acting compounds by combining relevant structural features of melatonergic ligands and
MAGL inhibitors.
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5.2 Results and discussion

5.2.1  Design and pharmacological evaluations of the new dual-acting compounds

The first synthesized series of potential dual-acting agents includes compounds obtained by
combining, through an azetidine ring, the N-anilinoethylamido characteristic moiety of potent MLT

ligands with a reactive urea or carbamate warhead having different leaving groups (Figure 30).

Methoxy group or bioisoster: -
Confers high binding affinity to MLT receptors

and interaction with MAGL ©\ L
N/\/N\[(
N

LG: leaving group: for the inhibition of MAGL

x Aoy A A A i

N-anilinoethylamido scaffold
for MLT receptors recognition

N=y

Figure 30 General structure of dual-acting MLT receptors agonists and MGL inhibitors combining the pharmacophore
elements of the two targets.

The new hybrid compounds (UCM1484-1487) were evaluated for their binding affinity and
intrinsic activity at human MT; and MT> receptors (stably transfected in Chinese hamster ovary cells
using 2-['*I]iodomelatonin as radioligand) and for their inhibitory potency toward MAGL in vitro
(Table 9). Pharmacological results indicated the carbamate compound (UCMI1485) as more
promising than urea derivatives (UCM1484, UCM1486 and UCM1487).

UCM1484-1487

Table 9 Inhibitory activity on human MAGL and affinity at human MT; and MT, melatonin receptors of N-
anilinoethylamido derivatives.

. hMAGL MT MT
compounds Leaving Group (LG) ICso (NM) Ki (nl\l/I) Ki (nli/[)
JIKK-048 0.15+0.01

UCM1484 | 7a £ f}'ﬂ:\}f 2480+168 7647+465 1435+122
A
UCM1485  9a i 275%17 18.2+1.3 26.4+2.1
CFs” “CFy
UCM1486 @ 8a fk“{::p >10000 1641+135 1753+148
/A
UCM1487 | 10 NN 03142+ 8143 1836+ 158 3510+ 287
M=y
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Although all the new compound displayed sub-optimal dual-acting activity, UCM1485,
structurally characterized by the presence of the N-anilinoethylamide scaffold combined with an
hexafluoroisopropanol-carbamate, demonstrated that it is possible to fuse the structural elements
required for MAGL inhibition and for MLT receptor binding and activation in the same molecule.
However, activity of UCM1485 at the two targets (#MT1 K; = 18.2 nM, AMT: K; =26.4 nM, iIMAGL
ICso = 275 nM), appeared rather unbalanced as MAGL inhibitory potency is about 15 times lower
than binding affinity at MLT receptors.

UCM1485 docked into MAGL substrate binding site provided two possible accommodation,
where the ethylamido side chain and the methoxy group can exchange their positions, highlighting

different solutions for its putative optimization (Figure 31).
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Figure 31 Tiwo possible docking poses for UCM1485 into MAGL substrate binding site.

With the aim of especially improving MAGL inhibition potency, structural variants were
introduced, while conserving the hexafluoroisopropyl carbamate moiety.

Conformational restriction of the flexible alkylamide chain of the N-anilinoethylamide ligands
gave the corresponding tetrahydroquinoline derivatives UCM1488-UCM1490 that showed improved
potency on MAGL (i.e. UCM1488 vs UCM1485), but at the same time an unexpected significant
reduction in binding affinity at MT; and MT> receptors was observed (7able 10). Also in this series
the most potent compound was the one having the hexafluoroisopropanol-carbamate warhead. The
observed lower affinity for MLT receptors could depend on the reduced flexibility of the
tetrahydroquinoline scaffold and/or greater difficulty in accessing to the binding site.

In an attempt to favor interactions at the MLT receptors, we replaced the N-anilinoethylamide
scaffold with the N-indolylethylamide one of MLT, and contemporary the azetidine-linked-
carbamate warhead was introduced at the C-2 indole position, (UCM1503, Table 10), consistent with
SAR for MLT indole derivatives; unfortunately, also this bioisosteric replacement did not allowed to
increase MLT receptor binding affinity (AMT Ki = 718 nM, AMT: K; =305 nM, AIMAGL ICso = 354
nM).
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Table 10 Inhibitory activity on human MAGL and affinity at human MT; and MT> melatonin receptors of the
tetrahydroquinoline and N-indolylethylamide derivatives.

. hMAGL MT: MT:
compounds Leaving group (LG) ICso (nM) Ki (nM) Ki (nM)
JIKK-048 0.15+0.01

UCM1485  9a 27517 18.2+1.3 26.4+2.1
A
UCM1488 @ 9i O\ 169+ 11 3187+249 29564233
CF CI
UCM1489 @ 8i ’A’“{::; >10000 >10000 4697+ 392
UCM1490  7i ™0 705£52 >10000 72659
UCM1503 | 51 354424 718+392 305+25

Unfortunately, all the above-mentioned attempts at bioisosteric replacement of the N-
anilinoethylamide scaffold did not give the desired results, with compound UCM148S remaining the
most promising structure for lead optimization. The structural modifications introduced in subsequent
series were aimed at improve the accommodation of the new compounds on both targets, and their
design has been assisted by molecular modelling simulations.

More lipophilic compounds were obtained through replacement of the acetylamino group
of UCM1485 with a propionylamino one (UCM1493), addition of a chlorine atom into the anisole
moiety (UCM1499), or bioisosteric replacement of the methoxy group with a more lipophilic
bromine atom (UCM1497). The dioxolane derivatives UCM1498°, deriving from the cyclization of
the methoxy group of UCM148S on the aniline para position, mimics structural elements already
reported both in potent melatonergic ligands and MAGL inhibitors. Alkylamido sidechain
lengthening from two to three methylenes (UCM1494) is another modification already used on the
anilinoethylamides series while retaining a good MLT receptor affinity.

Other structural modifications were made in the linker, used to merge the anilinoethylamido
scaffold and the carbamate portion, including the introduction of a methylene spacer (UCM1501), or
the replacement of the heterocyclic azetidine with a pyrrolidine (UCM1495), or a piperidine
(UCM1496).
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A representation of the docking solutions obtained for compound UCM1501 with both targets
is provided in the MT> binding site, the ethylamine chain can interact with GIn194 and Asn175, while
the O-hexafluoroisopropyl carbamate moiety occupies the region corresponding to the C> position of
melatonin (Figure 32A4). On the other hand, the carbamate portion occupies the MAGL catalytic site,
and its carbonyl group is hydrogen-bonded to the NH of Met123 and Ala51 in the oxyanion hole,
close to the catalytic serine Ser122, while the anilinoethylamide portion occupies the region opening

to the membrane (Figure 32B).
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Figure 32 A) docking of compound UCM1501 (in green) and the 2-Ph-melatonin (in yellow) with the MT?2 receptor. B):
docking of compound UCM1501 in the binding site of MAGL.

In the bioisostere indane derivative UCM1500 a piperazinyl linker were introduced to
reproduce the previously reported scaffold used for piperazinyl-urea melatonergic agonists'®, and its

docking pose in the MAGL binding pocket revealed several key interactions (Figure 33).
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Figure 33 Docking pose of compound UCM1500.

Pharmacological results of the new synthesized putative dual-acting compounds UCM1493-

UCM1502 for both considered target are reported Table 11.
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Table 11 Inhibitory activity on human MAGL and affinity at human MT; and MT> melatonin receptors of the second series.

hMAGL MT1 MT:2
ICso (hM) | Ki (nM) | Ki (nM)

UCM1485 | 9a | n=1 R1=OMe Ro=H R3;=Me 275+17 18.2+1.3 26.4£2.1

compounds Substitutions

5639+ 1339+

UCM1493 | 9b | n=1 Ri=OMe R>=H @ Rs=Pr  220+17 388 104

UCMI1494 9d n=2  R;=OMe  Ro=H Rs=Me 44633  >10000 9;‘5“6&
4398+

UCM1497 | 9% | n=1 R,=Br R=H Re-Me 1261482 >10000 %
UCM1498  9c  n=1  R=R=-OCH,O-  Rs=Me 377425  >10000  >10000
UCM1499  9f  n=1  Ri=OMe  Ro=Cl Rs;=Me 1311493 >10000 48;2*
UCMI1502 9h  n=1 R,=O(CH:;);Ph R:=H Rs=Me 1294186 2015 = 6850+

392 469
UCM1495 | 37a m=1 321422 >10000  >10000
UCM1496 = 37b m=2 76953: ~10000  >10000
UCMI1500 40 8946  >10000 633?
7740+ | 5580+

UCM1501 | 17 443 s e

Introduction of a methylene unit between the aniline nitrogen and the azetidine (UCM1501)
or replacement of the azetidine heterocycle with a piperidine (UCM1496) or a piperazine
(UCM1500) moiety led to compounds with remarkable MAGL inhibitory potency. Structural variants
on the ethylamido side chain (UCM1493-UCM1494), as well as the replacement of the azetidine
with a pyrrolidine heterocycle (UCM1495) had minimal effect on the ability to inhibit the enzyme.
On the contrary, substitution of the methoxy group with a bromine atom (UCM1497) or with a longer
phenoxyalkyl chain (UCM1502), as well as insertion of a chlorine in the orfo-position of anisole

(UCM1499) significantly impacted on the ability to inhibit enzyme activity.
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Unfortunately, all the above illustrated structural modification played a strong detrimental role
for MLT agonist activity, highlighting a lower steric tolerance of the MLT binding site (or of the
lateral entry channel) compared to that of the enzyme.

One of the few compounds retaining a residual receptor binding affinity (micromolar range)
was UCM1501, which was subsequently structurally modified in order to reduce its steric demand
and possibly to favor additional interactions with the MLT receptor binding pocket. For example the
high lipophilic hexafluoroisopropyl alcoholic subunit of the carbamate portion has been replaced by
2,2, 2-trifluoroethyl alcohol (UCMI1530) or (R)-3,3,3-trifluoropropane-1,2-diol (UCM1529).
Docking simulation of this latter compounds in the MT> receptor binding site revealed additional key
interactions between the terminal hydroxymethane group and the Tyr’* in the binding pocket (Figure
34). A narrow sized compound was obtained by replacement of the anisole moiety of UCM1501 with
the smaller pyrazole ring (UCM1531), whose nitrogen atom, similarly to what occurs with the

methoxy of MLT, can undertake a hydrogen bond with the Asn175%%° of the M T binding site.
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Figure 34 Docking pose of 1,1, 1-trifluoromethyl-3-hydroxypropan carbamate derivative UCM1529 (light blue) and the
2-Ph-MLT (yellow) with the MT>receptor. The possible hydrogen bond between the CH>OH and the Tyr94 is
highlighted in red.

It has been recently reported the discovery of an interesting peripherally restricted reversible
MAGL inhibitor!!, structurally characterized by the presence of an a-CF»-ketone that may function
as a warhead. This result stimulated us to take into consideration functional groups different from
those normally present in MAGL inhibitors and melatoninergic agonists. In this scenario, we
synthesized the trifluoro-ketone derivative UCM1491 and the small-size compound (UCM1533) in
which the carbamic portion could mimic the typical side chain amido moiety of MLT. In Figure 35
is illustrated a docking pose of UCM1533 in the MT> receptor, in which are highlighted key

interactions of the carbamate moiety or the amido side chain of 2-PhMLT.
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Figure 35 Docking pose of compound UCM1533 (orange) and 2-Ph-MLT (yellow) in the MT, receptor.

As shown in Table 12, compound UCM1533 showed interesting MAGL inhibitory potency,

but was unable to activate MLT receptors, as well as all the other putative dual agents tested.
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X & e A 7y

UCM1491 UCM1501 UCM1531 UCM1532 UCM1533
UCM1529-1530

o

Table 12 Inhibitory activity on human MAGL and affinity at human MT; and MT> melatonin receptors of the third
series.

compounds Leaving Group (LG) Igr:\?\;l-) K}V([:;/I) K?/(I:;/[)
UCMI1501 | 17 c./f 2 443 77404392 | 5582+ 408
UCM1491 | 54 43432:3287  >10000 >10000
UCMI1529 | 19 Xy o 16849 >10000 3948+ 218
UCMI1530 | 15 focr, 7435+ 521 143891 307+18
UCMI531 | 28 1408 >10000 >10000
UCMI1532 | 9 4392+ 287 735+54 356421
UCMI1533 | 32 9.79+0.68 >10000 >10000

Finally, the potency of UCM1485, which showed a balance activity between the two targets,
has been evaluated in a cAMP assay for MT; and MT: receptors. The compound exhibited full agonist
behavior for both receptors, with a ICso (nM) value of 39 &+ 5 for MT; and 67 £ 5 for MTb.

87



5.2.2  Chemistry

The synthesis of the key intermediates for the preparation of the N-anilinoethylamide and the

tetrahydroquinolin-2-methanamido derivatives is reported in Scheme 9.
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Scheme 9 General procedure for preparing the crucial intermediates for synthesizing N-anilinoethylamide and the
tetrahydroquinolin-2-methanamido derivatives.

Briefly, the (anilinoalkyl)amido intermediates 4a-f were prepared by reductive N-alkylation
of the suitable commercially available anilines 1a, 1¢, le, and 1f, with the opportune N-(2,2-
dimethoxyalkyl)amide in the presence of triethylsilane and trifluoroacetic acid.'? On the contrary, the
tetrahydroquinoline intermediates 4i and 4j were prepared from the appropriate quinoline 3i and 3j,
following a reported procedures'>. The subsequent treatment of 4a-f and 4i-j with N-
benzydrylazetidin-3-yl methanesulfonate'®, followed by removal of the N-benzhydryl protecting
group (H2 5 atm over Pd/C for 5a-d and Si-j, or 1-chloroethyl chloroformate for Se-f) gave the crucial
corresponding azetidine derivatives 6a-f and 6i-j. The derivative 6h can be easily obtained by ether
cleavage of the methoxy derivatives Sa using boron tribromide, followed by O-alkylation of the
intermediate phenol 5g with 1-bromo-4-phenylbutane in the presence of K2COs3, and final removal of
the N-benzydryl group by catalytic hydrogenation. The functionalization of the azetidine derivatives
6a-f and 6h-j is illustrated in Scheme 10.
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Scheme 10 Synthesis of the final N-anilinoethylamide derivatives 7a, 8a, 9a-f, 9h and 10. Synthesis of the final
tetrahydroquinolin-2-methanamido derivatives 7i, 8i, 9i, 9h and 9j. *The addition of TEA is required for the
preparation of 8e and 8f.

The triazole- and benzotriazole-carboxamido derivatives 7a and 10 were synthesized in good
yields by the coupling reaction of the azetidine 6a with 1,1'-carbonyl-di(1,2,4-triazole) or bis(1H-
benzo[d][1,2,3]triazol-1-yl)methanone, respectively, in the presence of N-methylmorpholine.'® The
coupling between tetrahydroquinoline derivative 6i with 1,1'-carbonyl-di(1,2,4-triazole) afforded the
desired compound 7i. The treatment of the azetidine 6a with a combination of hexafluoro-2-propanol
(HFIP) and CDI in THF afforded the imidazole derivative 8a and O-hexafluoroisopropyl carbamate
9a. The same reaction with 6i gave similarly the imidazole derivative 8i and O-hexafluoroisopropyl
carbamate 9i.'° In order to obtain selectively and in higher yields the desired O-hexafluoroisopropyl
carbamates, first the azetidine derivatives 6b-f, 6h, and 6j were converted by treatment with CDI into

the corresponding imidazole carboxamido derivatives 8b-f, 8h, and 8j, which after methylation to
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carbamoylimidazolium salts and treatment with HFIP provided the desired O-hexafluoroisopropyl

carbamates 9b-f, 9h and 9j.
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Scheme 11 Synthesis of the N-methylazetidine derivatives 15, 17, and 19

As illustrated in Scheme 11, the synthesis of the N-methylazetidine derivatives 15, 17, and 19
starts with the N-alkylation of the m-anisidine 1a with commercially available N-Boc-
(bromomethyl)azetidine and subsequent N-alkylation with bromoacetonitrile (12). Reduction and
acetylation of the nitrile 12 and final Boc-deprotection with TFA afforded the crucial azetidine salt
14, which can undergo to the following steps without any further purification. The carbamate moieties
were introduced on 14, in the presence of TEA, by the reaction with compounds 2,5-dioxopyrrolidin-
I-yl (2,2,2-trifluoroethyl) carbonate 20 and (R)-2,5-dioxopyrrolidin-1-yl (1,1,1-trifluoro-3-((4-
methoxybenzyl)oxy)propan-2-yl) carbonate 22'7 (both bearing N-hydroxysuccinimide moiety as
leaving group), affording the final compound 15 and compound 18, respectively. The treatment of 18
with TFA allowed the deprotection of the hydroxy group, providing the final compound 19. The O-
hexafluoroisopropyl carbamate derivative 17 was obtained following the same procedure used for the
other derivatives (formation of the corresponding imidazole carboxamido derivative 16, methylation
and treatment with HFIP).

The pyrazole derivative 28 was obtained following a strategy similar to that adopted for N-

methylazetidine derivative 15, 17, and 19. The key intermediate 26 was prepared by alkylation steps
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of the pyrazole 23, with N-Boc-(bromomethyl)azetidine, subsequent treatment of 24 with bromo

acetonitrile, followed by reduction and simultaneous acetylation of derivative 25 (Scheme 12).
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Scheme 12 Synthesis of the pyrazole derivative 28.

Deprotection of 26 with TFA followed by the reaction of the azetidino intermediate with CDI
in the presence of TEA provided the imidazole carboxamido derivative 27, which was converted into

the carbamate 28 by treatment with an excess of HFIP (Scheme 12).
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Scheme 13 Synthesis of compound 32.

The dual-acting compound 32 was prepared as depicted in Scheme 13. The N-alkylation of
commercially available anisidine 29 with N-benzydrylazetidin-3-yl methanesulfonate provided the
intermediate 30, which was converted into derivative 31 by N-benzhydryl deprotection (H2 5 atm
over Pd/C) followed by reaction with CDI. The general procedure used for the preparation of O-

hexafluoroisopropyl carbamates afforded the desired compound 32 from 31 (methylation and

treatment with HFIP).
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Scheme 14 Synthesis of pyrrolidine and piperidine derivatives 37a and 37b.

The pyrrolidine and piperidine derivatives 37a and 37b were synthesized, starting with a
reductive amination of m-anisidine 1a with N-Boc-3-pyrrolidinone or N-Boc-4-piperidinone in the
presence of sodium cyanoborohydride (for 33a) or sodium triacetoxyborohydride (for 33b) (Scheme
14). Then, the intermediates 33a-b were converted into the imidazole carboxamido derivatives 36a-

b using the same procedure described above for compound 27 (alkylation with bromoacetonitrile
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followed by reduction and simultaneously acetylation of the nitrile group). Methylation of compounds
36a-b afforded the corresponding carbamoylimidazolium salt, which, after treatment with HFIP,
provided the final carbamate derivatives 37a-b (Scheme 14).

The synthetic route used for indanylpiperazine derivative 40 is illustrated in Scheme 15.
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Scheme 15 Synthesis of indanylpiperazine derivative 40.

Reduction of the commercially available indanone 38 with sodium borohydride and
subsequent chlorination with thionyl chloride afforded a crude, which gave the N-protected
indanylpiperazine derivative 39 by nucleophilic substitution with N-Boc piperazine in the presence
of K»CO; and tetra-N-butylammonium iodine (TBAI).'® After N-Boc-deprotection with TFA, the
resulting piperazine was treated with a combination of HFIP and di(1H-1,2,4-triazol-1-yl) (CDT) in

THF afforded the O-hexafluoroisopropyl carbamate 40 and the triazole carboxamido derivative 41.
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Scheme 16 Synthesis of the 2-azetidinindole derivative 51.
In Scheme 16 the synthetic route used to prepare the 2-azetidinindole derivative 51 is outlined.
The 3-formyl-indole derivative 44 was obtained by a Vilsmeier reaction and subsequent acylation

with ethyl chloroformate. Then, C? Pd-catalyzed alkylation of the indole derivative 44 with N-Boc-
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3-iodoazetidine!® gave the 2-azetidin-3-formylindole derivative 45, which was treated with
nitromethane to yield the 3-(2-nitrovinyl)-indole derivative 46. The synthetic sequence continued
with two reduction steps of the nitrovinyl group (first with NaBH4, second NaBHj4 in the presence of
NiClb) and subsequent N-acetylation of the 2-azetidin-tryptamine derivative 48 with acetic anhydride.
After N-Boc deprotection and reaction with CDI, the N-acetyl-2-azetidin-tryptamine derivative 50

was finally converted to the target compound 51 by treatment with an excess of HFIP.
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Scheme 17 Synthesis of the trifluoroacetophenone derivative 54.

The trifluoroacetophenone derivative 54 was prepared by Pd-catalyzed N-arylation of 3-
methoxyaniline 1la with 1-(4-bromophenyl)-2,2,2-trifluoroethan-1-one 52 (using Xphos as
precatalyst, Cs2COs3 as base, and dioxane as solvent), followed by reductive N-alkylation of the
intermediate N,N-diphenylamine 53 with N-(2,2-dimethoxyethyl)acetamide 2a in the presence of

triethylsilane and trifluoroacetic acid'? (Scheme 17).

5.3 Conclusion

Different series of putative dual-acting compounds with suitable physicochemical properties
were designed by merging in the same structure the pharmacophore elements required to activate
melatonin receptors and to carbamoylate the active Ser122 of MGL. The design of the new
synthesized compounds has been assisted by molecular modelling simulations to evaluate their
complementarity with the two targets. The new compounds were evaluated for their binding affinity
and intrinsic activity at human MT; and MT; receptors and for their inhibitory potency toward MGL
in vitro. Some of the new synthesized compounds displayed good MGL inhibitory activity and
moderate affinity for MLT receptors. The dual-acting compound with the most balanced activity at
both targets, is structurally characterized by the presence of the N-anilinoethylamido scaffold and the
O-hexafluoroisopropyl carbamate as leaving group (UCM1485). Preliminary pharmacological
studies in rat hippocampal explant cultures, showed that this compound exerts neuroprotection against
inflammation-induced neurodegeneration in ex vivo cultures of rat hippocampal explants,

encouraging new and extensive studies with these compounds.
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5.4 Experimental section

5.4.1  Materials

Unless otherwise stated, all reagents and solvents were purchased from best-known

commercial suppliers and used without further purification.

5.4.2  General procedures

A) General procedure for reductive N-alkylation of primary anilines (synthesis of 4a-f

and 54)."2

TFA (1 mL) and TES (2.5 equiv., 2.5 mmol) were added to a solution of the opportune aniline
1a, 1c, le, 1f (1 equiv., 1 mmol) and the suitable acetal 2a, 2b, 2d (1.4 equiv., 1.4 mmol, unless
differently specified) in dry DCM (2 mL), and the resulting mixture was stirred at room temperature
for 2 h under nitrogen atmosphere. After cooling to 0°C, the reaction mixture was carefully
neutralized with NaHCO3 aqueous saturated solution and diluted with DCM. The aqueous phase was
extracted with DCM and the combined organic phases were washed with brine and dried over
NazS0Os. The solvent was removed by distillation, and the crude residue was purified by column

chromatography to afford the desired compounds 4a-f and 54.

B) General procedure for NV-alkylation of secondary anilines with 1-benzhydrylazetidin-

3-yl methanesulfonate (synthesis of 5a-f, 13a-b, and 40).'*

A solution of the appropriate arylamine 4a-f, 4i-j'2, and 30 (1 equiv., I mmol) in dry CH3CN
(4.25 mL) was treated with 1-benzhydrylazetidin-3-yl methanesulfonate (1.3 equiv., 1.3 mmol) and
DIPEA (2 equiv., 2.00 mmol). The reaction mixture was stirred at reflux (80°C) overnight. After
cooling to room temperature, the mixture was concentrated and purified by silica gel column

chromatography to give the desired compounds 5a-f, 13a-b, and 40.

C) General procedure for the N-alkylation of secondary anilines with zerz-butyl 3-

(bromomethyl)azetidine-1-carboxylate (synthesis of 11 and 24)

Under nitrogen atmosphere, KI (0.2 equiv., 0.52 mmol) and K>CO3 (1.2 equiv., 3.12 mmol)
were added to a solution of the anisidine 1a or pyrazole 23 (1.5 equiv., 3.9 mmol) and fert-butyl 3-
(bromomethyl)azetidine-1-carboxylate (1 equiv., 2.6 mmol) in dry DMF (7.15 mL). Then, the
reaction mixture was heated for 24h at 115°C. After cooling to room temperature, the suspension was
diluted with EtOAc, washed with H>O, and the aqueous phase was extracted with EtOAc. The

combined organic phases were washed with brine (x4), dried over Na>SOs4, and evaporated under
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reduced pressure to yield a crude product, which was purified by flash chromatography to afford the

desired compounds 11 and 24.

D) General procedure for the synthesis of N-(cyanomethyl) aniline derivatives (synthesis

of 12, 25, 34a, and 34b)

Under nitrogen atmosphere, the appropriate intermediate 11, 24, 33a, and 33b (1 equiv., 1.06
mmol) and DIPEA (2 equiv., 2.12 mmol) was dissolved in dry DMF (2.12 mL). Then, the
bromoacetonitrile (2 equiv., 2.12 mmol) was added to the solution dropwise at room temperature.
After completing the addition, the reaction was stirred at 80°C for 16h. The reaction was quenched,
pouring it in a becker with ice-cooled H2O and then extracted with EtOAc (5 x 10 ml). The combined
organic phases were dried over Na>SO4 and evaporated under reduced pressure to yield a crude
product which was purified by flash chromatography to afford the desired compounds 12, 25, 34a,
and 34b.

E) General procedure for the hydrogenation of the nitrile group and concomitant

acylation of the intermediate methanamide (synthesis of 13, 26, 35a, and 35b)

A solution of N-acetonitrile derivatives 12, 25, 34a, and 34b (1 equiv., 0.79 mmol) and acetic
anhydride (5 equiv., 3.95 mmol) in anhydrous THF (7.9 mL) was hydrogenated (5 atm) under stirring
for 16h in the presence of Raney Nickel. The mixture was filtered over celite, washing with MeOH.
After concentrating the filtrate, the crude was dissolved in EtOAc and washed with an aqueous
solution of NaOH 2N, then with brine. The organic phase was dried over Na>SO4 and evaporated
under reduced pressure to yield a crude product which was purified by flash chromatography to afford

the desired compounds 13, 26, 35a, and 35b.

F1) General procedure for N-benzhydryl deprotection of Sa-d, and Sh-j

A solution of the suitable N-benzhydryl azetidine derivatives (1 equiv., 1 mmol) in MeOH
(13.8 mL) was hydrogenated over Pd/C 10% (92.3 mg) at 5 atm for 12h at room temperature. The
catalyst was filtered on Celite and the filtrate was concentrated in vacuo to give the corresponding
crude oily azetidines 6a-d, and 6h-i in quantitative yield which were used without any further

purification.

F2) General procedure for N-benzhydryl deprotection of Se-f

1-Chloroethyl chloroformate (1.1 equiv., 1.1 mmol) was added to a solution of the suitable

halogenated N-benzhydrylazetidin derivative Se-f (1 equiv., 1 mmol) in DCE (1.80 mL). The reaction
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was stirred at reflux until all the starting material was consumed (around 3h). After cooling to room
temperature, the mixture was concentrated and dissolved in methanol (1.80 mL). The mixture was
allowed to stir at room temperature for 20h. The reaction was concentrated in vacuo to give the

corresponding crude oily azetidines 6e and 6f which were used without any further purification.

G) General procedure for the preparation of triazole-carboxamido derivatives

(synthesis of 7a and 7i)"°

The opportune N-anilino or tetrahydroquinoline ethylamide derivative 6a or 6i (1 equiv., 0.54
mmol) in dry THF (4 mL) was added dropwise over 5 minutes to a solution of 1,1’-carbonylditriazole
(1.2 equiv., 0.65 mmol) and 4-methylmorpholine (0.01 equiv., 0.05 mmol) in dry THF (4 mL). The
reaction mixture was stirred overnight for Sh after which the solvent was evaporated. The residue was
taken into EtOAc, washed with water (x2), dried over Na2SQO4, and concentrated in vacuo. The crude
products were purified by silica gel column chromatography to give the desired compounds 7a and

7i.

H) General procedure for the preparation of imidazole-carboxamido and

hexafluoroisopropanol carbamoyl derivatives (synthesis of 8a, 8i, 9a, and 9i)

To a solution of 1,1’-carbonyldiimidazole (2.5 equiv., 0.56 mmol) in THF (4 mL) was added
1,1,1,3,3,3-hexafluoro-2-propanol (20 equiv., 4.5 mmol). The reaction mixture was stirred at room
temperature for 15 min, and then N-anilino or tetrahydroquinoline azetidine 6a or 6i (1 equiv., 0.22
mmol) was added in one portion. The reaction mixture was stirred for an additional 2 h at room
temperature and then concentrated under reduced pressure. The crude was purified by silica gel flash

chromatography to give the desired compounds 8a, 8i, 9a and 9i.

I) General procedure for the preparation of imidazole-carboxamido derivatives 8b-f,

8h, 8j, and 16

1,1’-Carbonyldiimidazole (1.2 equiv., 0.70 mmol) was added to a solution of a generic N-
heterocycle or azetidine derivatives from deprotection reactions (Scheme 10 and Scheme 11) (1
equiv., 0.58 mmol) in dry DCM (1.15 mL). If specified, TEA (2.5 equiv., 1.74 mmol) was added to
the solution. The reaction was stirred at room temperature for 4h. After completion, the solution was
diluted with DCM and washed with H>O (x3). The organic phase was dried over Na>SO4 and
evaporated under reduced pressure to yield a crude product which was purified by flash

chromatography to afford the desired compounds 8b-f, 8h, 8j, and 16.
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J) General procedure for the preparation of imidazole-carboxamido derivatives 27,

36a-b, and 50

TFA (0.38 mL) was added to a solution of the suitable N-Boc azetidine (or different
heterocycle) derivatives 26, 34a-b, and 49 (1 equiv., 0.71 mmol) in DCM (1.05 mL) at room
temperature. The reaction was stirred at room temperature until the starting material is completely
disappeared (about 2h). Then, the reaction was diluted with DCM and washed with an aqueous
saturated solution of NaHCOs. The aqueous phase was extracted with DCM (x3). The combined
organic phases were concentrated in vacuo to give the corresponding crude oily azetidine in
quantitative yield which was used without any further purification in the next step. For pyrazoline
derivative 26, the extraction step was avoided due to its propensity to remain solubilized in water;
then the reaction mixture was concentrated under reduced-pressure to yield a crude product which
was used directly in the next step. Then the obtained crude was dissolved in dry DCM (1.15 mL) and
CDI (1.2 equiv., 0.70 mmol) was added to the solution. If specified, TEA (2.5 equiv., 1.74 mmol) was
added to the solution. The reaction was stirred at room temperature for 4h. After completion, the
solution was diluted with DCM and washed with H>O (x3). The organic phase was dried over
NayS04 and evaporated under reduced pressure to yield a crude product which was purified by flash

chromatography to afford the desired compounds 27, 36a-b, and 50.

K) General procedure for the preparation of hexafluoroisopropanol-carbamate

derivatives 9b-f, 9h, 9j, 17, 32, and 37a-b

Methyl iodide (3.5 equiv., 1.1 mmol) is added to a solution of the imidazole-carboxamido
derivatives 8b-f, 16, 31, and 36a-b (1 equiv., 0.31 mmol) in dry CH3CN (0.62 mL). The reaction was
stirred for 24h at room temperature and then concentrated to yield a crude, that is used without any
further purification (quantitative yield). 1,1,1,3,3,3-hexafluoropropan-2-ol (1.2 equiv., 0.372 mmol
or 2.5 equiv., 0.775 mmol depending on the substrate) is added to a solution of the crude in dry
CH3CN (0.94 mL). The reaction was stirred at 78°C for 60h, and after cooling to room temperature,
concentrated under reduced pressure. The crude was purified by silica gel flash chromatography to

give the desired final compounds 9b-f, 9h, 9j, 17, 32, and 37a-b.

L) General procedure for the preparation of hexafluoroisopropanol-carbamate

derivatives 28 and 51

The N-carboxamide imidazole derivative (1 equiv., 0.21 mmol) is dissolved in dry ACN (0.57
mL). Then, HFIP (15 equiv., 3.15 mmol) is added to the solution. The reaction was stirred at 78°C for

20h and after cooling to room temperature, concentrated under reduced pressure. The crude is
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dissolved in EtOAc, washed with an aqueous solution of NaOH 2N (x2) and then brine. The organic
phase was dried over Na>SO4 and evaporated under reduced pressure to yield a crude product, which

was purified by flash chromatography to afford the desired compounds 28 and 51.

5.4.3  Experimental data
N-(2-((3-methoxyphenyl)amino)ethyl)acetamide (4a)

~ Compound 4a was prepared following the described general procedure A starting
@\ H from 1a and N-(2,2-dimethoxyethyl)acetamide 2a.
A~N
N b Flash chromatography: silica gel, EtOAc as eluent. Dark oil, 90% yield.

4a Physicochemical data are in agreement with those previously reported.!?

N-(2-((3-methoxyphenyl)amino)ethyl)butyramide (4b)

Compound 4b was prepared following the described general procedure A
@\ y starting from 1a and N-(2,2-dimethoxyethyl)butyramide 2b'? (1.00 mmol
H/\/N\([)l/\/ instead of 1.4 mmol). Flash chromatography: silica gel, cyclohexane:EtOAc 2:8
4b as eluent. Brown oil, 73% yield.
ESIMS (m/z): 237 [M+H]"
'"H NMR (400 MHz, Chloroform-d) § 7.08 (t, J = 8.0 Hz, 1H), 6.28 (dd, J = 8.0, 2.0 Hz, 1H), 6.23
(dd, J=8.0,2.0 Hz, 1H), 6.17 (t, J=2.0 Hz, 1H), 5.75 (br s, 1H), 4.05 (br s, 1H), 3.77 (s, 3H), 3.51
(q, J= 6.0 Hz, 2H), 3.30 — 3.23 (m, 2H), 2.21 — 2.12 (m, 2H), 1.66 (h, J = 7.5 Hz, 2H), 0.94 (t, J =
7.5 Hz, 3H)

N-(2-(benzo[d][1,3]dioxol-5-ylamino)ethyl)acetamide (4¢)

Compound 4¢ was prepared following the described general procedure A starting
O@ H from 1¢ and N-(2,2-dimethoxyethyl)acetamide 2a.

H/\/N\g/ Flash chromatography: silica gel, EtOAc:MeOH 94:6 as eluent. Brown oil, 96%
yield.
ESI MS (m/z): 223 [M+H]*
'H NMR (400 MHz, Chloroform-d) § 6.65 (d, J = 8.5 Hz, 1H), 6.25 (d, J= 2.5 Hz, 1H), 6.05 (dd, J
= 8.5, 2.5 Hz, 1H), 5.85 (s, 2H), 5.80 (s, 1H), 3.48 (q, J = 6.0 Hz, 2H), 3.23 — 3.18 (m, 2H), 1.99 (s,
3H)
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N-(3-((3-methoxyphenyl)amino)propyl)acetamide (4d)

o Compound 4d was prepared following the described general procedure starting A

@\ o from 1a and N-(3,3-dimethoxypropyl)acetamide 2d'2.
AN JJ\

N
H

Iz

Flash chromatography: silica gel, EtOAc as eluent. Brown oil, 86% yield.

ESI MS (m/z): 223 [M+H]"

'H NMR (400 MHz, Chloroform-d) § 7.08 (t, J = 8.0 Hz, 1H), 6.33 — 6.22 (m, 2H), 6.21 — 6.15 (m,
1H), 5.64 (br s, 1H), 4.00 (br s, 1H), 3.77 (s, 3H), 3.37 (q, J = 6.5 Hz, 2H), 3.17 (t, J = 6.5 Hz, 2H),
1.98 (s, 3H), 1.79 (p, J = 6.5 Hz, 2H)

4d

N-(2-((3-bromophenyl)amino)ethyl)acetamide (4¢)
Br
Compound 4e was prepared following the described general procedure A starting

m/\/n\g/ from 1e and N-(2,2-dimethoxyethyl)acetamide 2a.
4e Flash chromatography: silica gel, EtOAc as eluent. Oil, 90% yield.
ESI MS (m/2): 258 [M+H]"
'"H NMR (400 MHz, Chloroform-d) & 7.01 (t, J = 8.0 Hz, 1H), 6.81 (d, J= 8.0 Hz, 1H), 6.73 (s, 1H),
6.52 (dd, J = 8.0, 2.0 Hz, 1H), 5.77 (s, 1H), 4.21 (s, 1H), 3.50 (q, J = 6.0 Hz, 2H), 3.28 — 3.21 (m,

2H), 2.00 (s, 3H).

N-(2-((4-chloro-3-methoxyphenyl)amino)ethyl)acetamide (4f)

o Compound 4f was prepared following the described general procedure A starting

C'\©\ H from 1f and N-(2,2-dimethoxyethyl)acetamide 2a.
N/\/N\n/ o . . .
H & Flash chromatography: silica gel, EtOAc as eluent. White solid, 88% yield.
af ESIMS (m/z): 243 [M+H]"
'H NMR (400 MHz, Chloroform-d) & 7.09 (d, J = 8.5 Hz, 1H), 6.22 (d, J= 2.5 Hz, 1H), 6.13 (dd, J
=8.5,2.5 Hz, 1H), 6.05 (brs, 1H), 4.19 (br s, 1H), 3.83 (s, 3H), 3.48 (q, /= 6.0 Hz, 2H), 3.27 - 3.19

(m, 2H), 1.98 (s, 3H)

N-(2-((1-benzhydrylazetidin-3-yl)(3-methoxyphenyl)amino)ethyl)acetamide (5a)

o~ Compound 5a was prepared following the described general procedure B starting

@\ N from 3a.
b

N
(S 0 Flash chromatography: silica gel, cyclohexane:EtOAc 1:9 as eluent.
o )N\Ph White solid, 70% yield (conversion of 3a, 73%)).

5a
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'H NMR (400 MHz, Chloroform-d) § 7.42 — 7.37 (m, 4H), 7.30 — 7.23 (m, 4H), 7.20 — 7.15 (m, 2H),
7.09 (t,J = 8.0 Hz, 1H), 6.35 (dd, J=2.5, 1.5 Hz, 1H), 6.33 (dd, J=2.5, 1.5 Hz, 1H), 6.26 (t, J=2.5
Hz, 1H), 5.54 (t, J = 6.0 Hz, 1H), 4.33 (br s, 1H), 4.16 (p, J = 6.5 Hz, 1H), 3.74 (s, 3H), 3.62 (td, J =
6.5,2.0 Hz, 2H), 3.41 — 3.35 (m, 2H), 3.34 — 3.27 (m, 2H), 2.91 (td, /= 7.0, 1.8 Hz, 2H), 1.82 (s, 3H)

N-(2-((1-benzhydrylazetidin-3-yl)(3-methoxyphenyl)amino)ethyl)butyramide (5b)

e

o Compound 5b was prepared following the described general procedure B

©\N ~ N ~ starting from 3b.
8} o Flash chromatography: silica gel, cyclohexane:EtOAc 1:1 as eluent.
o )N\Ph White solid, 67% yield (conversion of 3b, 80%).
5b

"H NMR (400 MHz, Chloroform-d) § 7.40 (d, J= 6.9 Hz, 4H), 7.31 — 7.24 (m, 4H), 7.22 — 7.16 (m,
2H), 7.10 (t,J= 8.1 Hz, 1H), 6.38 — 6.32 (m, 2H), 6.26 (t,J = 2.2 Hz, 1H), 5.44 (s, 1H), 4.34 (s, 1H),
4.17 (p, J=6.7 Hz, 1H), 3.75 (s, 3H), 3.64 (td, /= 6.4, 1.6 Hz, 2H), 3.43 — 3.37 (m, 2H), 3.36 — 3.29
(m, 2H), 2.95 - 2.86 (m, 2H), 2.02 (q, /= 7.5 Hz, 2H), 1.54 (dt, J=14.8, 7.5 Hz, 2H), 0.89 (t,J=7.4
Hz, 3H)

N-(2-((1-benzhydrylazetidin-3-yl)(benzo[d][1,3]dioxol-5-yl)amino)ethyl)acetamide (5¢)

8 Compound 5¢ was prepared following the described general procedure B starting

Ph

~N from 3c.

z

O Flash chromatography: silica gel, cyclohexane:EtOAc 2:8 as eluent.
White solid, 77% yield.

=

=

Ph
5¢

'H NMR (400 MHz, Chloroform-d) & 7.41 — 7.36 (m, 4H), 7.29 — 7.23 (m, 4H), 7.21 — 7.15 (m, 2H),
6.65 (d, J= 8.5 Hz, 1H), 6.44 (d, J = 2.5 Hz, 1H), 6.26 (dd, J = 8.5, 2.5 Hz, 1H), 5.87 (s, 2H), 5.56
(brs, 1H), 4.33 (s, 1H), 3.98 (p, J = 6.5 Hz, 1H), 3.51 (td, J= 6.5, 1.5 Hz, 2H), 3.24 (q, J = 6.0 Hz,
2H), 3.14 (t, J = 6.0 Hz, 2H), 2.85 — 2.79 (m, 2H), 1.89 (s, 3H)

N-(3-((1-benzhydrylazetidin-3-yl)(3-methoxyphenyl)amino)propyl)acetamide (5d)

o Compound 5d was prepared following the described general procedure B starting

o  from 3d.
©\ AN JJ\

)} H Flash chromatography: silica gel, EtOAc as eluent.
)N\ Oil, 62% yield (conversion of 3d, 75%).

Ph Ph

5d
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'H NMR (400 MHz, Chloroform-d) § 7.45 — 7.39 (m, 4H), 7.31 — 7.24 (m, 4H), 7.22 — 7.16 (m, 2H),
7.10 (t, J = 8.0 Hz, 1H), 6.37 — 6.29 (m, 2H), 6.23 — 6.20 (m, 1H), 5.75 (br s, 1H), 4.34 (s, 1H), 4.09
(p, J = 6.5, 5.5 Hz, 1H), 3.73 (s, 3H), 3.64 (t, J = 6.5 Hz, 2H), 3.25 (t, J = 7.5 Hz, 2H), 3.13 (q, J =
6.5 Hz, 2H), 2.90 (t, J= 7.2 Hz, 2H), 1.87 (s, 3H), 1.62 (p, J = 7.0 Hz, 2H)

N-(2-((1-benzhydrylazetidin-3-yl)(3-bromophenyl)amino)ethyl)acetamide (Se)

Br Compound Se was prepared following the described general procedure B starting
H from 3e.
N d
& 0 Flash chromatography: silica gel, cyclohexane:EtOAc 2:8 as eluent.
A White solid, 67% yield.

5e
"H NMR (400 MHz, Chloroform-d) § 7.43 — 7.39 (m, 4H), 7.31 — 7.25 (m, 4H), 7.22 — 7.17 (m, 2H),

7.03 (t,J = 8.0 Hz, 1H), 6.87 (dd, J= 7.5, 1.5 Hz, 1H), 6.83 (t, J=2.0 Hz, 1H), 6.64 (dd, J= 8.0, 2.0
Hz, 1H), 5.53 (brs, 1H), 4.34 (s, 1H), 4.16 (p, J = 6.5 Hz, 1H), 3.63 (td, J = 6.5, 1.5 Hz, 2H), 3.41 (t,
J=6.5Hz, 2H), 3.31 (q, J = 6.5 Hz, 2H), 2.92 (td, J = 7.0, 1.5 Hz, 2H), 1.86 (s, 3H)

N-(2-((1-benzhydrylazetidin-3-yl)(4-chloro-3-methoxyphenyl)amino)ethyl)acetamide
(51)

o~ Compound 5f was prepared following the described general procedure B starting

Cl

\©\N/\/H\n/ from 3f.

& O Flash chromatography: silica gel, cyclohexane:EtOAc 2:8 as eluent.
N . . .
o )\Ph White solid, 67% yield.

5f
'H NMR (400 MHz, Chloroform-d) & 7.44 —7.39 (m, 4H), 7.31 — 7.26 (m, 4H), 7.23 — 7.16 (m, 2H),
7.11 (d, J=8.5Hz, 1H), 6.42 (d, J=2.5 Hz, 1H), 6.21 (dd, /= 8.5, 2.5 Hz, 1H), 5.56 (br s, 1H), 4.37
(s, 1H), 4.19 (p, J= 6.5 Hz, 1H), 3.86 (s, 3H), 3.64 (t, /= 7.0 Hz, 2H), 3.39 (t, /= 7.0 Hz, 2H), 3.30
(q,/=6.0 Hz, 2H), 3.01 — 2.90 (m, 2H), 1.87 (s, 3H)

N-(2-((1-benzhydrylazetidin-3-yl)(3-hydroxyphenyl)amino)ethyl)acetamide (5g)

OH A solution of BBr; IM in DCM (5 equiv., 5 mL, 5 mmol) diluted with dry DCM (10
N/\/H\n/ mL) was added dropwise to a solution of the methoxy derivative 5a (1 equiv., 429
(g 0 mg, 1.00 mmol) in dry DCM (2 mL) at 0°C, and the resulting mixture was stirred at
Ph)N\Ph room temperature for 18h.?’ The reaction mixture was neutralized with a 2N aqueous
5g solution of Na,COs and extracted with EtOAc (x2). The organic phases were

combined, dried over Na>SQOs, and concentrated under reduced pressure to give the crude which was
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purified by flash chromatography (silica gel, DCM:MeOH 98:2 as eluent) to give Sg as an oil (35%
yield, 64% conversion).

'"H NMR (400 MHz, Chloroform-d) § 7.39 (d, J = 7.5 Hz, 4H), 7.26 (t, J = 7.5 Hz, 4H), 7.21 — 7.15
(m, 2H), 7.00 (t, /= 8.0 Hz, 1H), 6.32 — 6.26 (m, 2H), 6.21 (dd, /= 8.0, 2.0 Hz, 1H), 5.78 (br s, 1H),
4.34 (s, 1H), 4.13 (p, J= 6.5 Hz, 1H), 3.61 (t,J = 6.5 Hz, 2H), 3.35 — 3.30 (m, 2H), 3.26 (q, /= 7.0,
6.0 Hz, 2H), 2.92 (t, J= 7.0 Hz, 2H), 1.80 (s, 3H)

N-(2-((1-benzhydrylazetidin-3-yl)(3-(4-phenylbutoxy)phenyl)amino)ethyl)acetamide
(Sh)

(4-Bromobutyl)benzene (2 equiv., 0.14 mL, 0.82 mmol) was added to a mixture of
o/\/\/© 3-hydroxy-N-(anilinoethyl)amide derivative Sg (1 equiv., 169 mg, 0.41 mmol) and
©\N/\/H\n/ K2COs3 (2.5 equiv., 141 mg, 1.025 mmol) in dry CH3CN (1.55 mL). The reaction

(S 0
N
PN

Ph

was refluxed for 12h. After cooling to room temperature, the mixture was
o concentrated. The crude was dissolved in DCM and washed with H>O and brine.
5h The organic phase was dried over Na;SO4 and concentrated under reduced pressure
to give the crude, which was purified by flash chromatography (silica gel, cyclohexane:EtOAc 2:8 as
eluent) to give Sh as an white solid (78% yield).
'"H NMR (400 MHz, Chloroform-d) § 7.41 (d, J= 7.0 Hz, 4H), 7.31 — 7.24 (m, 6H), 7.22 — 7.16 (m,
5H), 7.08 (t, J = 8.0 Hz, 1H), 6.34 (t, J = 2.5 Hz, 1H), 6.32 (t, J = 2.5 Hz, 1H), 6.25 (t, /= 2.5 Hz,
1H), 5.46 (br s, 1H), 4.34 (s, 1H), 4.17 (p, J = 7.0 Hz, 1H), 3.94 — 3.88 (m, 2H), 3.63 (t, /= 7.0 Hz,
2H), 3.39 (t, /= 6.0 Hz, 2H), 3.32 (q, J = 6.0 Hz, 2H), 2.92 (t, J = 7.0 Hz, 2H), 2.66 (d, /= 7.0 Hz,
2H), 1.84 (s, 3H), 1.79 (t, J = 3.5 Hz, 4H)

N-((1-(1-benzhydrylazetidin-3-yl)-5-methoxy-1,2,3,4-tetrahydroquinolin-2-
y)methyl)acetamide (5i)

o~ Compound 5i was prepared following the described general procedure B starting
mn from 4i'3.
Y
& 0 Flash chromatography: silica gel, cyclohexane:EtOAc 3:7 as eluent.
L White solid, 69% yield.
Ph Ph
5i

'H NMR (400 MHz, Chloroform-d) & 7.45 — 7.37 (m, 4H), 7.32 — 7.23 (m, 4H), 7.22 — 7.15 (m, 2H),
6.97 (t, J = 8.0 Hz, 1H), 6.29 (d, J = 8.0 Hz, 1H), 6.09 (d, J = 8.0 Hz, 1H), 5.52 (br s, 1H), 4.32 (s,
1H), 4.23 (s, 1H), 3.78 (s, 3H), 3.72 — 3.57 (m, 3H), 3.26 (dt, J = 13.0, 6.5 Hz, 1H), 3.13 (dt, J= 13.0,
6.5 Hz, 1H), 3.04 —2.94 (m, 1H), 2.90 — 2.81 (m, 1H), 2.75 (dd, J = 17.5, 7.0 Hz, 1H), 2.49 (ddd, J

=18.0, 12.5, 7.5 Hz, 1H), 1.98 — 1.88 (m, 4H), 1.84 (ddd, J = 13.5, 6.5, 2.0 Hz, 1H).
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N-((1-(1-benzhydrylazetidin-3-yl)-1,2,3,4-tetrahydroquinolin-2-yl)methyl)acetamide

Compound 5j was prepared following the described general procedure B starting
O:uj\/n\n/ from 4j'3.

<> ° Flash chromatography: silica gel, cyclohexane:EtOAc 3:7 as eluent.

A Ph Amorphous solid, 74% yield.

"HNMR (400 MHz, Chloroform-d) § 7.46 —7.38 (m, 4H), 7.33 — 7.23 (m, 4H), 7.19
(dtt, J= 8.5, 6.5, 1.4 Hz, 2H), 7.02 — 6.96 (m, 2H), 6.67 (td, J= 7.5, 1.0 Hz, 1H), 6.38 (dd, J = 8.5,
1.0 Hz, 1H), 5.48 (t, J= 5.0 Hz, 1H), 4.33 (s, 1H), 4.22 (p, J= 7.0 Hz, 1H), 3.71 (td, J= 6.5, 2.0 Hz,
1H), 3.66 (td, /= 7.0, 3.0 Hz, 1H), 3.64 — 3.58 (m, 1H), 3.29 (dt, J=13.5, 6.5 Hz, 1H), 3.17 (dt, J =
13.5, 6.0 Hz, 1H), 3.02 (t,J = 7.5 Hz, 1H), 2.87 — 2.82 (m, 1H), 2.80 — 2.66 (m, 2H), 2.02 — 1.91 (m,
1H), 1.90 (s, 3H), 1.89 — 1.82 (m, 1H)

N-(2-((1-(1H-1,2,4-triazole-1-carbonyl)azetidin-3-yl)(3-methoxyphenyl)amino)ethyl)
acetamide (7a, UCM1484)

_ Compound 7a was prepared following the described general procedure G starting
@\ ’ from 6a.
N/\/N\ﬂ/ Flash chromatography: silica gel, EtOAc:MeOH 95:5 as eluent.

N White solid, 72% yield.

Y ESI MS (m/2): 359 [M+H]"

7a, UCM1484
'H NMR (400 MHz, Chloroform-d) & 8.82 (s, 1H), 7.92 (s, 1H), 7.13 (t, J = 8.0 Hz, 1H), 6.43 (dd, J
=8.0, 2.5 Hz, 1H), 6.35 (dd, /= 8.0, 2.5 Hz, 1H), 6.31 (t, J=2.5 Hz, 1H), 6.18 (br s, 1H), 4.84 (dd,
J=10.5, 6.6 Hz, 1H), 4.53 — 4.45 (m, 1H), 4.45 — 4.33 (m, 2H), 4.13 — 4.05 (m, 1H), 3.74 (s, 3H),
3.37(t,J=17.0 Hz, 2H), 3.30 (q, /= 6.0 Hz, 2H), 1.83 (s, 3H)
13C NMR (101 MHz, Chloroform-d) § 170.6, 160.7, 152.7, 148.9, 147.3, 144.7, 130.2, 110.0, 105.5,
104.1, 59.7, 55.2, 54.1, 49.4, 48.3, 37.7, 23.0
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N-((1-(1-(1H-1,2,4-triazole-1-carbonyl)azetidin-3-yl)-5-methoxy-1,2,3,4-
tetrahydroquinolin-2-yl)methyl)acetamide (7i, UCM1490)

Compound 7i was prepared following the described general procedure G starting
@\/Nj\/n\n/ from 6i.

& 0 Flash chromatography: silica gel, EtOAc:MeOH 97:3 as eluent.
O)\N’N\> White solid, 73% yield.

s ESI MS (m/2): 384 [M+H]"

7i, UCM1490

"H NMR (400 MHz, DMSO-ds) § 9.07 (s, 1H), 8.20 (s, 1H), 7.80 (t, J = 5.0 Hz, 1H), 7.00 (t, J = 8.0
Hz, 1H), 6.38 (d, J= 8.0 Hz, 1H), 6.12 (d, J = 8.0 Hz, 1H), 4.86-4.37 (br s, 2H), 4.62 (dt, J = 13.5,
6.5 Hz, 3H), 3.75 (s, 3H), 3.74 — 3.68 (m, 2H), 2.99 (t, /= 6.5 Hz, 2H), 2.69 — 2.61 (m, 1H), 2.54 (dd,
J=12.5,6.5 Hz, 2H), 1.95 (ddt, /=9.0, 5.0, 2.0 Hz, 1H), 1.81 (s, 3H), 1.78 — 1.66 (m, 1H)
13C NMR (101 MHz, Chloroform-d) § 170.5, 157.7, 152.9, 147.4, 144.8, 143.5, 127.2, 112.2, 106.9,
101.1, 60.7, 59.2, 55.4, 53.7, 50.4, 50.2, 40.2, 23.2, 17.0

N-(2-((1-(1H-imidazole-1-carbonyl)azetidin-3-yl)(3-
methoxyphenyl)amino)ethyl)acetamide (8a, UCM1486) and 1,1,1,3,3,3-hexafluoropropan-2-yl
3-((2-acetamidoethyl)(3-methoxyphenyl)amino) azetidine-1-carboxylate and (9a, UCM1485)

Compound 8a and 9a were prepared following the described general procedure H starting
from 6a. Flash chromatography: silica gel, EtOAc:MeOH 95:5 as eluent to obtain 9a and
EtOAc:MeOH 9:1 as eluent to obtain 8a.

8a, UCM1486

o~ Oil, 39% yield
@\ H ESI MS (m/z): 358 [M+H]"
;;\/N\g/ 'H NMR (400 MHz, Chloroform-d) § 7.98 (s, 1H), 7.28 (t,J = 1.0 Hz, 1H), 7.16 (4,
oj\N/\> J=28.0 Hz, 1H), 7.05 — 7.02 (m, 1H), 6.46 (dd, J = 8.0, 2.0 Hz, 1H), 6.35 (dd, J =
sy 8.0, 2.0 Hz, 1H), 6.30 (t, J= 2.0 Hz, 1H), 6.06 (br s, 1H), 4.53 — 4.44 (m, 3H), 4.28
8a,UCM1486 4 18 (m, 2H), 3.76 (s, 3H), 3.40 (t, J = 6.0 Hz, 2H), 3.32 (q, J = 6.0 Hz, 2H), 1.86
(s, 3H)
3C NMR (101 MHz, Chloroform-d) § 170.7, 160.8, 150.3, 148.8, 136.4, 130.3, 130.0, 116.8, 109. 7,
105.4, 103.9, 55.3, 49.1, 48.2, 37.9, 26. 9, 23.0
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9a, UCM 1485

o Oil, 44% yield
QNN“\H/ ESI MS (m/2): 458 [M+H]"

g} o 'HNMR (400 MHz, Chloroform-d) & 7.17 (t, J = 8.0 Hz, 1H), 6.47 (dd, J = 8.0,

Oj\o 2.5 Hz, 1H), 6.37 (dd, J = 8.0, 2.5 Hz, 1H), 6.32 (t, J = 2.5 Hz, 1H), 5.76 (br s,

or Ao, 1H), 5.64 (hept, J = 6.0 Hz, 1H), 4.42 (tt, J= 7.0, 5.5 Hz, 1H), 4.37 — 4.23 (m,

9a, UCM1485  7H), 4.00 (dd, J = 9.5, 5.5 Hz, 2H), 3.78 (s, 3H), 3.39 — 3.35 (m, 2H), 3.35 — 3.26

(m, 2H), 1.86 (s, 3H)
13C NMR (101 MHz, Chloroform-d) & 170.7, 160.9, 151.8, 148.9, 130.4, 125.66 — 115.91 (m),
110.3, 105.9, 104.5, 67.8 (hept, J = 34.3 Hz), 55.3, 54.4, 49.3, 48.5, 37.8, 23.1

N-((1-(1-(1H-imidazole-1-carbonyl)azetidin-3-yl)-5-methoxy-1,2,3,4-
tetrahydroquinolin-2-yl)methyl)acetamide (8i, UCM1489) and 1,1,1,3,3,3-hexafluoropropan-
2-yl 3-(2-(acetamidomethyl)-5-methoxy-3,4-dihydroquinolin-1(2H)-yl)azetidine-1-carboxylate
(9i, 1488)

Compound 8i and 9i were prepared following the described general procedure H starting
from 6i. Flash chromatography: silica gel, EtOAc as eluent to obtain 9i and EtOAc:MeOH 9:1 as

eluent to obtain 8i.
8i, UCM 1489

o Oil, 30% yield
mn ESIMS (m/z): 384 [M+H]"
2N> E/ 'H NMR (400 MHz, Chloroform-d) § 8.15 (s, 1H), 7.37 (s, 1H), 7.10 (s, 1H), 7.06
OJ\NS (t, /= 8.0 Hz, 1H), 6.38 (d, J = 8.0 Hz, 1H), 6.08 (d, J = 8.0 Hz, 1H), 5.90 (br s,
sy 1H), 4.69 (p, J = 6.5 Hz, 1H), 4.63 —4.48 (m, 2H), 4.33 (br s, 1H), 3.86 — 3.81 (m,
8i,ucm1489  1H), 3.80 (s, 3H), 3.23 (dt, J = 14.0, 6.0 Hz, 1H), 3.15 (dt, J = 14.0, 6.0 Hz, 1H),
2.81(ddd, J=18.0, 7.0, 2.0 Hz, 1H), 2.52 (ddd, J=18.0, 12.5, 7.0 Hz, 1H), 2.40 (s, 1H), 2.07 — 1.99
(m, 1H), 1.97 (s, 3H), 1.95 - 1.77 (m, 1H)
3C NMR (101 MHz, Chloroform-d) § 170.8, 157.9, 150.5, 143.4, 136.6, 130.1, 127.4, 116.9, 112.04,
106.5, 101.1, 55.5, 50.4, 49.9, 40.6, 23.4, 23.2, 17.0
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9i, UCM1488

o~ White solid, 29% yield
mﬁ ESI MS (m/z): 484 [M+H]"
;} T NMR (400 MHz, Chloroform-d) & 7.05 (d, J= 16.5 Hz, 1H), 6.38 (d, /= 8.0 Hz,
Oj\o 1H), 6.06 (d, J = 8.0 Hz, 1H), 5.73 (br's, 1H), 5.65 (hept, J = 6.0 Hz, 1H), 4.57 (p, J
e, =6.5Hz, 1H), 4.44 — 4.24 (m, 3H), 4.06 (dd, J=9.0, 6.0 Hz, 1H), 3.80 (s, 3H), 3.76
%, UCM1488  —3.69 (m, 1H), 3.28 — 3.06 (m, 2H), 2.78 (ddd, J= 18.0, 7.0, 2.0 Hz, 1H), 2.53 (ddd,
J=18.0, 12.0, 7.0 Hz, 1H), 1.95 (s, 3H), 2.05 — 1.80 (m, 2H)
13C NMR (101 MHz, Chloroform-d) 3 170.58, 157.86, 151.82, 143.57, 127.27, 125.58 — 116.12 (m),
112.39, 106.93, 101.25, 67.83 (p, J = 34.6 Hz), 56.52, 55.74, 55.47, 54.81, 53.91, 50.81, 40.22, 23.26,
17.16

3

N-(2-((1-(1H-benzo[d][1,2,3]triazole-1-carbonyl)azetidin-3-yl)(3-
methoxyphenyl)amino)ethyl)acetamide (10, UCM1487)

o The N-(2-(azetidin-3-yl(3-methoxyphenyl)amino)ethyl)acetamide 6a (1 equiv., 97
@\ N mg, 0.37 mmol) in dry THF (4 ml) was added dropwise over 5 minutes to a solution
i \'(l/ of bis(1H-benzo[d][1,2,3]triazol-1-yl)methanone?! (1.2 equiv., 116 mg, 0.44 mmol)
j\N /@ and 4-methylmorpholine (0.1 equiv., 0.004 ml, 0.037 mmol) in dry THF (40 ml).
N=y The reaction mixture was stirred for Sh after which the solvent was evaporated. The
10, UCM1487  regidue was taken into EtOAc and washed with water (x2), dried over Na»SQOa, and
concentrated in vacuo.'> The crude product was purified by silica gel column chromatography
(EtOAc:MeOH 96:4) to give the desired compounds 10 as a white solid, 94% yield.
ESI MS (m/z): 409 [M+H]"
"H NMR (400 MHz, Chloroform-d) & 8.26 (dt, J = 8.5, 1.0 Hz, 1H), 8.09 (dt, J = 8.5, 1.0 Hz, 1H),
7.61 (ddd, J=8.5,7.0, 1.0 Hz, 1H), 7.47 (ddd, J= 8.0, 7.0, 1.0 Hz, 1H), 7.23 (t,J= 8.0 Hz, 1H), 6.58
— 6.45 (m, 3H), 5.68 (br s, 1H), 5.08 — 4.99 (m, 1H), 4.76 — 4.68 (m, 1H), 4.59 — 4.49 (m, 2H), 4.37
—4.26 (m, 1H), 3.82 (s, 3H), 3.50 — 3.44 (m, 2H), 3.43 — 3.36 (m, 2H), 1.89 (s, 3H).
3C NMR (101 MHz, Chloroform-d) & 170.1, 160.7, 149.1, 148.7, 144.9, 132.1, 130.1, 129.5, 125.3,
119.6, 114.1, 110.4, 106.0, 104.5, 55.1, 54.0, 49.8, 48.6, 37.6, 26.7, 22.9
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N-(2-((1-(1H-imidazole-1-carbonyl)azetidin-3-yl)(3-methoxyphenyl)amino)ethyl)
butyramide (8b)

o Compound 8b was prepared following the described general procedure I starting
@\ H from 6b.
~N
8N> \g/\/ Flash chromatography: silica gel, EtOAc:MeOH 97:3 as eluent.
j\ Oil, 61% yield.
o NS 4
S ESI MS (m/z): 386 [M+H]

8b
'H NMR (400 MHz, Chloroform-d) 8 7.99 (s, 1H), 7.29 (s, 1H), 7.16 (t, J = 8.0 Hz, 1H), 7.05 (s, 1 H),
6.46 (dd, J = 8.0, 2.0 Hz, 1H), 6.39 — 6.34 (m, 1H), 6.29 (t, J = 2.0 Hz, 1H), 5.95 (br s, 1H), 4.50 (s,
3H), 4.24 (s, 2H), 3.76 (s, 3H), 3.40 (t, J = 6.0 Hz, 2H), 3.33 (q, J = 6.0 Hz, 2H), 2.04 (t, J= 7.5 Hz,
2H), 1.56 (h, J= 7.5 Hz, 2H), 0.88 (t, J = 7.5 Hz, 3H)

N-(2-((1-(1H-imidazole-1-carbonyl)azetidin-3-yl)(benzo|d][1,3]dioxo0l-5-yl)amino)ethyl)

acetamide (8c¢)

49 Compound 8¢ was prepared following the described general procedure I starting
@N/\/H\ﬂ/ from 6c¢.
8} ©  Flash chromatography: silica gel, EtOAc:MeOH 9:1 as eluent.
j\ White solid, 63% yield.
ESIMS (m/z): 372 [M+H]"

0~ 'N

<

2

=z

8c

'H NMR (400 MHz, Chloroform-d) § 7.97 (s, 1H), 7.25 (s, 1H), 7.06 (s, 1H), 6.73 (d, J = 8.0 Hz,
1H), 6.52 (d, J= 2.0 Hz, 1H), 6.36 (dd, J = 8.0, 2.0 Hz, 1H), 5.94 (s, 2H), 5.60 (br s, 1H), 4.36 (t, J =
8.0 Hz, 2H), 4.23 (dt, J = 12.0, 6.0 Hz, 1H), 4.10 (dt, J = 10.5, 5.5 Hz, 2H), 3.25 (q, J = 6.0 Hz, 2H),
3.11 (t, J = 6.0 Hz, 2H), 1.93 (s, 3H)

N-(3-((1-(1H-imidazole-1-carbonyl)azetidin-3-yl)(3-methoxyphenyl)amino)propyl)
acetamide (8d)

o~ Compound 8d was prepared following the described general procedure I starting
o
©\N/\/\N J_ from 6d.
8} " Flash chromatography: silica gel, EtOAc:MeOH 9:1 as eluent.
N
A Oil, 69% yield.

ONl;}

8d

ESI MS (m/z): 372 [M+H]"
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'H NMR (400 MHz, Chloroform-d) & 8.09 (s, 1H), 7.29 (s, 1H), 7.18 (t, J= 8.0 Hz, 1H), 7.08 (s, 1H),
6.49 (ddd, J= 8.0, 2.5, 1.0 Hz, 1H), 6.37 (ddd, J= 8.0, 2.5, 1.0 Hz, 1H), 6.28 (t, J=2.5 Hz, 1H), 5.76
(br's, 1H), 4.48 (t, J = 8.0 Hz, 2H), 4.43 — 4.35 (m, 1H), 4.20 (dd, J = 9.0, 5.0 Hz, 2H), 3.77 (s, 3H),
3.26 (t,J=7.5 Hz, 2H), 3.20 (q, J = 7.0 Hz, 2H), 1.94 (s, 3H), 1.66 (p, J = 7.0 Hz, 2H)

N-(2-((1-(1H-imidazole-1-carbonyl)azetidin-3-yl)(3-bromophenyl)amino)ethyl)

acetamide (8e)

Br Compound 8e was prepared following the described general procedure I starting
N/\/HY from 6e with the addition of TEA.
2} ©  Flash chromatography: silica gel, DCM:MeOH 95:5 as eluent.

N
OJ\N/\> Oil, 25% yield (in three step, including the two step for the N-benzhydryl
L\N

8e

deprotection)

ESIMS (m/z): 407 [M+H]"

'"H NMR (400 MHz, Chloroform-d) § 8.06 (s, 1H), 7.33 (s, 1H), 7.13 (t,J= 8.0 Hz, 1H), 7.09 (s, 1H),
7.02 (ddd, /= 8.0, 2.0, 1.0 Hz, 1H), 6.88 (t,J=2.0 Hz, 1H), 6.69 (ddd, J = 8.0, 2.5, 1.0 Hz, 1H), 5.80
(t,J=6.0 Hz, 1H), 4.60 —4.51 (m, 3H), 4.33 —4.24 (m, 2H), 3.47 (t, J= 6.5 Hz, 2H), 3.36 (¢, /= 6.5
Hz, 2H), 1.90 (s, 3H)

N-(2-((1-(1H-imidazole-1-carbonyl)azetidin-3-yl)(4-chloro-3-methoxyphenyl)amino)
ethyl)acetamide (8f)

O/

Compound 8f was prepared following the described general procedure I starting
Cl
\©\N/\/H from 6f with the addition of TEA.

e
2} O Flash chromatography: silica gel, DCM:MeOH 95:5 as eluent.
N
O)\N White solid, 20% yield (in three step, including the two step for the N-benzhydryl
Qe
eprotection)

o ESI MS (m/z): 392 [M+H]*

'H NMR (400 MHz, Chloroform-d) & 8.02 (s, 1H), 7.31 — 7.27 (m, 1H), 7.18 (d, J = 8.5 Hz, 1H), 7.05
(s, IH), 6.47 (d, J = 2.5 Hz, 1H), 6.27 — 6.18 (m, 1H), 6.04 (br s, 1H), 4.56 — 4.46 (m, 3H), 4.30 —
4.18 (m, 2H), 3.88 (s, 3H), 3.44 — 3.37 (m, 2H), 3.32 (q, J = 6.0 Hz, 2H), 1.88 (s, 3H)
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N-(2-((1-(1H-imidazole-1-carbonyl)azetidin-3-yl)(3-(4-phenylbutoxy)phenyl)amino)
ethyl)acetamide (8h)

Compound 8h was prepared following the described general procedure I starting

O/\/\Q from 6h.

@\ H Flash chromatography: silica gel, EtOAc as eluent.
N N\n/
(g o  White solid, 48% yield.
N
PN

o~ N

sy

8h

2

'H NMR (400 MHz, Chloroform-d)  8.01 (s, 1H), 7.32 — 7.27 (m, 3H), 7.22 — 7.14 (m, 4H), 7.07 (s,
1H), 6.47 (dd, J = 8.0, 2.0 Hz, 1H), 6.37 (dd, J = 8.0, 2.0 Hz, 1H), 6.34 — 6.27 (m, 1H), 5.60 (br s,
1H), 4.53 — 4.47 (m, 3H), 4.29 — 4.18 (m, 2H), 3.98 — 3.91 (m, 2H), 3.40 (t, J = 6.0 Hz, 2H), 3.35 (q,
J=6.0 Hz, 2H), 2.69 (t, J = 6.5 Hz, 2H), 1.88 (s, 3H), 1.84 — 1.78 (m, 4H)

N-((1-(1-(1H-imidazole-1-carbonyl)azetidin-3-yl)-1,2,3,4-tetrahydroquinolin-2-
y)methyl)acetamide (8j)

©\/j\/n Compound 8j was prepared following the described general procedure I starting
N

(S \g/ from 6j.
N Flash chromatography: silica gel, EtOAc:MeOH 9:1 as eluent.
O)\NS
=y Amorphous solid, 74% yield
8j ESIMS (m/z): 354 [M+H]"

'H NMR (400 MHz, Chloroform-d) & 8.06 (s, 1H), 7.35 (t, J= 1.5 Hz, 1H), 7.17 — 7.03 (m, 2H), 7.08
(s, 1H), 6.77 (t, J= 7.5 Hz, 1H), 6.38 (d, J = 8.0 Hz, 1H), 5.71 (t, J = 5.0 Hz, 1H), 4.67 (p, J= 6.5
Hz, 1H), 4.63 — 4.53 (m, 3H), 4.31 (brs, 1H), 3.87 — 3.79 (m, 1H), 3.27 (dt, J = 14.0, 5.5 Hz, 1H),
3.17 (dt, J = 14.0, 7.0 Hz, 1H), 2.86 — 2.70 (m, 2H), 2.11 — 1.87 (m, 2H), 1.95 (s, 3H)

1,1,1,3,3,3-hexafluoropropan-2-yl 3-((2-butyramidoethyl)(3-
methoxyphenyl)amino)azetidine-1-carboxylate (9b, UCM1493)

o~ Compound 9b was prepared following the described general procedure K
©\N N ~ starting from 8b using 1.2 equivalent of HFIP.
© Flash chromatography: silica gel, cyclohexane:EtOAc 1:1 as eluent.
e Oil, 64% yield
-~ ESI MS (m/z): 486 [M+H]"
9b, UCM1493
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'H NMR (400 MHz, Chloroform-d) & 7.19 (t, J = 8.0 Hz, 1H), 6.49 (dd, J = 8.0, 2.0 Hz, 1H), 6.40
(dd, J = 8.0, 2.0 Hz, 1H), 6.33 (t, J= 2.0 Hz, 1H), 5.64 (hept, J = 6.0 Hz, 1H), 5.47 (br s, 1H), 4.48
4.39 (m, 1H), 4.39 — 4.25 (m, 2H), 4.07 — 3.98 (m, 2H), 3.79 (s, 3H), 3.42 — 3.31 (m, 4H), 2.05 (¢, J
=7.5 Hz, 2H), 1.65 — 1.53 (m, 2H), 0.91 (t, J = 7.5 Hz, 3H)

13C NMR (101 MHz, Chloroform-d) 8 173.4, 160.9, 151.8, 148.9, 130.5, 120.6 (q, J = 288.7 Hz),
110.55, 106.06, 104.65, 67.82 (dt, J= 69.1, 34.6 Hz), 55.40, 55.31, 54.42, 49.47, 48.83, 38.61, 37.64,
19.03, 13.86

1,1,1,3,3,3-hexafluoropropan-2-yl 3-((2-acetamidoethyl)(benzo[d][1,3]dioxol-5-
yl)amino)azetidine-1-carboxylate (9c, UCM1498)

43 Compound 9¢ was prepared following the described general procedure K starting
@N /\/H\ﬂ/ from 8c using 2.5 equivalent of HFIP.

8} ©  Flash chromatography: silica gel, cyclohexane:EtOAc 1:9 as eluent.

OJ\O White amorphous solid, 90% yield

CFa)\ CFs ESIMS (m/z): 472 [M+H]"

9c, UCM1498

"H NMR (400 MHz, Chloroform-d) § 6.74 (d, J = 8.5 Hz, 1H), 6.54 (d, J= 2.0 Hz, 1H), 6.38 (dd, J
=8.5,2.0 Hz, 1H), 5.95 (s, 2H), 5.70 (br s, 1H), 5.63 (hept, J = 6.0 Hz, 1H), 4.40 (br s, 1H), 4.25 —
4.13 (m, 2H), 3.94 — 3.83 (m, 2H), 3.24 (q, J = 6.0 Hz, 2H), 3.06 (t, J = 6.0 Hz, 2H), 1.95 (s, 3H)
3C NMR (101 MHz, Chloroform-d) & 170.3, 151.9, 148.8, 144.6, 119.3 (dd, J = 285.1, 281.6 Hz),
115.3,108.3, 103.9, 101.5, 67.8 (p, J = 34.4 Hz), 55.0, 54.3, 51.6, 51.3,37.2, 23.7

1,1,1,3,3,3-hexafluoropropan-2-yl 3-((3-acetamidopropyl)(3-
methoxyphenyl)amino)azetidine-1-carboxylate (9d, UCM1494)

e

o Compound 9d was prepared following the described general procedure K starting

©\N/\/\N Jol\ from 8d using 1.2 equivalent of HFIP.
85 ’ Flash chromatography: silica gel, EtOAc as eluent.
N

o)\o Yellow oil, 51% yield
or o, ESI MS (m/2): 472 [M+H]*
9d, UCM1494

'H NMR (400 MHz, Chloroform-d) & 7.18 (t, J = 8.0 Hz, 1H), 6.49 (dd, J = 8.0, 2.0 Hz, 1H), 6.37
(dd, J = 8.0, 2.0 Hz, 1H), 6.28 (t, J = 2.0 Hz, 1H), 5.64 (hept, J = 6.0 Hz, 1H), 5.42 (br s, 1H), 4.40 —
4.30 (m, 2H), 4.26 (dd, J = 15.0, 6.0 Hz, 1H), 4.00 (dd, J = 8.5, 4.5 Hz, 2H), 3.79 (s, 3H), 3.26 (dt, J
= 8.0, 3.5 Hz, 2H), 3.21 (q, J = 7.0 Hz, 2H), 1.94 (s, 3H), 1.66 (p, J= 7.0 Hz, 2H)
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3C NMR (101 MHz, Chloroform-d) § 170.3, 160.8, 151.8, 148.9, 130.3, 120.7 (q, J = 282.7 Hz),
111.2,106.0, 105.2, 67.8 (p, J = 34.6 Hz), 55.3, 55.2, 54.3,49.4, 47.5, 37.6, 27 .4, 23.3

1,1,1,3,3,3-hexafluoropropan-2-yl 3-((2-acetamidoethyl)(3-
bromophenyl)amino)azetidine-1-carboxylate (9¢, UCM1497)

Br Compound 9e was prepared following the described general procedure K starting
©\N/\/H\n/ from 8e using 1.2 equivalent of HFIP.

2} ©  Flash chromatography: silica gel, EtOAc as eluent.

N
o Oil, 58% yield
CFa)\ CFs ESI MS (m/z): 507 [M+H]"
9e, UCM1497

"H NMR (400 MHz, Chloroform-d) § 7.13 (t, J = 8.0 Hz, 1H), 7.03 (d, J = 8.0 Hz, 1H), 6.90 (br s,
1H), 6.70 (dd, J = 8.0, 2.0 Hz, 1H), 5.65 (hept, J = 6.0 Hz, 1H), 5.48 (br s, 1H), 4.48 (p, /= 6.0, 5.5
Hz, 1H), 4.35 (dt, J=17.0, 8.5 Hz, 2H), 4.03 (dd, /=9.0, 5.5 Hz, 2H), 3.43 (t, J = 6.0 Hz, 2H), 3.34
(dt,J=11.5,6.0 Hz, 2H), 1.89 (s, 3H)
3C NMR (101 MHz, Chloroform-d) § 170.6, 151.8, 148.9, 130.9, 123.8, 123.7, 125.48 — 116.22 (m),
120.0, 115.7, 67.8 (p, J=34.7 Hz), 55.2, 54.3,49.1, 48.2,37.7,23.2

1,1,1,3,3,3-hexafluoropropan-2-yl 3-((2-acetamidoethyl)(4-chloro-3-
methoxyphenyl)amino)azetidine-1-carboxylate (9f, UCM1499)

o~ Compound 9f was prepared following the described general procedure K starting

CI\©\N ~N v from 8f using 2.5 equivalent of HFIP.

(S O  Flash chromatography: silica gel, EtOAc as eluent.
e Yellow amorphous solid, 90% yield

ok Nor,  ESIMS (m/2): 486 [M+H]"

9f, UCM1499

'H NMR (400 MHz, Chloroform-d) § 7.21 (d, J = 8.5 Hz, 1H), 6.51 (d, J = 2.5 Hz, 1H), 6.26 (dd, J
=8.5,2.5 Hz, 1H), 5.64 (hept, J= 6.0 Hz, 1H), 5.55 (br s, 1H), 4.45 (tt,J=7.0, 5.5 Hz, 1H), 4.32 (dt,
J=17.5, 8.5 Hz, 2H), 4.06 — 3.97 (m, 2H), 3.91 (s, 3H), 3.42 — 3.36 (m, 2H), 3.36 — 3.30 (m, 2H),
1.90 (s, 3H)
3C NMR (101 MHz, Chloroform-d) § 170.6, 155.9, 151.8, 147.6, 130.6, 125.17 — 116.29 (m), 114.9,
109.9, 102.7, 67.9 (hept, J=34.6 Hz), 56.4, 55.2, 54.4,49.4, 48.7,37.8,23.2
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1,1,1,3,3,3-hexafluoropropan-2-yl 3-((2-acetamidoethyl)(3-(4-
phenylbutoxy)phenyl)amino)azetidine-1-carboxylate (9h, UCM1502)

/\/\/@ Compound 9h was prepared following the described general procedure K starting

(@)

from 8h using 2.5 equivalent of HFIP.
@\N/\/“\n/ Flash chromatography: silica gel, cyclohexane:EtOAc 3:7 as eluent.
3N> °  0il, 90% yield
Ao ESI MS (m/2): 576 [M+H]*
CFy” CFs
9h, UCM1502

'H NMR (400 MHz, DMSO-ds) & 7.89 (t, J = 5.0 Hz, 2H), 7.31 — 7.25 (m, 2H), 7.21 (d, J = 6.5 Hz,
2H), 7.17 (tt, J = 6.5, 1.5 Hz, 1H), 7.08 (t, J = 8.0 Hz, 1H), 6.47 (hept, J = 7.0 Hz, 1H), 6.37 — 6.29
(m, 2H), 4.64 — 4.53 (m, 1H), 4.34 (dt, J = 21.0, 8.0 Hz, 2H), 3.96 (s, 4H), 3.37 — 3.29 (m, 2H), 3.13
(s, 2H), 2.64 (s, 2H), 1.77 (s, 3H), 1.71 (d, J = 3.5 Hz, 4H)

13C NMR (101 MHz, DMSO-ds) 5 169.4, 159.8, 151.0, 148.9, 142.0, 129.8, 128.3, 128.2, 125.7,
125.28 — 114.94 (m), 107.2, 104.5, 101.3, 67.0, 66.9 (p, J = 33.3 Hz), 55.1, 54.3, 47.9, 46.5, 37.2,
34.8,28.3,27.4,22.5

1,1,1,3,3,3-hexafluoropropan-2-yl 3-(2-(acetamidomethyl)-3,4-dihydroquinolin-1(2 H)-
yDazetidine-1-carboxylate (9j, UCM1532)

O\/j\/n Compound 9j was prepared following the described general procedure K starting
2‘} \g/ from 8] using 1.2 equivalent of HFIP.

j\ Flash chromatography: silica gel, cyclohexane:EtOAc 3:7 as eluent.
OCF )O\CF White solid, 54% yield. Crystallization: diethyl ether:petroleum ether

9j,ucm1532  M.p.: 112-115°C
ESI MS (m/z): 454 [M+H]"
Rotamers are observed when NMR analysis are performed at 25°C. Therefore, NMR analysis have
been carried out at 40°C.
'H NMR (400 MHz, DMSO-ds, 313K) § 7.93 (t, J = 6.0 Hz, 1H), 7.03 — 6.95 (m, 2H), 6.63 (t, J =
7.5 Hz, 1H), 6.45 (hept, J = 6.5 Hz, 1H), 6.41 (d, J = 8.0 Hz, 1H), 4.62 (p, J = 7.0 Hz, 1H), 4.46 —
4.35 (m, 1H), 4.35 — 4.27 (m, 2H), 3.95 (dd, J = 9.0, 6.0 Hz, 1H), 3.73 — 3.67 (m, 1H), 3.05 — 2.90
(m, 2H), 2.80 (ddd, J = 18.0, 12.0, 6.5 Hz, 1H), 2.61 (ddd, J = 17.0, 6.0, 3.0 Hz, 1H), 1.90 (ddt, J =
12.5, 6.0, 3.0 Hz, 1H), 1.82 (s, 3H), 1.79 — 1.70 (m, 1H)
BC NMR (101 MHz, DMSO-ds, 313K) § 169.3, 150.9, 142.7, 128.9, 126.7, 123.0, 120.1 (q, J=287.7
Hz), 112.2, 66. 9 (hept, J = 33.5 Hz), 55.7, 54.9, 54.3, 53.4, 50.5, 48.2, 22.8, 22.5, 22 .4
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Tert-butyl 3-(((3-methoxyphenyl)amino)methyl)azetidine-1-carboxylate (11)

o~ Compound 11 was prepared following the described general procedure C starting
@\ from 1a.
U Flash chromatography: silica gel, DCM:EtOAc 9:1 as eluent.
Boc  Qil, 50% yield

ESIMS (m/z): 293 [M+H]"

"H NMR (400 MHz, Chloroform-d) § 7.09 (t, J = 8.0 Hz, 1H), 6.32 (dd, J = 8.0, 2.0 Hz, 1H), 6.26
(dd, J=8.0,2.0 Hz, 1H), 6.19 (t, J=2.0 Hz, 1H), 4.03 (t, /= 8.5 Hz, 2H), 3.77 (s, 3H), 3.65 (dd, J =
8.5,5.0 Hz, 2H), 3.33 (d, /= 7.5 Hz, 2H), 2.80 (ttd, J = 10.5, 7.5, 4.0 Hz, 1H), 1.44 (s, 9H)

1"

Tert-butyl 3-(((cyanomethyl)(3-methoxyphenyl)amino)methyl)azetidine-1-carboxylate

(12)

o Compound 12 was prepared following the described general procedure D starting
@\ Jl from 11.
NKE\ Flash chromatography: silica gel, cyclohexane:EtOAc 8:2 as eluent.

" Boc Brown oil, 75% yield
ESIMS (m/z): 332 [M+H]"

'"H NMR (400 MHz, Chloroform-d) § 7.23 (t, J = 8.0 Hz, 1H), 6.55 — 6.48 (m, 2H), 6.43 (t,J=2.5
Hz, 1H), 4.15 — 4.09 (m, 2H), 4.03 (t, J = 8.5 Hz, 2H), 3.80 (s, 3H), 3.65 (dd, J = 8.5, 5.0 Hz, 2H),
3.52(d,J="7.5Hz, 2H), 2.86 (dtt, /= 13.0, 5.0, 2.5 Hz, 1H), 1.43 (s, 9H)

12

Tert-butyl 3-(((2-acetamidoethyl)(3-methoxyphenyl)amino)methyl)azetidine-1-
carboxylate (13)

~ Compound 13 was prepared following the described general procedure E starting
@\ H from 12.
N(;\/N\g/ Flash chromatography: silica gel, cyclohexane:EtOAc 1:9 as eluent.
Meoc  Oil, 70% yield
13 ESI MS (m/z): 378 [M+H]"

'H NMR (400 MHz, Chloroform-d) § 7.15 (t, J = 8.5 Hz, 1H), 6.41 — 6.37 (m, 1H), 6.35 — 6.31 (m,
2H), 5.59 (t, J=4.5 Hz, 1H), 3.97 (t, J = 8.5 Hz, 2H), 3.79 (s, 3H), 3.61 (dd, J = 8.5, 5.5 Hz, 2H),
3.51-3.42 (m, 4H), 3.38 (q, /= 6.0 Hz, 2H), 2.89 (dqd, /=10.0, 7.5, 3.5 Hz, 1H), 1.94 (s, 3H), 1.43
(s, 9H)
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3-(((2-acetamidoethyl)(3-methoxyphenyl)amino)methyl)azetidin-1-ium 2,2,2-

trifluoroacetate (14)

o~ TFA (0.38 ml) was added to a solution of compound 13 (1 equiv., 0.71 mmol) in
@\ H DCM (1.05 mL) at room temperature. The reaction was stirred at room temperature

N/\/N\n/

KE\ o until the starting material is completely disappeared (about 2h). The solvent was

NH . . . . . g .
*  evaporated in vacuo to give the corresponding crude oily azetidine 14 which was
CF,C00

14 used without any further purification in the next step.

2,5-dioxopyrrolidin-1-yl (2,2,2-trifluoroethyl) carbonate (20)

O

o Bis(2,5-dioxopyrrolidin-1-yl) carbonate (1 equiv., 49.2 mg, 0.19 mmol) is added to
E;N{‘O 0”¢cFs g solution of 2,2,2-trifluoroethan-1-ol (1 equiv., 0.145 mL, 0.19 mmol) and TEA (3
20 equiv., 0.780 mL, 0.56 mmol) in dry DCM (1.4 ml) under nitrogen. The reaction is
stirred at room temperature for 16h. After 16h, the product 20 in the reaction solution is used as such

in the next step.

2,2,2-trifluoroethyl 3-(((2-acetamidoethyl)(3-methoxyphenyl)amino)methyl)azetidine-1-
carboxylate (15, UCM1530)

o The azetidine salt 14 (1 equiv., 0.13 mmol) is dissolved in dry DCM (0.44 mL), and

W
hs!

N
C

TEA (2 equiv., 0.36 mL, 0.26 mmol)to afford a solution that is added dropwise to

14

the reaction mixture of 20 (1.5 equiv., 0.19 mmol) and the mixture is allowed to stir

@]

at room temperature for additional 16h. The reaction mixture is diluted in EtOAc,
r, Wwashed with H2O (x2), then brine. The organic phase is dried over Na>SO4, and
15, UCM1530 concentrated in vacuo. The crude product was purified by silica gel column
chromatography (cyclohexane:EtOAc 1:9) to give the desired compounds 15 as an oil, 86% yield.
ESIMS (m/z): 404 [M+H]"
"H NMR (400 MHz, Chloroform-d) § 7.15 (t, J = 8.0 Hz, 1H), 6.39 (ddd, J = 8.5, 2.5, 1.0 Hz, 1H),
6.36 - 6.31 (m, 2H), 5.67 (t, /= 6.0 Hz, 1H), 4.43 (q, J = 8.5 Hz, 2H), 4.09 (t, /= 7.0 Hz, 2H), 3.79
(s, 3H), 3.77 = 3.69 (m, 2H), 3.51 (d, J= 7.5 Hz, 2H), 3.45 (dd, J=17.5, 6.0 Hz, 2H), 3.40 — 3.33 (m,
2H), 3.00 (dddd, J=15.5, 10.5, 5.0, 2.0 Hz, 1H), 1.93 (s, 3H)
3C NMR (101 MHz, Chloroform-d) § 170.6, 161.0, 154.1, 149.3, 130.3, 123.2 (q, J = 277.4 Hz),
106.9, 102.7, 100.9, 60.9 (q, J = 36.5 Hz), 55.3, 55.0, 53.6, 52.9, 51.0, 37.2, 27.8, 23.2
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N-(2-(((1-(1H-imidazole-1-carbonyl)azetidin-3-yl)methyl)(3-methoxyphenyl)amino)
ethyl)acetamide (16)

o Compound 16 was prepared following the described general procedure I starting
@\ H from 14 with the addition of TEA.
N N\n/
o Flash chromatography: silica gel, EtOAc:MeOH 9:1 as eluent.
“°  0il, 57% yield
\ [/ ESIMS (m/z): 372 [M+H]"

'H NMR (400 MHz, Chloroform-d) & 7.98 (s, 1H), 7.28 (t, J= 1.5 Hz, 1H), 7.16 (t, J = 8.0 Hz, 1H),
7.08 — 7.06 (m, 1H), 6.39 (dd, J= 8.5, 2.5 Hz, 1H), 6.36 (dd, J=8.0, 2.0 Hz, 1H), 6.33 (t, J=2.5 Hz,
1H), 5.69 (t, J = 5.0 Hz, 1H), 4.35 (t, J = 8.5 Hz, 2H), 4.07 — 3.98 (m, 2H), 3.79 (s, 3H), 3.58 (d, J =
7.3 Hz, 2H), 3.46 (t, J = 6.5 Hz, 2H), 3.37 (q, J = 6.0 Hz, 2H), 3.15 (dtt, J = 10.0, 7.5, 4.0 Hz, 1H),
1.94 (s, 3H)

1,1,1,3,3,3-hexafluoropropan-2-yl 3-(((2-acetamidoethyl)(3-
methoxyphenyl)amino)methyl)azetidine-1-carboxylate (17, UCM1501)

Compound 17 was prepared following the described general procedure K starting
@NNH v from 16 using 2.5 equivalent of HFIP.
©  Flash chromatography: silica gel, cyclohexane:EtOAc 2:8 as eluent.
N
T 0il, 96% yield
CFy ESIMS (m/z): 472 [M+H]"
17, UCM1501
'H NMR (400 MHz, Chloroform-d) & 7.16 (t, J = 8.0 Hz, 1H), 6.42 — 6.36 (m, 1H), 6.34 (dt, J= 4.5,
2.5 Hz, 2H), 5.64 (hept, J = 6.0 Hz, 1H), 5.58 (br s, 1H), 4.21 — 4.08 (m, 2H), 3.86 — 3.74 (m, 5H),
3.54 (d, J=17.5 Hz, 2H), 3.48 — 3.43 (m, 2H), 3.41 — 3.34 (m, 2H), 3.07 (dtd, J = 15.5, 7.5, 4.0 Hz,
1H), 1.94 (s, 3H)
3C NMR (101 MHz, Chloroform-d) § 170.6, 161.1, 151.8, 149.3, 125.81 — 115.33 (m), 107.2, 102.95,
101.2, 67.7 (p, J = 34.6 Hz), 55.4, 54.9, 53.8, 53.2, 51.1,37.3, 27.9, 23.3

(R)-1,1,1-trifluoro-3-((4-methoxybenzyl)oxy)propan-2-ol (21)

CFs ﬁo\ NaH 60% (3 equiv., 107 mg, 2.68 mmol) is added portionwise to a stirring
Ho” ~© solution of 4-methoxyphenol (1.5 equiv., 0.17 mL, 1.34 mmol) in anhydrous
21 THF (2.5 mL) at 0°C under nitrogen atmosphere. After stirring for 1h at 0°C,

(S)-2-methyloxirane (1 equiv., 0.077 mL, 0.89 mmol) is added to the suspension, and the reaction
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mixture is allowed to be stirred at room temperature for an additional 16h. The reaction mixture is
quenched with H>O and extracted with EtOAc (x3). The combined organic phases are dried over
Na;S0Os, and concentrated in vacuo. The crude product was purified by silica gel column
chromatography (cyclohexane:EtOAc 1:1) to give the desired compounds 21 as a yellow oil, 49%
yield.

The experimental data are in agreement with the ones reported in literature.!”

(R)-2,5-dioxopyrrolidin-1-yl (1,1,1-trifluoro-3-((4-methoxybenzyl)oxy)propan-2-yl)
carbonate (22)

0 Bis(2,5-dioxopyrrolidin-1-yl) carbonate (1 equiv.,82 mg, 0.32 mmol) is added to

O CFs
</;N(~o)]\o)\/0 a solution of (R)-1,1,1-trifluoro-3-((4-methoxybenzyl)oxy)propan-2-ol 21 (1
(0]
é) equiv., 80 mg, 0.32 mmol) and TEA (3 equiv., 0,130 ml, 0.96 mmol) in dry DCM

_0 (2.3 mL) under nitrogen. The reaction is stirred at room temperature for 24h.
22 After 24h, the product 22 is not isolated and the solution is used as such in the

next step.

(R)-1,1,1-trifluoro-3-((4-methoxybenzyl)oxy)propan-2-yl 3-(((2-acetamidoethyl)(3-
methoxyphenyl)amino)methyl)azetidine-1-carboxylate (18)

The azetidine salt 14 (1 equiv., 0.215 mmol) is dissolved in dry DCM
@\ y (2.2 mL), then TEA (4 equiv., 0.120 mL, 0.87 mmol) is added. The
N/\/N\g/ solution is added dropwise to the reaction mixture of 22 (1.5 equiv.,
N\CI)I/OY\O/\Q\ 0.32 mmol) and the mixture is allowed to stir at room temperature for
? 16h. The reaction mixture is diluted in DCM, washed with H»O, then
18 brine. The organic phase is dried over Na;SOs, and concentrated in
vacuo. The crude product was purified by silica gel column chromatography (EtOAc as eluent) to
give the desired compounds 18 as an oil, 59% yield.
ESIMS (m/z): 554 [M+H]"
"H NMR (400 MHz, Chloroform-d) & 7.25 — 7.22 (m, 2H), 7.15 (t, J = 8.0 Hz, 1H), 6.88 (d, J= 8.5
Hz, 2H), 6.41 —6.37 (m, 1H), 6.37 - 6.31 (m, 2H), 5.66 (s, 1H), 5.40 (ddq, /= 10.0, 7.0, 3.0 Hz, 1H),
4.58 —4.41 (m, 2H), 4.08 (t, J= 8.5 Hz, 2H), 3.80 (s, 3H), 3.79 (s, 3H), 3.77 — 3.70 (m, 3H), 3.67 (d,
J=17.5Hz, 1H), 3.54 — 3.47 (m, 2H), 3.47 — 3.41 (m, 2H), 3.37 (q, J = 6.0 Hz, 2H), 3.04 — 2.92 (m,
1H), 1.95 (s, 3H)
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(R)-1,1,1-trifluoro-3-hydroxypropan-2-yl 3-(((2-acetamidoethyl)(3-
methoxyphenyl)amino)methyl)azetidine-1-carboxylate (19, UCM1529)

o TFA (0.74 ml, 9.7 mmol) was added to a solution of compound 18 (70 mg,
@\ 9y 0.125 mmol) in dry DCM (2.2 ml). The solution was stirred at room
N
N(;\/ \g/ temperature for 30 min. Then, the mixture was neutralized with the addition
N

\H/O\E/\OH of'a aqueous saturated solution of NaHCOs. The aqueous phase was extracted
o with DCM (x3). The combined organic phases were dried over Na>SO4, and

19, UC1s29 concentrated under reduced pressure. The crude was purified by silica gel

column chromatography (EtOAc as eluent) to give the desired compounds 19 as an oil, 75% yield.

ESI MS (m/z): 434 [M+H]"

Rotamers are observed when NMR analysis are performed at 25°C. Therefore, NMR analysis have

been carried out at 40°C.

'"H NMR (400 MHz, DMSO-d, 313K) § 7.85 (t, J = 6.0 Hz, 1H), 7.05 (t, J= 8.0 Hz, 1H), 6.37 (dd,

J=28.0,2.5 Hz, 1H), 6.33 (t,J=2.5 Hz, 1H), 6.23 (dd, /= 8.0, 2.5 Hz, 1H), 5.20 (t, /= 6.0 Hz, 1H),

5.14 (qt, J=17.5, 3.5 Hz, 1H), 4.10 (br s, 1H), 4.02 (t, /= 8.5 Hz, 1H), 3.80 — 3.67 (m, 3H), 3.72 (s,

3H), 3.63 (dq, J = 12.5, 6.5 Hz, 1H), 3.53 (d, J= 7.0 Hz, 2H), 3.36 — 3.28 (m, 2H), 3.19 — 3.08 (m,

2H), 3.01 — 2.86 (m, 1H), 1.80 (s, 3H)

3C NMR (101 MHz, DMSO-de, 313K) § 169.4, 160.5, 153.6, 148.8, 129.7, 125.48 — 112.54 (m),

105.5, 102.0, 98.8, 70.7 (q, J = 29.6 Hz), 57.9, 54.7, 53.6, 53.27 — 52.05 (m), 50.0, 35.9, 27.5, 22.4,

20.9

Tert-butyl 3-(((1-methyl-1H-pyrazol-4-yl)amino)methyl)azetidine-1-carboxylate (24)

N Compound 24 was prepared following the described general procedure C starting
N\\J\NH from 23.

N. Flash chromatography: silica gel, EtOAc:MeOH 9:1 as eluent.
24 Red oil, 96% yield
ESI MS (m/z): 265 [M+H]
'H NMR (400 MHz, Chloroform-d) & 7.06 (d, J= 1.0 Hz, 1H), 6.88 (d, J= 1.0 Hz, 1H), 3.99 (t, J =
8.5 Hz, 2H), 3.76 (s, 3H), 3.61 (dd, J = 8.5, 5.0 Hz, 2H), 3.12 (d, J = 7.5 Hz, 2H), 2.76 — 2.64 (m,
1H), 2.64 — 2.49 (m, 1H), 1.40 (s, 9H)
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Tert-butyl 3-(((cyanomethyl)(1-methyl-1H-pyrazol-4-yl)amino)methyl)azetidine-1-
carboxylate (25)

\ i Compound 25 was prepared following the described general procedure D starting
N/J\NJ from 24.
KE\N‘BOC Flash chromatography: silica gel, EtOAc as eluent.
25 Red oil, 82% yield
ESIMS (m/z): 306 [M+H]"
"H NMR (400 MHz, Chloroform-d) § 7.25 (d, J = 1.0 Hz, 1H), 7.18 (d, J= 1.0 Hz, 1H), 3.96 (dd, J
=9.0, 8.0 Hz, 2H), 3.83 (s, 3H), 3.82 (s, 3H), 3.58 (dd, /=9.0, 5.0 Hz, 2H), 3.17 (d, /= 7.5 Hz, 2H),

1.41 (s, 9H)

Tert-butyl 3-(((2-acetamidoethyl)(1-methyl-1H-pyrazol-4-yl)amino)methyl)azetidine-1-
carboxylate (26)

\ Compound 26 was prepared following the described general procedure E starting

N
N | y
§J\N/\/N\n/ from 25.
O
N. Flash chromatography: silica gel, EtOAc:MeOH 9:1 as eluent.

26 - Oil, 58% yield
'"H NMR (400 MHz, Chloroform-d) § 7.14 (d, J = 1.0 Hz, 1H), 7.00 (d, J = 1.0 Hz, 1H), 5.72 (brs,
1H), 3.94 (t, J = 8.5 Hz, 2H), 3.82 (s, 3H), 3.56 (dd, J = 8.5, 5.5 Hz, 2H), 3.32 (q, J = 6.0 Hz, 2H),
3.15(d, J=7.5 Hz, 2H), 3.06 (t, J = 6.5 Hz, 2H), 2.72 (dtt, J = 13.0, 5.5, 2.5 Hz, 1H), 1.96 (s, 3H),

1.43 (s, 9H)

N-(2-(((1-(1H-imidazole-1-carbonyl)azetidin-3-yl)methyl)(1-methyl-1 H-pyrazol-4-yl)
amino)ethyl)acetamide (27)

\N\;N_\Z O}_ Compound 27 was prepared following the described general procedure J starting
— v/ """ from 26 with the addition of TEA.
Flash chromatography: silica gel, EtOAc:MeOH 9:1 as eluent. The obtained product

Z};—N/\j was not perfectly clean, thus the yield was not calculated.

27 ESI MS (m/z): 346 [M+H]"
"H NMR (400 MHz, Chloroform-d) & 7.96 (s, 1H), 7.26 (t, J= 1.5 Hz, 1H), 7.13 (d, J= 1.0 Hz, 1H),
7.04 (t,J=1.0 Hz, 1H), 7.02 (d, J = 1.0 Hz, 1H), 6.04 (br s, 1H), 4.36 — 4.26 (m, 2H), 3.99 — 3.90
(m, 2H), 3.79 (s, 3H), 3.29 (q, /= 6.5 Hz, 2H), 3.22 (d, J= 7.5 Hz, 2H), 3.06 (t, /= 6.5 Hz, 2H), 3.03

—2.91 (m, 1H), 1.93 (s, 3H)
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1,1,1,3,3,3-hexafluoropropan-2-yl 3-(((2-acetamidoethyl)(1-methyl-1H-pyrazol-4-yl)
amino)methyl)azetidine-1-carboxylate (28, UCM1531)

from 27.
3\\, CF, Flash chromatography: silica gel, DCM:MeOH 95:5 as eluent.
:>,—o)_ “ 0il, 55% yield (in two step)

28, UCM1531 ESI MS (m/z): 446 [M+H]"
"H NMR (400 MHz, Chloroform-d) § 7.16 (d, J = 1.0 Hz, 1H), 7.03 (d, J = 1.0 Hz, 1H), 5.64 (hept,
J=6.2 Hz, 1H), 5.64 (br s, 1H), 4.13 (dt, J=17.5, 8.5 Hz, 2H), 3.83 (s, 3H), 3.75 (ddd, J=15.5, 9.0,
5.5 Hz, 2H), 3.32 (q, /= 6.0 Hz, 2H), 3.20 (d, J = 7.5 Hz, 2H), 3.07 (t, J = 6.5 Hz, 2H), 2.90 (dtt, J =
13.0, 8.0, 2.5 Hz, 1H), 1.96 (s, 3H)
13C NMR (101 MHz, Chloroform-d) § 170.4, 151.8, 135.00, 130.5, 119.7, 119.36 (q, J = 280.7 Hz),
67.7 (hept, J = 34.5 Hz), 58.9, 54.3, 53.9, 53.2, 39.4, 37.2,27.9, 23.3

~nN °>_ Compound 28 was prepared following the described general procedure L starting
\:‘ZN _/\H

1-benzhydryl-N-(3-methoxyphenyl)-NV-methylazetidin-3-amine (30)

e

0 Compound 30 was prepared following the described general procedure B starting from

@ _ commercially available 3-methoxy-N-methylaniline 29.
N
8} Flash chromatography: silica gel, cyclohexane:EtOAc 85:15 as eluent.

O Yellow oil, 53% yield.

30

Ph Ph

'H NMR (400 MHz, Chloroform-d) & 7.45 — 7.41 (m, 4H), 7.32 — 7.26 (m, 4H), 7.21 (tt, J = 7.5, 2.5
Hz, 2H), 7.11 (t, J = 8.2 Hz, 1H), 6.37 — 6.30 (m, 2H), 6.23 (t, J = 2.3 Hz, 1H), 4.38 (s, 1H), 4.05 (p,
J= 6.8 Hz, 1H), 3.76 (s, 3H), 3.65 (td, J = 6.4, 1.8 Hz, 2H), 3.00 (td, J = 6.9, 1.8 Hz, 2H), 2.80 (s,
3H)

(1H-imidazol-1-yl)(3-((3-methoxyphenyl)(methyl)amino)azetidin-1-yl)methanone (31)

o A solution of compound 30 (1 equiv., 240 mg, 0.67 mmol) in MeOH (8 mL) was
@\ hydrogenated over Pd/C 10% (61.0 mg) at 5 atm for 16h at r.t. The catalyst was filtered
;; on Celite and the filtrate was concentrated in vacuo to give the corresponding crude oily

)N\ azetidine which was used without any further purification. CDI (1.2 equiv., 130 mg, 0.81

07NN\
L:,} mmol) was added to a solution of the crude azetidine in dry DCM (1.4 mL). The reaction
3 was stirred at room temperature for 4h. After completion, the solution was diluted with

DCM and washed with H>O (x3). The organic phase was dried over Na,SO4 and evaporated under
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reduced pressure to yield a crude product which was purified by flash chromatography (EtOAc as
eluent) to afford compound 31, as an oil (56% yield)

ESIMS (m/z): 287 [M+H]"

"H NMR (400 MHz, Chloroform-d) § 8.01 (d, J= 1.0 Hz, 1H), 7.30 (d, J= 1.5 Hz, 1H), 7.19 (t, J =
8.0 Hz, 1H), 7.09 (dd, J= 1.5, 1.0 Hz, 1H), 6.47 (ddd, J = 8.0, 2.5, 1.0 Hz, 1H), 6.35 (ddd, J = 8.0,
2.5, 1.0 Hz, 1H), 6.28 (t, J= 2.5 Hz, 1H), 4.53 (t, J = 8.5 Hz, 2H), 4.42 (tt, J= 7.5, 5.0 Hz, 1H), 4.29
(dd, J=9.5, 5.0 Hz, 2H), 3.79 (s, 3H), 2.91 (s, 3H)

1,1,1,3,3,3-hexafluoropropan-2-yl 3-((3-methoxyphenyl)(methyl)amino)azetidine-1-
carboxylate (32, UCM1533)

~o0 0 o, Compound 32 was prepared following the described general procedure K
@\N /CINJ\O)\CF3 starting from 31 using 2.5 equivalent of 1,1,1,3,3,3-hexafluoropropan-2-ol.
I Flash chromatography: silica gel, cyclohexane:EtOAc 9:1 as eluent.

32, UCM1533 Oil, 68% yield
ESI MS (m/z): 387 [M+H]"
'"H NMR (400 MHz, Chloroform-d) § 7.18 (t, J = 8.0 Hz, 1H), 6.45 (ddd, J = 8.0, 2.5, 1.0 Hz, 1H),
6.35 (ddd, J=8.0, 2.5, 1.0 Hz, 1H), 6.27 (t, J = 2.5 Hz, 1H), 5.66 (hept, J= 6.0 Hz, 1H), 4.43 —4.34
(m, 2H), 4.34 — 4.27 (m, 1H), 4.11 (dd, /= 9.0, 4.5 Hz, 2H), 3.79 (s, 3H), 2.89 (s, 3H)
3C NMR (101 MHz, Chloroform-d) § 160.8, 151.8, 150.9, 130.2, 121.04 (q, J = 280.4 Hz), 109.1,
105.0, 103.1, 67.8 (hept, J = 34.6 Hz), 55.3, 55.1, 54.3, 50.1, 36.6

Tert-butyl 3-((3-methoxyphenyl)amino)pyrrolidine-1-carboxylate (33a)

Under nitrogen atmosphere, 3-pyrrolidone (1.5 equiv., 451 mg, 2.44 mmol) is added to a
@NH solution of m-anisidine 1a (1 equiv., 0.18 ml, 1.62 mmol) in MeOH (17.7 mL) and AcOH
(1.78 ml) . The mixture is stirred at room temperature for 1h, after which NaBH3CN (2.0

Maoc equiv., 203 mg, 3.24 mmol) is added and the reaction is allowed to stir at room

33 temperature for additional 16h. The solvent is evaporated and the residue is dissolved in
DCM and washed with an aqueous solution of NaHCO3 2N (30 ml). The aqueous phase is extracted
with DCM (x3). The combined organic phases are dried over Na;SOs, and concentrated in vacuo. The
residue is purified by silica gel column chromatography (DCM:EtOAc 9:1) to give the desired
compounds 33a as a white solid, 90% yield.

ESIMS (m/z): 293 [M+H]"

'H NMR (400 MHz, Chloroform-d) § 7.09 (t, J = 8.0 Hz, 1H), 6.32 — 6.28 (m, 1H), 6.22 (ddd, J =
8.0,2.5,1.0 Hz, 1H), 6.16 (t,J=2.5 Hz, 1H), 4.02 (s, 1H), 3.77 (d, /= 4.5 Hz, 3H), 3.75 — 3.62 (m,
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2H), 3.53 — 3.40 (m, 2H), 3.23 (dd, J=28.0, 11.5 Hz, 1H), 2.17 (dtd, J = 13.0, 7.5, 5.5 Hz, 1H), 1.89
(s, 1H), 1.46 (s, 9H)

Tert-butyl 4-((3-methoxyphenyl)amino)piperidine-1-carboxylate (33b)

o A solution of fert-butyl 4-oxopiperidine-1-carboxylate (1.0 equiv., 1105 mg, 5.55 mmol)
@NH and m-anisidine 1a (1.05 equiv., 0,65 ml, 5.82 mmol) in dry toluene (7.55 mL) is allowed
fj to stir at room temperature for 1h. After heating to 30-35°C, NaBH(AcOH); (1.5 equiv.,
N 1764 mg, 8.32 mmol) is added portion wise to the solution. The reaction is stirred at 30-
33b 35°C for 2h and 30 min. The reaction is diluted with EtOAc and after the addition of H,O,
heated up to 45°C. Then, the organic phase is washed with warm H>O (x2 at 40°C), dried over
NazS04, and concentrated in vacuo. The residue is purified by silica gel column chromatography
(cyclohexane:EtOAc 8:2) to give the desired compounds 33b as a brown solid, 20% yield.
ESIMS (m/z): 307 [M+H]"
"H NMR (400 MHz, Chloroform-d) § 7.09 (t, J= 8.0 Hz, 1H), 6.35 — 6.25 (m, 2H), 6.22 (s, 1H), 4.09
—3.97 (m, 2H), 3.77 (s, 3H), 3.40 (ddd, J = 14.0, 10.0, 4.0 Hz, 1H), 2.90 (t, /= 11.5 Hz, 2H), 2.07 —
1.98 (m, 2H), 1.46 (s, 9H), 1.42 — 1.29 (m, 2H)

Tert-butyl 3-((cyanomethyl)(3-methoxyphenyl)amino)pyrrolidine-1-carboxylate (34a)

Compound 34a was prepared following the described general procedure D starting

o~ N
@N J from 33a.

Flash chromatography: silica gel, cyclohexane:EtOAc 8:2 as eluent.
“60c  Yellow oil, 86% yield

ESIMS (m/z): 332 [M+H]"
'H NMR (400 MHz, DMSO-de) & 7.19 (t, J = 8.0 Hz, 1H), 6.62 (dd, J = 8.0, 2.5 Hz, 1H), 6.56 (s,
1H), 6.49 (d, J= 8.5 Hz, 1H), 4.44 (d, J= 8.5 Hz, 2H), 4.41 — 4.31 (m, 1H), 3.74 (s, 3H), 3.53 (dd, J
=10.5, 7.5 Hz, 1H), 3.48 — 3.39 (m, 1H), 3.30 — 3.19 (m, 1H), 3.12 (t, /= 9.0 Hz, 1H), 2.11 — 2.00

(m, 2H), 1.39 (d, J = 5.5 Hz, 9H)

34a

Tert-butyl 4-((cyanomethyl)(3-methoxyphenyl)amino)piperidine-1-carboxylate (34b)

o Compound 34b was prepared following the described general procedure D starting
@ J‘ from 33b.
fNj Flash chromatography: silica gel, cyclohexane:EtOAc 8:2 as eluent.
N~ Brown solid, 85% yield
ESI MS (m/z): 346 [M+H]"

Boc

33b
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'H NMR (400 MHz, Chloroform-d) & 7.23 (t, J = 8.0 Hz, 1H), 6.56 (dd, J = 8.0, 2.5 Hz, 1H), 6.54 —
6.47 (m, 2H), 4.28 — 4.14 (m, 2H), 4.05 (s, 2H), 3.81 (s, 3H), 3.68 (tt, J= 11.5, 3.5 Hz, 1H), 2.80 (t,
J=12.5 Hz, 2H), 1.93 — 1.82 (m, 2H), 1.60 (qd, J = 12.0, 4.5 Hz, 2H), 1.47 (s, 9H).

Tert-butyl 3-((2-acetamidoethyl)(3-methoxyphenyl)amino)pyrrolidine-1-carboxylate
(35a)

Compound 35a was prepared following the described general procedure E starting
@N/\/H\n/ from 34a.
é O Flash chromatography: silica gel, cyclohexane:EtOAc 2:8 as eluent.

“Boc 0il, 61% yield

3%a ESI MS (m/z): 378 [M+H]*
"H NMR (400 MHz, DMSO-ds)  8.00 (t,J = 5.5 Hz, 1H), 7.07 (t,J = 8.0 Hz, 1H), 6.50 (dd, J = 8.0,
2.0 Hz, 1H), 6.47 (s, 1H), 6.28 (dd, J= 8.0, 2.0 Hz, 1H), 4.38 (tt, /= 16.0, 7.0 Hz, 1H), 3.72 (s, 3H),
3.53 (dd, J=10.5, 7.5 Hz, 1H), 3.45 — 3.37 (m, 1H), 3.30 — 3.14 (m, 3H), 3.14 — 3.05 (m, 2H), 3.00
(dd, J=10.5, 8.0 Hz, 1H), 2.07 — 1.89 (m, 2H), 1.81 (s, 3H), 1.40 (d, /= 4.5 Hz, 9H)

Tert-butyl 4-((2-acetamidoethyl)(3-methoxyphenyl)amino)piperidine-1-carboxylate
(35b)

Compound 35b was prepared following the described general procedure E starting
@N/\/H\n/ from 34b.
ﬁj ©  Flash chromatography: silica gel, cyclohexane:EtOAc 2:8 as eluent.

N White solid, 57% yield

35b ESIMS (m/z): 392 [M+H]"
'H NMR (400 MHz, Chloroform-d) § 7.16 (t, J = 8.0 Hz, 1H), 6.50 (dd, J = 8.0, 2.5 Hz, 1H), 6.45 (s,
1H), 6.36 (dd, J = 8.0, 2.5 Hz, 1H), 5.80 — 5.62 (m, 1H), 4.33 — 4.12 (m, 2H), 3.81 (s, 3H), 3.68 —
3.56 (m, 1H), 3.42 —3.32 (m, 2H), 3.32 - 3.21 (m, 2H), 2.82 - 2.67 (m, 2H), 1.97 (s, 3H), 1.80 — 1.71
(m, 2H), 1.57 (qd, J=12.5, 4.5 Hz, 2H), 1.46 (s, 9H)
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N-(2-((1-(1H-imidazole-1-carbonyl)pyrrolidin-3-yl)(3-methoxyphenyl)amino)ethyl)

acetamide (36a)

o~ Compound 36a was prepared following the described general procedure J starting

@\ /\/H\n/ from 35a.
N

b o  Flash chromatography: silica gel, EtOAc:MeOH 9:1 as eluent.
“eo  Yellow oil, 66% yield
N

i) ESI MS (m/z): 372 [M+H]"

'H NMR (400 MHz, Chloroform-d) 8 8.57 (s, 1H), 7.45 (s, 1H), 7.23 — 7.12 (m, 2H), 6.65 — 6.46 (m,
3H), 6.17 (brs, 1H), 4.27 (p, J = 7.5 Hz, 1H), 3.93 — 3.80 (m, 2H), 3.80 (s, 3H), 3.76 — 3.59 (m, 2H),
3.42 ~3.31 (m, 3H), 3.31 — 3.18 (m, 1H), 2.27 — 2.11 (m, 2H), 1.97 (s, 3H)

N-(2-((1-(1H-imidazole-1-carbonyl)piperidin-4-yl)(3-methoxyphenyl)amino)ethyl)
acetamide (36b)

o~ Compound 36b was prepared following the described general procedure J starting

@ 4 from 35b.
N \g/

Flash chromatography: silica gel, EtOAc:MeOH 9:1 as eluent.

N Oil, 81% yield
%N’go n
N ESI MS (m/z): 386 [M+H]
36b

'H NMR (400 MHz, Chloroform-d) & 7.88 (s, 1H), 7.21 (t, J = 1.5 Hz, 1H), 7.17 (¢, J = 8.0 Hz, 1H),
7.09 (s, 1H), 6.51 (dd, J = 8.0, 2.5 Hz, 1H), 6.46 (t, J = 2.5 Hz, 1H), 6.40 (dd, J = 8.0, 2.0 Hz, 1H),
5.81 (brs, 1H), 4.22 (d, J= 13.5 Hz, 2H), 3.80 (s, 3H), 3.73 (tt, J= 11.5, 3.5 Hz, 1H), 3.36 — 3.26 (m,
4H), 3.13 — 3.03 (m, 2H), 1.97 (s, 3H), 1.94 — 1.87 (m, 2H), 1.73 (qd, J = 12.5, 4.0 Hz, 2H)

1,1,1,3,3,3-hexafluoropropan-2-yl 3-((2-acetamidoethyl)(3-
methoxyphenyl)amino)pyrrolidine-1-carboxylate (37a, UCM1495)

Compound 37a was prepared following the above described general procedure K
@N ~N v starting from 36a using 2.5 equivalent of HFIP.
b ©  Flash chromatography: silica gel, cyclohexane:EtOAc 2:8 as eluent.
“=o 0l 91% yield
N-of,  ESIMS (m/z): 472 [M+H]"

37a, UCM1495
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Rotamers are observed when NMR analysis are performed at 25°C. Therefore, NMR analysis have
been carried out at 40°C.

'H NMR (400 MHz, DMSO-ds, 313K) § 7.93 (s, 1H), 7.09 (t, J = 8.0 Hz, 1H), 6.59 — 6.45 (m, 3H),
6.31 (dd, J = 8.0, 2.0 Hz, 1H), 4.49 (dp, J = 23.5, 8.0 Hz, 1H), 3.73 (s, 3H), 3.68 (dd, /= 10.5, 7.5
Hz, 1H), 3.57 (ddd, J=10.5, 8.0, 3.0 Hz, 1H), 3.41 (dtd, J=13.5, 10.0, 7.0 Hz, 1H), 3.24 — 3.06 (m,
5H), 2.16 — 2.00 (m, 2H), 1.80 (d, /=2.0 Hz, 3H)

3C NMR (101 MHz, DMSO-ds, 313K) § 169.2, 160.6, 150.5, 149.2, 129.6, 120.8 (q, J = 283.2 Hz),
105.6, 101.7,99.1, 67.3 (hept, J = 33.5 Hz), 54.7, 53.7, 44.1,43.7, 43. 6, 37.7, 28.9 (d, /= 15.8 Hz),
22.4

1,1,1,3,3,3-hexafluoropropan-2-yl 4-((2-acetamidoethyl)(3-
methoxyphenyl)amino)piperidine-1-carboxylate (37b, UCM1496)

0 Compound 37b was prepared following the described general procedure K starting
@N /\/H from 36b using 1.2 equivalent of 1,1,1,3,3,3-hexafluoropropan-2-ol.
fj O Flash chromatography: silica gel, cyclohexane:EtOAc 3:7 as eluent.
/’L Yellow oil, 50% yield
ESI MS (m/z): 486 [M+H]"

CFy” CF;
37b, UCM1496
"H NMR (400 MHz, Chloroform-d) § 7.18 (t, J= 8.0 Hz, 1H), 6.52 (dd, J= 8.0, 2.0 Hz, 1H), 6.47 (t,

J=2.0 Hz, 1H), 6.40 (dd, J = 8.0, 2.0 Hz, 1H), 5.75 (hept, J = 6.0 Hz, 1H), 5.65 (br s, 1H), 4.34 —
4.20 (m, 2H), 3.81 (s, 3H), 3.66 (tt, J = 11.5, 3.5 Hz, 1H), 3.33 (q, J = 7.5 Hz, 2H), 3.30 — 3.24 (m,
2H), 3.03 — 2.87 (m, 2H), 1.97 (s, 3H), 1.91 — 1.80 (m, 2H), 1.72 — 1.53 (m, 2H)

13C NMR (101 MHz, Chloroform-d) 8 170.5, 161.0, 151.5, 149.4, 130.2, 120.8 (q, J = 282.2 Hz),
108.7, 103.6, 102.8, 68.3 (hept, J = 34.5 Hz), 57.2, 55.4, 44.9, 44.6, 44.3, 38.5, 29.7, 29.5, 23.3

Tert-butyl 4-(6-methoxy-2,3-dihydro-1H-inden-1-yl)piperazine-1-carboxylate (39)'®

oc Under nitrogen atmosphere, sodium borohydride (1.0 equiv., 45 mg, 1.20 mmol) in
q i? two portions was added to a suspension of 6-methoxyindan-1-one 38 (1 equiv., 194
/O\@ mg, 1.20 mmol) in MeOH (2.41 mL). The reaction was stirred at room temperature
1 hour, evaporated, and partitioned between Et;O and H2O. The organic phase was

* washed with H>O, then with an aqueous solution of HCI 1N, dried over Na>SOs, and
evaporated. The resulting oil was dissolved in dry toluene (2.3 mL), adding thionyl chloride (1.5
equiv., 0.13 mL, 1.8 mmol) at room temperature, and stirring at 55-60° for 2h. The solution was

cooled, washed with H>O, dried over Na>SOs4, and evaporated. The resulting oil was dissolved in dry
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CH3CN (4.8 mL) and tert-butyl piperazine-1-carboxylate (1.2 equiv., 268 mg, 1.44 mmol), KoCOs
(2.2 equiv., 364 mg, 2.64 mmol), and a catalytic amount of tetrabutylammonium iodide were added
to the solution. The mixture was heated at 75°C for 16 hours, cooled and evaporated. The crude was
taken up in EtOAc, washed with H>O and brine, dried over Na>SQO4 , and evaporated. The residue was
chromatographed on silica gel using cyclohexane:EtOAc 7:3 as eluent to afford the desired compound
39 as a yellow oil, 50% yield in three step.

'H NMR (400 MHz, Chloroform-d) & 7.08 (d, J = 8.0 Hz, 1H), 6.88 (d, J= 2.5 Hz, 1H), 6.75 (dd, J
=8.0, 2.5 Hz, 1H), 4.30 (t, /= 7.0 Hz, 1H), 3.77 (s, 3H), 3.49 — 3.35 (m, 4H), 2.82 (dt, /= 14.0, 7.0
Hz, 1H), 2.72 (dt, J=15.5, 7.5 Hz, 1H), 2.52 — 2.38 (m, 4H), 2.04 (q, /= 7.0 Hz, 2H), 1.44 (s, 9H)

1,1,1,3,3,3-hexafluoropropan-2-yl 4-(6-methoxy-2,3-dihydro-1H-inden-1-yl)piperazine-
1-carboxylate (40) and (4-(6-methoxy-2,3-dihydro-1H-inden-1-yl)piperazin-1-yl)(1H-1,2,4-
triazol-1-yl)methanone (41)

TFA (0.38 mL) was added to a solution of the N-Boc azetidine 39 (1 equiv., 159.5 mg, 0.48
mmol) in dry DCM (0.7 mL) at room temperature. The reaction was stirred at room temperature until
the starting material is completely disappeared (about 2h). Then, the reaction was diluted with DCM
and washed with an aqueous saturated solution of NaHCOs3. The aqueous phase was extracted with
DCM (x3). The combined organic phases were concentrated in vacuo to give the corresponding crude
oily azetidine. After dissolution of the crude in anhydrous THF (5.0 mL), the obtained solution was
added dropwise to a solution of di(1H-1,2,4-triazol-1-yl)methanone (2.5 equiv., 196 mg, 1.2 mmol)
and HFIP (15 equiv., 0.75 mL, 7.2 mmol) in anhydrous THF (2.5 mL), previously stirred at room
temperature for 15 min. The reaction mixture was stirred an additional 2h at r.t. and then concentrated
under reduced pressure. The crude was purified by silica gel flash chromatography using
cyclohexane:EtOAc 8:2 as eluent to give the compound 40 and cyclohexane:EtOAc 1:1 as eluent to

afford the side product 41.
40, UCM1500

CF},CFS Yellow oil, 22% yield.
oyo )
ESI MS (m/z): 427 [M+H]

N
(N) 'H NMR (400 MHz, Chloroform-d) § 7.11 (d, J = 8.0 Hz, 1H), 6.87 (d, J=2.5
_O
@f} Hz, 1H), 6.79 (dd, J = 8.0, 2.5 Hz, 1H), 5.74 (hept, J = 6.0 Hz, 1H), 4.34 (t, J =

40, UCM1500 7.0 Hz, 1H), 3.81 (s, 3H), 3.63 — 3.46 (m, 4H), 2.85 (ddd, J = 16.0, 8.0, 5.5 Hz,
1H), 2.75 (dt, J = 15.5, 7.5 Hz, 1H), 2.59 — 2.45 (m, 4H), 2.13 — 1.98 (m, 2H)
13C NMR (101 MHz, Chloroform-d) & 158.9, 151.6, 143.9, 136.1, 125.4, 125.19 — 116.48 (m), 114.1,

110.3, 70.3, 68.2 (p, J = 34.4 Hz), 55.6, 48.5, 48.1, 45.3, 44.9, 30.1, 24.9
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41

/~N Oil, 17% yield.
OyN‘N/) oy
(Nj ESI MS (m/z): 328 [M+H]"
o N 'H NMR (400 MHz, Chloroform-d) & 8.77 (s, 1H), 7.98 (s, 1H), 7.11 (d, J = 8.0
Ejj Hz, 1H), 6.89 (d, J= 2.0 Hz, 1H), 6.79 (dd, J = 8.0, 2.5 Hz, 1H), 4.36 (t, J = 7.0
o Hz, 1H), 3.96 — 3.82 (m, 4H), 3.81 (s, 3H), 2.86 (dt, J = 14.0, 7.0 Hz, 1H), 2.76

(dt,J=15.5,7.5 Hz, 1H), 2.69 — 2.55 (m, 4H), 2.08 (q, /= 7.0, 6.5 Hz, 2H)

5-Methoxy-1H-indole-3-carbaldehyde (43)

o\ Under nitrogen, in a three-necked flask, the phosphoryl chloride (1.95 equiv., 1.24 ml,
/O\©f% 8.83 mmol) is added dropwise to dry DMF (4 ml) at 0°C. After 20 min, the 5-methoxy-
N 1H-indole (1 equiv., 1000 mg, 6.79 mmol), previously dissolved in dry DMF (19 ml), is
* added dropwise to the solution at 0°C. The reaction is stirred for 2h at room temperature.
After completing, the reaction is poured in a beaker with ice and basified with an aqueous solution of
NaOH 2N (40 ml). The aqueous phase is extracted with DCM (3 x 50 ml). The combined organic
phases are dried over NaxSOs, filtered and evaporated. The residue is dissolved in EtOAc and washed
with brine (4 x 50 ml). Finally, the residue is again dried over Na>SOg, filtered and evaporated. The
crude is used in the next step without further purification.

Yellow solid, 916 mg, 77% yield.

Physicochemical data are in agreement with those previously reported.?

Ethyl 3-formyl-5-methoxy-1H-indole-1-carboxylate (44)

0 Under nitrogen, the 5-methoxy-1H-indole-3-carbaldehyde 43 (1 equiv., 916 mg, 5.23
/O\O\/% mmol) is dissolved in anhydrous THF (13.5 ml) in two-necked flask. NaH 60% (1.5
N{;OOEt equiv., 313 mg, 7.84 mmol) is added at 0°C. After stirring for 30 min at 0°C, ethyl
44 carbonochloridate (1.2 equiv., 681 mg, 6.28 mmol) is added at 0°C. Then, the
reaction mixture is allowed to stir at room temperature for 1h. After, H2O (2 ml) is poured to the
mixture and the aqueous phase is extracted with EtOAc (3 x 10 ml). The combined organic phases
are washed with brine, dried over Na>SOs, filtered and evaporated under reduced pressure. The crude
is used in the next step without further purification.
White solid, 1308 mg, 90% yield
"H NMR (400 MHz, Chloroform-d) & 10.08 (s, 1H), 8.23 (s, 1H), 8.04 (d, /= 9.0 Hz, 1H), 7.77 (d, J
=3.0 Hz, 1H), 7.03 (dd, /=9.0, 2.6 Hz, 1H), 4.55 (q, J = 7.0 Hz, 2H), 3.90 (s, 3H), 1.51 (t, J=7.0
Hz, 3H)
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Tert-butyl 3-(3-formyl-5-methoxy-1H-indol-2-yl)azetidine-1-carboxylate (45)

In a Schlenk, previously dried and under nitrogen atmosphere, Pd(PPh3)4 (0.1
equiv., 171 mg, 0.15 mmol) and ligand dppp (0.14 equiv., 84 mg, 0.2 mmol)

N—Boc

are added to dry toluene (4.5 mL) and the mixture is stirred for 10 min. Ethyl

\
O
O
Iz g>\//
h Z

3-formyl-5-methoxy-1H-indole-1-carboxylate 60 (2 equiv., 738 mg, 3 mmol)
is added to the mixture with Cs>2CO3 (2 equiv., 3 mmol, 972 mg) and a solution of fert-butyl 3-
iodoazetidine-1-carboxylate (1 equiv., 423 mg, 1.5 mmol) in dry toluene (1.5 mL). The reaction is
degassed, flushing nitrogen for 15 min. and then is stirred at 110°C for 36h. After cooling to room
temperature, the mixture is diluted with EtOAc and washed with H>O. The organic phase are dried
over NaSOys, filtered and evaporated under reduced pressure. The crude is purified by silica gel flash
chromatography using DCM:EtOAc 9:1 to give the compound 45 as an transparent solid, 40% yield.
"H NMR (CDCls, 400 MHz): 6 10.2 (bs, 1H), 10.01 (s, 1H), 7.63 (s, 1H), 7.29 (d, J = 8.0 Hz, 1H),
6.85-6.91. (m, 1H), 4.38-4.43 (m, 2H), 4.04-4.07 (m, 3H), 3.82 (s, 3H), 1.43 (s, 9H)

Tert-butyl (E)-3-(5-methoxy-3-(2-nitrovinyl)-1H-indol-2-yl)azetidine-1-carboxylate (46)

NO, Tert-butyl 3-(3-formyl-5-methoxy-1H-indol-2-yl)azetidine-1-carboxylate 45
/O\(%—CN—BOC (1 equiv., 165 mg, 0.5 mmol), nitromethane (6 mL), and ammonium acetate

N (2.2 equiv., 85 mg, 1.1 mmol) are stirred in a vial at 110°C for 24h. After

46 cooling to room temperature, the nitromethane is evaporated under reduced
pressure and the crude is purified by silica gel flash chromatography using DCM:EtOAc 82 to give
the compound 46 as a yellow solid, 80% yield.
'H NMR (CDCls, 400 MHz): § 10.16 (bs, 1H), 8.26 (d, J = 16.0 Hz, 1H), 7.74 (d, J = 8.0 Hz, 1H),
7.40 (d, J=28.0 Hz, 1H), 7.12 (d, /= 4.0 Hz, 1H), 6.98 (dd, J= 8.0, 4.0 Hz, 1H), 4.48 (m, 2H), 4.21-
4.25 (m, 2H), 4.09-4.16 (m, 2H), 3.92 (s, 3H), 1.52 (s, 9H)

Tert-butyl 3-(5-methoxy-3-(2-nitroethyl)-1H-indol-2-yl)azetidine-1-carboxylate (47)

NaBH4 (7 equiv., 117 mg, 3.09 mmol) is added to a solution of tert-butyl (E)-
3-(5-methoxy-3-(2-nitrovinyl)-1H-indol-2-yl)azetidine-1-carboxylate 46 (1

N—Boc

equiv., 165 mg, 0.44 mmol) in MeOH (8.25 mL) at 0°C. The reaction mixture

\
o
Iz =z
b i/\’ S

is stirred for 30 min at room temperature, after which is diluted with DCM. The
organic phase is washed with a saturated aqueous solution of NH4Cl (2 x 10 mL), dried NaxSOs,
filtered and evaporated under reduced pressure. The crude is purified by silica gel flash

chromatography using DCM:EtOAc 8:2 to give the compound 47 as a yellow solid, quantitative yield.
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'H NMR (CDCls, 400 MHz): § 8.66 (bs, 1H), 7.26-7.20 (m, 1H), 6.85-6.90 (m, 2H), 4.58-4.61 (m,
2H), 4.35-4.40 (m, 2H), 3.96-3.98 (m, 3H), 3.88 (s, 3H), 3.35-3.40 (m, 2H), 1.50 (s, 9H)

Tert-butyl 3-(3-(2-aminoethyl)-5-methoxy-1H-indol-2-yl)azetidine-1-carboxylate (48)

NaBHj4 (12 equiv., 200 mg, 5.28 mmol) and NiCl; (1 equiv., 57 mg, 0.44 mmol)

are added to a solution of zert-butyl 3-(5-methoxy-3-(2-nitroethyl)-1H-indol-2-
N—Boc

yl)azetidine-1-carboxylate 47 in MeOH (4.4 mL) at 0°C, then the reaction is

\

o
Iz z
& i/\’ I

stirred for 30 min. The mixture is diluted with DCM and washed with a
saturated aqueous solution of NH4CI (2 x 10 mL). The organic phase is dried Na>SOy, filtered and
evaporated under reduced pressure, affording a white solid 48 that is used in the next step without
further purification.

Tert-butyl 3-(3-(2-acetamidoethyl)-5-methoxy-1H-indol-2-yl)azetidine-1-carboxylate

(49)
" ’/z Tert-butyl 3-(3-(2-aminoethyl)-5-methoxy-1H-indol-2-yl)azetidine-1-
o \()\/CC carboxylate 48 (1 equiv., 152 mg, 0.44 mmol) is dissolved in dry THF (1.65
- h} N=Boc mL), then TEA (1.1 equiv., 0.067 mL, 0.48 mmol) and acetic anhydride (1.1
:9 equiv., 0.045 mL, 0.48 mmol) are added. The reaction is stirred at room

temperature for 16h. The solvent is evaporated under reduced pressure, and the residue is purified by
silica gel flash chromatography using DCM:MeOH 95:5 to give the compound 49 as a colorless solid,
90% yield.

'H NMR (CDCls, 400 MHz): § 8.81 (br s, 1H), 7.28 (s, 1H), 6.97 (d, J = 4.0 Hz, 1H), 6.84-6.87 (m,
1H), 5.62 (br s, 1H), 4.33-4.38 (m, 2H), 3.90-3.95 (m, 3H), 3.86 (s, 3H), 3.41-3.46 (m, 1H), 2.86-
2.90 (m, 2H), 1.90 (s, 3H), 1.50 (s, 9H)

N-(2-(2-(1-(1H-imidazole-1-carbonyl)azetidin-3-yl)-5-methoxy-1H-indol-3-yl)ethyl)
acetamide (50)

Jz Compound 50 was prepared following the described general procedure J
b starting from 49.
-0 O
h} N—4 Flash chromatography: silica gel, DCM:MeOH 9:1 as eluent.
H N

QN White solid, 44% vield
ESI MS (m/z): 382 [M+H]"

'H NMR (400 MHz, DMSO-de) § 11.00 (s, 1H), 8.17 (t, J = 1.0 Hz, 1H), 7.57 (t, J = 1.5 Hz, 1H),
7.21 (d, J = 8.5 Hz, 1H), 7.07 (dd, J = 1.5, 1.0 Hz, 1H), 6.99 (d, J = 2.5 Hz, 2H), 6.71 (dd, J = 8.5,
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2.4 Hz, 1H), 4.78 — 4.54 (m, 2H), 4.52 — 4.35 (m, 2H), 4.21 (tt, J = 9.0, 6.5 Hz, 1H), 3.76 (s, 3H),
3.20 - 3.13 (m, 2H), 2.75 (t, J= 7.0 Hz, 2H), 1.78 (d, J = 1.0 Hz, 3H).

1,1,1,3,3,3-hexafluoropropan-2-yl 3-(3-(2-acetamidoethyl)-5-methoxy-1H-indol-2-yl)
azetidine-1-carboxylate (51, UCM1503)

’[2 Compound 51 was prepared following the described general procedure L
HN

o starting from 50.
e O
t‘? N—/<o _<CF3 Flash chromatography: silica gel, DCM:MeOH 95:5 as eluent.

" Brown solid, 79% yield
ESI MS (m/z): 482 [M+H]"
'"H NMR (400 MHz, Chloroform-d) & 8.16 (s, 1H), 7.27 (t, J = 8.5 Hz, 1H), 6.98 (d, J = 2.5 Hz, 1H),
6.88 (dd, J=8.5,2.5 Hz, 1H), 5.69 (hept, J= 6.0 Hz, 1H), 5.56 (br's, 1H), 4.64 — 4.47 (m, 2H), 4.26
—4.14 (m, 3H), 3.86 (s, 3H), 3.43 (d, J= 6.5 Hz, 2H), 2.89 (t, /= 7.0 Hz, 2H), 1.93 (s, 3H)
13C NMR (101 MHz, Chloroform-d) § 170.4, 154.5, 151.9, 134.4, 131.2, 128.6, 120.7 (q, J = 283.6,
282.3 Hz), 112.6, 111.9, 110.7, 100.7, 67.9 (p, J = 34.6 Hz), 56.5, 56.1, 55.6, 40.6, 26.2, 24.3, 23 .4

51, UCM1503

2,2,2-trifluoro-1-(4-((3-methoxyphenyl)amino)phenyl)ethan-1-one (53)

In a Schlenk flask, 1a (1.2 equiv., 0.116 mL, 0.95 mmol) and the commercially available
@\ 1-(4-bromophenyl)-2,2,2-trifluoroethan-1-one 52 (1 equiv., 200 mg, 0.79 mmol) were
NH dissolved in dry 1,4-dioxane (10 mL). Then, the XPhos catalyst (0.1 equiv., 58 mg, 0.079
mmol) and Cs2COs (3 equiv., 772 mg, 2.37 mmol) were added to the solution. The mixture
o”>cr, was stirred at 100 °C for 3 h. After cooling to room temperature, the reaction mixture was
53 diluted with EtOAc and filtered through a silica pad, washing with EtOAc. The organic
phases were dried over Na,SO4 and evaporated under reduced pressure to yield a crude product which
was purified by flash chromatography (silica gel, cyclohexane:EtOAc 8:2 as eluent) to give 53 as a
yellow solid (90% yield).
ESIMS (m/z): 296 [M+H]"
"H NMR (400 MHz, Chloroform-d) & 8.00 — 7.93 (m, 2H), 7.29 (t, J = 8.0 Hz, 1H), 7.04 — 6.98 (m,
2H), 6.81 (ddd, J=8.0, 2.0, 1.0 Hz, 1H), 6.77 (t, /= 2.0 Hz, 1H), 6.71 (ddd, J= 8.0, 2.0, 1.0 Hz, 1H),
6.28 (brs, 1H), 3.82 (s, 3H)
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N-(2-((3-methoxyphenyl)(4-(2,2,2-trifluoroacetyl)phenyl)amino)ethyl)acetamide (54,
UCM1491)

Compound 54 was prepared following the described general procedure A starting
©\ 9y from 53 and N-(2,2-dimethoxyethyl)acetamide 2a.

N/\/N\g/ Flash chromatography: silica gel, cyclohexane:EtOAc 2:8 as eluent. Purification:
E; silica gel, dichloromethane:MeOH 98:2 as eluent. Yellowish amorphous solid, 60%

CFy yield.
54, UCM1491

ESI MS (m/z): 381 [M+H]"
"H NMR (400 MHz, Chloroform-d) & 7.86 (d, J = 8.5 Hz, 2H), 7.35 (t,J = 8.0 Hz, 1H), 6.86 (dd, J =
8.5, 2.5 Hz, 1H), 6.84 — 6.77 (m, 3H), 6.76 (t, J = 2.5 Hz, 1H), 5.93 (br s, 1H), 3.92 (t, /= 7.0 Hz,
2H), 3.80 (s, 3H), 3.50 (q, /= 6.5 Hz, 2H), 1.93 (s, 3H).
13C NMR (101 MHz, Chloroform-d) § 178.2 (q, J = 33.9 Hz), 170.9, 161.4, 154.0, 145.8, 132.5 (q, J
=2.2Hz), 131.2, 119.5, 119.3, 117.40 (q, J = 291.7 Hz), 113.5, 113.4, 112.7, 55.6, 51.1, 37.6, 23.2
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Chapter 6.  Appendix

6.1 Experimental chemistry methods

Melting points were determined on a Buchi B-540 capillary melting point apparatus and were
uncorrected. "H NMR and '*C NMR spectra were recorded on a Bruker AVANCE 400, using CDCls
as solvent unless stated otherwise. Chemical shifts (& scale) are reported in parts per million (ppm)
relative to the central peak of the solvent; coupling constants (J) are given in hertz (Hz). NMR spectra
were processed and analyzed using MestReNova software from Mestrelab Research. ESI MS spectra
were taken on a Waters Micromass ZQ instrument; molecular ions [M+H]" are given. High-resolution
mass spectroscopy was performed on a Micromass Q-ToF Micro mass spectrometer (Micromass,
Manchester, UK) using an ESI source. The purity of tested compounds was determined by high
performance liquid chromatography (HPLC) and was greater than 95%. These analyses were
performed on a Waters HPLC/DAD/MS system (separation module Alliance HT2795, Photo Diode
Array Detector 2996, mass detector Micromass ZQ; software: MassLynx 4.1). Column
chromatography purifications were carried out under “flash” conditions using Merck 230—400 mesh
silica gel. Analytical thin-layer chromatography (TLC) was performed on Merck silica gel 60 F254
plates. Optical rotation analysis was performed using a Perkin-Elmer 241 polarimeter using a sodium
lamp (A 589 nm, D-line), a values were reported in 10" deg cm? g!; concentration (c) is in g per 100
mL. Enantiomeric purity was determined by HPLC and performed on AD-H - CHIRALPAK® column
(0 = 046 cm, 1 = 25 cm, 5 pum) on the following apparatus: Shimadzu LC-10AT (liquid
chromatograph), Shimadzu SPD-10A (UV detector), Shimadzu C-R6A Chromatopac (integrator); n-
hexane/i-PrOH 95:5 as eluent, A 262 nm, flow rate of 1.0 mL/min.

UV-Vis absorption spectra were recorded at 298.1 K on a Varian Cary-100 spectrophotometer
equipped with a temperature control unit. Fluorescence emission spectra were recorded at 298.1 K
on a Varian CaryEclipse spectrofluorimeter and the spectra are uncorrected. Emission quantum yields
were calculated using 2,2'-biphenol in acetonitrile as standard (® = 0.29). The HypSpec computer

program was used to process the spectrophotometric data.
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6.2 In vitro pharmacology experiments

Competition binding experiments

Competition binding experiments were performed incubating 2-['**I]iodomelatonin (30 pM
for MT; and 80 pM for MT») and different concentrations of the examined compounds in binding
buffer (50 mM Tris-HCI, pH 7.4, 5 mM MgCl,) with hMTCHO or hMT>CHO cell membranes for
90-120 min at 37°C. At the end of the incubation time, bound and free radioactivity were separated
in a Brandel cell harvester (Brandel Instruments) by filtering the assay mixture through Whatman
GF/B glass fiber filters. Specific binding of MT; and MT> receptors was always greater than 95%.
After incubation, the % of radioligand binding inhibition was determined via a scintillation counting
method using a2 810 TR liquid scintillation counter (Perkin Elmer). The radioligand binding
experiments were performed in triplicate. ICso values were determined by nonlinear regression
analysis of the competition curves using Hill equation curve fitting. The pK; values were calculated

from the ICso values in accordance with the Cheng-Prusoff equation.

cAMP assays

hMT;CHO or hMT>CHO cells were washed with phosphate-buffered saline, detached with
trypsin and centrifuged for 10 min at 200xg. Cells were seeded in a 96-well white half-area microplate
in stimulation buffer composed of Hank Balanced Salt Solution, 5 mM HEPES, 0.5 mM Ro 20-1724,
0.1% BSA. To assess potency, agonists were used in the presence of 1 uM forskolin to stimulate
cAMP production. The antagonist's effect was evaluated based on its ability to counteract the
melatonin-induced reduction of forskolin-stimulated cAMP production. Melatonin concentrations
used in this experiment were 0.3 nM for the M T receptor and 1 nM for the MT> receptor. The cAMP
levels were quantified by using the AlphaScreen cAMP Detection Kit (Perkin Elmer), following the
manufacturer’s instructions. The Alpha signal was read with a Perkin Elmer EnSight Multimode Plate

Reader.

Assay to measure MAGL inhibitory activity

Inhibitory activity of the newly synthesized compounds was evaluated by incubating human
MAGL with 7-hydroxycoumarinyl-arachidonate (a fluorogenic substrate for MAGL), whose
cleavage generates a fluorescent metabolite. Fluorescence intensity in the presence of different
concentrations of new and reference compounds was monitored with a Perkin Elmer EnSight

Multimode Plate.!
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6.3 Molecular modelling

Protein preparation

The crystal structures of MT;and MT: receptors in complex with 2-PhMLT (PDB
id 6ME3 and 6MES) were prepared for molecular modelling studies. Co-expressed proteins and
molecules included in crystallization buffers were removed, as well as the unstructured residues in
the N-terminal sequence of the MT; receptor (linked to the apocytochrome b562RIL), leaving
Pro36 as the first residue. The missing intracellular loop 3 (ICL3, i.e., GIn219-Pro227 and Arg232-
Leu240 in MT; and MT; receptors, respectively) and residue side chains were added with Modeller
9.21

Ligand docking

The grid for docking calculations was built on the prepared structure of the MT> receptor in
complex with 2-PhMLT, imposing bounding and enclosing boxes of 10 and 20 A, respectively,
centered on the co-crystalized ligand which was removed before calculations. Docking calculations
were performed with Glide 7.9 in standard precision mode. Parameters controlling pose retention
after the rough scoring stage for refinement and post-dock minimization stages were increased tenfold

from default values. Final ligand poses were ranked according to GScore.

6.4 Molecular dynamics (MD) simulations

Simulations were conducted with Desmond 5.4 with the OPLS3e force field, following a

protocol already applied to melatonergic ligands.?
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Chapter 7. Hydrofunctionalization of olefins driven by a photoinduced

halogen atom transfer in flow conditions

This chapter is based on: Fanini F, Luridiana A, Mazzarella D, Alfano Al, Van de Heide P,
Rincon JA, Garcia-Losada P, Mateos C, Frederick MO, Nufio M, Noél T. Flow photochemical
Giese reaction via silane-mediated activation of alkyl bromides. Tetrahedron Letters 2023, 117,

154380

7.1 Introduction

In the past decade, we witnessed the radical chemistry reassessment, which was prompted by
the development of new methods for generating crucial radical intermediates. In the past, this
powerful chemistry has been limited because of the requirement of harsh reaction conditions, use of
toxic reagents (in particular tin-based reagents), high temperature, and difficulties in reaction control.!
However, the potential of radical chemistry was already disclosed, for example, in the Minisci and
Giese reaction. Both of these reactions allow the formation of carbon-carbon bonds, which is
fundamental in organic chemistry. In particular, the classic Minisci reaction generates an alkyl radical
by decarboxylation of an alkylcarboxylic acid, using silver as a catalyst and persulfate as an oxidant
in acidic conditions (Scheme 18).> Since the original protocol showed some limitations
(regioselectivity, reactivity problems with primary alkylcarboxylic acids, and the use of not ideal
reagents and conditions), several improvements have been applied to this protocol, providing new

procedures characterized by milder conditions and increased regioselectivity.?

X
CO,, H* |'+(
(0] . H X
X = e
R” NOH N N R
Ag" Ag' H
82082: So:%szosz.
s0,2 SO,

“ SO,  S,05% «
Scheme 18 Minisci classic reaction: proposed mechanism.
Giese reaction is a practical method for the hydrofunctionalization of olefins. The original
Giese addition used organotin hydrides to generate the alkyl radicals from alkyl halides, which could

undergo the addition of the electron poor-olefin (Figure 36).*
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Standard Giese reaction conditions: i Mechanism:

AIBN BuzSn-X "/
BuzSn-H
SEwe  + R-X ——— Roene
heat :
electron-poor alkyl halide :
olefin : AIBN, Heat

! BusSn-H ——— > BugSn’
: 1

EWG = Electron withdrawing group
(e.g. CO,R, COR, CN . . ) : >@<
WG BusSn-H

R
product

Figure 36 Standard Giese reaction condition and mechanism. 1) Initiation by AIBN and heat; 2) halogen atom transfer
(XAT),; 3) radical addition; 4) Hydrogen atom transfer (HAT).

The proposed mechanism of Giese addition initiated by AIBN in the presence of organotin
hydride is illustrate in Figure 36. Firstly, the organotin radical is formed upon heating of AIBN.
Secondly, the organotin radical promotes a XAT process, in which a thermodynamically more stable
tin halogen bond and a carbon radical are formed (step 2). Thirdly, the alkyl radical undergoes a
radical addition, forming a C-C bond between the electron-poor olefin and the alkyl radical (step 3).
Lastly, a hydrogen atom is abstracted from an organotin hydride molecule, through a HAT process,
forming the final product (step 4) and generating a new organotin radical. In this way, a radical chain
process can be maintained.

The generation of the alkyl radicals can occur in four different ways: direct homolysis, single
electron transfer (SET), halogen atom transfer (XAT), and hydrogen atom transfer (HAT). In direct
homolysis, the absorption of a specific wavelength of light in the lower region of the visible light
spectrum can induce the homolytic cleavage of the C-X bond in an alkyl halide, providing the alkyl
radical (Figure 374).° In the SET event, the alkyl halide reduction occurs, generating the desired
alkyl radical and negatively charged halide ion (Figure 37B).% Alternatively, during a XAT event, a
halogen abstractor interacts with a halogen atom of a C-X bond, causing the homolytic cleavage of
the bond and forming the carbon radical (Figure 37C)’. Finally, the HAT process occurs when the
radical is formed by the abstraction of a hydrogen atom by a photocatalyst or a radical abstractor

(Figure 37D).*

A) Direct homolysis B) SET
R-X —» X- + R RX+¢e —» X + R-:
L )
C) XAT (D) HAT )
RX + Y+ rRX-YstEm X-Y + R+ | | R-H + Y- {5"R-H-Yo o XY + R-

. J

Figure 37 A) Direct homolysis; B) single electron transfer (SET),; C) halogen atom transfer (XAT); D) hydrogen atom
transfer (HAT)
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Enthalpic and polar effects influence XAT events. Regarding the enthalpic effects, it is
fundamental that the X-Y bond is stronger than the R-X bond, ensuring that the reaction occurs
exothermically. For this reason, the halogen abstraction increases as the R-X bond BDE becomes
weaker (in fact, R-I > R-Br > R-Cl).” According to the polar effects, in the transition state of the XAT,
if the alkyl group (R) has a partial negative charge and the attacking group (Y) has a partial positive
charge, the reaction is highly favorable (Figure 37C).” On the contrary, in the HAT process, the alkyl
group (R) needs a partial positive charge, while the radical needs a partial negative charge for an
efficient HAT reaction (Figure 37D).3

Nowadays, radicals can be generated using milder and straightforward procedures involving
light as a traceless reagent. Radical chemistry is complementary to polar chemistry, allowing access
to new chemical space and facilitating the achievement of complex target structures, keeping a good

group tolerance.!

7.1.1  Photochemistry

When a chemical process involves light absorption, we can talk about photochemistry. The
development of photochemistry in the past decades can be addressed by other technological
innovations, particularly photocatalysis, light sources (LEDs), and reactor technology.’ In contrast to
the past, where high temperatures were required to generate radicals, the use of photons allows the
use of milder conditions and is selective on the species to excite. In fact, the use of LEDs allows the
selection of the right wavelength, making the selective excitation of one of the components possible.’
In the reaction mixture, a photon-absorbing species, such as a photocatalyst, is responsible for
transferring the excited state via different pathways (SET as in photoredox catalysis, HAT or energy
transfer).

The Grotthus-Drapper law states that only the absorbed light can effectively produce
photochemical changes in the molecule, while the Stark-Einstein law states that a singular photon can
only activate and form the product for the single molecule that absorbs the photon.'° The latter notion

can be expressed by the quantum yield (®), which equation is reported above.!!

mol of product formed

A= mol of photons absorbed

The quantum yield is equal to 1 when one mol of product is formed as the absorption of one
photon. The @ can be less than 1 when part of the absorption energy is lost, for example, in a
fluorescence event. More interesting is when one mol of absorbed photons results in an amount of
product in moles that is higher than one, which means that the reaction propagates itself by means of

a radical chain.!!
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Another critical issue in photochemistry is to ensure the proper irradiation. According to the
Bouguer-Lambert-Beer law, the absorbance of the sample depends on the molar absorption
coefficient (¢), the concentration (c), and the path length of the beam into the sample (/). The
absorbance can also be expressed as either the logarithm of the initial intensity of the light (Io) by the
intensity of the light after absorbance has taken place (/) or the logarithm of 1 divided by the
transmittance (7). The transmittance is the ratio of the light that has passed through an object (/) to

the incident light (/o).” The equation below describes the Bouguer-Lambert-Beer Law.

I 1
A=¢-c-l= log107°= logyo
7.1.2  Flow chemistry: advantages and application in photochemistry

The number of publications regarding photochemical reactions has increased in the past
decade. The exploitation of radical chemistry triggered by light enables access to new chemical space
or facilitates the formation of complex natural structures. Furthermore, radical chemistry has proven
useful for late-stage functionalization, which is crucial in the production of pharmaceuticals and
agrochemicals.!

Most of the procedures developed over the past years in batch conditions showed problem in
the scalability of the process, which are due to the attenuation of photon transport when a larger
reactor is used (Bouguer-Lambert-Beer law). Since photochemical reactions involve the use of
photon-absorbing species, such as photocatalyst’, redox-active esters*, XAT or HAT reagents’ for
generating the crucial radical intermediates, the appropriate irradiation of the sample is fundamental.
As specified before, the Bouguer-Lambert-Beer law states that the absorbance is influenced by the
path length (/), which means that the radiation distribution will not be uniform in all reactors. If, in
the sample, there are stronger absorption species (such as photocatalysts or organic dyes), the light
intensity will decrease faster along the path length (Figure 38). In other words, the lower the light
path is, the better the sample is irradiated.!

100

80

=3
=1

Trasmittance (%)
B
o

20+

T
0.5 1.0 15 2.0
Distance (mm)

Figure 38 Transmission of light as a function of distance in a photocatalytic reaction using Ru(bpy)3Cl> (¢ = 0.5, 1, and
2mM, & = 13 000 cm™ M) utilizing the Bouguer—Lambert—Beer correlation.’?
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Furthermore, the over-irradiation of the sample can lead to the formation of byproducts,
decomposition, and complications in the purification process.!? For these reasons, continuous-flow
chemistry has gained much interest, especially in photochemistry. The use of narrow tubes ensures
the uniform and appropriate irradiation of the reaction, which results in reduced reaction time and
lower amount of photocatalyst required. Furthermore, the uniform irradiation and the reduced
reaction enhance the productivity of the reaction and simultaneously potentially minimize the
formation of byproducts.'? The scale-up in flow conditions is more straightforward than batch, and
new continuous flow reactors have been developed and employed in industrial environments. As
observed, the results obtained on a small scale using flow conditions are highly reliable and
reproducible on a larger scale.” Other advantages of microreactors are the improved mass- and heat-
transfer characteristics, which have been addressed to be responsible for product selectivity. Inline
analytical technologies can be used to develop fully automated and/or self-optimizing processes. The
mass- and heat-transfer control and the inline analysis enhance the safety of all processes, for
example, checking the generation or the consumption of toxic reagents in real-time.'?

Finally, multiphase reactions, which involve the combination of two or more immiscible
phases (e.g., liquid-liquid or gas-liquid reactions), are boosted in flow conditions. The mass transfer

and the interfacial area are maximized due to the small specific dimensions of the microreactors. '3

7.1.3  Silyl radicals as halogen abstractors

The Giese reaction is an outstanding reaction for forming C-C bonds, employing cheap and
available starting materials, such as alkyl halide and electron-poor olefins, with a good group
tolerance.'* However, as stated before, the main limitation of the first reported procedure is the use
of organotin hydrides, which are unsustainable. In fact, both starting organotin hydride and the
corresponding organotin product are highly toxic. Moreover, this procedure required relatively
elevated temperatures, which are not ideal. Nowadays, discoveries in the photochemistry field have
opened new horizons in generating radicals and new reaction protocols.* Several improvements have
been made in the past years, including the development of new halogen abstractors. Germanium,
boron, phosphorus, and silicon radicals*’, but also o-aminoalkyl radicals'® and cyclohexadiene
derivatives'¢ arose as more sustainable halogen abstractor than tin. Among these XAT reagents, the
silicon radicals are considered a valid alternative to organotin hydride. The group of Chatgilialoglu
demonstrated that tris(trimethylsilyl)silane ((TMS);SiH) undergoes hydrogen abstraction in the
presence of an alkyl radical (HAT), while the corresponding silyl radical can perform XAT, forming

a more stable bond between the silicon atom and the halogen atom (Scheme 19)."
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R* + (Me3Si);Si-H QLI R-H + (Me3Si);Si’
(Me3Si)3Si™ + R-X -E4d)> (Me3Si);Si-X + R’
Scheme 19 Reaction equation of HAT process followed by an XAT event.

The generation of the silyl radical from (TMS)3SiH can be made using an initiator, such as
AIBN, or by a photolysis process. The use of AIBN as an initiator requires elevated temperature,
which can result not only in the activation of (TMS)3SiH but also in side reactions and possible
decomposition of starting materials/products. In contrast, photolysis can be performed at mild
conditions and be selective for the absorbing species. In fact, the absorption of a photon can cause a
homolytic cleavage of a Si-H bond, resulting in the generation of silyl radicals (Scheme 20).*

(MesSi)sSi-H —GIIRTERD > (MesSi)sSi + H’
hv
Scheme 20 Photolysis of (TMS)3SiH and consequent generation of silyl radical.

The energy required for cleaving a specific bond by photolytic means is equal to its BDE,
which, in the case of (TMS);SiH, is 79 kcal/mol.!” The correct wavelength (1) of electromagnetic
radiation required for the bond to photocleave can be calculated according to Planck’s equation
described below. In this equation, E is the energy (J), 4 is Planck’s constant, v is the frequency (Hz)

and c is the constant of the speed of light (m/s).

g 790 -10%cal 331-10°) . i 1= ¢
= = =5 / =550 100

= 361 nm
mol mol

Several works reported the use of (TMS)3;SiH as a suitable XAT reagent with the advantage
of being commercially available. The (TMS);SiH has been used in combination with
metallaphotoredox catalysis to couple alkyl bromides efficiently with aryl or heteroaryl bromides'®!”

and in the functionalization of poor-olefins!®-%°,
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During my Ph.D., I spent a period abroad in the Noél research group at the University of
Amsterdam. While working on a protocol that exploited photocatalytic HAT and silicon-centered
radical-promoted XAT to afford a cross-electrophile coupling'® (Scheme 21), my colleagues detected
the formation of silyl bromide in the absence of the photocatalyst. However, the latter was necessary

for obtaining the desired product in good yield.

i o

BP 1 (20 mol%) E
! MeO CF,
' BPI

Ni Il (5 mol%)
(TMS)3SiH (1.5 equiv.)

CO,Me :
/©/002Me O/Br 2.6-lutidine (1.1 equiv.) ©/ ™S, TMS|
+ > + Si :
B il
o CHZCN [0.1 M] O ™S B L Bu tBu

Vapourtec 365 nm : N —
1.0 equiv. 2.5 equiv. product byproduct derived =N. kj V4
from XAT event ! Ni
! Br Br
Ni ll

Scheme 21 Reaction conditions of cross-electrophile coupling, involving (TMS)3SiH as XAT reagent.”’

Therefore, we reasoned that a direct photolysis of one of the reaction components can lead to
a silicon-centered radical, which cleaves the alkyl bromide bond.!” Prompted by this observation, we
wonder to use this photolysis event as the initiation step for a self-sustaining radical-chain process,
such as Giese-type additions. Thus, a remarkable method for the selective hydro-functionalization of
poor-olefins with alkyl bromide, using only non-toxic and commercially available (TMS);SiH and
UV-light in flow conditions, has been reported. Flow conditions allow the activation of the
(TMS)sSiH, faster reaction time, and the possibility of a telescope approach to install allyl
fragments.?! In the same period of our work on this methodology, the group of Gaunt developed a

similar strategy for forming the C(sp®)-C(sp®) bonds, using alkyl iodine instead of alkyl bromide.*
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7.2 Results and discussion

To evaluate our hypothesis, we first turned our attention on the reaction between 2-
benzylidenemalonitrile 1 and cyclohexyl bromide 2, as model substrates, in the presence of

(TMS)3SiH under UV-light (365 nm) in a Vapourtec UV-150 flow reactor (PFA, ID: 1.3, V: 10 mL).

CN
©\)C\N . O/Br (TMS),SiH (1.5 equiv.) ©\)\CN
Z N Vapourtec 365 nm
1 2

T =45 min, 25°C O
HFIP [0.1 M]
1.0 equiv. 2.5 equiv. 3
Table 13 Reaction condition: 2-benzylidenemalonitrile 1 (0.30 mmol), cyclohexyl bromide 2 (0.75 mmol), (TMS)3;SiH

(0.45 mmol), HFIP (3 mL), Vapourtec Reactor 16W (A = 365 nm and reactor volume = 10 ml), 25°C, 45 min. “Yields of
3 are calculated by 'H NMR using 1,1,2,2-tetrachloroethylene as external standard. ® Yield of the isolated compound.

a 3 o av\y o
Entry Deviation from the reaction condition Convei‘smn % Yle;d /o
1 CH;CN 15% 7%
2 - 32% 21%
3 40°C 78% 70%
4 120 min 100% 62%
5 120 min, 40°C 100% 73%
6 Dark, 50°C 16% trace
7 no (TMS)3;SiH 0% 0%
8 405 nm, 40°C 32% 27%
9 60 min, 40°C, 1.1 equiv. (TMS);SiH 86% 73%
60 min, 40°C, 1.1 equiv. (TMS)3SIH, o o

10 1.5 alkyl bromide 47% 47%
11 120 min, 40°C, 1.1 equiv. (TMS)3SiH 100% ®72%

When the reaction was performed in acetonitrile, we observed the presence of the desired
compound 3, even though in low yield (entry 1, Table 13). Switching the acetonitrile with
hexafluoroisopropanol (HFIP) resulted in increased yield of 3 (entry 2, Table 13). Further
optimization experiments have been conducted and a comprehensive survey of reaction conditions is
reported in the optimization chapter in the Experimental section (6.4.3 Optimization Table). In
particular, extending the residence time to 120 minutes and increasing the temperature to 40°C

provided a satisfactory 73% yield and full conversion of 1 (entry 3-5, Table 13). Separated control
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experiments demonstrated that light and (TMS)3SiH are fundamental for the observed reactivity
(entry 6-7, Table 13), while changing the wavelength slow down the reaction (entry 8, Table 13).
Interestingly, the equivalent of (TMS)3SiH can be reduced without affecting the final yield, but the
reduction of the amount of alkyl bromide resulted in lower yields (entry 9-10, Table 13). Finally, the
best results were observed combining 2.5 equiv. of alkylbromide 2 and 1.1 equiv. of (TMS);SiH, and
performing the reaction at 40°C for 120 minutes (entry 11, Table 13).

With the optimized conditions in our hand, we explored the scope of the reaction by using
primary, secondary and tertiary alkyl bromide (Figure 39). First, we combined 2-
benzylidenemalonitrile 1 with a diverse set of secondary heterocyclic alkyl bromides, finding that the
system performs well regardless of the ring size, such as for N-Cbz-azetidine and N-Cbz-piperidine
bromide derivatives (4 and 5, 51% and 61% respectively) and the heteroatom, for example 3-
bromooxetane (6, 48% using lutidine as base in acetonitrile). Furthermore, this method allows the
introduction of linear chain: 2-bromooctane was readily activated, providing the desired compound 7
in 68% (d.r. 1:1). Unfortunately, when performing the reaction in HFIP, primary alkyl bromides
afforded the desired compounds in low yield. However, simply replacing the solvent with acetonitrile
overcame this limitation. In fact, the reaction in acetonitrile of aliphatic bromides provided
compounds 8 and 9 in moderate yield (62% and 50%, respectively), regardless of the chain length.
Furthermore, compound 10 was obtained in 63% yield, highlighting that the process is not sensitive
to benzylic positions. As in the case of 2-bromooxetane, the addition of lutidine was necessary when
an oxygen-containing primary alkyl bromide is used as coupling partner (11, 46% yield).
Interestingly, the bromopropyl boronic pinacol ester afforded compound 12, in good yield, giving
opportunities for further functionalization. Similarly to primary alkyl bromide, the tertiary alkyl
bromide worked better when acetonitrile is used as reaction solvent instead of HFIP. Under this
conditions, acyclic tertiary bromides, such as fert-butyl, 2-mehylbutyl and 1-benzyl-3-methylbutyl
bromide derivatives, afforded the corresponding products in good yield (13-15, 40-68%).
Additionally, also 1-bromo-1-methylcyclohexane and 1-bromoadamantane provided the desired
products 16 and 17 (45% and 54% yield, respectively). Lastly, we performed the scale up of the
reaction between 2-bromo-2 methylpropane and 1, using the same reactor, switching only the coil to
a bigger one (from 10 ml to 20 ml). With this simple modification and extending the collection time
under flow conditions, we were able to run a 10-fold scale up (5 mmol scale) and to obtain the desired
compound 13 in slightly higher yield compared to the model reaction (0.5 mmol scale), further
highlighting the central role of flow technology in scale up of photochemical processes’.

Next, we moved our attention to electron-poor olefins. Gratifyingly, the method is amenable

to olefins bearing esters (18, 54% yield), sulphones (19, 55% yield), amide (20, 53% yield) and
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phosphorous based reagents (21 and 22, 68% and 60% yield respectively). Notably,
triphenylvinylphosphonium bromide, which was used in a conjunctive photocatalytic olefination
methodology?®, was successfully reacted with cyclohexyl bromide 2, to afford compound 23 in good

yield (84%).

(TMS)3SiH 1.1 eq
@ + ®--5r B — o o
Vapourtec 365 nm
1eq 2.5eq t =120 min, 40°C
HFIP [0.1]

secondary alkyl bromide

@10 ©j\@cm @j\chz ©\/L“O @t&%

NC” “CN NC” “CN NC” “CN NC” “CN NC” “CN
3 4 5 6 7
72% 51% 61% 48%2P 68% dr 1:1
—— primary alkyl bromide
@j\v Qj\MTO @j\\/(j ©j\\/o\ ©j\\/\8pﬂ
NC”™ “CN NC” “CN NC” “CN NC™ “CN NC” “CN
8 9 10 1" 12
62%2 50%2 63%2 46%2P 52%32

tertiary alkyl bromide

T S S TS NC N

NC CN
17
68%° 64%32 © 40%? 54%2° 45%°
5 mmol, 71%

—— carbonyl, sulfone, amide phosphorus
oo O O O O
[e]
. s o J J A J
e0,C Ph” S s (EtO),(O)P (Et0),(0)P” “CO,Et BrPhsP
18 19 20 21 22 23
54% 55% 53% 68% 60%? 84%4

Figure 39 Alkyl bromide and olefin scope. Reaction condition: olefin (0.50 mmol), alkyl bromide (1.25 mmol),
tris(trimethylsilyl)silane (0.55 mmol), solvent (5 mL), Vapourtec Reactor 16W (A = 365 nm, reactor volume = 10 mL), 40
°C, 120 min. Yield referred to isolated product. “CH;CN in place of HFIP; "2,6-lutidine (2 equiv.); 180 min, “In batch,
purified by crystallization.

A previous work of the Noél research group®* make us envision a telescope protocol, which
involves compound 22, that after the photochemical Giese-type addition, can undergo a classical
Horner—Wadsworth—-Emmons (HWE) olefination enabling the regioselective allylation of C(sp3)-Br
bonds. Therefore, we developed a telescoped flow/fed-batch approach, where after exerting the
photochemical reactor, the reaction mixture is dropped in a flask charged with a solution of the
suitable aldehyde and lithium fert-butoxide in THF (Figure 40).

Using this approach, we combined three different aldehydes with 22, obtaining trisubstituted
olefins 24-26 with moderate to good overall yields (38—57 %). Notably, the reaction exhibited perfect

selectivity for E configuration and the purification of the intermediate was not required.
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HJ\R1
1.5 equiv.
P(O)(OEY), gr (TMS)SiH 1.1eq O tBuOLi 1M 1.5 equiv. COzE
+ —_— > —
Et0,C [ ] R ° Ry <:>
2 Vapourtec 365 nm (EtO)Q(O)PJ\COQEt Fed-Batch 16 h, 25 °C
t =120 min, 40°C ) CH3CN:THF 1:1.2
; 25eq CH.CN 104 from previous step 0.055 M E
e .
d 3CN[01] without purification '

CO,Et . Coil 10 mL (PFA) FedBatch
2!

Syringe pum

CO,Et COzEt yringe pump 365 nm 40°C 25°C 16 h

By /= <:> 0.083 mL/min

MeO t =120 min tBuOLi 1 M in THF
- W )

24 25 26 -

56% 38% 57%

Giese cocktail Vapourtec UV

Aldehyde in THF
Figure 40 Scope of the Giese addition-HWE olefination. Reaction conditions for the first step as for compound 22.

Reaction conditions for the second step: aldehyde (1.5 mmol), tBuOLi (1.5 mmol) in THF, 25°C, 16 h. Yield referred to
isolated product over two steps.

Some experiments have been conducted to elucidate the reaction mechanism (Figure 41).
First, the reaction does not occur without the presence of (TMS)3;SiH, confirming the central role of

the silicon reagent. Furthermore, without the silane, no reaction neither degradation of starting

materials are observed.

control experiment

CN
©\)C\N . B (TMS)3SiH (0 equiv.) ©\)\CN
ANen HFIP [0.1 M]
25°C, 18 h O

1.0 equiv. 2.5 equiv. 0%

deuteration and radical trapping

CO,Me
MeO,C

CoMe O/Br (TMS);SiD (1.1 equiv.) \)\D

Me0.C # HFIP [0.1 M]
25°C, 18 h

1.0 equiv. 2.5 equiv. 27
39% yield
(TMS)3SiH (1.1 equw
CO,Me Br TEMPO (3 equiv.) O
+
Me0C. A O/ HFIP [o 1 M]
25°C
1.0 equiv. 2.5 equiv.

detected by GC-Ms
Figure 41 Control experiment without (TMS)3SiH, labelling experiment with deuterium and radical trapping.
When deuterated silicon-based reagent was used in the model reaction, the product 27
incorporated the deuterium in the a-position of the cyano group, suggesting that after the radical
addition over 1, the ensuing electrophilic radical abstracts the deuterium/hydrogen from the silane,
starting the radical chain propagation. Lastly, the model reaction was performed in the presence of
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO). In this case, no product was detected, but the

formation of the radical adduct between cyclohexyl radical and TEMPO (compound 28) was observed
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by crude analysis by GC-MS. Considering all the results obtained, a photochemical and radical

pathway occur.!!

7.3 Conclusion

In conclusion, we have disclosed a simple protocol for the hydroalkylation of electron-poor
olefins using alkyl bromide, in the presence of commercially available (TMS)3SiH and UV-light
irradiation in flow conditions. Remarkably, this methodology does not require the use of a
photocatalyst. Furthermore, the scale up of the reaction was easily performed, without the need for
further optimization of the reaction conditions. To extend this protocol, a telescoped approach has

been developed for achieving a modular and regioselective allylation of C(sp3)—Br bonds.
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7.4 Experimental section
7.4.1  Materials and methods

All reagents and solvents were purchased from commercial suppliers and used without further
purification. The 1,1,1,3,3,3-hexamethyl-2-(trimethylsilyl)trisilane-2-d was prepared according to
reported procedures.?” The 1-bromo-1-methylcyclohexane, (3-bromo-3-methylbutyl)benzene and 2-
bromo-2-methylbutane was synthetized according to literature procedures.?

'H (300 and 400 MHz), '3C (75 and 101 MHz) and "°F (282 and 376 MHz) spectra were
recorded at ambient temperature using Bruker AV 300-I, AV 400. '"H NMR spectra are reported in
parts per million (ppm) downfield relative to CDCI5 (7.26 ppm) and all *C NMR spectra are reported
in ppm relative to CDCl3 (77.16 ppm) unless stated otherwise. The multiplicities of signals are
designated by the following abbreviations: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet),
dd (doublet of doublets), dt (doublet of triplets), td (triplet of doublets), ddd (doublet of doublet of
doublets). Coupling constants (J) are reported in hertz (Hz). NMR data was processed using the
MestReNova 14 software package. High resolution mass spectra (HRMS) were collected on an
AccuTOF LC, IMS-T100LP Mass spectrometer (JEOL, Japan) or on an AccuTOF GC v 4g, IMS-
T100GCV Mass spectrometer (JEOL, Japan). Disposable syringes were purchased from Laboratory
Glass Specialist. Syringe pumps were purchased from Chemix Inc. model Fusion 200 Touch. Product
isolation was performed manually, using silica (P60, SILICYCLE). TLC analysis was performed
using Silica on aluminum foils TLC plates (F254, SILICYCLE) with visualization under ultraviolet
light (254 nm and 365 nm) or appropriate TLC staining (Potassium Permanganate). Organic solutions
were concentrated under reduced pressure on a Biichi rotary evaporator (in vacuo at 40 °C, ~5 mbar).

UV-Vis spectra were recorded with a double beam spectrophotometer Shimadzu UV2700
equipped with a deuterium lamp (190-350 nm), a halogen lamp (330-900 nm) and a photomultiplier
(Hamamatsu R928). Measurements were performed in a quartz cuvette (optical path: 1 cm). All
spectra were recorded in CH3CN (solvent cutoff: 190 nm) in quartz cuvettes (optical path: 1 cm) with
a bandwidth of 5 nm and a data pitch of 1 nm.

Luminescence spectra were recorded with a Horiba Fluorolog-3 equipped with a 450W Xenon
lamp and a photomultiplier (Hamamatsu R636). Measurements were performed in a quartz cuvette
(optical path: 1 cm) sealed with a rubber septum. The solution was bubbled with N> for 10 minutes
before irradiation at 362 nm (A = 0.1). The slits of the excitation monochromator were kept at 10 nm,
while those of the emission monochromator at 5 nm. Integration time was 0.1 s, each spectrum is an

average of 2 acquisitions with a data pitch of 1 nm. A long-pass filter was used to minimize the
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intensity of the Raman band. The nature of the latter was verified by observing its shift by changing
the excitation wavelength (data not shown).

Nanosecond transient absorptions were recorded with an in-house assembled setup. An
excitation wavelength of 319 nm was used. The excitation wavelength of 319 nm was generated using
a tunable Nd:YAG-laser system (NT342B, Ekspla) comprising the pump laser (NL300) with
harmonics generators (SHG, THG) producing 355 nm to pump an optical parametric oscillator (OPO)
with SHG connected in a single device. The laser system was operated at a repetition rate of 5 Hz
with a pulse length of 5 ns. The probe light running at 10 Hz was generated by a high-stability short
arc xenon flash lamp (FX-1160, Excelitas Technologies) using a modified PS302 controller (EG&G).
Using a 50/50 beam splitter, the probe light was split equally into a signal beam and a reference beam
and focused on the entrance slit of a spectrograph (SpectraPro-150, Princeton Instruments) with a
grating of 150 In/mm blaze at 500nm. The probe beam (A = 1 mm?2) was passed through the sample
cell and orthogonally overlapped with the excitation beam on a 1 mm x 1 cm area. The excitation
energy was recorded by measuring the excitation power at the back of an empty sample holder. In
order to correct for fluctuations in the flash lamp spectral intensity, the reference was used to
normalize the signal. Both beams were recorded simultaneously using a gated intensified CCD
camera (PI-MAX3, Princeton Instruments) which has an adjustable gate of minimal 2.9 ns (20 ns
were used). Two delay generators (DG535 and DG645, Stanford Research Systems, Inc.) were used
to time the excitation pulse, and to change the delay of the flash lamp and gate of the camera during

the experiment. The setup was controlled by an in-house written Labview program.
7.4.2  Reactors

For the reactions performed in batch, we have used a homemade, 3D-printed reactor (UFO
reactor). The reactor was designed to fit reaction vials and to be equipped with a Kessil lamp. The
reactor was designed in Adobe Inventor 2021 with 4 different parts. The reactor is designed to host
up to 8 reactions vials and holds the Kessil lamp in the center. The box is designed with holes to allow
the air flow to escape the reactor and keep the temperature stable.?!

For reactions performed in flow, a Vapourtec device with a UV-150 photochemical reactor
was used, equipped with 16 W 365 nm LED and a one layer coil (V= 10 ml, internal diameter 1.3
mm, external diameter 1.6 mm). The temperature of the photochemical chamber was kept constant at
40 °C. For the scale-up the set up was the same except for the coil, that has been replaced by a two
layers coil (V =20 mL, internal diameter 2.0 mm, external diameter 3.0 mm ).

More information about the reactors used in this project are available in the supporting

information of the published paper (Tetrahedron Letters 2023, 117, 154380)
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7.4.

3 Optimization Table

Entry

o XIS W

Entry

RN AW N -

Table Optimization of the solvent and reaction concentration.

%O

1.0 equw

Table Light source, retention time and temperature optimization

CN
(TMS)3SiH 1Sequw) ©\)\CN

HFIP [0.1 M]

@O

1.0 equw

Light
Wavelength

365 nm
365 nm
365 nm
365 nm
365 nm
405 nm
405 nm
Dark

Vapourtec 365 nm
T=25°C,V=10mL

CN
(TMS)3SiH (1.5 equiv.) O\)\CN

solvent [x M]

O

2.5 equw. © =45 min 3
Solvent Concentration
CH3;CN 0.1M
CH3;CN 0.5M

TFT 0.1M
TFT 0.5M
HFIP 0.1M
Acetone 0.5M
DCM 0.5M
iPrOH 0.1M
THF 0.1M

Vapourtec X nm
T=X°C, t = X min

2.5 equw

Temperature
25°C
25°C
40°C
40°C
40°C
25°C
40°C
50°C

152

T

45 min
120 min
45 min
60 min
120 min
45 min
45 min

45 min

O

3

Conversion

35%
100%
78%
91%
100%
13%
32%
16%

Yield
7%
4%
7%
7%

21%
7%
7%
11%
8%

Yield

21%
62%
70%
73%
73%
7%
27%
6%



Entry

N | K| W N -

Table Optimization of the stoichiometry

CN
©\)¢\N Br  (TMS)sSiH (X equiv.) ©\)\CN
+ )

Aen O/ HFIP [0.1 M]
1 2

Vapourtec 365 nm

1 equiv. X equiv. 17 40°C, == 60 min E)
Equiv. of 2 (%3[“81;’3 Soiil Conversion

2.5 1.5 91%

2.5 1.1 86%

2.5 1.0 84%

1.5 1.1 47%

2.5 0 0%

Table Silane derivatives screening

CN
Silane (1.1 equiv.) ©\)\CN

n
ZoN O/ HFIP [0.1 M]
Vapourtec 365 nm
1 2 T=40°C, t = 60 min
1 equiv. 2.5 equiv. 3
Silane Conversion

dimethyl(phenyl)silane -
triphenylsilane 7%
triisopropylsilane -

triethoxysilane -
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Yield

73%
73%
69%
47%
0%



7.4.4  Experimental procedures

General procedure A

Rs R

TMS);SiH (1.1 equiv.
AR e musisHatew) I @
HFIP [0.1 M] Ry
Re Vapourtec 365 nm Rs
T=40°C,V=10mL
Olefin Alkyl Bromide ~ fr=0.083 mL min™
1.0 equiv. 2.5 equiv. © =120 min

To a flame-dried nitrogen-purged screw-capped vial, fitted with a rubber septum, charged with
the electron poor olefin (1 equiv., 0.500 mmol) in HFIP (5 mL, 0.1 M), the alkyl bromide derivative
(2.5 equiv., 1.250 mmol) and (TMS);SiH (1.1 equiv., 170 pL, 0.550 mmol) were added. After, the
solution was sparged with nitrogen for 30 seconds and the reaction vessel was sealed with parafilm.
This solution was taken with a 6 mL syringe (12.4 mm inner diameter), positioned on a syringe pump
and connected to a Vapourtec UV-150 reactor, equipped with a 10 mL PFA coil prefilled with CH3CN
(internal diameter 1.3 mm, external diameter 1.6 mm), and with a check valve and a back-pressure
regulator (2.8 psi). The solution was pumped, unless differently specified, with a total flow rate of
0.083 mL min™! and collected at the end of the reactor. The solvent of the resulting reaction mixture
was removed under reduced pressure. The residue was purified by flash column chromatography on

silica gel affording the corresponding products in the stated yield.
General procedure B

To a flame-dried nitrogen-purged screw-capped vial, fitted with a rubber septum, charged with
the electron poor olefin (1 equiv., 0.500 mmol) in dry CH3CN (5 mL, 0.1 M), the alkyl bromide
derivative (2.5 equiv., 1.250 mmol) and (TMS);SiH (1.1 equiv., 170 pL, 0.550 mmol) were added.
After, the solution was sparged with nitrogen for 30 seconds and the reaction vessel was sealed with
parafilm. This solution was taken with a 6 mL syringe (12.4 mm inner diameter), positioned on a
syringe pump and connected to a Vapourtec UV-150 reactor, equipped with a 10 mL PFA coil prefilled
with CH3CN (internal diameter 1.3 mm, external diameter 1.6 mm), and with a check valve and a
back-pressure regulator (2.8 psi). The solution was pumped, unless differently specified, with a total
flow rate of 0.083 mL min™! and collected at the end of the reactor. The solvent of the resulting reaction
mixture was removed under reduced pressure. The residue was purified by flash column

chromatography on silica gel affording the corresponding products in the stated yield.
General procedure C

To a flame-dried nitrogen-purged screw-capped vial, fitted with a rubber septum, charged with

the electron poor olefin (1 equiv., 0.500 mmol) in dry CH3CN (5 mL, 0.1 M), the alkyl bromide
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derivative (2.5 equiv., 1.250 mmol), (TMS)3SiH (1.1 equiv., 170 pL, 0.550 mmol) and 2,6-lutidine
(2.0 equiv., 116 pL, 1.000 mmol) were added. After, the solution was sparged with nitrogen for 30
seconds and the reaction vessel was sealed with parafilm. This solution was taken with a 6 mL syringe
(12.4 mm inner diameter), positioned on a syringe pump and connected to a Vapourtec UV-150
reactor, equipped with a 10 mL PFA coil prefilled with CH3CN (internal diameter 1.3 mm, external
diameter 1.6 mm), and with a check valve and a back-pressure regulator (2.8 psi). The solution was
pumped, unless differently specified, with a total flow rate of 0.083 mL min™' and collected at the end
of the reactor. The solvent of the resulting reaction mixture was removed under reduced pressure. The
residue was purified by flash column chromatography on silica gel affording the corresponding

products in the stated yield.
General procedure for the scale-up

To an oven dried flask, fitted with a rubber septum, charged with benzylidenemalononitrile
(1.0 equiv., 770.8 mg, 5.000 mmol) in CH3CN (50 mL, 0.1 M), tert-butyl bromide (2.5 equiv., 1.4 ml,
12.500 mmol) and (TMS)3SiH (1.1 equiv., 1.70 ml, 5.500 mmol) were added. After, the solution was
sparged with nitrogen for less than 1 minute and the vessel was sealed with parafilm. This solution
was taken with a 50 mL syringe (28.9 mm inner diameter), positioned on a syringe pump and
connected to Vapourtec UV-150 equipped with a 20 mL PFA coil prefilled with CH3CN (internal
diameter 2.0 mm, external diameter 3.0 mm), and with a check valve and a back-pressure regulator
(2.8 psi). The solution was pumped with a total flow rate of 0.166 mL min™' and collected at the end
of the reactor. The solvent of the resulting reaction mixture was removed under reduced pressure. The
residue was purified by flash column chromatography on silica gel (100% pentane to pentane:Et2O

8:2) to give product 13 as a colourless oil (755 mg, 71% yield).
7.4.5  Experimental data
2-(cyclohexyl(phenyl)methyl)malononitrile (3)

Compound 3 was prepared following the general procedure A starting from cyclohexyl
bromide 2 (2.5 equiv., 154 pL, 1.250 mmol) and benzylidenemalononitrile 1 (1 equiv.,
NCT N 77,1 mg, 0.500 mmol).
Flash chromatography: silica gel, 100% pentane to pentane:Et20 8:2 as eluent.
Colorless oil, 86 mg, 72% yield.
'H NMR (400 MHz, Chloroform-d) § 7.45 — 7.34 (m, 3H), 7.34 — 7.28 (m, 2H), 4.19 (d, J = 5.5 Hz,
1H), 2.89 (dd, J=9.8, 5.5 Hz, 1H), 2.02 (dtd, J = 14.5, 11.2, 3.4 Hz, 1H), 1.93 (dt, /= 12.3, 3.3 Hz,
1H), 1.87-1.80 (m, 1H), 1.73 — 1.61 (m, 2H), 1.53 — 1.42 (m, 1H), 1.37 (tt, J= 12.8, 3.6 Hz, 1H), 1.29

—0.99 (m, 3H), 0.90 — 0.75 (m, 1H)
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3CNMR (101 MHz, Chloroform-d) & 136.8, 129.2, 128.8, 128.4, 112.4, 112.1, 52.4, 39.3, 31.3, 30.7,
27.2,25.9,25.9,25.8

Physicochemical data are in agreement with those previously reported.?’
Benzyl 3-(2,2-dicyano-1-phenylethyl)azetidine-1-carboxylate (4)

Compound 4 was prepared following the general procedure A starting from benzyl 3-
NCbz
OIC/ bromoazetidine-1-carboxylate (2.5 equiv., 203 mg, 0.750 mmol) and

NeTeN benzylidenemalononitrile 1 (1 equiv., 77.1 mg, 0.500 mmol).

4 Flash chromatography: silica gel, pentane:acetone 95:5 to pentane:acetone 8:2 as
eluent.
Colorless oil, 54 mg, 52% yield.
"H NMR (400 MHz, Chloroform-d) § 7.46 — 7.27 (m, 10H), 5.07 (s, 2H), 4.36 (t, J = 8.5 Hz, 1H),
4.02 (dd,J=9.1,5.6 Hz, 1H), 3.96 (t, /= 8.8 Hz, 1H), 3.90 (d, /= 5.7 Hz, 1H), 3.54 — 3.45 (m, 2H),
3.39-3.27 (m, 1H)
3C NMR (101 MHz, Chloroform-d) & 156.2, 136.4, 134.4, 129.7, 129.6, 128.6, 128.3, 128.1, 127.9,
111.4, 111.3, 66.9, 53.3, 50.0, 31.4, 28.2

HRMS (GC-EI) m/z caled for C21H19N302: 345.1477; found: 345.1488.
Benzyl 4-(2,2-dicyano-1-phenylethyl)piperidine-1-carboxylate (5)

@ION cba Compound S was prepared following the general procedure A starting from benzyl

4-bromo-1-piperidinecarboxylate (2.5 equiv., 271 pL, 1.250 mmol) and

NCT eN benzylidenemalononitrile 1 (1 equiv., 77.1 mg, 0.500 mmol).

° Flash chromatography: silica gel, pentane:Et2O 9:1to pentane:Et,O 7:3 as eluent.
Colorless oil, 114 mg, 61% yield.
'H NMR (400 MHz, Chloroform-d) § 7.47 — 7.27 (m, 10H), 5.11 (s, 2H), 4.32 (brs, 1H), 4.21-4.05
(m, 2H), 2.90 (dd, J=9.9, 5.3 Hz, 2H), 2.71 (brs, 1H), 2.27 — 2.12 (m, 1H), 1.88 (d, J = 12.6 Hz,
1H), 1.46 — 1.37 (m, 1H), 1.37-1.19 (m, 1H), 1.12 - 1.01 (m, 1H)
13C NMR (101 MHz, Chloroform-d) & 155.1, 136.7, 135.9, 129.5, 129.2, 128.6, 128.2, 128.2, 127.9,
111.9, 111.8, 67.3, 51.7, 43.8, 43.6, 38.0, 27.1

HRMS (GC-EI) m/z caled for C23H23N302: 373.1790; found: 373.1795.
2-(oxetan-3-yl(phenyl)methyl)malononitrile (6)

@IC/O Compound 6 was prepared following the general procedure C starting from 3-

bromooxetane (2.5 equiv., 150 pL, 1.250 mmol) and benzylidenemalononitrile 1 (1
NC

equiv., 77.1 mg, 0.500 mmol).
6
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Flash chromatography: silica gel, pentane:acetone 95:5 to pentane:acetone 8:2 as eluent.

Colorless oil, 51 mg, 48% yield.

'H NMR (400 MHz, Chloroform-d) § 7.49 — 7.35 (m, 3H), 7.30 — 7.25 (m, 2H), 5.01 (t, J = 6.7 Hz,
1H), 4.74 (t,J= 6.1 Hz, 1H), 4.62 (t, J= 7.0 Hz, 1H), 4.21 (t,J= 6.3 Hz, 1H), 3.88 — 3.72 (m, 3H)
3C NMR (101 MHz, Chloroform-d) § 134.6, 129.8, 129.6, 127.9, 111.3, 75.8, 74.9, 50.0, 37.2, 28.4
HRMS (GC-FI) m/z calcd for C13H12N20: 212.0950; found: 212.0960.

2-(2-methyl-1-phenyloctyl)malononitrile (7a and 7b)

Compound 7 was prepared following the general procedure A starting from 2-
QY\/W bromooctane (2.5 equiv., 219 puL, 1.250 mmol) and benzylidenemalononitrile 1
e e (1 equiv., 7.1 mg, 0.500 mmol).
dr71:1 Flash chromatography: silica gel, pentane:Et,O 95:5 to pentane: Et;O 92:8 as
eluent to afford a mixture of diastereomers 7a and 7b in a 1:1 ratio.

Colorless oil, 91 mg, 68% yield.

Ta

"H NMR (400 MHz, Chloroform-d) & 7.45 — 7.34 (m, 3H), 7.34 — 7.25 (m, 2H), 4.18 (d, J = 6.7 Hz,
1H), 3.01 (dd, J = 8.6, 6.8 Hz, 1H), 2.29 — 2.18 (m, 1H), 1.54 — 1.45 (m, 1H), 1.45 — 1.27 (m, 8H),
1.25—-1.11 (m, 1H), 0.94 — 0.86 (m, 3H), 0.81 (d, /= 6.7 Hz, 3H)

3C NMR (101 MHz, Chloroform-d) § 136.4, 129.2, 128.9, 128.6, 112.4, 112.1,51.7, 34.9, 34.5, 31.9,
29.5,27.6,26.5,22.7,16.5, 14.2

HRMS (FD) m/z calcd for Ci1gH24N»: 268.1939; found: 268.1932.

7b

'H NMR (400 MHz, Chloroform-d) § 7.46-7.35 (m, 3H), 7.34 - 7.28 (m, 2H), 4.17 (d, J = 5.4 Hz,
1H), 2.90 (dd, J=10.1, 5.4 Hz, 1H), 2.30 - 2.15 (m, 1H), 1.28 — 1.14 (m, 8H), 1.12 (m, 4H), 0.97 (m,
1H), 0.83 (t,/="7.1 Hz, 3H)

3C NMR (101 MHz, Chloroform-d) & 136.9, 129.3, 128.9, 128.5, 112.3, 111.9, 52.5, 34.8, 33.6, 31.8,
29.3,27.9,26.4,22.6,17.6, 14.2

HRMS (GC-FI) m/z calcd for C1sH24N2: 268.1939; found: 268.1947.

2-(1-phenylbutyl)malononitrile (8)

@I\/ Compound 8 was prepared following the general procedure B starting from 1-

bromopropane (2.5 equiv., 154 mg, 1.250 mmol) and benzylidenemalononitrile 1 (1
NC CN
8 equiv ., 77.1 mg, 0.500 mmol).

Flash chromatography: silica gel, 100% pentane to pentane: Et2O 9:1 as eluent.
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Pale yellow oil, 61.5 mg, 62% yield.

'H NMR (400 MHz, Chloroform-d) & 7.46 — 7.27 (m, 5H), 3.87 (d, J = 6.3 Hz, 1H), 3.29 — 3.14 (m,
1H), 2.06 — 1.92 (m, 2H), 1.36 — 1.18 (m, 2H), 0.93 (t, /= 7.4 Hz, 3H)

BC NMR (101 MHz, Chloroform-d) § 136.9, 129.4, 129.0, 127.9, 112.1, 112.0, 46.5, 34.3, 30.4, 20.4,
13.7

Physicochemical data are in agreement with those previously reported.?

2-(1-phenyltridecyl)malononitrile (9)

Compound 9 was prepared following the general procedure B starting
from 1-bromodocecane (2.5 equiv., 312 mg, 1.250 mmol) and
NC CN
benzylidenemalononitrile 1 (1 equiv., 77.1 mg, 0.500 mmol).

9
Flash chromatography: silica gel, 100% toluene to toluene:pentane 9:1 as eluent.
Pale yellow oil, 83 mg, 50% yield.
'"H NMR (400 MHz, Chloroform-d) § 7.44 —7.33 (m, 3H), 7.34 — 7.28 (m, 2H), 3.87 (d, J = 6.2 Hz,
1H), 3.24 - 3.13 (m, 1H), 2.06 — 1.92 (m, 2H), 1.35 — 1.18 (m, 20H), 0.88 (t, /= 6.7 Hz, 3H)
3C NMR (101 MHz, Chloroform-d) § 136.9, 129.4, 129.0, 127.9, 112.1, 46.7, 32.2, 32.0, 30.4, 29.8,
29.7,29.7,29.6, 29.5,29.4,29.3,27.1,22.8, 14.3

HRMS (FI) m/z caled for: C2oH32N» 324.2565, found 324.2565.

2-(1,3-diphenylpropyl)malononitrile (10)

O O Compound 10 was prepared following the general procedure B starting from (2-
‘I\/‘ bromoethyl)benzene (2.5 equiv., 231 mg, 1250 mmol) and
new on benzylidenemalononitrile 1 (1 equiv., 77.1 mg, 0.500 mmol).

" Flash chromatography: silica gel, 100% pentane to pentane:Et20 9:1 as eluent.
Pale yellow oil, 81 mg, 63% yield.
'"H NMR (300 MHz, Chloroform-d) & 7.68 — 7.27 (m, 10H), 4.03 (d, J= 6.2 Hz, 1H), 3.43 — 3.30 (m,
1H), 2.91 —2.75 (m, 1H), 2.71 — 2.60 (m, 1H), 2.59 — 2.47 (m, 2H)
13C NMR (75 MHz, Chloroform-d) § 140.0, 136.3, 129.6, 129.2, 128.8, 128.5, 128.1, 126.6, 111.9,
111.8, 45.7,33.6, 32.8, 30.5

HRMS (FI) m/z caled for: CisH16N2 260.1313, found 260.1313.
2-(3-methoxy-1-phenylpropyl)malononitrile (11)

Compound 11 was prepared following the general procedure C starting from 1-bromo-

°~ 2-methoxyethane (2.5 equiv., 174 mg, 1.250 mmol) and benzylidenemalononitrile 1

(1 equiv., 77.1 mg, 0.500 mmol).
11
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Flash chromatography: silica gel, 100% pentane to pentane:Et,0 8:2 as eluent.

Pale yellow oil, 50 mg, 60% yield.

'H NMR (400 MHz, Chloroform-d) & 7.46 — 7.36 (m, 3H), 7.36 — 7.29 (m, 2H), 4.25 (d, J = 6.0 Hz,
1H), 3.50 — 3.41 (m, 2H), 3.33 — 3.23 (m, 4H), 2.39 — 2.26 (m, 1H), 2.19 — 2.06 (m, 1H)

BC NMR (101 MHz, Chloroform-d) § 136.9, 129.4, 129.0, 128.0, 112.3, 112.1, 69.6, 58.9, 44.1, 32.3,
29.8

HRMS (FI) m/z calcd for: C13H14N20 214.1106, found 214.1106.

2-(3-bromopropyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (12)

Compound 12 was prepared following the general procedure B starting from 2-(3-
OIV\Bpin bromopropyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5 equiv., 311 mg, 1.25

NeTeN mmol) and benzylidenemalononitrile 1 (1 equiv., 77.1 mg, 0.500 mmol).

" Flash chromatography: silica gel, 100% pentane to pentane:Et20O 9:1 as eluent.
Pale yellow oil, 85 mg, 52% yield.
"H NMR (300 MHz, Chloroform-d) & 7.46 — 7.34 (m, 3H), 7.34 — 7.26 (m, 2H), 3.89 (d, J= 6.1 Hz,
1H), 3.33 —3.14 (m, 1H), 2.08 — 1.95 (m, 2H), 1.47 — 1.18 (m, 13H), 0.89 — 0.71 (m, 2H)
3C NMR (75 MHz, Chloroform-d) § 136.9, 129.3, 128.9, 128.1, 112.1, 112.0, 83.3, 46.5, 34.4, 30.3,
25.0,24.9,21.5

HRMS (FI) m/z calcd for: C19H2sBN202: 304.2009, found: 324.2013.
2-(2,2-dimethyl-1-phenylpropyl)malononitrile (13)

Compound 13 was prepared following the general procedure B starting from fert-butyl

©f< bromide (2.5 equiv., 140 pL, 1.250 mmol) and benzylidenemalononitrile 1 (1 equiv., 77.1
NeTeN mg, 0.500 mmol).

Flash chromatography: silica gel, pentane:Et2O 99:1 to pentane:Et2O 8:2 as eluent.
Colorless oil, 72 mg, 68% yield.
'"H NMR (400 MHz, Chloroform-d) & 7.41 — 7.37 (m, 5H), 4.22 (d, J= 5.7 Hz, 1H), 3.01 (d, J=5.7
Hz, 1H), 1.11 (s, 9H)
3C NMR (101 MHz, Chloroform-d) & 136.4, 129.4, 128.8, 128.7, 113.3, 113.2,56.9, 35.1, 28.6, 25.2

Physicochemical data are in agreement with those previously reported.?’
2-(2,2-dimethyl-1-phenylbutyl)malononitrile (14)

©f<\ Compound 14 was prepared following the general procedure C starting from 2-bromo-

2-methylbutane (2.5 equiv., 189 mg, 1.250 mmol) and benzylidenemalononitrile 1 (1
NC CN

14 equiv., 77.1 mg, 0.500 mmol).
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Flash chromatography: silica gel, pentane:Et,O 98:2 to pentane:Et,O 8:2 as eluent.

Pale yellow oil, 72 mg, 64% yield.

'H NMR (400 MHz, Chloroform-d) & 7.44 —7.33 (m, 5H), 4.21 (d, J = 5.4 Hz, 1H), 3.08 (d, J= 5.4
Hz, 1H), 1.47 — 1.31 (m, 2H), 1.13 (s, 3H), 1.00 (s, 3H), 0.90 (t, /= 7.4 Hz, 3H)

BC NMR (101 MHz, Chloroform-d) § 136.1, 129.7, 128.9, 128.8, 113.4, 113.2, 55.3, 37.6, 33.6, 25.0,
24.9,24.7,8.3

Physicochemical data are in agreement with those previously reported.>’

2-(2,2-dimethyl-1,4-diphenylbutyl)malononitrile (15)

O Compound 15 was prepared following the general procedure C starting from 2-
bromo-2-methylbutane (2.5 equiv., 189 mg, 125 mmol) and
" C1NS benzylidenemalononitrile 1 (1 equiv., 77.1 mg, 0.500 mmol).

Flash chromatography: silica gel, pentane:Et2O 95:5 to pentane:Et20 8:2 as eluent.
Colorless oil, 60 mg, 40% yield.
"H NMR (400 MHz, Chloroform-d) § 7.46 —7.35 (m, 5H), 7.30 — 7.21 (m, 2H), 7.21 — 7.13 (m, 1H),
7.12 —7.05 (m, 2H), 4.20 (d, /= 5.5 Hz, 1H), 3.14 (d, /= 5.5 Hz, 1H), 2.69 — 2.51 (m, 2H), 1.69 —
1.56 (m, 2H), 1.24 (s, 3H), 1.12 (s, 3H)
3C NMR (101 MHz, Chloroform-d) § 141.8, 135.9, 129.7, 128.8, 128.7, 128.7, 128.4, 126.2, 113.3,
113.2,55.5,43.4,37.7,30.4, 25.5, 25.4,25.1

HRMS (GC-EI) m/z caled for Ca1H22N2: 302.1783; found: 302.1783.
2-(((3r,5r,7r)-adamantan-1-yl)(phenyl)methyl)malononitrile (16)

Compound 16 was prepared following the general procedure B starting from 1-
bromoadamantane (2.5 equiv., 269 mg, 1.250 mmol) and benzylidenemalononitrile 1
NG~ CN (1 equiv., 77.1 mg, 0.500 mmol).
16 Flash chromatography: silica gel, pentane:Et2O 99:1 to pentane:Et20 9:1 as eluent.
White solid, 78 mg, 54% yield.
"H NMR (400 MHz, Chloroform-d) § 7.45 —7.33 (m, 5H), 4.24 (d, J = 5.3 Hz, 1H), 2.81 (d, J=5.3
Hz, 1H), 2.07 — 1.99 (m, 3H), 1.75 — 1.56 (m, 12H)
3C NMR (101 MHz, Chloroform-d) & 135.4, 129.8, 128.7, 128.6, 113.6, 113.4, 58.1, 40.5, 36.7, 36.5,
28.5,23.9

Physicochemical data are in agreement with those previously reported.>!
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2-((1-methylcyclohexyl)(phenyl)methyl)malononitrile (17)

Compound 17 was prepared following the general procedure B starting from 1-bromo-1-
@j? methylcyclohexane (2.5 equiv., 221 mg, 1.250 mmol) and benzylidenemalononitrile 1 (1

NC™ CN equiv., 77.1 mg, 0.500 mmol).
17 Flash chromatography: silica gel, pentane:Et,O 99:1 to pentane:Et,O 9:1 as eluent.

Colorless oil, 57 mg, 45% yield.

'H NMR (400 MHz, Chloroform-d) § 7.45 — 7.35 (m, 5H), 4.25 (d, J = 5.4 Hz, 1H), 3.06 (d, J=5.3

Hz, 1H), 1.65 — 1.20 (m, 10H), 1.16 (s, 3H)

3C NMR (75 MHz, Chloroform-d) § 135.8, 129.9, 128.8, 128.7, 113.6, 113.3, 56.9, 37.5, 36.9, 36.7,

25.8,24.4,21.9,21.6,20.5

Physicochemical data are in agreement with those previously reported.>?

Dimethyl 2-cyclohexylsuccinate (18)

Compound 18 was prepared following the general procedure A starting from
Meozc] : cyclohexyl bromide 2 (2.5 equiv., 154 puL, 1.250 mmol) and dimethyl maleate (1

Meo: equiv., 62.6 uL, 0.500 mmol).
b Flash chromatography: silica gel, pentane:Et2O 99:1 to pentane:Et20 9:1 as eluent.
Colorless oil, 62 mg, 54% yield.

'H NMR (400 MHz, Chloroform-d) & 3.68 (s, 3H), 3.65 (s, 3H), 2.77 — 2.66 (m, 2H), 2.50 — 2.39 (m,
1H), 1.77 — 1.68 (m, 2H), 1.68 — 1.52 (m, 4H), 1.28 — 0.93 (m, 5H)

3C NMR (101 MHz, Chloroform-d) & 175.1, 173.0, 51.8, 51.7, 47.1, 40.0, 33.3, 30.7, 30.2, 26.4,
26.2

Physicochemical data are in agreement with those previously reported.®?

((2-cyclohexylethyl)sulfonyl)benzene (19)

Compound 19 was prepared following the general procedure A starting from cyclohexyl
J/O bromide 2 (2.5 equiv., 154 pL, 1.250 mmol) and (vinylsulfonyl)benzene (1 equiv., 91.1

Ph/s\b mg, 0.500 mmol).
19 Flash chromatography: silica gel, pentane:Et,O 99:1 to pentane:Et,O 8:2 as eluent.
Colorless oil, 71 mg, 55% yield.

'H NMR (400 MHz, Chloroform-d) & 7.93 —7.86 (m, 2H), 7.69 — 7.61 (m, 1H), 7.56 (dd, J = 8.4, 7.0
Hz, 2H), 3.12 - 3.05 (m, 2H), 1.71 — 1.57 (m, 7H), 1.32 — 1.03 (m, 4H), 0.92 — 0.78 (m, 2H)

13C NMR (101 MHz, Chloroform-d) § 139.4, 133.7, 129.4, 128.1, 54.5, 36.7, 32.9, 29.7, 26.4, 26.1

Physicochemical data are in agreement with those previously reported.®*
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3-cyclohexyl-N-phenylpropanamide (20)

Compound 20 was prepared following the general procedure A starting from
-~ cyclohexyl bromide 2 (2.5 equiv., 154 pL, 1.250 mmol) and N-phenylacrylamide (1

o equiv., 73.6 uL, 0.500 mmol).

20 Flash chromatography: silica gel, pentane:Et2O 50:2.5 to pentane:Et2O 50:20 as
eluent.
White solid, 61 mg, 53% yield.
"H NMR (400 MHz, Chloroform-d) § 7.51 (d, J = 8.0 Hz, 2H), 7.31 (t, J = 7.8 Hz, 2H), 7.17 — 7.05
(m, 2H), 2.41 —2.32 (m, 2H), 1.79 — 1.66 (m, 4H), 1.63 (q, /= 7.3 Hz, 3H), 1.36 — 1.07 (m, 4H), 1.00
—0.86 (m, 2H).
3C NMR (101 MHz, Chloroform-d) § 171.9, 138.2, 129.1, 124.3, 119.9, 37.4, 35.4, 33.2, 33.1, 26.6,
26.4.

Physicochemical data are in agreement with those previously reported.
Diethyl (2-cyclohexylethyl)phosphonate (21)

Compound 21 was prepared following the general procedure A starting from
oo cyclohexyl bromide 2 (2.5 equiv, 154 uL, 1250 mmol) and diethyl
EtO),(0)P

21 vinylphosphonate (1 equiv., 77.1 pL, 0.500 mmol).

Flash chromatography: silica gel, DCM:EtOAc 95:5 to DCM:EtOAc 7:3 as eluent.

Colorless oil, 84 mg, 68% yield.

'"H NMR (400 MHz, Chloroform-d) & 4.17 — 3.99 (m, 4H), 1.78 — 1.59 (m, 7H), 1.47 (m, 2H), 1.31
(t,J=7.0 Hz, 6H), 1.28 — 1.09 (m, 4H), 0.94 — 0.80 (m, 2H)

13C NMR (101 MHz, Chloroform-d) § 61.5 (d, J = 6.5 Hz), 38.5 (d, /= 16.8 Hz), 32.9,29.7 (d, J =
5.1 Hz), 26.7, 26.3, 23.3 (d, /= 140.5 Hz), 16.6 (d, /= 6.0 Hz)

3P NMR (162 MHz, Chloroform-d) § 33.37 (tp, J = 17.4, 8.7 Hz).

Physicochemical data are in agreement with those previously reported.*
Ethyl 3-cyclohexyl-2-(diethoxyphosphoryl)propanoate (22)

Compound 22 was prepared following the general procedure B starting from

cyclohexyl bromide 2 (2.5 equiv.,, 154 pL, 1.250 mmol) and ethyl 2-

(Et0),(0)P” CO,Et

(diethoxyphophoryl)acrylate (1 equiv., 118 mg, 0.500 mmol).
“ Flash chromatography: silica gel, pentane:EtOAc 6:4 as eluent.
Colorless oil, 96 mg, 60% yield.
"H NMR (400 MHz, Chloroform-d) & 4.24 — 4.06 (m, 6H), 3.05 (ddd, J = 23.1, 11.5, 3.4 Hz, 1H),

1.94 (m, 1H), 1.76 — 1.57 (m, 6H), 1.33 — 1.10 (m, 13H), 0.98 — 0.77 (m, 2H)
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13C NMR (101 MHz, Chloroform-d) & 169.6 (d, J = 5.0 Hz), 62.91 — 62.61 (m), 61.4, 43.4 (d, J =
130.6 Hz), 36. 5 (d, J = 14.1 Hz), 34.2 (d, J = 5.0 Hz), 32.8 (d, J = 155.8 Hz), 26.5,26.2 (d, J= 13.5
Hz), 16.5 (dd, J = 6.0, 2.6 Hz), 14.3

3IP NMR (162 MHz, Chloroform-d) & 23.57.

Physicochemical data are in agreement with those previously reported.?*
Bromo(2-cyclohexylethyl)triphenyl-AS-phosphane (23)

Cyclohexyl bromide 2 (2.5 equiv., 154 pL, 1.250 mmol) and (TMS);SiH (1.1 equiv.,
170 pL, 0.550 mmol) were added to a flame-dried nitrogen-purged screw-capped vial,
BrPhsP fitted with a rubber septum, charged with the triphenyl(vinyl)phosphonium bromide (1
2 equiv., 185 mg, 0.500 mmol) in CH3CN (5 mL, 0.1 M),. After, the solution was sparged
with nitrogen for 30 seconds and the reaction vessel was sealed with parafilm. The vial was then
placed in a 3D-printed photoreactor using a Kessil Lamp (390 nm, 100% intensity) as light source
and irradiated overnight. The solvent of the resulting reaction mixture was removed under reduced
pressure. The residue was purified by crystallization (pentane:MeOH 20:1) giving the desired product
23 as a yellowish solid (190 mg, 84% yield).
'"H NMR (400 MHz, Chloroform-d) § 7.77 (m, 9H), 7.67 (m, 6H), 3.59 (td, J = 12.7, 7.1 Hz, 2H),
1.75 (dd, J = 12.8, 3.4 Hz, 2H), 1.65 — 1.40 (m, 6H), 1.25 — 1.11 (m, 2H), 1.04 (m, 1H), 0.87 — 0.74
(m, 2H)
3C NMR (101 MHz, Chloroform-d) & 135.1 (d, J = 3.0 Hz), 133.7 (d, J = 10.1 Hz), 130.6 (d, J =
12.5 Hz), 118.2 (d, J = 86.0 Hz), 37.9 (d, /= 14.5 Hz), 32.8, 29.6 (d, /= 4.6 Hz), 26.2, 25.8, 20.8 (d,
J=50.3 Hz)
3P NMR (162 MHz, CDCI3) & 24.96
HRMS (LC-UV-ESI) m/z caled for CosH30BrP: 373.2085; found 373.2093.

Ethyl (E)-3-(2-bromophenyl)-2-(cyclohexylmethyl)acrylate (24)

COLE Compound 24 was prepared following the general procedure D starting from
N cyclohexyl bromide 2 (2.5 equiv., 154 puL, 1.250 mmol), ethyl 2-
(diethoxyphosphoryl)acrylate (1 equiv.,, 118 mg, 0.500 mmol) and 2-
24 bromobenzaldehyde (3.0 equiv., 197 pL, 1.500 mmol).
Flash chromatography: silica gel, pentane:EtOAc 98:2 as eluent.
Colorless oil, 98 mg, 56% yield. Only one of the possible diastereomer, with E configuration, was

detected via 'H NMR of the reaction crude, and confirmed by the NOESY spectrum.
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"H NMR (300 MHz, Chloroform-d) & 7.65 — 7.58 (m, 2H), 7.34 — 7.24 (m, 3H), 4.29 (q, J= 7.1 Hz,
2H), 2.30 (d, J=7.0 Hz, 2H), 1.65 — 1.55 (m, 5H), 1.35 (t, /= 7.1 Hz, 3H), 1.19 - 0.97 (m, 3H), 0.80
—0.62 (m, 2H)

3C NMR (101 MHz, CDCI3) § 168.3, 138.9, 136.9, 134.4, 132.8, 130.4 129.4, 127.2, 124.1, 60.9,
37.6,34.7,33.2,26.5,26.4, 144

HRMS (GC-EI) m/z caled for 350.0881; found 350.0874.

Ethyl (E)-2-(cyclohexylmethyl)-3-(3,4,5-trimethoxyphenyl)acrylate (25)

COLE Compound 25 was prepared following the general procedure D starting from

cyclohexyl bromide 2 (2.5 equiv.,, 154 uL, 1.250 mmol), ethyl 2-

MeO

Vel oMo (diethoxyphophoryl)acrylate (1 equiv., 118 mg, 0.500 mmol) and 3.,4,5-
25 trimethoxybenzaldehyde (3.0 equiv., 294 mg, 1.500 mmol).

Flash chromatography: silica gel, pentane:EtOAc 98:2 as eluent.

Colorless oil, 68 mg, 38% yield. Only one of the possible diastereomer, with £ configuration, was

detected via 'H NMR of the reaction crude, and confirmed by the NOESY spectrum.

"H NMR (400 MHz, Chloroform-d) & 7.58 (s, 1H), 6.64 (s, 2H), 4.27 (q, J = 7.1 Hz, 2H), 3.88 (s,

3H), 3.87 (s, 6H), 2.53 (d, /= 7.1 Hz, 2H), 1.64 (m, 8H), 1.35 (t, /= 7.1 Hz, 3H), 1.16 (m, 3H)

3C NMR (101 MHz, Chloroform-d) § 169.2, 153.2, 139.1, 138.3, 132.5, 131.6, 106.9, 61.1, 60.9,

56.3,38.4, 34.8, 33.6, 26.6, 26.5, 14.5

HRMS (GC-EI) m/z caled for 362.2093; found 362.2085.
Ethyl (E)-2-(cyclohexylmethyl)-3-(naphthalen-1-yl)acrylate (26)

CO,Et Compound 26 was prepared following the general procedure D starting from

CO ' cyclohexyl bromide 2 (2.5 equiv., 154 uL, 1.250 mmol), ethyl 2-
(diethoxyphophoryl)acrylate (1 equiv., 118 mg, 0.5 mmol) and 1-naphtaldehyde

26 (3.0 equiv., 81.5 puL, 1.50 mmol).
Flash chromatography: silica gel, pentane:EtOAc 98:2 as eluent.
Colorless oil, 92 mg, 57% yield. Only one of the possible diastereomer, with E configuration, was
detected via 'H NMR of the reaction crude, and confirmed by the NOESY spectrum.
"H NMR (400 MHz, Chloroform-d) § 8.12 (s, 1H), 7.92 — 7.85 (m, 2H), 7.82 (d, J = 8.2 Hz, 1H),
7.54 —7.45 (m, 3H), 7.36 (d, J=7.0 Hz, 1H), 4.34 (q,J=7.1 Hz, 2H), 2.33 (d, /= 7.0 Hz, 2H), 1.61
—1.50 (m, 5H), 1.40 (t, /= 7.1 Hz, 3H), 1.08 (m, 2H), 0.89 (m, 2H), 0.72 — 0.58 (m, 2H)
13C NMR (101 MHz, Chloroform-d) & 168.6, 138.1, 135.2, 133.8, 133.5, 131.6, 128.6, 128.3, 126.3,
126.2, 126.2, 125.3, 125.1, 60.9, 37.5, 35.1, 33.2, 32.0, 26.4, 26.3, 22.8, 14.5, 14.3
HRMS (GC-EI) m/z caled for 322.1933; found 322.1936.
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7.4.6  Mechanistic studies

Incorporation of deuterium from silane

CoMe B (TMS)3SiD (1.1 equiv.)
Me0 0. \O HFIP [0.1 M]

RT, 18 h O
batch

1.0 equiv. 2.5 equiv. 27

CO,Me

MeO,C_ D

To a flame-dried nitrogen-purged screw-capped vial, fitted with a rubber septum, charged with
the dimethyl maleate (1 equiv., 25 pL, 0.200 mmol) in HFIP (2 mL, 0.1 M), cyclohexyl bromide (2.5
equiv., 61.4 uL, 0.500 mmol) and (TMS)3SiD (1.1 equiv., 54.9 mg, 0.220 mmol) were added. After,
the solution was sparged with nitrogen for 30 seconds and the reaction vessel was sealed with
parafilm. Then, the vial was placed in a 3D-printed photoreactor using a Kessil Lamp (390 nm, 100%
intensity) as light source and irradiated overnight. The solvent of the resulting reaction mixture was
removed under reduced pressure. The crude mixture was purified by flash column chromatography
(pentane:Et20 9:1) to afford product 27 as a colorless oil (18 mg, 39% yield).
1H NMR (400 MHz, Chloroform-d) & 3.69 (s, 3H), 3.66 (s, 3H), 2.74 —2.66 (m, 2H), 1.78 — 1.69 (m,
2H), 1.69 — 1.58 (m, 4H), 1.28 — 1.07 (m, 3H), 1.07 — 0.95 (m, 2H)
HRMS (GC-FI) m/z calcd for 229.1424; found 229.1419.

Trapping with TEMPO

(TMS)3SiH (1.1 or 0 equiv.)

CO,Me ! :
CoMe  Br TEMPO (3 equiv.) Meo,C. PN Ny
e 0 13

HFIP [0.1 M]
RT, 18 h O
batch :
1.0 equiv. 2.5 equiv. not observed 28

To a flame-dried nitrogen-purged screw-capped vial, fitted with a rubber septum, charged with
the dimethyl maleate (1 equiv., 25 puL, 0.200 mmol) and TEMPO (3.0 equiv., 93.8 mg, 0.600 mmol)
in HFIP (2 mL, 0.1 M), cyclohexyl bromide (2.5 equiv., 61.4 pL, 0.500 mmol) and (TMS)sSiH (1.1
or 0 equiv., 68 or 0 uL, 0.220 or 0 mmol) were added. After, the solution was sparged with nitrogen
for 30 seconds and the reaction vessel was sealed with parafilm. The vial was then placed in a 3D-
printed photoreactor using a Kessil Lamp (390 nm, 100% intensity) as light source and irradiated
overnight. The solvent of the resulting reaction mixture was removed under reduced pressure. An
external standard was added (trichloroethylene, 18 uL, 1 equiv.) and the sample was analyzed by 'H
NMR spectroscopy and GC-MS.

From the NMR spectra, both reactions with and without (TMS)3;SiH did not afford the product,
suggesting that the radical process was inhibited by the presence of TEMPO. GC-MS analysis of the
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reaction in the presence of (TMS);SiH shows new peaks different from the starting materials. As it is
possible to see from the spectra in Figure 42, there is the formation of the adduct 28 between the in
situ formed cyclohexyl radical and the TEMPO. The spectroscopic data is consistent with that
reported previously.?” Furthermore, GC-MS analysis of the reaction in the absence of TTMS

confirmed the no presence of the product and no reaction neither degradation of the starting materials.

[x100)

b I | 271 L. ki 204 a4, 431 442 0 £ x ) [ Crd [
17k 20ho 2250 b0 250 OO 3B0 300 S0 4000 50 4500 @50 5000 5250 580 5750 €000

Figure 42 Mass spectra of the adduct between cyclohexyl and TEMPO.?!
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List of abbreviations

1,2-DAG: 1,2-diacylglicerol

3D-QSAR: three-dimensional quantitative
structure-activity relationships

(CD3)2CO: deutereted acetone

(TMS);SiH: Tris(trimethylsilyl)silane

['251] MLT: 2-['**I]iodomelatonin

[*H] MLT: [*H]melatonin

2-AG: 2-arachidonoyl glicerol

4P-PDOT: 4-Phenyl-2-propionamidotetralin

aa: amino acids

AcOH: acetic acid

AEA: Anandamide or N-
arachidonoylethanolamine

AIBN: Azobisisobutyronitrile

BDE: bond-dissociation energy

Boc: tert-Butyloxycarbonyl protecting group

BODIPY: 4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene

Cbz: carboxybenzyl protecting group

CD30D: deuterated methanol

CDCl;: deuterated chloroform

CDI: 1,1'-carbonyldiimidazole

CH3CN:: acetonitrile

CNS: central nervous system

COX: cyclooxygenase

d.r.: diastereomeric ratio

DCM: dichloromethane

DIPEA: N,N-diisopropylethylamine

DMAC: N,N-Dimethylacetamide

DMF: N,N dimethylformamide

DMSO: dimethyl sulfoxide

ECL: extracellular loop
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EC: endocannabinoid system

ECs: endocannabinoids

€.e.: enantiomeric excess

equiv.: equivalent

EtOAc: ethyl acetate

EtOH; ethanol

F= phenylalanine

FAAH: fatty-acid amide hydrolase

FFA: free fatty acid

GABA: y-aminobutyric acid

GPCR: G protein-coupled receptor

HAT: hydrogen atom transfer

HFIP: 1,1,1,3,3,3-Hexafluoroisopropanol

HPLC: high performance liquid
chromatography

HWE: Horner—Wadsworth—Emmons reaction

IV: intravenous bolus

M.p.: melting point

MAGL: monoacylglycerol lipase

MAGs: monoacylglyceols

MD: ps-long molecular dynamics

MLT: melatonin

MW: molecular weight

N: asparagine

NMR: nuclear magnetic resonance

NREM: non-rapid eye movement

PFA: perfluoroalkoxy alkanes

PK: pharmacokinetic

PO: oral gavage

Q= glutamine

REM: rapid eye movement

r.t.: room temperature



SAR: structure-active relantionship

SET: single electron transfer

TEA: triethylamine

TEMPO: (2,2,6,6-tetramethylpiperidin-1-
yl)oxyl

TES: triethylsilane

TFA: trifluoroacetic acid
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THF: tetrahydrofuran

TM: transmembrane helix

TMSCN: trimethylsilyl cyanide
TMSOTT: trimethylsilyl
trifluoromethanesulfonate
XAT: halogen atom transfer
XFEL: X-ray free-electron laser



